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PREFACE

Hematopoietic stem cell transplantation for patients with hematologic disorders is under-
going fast-paced changes, owing to evolving paradigms of stem cell plasticity and improved
understanding of mechanisms underlying immunologic tolerance. In Allogeneic Stem Cell
Transplantation, the editors have focused on assigning topics relevant to evolving knowledge
in the field in order to guide clinicians in decision-making and management of their patients.
The leaders in this discipline have responded by providing state-of-the-art discussions
addressing these topics.

Important advances in patient management include the use of tyrosine kinase inhibitors in
the treatment of chronic myelogenous leukemia that has abruptly changed previous standard
care paths for these patients in tracking toward allografting as consolidative therapy. More-
over, the results of randomized trials in breast cancer over the past few years have guided
clinicians away from use of autologous transplantation to focus now on newer perspectives
of potential graft-vs-tumor effects after allogeneic transplantation. The administration of
nonmyeloablative conditioning has also brought forth new concepts in the management of
hematologic malignancies, thought to be of particular importance in patients with multiple
myeloma and low grade non-Hodgkin’s lymphomas. The reduced toxicity of these novel
conditioning regimens has also raised new possibilities in the application of allogeneic stem
cell transplantation for patients with non-malignant hematologic disorders and selected solid
tumors such as renal cell carcinoma.

Further examples of innovation in allogeneic transplantation outlined in this text include
the results of phase I trials of umbilical cord blood as a new stem cell source, confirming its
safety and thereby alleviating previous restrictions for patients for whom an HLA-matched
graft from an adult donor is not available. The previous focus of stem cell transplant physicians
on measurement and characterization of CD34-expressing hematopoietic stem cells has broad-
ened recently to examine the role of marrow mesenchymal stem cells and graft accessory cells
in facilitating engraftment and immune reconstitution. These issues of graft engineering play
an important role as the field has transitioned from the routine use of bone marrow to mobilized
peripheral blood stem cell grafting. Finally, the ongoing attempts to discern lymphocyte
populations critical in mediating graft-vs-leukemia/lymphoma effects and immune tolerance
are anticipated to benefit clinicians and patients, as well to reduce graft-vs-host disease inci-
dence and severity while preserving antitumor effects in patients undergoing allogeneic trans-
plantation.

The editors hope that this new information, well-summarized by the authors in Allogeneic
Stem Cell Transplantation, will prove of significant benefit to clinicians in the approach to and
care of their patients.

Mary J. Laughlin, MD
Hillard M. Lazarus, MD
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From: Current Clinical Oncology: Allogeneic Stem Cell Transplantation
Edited by: Mary S. Laughlin and Hillard M. Lazarus © Humana Press Inc., Totowa, NJ

1. INTRODUCTION

Over the last half-century, hematopoietic cell transplantation has evolved from an idea to
a well-established therapy used in the treatment of tens of thousands of individuals annually.
This evolution is the product of laboratory-based investigations, studies using animal models,
and especially clinical trials involving human subjects. The following brief account highlights
some of the more outstanding contributions, with particular emphasis on those made during the
earlier development of the procedure (Table 1). In this brief recounting it is possible to include only
a small fraction of the valuable contributions, and apologies are prospectively offered to all of those
whose important work is not mentioned. For a more complete retelling of the story, with more
extensive bibliographies, the reader is referred to a number of other excellent papers (1–4).

2. EARLY STUDIES LEADING TO THE FIRST HUMAN TRIALS

While earlier references to oral or intravenous administration of bone marrow exist, the
story of hematopoietic cell transplantation really begins shortly after World War II and the first
(and only) use of nuclear weapons. The realization that bone marrow failure was a predictable
and fatal consequence of exposure to relatively low levels of radiation spurred considerable
interest in the biology of radiation exposure. A landmark study was published in 1949 by
Jacobson et al., who showed that mice exposed to an otherwise lethal dose of radiation would
survive if their spleens were protected by lead foil (5). Lorenz et al. showed that this protective
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effect could be transferred between animals when they demonstrated that infusion of marrow
or spleen cells from a healthy animal to an irradiated one reversed the otherwise lethal effects
of radiation (6). At the time, it was unclear whether this protective effect was due to humoral
factors produced by the nonirradiated cells or due to the cells themselves. Two experiments
proved the cellular nature of radiation protection. Main and Prehn in 1955 reported that radi-
ated mice given marrow grafts from nonsyngeneic donors not only recovered, but could no
longer reject donor skin grafts. This demonstration of active tolerance strongly implied that the
radiation protection effect was not simply the result of a humoral factor stimulating recovery
of host hematopoiesis (7). The following year, Ford et al. provided definitive evidence of the
cellular nature of radiation protection when they used cytogenetic markers to demonstrate the
donor identity of marrow in irradiated hosts post-transplant (8). Finally, in 1956, Barnes et al.
published their classic paper describing the use of supralethal radiation followed by marrow
grafting as treatment for murine leukemia (9). In these studies, they noted eradication of
leukemia in irradiated mice receiving allogeneic marrow, but not syngeneic marrow, thus
demonstrating for the first time the possibility of a graft-vs-leukemia effect.

3. INITIAL TRIALS IN HUMANS

The demonstration that systemic irradiation could eradicate a normal marrow and that
marrow function could be restored by infusion of syngeneic marrow, at least in mice, led
Thomas et al. to attempt a similar approach in humans (10). In 1957, he reported the results of
treating two patients suffering from advanced leukemia using supralethal radiation followed
by an infusion of marrow from their identical twins (11). Both patients engrafted promptly,
demonstrating the feasibility of the approach, but subsequently their leukemia recurred. Fur-
ther attempts at marrow transplants using donors other than identical twins were made over the
next decade. The first patient engrafted using allogeneic marrow was reported by Mathe in
1965, but the patient died of complications probably related to graft-vs-host disease (12). In
1970, Bortin et al. published a report summarizing the results of approx 200 allogeneic trans-
plants performed during the 1950s and 1960s and concluded that none had resulted in long-
term survival (13). The problems that limited the success of transplantation during this era were
the limited understanding of details of human histocompatibility, lack of experience with the
use of immunosuppressive drugs, and shortcomings in supportive care techniques.

4. LABORATORY STUDIES LEADING TO THE FIRST SUCCESSES IN PATIENTS

A number of critical laboratory studies were performed during the 1950s and 1960s, which
led to the first successful allogeneic transplants in humans. In the late 1950s, Dausset  (14) and
van Rood et al. (15) described a number of antigens expressed on human leukocytes (human
leukocyte antigens or HLA) that influenced the success of skin grafts and, thus, were thought

Table 1
Milestones in the Development of Hematopoietic Cell Transplantation

1949 Spleen shielding experiment of Jacobson.
1957 First human twin transplants for leukemia.
1962 Successful allogeneic transplants in dogs.
1968 First successful allogeneic transplants in humans.
1977 Successful application of autologous marrow transplantation.
1990 Dr. Thomas awarded Nobel Prize.
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to be generally involved in histocompatibility. The ability to select HLA-compatible siblings
as marrow donors was one of the major advances leading to the ultimate success of allogeneic
transplantation in humans. A series of experiments conducted in dogs defined many additional
principles necessary for the ultimate success of transplantation in humans. Dogs, unlike mice,
are an outbred species, and the relative importance of histocompatibility or incompatibility
turns out to reasonably parallel their importance in humans. Studies in dogs, conducted prima-
rily by Thomas and his colleagues, demonstrated the dose of radiation necessary to achieve
engraftment, the requirement for histocompatibility matching to prevent graft rejection or
lethal graft-versus-host disease, and the ability of postgrafting methotrexate to adequately
suppress acute graft-vs-host disease to allow for the majority of animals to become long-term
healthy survivors after receiving marrow grafts from histocompatible donors (16–19). The
increased understanding of human histocompatibility, coupled with advances in the tech-
niques of transplantation and improvements in supportive care, set the stage for the first
successes in human marrow transplantation.

5. INITIAL SUCCESSES IN HUMAN MARROW TRANSPLANTATION

The first therapeutically successful human marrow transplants were reported in 1968 and
1969, when three infants with severe combined immunodeficiency disease were successfully
transplanted from their HLA-matched siblings (20–22). According to recent reports, these
patients continue to survive more than three decades after transplantation. Transplantation for
severe combined immunodeficiency from HLA-identical siblings does not require a prepara-
tive regimen to prevent graft rejection or eliminate disease. The first successful transplants
requiring a preparative regimen were reported three years later, in 1972, when the Seattle group
reported success in transplanting patients for aplastic anemia from HLA-identical siblings
using a preparative regimen of high-dose cyclophosphamide and posttransplant methotrex-
ate (23). At approximately the same time, the first successful transplants for acute leukemia
were being performed. In 1975, Thomas et al. published a review article describing the state
of the art at that time, and noting that successful engraftment could be achieved in most patients
with aplastic anemia and acute leukemia and that some of these patients appeared to be surviv-
ing without evidence of their disease for at least several years posttransplant (24). Two years
later the same group published a follow-up of the first 100 patients transplanted for advanced
leukemia and provided convincing evidence that transplantation could, in fact, cure at least a
portion of such patients (25).

Over the next several years, a number of other notable hematopoietic cell transplant “firsts”
were reported. These firsts involved the use of alternate sources of stem cells, the use of
transplantation to treat additional diseases, and the use of transplantation earlier in the disease
course. Prior to 1977, there had been several attempts to use autologous marrow to support the
administration of high-dose curative therapy. While these reports suggested that autologous
transplants might lead to engraftment, lack of genetic markers or control groups prohibited
definitive conclusions, and the clinical situations studied were so advanced that no clinical
benefit was obvious (26,27). In 1977, the group at the National Institute of Health (NIH)
published a controlled trial demonstrating that previously cryopreserved autologous marrow
was capable of establishing hematopoietic function in humans (28). These same studies dem-
onstrated that the high-dose therapy made possible by transplantation could cure selected
patients of recurrent non-Hodgkin’s lymphoma (29).

The demonstration that transplantation could be effective therapy for patients with endstage
disease led a number of investigators to study the role of transplantation earlier in the disease
course. In 1979, the first reports emerged showing encouraging results in patients with acute
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myeloid leukemia transplanted in first remission (30,31) and for patients with chronic myeloid
leukemia transplanted while in chronic phase (32). Several years later, the first successful
transplants for patients with hemoglobinopathies, including β-thalassemia and sickle cell
anemia, were reported (33,34). It was also during the early 1980s that the first reports of
successful transplants using marrow from HLA-matched unrelated donors began to emerge.

6. SUBSEQUENT ADVANCES IN THE APPLICATION
OF HEMATOPOIETIC CELL TRANSPLANTATION

Since the early 1980s, there have been a large number of notable advances, a few of which
are mentioned here. These advances, and many others that are not discussed here for lack of
space, have substantially improved the outcome of hematopoietic cell transplantation and are
the subject of this textbook.

6.1. Source of Stem Cells
The use of growth-factor-mobilized hematopoietic stem cells harvested from peripheral

blood was shown to dramatically hasten engraftment and has replaced marrow as the preferred
source of stem cells for autologous, and in some cases allogeneic, engraftment (35,36). Placen-
tal cord blood has become a useful source of stem cells, especially for pediatric patients (37).
Large donor registries have been created, making matched unrelated donor transplantation
available for the majority of patients (38,39). Advances in HLA-typing technology have
allowed for continued improvements in selection of appropriate donors (40).

6.2. Preparative Regimens
Preparative regimens based on busulfan and cyclophosphamide were developed and have

become the most frequently used for treating myeloid malignancies (41). The development of
nonablative preparative regimens provides a method for capturing a graft-vs-tumor effect
without exposing patients to the toxicities of high-dose therapy (42–44). The demonstration
that infusion of viable donor lymphocytes can result in complete disappearance of leukemia
after posttransplant recurrence, not only provides physicians with another therapeutic tool, but
has generally fueled efforts in the field of clinical tumor immunology (45).

6.3. Graft-vs-Host Disease
The combination of methotrexate plus cyclosporin was shown to provide better prophylaxis

of acute graft-vs-host disease than either agent alone and became the standard of care (46,47).
Techniques involving the removal of T-cells from the stem cell inoculum were shown to offer
an alterative method to prevent graft-vs-host disease (48,49).

6.4. Supportive Care Techniques
The use of hematopoietic growth factors was shown to accelerate hematopoietic recovery after

autologous stem cell transplantation (50). Methods to prevent cytomegalovirus (CMV) disease,
by the use of CMV seronegative blood products in CMV seronegative patients or by the use of
ganciclovir, dramatically reduced the death rate from CMV (51,52). The prophylactic use of
fluconazole likewise improved overall survival following allogeneic transplantation (53).

The advances noted above, as well as many others, have led to the widespread application
of hematopoietic cell transplantation as an effective treatment for selected patients with essen-
tially all hematologic diseases, both malignant and nonmalignant. Important experiments are
underway determining whether approaches requiring hematopoietic cell transplantation have
a role in the treatment of autoimmune disorders and nonhematopoietic malignancies.
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7. A TRIBUTE TO E. DONNALL THOMAS

While many individuals, including Robert Good, George Santos, and Rainer Storb, have
made enormous contributions to the field of hematopoietic cell transplantation, the role of E.
Donnall Thomas stands out (Fig. 1). In the mid-1950s, Thomas became aware of the studies
of Leon Jacobson and others and became convinced of the clinical potential of marrow trans-
plantation. In 1955, Thomas moved to the Mary Imogene Bassett Hospital in Cooperstown,
New York, where he began working with Dr. Joe Ferrebee on marrow transplantation, both in
dogs and in humans. It was there that Thomas published the first report of successful transplan-
tation in identical twins, but became aware of failures of the procedure in the nontwin setting.
Thomas moved to the University of Washington in Seattle in 1963, and there he and his
colleagues developed techniques for histocompatibility typing in dogs and demonstrated that
by selecting matched donors and using posttransplant methotrexate, it was possible to success-
fully transplant marrow between matched litter mates in virtually every case. These experi-
ments set the stage for renewed attempts to apply transplantation to the treatment of human
disease. In the late 1960s, Thomas wrote a program project grant that was funded by the
National Cancer Institute and began to assemble a team of physicians, nurses, and support staff
that remains largely intact to this day. During the early 1970s, Thomas and his group developed
many of the clinical techniques that established hematopoietic cell transplantation as a lifesav-
ing treatment for large numbers of patients. For his pioneering work Thomas has received
almost every possible prize, including, of course, the 1990 Nobel Prize in Medicine, which
he shared with Dr. Joseph Murray. On receipt of every award, Thomas is quick to point out
the contributions of other scientists to the field of transplantation. He never fails to credit the
nursing and support staff workers who have been so much a part of this effort, and he always
acknowledges the patients and their families who have been partners in his work. While
hematopoietic cell transplantation might have developed as a therapeutic tool without Tho-
mas’ contribution, it would not have happened nearly as quickly or become as effective as it
is without his leadership.

Fig. 1. Dr. E. Donnall Thomas, recipient of the 1990 Nobel Prize for Physiology and Medicine (along
with Dr. Joseph Murray), recognizing the field of organ transplantation.
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1. INTRODUCTION

The role of allogeneic marrow transplantation in the management of acute leukemia has
grown considerably since the initial reports many years ago describing the safe infusion of
marrow cells into humans with acute myelogenous leukemia (AML). A landmark report by
Thomas describing 100 patients with acute leukemia beyond first remission, including 54 cases
of AML treated with a total body irradiation (TBI) containing regimen and an allogeneic
transplant, showed the curative potential of the therapy (1). The use of bone marrow transplan-
tation (BMT) for AML has expanded in the past three decades and has moved from an experi-
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mental treatment used only for patients with refractory disease to a first line of treatment for
patients with AML in their first remission, depending on biological characteristics and re-
sponse to initial therapy, as described here (2–6). This chapter summarizes the data on the
results of allogeneic transplantation for AML, interpreted within the context of the evolving
understanding of the molecular biology and cytogenetics of AML, and the implications of
these disease-related factors in the treatment and long-term survival in patients with this
disease.

Historically, the classification of treatment of AML has been based completely on morpho-
logic and clinical observations; however, the identification of the molecular events involved
in the pathogenesis of human tumors has refined their classification and understanding, includ-
ing the acute leukemias (7). In AML, a large number of leukemia-specific cytogenetic abnor-
malities have been identified, and the involved genes cloned. These studies have helped
elucidate the molecular pathways that may be involved in cellular transformation, provided
methods for monitoring of patients after chemotherapy, and helped evaluate the response to
therapy correlated with various clinical and phenotypic characteristics (8). Although the leu-
kemia cells in many patients do not have detectable structural chromosome abnormalities at
diagnosis, some may show molecular changes at diagnosis, such as involvement of the MLL
gene (9). Taken together, these observations have led to the concept that AML is a heteroge-
neous disease with its variants best defined by molecular defects and cytogenetic changes,
some of which are more common in different age groups. In previous treatment trials with
standard therapy, allogeneic and autologous transplantation, patients were often treated as a
homogeneous group. As described here, recent studies have refined the way patients are
allocated to various treatments, as well as in the analysis of the data, and provide the basis for
now making a biologically and response-based treatment decision, rather than a global one, for
patients with AML.

2. CYTOGENETIC CHARACTERIZATION OF AML

Cytogenetic risk groups form the backbone of a decision tree for postremission consolida-
tion at the present time (10–12). Other disease-related factors ,which influence the risk of
relapse after induction chemotherapy, include high leukocyte count at diagnosis or extram-
edullary disease and residual leukemia in marrow examinations 7–10 d after completion of
induction therapy. The availability of a sibling or unrelated donor also affects the risk assess-
ment for consolidation treatment. Human leukocyte antigen (HLA) typing is now part of the
National Cancer Comprehensive Network (NCCN) guideline recommendations for initial
evaluation of patients with newly diagnosed AML who do not have co-morbid medical con-
ditions, which would be a contraindication to transplantation.

Patients with acute promyelocytic leukemia (APL) enjoy an excellent disease-free survival
(DFS) (80–90%) with current conventional dose chemotherapy combined with All-
transretinoic acid (ATRA) in induction and maintenance (13,14). Remission status can be
monitored by following the level of the fusion protein promyelocytic leukemia/retinoic recep-
tor alpha (PML/RARα) produced by the t(15;17) translocation using polymerase chain reac-
tion (PCR) techniques (14). Patients who either fail to achieve molecular remission by
completion of consolidation or who show re-emergence and a rising level of the fusion protein
are likely to relapse. Transplantation, using either an allogeneic donor or a molecular negative
autologous stem cell product, is reserved for patients with APL who show evidence of relapse.

Patients with good risk cytogenetics [t(8;21), inv(16), t(16;16)] may achieve long-term
remission with multiple cycles of high dose 1-β-D-arabinofuranosylcytosine (ARA-C) in 50–
60% of patients with relapse as the major cause of treatment failure (15). Autologous transplant
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following one or more dose intensive chemotherapy consolidations have shown somewhat
better DFS of 70–85% in cooperative groups and single institution studies (16). Although
molecular probes exist for these translocations, their use in monitoring minimal residual dis-
ease is not as clinically useful as the probes for chronic myeloid leukemia (CML) or APL (17,18).
Many patients with t(8;21) in clinical remission remain PCR positive for 10–20 yr without
relapse. Thus, the treatment approach for consolidation therapy of this subgroup of patients
would include either: (i) multiple cycles of high dose ARA-C (HDAC) with allogeneic transplant
reserved for treatment of relapse in patients having a sibling donor; (ii) one or two cycles of high
dose ARA-C (HDAC) followed by autologous peripheral blood stem cell transplantation
(PBSCT) in complete remission (CR); or (iii) multiple cycles of HDAC with autologous stem
cells collected in remission and reserved for salvage in patients without a sibling donor.

The majority of adults with de novo AML are in the intermediate risk group. Unfortunately,
the DFS for this group declines to 30–35% when HDAC alone is used for consolidation. In this
group of patients, both autologous and allogeneic (sibling) transplant in CR offer an improved
DFS of 50–60% (19–21). Factors that might influence the type of transplant are patient age,
tumor burden at diagnosis and infectious complications during induction. In younger patients
(≤30 yr) in whom the risk of graft-vs-host disease (GVHD) is relatively low, allogeneic trans-
plantation may be more attractive due to a low (15–20%) relapse rate. In an older patient (50–
60 yr), the higher treatment-related mortality (20–40%) and long-term morbidity associated
with allogeneic marrow transplant suggests that autologous PBSCT offers at least an equiva-
lent chance of relapse-free survival with less long-term toxicity. Recent studies using PBSCs
rather than marrow in the allogeneic setting have shown a significant decrease in the toxicity
profile of dose-intensive regimen, which may make these treatments safer in older patients but
longer follow-up is needed (22). In addition, the development of nonmyeloablative allogeneic
transplant approaches may allow for the use of allogeneic BMT in older patients with AML as
described in more detail later in this chapter.

3. PATIENTS WITH POOR RISK CYTOGENETICS

Patients with loss of chromosomes 5 or 7 or complex karyotypic abnormalities, as well as
those patients with antecedent myelodysplasia or therapy-related leukemia have a very poor
outcome when treated with conventional HDAC (10–12% 5-yr DFS). Autologous transplants
have failed to improve on these results in most series. Allogeneic transplants can cure approx
40% of patients in this group (1,23). In patients with any of these poor risk features who lack
a sibling donor, an unrelated donor search should be initiated early while the patient is still
undergoing induction.

4. MYELODYSPLASTIC SYNDROMES

The myelodysplastic syndromes (MDSs) encompass a spectrum of marrow disorders with
variable degrees of ineffective hematopoiesis and predisposition to leukemic transformation
with survival ranging from months to decades after diagnosis (24). Factors influencing the
outcome are the number of significant cytopenias, cytogenetic abnormalities, and presence of
increasing marrow blasts, which have recently been codified into a prognostic index that
reflects both the survival and leukemic transformation as described below (25). While the
majority of patients with MDS are above 60 yr of age and, therefore, above the usual age for
transplant, there are an increasing number of younger patients developing MDS as a sequelae
of chemotherapy or radiation for lymphomas, germ cell tumors, and breast cancer (26,27).
These secondary MDS patients tend to be at high risk for early transformation to AML and
often have poor risk cytogenetics.
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Decisions to utilize transplantation to replace the defective stem cells are influenced by the
patient’s age, prognostic index score, and co-morbid conditions (28). Patients with low risk
disease are usually not recommended for transplant until they progress, unless they have
treatment-related MDS. For patients with intermediate risk disease allogeneic transplant from
a sibling or volunteer unrelated donor should be considered as primary therapy for patients
under 55; such procedures successfully restore normal hematopoiesis in 40–50% of patients.
For patients with high risk disease (with ≥15% blasts in the marrow) or secondary AML, there
is controversy as to whether induction chemotherapy to reduce the “leukemic” burden is
beneficial. Whereas the relapse rate is less in patients who respond to induction treatment, there
are also many who fail to respond and who become too debilitated to receive a transplant. In
patients who do not have a sibling donor, induction chemotherapy may be necessary as a
temporizing measure while a donor is sought.

As described below, there is also interest in exploring nonmyeloablative transplant for older
patients with AML and for those patients with intermediate risk MDS. While the early mor-
bidity of this approach is low, much longer follow-up will be needed to learn whether the
allogeneic graft-vs-leukemia (GVL) effect can be utilized to improve the outcome for these
patients.

5. TRANSPLANT STRATEGY FOR ADULT PATIENTS WITH AML

Anthracycline containing primary induction therapy for newly diagnosed AML will lead to
CR in 65–80% of patients treated (7). The likelihood of remaining in CR is, however, highly
dependent on prognostic factors found at the time of diagnosis, including cytogenetic analysis
as well as response to treatment. Patients who require more than one cycle of chemotherapy
to achieve remission have a poor prognosis regardless of cytogenetic subgroup (29). Subsequent
treatment options for patients who successfully enter first CR (CR1) after primary induction therapy
include: (i) repeated courses of intensive consolidation chemotherapy; (ii) autologous bone marrow
transplantation; or (iii) allogeneic bone marrow transplantation.

Currently, the decision on which of the above options to choose should take into account the
predicted benefit in terms of DFS and quality of life vs risk of morbidity and mortality. An important
component of this decision depends on identification of an available matched sibling donor. In most
series, allogeneic transplantation results in a lower rate of relapse for patients undergoing BMT for
AML in first remission (2). These results, however, do not always factor in the new information on
the biology of AML and the impact of various treatment modalities on the outcome.

Compared to autologous transplantation or consolidation chemotherapy, allogeneic BMT
carries with it a higher potential for complications, with particular difficulty arising from
regimen-related toxicity, infection, and GVHD, but offers the therapeutic potential of GVL
effect (Table 1). Decision making should also take into account the knowledge that AML
treated by allogeneic transplantation at the time of relapse is less likely to induce a lasting
remission than transplantation at the time of first remission, because the disease may become
treatment-resistant, accompanied by the development of additional somatic mutations and
drug resistance. Patients who relapse and who are then treated with chemotherapy may develop
organ dysfunction, as a result of chemotherapy or treatment for fungal or bacterial infections
and become less able to withstand subsequent chemotherapy or a BMT preparative regimen.

The decision to proceed to allogeneic transplantation thus becomes less controversial as
patients move from lesser to greater risk of relapse (and risk of death from leukemia), i.e.,
beyond CR1, and toward first relapse (R1) , second complete remission (CR2), or for primary
refractory disease. Much research has, therefore, centered on the determination of which
patients are the most likely to benefit from allogeneic BMT early on in their treatment course.
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6. WHEN TO BEGIN CONSIDERATION FOR BMT

Because AML carries with it a high risk of relapse after achievement of remission, patients
under the age of 60 who have no obvious contraindications for allogeneic blood or BMT
(ALLOBMT) should be evaluated regarding the number, health, and availability of siblings
or other close relatives who are potential candidates for bone marrow donation. HLA typing
can be performed at any time, but should be performed early so that all treatment options can
be defined, particularly if the patient does not achieve a remission. This applies particularly
to patients with poor risk cytogenetics or other poor prognostic features who are at very high
risk for early relapse. This approach provides for minimal delay for transplantation in the
possible event of primary refractory disease, early disease relapse after primary therapy, or
persistent cytogenetic abnormalities in the marrow after CR is attained. In addition, there is
currently no evidence that consolidation therapy used before proceeding to allogeneic trans-
plant has any benefit in reducing relapse after allogeneic transplant (30). Thus, for patients
in a first morphologic and cytogenetic remission who are candidates for allogeneic BMT,
consolidation therapy is not necessary and may lead to complications that either delay or
increase the risk of transplantation.

Table 1
Comparison of Allogeneic vs Autologous Stem Cell Transplant

Allogeneic Autologous

Advantages Advantages

1. No tumor contamination of graft and 1. No need to identify donor if peripheral blood and/or
no prior marrow injury from marrow uninvolved by tumor at time of  collection.
chemotherapy (less risk of late MDS).

2. Graft-vs-tumor effect. 2. No immunosuppression equals less risk of infections.
3. Can be used for patients with marrow 3. No GVHD.

involvement by tumor or with bone
marrow dysfunction such as aplastic
anemia, hemoglobinopathies, or prior
pelvic radiation.

4. Dose-intensive therapy can be used for older patients
(usually up to age 70).

5. Low early treatment related mortality (2–5%).

Disadvantages Disadvantages

1. Dose-intensive regimen limited by 1. Not feasible if PBSC/marrow involved.
toxicity (usually to patients <55).

2. Time to identify donor if no sibling 2. Possible marrow injury leading to late MDS (either
donor available and/or limited from prior chemotherapy or transplant  regimen).
availability of donor for some
ethnic groups.

3. Higher early treatment-related 3. No graft-vs-tumor effect.
mortality from GVHD and infectious
complications (20–40% depending
on age and donor source).

4. Not all patients can be mobilized to give  adequate cell
doses for reconstitution
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7. OUTCOME AFTER BMT FOR AML

Studies demonstrate a 5-yr DFS of 46–62% for patients treated with allogeneic BMT in CR1
(31–35). In a representative study from City of Hope National Medical Center and Stanford
University, 61 consecutive patients with AML in CR1 under age 50 with a histocompatible
sibling donor received, an allogeneic BMT, after conditioning with fractionated TBI (1,320
cGy) and high-dose etoposide (60 mg/kg) (36). The patients with AML demonstrated a 3-yr
DFS of 61% with a relapse rate of 12%. By stepwise Cox regression analysis, significant
prognostic variables for patients with AML were the presence of acute GVHD, increasing age
and the cytogenetic risk category of the AML at the time of diagnosis (36,37). Relapse was 0%
in patients with good risk cytogenetics and approached 40% in those patients with poor risk
cytogenetics (37) (Fig. 1). Complications related to GVHD and relapse of leukemia were the
major causes of death. Additional studies from multiple institutions support a DFS ranging
from 46 to 62% after 5 yr of observation (38–43).

In order to reduce the limitations of GVHD on survival, Papadopoulos and colleagues at
Memorial Sloan-Kettering Cancer Center studied the use of T-cell-depleted allografts in 31
patients with AML in CR1 or CR2. Patients treated in CR1, attained a DFS of 77% at 56 mo,
while those treated in CR2 had a DFS of 50% at 48 mo. All patients were treated with a
conditioning regimen of TBI, thiotepa, and cytoxan. Probability of relapse in patients treated
in CR1 was 3.2%. Nonleukemic mortality in this group was 19.4%. There were no cases of
grade II–IV acute GVHD (44).

Fig. 1. Actuarial relapse rate for patients undergoing allogeneic transplantation for AML in first remis-
sion with a regimen of fractionated TBI and VP-16. Based on pretransplant cytogenetics, those patients
with poor risk cytogenetics showed a higher rate of relapse compared to those with more favorable
cytogenetic findings.
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8. EFFECT OF CONDITIONING REGIMEN ON SURVIVAL OR RELAPSE RATE

Several studies have been published comparing outcome after different conditioning regi-
mens. Although the use of higher doses of TBI results in a lower rate of relapse, patients
suffered a higher incidence of GVHD and transplant-related mortality (45). Other studies have
found no significant differences between conditioning regimens using cyclophosphamide
(CY)/single-dose TBI vs CY/fractionated-dose TBI (FTBI), chemotherapy (CT)/TBI vs
melphalan/TBI (28). There are conflicting data as to whether busulfan (BU)/CY results in a
higher relapse rate than CY/TBI, but recent data suggest that optimal use of BU (intravenous
or targeted therapy) may have an impact on both toxicity and relapse (46). Recent studies
utilizing radioimmunotherapy designed to target hematopoietic tissue have shown promising
results with a low relapse rate and no increase in transplant-related toxicity (47). Presently,
there are no data to determine whether one regimen is more or less effective for each of the
cytogenetic subtypes of AML.

9. ALLOGENEIC BMT FOR AML IN FIRST RELAPSE OR CR2

For patients in relapse after failure of standard therapy for AML, allogeneic transplantation
offers the only chance for cure for those patients who have a sibling donor. For those patients
who are able to achieve a second remission, particularly after a long first remission and a lack
of a sibling donor, an autologous transplant is a potentially curative therapy (48,49). A common
dilemma is the question of whether to proceed directly to allogeneic transplantation at the time
of relapse (if a suitable donor has been identified) or whether to proceed to reinduction che-
motherapy first, in an attempt to reach a second CR (required for autologous BMT). Although
no randomized data are available, one study demonstrates statistically nonsignificant survival
rate differences of 29% in patients transplanted in untreated first relapse vs 22% in second
remission and in 10% with refractory relapse (2,50,51). Another study retrospectively evalu-
ated outcomes in patients transplanted at various stages of disease. DFS was significantly
better in patients transplanted in first remission, but no statistical difference was found between
the various groups transplanted beyond first CR. Thus, the decision concerning reinduction is
often based on the age, condition, duration of first remission, and cytogenetic category of the
patient with relapsed AML (2).

10. RECOMMENDATIONS FOR ALLOGENEIC BMT FOR AML

Information on cytogenetics at the time of diagnosis is vital to identify patients who might
have a good prognosis after standard chemotherapy, as opposed to those who should have
allogeneic transplant during first complete remission. Those who should be considered for
standard consolidation therapy or autologous transplantation include those with t(8;21) or
inv(16), in the absence of any other poor prognostic indicators for these subtypes. Other
patients should be strongly considered for allogeneic BMT during first CR.

For those patients with poor prognosis and who lack a matched family donor, alternative
donors (matched unrelated donors, cord blood transplants) should be pursued (52,53).

Figure 2 shows an approach to the timing and use of BMT based on prognostic features
found at diagnosis and response to treatment (2).

11. ALLOGENEIC TRANSPLANTATION AND MDS

Because MDS is not curable with conventional treatment, feasibility studies of allogeneic
transplantation began in the 1980s. Reports from several groups showed that the disease could
be cured by allogeneic BMT (54,55).
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A large retrospective survey of the European Group for Blood and Marrow Transplantation
(EBMT) Leukaemia Working Party describes 78 patients with myelodysplasia (MDS) or
secondary acute myelogenous leukemia (sAML) that received an allogeneic BMT (56). The
status of underlying disease at the time of transplantation was prognostic for the 2-yr DFS.
Thirty-four patients received intensive chemotherapy prior to the conditioning for BMT. The
2-yr DFS was 60% for the 16 patients transplanted in CR. The results were significantly less
favorable for those with more advanced disease who only partially responded prior to intensive
chemotherapy (2-yr DFS: 18%), while none of those who either relapsed or were resistant to
chemotherapy became long-term survivors after BMT. Forty-four patients had not received
any prior intensive chemotherapy. The DFS at 2 yr after BMT was 58 ± 19% when a patient
was transplanted for refractory anemia with ringed sideroblasts (RARS), 74 ± 14% for refrac-
tory anemia with excess blasts (RAEB), 50 ± 16% for RAEB in transformation (RAEB-T), and
18 ± 11% for secondary AML. Allogeneic BMT can, therefore, be considered as a potential
curative treatment for patients with MDS.

12. FACTORS INFLUENCING OUTCOME

Initial studies involving allogeneic transplant for MDS focused mainly on the feasibility of
the procedure, but lacked the statistical power to evaluate the effect of factors such as timing
of transplantation, cytogenetics, or disease status on outcome. Addressing the question of
which pretransplant factors are most predictive of favorable posttransplant outcome, the
Chronic Leukemia Working Party of the EBMT retrospectively analyzed 131 patients who
underwent BMT for MDS from HLA-identical siblings (57). No patient received prior remis-
sion induction chemotherapy. The 5-yr DFS and overall survival (OS) for the entire group of
patients was 34 and 41%, respectively. DFS and OS were dependent on pretransplant bone
marrow blast counts. Patients with RA/RARS, RAEB, RAEB-T, and sAML had a 5-yr DFS

Fig. 2. Proposed algorithm for treatment of adults diagnosed with AML based primarily on cytogenetic
analysis of the patients’ leukemia at the time of diagnosis. CR, complete remission; PR, partial remis-
sion; IF, induction failure; ALLOBMT, allogeneic bone marrow transplantation; AUTOBMT, autolo-
gous bone marrow transplantation; MUD, matched unrelated donor.
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of 52, 34, 19, and 26%, respectively, while the 5-yr OS for the respective patient groups was
57, 42, 24, and 28%, respectively. In a multivariate analysis, younger age, shorter disease
duration, and absence of excess of blasts were associated with improved outcome.

13. IPSS SCORE AND RESULTS OF BMT FOR MDS

Several classification systems have been used for evaluating prognosis in patients with
MDS, including the French–American–British (FAB) system. The International MDS Risk
Analysis Workshop performed a global analysis on clinical data from seven large previously
reported risk-based studies that had generated prognostic systems. The International Prognos-
tic Scoring System (IPSS) was developed by evaluating critical prognostic variables and, in
particular, by using a more refined bone marrow cytogenetic classification. A multivariate
analysis combined these cytogenetic subgroups with percentage of bone marrow blasts and
number of cytopenias to generate a prognostic model. Weighting these variables by their
statistical power separated patients into four distinctive subgroups of risk. Patients receive a
separate score based on percentage of marrow blasts, karyotype, and information on cytopenias.
These scores are then combined into a total score which is then used to predict progression to
AML, as well as for median survival (58).

Appelbaum et al., analyzed data for all MDS patients transplanted in Seattle from 1981 to
1996, using multivariate analysis to determine factors predictive for nonrelapse mortality,
relapse, and DFS. A total of 251 MDS patients were transplanted (59). The IPSS score corre-
lated significantly with relapse and DFS. The 5-yr DFS was 60, 36, and 28% for low- and
intermediate-1 risk, intermediate-2 risk, and high-risk patients, respectively, leading to the
conclusion that patients with intermediate-1, intermediate-2, or high-risk MDS are most likely
to benefit from early transplantation.

14. EVIDENCE FOR GVL EFFECT

It has been recognized for some that the therapeutic benefit and potential cure achieved by
allogeneic transplant is contributed by the dose-intensive regimen of either high-dose chemo-
therapy or high-dose chemotherapy and radiation combined with a graft-vs-tumor effect (60).
Over time, the potency of the graft-vs-tumor effect has been further understood and represents
a significant immune-mediated effect to prevent relapse after the high dose chemotherapy and
allogeneic stem cell transplant. Data that support the presence of GVL effect after allogeneic
transplant include:

1. Reduced risk of relapse in patients with acute and chronic GVHD.
2. Detection of minimal residual disease early after transplantation, which clears over time.
3. Increased risk of relapse after syngeneic transplant.
4. Increased risk of relapse after T-cell-depleted transplants.
5. Induction of remission by donor lymphocyte infusions in patients relapsing after BMT.

Among hematologic malignancies, there are major differences in their susceptibility to the
graft-vs-tumor effect, with CML being the most potent target; however, for patients with AML
undergoing allogeneic transplantation, compared to syngeneic transplant, the relapse rate is
lower following allogeneic transplant, suggesting that the allogeneic effect on AML is contrib-
uting to the long-term benefit (61). This observation provides the basis for the exploration of
nonmyeloablative transplants in patients with AML, particularly those older persons with
AML in whom the disease is more common, but in whom allogeneic transplantation has not
been commonly utilized.



22 Part II / Disease Indications: Allogeneic Transplantation

15. NONMYELOABLATIVE ALLOGENEIC BMT (MINI-BMT)

The high-dose chemotherapy and radiation typically used in the conditioning regimens for
BMT produces considerable morbidity and mortality and limits the use of this modality to
those patients who are young and have medical conditions that would preclude its use. With
regard to AML, although allogeneic transplantation has been an effective therapy in younger
patients, it has not been utilized in older patients where the disease is not only more common,
but the biology of the disease is different. Older patients with AML often have worse cytoge-
netics and phenotypes, such as expression of multidrug resistance that correlate with a decreased
response to therapy and poor OS and DFS (62). Given the role of the GVL effect in curing some
hematologic malignancies, an alternative strategy has evolved to utilize low dose non-
myeloablative conditioning regimens designed to provide sufficient immune suppression to
achieve engraftment of an allogeneic blood cell or marrow graft, thus facilitating the develop-
ment of a graft-vs-malignancy effect. The generation of a GVL effect requires engraftment and
ultimate in vivo expansion of donor immunocompetent cells that can recognize allogeneic
target antigens including both the normal and abnormal marrow of the recipient. The overall
goal of this approach is to facilitate less intensive conditioning regimen treatment that would
be associated with decreased regimen-related toxicity and to allow a graft-vs-tumor effect (63).
This approach has been utilized by a number of investigators with varying regimens from a
pure nonmyeloablative regimen utilizing TBI and fludarabine followed by posttransplant
mycophenolate mofetil (MMF) and cyclosporin, to more intensive ones utilizing busulfan,
fludarabine, and antithymocyte globulin with encouraging results (64). A study from a consor-
tium of centers exploring a purely nonmyeloablative regimen has shown that the overall
mortality in a group of patients whose median age was 60 at d 100 was 10%, half of which is
contributed by disease progression (65). Thus, this approach is being explored for patients with
AML, particularly those who are older and have poor risk features, such as high white count,
more than two cycles of therapy to go into remission, multidrug resistance (MDR) phenotype,
or poor risk cytogenetics.

16. APPROACH TO THE PATIENT WITH PRIMARY REFRACTORY AML

The survival of patients with AML who do not achieve a remission with primary therapy is
very poor and, in general, is independent of all other cellular characteristics. The lack of
achievement of remission is the clearest demonstration of the resistance of the disease to
chemotherapy. Some studies have been performed which indicate that the use of allogeneic
transplantation in patients who have not achieved a remission may result in long-term DFS in
approx 15–30% of patients (66–68). In a recent analysis of 71 patients with primary refractory
AML who underwent an allogeneic BMT, an analysis was performed to determine whether
there are pretransplant features of this unique patient population that predict treatment outcome
(69). Although relapse and regimen-related toxicity was high in this high-risk patient popula-
tion, the probability of DFS and relapse at 3 yr was 29 and 54%, respectively. Remarkably,
unfavorable cytogenetics before stem cell transplantation was significantly associated with
decreased DFS and a TBI-based regimen appeared to convey a better outcome. The actuarial
probability of DFS and relapse at 3 yr was 44 and 38% for patients with intermediate cytoge-
netics and 18 and 68% for those patients with unfavorable cytogenetics. Figure 3 shows the
DFS for a group of patients who failed to achieve a remission and were then treated with an
allogeneic BMT.

The data suggest that allogeneic transplantation can cure some patients with primary refrac-
tory AML and that cytogenetic analysis before stem cell transplantation correlates with trans-
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plant outcome as well as relapse. Thus, for patients who do not achieve remission with either
one or two cycles of induction therapy, particularly with a high-dose ARA-C-based regimen,
proceeding to allogeneic transplantation when a sibling donor is identified appears to be the
optimal strategy rather than utilizing repeated courses of chemotherapy, which are unlikely to
result in remission. Patients who require more than one cycle of chemotherapy to achieve a
remission should also be considered at high risk for relapse and should be considered for early
BMT (8).

17. INNOVATIONS IN ALLOGENEIC TRANSPLANTATION FOR AML

Although the most common regimens, namely, FTBI and CY, BU and CY, and FTBI and
etoposie (VP-16) have a long and stable track record, studies are being conducted to improve
both the toxicity profile and efficacy of the regimens utilized in the treatment of AML. In
general, TBI-based regimens have been more effective than non-TBI regimens, but have more
toxicity to gastrointestinal (GI) mucosa and may be more associated with increased risk of
second malignancies over time. Studies are being performed with the use of radio-
immunoconjugates utilizing anti-CD45 or anti-CD33 antibodies conjugated to a variety of
radioisotopes including iodine and yttrium. Early studies suggest the addition of radio-
immunoconjugates to a regimen of BU and CY is an effective approach without, as yet,
increasing toxicity (70). Phase II studies are ongoing in AML with this approach, but the early
data would suggest that incorporation of the radioimmunoconjugate into the preparative regi-
men is tolerable and will require further studies to determine the impact on preventing relapse
in the various subgroups of AML.

In addition, the optimal use of chemotherapy as part of the preparative regimen is receiving
increasing attention based on observations concerning the different pharmacokinetic and

Fig. 3. DFS for a group of patients with AML undergoing allogeneic transplantation after having failed
to achieve a remission with either conventional dose of ARA-C or high-dose ARA-C and an
anthracycline. Patients with intermediate cytogenetics had a better DFS than those with unfavorable
cytogenetics. Overall, the actual probability of DFS at 3 yr was 44% for patients with intermediate
cytogenetics and 18% for those with unfavorable cytogenetics.
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pharmacogenetic disposition of these agents in individual patients undergoing transplantation.
Most recently, studies utilizing the intravenous form of BU have shown a better toxicity profile
and less individual variation in the area under the plasma concentration vs time curve (AUC)
achieved by the drugs (71). Studies performed in CML and myelodysplasia suggest that tar-
geting the dose of BU, either orally or intravenous, not only improves the toxicity profile and
facilitates the use of these regimens in patients with myelodysplasia who are older, but has an
impact on the risk of relapse (72).

Nonmyeloablative transplantation, as noted above, which utilizes the immunotherapeutic
effect of allogeneic T-cells, is being explored in older patients with AML and, depending upon
the results, could be applied in younger patients with AML, particularly those for whom
retaining fertility is an important consideration. In addition, the use of a nonmyeloablative
approach may be utilized as immunotherapy following an autologous transplant for AML to
help combine the benefits of the high-dose regimen utilized with autologous transplantation
with the immunotherapeutic contribution of the allograft.

The stem cell source also may contribute to the overall benefit of allogeneic transplantation.
Studies have been performed, comparing peripheral blood to marrow, that demonstrate the
improved hematopoietic recovery and decreased toxicity without an obvious increase in
acute or chronic graft-vs-host reaction (22). Further studies are being performed to deter-
mine the incidence and extent of chronic GVHD in patients receiving PBSCT and the use of
this cellular product is now being explored in patients with AML undergoing transplant in first
remission.
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1. INTRODUCTION

Current treatment strategies for adult acute lymphoblastic leukemia (ALL) have resulted in
the achievement of complete remission (CR) rates of 70–95%. Approximately 25–50% of
these patients may enjoy long-term disease-free survival (DFS), and current research efforts
are focused on innovative postremission strategies with the goal of improving the overall
survival for adults with ALL. The identification of different prognostic groups based on the
biology of the malignant clone and clinical patterns of disease presentation has begun to alter
our therapeutic approach to this biologically heterogeneous disease. Treatment strategies tai-
lored to specific prognostic groups have already resulted in dramatic improvements in the
outcome for children with ALL (1), and similar risk-adapted strategies based on the biologic
heterogeneity of the disease are now being applied to adults with ALL to improve survival.
Allogeneic stem cell transplantation (SCT) is one strategy that has been demonstrated to
improve the outcome of high-risk adults with ALL. In this chapter, we will define this high-
risk group, discuss indications for transplantation based on biologic risk group, and review
current strategies and clinical outcome for allogeneic SCT in adults with ALL.

2. PROGNOSTIC FACTORS IN ADULT ALL

Several biologic features and specific clinical characteristics have been consistently noted
to influence the outcome of adult ALL and impact on risk stratification (Fig. 1). Age greater

3
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than 60 yr, a high white blood cell count (WBC) at presentation, and failure to achieve a clinical
remission within the first 4 wk of treatment are all considered adverse clinical features. The
detection of specific recurring cytogenetic abnormalities has emerged as the most important
prognostic factor for risk stratification of adults with ALL. Clonal chromosomal aberrations
can be detected in cells from 62 to 85% of adult ALL patients, and several studies have shown
their significance as predictors of outcome (2,3). In a multivariate analysis of risk factors in
adult ALL, karyotype was identified as the most important factor for DFS (4). In general,
patients with a normal karyotype have improved survival compared with those harboring a
cytogenetic abnormality. In a recent review of this literature, six abnormalities were noted to
result in unfavorable outcome, defined as having a 0.25 or less probability of continuous CR
at 5 yr. These include in decreasing frequency, patients with t(9;22) (q34;q11), trisomy 8,
t(4;11) (q21;q23), monosomy 7, a hypodiploid karyotype, and t(1;19) (5,6).

The most common and clinically relevant cytogenetic abnormalities in adults with ALL
include the t(9;22) (q34;q11) resulting in the BCR/ABL fusion gene that is present in as many
as 30% of adult ALL patients, the t(4;11) (q21;q23) involving the MLL gene on chromosome
11q23 that results in the MLL/AF4 fusion gene, and the t(8;14) (q24;q32) chromosomal trans-
location seen in mature B lineage ALL (Burkitt’s type) that results in overexpression of the c-
MYC proto-oncogene. With each of these abnormalities, patients have improved outcome if
they are treated with an approach other than standard induction, consolidation, and mainte-
nance regimens. For example, treatment insights from the pediatric groups have resulted in the
successful implementation of fractionated high doses of alkylating agents in combination with
high dose methotrexate and intensive central nervous system prophylaxis to improve signifi-
cantly the outcome for adults with mature B-CR to use B-cell ALL (7–10). Using this intensive
but short-duration chemotherapeutic approach, these high-risk patients now achieve CR in 70–
80% of cases and have DFS approaching 50%. As described above, and discussed in detail
below, ALL patients with a t(9;22) (q34;q11) have fared very poorly with standard ALL
chemotherapy, but can achieve prolonged DFS when allogeneic SCT approaches are used.

A number of investigators have combined these prognostic factors to predict the efficacy of
the planned chemotherapy and to assess the potential use of allogeneic transplantation for
patients with ALL. Hoelzer et al. initially proposed a risk classification of adult ALL focusing
on age, WBC count, immunophenotype, and time to achievement of CR (4). This classification
scheme identified patients who had either good long-term DFS or poor outcome with a high
risk of relapse. Similarly, Table 1 shows the impact of four adverse features and the outcome
of treatment of ALL in two studies of intensive combination chemotherapy from the Cancer
and Leukemia Group B (CALGB studies 8811 and 9111) (10,11). This analysis demonstrates
that a large number of adults with ALL have disease features at diagnosis that put them into
a high-risk group with a DFS of less than 30%. These types of analyses, combined with
advances in cytogenetic and molecular monitoring techniques to detect minimal residual dis-
ease (MRD) (discussed below), are useful for the identification of patients who might benefit
from early hematopoietic SCT while in first remission.

Fig. 1. Adverse prognostic features in adult ALL.
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2.1. Prognostic Role of MRD Monitoring
In addition to the adverse prognostic factors listed in Table 1, the detection of MRD using

qualitative or semiquantitative polymerase chain reaction (PCR) or flow cytometric tech-
niques is also beginning to provide important prognostic information. A number of large
prospective studies in pediatric ALL have demonstrated the independent prognostic signifi-
cance of MRD detection. Using semiquantitative PCR for the detection of the leukemia “clone-
specific” immunoglobulin heavy chain or T cell receptor gene rearrangement, these studies
have shown that persistent MRD detection at various time points following achievement of
morphologic and cytogenetic remission is a highly significant and independent prognosticator
of relapse (12,13). Less is known about the significance of MRD detection in adult ALL. Brisco
et al. studied 27 adults with B lineage ALL for MRD in CR1. Eight of nine patients with higher
levels of disease (levels >10–3) detected using semiquantitative PCR relapsed, compared to 6
of 13 patients with lower MRD levels (levels <10–3) (14). Larger, prospective studies are
currently underway using more precise quantitative PCR (real time PCR) to determine the
significance of MRD detection in predicting relapse in adult ALL (15). These data may provide
critical new prognostic information about “low risk” patients in CR1 who are actually at high
risk for relapse and identify a new group of patients who might benefit from allogeneic SCT
while still in first remission.

3. ALLOGENEIC TRANSPLANTATION FOR HIGH RISK ALL
DURING FIRST CR

Several studies have investigated allogeneic SCT approaches in high-risk ALL patients
following achievement of first CR (Table 2). These studies are difficult to compare directly
with results of trials utilizing postremission chemotherapy, since the transplant series are
usually small phase II studies that tend to include only healthy, younger patients who are
already in remission. Nevertheless, a number of these trials provide some interesting insights
into the potential efficacy of allogeneic SCT in CR1. To better clarify the relative roles of
chemotherapy and SCT in adults with high-risk ALL, Horowitz et al. analyzed International
Bone Marrow Transplant Registry (IBMTR) data for 484 patients who had received intensive
postremission chemotherapy, and 251 recipients of HLA-identical allogeneic SCT for ALL in
CR1. Patients ranged from 15 to 45 yr of age and were treated between 1980 and 1987. Similar
prognostic factors, including non-T lineage phenotype, high leukocyte count at presentation,
and greater than 8 wk to achieve CR, predicted treatment failure in both treatment groups. After
statistical adjustments were made for differences in disease characteristics, 5-yr leukemia-free
survival (LFS) was similar in the chemotherapy (38%) and allogeneic SCT (44%) cohorts;

Table 1
Impact of Adverse Features on the Outcome of Treatment

No. of adverse No. of Age WBC No medstinal Laboratory Estimated
features patients <60 yr <30,000/µL mass featuresa survival at 3 yr

0 22 0 0 0 0 91% (66–98%)
1 83 1 16 63 3 64% (51–75%)
2 146 12 25 145 110 49% (36–61%)
3 89 25 68 89 85 21% (12–35%)
4 13 13 13 13 13 0

aAdverse laboratory features include the presence of the Ph or BCR/ABL+ PCR analysis, L3 morphology, or
precursor B lineage disease.
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however, causes of treatment failure differed between the two groups. In the chemotherapy
group, 96% of failures were due to relapse and 4% were treatment-related, while in the SCT
group, 32% were due to relapse and 68% were treatment-related (16). Thus, while there was
no difference in overall survival, this retrospective analysis suggests a decreased risk of relapse
for high-risk patients treated with allogeneic SCT in CR1.

The MRC UKALL XII/ECOG E2993 is an international effort to prospectively define the
role of allogeneic SCT, autologous SCT, and chemotherapy in adult patients with ALL in CR1.
Initiated in 1993, over 1100 patients have been enrolled to date (HM Lazarus, personal com-
munication, May 2001). All patients received two phases of induction therapy, and continued
to allogeneic SCT if they achieved CR and had a histocompatible donor. The remaining
patients were randomized to standard consolidation/maintenance therapy for 2.5 yr vs a single
autologous SCT. The conditioning regimen for both allogeneic and autologous transplants was
fractionated TBI (1320 cGy) and VP-16 (60 mg/kg). Available date on the first 800 patients
revealed a CR rate of 91% for Philadelphia (Ph) patients and 83% for Ph+ patients; these results
are corroborated by earlier, smaller trials. Details regarding the reponse of Ph+ patients to
standard therapy vs allogeneic SCT will be discussed in the section on Ph+ patients. Based on
the data presented in an abstract published in 1999 (17), 173 patients received an allogeneic
SCT and 426 patients received chemotherapy or autologous SCT. The overall event free
survival (EFS) for the allogeneic SCT group was 58 vs 39% for the chemotherapy or autolo-
gous BMT group. When patients (excluding Ph+ patients) were stratified into high or standard

Table 1
Comparative Trials of Transplantation vs Chemotherapy for ALL in CR1

No. of Median GVHD 5-yr
Study patients age (yr) Prep. regimen proph. II–IV GVHD DFS (%)

Horowitz, 1991 (16)
ASCT 234 15–45 CY/TBI MR NR 44
Chemotherapy 484 15–45 MR 38

Rowe, 1999 (17)
ASCT 173 14–60 VP-16/TBI NR NR 58 (3 yr)
Chemotherapy/ 426 14–60 39 (3 yr)

aSCT
Sebban, 1994 (LALA 87) (17)

ASCT 116 26 CY/TBI CSA/MTX NR 45
Chemotherapy/ 141 24 CY/TBI for SCT 31

aSCT L10 regimen
Thiebaut, 2000 (LALA 87 f/u) (18)

ASCT 116 15–40 CY/TBI CSA/MTX NR 46
High risk 41 44
Standard risk 75 49

Chemotherapy 141 ≤50 L10 regimen 31
High risk 55 11
Standard risk 86 43

Oh, 1998 (19)
ASCT 87 >30 CY ± Ara-C/TBI CSA/MTX NR 30
Chemotherapy 38 >30 MR 26
ASCT 127 <30 CY ± Ara-C/TBI CSA/MTX NR 53
Chemotherapy 38 <30 MR 30

ASCT, allogeneic SCT; aSCT, autologous SCT; CY, cytoxan; TBI, total body irradiation; MR, multiple
regimens; NR, not reported; VP-16, etoposide; CSA, cyclosporine; MTX, methotrexate.
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risk, the difference in EFS becomes more dramatic in the high risk subset (allogeneic BMT
57% vs chemotherapy/autologous BMT 32%), illustrating the advantage of allogeneic BMT
in high risk patients. Standard risk was defined as Ph__, age <35, time to CR <4 wk, and WBC
count <30,000/µL for B lineage and <50,000/µL for T lineage leukemia.

The French (Leucemie Aigue Lymphoblastique de l’Adulte [LALA]) group is another
cooperative study which defined the role of chemotherapy and SCT for adult ALL patients.
This was a prospective randomized study, initiated in November 1986 and completed in
July 1991, which enrolled 634 patients in the LALA 87 protocol to assess the role of
allogeneic SCT and autologous SCT in adult ALL. After exclusions, 572 patients were
analyzed, and 10-yr follow-up results have recently been published. The median age of
patients entered onto this trial was 33 yr. Patients received induction chemotherapy with
cyclophosphamide, vincristine, prednisone, and one of two anthracyclines. Central ner-
vous system (CNS) prophylaxis was administered. Four hundred and thirty-six patients
(76%) achieved CR. After CR was achieved, patients older than 50 yr received
postremission chemotherapy. Patients between 15 and 40 yr of age were assigned to the
allogeneic SCT trial if they had an HLA-matched sibling donor. Patients between ages 40
and 50, and those under the age of 40 without a matched sibling donor, were further
randomized to consolidation chemotherapy or autologous SCT using bone marrow purged
with antibodies or mafosfamide. Consolidation chemotherapy consisted of three monthly
courses of daunorubicin or zorubicin, Ara-C, and asparaginase followed by long-term
maintenance therapy. The transplant preparative regimen consisted of total body irradia-
tion (TBI) and cyclophosphamide. The 10-yr overall survival rate of patients greater than
50 yr treated with chemotherapy only was 27%. There was no statistically significant
difference in outcome between patients who received autologous SCT vs consolidation
chemotherapy (34% SCT, 29% chemotherapy, p = 0.6). After stratification into high and
standard risk, there was still no statistical difference between these two groups. High risk
was defined as having one or more of the following factors: presence of the Ph chromo-
some, null ALL, age > 35 yr, WBC count > 30 × 109/L, time to CR >4 wk. Importantly,
this study showed that survival at 10 yr was significantly greater for the allogeneic SCT
group compared to consolidation chemotherapy (46% SCT, 31% chemotherapy, p = 0.04).
Furthermore, when these groups were stratified into high and standard risk, there was a
highly significant benefit for allogeneic SCT in the high-risk subset, but no statistically
significant benefit seen for the standard-risk subset (high risk: 44% SCT, 11% chemo-
therapy, p = 0.009; standard risk: 49% SCT, 43% chemotherapy, p = 0.6) (18,19). Thus,
both the large IBMTR retrospective review and the LALA study suggest a clear role for
allogeneic SCT over consolidation chemotherapy in younger adults with high-risk fea-
tures in CR1. Another study by Oh et al. reinforces the observation that a significant
survival advantage is gained in high-risk younger patients undergoing allogeneic SCT
(20). Presumably, the lower mortality and morbidity sustained by younger patients under-
going SCT highlights the advantage of this method over chemotherapy.

In addition, review of a number of smaller phase II trials in high-risk adult ALL who have
undergone ASCT in CR1 suggest a higher DFS when compared with conventional chemo-
therapy (21–27). High risk in these studies was defined as patients having at least one or more
of the following: age greater than 30 yr, WBC greater than 30 × 109/L at presentation,
extramedullary disease, unfavorable cytogenetic abnormalities, and requiring more than 4 wk
to achieve a CR. As shown in Table 3, these phase II trials demonstrate a DFS ranging broadly
from 21–71% during a 3- to 8-yr follow-up. The DFS for patients treated with conventional
chemotherapy ranges from 30 to 40%. The large difference in outcome of patients entered onto
these small phase II studies is influenced by multiple variables, including differences in patient
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selection, choice of preparative regimen, type of graft-vs-host disease (GVHD) prophylaxis,
and different supportive care regimens.

4. ALLOGENEIC TRANSPLANTATION BEYOND CR1 USING HLA-IDENTICAL
SIBLING DONORS

There are no data suggesting that durable remissions can be achieved with standard chemo-
therapy for adults with ALL in/or beyond CR2. Similar to the transplant literature in pediatric
ALL beyond first remission, it appears that allogeneic SCT for adults in/beyond CR2 is supe-
rior to chemotherapy in achieving LFS. Adult ALL patients who undergo an allogeneic SCT
in CR2 achieve long-term LFS rates of 14–43%, as illustrated in Table 4. The primary cause
of failure is relapse (>50%).

5. PRIMARY REFRACTORY ALL

With current induction regimens, only 5–10% of adults with newly diagnosed ALL fail to
achieve remission with initial induction chemotherapy. These patients often have one or more
poor prognostic factors at presentation, and additional attempts at induction chemotherapy
may be unsuccessful. Several studies suggest that patients with an HLA-identical sibling can
benefit if they proceed directly to allogeneic transplantation without undergoing a second
attempt at induction therapy (32–34). In the largest of these studies, 38 patients with ALL,
failing to achieve remission, received HLA-identical sibling transplants. Approximately 35%
of these patients with refractory disease had long-term DFS. A second study with 22 patients
(five patients with ALL) with refractory disease had a similar survival of 38% following HLA-
matched sibling transplants. Other studies suggest lower survival rates of 20% or less for these
refractory patients (32,34); nevertheless, allogeneic transplant should be considered for these
patients with an otherwise dismal chance of long-term survival.

6. PHILADELPHIA CHROMOSOME-POSITIVE ALL

The presence of the Philadelphia chromosome (Ph) represents an independent adverse risk
factor, and carries an exceptionally poor prognosis. Although many patients can achieve a CR,

Table 3
Allogeneic Transplantation for ALL in CR1

No. of Median GVHD 3-yr
Study patients age (yr) Prep. regimen proph. II–IV GVHD DFS (%)

Wingard, 1990 (20) 18 24 (5–36) CY/TBI CSA ± MP 8 42
Blaise, 1990 (21) 25 22 (4–36) CY/fTBI, ML/fTBI MR 7 71

CY/ML/fTBI
Chao, 1991 (22) 53 28 (1–45) Ara-C/CY/TBI CSA ± MP 6 61

CY/TBI MTX ± MP
Doney, 1991 (23) 41 22 (18–50) Cy/fTBI or MR 7 21 (5 yr)

single dose
Sutton, 1993 (24) 184 25 (15–44) CY/TBI MR 15 deaths 49.5 (6 yr)
(retrospective review) (majority)
Vey, 1994 (25) 29 24 (16–41) CY/TBI CSA/MTX 7 62 (8 yr)
DeWitte, 1994 (26) 22 15–51 CY/TBI CSA NR 58

CY, cytoxan; fTBI, fractionated total body irradiation; MR, multiple regimens; NR, not reported; CSA,
cyclosporine; MTX, methotrexate; MP, methylprednisolone.
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the median duration of remission is less than 1 yr with chemotherapy. Using intensive conven-
tional chemotherapy, the CALGB observed similar CR rates between Ph+ and Ph- ALL patients
(76% Ph+, 86% Ph-); however, only 17% of the Ph+ patients were reported to be in CR at 3 yr
vs 48% of the Ph- patients (5). Data from the MRC UKALL XII/ECOG E2993 study described
earlier reveals similar poor results for Ph+ patients treated with chemotherapy only. In this on-
going, prospective, randomized study, 43 Ph+ patients were treated with chemotherapy only.
They had a 3 yr overall survival (OS) of 19%, which was significantly worse than the Ph__

group (47%, p = 0.002). The EFS at 3 yr was 0% for the Ph+ group vs. 38% for the Ph__ (p =
<0.001) (35). Therefore, studies have been conducted to test the efficacy of allogeneic SCT as
a consolidative treatment after achievement of first remission in these patients.

In the MRC UKALL XII/ECOG E2993 study, 35 patients have undergone a matched,
related allogeneic SCT and had a 38% EFS at 3 yr compared to an EFS of only 5% for those
PH+ patients who received chemotherapy or autologous SCT. In another study, 23 patients
with Ph+ ALL in CR1 underwent allogeneic SCT from a matched sibling between 1984 and
1997 at the City of Hope National Medical Center and Stanford University. The median age
of the patients transplanted was 30 yr. The preparative regimen involved fractionated TBI and
etoposide (VP-16). At 3 yr, the probability of DFS was reported at 65%. For patients trans-
planted after 1992, the probability of DFS increased to 81%, presumably due to improvements
in GVHD prophylaxis and supportive care (36). Of note, the DFS rate reported in this study
is much higher than others reported for Ph+ patients undergoing allogeneic SCT. In a retrospec-
tive review of 67 Ph+ patients reported to the IBMTR between 1978 and 1990, with a median
age of 28 yr, the 2-yr DFS rate was 31%, and was similar for patients in CR1, in CR2, or in
relapse (28). In a small study by Dunlop et al. (37), 11 patients underwent an allogeneic
transplant between 1986 and 1995. The estimated 3-yr probability of DFS was 21.8%. Of note,
this small study included patients in CR1, in CR2, or in relapse. In another small study of 14
Ph+ patients undergoing transplantation (4 autologous SCT in CR1 or CR2 and 10 allogeneic
SCT in CR1, CR2, or relapse), the overall DFS was 46% for all patients; however, of those
patients who received an allogeneic SCT, 60% (6 of 10 patients) of patients undergoing
allogeneic SCT were in remission during a median follow-up of 503 d (38).

It is difficult to draw conclusions from these small series that vary considerably with respect
to type of patient (CR1 or beyond), type of preparative regimen, GVHD prophylaxis, and
supportive care; however, some general observations can be made. Taken together, the DFS
rate for Ph+ adult patients in CR1 undergoing allogeneic transplant appears to be somewhere
between 30 and 60%. Although the retrospective IBMTR review indicated that patients in
CR1, CR2, or relapse have similar outcomes following allogeneic transplant, data from most
of these series suggest that Ph+ patients fare best when transplanted in first remission. It is

Table 4
Allogeneic Transplantation for ALL in CR2

Study No. of patients LFS (%) Risk of relapse (%)

IBMTR, 1989 (28)
High risk 208 22 (4 yr) 56
Standard risk 97 36 (4 yr) 49

Barrett et al., 1989 (29) 391 26 (5 yr) 52
Wingard et al., 1990 (21) 36 43 (5 yr) 26
Doney et al., 1991 (24) 48 15 (5 yr) 64
Greinex et al., 1998 (30) 27 14 (3 yr) 78
Michallet et al., 2000 (31) 47 30 ± 8 (5 yr) 44 ± 12
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difficult to determine if a particular preparative regimen contributes to better outcome. Of note,
fractionated TBI and VP-16 was used exclusively in the City of Hope trial. However, very
similar regimens were used in some of the other series reported above.

In summary, survival for Ph+ patients following an allogeneic SCT is superior to what is
achieved with standard chemotherapy. Although in most transplant series, Ph+ patients still
have a more adverse outcome than other ALL subsets. Thus, much work remains to develop
more effective treatment for these extremely high-risk patients. Novel transplant preparative
regimens are currently being examined. Deane et al. (39) used fludarabine, cytarabine,
idarubicin, and granulocyte colony stimulating factor (G-CSF) (FLAG-idarubicin) followed
by allogeneic transplant in 8 Ph+ patients with advanced stage disease. The median age was
25 yr; 7 of 8 patients had other cytogenetic abnormalities in addition to the t(9;22) (q34;q11).
One patient underwent a sibling bone marrow transplantation (BMT), 3 underwent matched
unrelated donor (MUD) BMTs, and 4 underwent sibling peripheral blood SCT (PBSCT). All
six patients with bone marrow involvement had a response following a single course of FLAG-
idarubucin (5 CR, 1 partial remission [PR]). The DFS beyond 2 yr was 47.6%. This is com-
parable to other studies, but is intriguing because this study included patients with very
advanced/refractory Ph+ disease.

The efficacy of HLA-MUD transplants for Ph+ ALL has also been investigated in a limited
fashion to allow more Ph+ patients to undergo transplantation. At the Fred Hutchinson Cancer
Research Center, MUD transplantation was investigated in 18 patients with Ph+ ALL between
1988 and 1995. The study included children and adults, with the median age being only 25 yr.
Of 18 patients who underwent transplant, 6 who were transplanted in CR1, 1 in CR2, and 2 in
first relapse remained leukemia free. The preparative regimen involved TBI and cyclophos-
phamide. Of 6 who were transplanted in CR1, 1 patient was in CR1, and 2 patients, while in
second remission, remained leukemia-free at a median follow-up of 17 mo. The probability of
LFS at 2 yr was 49%, which is similar to rates reported for matched-sibling SCT (39). These
data appear very promising; however, it must be emphasized that this was a highly selected
population of extremely young Ph+ patients.

The role of donor lymphocyte infusion (DLI) has also been investigated in these patients.
Interestingly, one theory for DLI’s tremendous efficacy in chronic myelogenous leukemia
(CML) postallotransplant is based on the inherent immunogenicity of the BCR/ABL protein.
Yet, DLI has had very limited efficacy in Ph+ ALL (41,42). It is not known whether the
differences in DLI efficacy in Ph+ ALL compared to CML results from differences in
immunogenicicty of the p190 BCR/ABL (most Ph+ ALL) vs the p210 BCR/ABL (most CML),
differences in growth kinetics of Ph+ ALL relapse (high tumor burden) vs those in CML (lower
tumor burden), or other disease specific factors. Interestingly, in a study of 11 patients, includ-
ing one with Ph+ ALL, allogeneic PBSC from the original donor were administered following
transplant relapse. All patients achieved CR, although responses were not durable. This suggests
that cells, in addition to lymphocytes present in the PBSC, may have an important “anti-leuke-
mia” role. Experiences using PBSC infusions, rather than DLI, are described in greater detail in
a later section. The patient with Ph+ ALL achieved a complete clinical and molecular response,
but died at 12 wk due to CNS relapse. This was the only site of disease at time of death (43).

The most exciting recent development in the treatment of Ph+ ALL has been the intriguing
early results observed with STI-571, a molecule specifically targeted to the BCR/ABL tyrosine
kinase that is overexpressed as a result of the t(9;22) in CML and Ph+ ALL. STI-571 is a
specific inhibitor of the abl protein tyrosine kinase that has demonstrated remarkable targeted
therapeutic efficacy in patients with CML and ALL with increased bcr/abl activity. In a phase
I pilot study of 58 patients treated with STI-571, including 38 patients with myeloid blast crisis
and 20 patients with Ph+ ALL or lymphoid blast crisis, 55% of patients with myeloid blast
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crisis and 70% of patients with ALL achieved a response. A reduction of peripheral blasts was
observed within 1 wk of treatment initiation. Four patients (20%) with ALL had a complete
response, but 12 of 14 patients relapsed a median of 58 d after initiation of treatment (range 42–
123 d); 1 patient underwent SCT and 1 patient was not evaluable due to short length of follow-
up (44). The mechanism(s) of resistance is currently under study; however, the rapid initial
response to therapy and minimal side effects make STI-571 an ideal candidate for clinical trials
to test efficacy in the treatment of newly diagnosed Ph+ ALL. CALGB, in combination with
the Southwest Oncology Group (SWOG), are initiating a phase II trial of sequential chemo-
therapy, STI-571, and allogeneic or auto-SCT for adults with newly diagnosed Ph+ ALL. The
primary objectives of this study will be to determine the ability of STI-571 to produce a
complete molecular response (achieve BCR/ABL status by reverse transcription PCR [RT-
PCR]) following sequential chemotherapy, STI-571, and transplantation, and to determine the
ability of STI-571 to prolong DFS and overall survival in this high-risk group of patients.

6.1. Predicting Outcome: Role of Monitoring MRD in Ph+ ALL Following
Transplantation

Several studies of MRD status following allogeneic transplantation provide intriguing
information about the risk of relapse in Ph+ ALL and may help to identify patients who are
likely to relapse (45–49). All of these studies found that patients who are consistently BCR/
ABL– following transplantation are unlikely to relapse and may become long-term survivors.
Conversely, patients who are BCR/ABL+ following transplantation seem to be at high risk for
subsequent relapse. In the largest published series (28 patients), Radich and coworkers found
that the relative risk (RR) for relapse was significantly higher for patients with a detectable
BCR/ABL transcript following transplantation than for those without detectable BCR/ABL (RR
= 5.7; p = 0.025) (48). The prognostic significance of the PCR assay remained after controlling
for other variables that could influence relapse risk. The risk of relapse was greater for patients
with a p190 fusion transcript than for those with p210 BCR/ABL. The median time from
detection of a positive PCR result to relapse was 94 d. Additional insights into the kinetics of
disappearance of BCR/ABL will be obtained from current studies using real-time PCR tech-
niques to quantify transcript number reproducibly (49,50). Using rigorous monitoring tech-
niques, it may be possible to introduce DLI prior to overt clinical relapse, when it may be more
effective (48), or other novel therapies (e.g., STI 571) that could eliminate subclinical disease
and avoid the dire consequences of a clinical relapse in these patients.

7. FACTORS INFLUENCING TRANSPLANT OUTCOME

7.1. Preparative Regimens
Several different preparative regimens for allogeneic SCT have been described in attempts

to decrease transplanted-related mortality (TRM) and improve DFS. The most widely used
regimen is the combination of TBI and cyclophosphamide developed by Thomas and col-
leagues in the 1970s (51). The TBI can be administered as single dose or fractionated over 3–5 d.
A comparative analysis of fractionated-dose vs single-dose TBI in adult ALL patients showed
a significantly higher TRM in the single dose group (p = 0.017), but an increase in the relapse
rate of the fractionated-dose group; consequently, there were no differences in the overall LFS
between the two groups (25). The Minnesota Group compared TBI/cyclophosphamide with
TBI/cytarabine (Ara-C) in a study including both adults and children and found no difference
in regards to toxicity or outcome (51). The City of Hope group studied fractionated TBI with
etoposide followed by SCT in patients with advanced leukemia. A phase I/II trial indicated that
etoposide at 60 mg/kg is the maximum tolerated dose when compared with TBI. In that study,
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36 ALL patients were treated; 20 patients had relapsed disease. The DFS was 57%, with a 32%
relapse rate suggesting that the regimen has significant activity in advanced ALL (52). The
fractionated TBI/etoposide regimen has also demonstrated activity in patients with high-risk
Ph+ ALL, as discussed in more detail below.

Novel methods to allow selective delivery of radiation to sites of leukemia without increas-
ing systemic toxicity are currently under investigation. A phase I transplant trial using 131I-
labeled anti-CD45 antibody combined with cyclophosphamide at 120 mg/kg and 12-gy TBI
was recently published (53). All patients had advanced hematologic malignancies. The dose
limiting toxicity was grade III/IV mucositis. Nine patients with ALL (5 patients with relapsed/
refractory ALL; 4 patients in CR2 or CR3) received allogeneic (6 patients) or autologous (t3
patients) transplants using this preparative regimen; 3 patients were disease-free 19, 54, and
66 mo posttransplant. The ultimate benefits of this approach, with respect to safety and
improvements in survival, will be defined by phase II studies for patients with ALL.

Nonradiation-containing regimens, most commonly busulfan and cyclophosphamide, have
been investigated in hopes of decreasing radiation-related complications. Fractionated TBI
(FTBI)/etoposide was tested against busulfan/cyclophosphamide in a prospective randomized
study conducted by SWOG (8612). One hundred twenty-two patients with leukemia beyond
CR1 received either FTBI/etoposide or busulfan/cyclophosphamide in preparation for SCT.
One hundred fourteen patients (93%) proceeded to SCT. All patients received cyclosporine
and prednisone for posttransplant immunosuppression. There was no significant difference
with respect to toxicity, incidence of acute GVHD, overall survival, or DFS between the two
groups. The leading cause for treatment failure was leukemic relapse (39%) (54). Furthermore,
retrospective analysis of registry data from the IBMTR shows similar rates for LFS and relapse
when busulfan/cyclophosphamide is compared to TBI/cyclophosphamide (55). Careful com-
parisons of the incidence of second malignancies with each of these regimens have not been
made but may have importance. Thus, a variety of preparative regimens can be used, but
leukemic relapse remains the most significant factor affecting DFS.

7.2. Source of Stem Cells
Bensinger et al. (56) recently published a prospective, randomized trial comparing bone

marrow to peripheral blood as the source of stem cells. Between March 1996 and July 1999,
172 patients, including 22 with ALL with a median age of 42 yr, were randomly assigned to
receive bone marrow or filgrastim-mobilized PBSC from HLA-identical relatives for hemato-
poietic rescue after dose-intensive chemotherapy. After randomization, patients were strati-
fied according to age (<30 or >30 yr), and stage of cancer (for ALL, CR1 was defined as less
advanced; for all others, it was defined as advanced), with roughly equal numbers in the two
groups. It was concluded from this study that allogeneic peripheral blood cells used for hemato-
poietic rescue restore blood counts faster than bone marrow without increasing the risk of
GVHD. It was also observed that patients who received peripheral blood cells had a lower
incidence of relapse at 2 yr, and a higher overall survival and DFS (56). The authors did not
analyze individual hematologic malignancies due to the small numbers; however, based on the
faster count recovery and the overall lower relapse rate, it appears that the use of mobilized
PBSC rather than the bone marrow may be advantageous for all patients with acute leukemias.
Little data currently exist on the outcome of patients receiving umbilical cord stem cell trans-
plants for adults with ALL.

7.3. Source of Donor Cells: Partially Matched Related or MUD
 The majority of studies indicate that the best chance for cure for refractory or high-risk ALL

is allogeneic SCT with matched related donor. Unfortunately, <30% of these patients have a
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matched sibling donor. Thus, much work continues to be done in making partially matched
related donor (haplotype transplants) and MUD transplantation safe and more feasible as
curative therapy. Typically, these transplants are associated with a higher risk of graft rejec-
tion, GVHD, and infection. The experience with these transplants for adults with ALL is still
small. A recent study from the IBMTR compared MUD and haplo-identical transplantation
with HLA-identical sibling transplants (57). TRM was higher (>50%) and LFS was lower for
patients receiving MUD transplants. Among the challenges to improving outcomes of patients
receiving MUD transplants include more effective HLA matching of donor and recipient.
Current innovations in molecular typing of HLA loci using high resolution allele-based typing
for class I and II HLA molecules appears to decrease the incidence of severe GVHD and
improves survival of patients undergoing MUD transplantation (58).

Godder et al. evaluated the efficacy of partially matched allo-SCT in 43 pediatric ALL
patients. Grafts were partially T cell depleted, and patients received posttransplant immuno-
suppression with cyclosporine, corticosteroids, and antithymocyte globulin (ATG). The study
illustrated that the rate of engraftment and DFS was comparable to HLA identical grafts. Of
note, the blast count at the start of transplantation and the donor’s age were the two most
influential variables. Improved rates of DFS and decreased risk of relapse were seen with
younger donors. In addition, the estimated probability of grade II–IV acute GVHD was 0.24
and was not affected by recipient antigen mismatch (59). Given the current data from series that
include many young patients and patients with advanced leukemia beyond CR1, it is not yet
clear whether SCT should be recommended over chemotherapy for the high-risk adult ALL
patient in CR1 who does not have a matched sibling.

7.4. Partially Matched Related/MUD vs Autologous SCT
The theoretical advantage of MUD over autologous SCT in high-risk patients is a decreased

risk of relapse, presumably due to the graft-vs-leukemia (GVL) effect. Weisdorf et al. (60)
reported the results of 337 ALL patients (121 adults; 216 children) who received MUD-SCT
and compared them to 214 patients (54 adults; 160 children) who underwent autologous SCT
during 1987 to 1993. For those transplanted in CR1, autologous SCT yielded a significantly
higher DFS (42% autologous SCT vs 32% MUD, p = 0.03). In contrast, for those transplanted
in CR2, MUD-SCT yielded a better DFS (20% autologous SCT vs 42% MUD, p = 0.02). The
worse outcome with autologous SCT in CR2 likely reflects the increased relapse hazard in the
advanced leukemia group. When the data were analyzed separately for children and adults in
CR2, MUD-SCT still yielded a higher DFS when compared to autologous SCT (adults, MUD
42% ± 22% vs autologous SCT 0%, p = 0.006) (60). The Acute Leukemia Working Party of
the European Cooperative Group for Blood and Marrow Transplantation (EBMT) analyzed
data from ALL patients undergoing SCT between January 1987 and December 1994 (61). One
hundred eighteen patients with a median age of 14 yr received MUD-SCT; 236 patients with
a median age of 16 yr received autologous SCT. Disease status ranged from CR1 to CR3. There
were no significant differences in the 2-yr LFS for MUD-SCT vs autologous SCT (39% MUD-
SCT, 32% autologous SCT) in this retrospective analysis of ALL patients matched for diag-
nosis, age, stage of disease, and year of transplantation. However, relapse was significantly
lower in the MUD-SCT group (MUD-SCT 32% vs autologous SCT 61%, p = <0.0001), while
TRM was significantly higher in this group (MUD 42% vs auto 17%, p = <0.0001). As
expected, GVHD and graft failure were major sources of TRM in the MUD-SCT group.
Interpretation of the results of retrospective analyses is always difficult. Nevertheless, both of
these studies suggest an advantage for MUD-SCT with respect to decreased rates of relapse.
Owing to the significant morbidity involved with this procedure and the low overall survival,
the decision to proceed with MUD or autologous transplantation or to proceed with other
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“phase I” approaches for these high-risk patients currently remains very complex and is based
on the specific situation of each individual patient.

7.5. The Role of T Cell Depletion
The role of T cell-depleted SCT remains controversial. T cell-depleted SCT have been

shown to be better tolerated with less TRM, due to the lower incidence of GVHD, and present
an appealing option for both older patients with a matched sibling and HLA-mismatched
transplants. As described previously, T cell-purged SCT have higher relapse rates. Recently,
several groups have reported a decreased risk of relapse with T cell-depleted SCT by manipu-
lating the preparative regimen to compensate for potential lack of a GVL effect. Aversa et al.
evaluated 54 consecutive acute leukemia patients with a median age 30 yr (30 acute myelog-
enous leukemia [AML], 24 ALL) undergoing ex vivo, T cell-depleted BMT using bone mar-
row from HLA identical or D-DR-mismatched (two patients) sibling donors (62). ATG and
thiotepa were added to standard TBI/cyclophosphamide conditioning. The risk of relapse was
12% for AML patients and 28% for ALL patients. At median follow-up of 6.9 yr, the event-
free survival (EFS) for AML was 74%, and 59% for ALL. Schattenberg et al. compared the
outcome of HLA identical, T cell-depleted BMT in patients less than 50-yr-old vs those greater
than 50-yr-old (63). The standard conditioning regimen of TBI/cyclophosphamide was inten-
sified with the addition of idarubicin at 42 mg/m2. The study evaluated 131 patients, which
included 32 patients with ALL less than 50-yr-old, and two patients greater than 50-yr-old.
Outcome did not differ significantly between the two age groups. The 2-yr LFS for the ALL
patients in this small study was 64%, which compares very favorably with HLA identical
transplants that are not T cell-depleted.

7.6. Immunomodulation: GVHD and GVL Effect
The presence of a GVL effect is based on observations of higher relapse rates following

autologous or syngeneic SCT vs allogeneic SCT, lower relapse rates in patients who develop
GVHD, and higher relapse rates in patients receiving T cell-depleted SCT. Table 5 summarizes
results obtained from both single institution and registry data and demonstrates a consistent
decrease in relapse rates for patients who develop GVHD vs those who do not. A GVL effect
that is associated with the presence of GVHD has been described in ALL, AML, and CML;
interestingly, this effect appears most potent in ALL and is reflected by the data in Table 5 (66).
In distinct contrast to these consistent observations of the benefit of GVHD in reducing relapse
rate following ALL allogeneic SCT is the marked absence of a significant GVL effect in ALL
following DLI. In contrast to CML and AML, where DLI often results in complete remissions
in patients with relapsed disease following allogeneic transplant, DLI does not appear to be
effective for ALL relapses in this setting. The European Group for Blood and Marrow Trans-
plantation Working Party for Acute and Chronic Leukemia studied the effect of DLI on acute
and chronic leukemia in relapse after SCT. One hundred thirty-five patients were treated,
including 22 patients with ALL (nine patients in CR1, five patients in CR2, and eight patients
beyond CR2). The median age of the ALL patients was 21.5 yr. In contrast to 73% of CML
patients achieving CR with DLI, no patients with ALL responded (67). Collins et al. reviewed
data on 140 patients receiving DLI at a number of transplant centers. Fifteen patients with ALL
were included; three patients in CR and 12 patients with progressive disease. There was an 18%
response rate to DLI seen in the ALL group in contrast to 60% seen in the CML group (68).

Direct and indirect evidence suggests that donor T cells and natural killer (NK) cells are
primary mediators of GVL after DLI, but the target antigens on the tumor cells are currently
poorly defined. The disease specificity exhibited by DLI suggests that the target antigens of
GVL may be tumor-specific. There may be differences in the ability of ALL cells to present
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as antigen targets, differences in the frequency of T cell precursors that are reactive with minor
antigens presented by ALL cells, or differences in the susceptibility of ALL targets to lysis. In
addition to donor leukocyte preparations, G-CSF-mobilized PBSCs have also been investi-
gated as an infusion source. The numbers of T cells and NK cells found in PBSC are compa-
rable to those present in a DLI. Eleven patients (4 with CML, 5 with AML, 1 with ALL)
received PBSC postrelapse; all patients with acute leukemia received cytoreductive therapy
prior to PBSC. All 6 patients with acute leukemia achieved a CR, with the median remission
duration of 24 wk. In contrast to the prolonged cytopenias observed post-DLI, patients did not
sustain prolonged cytopenias, and some were treated successfully with repeat PBSC infusion.
There are currently too few studies using this modality to draw any conclusions, but PBSC
appears to be effective in inducing DLI, even in ALL patients. Perhaps the success noted in this
study resulted, in part, from the cytoreduction prior to DLI, which may play an important role
in determination of DLI efficacy for the acute leukemias. The combination of DLI and
interleukin (IL)-2 appears to be another way of improving the efficacy of DLI in ALL patients.
Slavin et al. demonstrated that patients with relapsed leukemia after allogeneic SCT had a
response with DLI combined with IL-2 administration (69). None of the 4 patients with ALL
responded to DLI; whereas, all 4 responded to DLI with IL-2. Obviously, no conclusions can
be drawn from a series of 4 patients, which included infants and adults. However, the additive
or modulating effect of IL-2 with DLI on the GVL effect is intriguing. In conclusion, more
clinical data are required to determine the best setting for administration of DLI (e.g., following
cytoreduction, with other immunomodulators) and whether this modality will be a viable
salvage option for ALL relapses following allogeneic transplants.

8. LONG-TERM COMPLICATIONS OF ALLOGENEIC SCT

Socie et al. (70) analyzed the characteristics of 6691 patients listed in the IBMTR who
underwent allogeneic SCT for AML, ALL, CML, or aplastic anemia between January 1980
and December 1993. The median duration of follow-up was 80 months. Mortality rates in this
cohort were compared with those of an age-, sex-, and nationality-matched general population.
All patients were free of disease 2 yr posttransplant, with 89% survival at 5 yr. Mortality rates

Table 5
Risk of Relapse Following Non-T Cell-Depleted Allogeneic Transplantation in Adult ALL

Study No. of patients Risk of relapse (%)

Doney et al. (24) 192, Seattle
Transplanted in CR2 No GVHD 80

Grade II–IV GVHD 40
Sullivan et al. (64) 200, Seattle

Transplanted in remission No GVHD 56
Acute GVHD 27
Acute and chronic GVHD 22

Transplanted in relapse No GVHD 81
Acute GVHD 39
Acute and chronic GVHD 43

Horowitz et al. (65) 349, Intl Bone Marrow Transplant Registry
Transplanted in CR1 No GVHD 44

Acute GVHD 17
Chronic GVHD 20
Acute and chronic GVHD 15
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remained significantly higher than the general population throughout the study among patients
who underwent transplantation for ALL or CML, and through the ninth year for patients who
had AML. Specifically, for patients with ALL, the relative mortality rate was 20.1 2 yr after
transplantation, 25.9 5 yr after transplantation, and 15.4 10 yr after transplantation. Not sur-
prisingly, recurrent leukemia was the chief cause of death for patients who underwent SCT for
leukemia, and GVHD the chief cause of death for patients who underwent SCT for aplastic
anemia. Older age was associated with an increased risk of relapse in the ALL group, with 48%
relapse observed in ALL compared with 11% relapses in the overall group. Chronic GVHD
was the second leading cause of death overall, with 23% observed in the ALL cohort. A low
incidence of secondary cancer was reported overall (6%), with a slightly higher rate observed
in the ALL group (10%). Increased rates of secondary cancer may be noted with longer follow-
up (70).

With improvements in DFS following allogeneic SCT, psychosocial functioning after trans-
plant becomes a more prominent issue. Broers et al. evaluated the psychological functioning
and quality of life in a prospective study of 125 consecutive patients who underwent BMT at
the Leiden University Medical Center in the Netherlands between 1987 and 1992 (71). Patients
were evaluated with questionnaires measuring quality of life, functional limitations, psycho-
logical distress, anxiety, depression, and self-esteem. Questionnaires were answered prior to
the BMT, 1 mo after BMT following discharge, at 6 mo, 1 yr, and 3 yr after BMT. Nearly 90%
of patients reported a good to excellent quality of life at 3 yr. Changes in quality of life and
psychological distress could be explained entirely by changes in functional limitations
and somatic symptoms. The minority of patients who reported a worse quality of life
reported experiencing continued serious functional limitations. Thus, emphasis should be
placed on interventions that help patients cope with their physical limitations.

9. NOVEL TRANSPLANT APPROACHES

9.1. CAMPATH-1H: Novel Method of T Cell Depletion
Studies have shown consistently that a major therapeutic effect of SCT is derived from the

GVL effect. The difficulty lies in separating GVHD from the GVL effect. This objective is
the basis of much laboratory and clinical work. One approach, to capitalize on this effect
while sparing initial complications of acute GVHD, is to perform T cell depletion of donor stem
cells and to follow up, at later time points, with infusions of donor lymphocytes to achieve an
anti-leukemic effect. Recent studies are evaluating CAMPATH-1H, which is an antibody to
CD52, as a novel method of T cell depletion. In ALL, Campath-1H treatment may have the
added benefit of anti-leukemia activity since malignant lymphoblasts express CD52 (72).
Novitzky et al. evaluated 13 patients with ALL (8 patients in CR1) and 37 patients with AML
(33 patients in CR1), who had undergone HLA-identical sibling transplants. The conditioning
regimen consisted of TBI/cyclophosphamide. Bone marrow or PBSC were exposed to
CAMPATH-1H ex vivo. Patients received no posttransplant immunosuppression. All but one
patient engrafted, and only 22% of all patients developed grade I or II GVHD; there was no
severe GVHD. Unfortunately, 54% (7 of 13) of the ALL patients relapsed (73). Of note, these
data are not significantly worse than many non-T cell-depleted allogeneic SCT series.
Naparstek et al. (74) analyzed the factors associated with engraftment in 216 recipients of T
cell-depleted allogeneic SCT using CAMPATH-1H. The patient population consisted of 168
patients with hematologic malignancies, 26 patients with aplastic anemia and 22 patients with
hemoglobinopathies. Overall, 24 patients, including 17 with leukemia, had graft failure. Vari-
ables favorably associated with engraftment were older age and colony-forming unit granulo-
cyte macrophage (CFU-GM) number. A higher concentration of CAMPATH-1H antibody in
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vitro and in vivo adversely affected engraftment (74). Both of these studies indicate that satis-
factory engraftment can be achieved in patients transplanted with CAMPATH-1H-treated
allografts; however, relapse still poses a significant problem, and more selective T cell depletion
may be necessary. Larger, randomized studies will be required to determine whether CAMPATH-
1H represents a therapeutic advance for patients undergoing transplantation for ALL.

9.2. Nonmyeloablative SCT
Recent studies have demonstrated successful donor stem cell engraftment without the use

of a myeloablative preparative regimen for patients undergoing SCT for hematologic and solid
organ malignancies. These regimens use a combination of moderate doses of chemotherapy
with immune suppression to facilitate donor engraftment and establish a donor derived anti-
host tumor effect. Consistent chimerism should theoretically lead to durable long-term remis-
sion. Since there appears to be a GVL effect in ALL, non-myeloablative SCT may have a role
in this disease. In addition, the relative decrease in upfront morbidity, secondary to decreased
organ toxicity and a lower rate of neutropenic infection, makes it a theoretically attractive
option in this disease where the median age is greater than 50 yr. This option would be
particularly attractive for patients with Ph+ ALL, where the majority of these poor prognosis
patients are older than 50 yr. Slavin et al. (75) investigated the feasibility of non-myeloablative
SCT in combination with DLI in 26 patients with standard indications for allogeneic SCT,
including two patients with ALL (1 patient in CR1 and 1 patient in CR2). The nonmyeloablative
conditioning regiment consisted of fludarabine, ATG, and BU at 8 mg/kg. Cyclosporine A was
used for GVHD prophylaxis; DLI was used for relapse. The preparative regimen was well
tolerated, with neutrophil recovery on d 15 (median), and platelet recovery on d 12. Severe
GVHD was the major toxicity and the cause of four deaths. DLI reversed relapse in 2 of 3 of
cases. Eighty-five percent of patients are alive, with 81% disease free, during a very short
follow-up observation period, with a median of 8 mo follow-up. Interestingly, the ALL patient
in CR2 relapsed 4 mo after SCT and was treated successfully with DLI. The ALL patient in
CR1 did not relapse after SCT (75). This is a small, but encouraging, study demonstrating the
feasibility of this approach. Unfortunately, complications of GVHD remain a significant prob-
lem with nonmyeloablative transplantation. A number of larger phase II studies are ongoing
that are designed to demonstrate efficacy of this approach to transplantation and may provide
more data about specific efficacy in patients with ALL.

In conclusion, allogeneic SCT has been demonstrated to have tremendous therapeutic ben-
efit for selected patients with high-risk ALL. Since ALL is a relatively rare disease in adults,
it will be very important to perform large prospective studies through cooperative groups or
other large consortium to answer many of the outstanding questions regarding the promise of
allogeneic transplantation as a therapeutic modality that will lead to improvements in survival
for patients with this challenging disease.
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1. INTRODUCTION

Chronic myelogenous leukemia (CML) is a malignant hematopoietic stem cell disorder
characterized by the Philadelphia chromosome (Ph1), a balanced translocation of the long arms
of chromosomes 9 and 22 (1,2). This translocation results in the juxtaposition of the Bcr and
Abl sequences and the creation of a Bcr-Abl fusion protein, a constitutively active cytoplasmic
tyrosine kinase. The Bcr-Abl protein phosphorylates several substrates, which activate mul-
tiple signal transduction cascades, thus altering cell growth, differentiation, and apoptosis.
These activities result in independence from normal growth constraints (3,4).

The median age at presentation with CML is approx 53 (4,5). Patients commonly present
with fatigue, anorexia, and weight loss. Many patients are diagnosed solely on the basis of
abnormal blood counts. Splenomegaly is usually found on physical examination. Leukocyto-
sis, thrombocytosis, and anemia are typical. Most patients progress over a period of 2–6 yr,
from chronic phase, often through an accelerated phase, into a rapidly fatal blastic phase.

2. NONTRANSPLANT TREATMENT

2.1. Standard Treatment
Control of blood counts can be achieved in nearly all patients with presently available

agents, including hydroxyurea and interferon α. A small minority will achieve cytogenetic and
even molecular remission using interferon (6–9); less than 10% will remain in cytogenetic
remission for a prolonged period. The addition of cytarabine to interferon results in higher rates
of complete hematologic and cytogenetic remission and improved survival (10,11).
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2.2. Investigational Treatment
The introduction of STI 571, a novel tyrosine kinase inhibitor, which “selectively” inacti-

vates Bcr-Abl, has generated justified enthusiasm among physicians and patients. The drug’s
oral route of administration, minimal early toxicity, and dramatic and rapid responses in some
patients with advanced disease have led to large numbers of patients seeking treatment with
this agent (12–14). A recently published Phase 1 dose-escalating trial of STI 571, in patients
with chronic phase disease who had failed treatment with interferon α revealed that 29 of 54
patients (54%) treated with at least 300 mg daily had cytogenetic responses, including 7 with
complete cytogenetic remission (15). Cytogenetic responses occurred rapidly compared to
those occurring with interferon α treatment. It appears that STI 571 will shortly be recognized
as the best agent for treatment of CML. At present, there is no evidence that STI 571 alone is
curative or will result in improved long-term survival. It is critical that appropriate studies with
extended follow-up be performed and analyzed. Attempts to define its ultimate role must await
the results of these studies.

3. HEMATOPOIETIC STEM CELL TRANSPLANTATION IN CML

3.1. Syngeneic Bone Marrow Transplantation
Between 1976 and 1981 the Seattle group performed 14 bone marrow transplantations

(BMTs) in patients with CML using identical twin donors following a preparative regimen of
dimethylbusulfan, cyclophosphamide (Cy), and total body irradiation (TBI). Eight remained
in complete remission a median of approx 17 yr after transplantation (16). A subsequent study
by the International Bone Marrow Transplantation Registry revealed that while only 1 of 34
identical twins undergoing syngeneic transplantation for CML died from treatment-related
causes, 17 of 34 relapsed (17). These patients did not receive dimethylbusulfan in addition to
Cy/TBI, as had the patients transplanted in Seattle.

3.2. Allogeneic BMT in Patients with Advanced Disease
These data using identical twin donors led to investigation of allogeneic transplantation

using marrow from human leukocyte antigen (HLA)-identical sibling donors. In an initial
study in blastic phase patients, 8 of 10 died due to transplant-related complications within 3 mo.
There were no long-term survivors (18). McGlave and colleagues reported some success in
accelerated phase patients (19), but significant incidences of transplant-related mortality and
early relapses were reported by others (18–21).

3.3. Allogeneic Transplantation from Sibling Donors
in Patients with CML in Chronic Phase

The early results in patients with advanced disease compared unfavorably with results in
chronic phase using syngeneic donors and in first remission acute myelogenous leukemia (AML)
with HLA-identical sibling donors. These comparisons led to trials of BMT in chronic phase
patients using HLA-identical sibling donors (22–24). These studies demonstrated the profound
influence of disease stage on outcome. Sustained disease-free survival was achieved in over 50%
of chronic phase patients, but in only about 10% of blastic phase patients (25). Transplant-related
mortality rates however exceeded 30% in large groups of patients undergoing allogeneic trans-
plantation for CML in all disease stages, which tempered the enthusiasm for this therapy.

3.3.1.INTERVAL FROM DIAGNOSIS TO TRANSPLANT

Based on the median survival of newly diagnosed patients (more than 3 yr) and the risk of
early mortality with transplantation, many physicians chose not to recommend this procedure
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or recommended it only after a delay (usually approx 2 yr) following diagnosis. Subsequent
data from multiple sources, however, demonstrate inferior outcome in patients who undergo
transplantation after delay (26–30). Prior treatment with busulfan (BU) (26,27), and in some
settings with interferon (31,32), appear to particularly compromise results. It has been reported
that if interferon is stopped at least 90 d before transplantation, it does not adversely influence
outcome (33). However, regardless of specific therapy, delay compromises outcome.

 The inferior outcome in patients transplanted at longer intervals from diagnosis results
predominantly from a higher incidence of transplant-related mortality (26–30). In patients
prepared for transplantation with BU, a significantly higher incidence of hepatic venoocclusive
disease (VOD) occurs in those undergoing transplantation at longer intervals from diagnosis
(30). These data suggest clinically undetected injury to vital organs from prolonged administra-
tion of chemotherapy. Data from Seattle support this hypothesis: the higher incidence of VOD
with BU compared to TBI in patients with CML occurs only in heavily pretreated patients (34).

Most studies have compared the results of transplantation following delays of longer than
1 yr to those with lesser delays. As a result most clinicians recognize that transplantation less
than 1 yr following diagnosis is associated with improved outcome. There is little appreciation
for the further improvement in results achieved with less delay. The Seattle group has shown
that patients transplanted less than 6 mo following diagnosis fare better than those transplanted
later in the course of disease (16). Results from Ohio State indicate that more than 90% of
patients who undergo transplantation less than 3 mo from diagnosis achieve sustained disease-
free survival and that transplantation within 3 mo of diagnosis is an independent, significant
favorable prognostic factor (30). Furthermore, the favorable results in patients transplanted
earlier in the course of disease occur primarily because of lower rates of transplant-related
mortality. Transplant-related mortality rates of approx 10% have been achieved in patients
transplanted early in the course of disease in single- (16,30) and multi-institutional (35) trials.

Low mortality rates are exceptionally important, because early mortality (and not the pos-
sibility of relapse) is the dominant factor preventing or delaying transplantation in most patients.
This is particularly true considering recent data demonstrating that donor lymphocyte infusion
(DLI) is an effective treatment for patients who relapse following allogeneic transplantation,
often resulting in sustained disease-free survival (36–38).

The considerable heterogeneity in results, particularly transplant-related mortality, from
different institutions and study groups have complicated decision making. For example, single
institutional (39) and registry data (40), inclusive of patients transplanted through 1990, dem-
onstrated transplant-related mortality rates in excess of 40% for chronic phase patients with
HLA-identical sibling donors. This is approximately quadruple the previously described rates
from some single institutions and study groups. While mortality rates and leukemia-free sur-
vival (LFS) are clearly improving with time, results are better at some centers than at others.

3.3.2. PREPARATIVE REGIMENS

Present data indicate that BuCy2 is at least equivalent and may be preferable to Cy/TBI as
preparation for allogeneic transplantation from HLA identical sibling donors in patients with
CML. Although a significant survival advantage has not been detected in randomized trials
(34,41), BU is associated with less acute toxicity, including a shorter neutropenic interval (34).
Fewer relapses occurred following BU in one randomized study (41). Further, BU appears to
be associated with fewer delayed effects including second malignancies and sterility (42).

The established favorable results with BU continue to be improved upon. There has been
considerable heterogeneity in the administration of the BuCy2 regimen. The body size param-
eter utilized to establish dose and the timing of the drug administration, including the interval
between Bu and Cy, have varied. These differences influence outcome: plasma BU levels
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affect the incidence of graft rejection (43), hepatic VOD (43–45), early transplant-related
mortality (46), and relapse (45). Dose adjustment of BU based on first dose pharmacokinetics
achieve desired levels within 10% of the target in 90% of patients (45). Furthermore, the ability
to prevent low steady-state levels, which have been associated with graft rejection, may make
this regimen more applicable to unrelated transplants. Preliminary results from Seattle, using
dose adjustment based on plasma levels, show that nearly 90% of patients with chronic phase
CML receiving transplants from HLA identical siblings are surviving free of disease (47).

Studies using intravenous BU suggest less interpatient variability (48), more consistent
achievement of desirable plasma levels, and less VOD (49). It has been suggested that the low
incidence of VOD might be due to the absence of a first pass effect. It seems more likely that
the relatively low plasma levels of BU achieved with the standard 0.8 mg/kg dose (for iv BU)
may be responsible for the low toxicity. Dose adjustment of oral BU appears to improve results.
Whether intravenous BU offers additional advantages requires further study.

3.3.3. OLDER AGE

Many texts and reviews urge “caution” in considering patients who are older than 40 yr of
age for allotransplantation. “Caution” translates to a delay or failure to perform transplantation
in a substantial proportion of patients, since most patients with CML are older than 50. Ironi-
cally the fear of early mortality leads to delay, which in turn subjects patients to a higher risk
of early mortality than does their age.

The view that older age subjects patients to a substantially higher risk of mortality is not
supported by critical analysis of recent data. The association of older age with more severe
graft-vs-host disease (GVHD), transplant-related mortality, and significantly poorer survival
is largely based on comparisons of pediatric to adult patients (50–52). Differences in outcome
between younger and older adults are far less compelling, particularly in CML (27,30,39,
40,52,53). Many studies have detected no difference in outcome between patients 50–65 and
younger adults (30,52). The Seattle group reported survival rates at 4 yr in excess of 75%
among 47 patients with CML aged 50– 60 (16). At Ohio State, patients older than 40, and those
aged 50–66, had virtually identical outcomes to younger adults (30). Older patients who
undergo transplantation within 1 yr of diagnosis, and particularly within 3 mo of diagnosis fare
well. Any potentially adverse affect of older age on outcome is more than balanced by the
beneficial influence of transplantation shortly after diagnosis.

In summary, patients younger than 18 yr of age fare extremely well with allogeneic trans-
plant and fare better than adults. However, there appears to be little difference in survival
between adults with CML less than 40 and those 40–65 undergoing allogeneic transplantation
from sibling donors. Otherwise healthy individuals 65 yr or younger with sibling donors should
be considered for early transplantation. Whether individuals older than 65 might tolerate
allotransplantation has not been adequately studied.

3.3.4. NONMYELOABLATIVE PREPARATIVE REGIMENS

The use of sublethal doses of chemotherapy alone or in combination with a low dose of TBI
as preparation for allogeneic transplantation has achieved growing popularity following the
demonstration of engraftment and extended remissions in some patients (54,55). Generally,
these “minitransplants” have been performed in patients considered ineligible for transplan-
tation with myeloablative preparative regimens because of older age (often >40 yr) or other
factors. Cautious interpretation of results is warranted. At some centers, many of these indi-
viduals would undergo allogeneic transplant using standard preparative regimens. As previ-
ously stated, results in older patients are favorable using standard preparative regimens.
Similarly, modest impairment of cardiac ejection fraction or minimally elevated liver function
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tests—criteria that have been utilized to select patients for minitransplantation—do not dramati-
cally influence outcome with standard regimens. While it seems likely that this therapy will
ultimately prove advantageous in some patients who cannot tolerate standard preparative regi-
mens, its sustained effectiveness is unproven, and its appropriate role in CML awaits definition.

3.4. Patients Without Sibling Donors
Similar controversy surrounds the transplantation of patients who do not have sibling donors.

Historically, results using unrelated donors have been much less favorable than those using
sibling donors. For several years following the introduction of unrelated donors, high transplant-
related mortality rates occurred even in healthy young patients (56–59). High incidences of
regimen-related mortality and severe acute GVHD alarmed physicians and patients alike. Based
on these results or on cumulative results that include these early studies, many clinicians recom-
mend that transplantation not be considered in such patients until they fail chemotherapy.

3.4.1. SUPPORTIVE CARE

However, improvements in prevention of complications, including GVHD with the combi-
nation of cyclosporine and methotrexate, cytomegalovirus (CMV) infection with ganciclovir,
and fungal infection with fluconazole, have led to better results.

3.4.2. HLA-TYPING

The development of DNA-based typing techniques for class I and II molecules and the
application of these techniques to additional histocompatibility antigens is of even greater
importance (60,61). Initial studies of unrelated transplantation used serologic methods to
identify compatibility between donor and recipient at the A, B, and DR loci. Many patients
identified as “matched” or “HLA identical” were not. Graft rejection (62) and overwhelming
GVHD (63) occurred on the basis of unrecognized mismatches at specific antigens. The use
of molecular techniques has defined a multiplicity of alleles for previously defined “single”
antigens. Furthermore, the impact of additional foci, including HLA-C and DQB1, on outcome
is now well documented (60,61).

Appropriate interpretation and application of HLA typing is critical. For donor–recipient
pairs identical at all 10 antigens, results closely approach those using sibling donors (60,61).
Graft failure occurs more frequently in instances of disparities of more than one class I (but not
class II) molecule. GVHD occurs more frequently in the presence of class II mismatch. Severe
GVHD occurs more frequently in association with combined class I and class II disparities. In
a study of patients with a variety of diseases, patients matched at HLA-A, -B, -C, DRB1, and
DQB1 had a 5-yr survival rate of 61%. Those with mismatches of single locus class I or class
II mismatches had survivals of 56 and 57%, respectively. Those with mismatches of more than
one class I or both class I and class II molecules had significantly poorer survival rates (33 and
28%, respectively) (60).

Data from Seattle demonstrate that matched unrelated donor transplants performed in patients
with chronic phase CML, less than 1 yr from diagnosis, yield 5-yr survival rates of 74% (33).
Appropriate use of currently available HLA -typing techniques can help choose better donors in
patients with multiple potential donors and will substantially improve results. These techniques
also identify patients whose outcome is likely to be poor and who should not undergo transplan-
tation or in whom the procedure should be undertaken with appropriate skepticism.

3.4.3. PREPARATIVE REGIMENS

Generally, patients undergoing unrelated transplantation receive preparation with TBI and
not with BU. However, results have been similar in unrelated transplants, regardless of whether
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TBI or BU are utilized (64–66). Dose adjustment to avoid low BU levels (associated with graft
rejection) and intravenous BU (less heterogeneity in levels) may be of particular importance
in the unrelated setting.

In summary, patients less than 50, with well-matched unrelated donors, should undergo
transplantation in a timely manner following diagnosis. As with sibling donors, transplantation
at shorter intervals following diagnosis has resulted in better outcomes (30,32). Appropriate
prevention and treatment of CMV and fungal infections are critical in the care of these patients.
Appropriate application of modern typing techniques yields results in patients with well
matched unrelated donors that closely resemble those obtained with sibling donors.

4. COMPARISON OF TRANSPLANTATION TO STANDARD CHEMOTHERAPY

Comparisons of results achieved with allogeneic transplantation to those attained with
palliative chemotherapy are complex. The early risk of mortality with transplant must be
balanced with its sustained survival advantage.

Transplant results are often portrayed by LFS, which is the main goal of this treatment.
Relapse occurs in 10–30% of patients undergoing transplantation for CML in chronic phase
with unmanipulated marrow from sibling donors. Patients with CML who relapse following
allogeneic transplantation may have sustained LFS following treatment, using infusions of
donor lymphocytes harvested from the original stem cell donor (36–38). Responses are often
complete and prolonged, yet patients who benefit from this salvage therapy are not reflected
by LFS, but are defined as survival with relapse following transplantation. Patients who achieve
sustained remission following DLI are classified as treatment failures. This “inaccuracy” has
led to the recommendation for a new measurement of current LFS (CLFS) defined as survival
without evidence of leukemia (38). This measurement recognizes patients in original remis-
sion as well as those in subsequent remission following treatment for relapse after transplan-
tation. Using this measure, long-term disease-free survival is improved by salvage therapy by
roughly 10%.

Notably, patients transplanted in first chronic phase at short intervals following diagnosis
are particularly likely to achieve long-term complete remission (CR) as a result of DLI. Mea-
surement of LFS following allotransplant, as reported in most studies, underestimates the
proportion of patients likely to achieve sustained remission and cure. Further, these measures
understate the impact of early transplantation.

In patients lacking (9 of 10 antigen) matched unrelated donors, decision making is more
complex. In most instances, high rates of early mortality should be expected, and significant
reservation by physician and patient is appropriate. Still, if a decision to proceed is made, best
results will be achieved with early transplantation. Delay in transplantation only further compro-
mises these results and increases the risk of transplant-related complications and early mortality.

At present, the approach to patients with CML varies widely among clinicians and institu-
tions. Several algorithms addressing treatment options in CML have been published in the last
few years. Most attempt to provide a balanced approach. However, in many instances these
algorithms are based on, but fail to specifically define, young vs old, early vs late, degree of
HLA match, and other factors that profoundly influence transplant outcome. No algorithm can
adequately define the best treatment for every patient. Individual risk factors and the wishes
of the individual will determine appropriate treatment. However, allogeneic stem cell trans-
plant is too often not recommended in patients with substantial chance for cure or performed
late in the course of disease, thus compromising results.

The introduction of STI 571 has already had substantial impact on the treatment of CML.
Initial trials suggest that it offers substantial advantages over other palliative therapies. Its use
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appears to have already resulted in a decreased number of patients referred for allotransplan-
tation. Its Food and Drug Administration (FDA) approval will expand its use. Yet, there is no
evidence that STI 571 prolongs life more than other available agents. It seems unlikely that,
as a single agent, it will cure a substantial proportion of patients. Furthermore, similar to
interferon α, initial treatment with STI 571 will significantly delay the interval from diagnosis
to transplantation, subjecting those who undergo transplantation to a higher risk of early
mortality. Present data does not justify this delay.

Patients with CML should be considered for allogeneic transplantation shortly after diag-
nosis. HLA typing of patients (≤65) and siblings should be performed in a timely manner. In
the absence of a matched sibling, searches for unrelated donors should be initiated (for patients
≤50). Patients with HLA identical sibling donors and those whose initial searches indicate a
high likelihood of finding a suitable unrelated donor, and who make informed decisions to
proceed towards transplantation, should be placed on hydroxyurea. Some patients can be
brought to transplantation without the institution of chemotherapy. At the author’s institution,
patients who are asymptomatic and with white blood counts below 60,000/µL are brought to
transplantation quickly and without institution of chemotherapy.

Figure 1.
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There is substantial variability in results achieved with transplantation at different institu-
tions. Multiple factors account for these differences, including patient selection, preparative
therapy, supportive care, and skill of the transplant team. Rather than denying or delaying
curative treatment for patients because of poor results at specific institutions, patients should
be referred to institutions where verifiably favorable results in large number of patients have
been achieved.

Figure 1 describes a reasonable treatment approach in individuals with newly diagnosed
CML. It is intended to serve as a guide. The patient’s clinical situation and unique perspective
will determine treatment.
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1. INTRODUCTION

Breast cancer will affect about 192,200 women in the United States in 2001, and about
40,200 will die from their disease. While mortality has been decreasing steadily by 0.8% per
year since 1989, breast cancer remains the leading cause of cancer deaths in women in the 20–
59-yr-old age group (1). Although trends are towards diagnosis at an earlier stage of disease,
35% of Caucasian and 43% of African-American women still present with nonlocalized breast
cancer. Furthermore, the mortality for those with 10 or more involved lymph nodes or inflam-
matory breast cancer still hovers in the 75% range at 10 yr with standard chemotherapy. For
those with advanced disease, the median survival remains in the range of 2–2.5 yr (2). As a
consequence of the poor prognosis of this group, new strategies have been employed in an
attempt to improve survival. The research trend over the past 13 yr has been to utilize higher
doses of chemotherapy, and preliminary phase III data on this approach has been slowly
emerging over the past 2 yr.

Allogeneic bone marrow transplantation has improved survival for many diseases, includ-
ing aplastic anemia, myelodysplastic disorders, and leukemias, most notably chronic myelog-
enous leukemia (CML) (3–5). For the hematological malignancies, the beneficial effect is
considered twofold. First, there is replacement of the malignant clone without reintroducing
contaminated cells as may happen in an autologous transplant. Second, after allogeneic trans-
plantation, donor T cells can exert a graft-vs-tumor (GVT) effect by recognizing the host’s
tumor antigens. Allogeneic stem cell transplants might provide the same advantages in the
treatment of solid tumors by harnessing this GVT effect while preventing the re-infusion of a
stem cell product that may contain viable tumor cells. Similar to the hematological malignan-

Allogeneic Stem Cell Transplantation
for Breast Cancer

Abby B. Siegel, MD and Linda T.Vahdat, MD

Contents
INTRODUCTION

RATIONALE FOR HIGH DOSE CHEMOTHERAPY IN BREAST CANCER

RATIONALE FOR ALLOGENEIC STEM CELL TRANSPLANT

ALLOGENEIC TRANSPLANT FOR BREAST CANCER: RATIONALE

LIMITATIONS OF ALLOGENEIC TRANSPLANTATION

FUTURE DIRECTIONS

CONCLUSIONS

REFERENCES

5



58 Part II / Disease Indications: Allogeneic Transplantation

cies, the major constraint with this approach is that donor T cells can also lead to graft-vs-host
disease (GVHD) by recognizing histocompatibility antigens that differ between host and
donor. This inability to separate the toxic GVHD from the desirable GVT effect has been one
of the main challenges associated with allogeneic stem cell transplantation. The ultimate goal
is to preferentially activate the GVT reaction. Alternatively, it may be possible to modulate the
damaging GVH effects with immunosuppressive drugs or donor lymphocyte infusions. This
chapter will focus on the rationale and data for allogeneic transplant for breast cancer in the
context of data generated in autologous stem cell transplantation.

2. RATIONALE FOR HIGH DOSE CHEMOTHERAPY IN BREAST CANCER

There is both pre-clinical and clinical evidence for a dose response relationship for many
of the chemotherapeutic agents active in the treatment of breast cancer (6–8).

2.1. Dose Escalation with/without Hematopoietic Growth Factors
2.1.1. ADJUVANT TREATMENT FOR PRIMARY BREAST CANCER

Recent studies in the adjuvant setting assessing the impact of dose escalation within the
standard dose range have produced mixed results (9–11). Certainly with anthracyclines and
cyclophosphamide there appears to be a threshold dose for efficacy, and escalation above that
level does not appear improve disease-free survival (DFS) or overall survival (OS) to date.

2.1.2. TREATMENT IN ADVANCED BREAST CANCER

Randomized clinical trials in advanced breast cancer, in which dose intensity is the sole or
most important variable are difficult to interpret because the increased doses planned varied
from 10% to fourfold greater than the low-dose arms. Because serum levels for a given drug
commonly vary at least fivefold, serum levels of drug may overlap. Still, about one-half of
these trials have shown a statistically significant increase in response rate for regimens with
greater dose intensity, with several of the trials showing a modest survival advantage (12).

2.2. Dose Escalation with Stem Cell Support
2.2.1. SUMMARY OF PHASE I–III STUDIES OF HIGH DOSE CHEMOTHERAPY WITH STEM CELL

SUPPORT

2.2.1.1. Advanced Breast Cancer. During the late 1980s and 1990s, there were many
studies in advanced breast cancer in which myeloablative chemotherapy was administered
with either autologous bone marrow and/or peripheral blood stem cells to circumvent the
hematological toxicity of the conditioning regimens. The complete response rates ranged from
45 to 80%. However, the majority of patients relapsed, with only 15–20% remaining disease-
free at 5 yr (12). As the field progressed, increased use of peripheral blood stem cells (instead
of bone marrow) and hematopoietic growth factors facilitated rapid engraftment and contrib-
uted to decreased mortality rates to 2% nationwide.

From this research, several consistent themes emerged. First, those who have complete
responses (CR) to therapy have improved DFS over those with partially responding (PR) or
nonresponding disease (13). In addition, other factors may play a role in the maintenance of
response, including extent of disease and length of induction therapy (14). When patterns of
relapse were assessed, it appeared that patients tended to relapse at sites of prior bulk disease.
Three possible explanations for this phenomenon have been proposed: relapse may either be
due to resistant disease to the inability of immune effector cells to eradicate minimal residual
disease, or autologous stem cell graft contamination by tumor cells that contribute to relapse.
To date, this last hypothesis has not been substantiated with stem cell purging gene-marking



Chapter 5 / Allogeneic Transplantation for Breast Cancer 59

trials (15,16). Hence, it is rational to suggest that these limitations might be overcome with an
allogeneic stem cell transplant capitalizing on a tumor-free graft and a GVT effect.

As shown in Table 1, five randomized trials assess the role of increased dose with stem cell
support as a component of the overall treatment in women with responding metastatic breast
cancer. Three of these trials demonstrate the equivalence of a single high-dose cycle of che-
motherapy with stem cell support to maintenance chemotherapy (17–19). Survival was doubled
in the small French trial (Pegase 04), a difference that was not statistically significant (17). The
two Duke University trials compare a single high dose cycle of chemotherapy after four cycles
of conventional therapy to observation alone, with the high-dose therapy producing superior
DFS (20,21). There are at least two trials assessing high-dose chemotherapy with stem cell
support in this setting which will be reported in the next 1–3 yr (German and IBDIS Trials).

2.2.2. HIGH-RISK PRIMARY BREAST CANCER: SUMMARY OF PHASE III TRIALS

There are seven randomized trials assessing the worth of high dose chemotherapy with stem
cell support compared to conventional-dose chemotherapy for patients with four or more lymph
nodes involved with breast cancer. Although all are touted as “adjuvant” trials, only six are really
adjuvant, as the Scandinavian Trial included those with abnormal bone scans and/or positive
bone marrows. In addition, only 4 of the 6 have sufficient numbers of patients enrolled to answer
the question they pose (which is a different question in most of these studies).

2.2.3. CALGB 9082 INTERGROUP TRIAL

This study compares high- vs intermediate-dose cyclophosphamide, BCNU, and cisplatin
(CBP) after a cyclophosphamide, adriamycin, and 5-flurouracil (CAF) induction in women
with 10 or more positive lymph nodes. Seven hundred and eighty-five women with primary
breast cancer initially received four cycles of CAF. They were then randomized to receive
either high-dose CBP with marrow and peripheral stem cell support, or the same chemotherapy
at a lower dose requiring only hematopoietic growth factors. Fewer relapses were seen in the
high-dose arm (28 vs 39%). With a median follow-up of 5.1 yr, there was a trend for improved
progression-free survival, but no statistically significant difference in DFS or OS (22). There
was also a 7.4% treatment-related death rate in the high-dose arm vs none in the intermediate-
dose arm. If in fact a difference exists between these two treatment arms, the difference will
need to be large to compensate for the high toxic death rate in the high-dose arm.

Table 1
Randomized High Dose Breast Cancer Studies

% Toxic deaths

Randomized BMT Control Comments (ref.)

Adjuvant:
CALGB 9082 785 7.4 0 too early (22)
Dutch adjuvant 885 1.0 0 too early,positive trend (23)
NCI Milan 382 0.5 0 no difference (25)
Pegase I 314 0.6 0 improved DFS at 3 yr (24)

Metastatic :
NCIC (Ma 16) 224  0 6 equivalent (19)
Philadelphia 199 1 0 equivalent (18)
Pegase 04 61 0 0 positive trend (17)
Duke CR study 98 NA NA positive DFS (21)
Duke bone only 69 NA NA positive PFS (20)
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2.2.4. DUTCH ADJUVANT TRIAL

This study is a comparison between standard dose chemotherapy and the same with high-
dose chemotherapy followed by stem cell support. Eight hundred and eighty-five women with
four or more lymph nodes involved with breast cancer were randomized to FEC (5-flourouracil,
epirubicin, and cyclophosphamide) × 5 vs FEC × 4 followed by high dose chemotherapy with
stem cell support consisting of cyclophosphamide, thiotepa, and carboplatin (CTCb). An
interim analysis was mandated by the Dutch Insurance Council to evaluate the first 284 patients
entered on the study. With a median follow-up of 52 mo there was a 15% DFS (62 vs 77%,
p = 0.009) and a 10% OS (79 vs 89%, p = 0.05) advantage favoring the high-dose arm. When
looking at the entire group with a median follow-up of 30 mo, these differences are not
statistically significant. Day 100 mortality was 1% (23).

2.2.5. FRENCH ADJUVANT TRIAL

Pegase 01 was designed to assess the worth of a single high dose cycle of chemotherapy with
stem cell support following epirubicin-based chemotherapy in women with seven or more
lymph nodes involved with breast cancer. The primary endpoint was disease-free survival at
3 yr. Three hundred and fourteen patients were randomized to FEC × 4 vs the same followed
by high dose chemotherapy with stem cell support (cyclophosphamide, mitoxantrone,
melphalan). At a median follow-up of 39 mo there was a 15 % disease-free survival advantage
observed in patients receiving the high dose chemotherapy vs. standard dose therapy (55 vs
70.8%, p < 0.003). Survival was similar for both groups at 86 vs 84% (p = 0.33), respectively
and the toxic death rate was <1% (24). Longer follow-up will be needed to assess if a survival
difference is observed.

2.2.6. NCI MILAN

This trial looked at high dose sequential chemotherapy versus standard dose chemotherapy in
women with four or more involved lymph nodes. Three hundred and eighty-two patients were
randomized to either epirubicin × 3 followed by CMF × 6 versus high dose sequential (HDS)
chemotherapy . HDS chemotherapy consisted of cyclophosphamide (7 g/m2) followed by methotr-
exate (8 g/m2) plus leucovorin, followed by epirubicin (at 120 mg/m2) × 2, followed by thiotepa (600
mg/m2) + melphalan (160 or 180 mg/m2) with stem cell support. At a median follow-up of 52 mo
both treatments produced similar disease-free and overall survival results. The DFS for the Epi/
CMF vs HDS was 62 vs 65% and overall survival was 77 vs76%, respectively (25).

There are at least six trials of sufficient size, which will be analyzed over the next 3–5 yr,
which address the role of increased dose in this population.

2.3. Trials of Immunomodulation
In an effort to mimic the GVT effect observed in allogeneic stem cell transplants for the

hematological malignancies, several investigators have initiated clinical trials of immuno-
modulatory agents in the post-high-dose chemotherapy and autologous stem cell transplant setting.
In summary, there appears to be no clinical benefit derived when compared to historical data sets.

2.3.1. TRIALS TO INDUCE GVHD
Preliminary studies in humans have shown that an autologous GVHD may be introduced in

patients with hematological malignancies following the infusion of autologous marrow (26–
28). Kennedy and colleagues at Johns Hopkins demonstrated that GVHD may be induced with
cyclosporine A in a dose-dependent fashion in up to 92% of breast cancer patients undergoing
autologous transplanatation. They also reported that the combination of cyclosporine and γ
interferon (which increases the expression of human leukocyte antigen (HLA)-DR on target
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tissues) produced a biopsy-proven grade II GVHD of the skin in 43% of patients, and 79% of
patients showed evidence of autolytic activity directed against pretransplant lymphoblasts. In
addition, the in vitro lytic activity correlated with the histologic grade of GVHD (29,30).

2.3.2. TRIALS TO INCREASE EFFECTOR CELL NUMBER AND FUNCTION

Interleukin (IL)-2 amplifies the number of effector T cells, and has also been used to create
GVHD in autologous transplant settings. Georgetown investigators incubated peripheral blood
progenitors with IL-2 for 24 h, and then gave subcutaneous IL-2 injections to breast cancer
patients after autologous transplantation for 5 of 7 d for 4 wk. Clinical cutaneous GVHD was
seen in 23% of patients. DFS with immunomodulation seems comparable to that reported in
the literature without immunomodulation (31).

Kennedy et al. added IL-2 to cyclosporine in order to augment the effects of GVHD after
high-dose chemotherapy in women with advanced breast cancer. Twenty-nine patients with
stage IIIB or IV breast cancer were treated with cyclosporine A and interferon γ after stem cell
infusions. Patients then received one of three different dose levels of IL-2 (10,000, 100,000,
or 500,000 µ/M2/d). Lytic activity against autologous lymphoblasts was decreased at all dose
levels for unclear reasons (32).

3. RATIONALE FOR ALLOGENEIC STEM CELL TRANSPLANT

There is ample clinical evidence for a graft-vs-leukemia effect in allogeneic stem cell
transplant for the hematologic malignancies (33). The incidence of leukemic relapse is lower
after allogeneic bone marrow transplantation (BMT) than after syngeneic transplant. The
incidence of relapse is also lower in allogeneic marrow recipients who develop GVHD than
those who do not. Further, identical twin transplants for acute myelogenous leukemia (AML)
and CML are associated with increased relapse risk compared with HLA-identical sibling
transplants (34,35). In patients in the chronic phase of CML, the incidence of relapse was 10%
in recipients of non-T cell-depleted (TCD) marrow that had moderate to severe acute GVHD,
and 50% in recipients of T cell-depleted marrow that had no or mild GVHD (36). These studies
suggest that an antileukemic effect is associated with donor T cells and that the same mecha-
nism which effects host destruction seems to work to destroy tumor cells. In addition, although
GVHD effects are important predictors of a lower relapse rate, clinical GVHD is not required
for the graft-vs-leukemia effect.

4. ALLOGENEIC TRANSPLANT FOR BREAST CANCER: RATIONALE

Many human cancers are intensely infiltrated with T cells. Flow cytometric analysis of
cellular infiltrates in solid primary breast cancers has shown that CD8+ T lymphocytes are the
predominant cell infiltrating these tumors. Cytotoxic T lymphocytes recognize short peptide
antigens presented on the cell-surface by Class I major histocompatibility complex (MHC)
alleles. Linehan et al. (33) have shown that highly tumor-specific CD8+ tumor-associated
lymphocytes can be isolated and expanded from metastatic effusions of patients with breast
cancer. Furthermore, these cells can selectively lyse autologous and allogeneic tumor cells in
a tumor-specific HLA-A2-restricted fashion. In addition, tumor-specific lymphocytes derived
from breast cancer patients can selectively lyse HLA-A2+ pancreatic and ovarian tumor cell
targets, suggesting a common HLA-A2-restricted tumor-associated antigen between these
distinct epithelial tumors (37).

In vitro studies have shown that exposure of tumor infiltrating lymphocytes to IL-2 will
generate activated T lymphocytes with MHC-restricted and non-MHC-restricted cytotoxicity
towards a panel of tumor target cells. Tumor infiltrating lymphocytes from primary tumors of
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breast carcinoma and effusion-associated mononuclear cells from metastatic disease increased
in number by more than 300-fold when cultured with recombinant IL-2 and exhibited mostly
potent autologous tumor cell-specific cytotoxicity (38). This preclinical evidence suggests the
possibility of harnessing an immune response against breast cancer cell targets.

4.1. Clinical Data: Breast Cancer
In a case report by Eibl et al. (35), the development of circulating minor histocompatability,

antigen-specific cytotoxic T lymphocytes recognizing breast carcinoma targets appeared to
coincide with the clinical disappearance of liver metastases, suggesting a GVT effect in breast
cancer in a human subject (39). In this study, a 32-yr-old patient with metastatic breast cancer
was transplanted with bone marrow from her HLA identical sister. Peripheral blood mono-
nuclear cells were obtained from the donor and from the patient before transplantation, and
again during acute GVHD. A cytotoxic T cell line was established using posttransplant recipi-
ent PBMC harvested during GVHD which was stimulated with irradiated pretransplant recipi-
ent PBMC and cultured. The cells were then stimulated with IL-2. Successful engraftment was
achieved on d 13. On d 27, the patient developed biopsy-proven GVHD of the skin. On the same
day, the patient’s CT scan documented complete resolution of the liver metastases. At the time
of GVHD, cytotoxic T lymphocytes were identified which recognized host pretransplant cells
but not the donor cells (which were HLA identical). These cells were thus defined as minor
histocompatability antigen specific. They were also MHC class I-antigen restricted. The pres-
ence of these circulating, minor histocompatability antigen-specific CTL, recognizing breast
carcinoma target cells at the time of metastasis regression support the idea that a GVT effect
may have at least contributed to the disappearance of the hepatic metastases.

Slavin’s group in Jerusalem conducted a clinical pilot study of allogeneic transplantation in
six patients with metastatic breast cancer. The patients were cytoreduced with high-dose
chemotherapy and autologous stem cell transplantation. They were then given HLA-matched
donor peripheral blood lymphocytes activated in vivo with human recombinant IL-2. Five of
the six patients then received additional activated donor lymphocytes when they showed signs
of progression. Four patients displayed transient improvement of disease parameters, with a
progression-free interval between allo-SCT and disease progression of 7–12 mo. One patient
with metastatic disease in the liver responded markedly to the activated lymphocytes and was
given a second dose, but still died with an overall survival of 18+ mo. One patient was alive
with evidence of disease at 32 mo, while one patient is alive with no evidence of disease at 34 mo.
Toxicity seen in all patients was mild, including fever, anorexia, and a pruritic maculopapular
rash. No patient was hospitalized for toxicity. The group suggests that perhaps the transient
response in five of the six patients was due to the inability to induce durable chimerism in any
of the patients (40).

Dr. Ueno and colleagues at MD Anderson Cancer Center conducted a trial in which ten
breast cancer patients underwent HLA identical sibling-matched allogeneic peripheral blood
stem cell transplantation (41). The patients had bone and/or liver metastases, and the condition-
ing regimen consisted of cyclophosphamide, carmustine and thiotepa. GVHD prophylaxis
consisted of cyclosporine and methylprednisolone in the first two patients. The other eight
patients received tacrolimus and micromethotrexate (minidose at 5 mg/m2). Patients who
developed grade II or greater GVHD were treated with methylprednisolone 2 mg/kg/d in
divided doses and tapered as tolerated. Patients who entered the trial with residual or recurrent
breast cancer had immunosuppressive therapy rapidly tapered. If GVHD was not present,
additional donor lymphocytes were infused.

Response to therapy was evaluated at 3, 6, and 12 mo and as clinically indicated. The disease
endpoints included response, time to treatment failure and survival. Six patients had recurrent
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disease and four initially presented with advanced disease. Four patients had bone marrow
involvement, five patients had liver involvement, and one patient had both. All patients received
standard-dose induction chemotherapy with 5-flourouracil, cyclophosphamide, and doxoru-
bicin (FAC) and/or a paclitaxel-containing regimen. The overall response rate was 50%, and
the median remission duration was 238 d. All ten patients achieved complete hematopoetic
engraftment by d 24. Eight assessable patients were confirmed to have complete chimerism by
RFLP. The 100-d mortality was 10%. Three patients have died- one of fungal infection, another
from GVHD and sepsis, and a third of progressive disease. The median progression-free
survival from the initial treatment of metastatic breast cancer was 495 d. The median survival
had not been reached at the time of publication, with seven patients alive at a median of 602 d.
Four patients with progressive disease had immunosuppressive therapy reduced, and one
received a donor lymphocyte infusion in an attempt to enhance the graft-vs-tumor effect.
Regression of tumor was observed in two of the four patients who had immunosuppression
tapered with concomitant development of GVHD. The patient who received the DLI did not
develop GVHD and died of progressive disease at d 64.

As compared to high dose chemotherapy with autologous stem cell support, the response
rates in this study appear similar and the toxicity appears greater. However, when the field of
high dose chemotherapy and autologous stem cell transplant began, toxic death rates where
much higher than the 10% noted in this group.

The International Bone Marrow Transplant Registry is collecting full data on 33 patients
who have undergone high dose chemotherapy with allogeneic stem cell transplant as treatment
for advanced breast cancer. Table 2 lists some of the trials which have begun to evaluate high
dose chemotherapy with allogeneic stem cell transplantation for breast cancer.

5. LIMITATIONS OF ALLOGENEIC TRANSPLANTATION

This approach is currently limited by the toxicity of the high-dose chemotherapy preparative
regimens and the complications surrounding the profound immunosuppression that is involved.
For these reasons, many older patients with co-morbid illnesses are ineligible for this approach.
Immunosuppressive agents are used after hematopoetic cell transplantation in order to reduce
the cytokine cascade, which is thought to be responsible for much of the damage incurred with
GVHD. Various combinations of corticosteroids, methotrexate, cyclosporine, and tacrolimus
(FK506) have been used to prevent and treat GVHD, as have antibodies such as intravenous
immunoglobulin and antithymocyte globulin (42–45). Newer immunosuppressive agents being
studied are compounds such as thalidomide and the anticytokines (46,47). Perhaps reducing
the chemotherapy dose, as is done in nonmyeloablative stem cell transplants (mini-
allotransplants) or further optimizing the immunosuppressive regimens will overcome the
limitations of this approach.

6. FUTURE DIRECTIONS

There is much ongoing research geared towards minimizing the dose of chemotherapy and opti-
mizing the degree of immunosuppression. There is also emphasis on teasing out the GVH problems
from the desirable GVT effect. While these are crucial to improving the success of allogeneic trans-
plantation for breast cancer, there are other potential approaches that may incorporate these concepts
as part of an overall treatment strategy for women with advanced breast cancer.

6.1. Advances in the Treatment of GVHD
Preparative regimens damage end organs and trigger inflammatory cytokines, such as TNF-α

(28,46). For this reason, reducing TNF-α is being studied in the context of allogeneic trans-
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plantation as a way to lower the toxicity associated with GVHD. IL-11 may also help to
decrease inflammation associated with GVHD. Hill et al. (43) have shown that IL-11 can
reduce small bowel damage, reduce cytokine levels, and improve survival in a mouse model
of GVHD (48). The same group then found that IL-11 selectively inhibited CD4-mediated
GVHD while retaining CD4 and CD8 mediated graft-vs-leukemia effects, suggesting that IL-11
may be able to separate graft-vs-leukemia from GVH effects (49). The use of the minitrans-
plant (nonmyeloablative allotransplant) is also being evaluated as a way to decrease toxicity
while capitalizing on the GVT effects of the transplanted T cells (50,51).

6.2. Gene Therapy
Human marrow progenitors may be transduced with the human multidrug resistance gene,

which may then be positively selected for after treatment with chemotherapy. The ability to
maintain expression of the transduced cell may be utilized to correct cancers with a genetic
basis, the myeloablative allotransplant might serve as a vehicle to “switch” stem cells (52).

Other gene therapy experiments have focused on transferring a suicide gene into donor
lymphocytes so that they may be eradicated in the face of GVHD. Bonini et al. transduced
donor lymphocytes with a herpes simplex virus thymidine kinase suicide gene (48). Eight
patients who experienced complications after T cell-depleted allogeneic BMT for hematologic
malignancy or immunodeficiency were treated with these donor lymphocytes. The lympho-
cytes survived for up to 12 mo, and resulted in antitumor activity in five patients. Three patients
developed GVH disease, which was effectively controlled by gancyclovir-induced elimination
of the transduced cells. This offers another possible way to separate the effects of GVH from
the GVT effect (53).

6.3. Adoptive Immunotherapy
Adoptive immunotherapy involves transferring lymphoid cells with antitumor activity to a

tumor-bearing host. Suppressor, helper and cytotoxic T lymphocytes, natural killer (NK) cells,
and B cells all may be activated by IL-2. Adoptive immunotherapy with IL-2 and in vitro
lymphokine-activated killer cells, as well as tumor-infiltrating lymphocytes are being studied
as potential antitumor agents (54–56).

In one study, 25 patients with advanced cancer were treated with recombinant human IL-
2 by continuous infusion with adoptive transfer of autologous lymphocytes activated in vitro
with IL-2 (55). Nine patients had objective tumor regressions for a median duration of 16 wk.
deMagalhaes–Silverman et al. (49) evaluated fifteen patients with metastatic breast cancer
who received autologous stem cell transplants, and divided them into three groups to receive
(i) recombinant IL-2, (ii) recombinant IL-2 and activated NK cells, or (iii) neither. The overall
toxicities did not differ between the three groups and the IL-2 and NK cells did not adversely

Table 2
Ongoing Trials of Allotransplantation for Solid Tumors

Including Breast

Tumor type Center Phase

Solid tumors Northwestern I
Breast stage 4 mini-allo Ireland Ca Ctr II

Solid tumors with CAMPTH 1-H Duke University II
Solid tumors mini-allo NIH II
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affect engraftment. The response rate (six out of 15) is similar to that observed in trials of high
dose chemotherapy with stem cell support without immunomodulation (54).

Donor lymphocyte infusions have also been shown to be effective in treating relapsed CML
via a graft-vs-leukemia effect, and are just beginning to be studied in solid tumors (41,57).

6.4. Tumor Vaccines
Cancer vaccine trials are now focusing on presenting tumor antigens to specific antigen-

presenting cells so that the cellular (rather than humoral system) is activated to kill tumor cells.
This first involves finding antigens that are specific to different tumor types. Mucin-related
antigens have been studied in breast cancer, and vaccines to these peptides are being developed
(58–60). The MAGE genes code for other distinct antigens that are recognized by many cancer
cell types, including breast cancer cells. They are not expressed in any normal tissue except
testes and placenta, which may facilitate the development of targeted tumor vaccines (61).

In addition to identifying and incorporation tumor antigens, research has also focused on
combining cytokines such as granulocyte-macrophage colony-stimulating factor (GM-CSF)
with cancer cells, which are then used to immunize a patient. The use of GM-CSF may help
to activate the patient’s cellular immune response in the environment of the tumor cells (62,63).

6.5. Dendritic Cells
Dendritic cells (DCs) play an important role as antigen-presenting cells (APCs) in immune

responses. Human dendritic cells can differentiate from myeloid or lymphoid precursors with
the use of differentiating agents, but the myeloid precursors have been the focus of applications
to stimulate immunity against cancer (64). In the first published human DC trial, patients with
malignant B cell lymphoma who failed conventional chemotherapy, were treated with DCs
isolated from their peripheral blood and pulsed with tumor-specific Id antigen. Two of ten
patients with relapsed, measurable, indolent lymphoma treated with DC infusions had CRs. A
third had a molecular response with BCL-2+ bone marrow converting to negative (65). DCs
are now being studied in a wide variety of tumors, including breast cancer. In a Phase I study,
Morse et al. gave dendritic cells loaded with carcinoembryonic antigen (CEA) peptide (CAP-1)
to 21 patients with CEA-expressing malignancies including breast cancer. One patient had a
minor response, and another patient had stable disease (66).

7. CONCLUSIONS

Allogeneic stem cell transplant is a worthwhile research strategy for advanced breast cancer
for several reasons. Despite advances in the field with the incorporation of new drugs and
immunotherapies, the majority of patients with advanced disease relapse and ultimately die from
their disease. If their disease could be maximally cytoreduced by chemotherapy, then perhaps the
residual disease could be treated utilizing the GVT effect from donor effector cells. This could
be accomplished by allotransplant, mini-transplant, or possibly donor lymphocyte infusion.
Moreover, as we learn more about immunomodulation, we will hopefully be able to limit the
toxicities of GVHD. We are still learning which patients benefit most from allotransplantation
for solid tumors, and from GVT effects. It is crucial to direct patients to centers with ongoing
research studies in order to learn more about this potentially valuable therapy for breast cancer.
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1. INTRODUCTION

Multiple myeloma is a disorder characterized by the neoplastic proliferation of a single
clone of plasma cells. The annual incidence of multiple myeloma in the United States is approx
4 per 100,000 (1). Approximately 14,400 new cases will be diagnosed in the year 2001 in the
United States with 11,200 deaths attributable to multiple myeloma. Multiple myeloma repre-
sents slightly over 1% of all malignancies and 13% of all hematologic malignancies. It is
predominantly a disease of older people with a median age at diagnosis of 66 yr However,
approx 80% of patients are under the age of 70 and 18% are less than 50 yr of age (2).

The treatment of myeloma remains a challenge. Conventional-dose chemotherapy regimens
are not curative. The use of combination chemotherapy regimens is associated with improved
response rates, but long-term outcomes are comparable to treatment with melphalan and pred-
nisone (3,4). High-dose therapy with autologous hematopoietic stem cell rescue is associated
with an improved event-free survival and overall survival in selected patients when compared
to conventional chemotherapy, although patients are not cured with this approach (5–8).

In contrast, allogeneic stem cell transplantation has been shown to be curative in 15–20%
of patients with multiple myeloma (9,10). However, limited donor availability, the advanced
age of most patients, and high treatment-related mortality limit the widespread use of alloge-
neic transplantation for patients with multiple myeloma.

The curative potential of allogeneic transplantation lies primarily in the development of a
graft-vs-myeloma (GVM) effect to eradicate minimal residual disease after transplantation

6
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(11,12). Patients are generally treated prior to transplant to achieve a state of minimal residual
disease. A preparative regimen is used that immunosuppresses the host sufficiently to allow
engraftment of a tumor-free donor graft. The concept of a GVM effect is based on indirect
evidence demonstrating lower relapse rates after allogeneic transplantation when compared to
autologous transplantation (13,14). Donor lymphocyte infusions (DLI) may reestablish com-
plete remissions in patients who have relapsed after an allogeneic transplant, further substan-
tiating the concept of a GVM effect (15–22).

2. BACKGROUND OF THERAPY

Malignant plasma cells are sensitive to chemotherapy. Since the early 1960s, akylating
agents in combination with corticosteroids have been the benchmark to which all other thera-
pies have been compared. Standard-dose chemotherapy yields a 40–60% response rate but
without a curative potential (3). A meta-analysis of 6633 myeloma patients treated in 27
randomized trials showed the median survival to be 29 mo. No survival advantages were noted
when treatment with melphalan and prednisone was compared with combination chemo-
therapy regimens (4).

Escalating doses of chemotherapy induce higher remission rates, and high-dose therapy
with autologous hematopoietic stem cell rescue yields additional improvements in complete
remission rates. Attal and colleagues (5) conducted a randomized trial on 200 patients with
stage II and III myeloma comparing high-dose therapy vs standard chemotherapy. Overall
response rates (81 vs 57%), disease-free survival (28 vs 10%), and overall survival (52 vs 10%)
were significantly higher in patients receiving high-dose therapy. Fermand et al. (6) conducted
a randomized trial comparing conventional chemotherapy to high-dose therapy for myeloma.
An improvement in event-free survival and quality of life were seen, but no significant overall
survival advantages were demonstrated. It should be cautioned that the major benefit of high-
dose therapy was noted in patients who responded to standard therapy prior to transplant (6).

Several institutions have investigated the use of tandem autologous transplants for multiple
myeloma. Investigators from the University of Arkansas reported on 1000 consecutive patients
treated in a nonrandomized trial with tandem transplantation. Their results suggest that tandem
transplants are superior to standard treatment (7). Patients in a French study (IFM 94) were
randomized between one or two autologous transplants. Preliminary data on 405 previously
untreated patients did not demonstrate a significant difference in complete remission rate,
overall survival, or event-free survival between arms. However, subset analysis suggested that
patients with low β-2 microglobulin levels might have a survival advantage (8).

Despite improved response rates, recurrent disease is the main reason for failure following
autologous transplantation for myeloma. In selected patients, attention has been focused on
utilizing allogeneic transplantation in an attempt to improve outcomes and potentially cure
patients with myeloma.

3. EVIDENCE SUPPORTING A GVM EFFECT

There is both direct and indirect evidence supporting the existence of a GVM effect. Relapse
after allogeneic transplantation is lower than after autologous transplantation. In some cases,
remission has been reestablished after withdrawal of immunosuppression or with the develop-
ment of graft-vs-host disease (GVHD) (23). In addition, patients with persistent disease after
allogeneic transplantation will show evidence of continued response as donor hematopoiesis
is established. Finally, vaccinating donors with idiotypic protein can facilitate development of
donor immunity against myeloma and transfer to recipient (24).



Chapter 6 / Transplant Treatment of Multiple Myeloma 71

A number of investigators have demonstrated clinical evidence of GVM following DLI to
myeloma patients who relapse after allogeneic transplantation (15–22). A review of published
data demonstrated that 50–70% of myeloma patients treated with DLI achieved a response.
GVM may occur without GVHD, but the association of a response with the occurrence of
GVHD is very strong. One report reviewing the use of DLI for relapsed myeloma clearly
demonstrated the GVM effect. Eighteen of 22 patients who developed GVHD had a response
to DLI, compared to two of seven patients who did not develop GVHD (p = 0.02) (12).

4. ALLOGENEIC TRANSPLANTATION

4.1. Criteria for Response
One major limitation in interpreting the results of allogeneic transplantation for multiple

myeloma is the lack of consistent staging and response criteria. The variability in staging and
response criteria prompted the International Bone Marrow Transplant Registry (IBMTR), the
European Group for Blood and Marrow Transplantation (EBMT), and the Autologous Blood
and Marrow Transplant Registry (ABMTR) to recommend the following criteria for determin-
ing response:

1. Complete remission (CR) is the disappearance of the monoclonal protein for a minimum of 6 wk,
less than 5% plasma cells in the bone marrow, and no increase in the size or number of lytic lesions.

2. A partial response (PR) requires a 50% reduction in monoclonal protein for at least 6 wk and
greater than 90% reduction in Bence-Jones protein for a minimum of 6 wk.

3. Progressive disease is defined as a 25% increase in the level of serum monoclonal protein (9,25).

4.2. Syngeneic Transplants
Two studies have reported results of syngeneic transplantation for multiple myeloma.

Bensinger et al. reported on 11 patients treated with syngeneic transplants (26). The prepara-
tive regimen consisted of cyclophosphamide and total body irradiation (TBI) followed by
bone marrow (n = 10) or peripheral blood stem cell rescue (n = 1). Two early deaths occurred
due to treatment-related mortality. Five of the nine evaluable patients achieved a CR after
transplantation, three patients achieved PR, and one patient was a nonresponder. Of the five
patients who achieved a CR, three relapsed and a fourth died of myelodysplasia (MDS). One
patient remained in remission with a small monoclonal spike at 15 yr after transplant (26).

A review of EBMT data identified 25 patients with myeloma who were transplanted with
a syngeneic graft (27). The results obtained with this group of patients were compared in a case-
matched analysis with 125 autologous and 125 allogeneic transplant patients. This analysis
showed that survival after syngeneic transplantation was superior to autologous transplants
and significantly better than allogeneic transplants. At 4 yr, the actuarial overall survival after
syngeneic transplantation was 77%, as compared with 46% after autologous transplantation
and 31% following allogeneic transplantation. Low treatment-related mortality for the synge-
neic group was largely responsible for the improved outcome when compared to allogeneic
transplants (27).

These limited data suggest that syngeneic donor stem cells are the preferred stem cell source
in the rare cases when these donors are available.

4.3. Allogeneic Bone Marrow Transplantation
The majority of available data on the treatment of myeloma with allogeneic transplantation

is derived from transplant registry data and single-institution trials. Interpretation of results is
hindered by the lack of uniform staging, the absence of strict stratification criteria, the use of
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heterogeneous transplant regimens, variable GVHD prophylaxis regimens, and differences in
supportive care.

Table 1 summarizes the results of the largest reports of allogeneic transplantation for mul-
tiple myeloma. The overall CR rate for patients treated with allogeneic transplantation ranges
from 23 to 76%. Transplant-related mortality ranges from 10 to 54%. The incidence of GVHD
following allogeneic transplantation for myeloma appears to be higher than rates following
allogeneic transplantation for other hematologic malignancies. The reasons for this occurrence
are unclear even when adjusted for factors such as age.

In 1991, Gahrton et al. reported on the EBMT data and showed a poor median survival of
1.5 yr and long-term actuarial survival of 30% with a high relapse rate of 70%, including late
relapses occurring many years after transplant (28). In these reports, a variety of preparative
regimens were used, howeve, the majority of patients received high-dose cyclophosphamide
with TBI or melphalan with TBI. A uniform approach for GVHD prophylaxis was not fol-
lowed, although acceptable prophylaxis programs were dictated per institution. The treatment-
related mortality rate was 25%, primarily due to GVHD, infection, or interstitial pneumonia. The
incidence of both acute and chronic GVHD was higher than expected. The overall CR rate was 44%,
and the actuarial survival at 4 and 9 yr was 32 and 18%, respectively. In patients who achieved a
CR, the 6-yr relapse-free survival was estimated to be 34%. Factors associated with a favorable
prognosis included female gender, low β-2 microglobulin level, stage I disease at the time of initial
diagnosis, minimal therapy prior to transplantation, and CR after transplantation (29).

These EBMT data were updated in 2001 to include 1368 patients with myeloma who
underwent allogeneic transplantation. CR rates reported ranged between 45–50%. It should be
noted, however, that less strict response criteria were used in this report (9). Withing this report,
a comparison analysis between 225 allogeneic bone marrow transplants performed from 1994
to 1990 with 339 patients, transplanted from 1983 to 1993, was undertaken. This analysis
demonstrated a reduction in transplant-related deaths, a reduction of total mortality from 50 to
30%, and a reduction in early mortality from 30 to 20% over that time frame. The actuarial
survival was improved to 50% at 4 yr compared to 30% in the group transplanted prior to 1994.
A decrease in infections and interstitial pneumonitis, as well as transplanting patients earlier
in the course of disease, appear to account for this improvement.

In 1996, using EBMT registry data, Bjorkstrand et al. reported a retrospective analysis that
compared 189 allogeneic transplant patients with 189 case-matched autologous transplants as

Table 1
Comparison of Published Reports Using Allogeneic Transplantation for Multiple Myeloma

Reference No. of patients CR TRM Survival

EBMT (9) 1368 45–50% 25% RFS at 6 yr 34% OS 32% (4 yr), 18%
(9 yr)

Seattle (10) 136 34% 48% RFS at 5 yr 14%, OS 22%
Dana-Faber (31) 61 23% 10% Median OS 22 mo
Mehta (13) 42 41% 43% (at 1yr) PFS at 3 yr 31% Median OS 20 mo
Kulkurni (33) 33 37% 54% (at 1 yr) DFS 39% (3 yr) OS 35.7% (3yr)
Couban (35) 22 62% 27% OS at 3 yr 32%, EFS 22%
Russell (34) 13 76% 15% DFS at 3 yr 65%
Cavo (32) 19 42% 37% OS at 4 yr 26%, EFS 21%
Reece (36) 19 58% 16% PFS 40% at median 14 mo
Majolino (38) 10 71% 20% Median 18.5 mo

CR, complete remission; TRM, treatment related mortality; EFS, event-free survival; RFS, relapse-free survival;
OS, overall survival; DFS, disease-free survival; PFS, progression-free survival.
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controls. This analysis showed significantly improved survival after autologous transplanta-
tion compared to allogeneic transplantation with a median survival of 34 mo compared to 18 mo,
respectively. Seventy percent of the autologous patients relapsed compared to 50% of the
allogeneic patients. Transplant-related mortality was 41% in the allogeneic group compared
to 13% in the autologous group. This study did not identify a specific group of patients that
would benefit from allogeneic transplantation (14).

Investigators from Seattle reported the largest single-institution results of allogeneic trans-
plantation for 136 myeloma patients transplanted between 1987 and 1999 (10). One hundred
fourteen patients received bone marrow from an HLA-matched sibling, and 22 patients received
marrow from mismatched or unrelated donors. Most patients had refractory disease at the time
of transplant. Several preparative regimens were used, but the majority received busulfan and
cyclophosphamide with or without TBI incorporating shielding of liver and lung. GVHD pro-
phylaxis consisted of cyclosporine and methotrexate. Within the first 100 d, the treatment-related
mortality was 48%. The major causes of death included venoocclusive disease of the liver,
infection, and GVHD. During the first year, an additional 15% of patients died from complica-
tions related to chronic GVHD and infections. The CR was 34%, and the 5-yr probability of
survival and progression-free survival were estimated to be 22 and 14%, respectively (10,30).

The Dana-Farber Cancer Center reported 61 patients who underwent allogeneic transplant.
All patients had chemotherapy-sensitive disease prior to transplant. The preparative regimens
included cyclophosphamide and TBI (80%) or busulfan and cyclophosphamide (20%). Bone
marrow was collected from HLA-matched siblings. The marrow was T cell-depleted with anti-
CD6 monoclonal antibody and complement for primary GVHD prophylaxis. Only 17% of
patients developed grade III–IV acute GVHD (7% developed grade III–V acute GVHD) with
this approach. No deaths were attributable to GVHD. The incidence of chronic GVHD was
20%. In addition, treatment-related mortality was only 10%. The overall response rate was
82%, with 23% achieving CR and 60% achieving a PR. The median progression-free survival
was 12 mo, and the median overall survival was 22 mo. Although toxicity was low, relapse was
problematic (31).

Mehta et al. (12) compared allogeneic transplantation with repeat autologous transplants for
patients who had failed their first autologous transplant. Although the response rate was higher
in the allogeneic group, mortality was significantly higher at 43 vs 10% in the autologous
group. Unfortunately, among patients who had allogeneic transplants, a plateau was not yet
seen at 5-yr posttransplant (13).

Kulkarni et al. (32) reported 33 patients who received HLA-identical allogeneic bone mar-
row transplants for myeloma. Nineteen patients had received prior chemotherapy and 14
patients had progressed after an autologous transplant. Twenty-eight patients were condi-
tioned with a TBI-containing regimen, and five patients received chemotherapy alone. The
source of allogeneic cells was bone marrow in 26 patients, and two patients received peripheral
blood stem cells. Seventy-eight percent developed acute GVHD, and treatment-related mor-
tality at 1 yr was 54%. Twelve of the 28 patients (42.8%) with matched sibling donors remained
alive. The 2-yr event-free survival was significantly lower in patients who had received an
autologous transplant prior to their allogeneic transplant, as compared with patients who had
only received an allogeneic transplant (16.7 vs 47.9%; p = 0.019) (32).

Couban et al. (33) reported on 22 patients who received allogeneic bone marrow transplants
from HLA-matched donors. The majority of patients (73%) had chemosensitive disease. Con-
ditioning consisted of TBI and cyclophosphamide (n = 13), melphalan and TBI (n = 1), or
busulfan and cyclophosphamide (n = 8). The majority of patients (88%) received cyclosporine
and methotrexate for GVHD prophylaxis, while the remainder received cyclosporine, meth-
otrexate, or prednisone alone or in combination. Twenty patients received bone marrow, and



74 Part II / Disease Indications: Allogeneic Transplantation

two pateints received granulocyte clony-stimulating factor (G-CSF)-mobilized peripheral
blood stem cells. The 90-d mortality rate was 27%. The CR rate was 62% and the 3-yr overall
survival and event-free survival rates were 32 and 22%, respectively. A high incidence of acute
GVHD was observed (86%) with four patients developing grade III–IV acute GVHD (33).

Russell et al. performed allogeneic transplants on 13 patients using TBI (12 gy in six
fractions) and melphalan (110 mg/m2) (n = 12) or cyclophosphamide and TBI (n = 1) as
conditioning regimens. Patients also received radiotherapy to major sites of bone disease the
week before admission for transplant. Twelve patients were transplanted from HLA-identical
siblings, and one patient was transplanted from an HLA-B-mismatched sister. The stem cell
rescue product was from bone marrow in 12 patients ,and blood stem cells were in one.
Prophylaxis of GVHD consisted of cyclosporine and methotrexate. Of the 13 patients, 11 were
evaluable for response. Ten patients achieved a CR and 9 were disease-free between 7 and 70 mo
after transplant. Treatment-related mortality was 15% (34).

Cavo and colleagues reported on 19 patients who received allogeneic transplants for mul-
tiple myeloma following high-dose therapy with busulfan and cyclophosphamide (35). Sixty-
three percent of patients had refractory disease at the time of transplant. The CR rate was 42%,
and the overall survival and event-free survival at 4 yr were estimated at 26 and 21%, respec-
tively. Treatment-related mortality was 37% (35).

The Vancouver group reported on 26 patients who received allogeneic bone marrow trans-
plants. Nineteen patients received HLA-matched sibling donor, and seven patients with a
mismatched or unrelated donor. The majority of the patients had chemosensitive disease at the
time of transplant. Several different conditioning regimens were administered, and the major-
ity of the patients received cyclosporine and methotrexate for GVHD prophylaxis. The overall
treatment-related mortality for related sibling transplants was 16%. The overall response rate
was 73%, with 58% of the patients achieving a CR and 23% a PR. At a medium follow-up of
14 mo, the progression-free survival was 40% (36).

4.4. Allogeneic Peripheral Blood Stem Cell Transplantation
Peripheral blood stem cells have largely replaced bone marrow as a source of hematopoietic

stem cells for allogeneic transplantation. Several advantages exist for the donor and recipient.
The major advantage to the donor is convenience. Advantages to the recipient include more
rapid engraftment with shorter hospital stays. Despite the infusion of large number of T cells,
the incidence of acute GVHD is not increased following allogeneic peripheral blood stem cell
transplantation, although the incidence of chronic GVHD appears to be greater (37).

There is less experience with allogeneic peripheral blood stem cell transplantation for
multiple myeloma as compared with bone marrow. One small trial evaluated 10 patients with
a median age of 45 yr. Four patients had progressed after an autologous transplant. Donors were
HLA-identical and mobilized with filgrastim. Nine patients were conditioned with busulfan
and melphalan, and one patient was conditioned with busulfan and cyclophosphamide. Four
patients developed grade II or greater acute GVHD, and two patients died from GVHD. The
CR rate was 71% with eight patients alive and six in CR at a median of 18.5 mo (range: 7–28 mo)
from the transplant. Two patients died and one patient is alive with progressive disease. Poly-
merase chain reaction (PCR) analysis of immunoglobulin heavy-chain (IgH) rearrangements
showed that residual disease was not detectable in four of seven patients (38).

A retrospective study reported by EBMT compared 133 allogeneic blood stem cell trans-
plants to 333 bone marrow transplants matched for prognostic factors and transplanted during
the same time period. This study failed to show a difference in overall survival, progression-
free survival, transplant-related mortality, or relapse rates (9). This observation differs from
the results reported on the prospective randomized trial for other hematologic malignancies
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that demonstrated reduced relapses and lower transplanted-related mortality in patients that
received peripheral blood stem cells (39,40).

4.5. Nonmyeloablative Allogeneic Stem Cell Transplantation
Due to the high treatment-related toxicity seen in allogeneic transplantation and the advanced

age of most patients, investigators have begun evaluating the use of nonmyeloablative regi-
mens (41). The rationale for this approach is to minimize the toxicity related to a myeloablative
regimen, while instituting a sufficiently immunosuppressive regimen to allow donor cell
engraftment. As donor chimerism is achieved, GVM would ensue, which is considered to be
the curative mechanism of allogeneic transplantation.

While many trials are ongoing at various institutions, only one published report exists to
date. Badros et al. (42) reported their results in 16 poor-risk patients with multiple myeloma.
The preparative regimen was melphalan 100 mg/m2. The donors were HLA-matched siblings
in 14 patients and mismatched siblings in two patients. DLI were given posttransplant to
patients who did not demonstrate clinical GVHD or to attain full donor chimerism (n = 14) (42).
No treatment-related deaths were observed in the first 100 d. Fifteen patients achieved myeloid
engraftment, and 12 patients had full donor chimerism by d 21. Ten patients developed acute
GVHD, with one patient dying from grade IV acute GVHD. Seven of these patients went on
to develop chronic GVHD. Follow-up was relatively short (median follow-up of 1 yr). Five
patients achieved and sustained a CR, three had a “near” CR and four had a PR. Four patients
progressed after transplant but three of these patients achieved remission after further chemo-
therapy with DLI. Two patients died of progressive disease and three patients died of compli-
cations related to GVHD.

These results are encouraging particularly in light of the responses seen in this group of poor-
risk patients, all of whom had failed one or two prior autologous transplants. Nonetheless,
GVHD continues to be a problem although the absence of any treatment-related deaths in the
first 100 d is a definite improvement over traditional allogeneic transplant regimens.

The preliminary results with nonmyeloablative allogeneic transplants have enabled clini-
cians to sequence autologous transplants with nonmyeloablative allogeneic transplants (43).

4.6. Alternative Donors (Unrelated or Mismatched Related Donors)
It is estimated that fewer than 25–35% of patients with multiple myeloma have an HLA-

identical sibling who is a suitable donor for allogeneic transplantation. Therefore most patients
who are candidates for allogeneic transplantation will require alternative donors. There are
relatively little data on allogeneic transplantation using alternative donor transplants for
myeloma. The EBMT reported on six alternative donor transplants. Three were from HLA-
mismatched related donors, and three were from HLA-matched unrelated donors. Early mor-
tality was high, with five of six patients dying before d 33.

Investigators from Seattle reported on 26 patients transplanted with alternative donors.
Twelve patients received either one-antigen-mismatched (n = 8) or two-antigen-mismatched
(n = 4) grafts from related donors. The remaining patients received HLA-matched bone mar-
row from unrelated donors. Five of the eight one-antigen-mismatched patients died of trans-
plant-related complications. A single patient had progressive disease. Two of eight patients are
alive and disease-free at 7 yr after transplantation. Overall, nine of 12 patients who received
HLA-matched unrelated donor transplants died of transplant-related complications including
GVHD in three patients, regimen-related toxicity in three patients, and infection in three
patients. One patient had progressive disease. Two patients were alive and disease-free at 18 mo
and 7 yr after transplant (10).
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The Vancouver group reported on seven patients who received transplants from unrelated
donors or mismatched related donors. Grade II–IV acute GVHD occurred in all seven patients
and was the primary cause of death in two. Two patients died of chronic GVHD, and one patient
died of progressive disease (36).

Kulkarni et al.reported results from one haploidentical and four matched unrelated bone marrow
transplants for myeloma. One patient was alive more than 12 mo following transplantation (32).

These reports represent a limited select group of heavily pretreated patients and further
studies are obviously required to determine the efficacy of this approach.

5. DLI FOR RELAPSED MULTIPLE MYELOMA
AFTER ALLOGENEIC TRANSPLANTATION

DLI are an important strategy to restore remissions in patients with hematologic malignancies who
relapse after an allogeneic transplant. Several studies have demonstrated that patients with myeloma
relapsing after an allogeneic transplant can achieve a clinical remission by DLI. As mentioned earlier,
this provides support for the existence of a GVM effect (11,12). These observations have prompted
several investigators to utilize DLI to treat or prevent relapses in myeloma (Table 2).

Lokhorst et al. (17) treated 13 myeloma patients who had relapsed after an allogeneic
transplant with DLI. The T-cell dose ranged between 1 × 106/kg and 33 × 107/kg. Eight of 13
patients responded, with four patients achieving a CR and four patients achieving a partial
remission (17). Expanding on this initial observation, 27 more patients were treated with 52
courses of DLI at a median of 30 mo after the initial allogeneic transplant. Thirteen patients
required reinduction therapy. Fourteen patients (52%) responded to DLI and six patients (22%)
achieved a CR. Five patients remained in remission more than 30 mo following DLI. In
addition, two patients achieved a molecular remission. Major toxicity associated with DLI
included acute GVHD (55%), chronic GVHD (26%), aplasia (19%), and treatment-related
mortality (11%). Factors that were predictive of a response to DLI included a T cell dose greater
than 1.1 × 108 cells/kg and chemotherapy-sensitive disease before DLI. There was no clinical
evidence of GVHD among the 14 patients who responded to DLI (19).

Interestingly, a number of investigators have reported on extramedullary relapses with
plasmacytomas in patients treated with DLI who had normal marrow findings and low para-
protein levels at the time of infusion. These observations suggest that extramedullary sites may
be a sanctuary for myeloma cells (44).

Alyea and colleagues reported on a prospective trial for 24 patients with myeloma who
underwent allogeneic transplantations. Patients received bone marrow transplant with a CD-6 T
cell-depleted graft from HLA-identical sibling donors (20). The goals of this trial was for
eligible patients to receive prophylactic CD4+ DLI 6–9 mo after bone marrow transplantation
in an attempt to reduce treatment-related mortality and induce GVM. The preparative regimen
included cyclophosphamide and TBI. T cell depletion was the only GVHD prophylaxis. Acute
GVHD developed in five patients (17% grade II and 4% grade III). Fourteen patients received
DLI, three patients with CR and 11 patients with persistent disease. GVM was documented in
10 patients with persistent disease, with six patients achieving a CR and patients achieving a
partial response. Following DLI, half of the patients developed acute or chronic GVHD. The
estimated 2-yr overall survival and progression-free survival for all 24 patients is 55 and 42%,
respectively. Of the 14 patients who received DLI, the estimated 2-yr progression-free survival
was 65% (18,20).

Current strategies being explored to reduce the significant toxicity of DLI include selective
depletion of other T cell subsets or transduction of donor T cells with suicide genes or infusion
of antigen-specific T cells (45,46). The optimal timing and dose of DLI to maximize efficacy
and minimize toxicity after bone marrow transplantation remains to be defined.
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6. PROGNOSTIC FACTORS FOR ALLOGENEIC TRANSPLANTATION

Several prognostic factors that are associated with the outcome following allogeneic trans-
plantation for multiple myeloma have been identified (Table 3). Recognition of these factors
may improve treatment strategies for this disease. After autologous transplantation, a number
of poor prognostic indicators have been identified, including elevated β-2 microglobulin and
abnormalities in chromosomes 11q and 13 (47,48). These patients should be considered for
early allogeneic transplantation if eligible.

Table 2
DLI for Relapsed Myeloma

No. of
Reference patients Cell dose range Chemotherapy GVHD Response Survival

Lokhorst (19) 27 1 × 106/kg– 13 patients 14 patients RR 52% Median OS
33 × 107/kg PR 30%  18 mo

CR 22%
Salama (22) 25 > 1 × 108 3 patients 13 patients RR 20% OS 48%

13 acute CR 8% median
11 chronic PR 13% 56 wk

Alyea (18) 6 CD4+ 0.3– No 3 patients RR 83% Median F/u
1.5 × 108 CR 50% 26 wk

PR 33%
Alyea (20) 14 CD4+ 0.3– No 7 patients RR 71% 2-yr PFS

1.5 × 108 CR 2% 65%
PR 28%

OS, overall survival; RR, response rate; CR, complete remission; PR, partial response; PFS, progression free
survival; GVHD, graft-vs-host disease.

Table 3
Prognostic Factors for Allogeneic Transplantation

Favorable Prognostic Factors

EBMTR (9) Female gender
Female donor
IgA myeloma
Low β-2 microglobulin
Durie stage I
Minimal prior chemotherapy
Complete remission prior to transplant

Unfavorable Prognostic Factors

Bensinger (10) Albumin <3 g/dL
Male donors
Greater than 6 cycles of prior chemotherapy
Advanced stage Durie III
Resistant disease
β-2 microglobulin >2.5 mg/dL

Mehta (13) Previous Autologous transplant
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The EBMT has defined prognostic factors for response and survival. Favorable prognostic
factors include female gender, use of only one treatment regimen prior to transplant, IgA
myeloma, low β-2 microglobulin, stage I disease at diagnosis, and CR status prior to transplant
(29). In a recent EBMT analysis, donor gender was a significant factor with a female donor and
a female recipient having the best outcome and female donor with a male recipient the worst
outcome (9). Not all studies support this observation.

 The Seattle group identified adverse prognostic factors as transplantation more than 1 yr
after diagnosis, β-2 microglobulin >2.5 mg/dL, female gender, transplant from male donors,
use of more than eight cycles of chemotherapy, Durie-Salmon stage III disease at the time of
transplant and a serum albumin less than 3 g/dL. In addition, several groups have shown that
a previous autologous transplant is associated with a poor prognosis. Severe acute GVHD after
transplantation is also associated with a poor survival. Achieving a CR predicts for long-term
disease-free survival (10,30).

7. TREATMENT-RELATED MORTALITY

Treatment-related mortality is extremely high after allogeneic transplantation, resulting in
relatively poor overall and event-free survival. An EBMT analysis compared autologous and
allogeneic transplants performed before 1995. This comparison showed that autologous trans-
plant results were superior, due, in part, to higher treatment-related mortality in allogeneic
transplant recipients. The causes of treatment-related mortality were acute GVHD (10%),
bacterial and fungal infections (18%), and interstitial pneumonia (17%) (9,28). Allogeneic
transplants performed between 1983 and 1993 were then compared to transplants done between
1994 and 1998. Transplants in the latter period were associated with a higher CR rate as well
as improvement in both overall and event-free survival. Between 1983 and 1993, early treat-
ment-related mortality and total mortality rates were 30 and 50%, respectively. Between 1994
and 1998, these rates had declined to 20 and 30%, respectively. Reductions in the rate of inter-
stitial pneumonitis from lung shielding and use of prophylactic antibiotics to reduce the rates of
bacterial and fungal infections were thought to explain the improved outcomes over time (9).

8. MOLECULAR REMISSIONS

Allogeneic transplantation offers the only known curative therapy for myeloma and
molecular remissions are frequently obtained. The rearranged IgH is a sensitive tumor marker
for detecting minimal residual disease. PCR-based methods can detect patient-specific clonal
rearrangements. Two groups have evaluated minimal residual disease by PCR techniques in
a small number of patients after allogeneic and autologous transplantation (49,50).

Corradini et al. performed molecular monitoring following allogeneic transplantation (n = 14)
and autologous transplantation (n = 15) (49). Seven allogeneic recipients and one autologous
transplant recipient achieved a molecular CR. Martinelli et al. performed molecular monitor-
ing in 44 patients who had achieved a clinical CR after either autologous or allogeneic stem
cell transplantation for myeloma (50). Molecular CR was defined as having more than one
consecutive negative PCR test. Twelve of 44 patients achieved a molecular CR. Fourteen of 26
patients in clinical CR after allogeneic transplantation were evaluated. Seven (50%) achieved a
molecular CR and remained in remission. Thirty of 47 patients in clinical CR after autologous
transplantation were evaluated. Only five (16%) of 30 achieved a molecular CR. Molecular CR was
observed in a higher percentage of allogeneic transplant recipients and translated into a durable
remission. These data support the curative potential of allogeneic transplantation for myeloma.

Cavo evaluated 13 patients who had undergone allogeneic stem cell transplantation for
myeloma (51). Patient-specific PCR primers were generated from complementary-determin-
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ing regions two and three of the rearranged IgH gene. Nine of 12 patients who achieved a CR
remained persistently PCR negative for a median of 36 mo and four patients remained PCR
negative at 48, 72, and 120 mo after allogeneic transplantation. None of the PCR negative
subgroup experienced a relapse, and only one of four PCR positive patients have relapsed.
These results demonstrate that allogeneic stem cell transplantation has the potential to induce
sustained serological and molecular CR in selected patients with multiple myeloma.

9. FUTURE DIRECTIONS

Current efforts are being directed at improving the outcome for patients undergoing alloge-
neic transplantation for myeloma. The role of nonmyeloablative allogeneic transplants, either
as a single modality or in tandem following an autologous transplant in patients with high-risk
features, is being explored. Incorporation of allogeneic transplants for high-risk patients (chro-
mosome 13 abnormalities or failure to achieve a remission with standard dose therapy) at an
earlier point in the treatment algorithm is also being evaluated.

Although the results with donor lymphocytes are encouraging, toxicity associated with
GVHD remains limiting. Early reports utilizing nonmyeloablative regimens for a variety of
hematologic malignancies are encouraging. Graft engineering, donor vaccination with patient-
specific vaccines, and suicide gene insertion are all potential methods to reduce transplant-
related toxicity and improving outcome.
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1. INTRODUCTION

It is estimated that 56,200 new cases of non-Hodgkin’s lymphoma (NHL) were diagnosed
in the United States in 2001, and approx 26,300 people died from NHL, which makes it the fifth
leading cause of cancer death in men and the sixth leading cause of cancer death among women
(1). NHLs represent around 5% of all newly diagnosed cancers and, in contrast with other
malignancies that are decreasing in incidence, the overall incidence of NHL has been increas-
ing at 3–5%/yr since 1950 and increased by 81% between 1973 and 1997. The reasons for this
overall increase in the incidence are not clear. However, the combined influences of several
factors such as a rise in the number of patients with immunocompromised states and an increase
in the aging population may contribute to this trend (2,3). The increased incidence of NHL
combined with a stable Hodgkin’s disease incidence and noticeably improved survival has
dramatically changed the composition of total lymphoma mortality. Indeed, Hodgkin’s disease
accounted for nearly 40% of lymphoma deaths in 1950, but now represents less than 7%. The
5-yr survival of patients with NHL is 51%. These significant changes warrant that major efforts
be undertaken both at the clinical and the basic research level to define steps that may help us
to control and improve the outcome of patients with NHL.

NHL are a heterogeneous group of malignancies with complex biological features resulting
in a variety of clinical manifestations. The new World Health Organization classification of
lymphoid malignancies identifies at least 33 named entities, including lymphoid leukemias
and myeloma (4). Nevertheless, about 70% of patients with NHL in the United States have
either follicular lymphoma (indolent, natural history measured in years) or diffuse large B cell
lymphoma (aggressive, natural history measured in months). Most patients with NHL have
advanced-stage disease at the time of diagnosis, and despite a relatively high rate of response
to treatment, a significant percentage of patients will relapse and eventually die as a conse-
quence of the NHL. There is great interest in the development of innovative therapeutic
approaches for NHL, because only about half of patients will be cured with standard treat-
ments, and the overall survival in some subtypes has remained stable for many years (5).
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High dose chemotherapy (HDCT) followed by the transplantation of hematopoietic stem
cells is increasingly being used in the treatment of aggressive hematological malignancies,
such as acute leukemia and aggressive NHL. Both bone marrow and peripheral blood stem
cells are effective in treating these diseases, as are both autologous and allogeneic sources for
the grafts. The role of HDCT followed by autologous transplantation in NHL has been explored
in several clinical trials and should be considered in patients who do not achieve complete
remission with initial therapy or in those who develop early relapses. The Parma trial, in which
autologous bone marrow transplantation (BMT) was compared with conventional-dose sal-
vage chemotherapy in patients with chemotherapy-sensitive relapses of NHL, demonstrated
that 46% of the patients in the transplant arm were alive and disease-free 5 yr after therapy
compared to only 12% in the salvage chemotherapy arm (6). Comparable results were also
obtained in a phase II clinical trial conducted by the Southwest Oncology Group Trial in a
similar group of patients (7). Therefore, this approach has become the gold standard in patients
with chemotherapy-sensitive relapsed aggressive histology NHL. Requirements for demon-
strated disease chemosensitivity, restrictions on the age of eligibility, a high relapse rate after
transplant, and late complications such as second malignancies and myelodysplasia, limit the
number of patients who may benefit from this approach.

The role of HDCT with autologous stem cells in the primary treatment of patients with NHL
is more controversial, with some studies concluding that this approach has no role in primary
management and others concluding that patients with high or high-intermediate risk factors
may benefit (8).

There is renewed interest in the role of allogeneic stem cell transplantation (alloSCT) for
patients with NHL. A major advantage of alloSCT is the potential to exploit a graft-vs-lym-
phoma (GVL) effect. Although allogeneic transplantation was initially designed to treat
aggressive recurrent acute leukemia, it also has been demonstrated to be effective in the
treatment of less aggressive hematological malignancies, such as chronic myeloid leukemia
(CML) and multiple myeloma. The success of this approach has prompted researchers to
investigate the role of transplantation in other malignancies with indolent behavior, and prom-
ising results have been reported in follicular lymphoma and CLL (5,9,10). Although HDCT
followed by alloSCT represents an attractive approach for the treatment of NHL, its full
therapeutic potential has not been reached for several reasons, including the occurrence of
graft-vs-host disease (GVHD), toxicity of the preparative regimen, the lack of full immune
reconstitution, infections, and most important, the inability to completely eliminate tumor
cells. In this chapter, we shall discuss potential clinical interventions designed to circumvent
some of the above-mentioned obstacles and, therefore, improve the outcome of patients with
NHL undergoing allogeneic SCT.

2. ALLOGENEIC BMT FOR NHL?

The optimal management of patients with low-grade lymphoma remains controversial,
because of the absence of evidence that treatment influences the natural history of the disease
and because of the patients’ prolonged survival even without treatment, and in the presence of
advanced-stage disease. However, most patients with advanced-stage disease will go on to
relapse and die of their lymphoma, often after a change in pattern of growth (to diffuse) and
an acceleration in natural history. The treatment of advanced-stage patients (III and IV) has
generally followed two divergent approaches (11,12): (i) an aggressive approach that has
included radiation therapy, combination chemotherapy, or combined modality therapy; and
(ii) a conservative approach that involves no initial treatment followed by single-agent chemo-
therapy or involved-field radiotherapy if required (12,13). This dichotomy is due to the fact that
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most forms of systemic therapy have produced high complete response rates, but have failed
to produce long-term disease-free survival or prolong overall survival. In an attempt to improve
the outcome of these patients, HDCT with either autologous or allogeneic stem cells is being
evaluated.

Patients with advanced-stage follicular NHL are very likely to have involvement of the bone
marrow and peripheral blood by tumor cells. Therefore, one of the major obstacles to the use
of autologous stem cell transplantation (autoSCT) is the potential for reinfusing tumor cells to
the recipient, which is associated with an increased risk of relapse (14–16). Indeed, patients
with lymphoid malignancies that are treated with HDCT and autoSCT suffer more relapses
than those undergoing allogeneic SCT (17,18), though it is not clear whether the difference
reflects reinfusing tumor cells with the stem cells. Furthermore, long-term follow-up of patients
with NHL who have undergone autoSCT substantiates a high incidence of myelodysplastic
syndromes (MDS), especially in those patients who received total body irradiation as part of
their conditioning regimen (19–21). The limitations of autoSCT for NHL have become evi-
dent, and a revitalized interest in allogeneic SCT is evolving. There is significant evidence that
in NHL, allogeneic SCT has predominantly yielded excellent relapse-free survival superior to
that of autoSCT (10,18,22–25); however, the adverse effects associated with allografting,
particularly GVHD, lack of immune reconstitution, and toxicity of the preparative regimen,
have masked the advantage so that the overall survival is comparable to autoSCT (17).
Allografting is also becoming increasingly used as a salvage treatment for patients relapsing
after autologous BMT. In this particular setting, the results have been mixed, with some groups
reporting a dismally low disease-free survival and advising against this approach (26). On the
other hand, Bierman et al. (27) reported 16 patients who had failed autologous transplantation
and received either an allogeneic bone marrow or peripheral blood progenitor cell transplant.
Forty-four percent of patients died within 100 d of the transplant, and the overall treatment-
related mortality was more than 60%. There were no deaths for any reason other than treatment-
related complications. Remarkably, no patient died of recurrent lymphoma (27). Recently, the
International Bone Marrow Transplant Registry group reported the results of an observational
study conducted in 50 centers in patients with advanced-stage low-grade lymphoma (28).
Eighty-one percent of the patients had stage IV disease, most commonly due to bone marrow
involvement, 38% had refractory disease, and 30% had poor performance status. More than
one-third of the patients were felt to have chemotherapy-resistant disease (i.e., they had
achieved less than a partial remission to the last chemotherapy regimen administered before
transplant). The 3-yr probabilities of recurrence, survival, and disease-free survival were 16,
49, and 49%, respectively. Most of the mortality was treatment-related, and recurrence was
uncommon (only one recurrence among 33 patients followed for more than 2 yr). This rate of
recurrence is lower than that reported for autologous transplantation and is consistent with
other reports (29,30). It is possible that the low recurrence rate is due to multiple factors,
including a GVL effect that has been reported by others (22,24,31,32), and/or lack of tumor
contamination in the allogeneic graft. The characteristics of the patients in this study and their
outcome are similar to those reported in single institution series (33–35), suggesting that the
observed consistent benefits are genuine and warrant further investigation of this approach.

3. PROBLEMS ASSOCIATED WITH ALLOGENEIC SCT

   Although allogeneic transplantation is a very appealing therapeutic approach for patients
with advanced-stage NHL, its results are far from being optimal, and several drawbacks need
to be addressed if allogeneic SCT is to become a widely used therapeutic tool for NHL. The
most difficult therapeutic goals are: (i) ameliorating the toxicities of and improving the effi-
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cacy of the preparative regimens; (ii) preventing and treating GVHD without compromising
bone marrow engraftment or immune reconstitution; and (iii) promoting both general and
tumor-specific immune reconstitution of the recipient.

3.1. Alloresponse and the Case for Nonmyeloablative SCT
Allogeneic SCT classically has used high doses of chemotherapy and/or radiation therapy

for both eradication of the underlying malignancy and suppression of the patient’s immune
system to allow engraftment of the donor hematopoietic stem cells. These preparative regi-
mens are associated with severe hematologic and nonhematologic toxicities, which result in
significant morbidity and mortality (36). Until recently, SCT was considered a supportive-care
modality for restoring hematopoiesis. However, a significant part of the curative potential of
allogeneic SCT is due to another effect of the donor stem cell population, the development of
an immune-mediated graft-vs-tumor (GVT) effect (37,38). The efficacy of the antitumor
activity of the donor immune system (allograft) is supported by evidence of an increased rate
of relapse in recipients of T cell-depleted allografts, a higher relapse risk after syngeneic
marrow transplantation, and an inverse correlation between relapse rate and severity of GVHD
(39–44). The most compelling evidence of a GVT effect is the finding that donor lymphocyte
infusions (DLI), can reinduce remission in patients with leukemia who have relapsed after
allogeneic SCT (45–47). The GVT effect has been observed in other malignancies including
multiple myeloma (48–51), renal cell cancer (52), CLL (53), and NHL (31,32,54,55).

The data suggested that GVT effects contribute to therapeutic efficacy of allogeneic SCT.
In addition, independent evidence suggested that higher doses of drugs and radiation therapy
in the preparative regimen exacerbated the severity of GVHD through increased tissue dam-
age and associated inflammation with systemic cytokine production (56–58). Furthermore,
some authors felt that GVHD and GVT were separable effects. These lines of thought led to
the hypothesis that a reduction in the doses of the preparative regimen might reduce the
collateral damage to normal tissue, reduce GVHD, and rely more heavily on the adoptively
transferred lymphocytes to eliminate the tumor. Nonmyeloablative preparative regimens were
designed to suppress the immune system of the patient to allow the engraftment of the donor
stem cells and development of a GVT effect. This relatively low dose preparative regimen
should produce less toxicity and be effective in settings in which GVT effects are operative,
such as NHL. The approach is called nonmyeloablative SCT (NMS). If this approach were
effective and reduced the treatment-related complications, it would open the possibility of
allogeneic SCT for the elderly and for patients with comorbid conditions, which are
contraindications to high dose allogeneic SCT that preclude the participation of a significant
percentage of patients with NHL.

The development of purine analogs, fludarabine and 2-chlorodeoxyadenosine, with impres-
sive toxicity directed at lymphocytes has helped to advance the field of NMS. The toxic effects
of nucleosides are more prominent in T cells than in B cells or CD34+ precursors (59,60).
Fludarabine has the additional advantages of having a significant antilymphoma activity and
low toxicity to other tissues (61,62); hence, it has been incorporated into the majority of the
nonmyeloablative regimens described thus far. Investigators from the M.D. Anderson Cancer
Center reported results observed in 15 patients with lymphoid malignancies treated with a
fludarabine-based low dose conditioning regimen (54,55). At the time of transplant, 12 patients
had active disease with either primary refractory disease or recurrent disease after primary
chemotherapy and they were treated with fludarabine and cyclophosphamide or fludarabine,
cyclophosphamide and cisplatin. These regimens were given at nonmyeloablative doses, so
mixed hematopoietic chimerism (i.e., blood cells derived from both the donor and the host) was
anticipated. Eleven patients achieved engraftment of donor cells with the percentage of donor



Chapter 7 / Non-Hodgkin’s Lymphoma 87

cells, in the marrow ranging from 50 to 100% at 4 wk after transplant. One patient had 75%
donor cells in the marrow at 6 wk posttransplant and converted to 100% donor cells after DLI.
The four patients who had failed to engraft were those who received the lower dose level of
chemotherapy, and they experienced prompt recovery of autologous hematopoiesis without
serious adverse effects. The regimen was well-tolerated, with no patient developing > grade
II nonhematologic toxicity. All 11 patients with donor engraftment have experienced antitu-
mor responses, with eight patients achieving complete remission. Responses were slow in
developing and took up to 1 yr to be achieved in some patients. Interestingly, responses were
observed even in patients with mixed chimerism.

Based on these promising results, Khouri et al. conducted a phase II clinical trial using NMS
in patients with recurrent NHL (63). Eleven patients with a median age of 51 yr were enrolled
in the study, nine patients had chemotherapy-sensitive disease, and two had chemotherapy-
refractory disease (Table 1). The median duration of severe neutropenia was 6 d, and infection
was limited to three episodes of fever of unknown origin. Eight patients never required platelet
transfusion, and engraftment was achieved in all patients. The median percentage of donor cells
in patients’ bone marrow was 80% (range 5–100%). No patient had a nonhematologic toxicity
> grade II. Two patients developed acute GVHD limited to the skin, and one of the patients with
grade III GVHD responded to antithymocyte globulin (ATG). All patients achieved complete
remission, and no relapses have been observed with a median follow up of 16 mo.

Given the protracted natural history of low-grade lymphoma, it is too early to make a
definitive statement regarding the role of NMS in indolent lymphoma. However, the prelimi-
nary results are very encouraging and warrant further investigation of NMS for the treatment
of NHL. One interesting observation derived from this study is that durable responses were
obtained in patients who had a minimal number of donor cells, suggesting that in low-grade
lymphoma, full chimerism may not be required to achieve optimal results. This finding may
have important implications, because there is evidence that mixed donor chimerism is associ-
ated with a lower incidence of acute GVHD (64).

Despite the optimism raised by the initial experiences with NMS, there are some concerns that
need to be addressed. For instance, it remains unclear how much of a tumor burden can be treated
with NMS. Patients with active bulky disease or those with primary refractory disease may have
difficulty in achieving significant responses to NMS. These patients may need to be cytoreduced
first (by either conventional chemotherapy or HDCT and autologous transplantation) and then
undergo NMS. Carella et al. reported this layered approach in 15 patients, 10 patients had Hodgkin’s
disease, and five patients had NHL (65). All five patients with NHL had stage IV bulky disease and
were a median of 25 mo from diagnosis. Two had primary refractory disease, and one each was in
first, third, and fourth relapse. All five patients achieved a partial response after autologous trans-
plantation and underwent NMS at a median of 61 d after the autoSCT. Four patients attained
complete remission, and one had progressive disease. These preliminary results are very encour-
aging and further studies are required to ascertain whether similar results can be accomplished with
conventional-dose salvage chemotherapy instead of HDCT followed by autoSCT.

Table 1
Characteristics of Patients and Clinical Outcome of Minitransplant Approaches

No. of patients Median age Engraftment Responses > Grade II toxicity References

15 55 11 (73%) CR 8 (53%) 0 54
PR 3 (20%)

11 51 11 (100%) CR 11 (100%) 0 63

CR, complete remission; PR, partial response.
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3.2. Immune Reconstitution and Minimal Residual Disease
Tumor relapse is one of the major barriers for successful transplantation in lymphomas. The

relapses following HDCT with either autoSCT or allogeneic SCT are associated with persis-
tent chemoresistant minimal residual disease (MRD), suggesting that these patients will not
benefit from further chemotherapy-based approaches. Therefore, novel strategies for
postransplantation therapy are required. One approach to reduce relapse rates is to amplify
immune-mediated mechanisms against lymphomas. This could potentially be accomplished
by immunization with lymphoma-specific vaccine, by administration of cytokines, which may
facilitate immunological recognition or activate antilymphoma effector mechanisms, or per-
haps by using targeted immunotherapy with monoclonal antibodies (mAbs).

3.2.1. LYMPHOMA VACCINATION

Immunoglobulin molecules (Ig) contain highly specific unique peptide sequences in their
variable regions at their antigen-combining sites in the complementarity determining regions
(CDRs). The variable region of heavy and light chains combine to form the unique antigen
recognition site of the Ig protein. These variable regions contain determinants that can them-
selves be recognized as antigens or idiotypes. NHLs are usually (85%) clonal proliferations of
B cells synthesizing a single type of antibody molecule with unique variable regions, which
can serve as a tumor-specific antigen (66). These unique idiotypic determinants can be targeted
for cancer vaccination. Follicular lymphomas are also associated with a characteristic chromo-
somal translocation that brings the bcl-2 gene in chromosome 18 under the transcriptional
influence of the Ig heavy chain gene located in chromosome 14. This translocation t(14;18)
involving the major breakpoint region has been used as a molecular marker for MRD (67,68).
Most patients with follicular lymphoma in complete remission after conventional dose chemo-
therapy still have cells bearing the t(14;18) detectable by polymerase chain reaction (PCR) (68)
and they seem to be at increased risk of relapse.

A pilot clinical trial has been reported using a new idiotype protein vaccine that eradicates
residual t(14;18)+ lymphoma cells from the peripheral blood in a significant number of patients
in complete remission after a ProMACE-based chemotherapy regimen called PACE (pred-
nisone, doxorubicin, cyclophosphamide, etoposide) (69). Twenty previously untreated patients
with stage III/IV follicular lymphoma underwent lymph node collection and were then uni-
formly treated with combination chemotherapy to complete remission plus two additional
cycles. After at least 6 mo of immune recovery, each patient received 4-monthly vaccinations
with the lymphoma-associated Ig idiotype with keyhole limpet hemocyanin (KLH) plus granu-
locyte-macrophage colony stimulating factor (GM-CSF) as adjuvant. Eleven out of 20 patients
were found to have detectable translocation in their primary tumor. All 11 patients had evi-
dence of the malignant clone detectable in their blood by PCR both at diagnosis and after
chemotherapy, despite being in complete clinical remission. Eight of the 11 patients achieved
and sustained molecular remission after the vaccinations. Tumor-specific CD8+ cells were
uniformly found in 19 of 20 patients. Furthermore, CD4+ tumor-specific cells, which may be
required for the generation and maintenance of the CD8+ cells, were also induced by vacci-
nation. Although the long-term clinical relevance of molecular remission in follicular lym-
phoma patients remains to be ascertained (68,70), it is clear that vaccination either reduces the
tumor burden beyond that already achieved by chemotherapy or led to the redistribution of
residual tumor cells to sites other than peripheral blood. This trial provides definitive evidence
for an antitumor effect of lymphoma-specific vaccination and will require a randomized trial
comparing chemotherapy alone with chemotherapy plus vaccination to determine the long-
term clinical benefit of this approach. The study also suggests that a similar approach may be
taken in the context of MRD after NMS in patients with NHL. It is possible that elicitation of
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lymphoma-specific T cells, both CD8+ and CD4+, may result in long-term antitumor immu-
nity and possibly prolonged remission.

A second approach to vaccination in lymphoma is based on animal and human studies that
have established the principle that immunity to certain antigens can be transferred from the
marrow donor to the recipient (71–74). This strategy entails the immunization of the immu-
nologically normal allogeneic donor with the idiotype vaccine derived from the recipient’s
tumor before harvesting the stem cells to be used in the transplant. This strategy may generate
in the donor highly specific antilymphoma T cells that are capable of transferring antitumor
idiotype-specific immunity from bone marrow transplant donor to recipient. This approach has
been already successfully used in a patient with multiple myeloma, and it was clearly demon-
strated that a de novo anti-idiotype response was transferred to the recipient (75). This approach
is applicable when the host’s immune system is suppressed by HDCT. It is tempting to specu-
late that the use of nonmyeloablative regimens and the use of booster immunizations of the
recipient may allow the reconstituted immune system to mount a more vigorous and effica-
cious antitumor response. Another potential benefit of transferring highly specific anti-idiotype
effector cells is the possibility of decreasing the severity of GVHD. This approach could be
optimized by ex vivo expansion of the anti-idiotype-specific T cells. Ex vivo-expanded anti-
gen-specific T cells have been successfully used in patients with advanced metastatic mela-
noma (76,77). Such cells have also been used for the treatment of cytomegalovirus and
Epstein-Barr virus infections after alloSCT (78,79) and in refractory CML (80).

Alternatively, immunization against lymphomas could be accomplished by using mono-
cyte-derived dendritic cells (DCs) as carriers of idiotype. A DC-based vaccine has been already
successfully applied in NHL (81). DCs are potent professional antigen-presenting cells (APCs)
and have the potential for priming naive T cells and eliciting an antigen-specific T-cell response.
This unique feature of DCs could be further exploited in the context of a lymphoma whole-cell
vaccine. This strategy may target potential lymphoma antigens other than idiotype that are not
yet defined and thus widening the T cell repertoire against the lymphoma. Finally, genetically
modified lymphoma cells could be used as their own APC (82). Further research is required to
ascertain the benefits of the above-mentioned approaches, particularly in a peritransplant setting.

3.2.2. CYTOKINE THERAPY

Multiple immune alterations, including decreased T cell responses to mitogen, antigens, or
allogeneic stimulation and impairment of interleukin (IL)-2 production has been reported in
patients following BMT or intensive chemotherapy (83–88). The ineffective immune recon-
stitution post-SCT related in part to the inability of the involuted thymus to generate new
antigen-naive T cells may account for the inability of the patient to eliminate MRD and reduce
the clinical response rate and duration of response. It is now clear that T cells are mainly
responsible for the GVT effect observed in the allogeneic SCT and after DLI. Therefore, it
seems reasonable to design and to investigate strategies to improve the immune-mediated
mechanisms that are already in place in the allogeneic setting.

IL-2, is a potent activator of T cells, natural killer (NK) cells, B cells, and monocytes (89–91)
that may play an important role in recognizing and mounting an effective immune response
against MRD. The rationale for IL-2-based immunotherapy after SCT for hematological
malignancies is based on preclinical and clinical data. IL-2 has been shown to induce effector
cells against lymphoma cells in vitro (92,93) and preliminary pilot clinical trials demonstrated
antitumor effects in Hodgkin’s disease and NHL (94–97). Investigators have also used IL-2
alone or in conjunction with either cellular therapy or interferon (IFN)-α in the context of
autoSCT (98–100), with encouraging but inconclusive results. A major advantage of IL-2
immunotherapy is a lack of cross-resistance to chemotherapy or radiotherapy (101).
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Biotherapy with IL-2 should be more efficacious in a setting of low tumor burden, i.e., MRD
or no evidence of disease (NED) after conventional dose chemotherapy or HDCT plus SCT.
The posttransplant setting may be more suitable than the post-conventional dose chemo-
therapy setting, because in the former, there may be fewer residual malignant cells. In a
leukemia murine model, Slavin et al. has demonstrated that the efficacy of GVL effects can be
substantially enhanced by the in vivo administration of IL-2 (102–105). Although these animal
studies are very encouraging, we need to be careful in translating these findings into clinical
trials in humans, because of the possibility that IL-2 could exacerbate GVHD. The use of IL-
2 after allogeneic SCT is based on the assumption that a GVL effect can be augmented without
concurrently increasing GVHD.

IL-2 therapy after T cell-depleted SCT has been reported to decrease the relapse rate without
increasing GVHD, as compared to historical controls who received T cell-depleted SCT with-
out IL-2 therapy (106). However, IL-2 given after non-T cell-depleted SCT could potentially
induce a greater GVL and a greater GVHD. Fefer et al. conducted a phase I trial of IL-2 after
non-T cell-depleted allogeneic SCT in children with leukemia beyond first complete remission
(107). The aim was to identify a dose of IL-2 that could be used in the allogeneic SCT setting.
Because IL-2 could conceivably exacerbate GVHD, and because the immunosuppressive
agents used to prevent GVHD in adults could interfere with any immunologic antitumor effect
of IL-2 therapy, IL-2 was administered only to children who had no GVHD when immunosup-
pressive drugs were discontinued. The study identified a dose of IL-2 that could be adminis-
tered safely early after unmodified human leukocyte antigen (HLA)-identical SCT to children
without GVHD. Clearly, there is a need to perform similar studies in adults with NHL that
eventually will lead to prospective randomized studies addressing the question whether IL-2
post-allogeneic SCT can reduce the incidence of relapse without increasing the incidence of
GVHD. Until then, IL-2 in a peritransplant setting should be used only within the context of
well-designed clinical trials.

One other major obstacle with IL-2-based therapy is the substantial acute toxicity observed
in patients receiving high dose IL-2. One approach to decrease IL-2-induced toxicity, and
simultaneously increase its antitumor activity in patients with NHL and MRD after SCT, is to
combine low dose IL-2 with a biological with intrinsic antitumor activity and the potential of
synergizing with IL-2. Bryostatin-1 exhibits a unique pattern of biological activities, including
antitumor activity and immunomodulatory activity. In preclinical models, we have demon-
strated that Bryostatin-1 by itself has significant antilymphoma activity (108). Furthermore,
our group reported that Bryostatin-1 synergizes with low dose IL-2 in activating human mono-
cytes (109). In a murine model, it was demonstrated that Bryostatin-1 plus low dose IL-2
exerted significant antitumor activity without the toxicity associated with high dose IL-2 (110).
We are currently conducting a phase I trial to establish the safety profile of the combination
of Bryostatin and low dose IL-2 in adults. These results are very promising and warrant further
investigation of this combination in a posttransplant setting.

In summary, a significant body of evidence demonstrates the presence of many alterations
in the immune system of patients undergoing SCT. Future studies in this area should focus on
strategies aimed to harness the allograft to enhance GVT without worsening GVHD. At the
present time, a role for IL-2 in a peritransplant setting is not clearly established. It is possible
that the ultimate role of IL-2 in the treatment of hematological malignancies may be in the
generation and clonal expansion of T cells with lymphoma-specific reactivity.

3.2.3. MONOCLONAL ANTIBODIES

Despite the potential benefits that patients with NHL may derive from allogeneic transplan-
tation a significant percentage of patients undergoing this procedure will relapse. Treating
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patients with a non-cross-resistant immunotherapy, e.g., directed monoclonal antibody therapy,
may offer the opportunity of eradicating MRD after transplantation and therefore it has the
potential for increasing both the number and the duration of complete responses that may lead
to an improve survival in NHL. Unlabeled and labeled mAbs targeted to CD20, CD52, CD19
and CD25 have been investigated for several years for the treatment of patients with NHL. The
anti-lymphoma activity observed in early clinical trials using murine mAbs was more limited
than initially anticipated. The lack of efficacy was probably related to: 1) the immunogenicity
of the murine mAb that led to a short half-live and prevented repeated administration, 2) defects
in murine antibodies directing antibody-mediated cytotoxicity, and 3) inadequate fixation of
human complement. Most recently, major advances in molecular biology and chelation chem-
istry have led to the development of chimeric and humanized mAbs with a better therapeutic
profile. Rituximab, alemtuzumab, and tositumomab are probably the most commonly used
mAbs in the setting of NHL. Early trials with rituximab, a chimeric antiCD-20 mAb, have
reported encouraging results when used either alone (111) or in combination with chemo-
therapy (112–114). The experience with rituximab as an adjuvant in the alloSCT setting is
much more limited (115) and delayed immune reconstitution is a major concern when using
this approach. B-cell reconstitution may take more than six months (116) and the long-term
consequences of this depletion need to be studied in detail. Additionally, the efficacy of
rituximab may be decreased in the postransplant setting if antibody-dependent cellular cyto-
toxicity is an important mechanism of action for this antibody.

Alemtuzumab, a humanized mAb, recognizes the CD52 antigen that is highly expressed on
virtually all B- and T-cells lymphomas and leukemias and also on normal leukocytes. The use
of alemtuzumab in recurrent CLL and NHL has resulted in response rates of 40% and 14%
respectively (117,118). In both studies, the responses were commonly observed in the periph-
eral blood and in the bone marrow. However, this antibody did not significantly affect malig-
nant cells located in the lymph nodes. Alemtuzumab has also been investigated in allogeneic
SCT to prevent GVHD and graft rejection. In this setting, T-cell depletion with alemtuzumab
has clearly resulted in a significant reduction in the risk of acute and chronic GVHD (119,120).
It is noteworthy that whereas deaths from GVHD are greatly reduced, it appears that there is
an important risk of developing clinically relevant infectious complications (120,121). A high
rate of infections has been reported in a phase II multicenter study evaluating alemtuzumab in
previously treated patients with nonbulky NHL (118). The trial was terminated early due to the
excessive number of infectious complications observed. More recently it has been reported that
50% of the patients receiving alemtuzumab (30 mg dose) developed CMV reactivation (121).
It is clear from these early clinical trials that immune reconstitution and infectious complica-
tions need to be formally addressed before directed mAb therapy becomes of commonly used
in the setting of alloSCT. At the present time the clinical benefit of unlabeled- or labeled- mAbs
in the context of MRD after alloSCT remains to be determined.

3.3. GVHD: The Challenge Continues
Twenty-six yr ago, Thomas et al. catalogued GVHD as one of the major obstacles to suc-

cessful transplantation (122). Today GVHD continues to be responsible for a significant per-
centage of the morbidity and mortality associated with alloSCT. The basic model of GVHD,
in which T cells, APC, and NK cells become activated and produce cytokines in response to
both allogeneic recognition and the tissue damage done by the conditioning regimen, has
evolved over the last several years. Although the core of the model has not fundamentally
changed, the details have been further elucidated. GVHD is now defined as a complex multi-
step process (123), in which T cells have a major role in the induction or initiation of GVHD.
In this induction stage, the T cells from the donor are exposed to dissimilar alloantigens from



92 Part II / Disease Indications: Allogeneic Transplantation

the recipient and then become activated and clonally expanded. The expanded T cells release
multiple cytokines and chemokines creating a cytokine storm (56,58,124), which is then
responsible for the recruitment of other regulatory and effector cells (macrophages, NK cells,
DC, etc.). Finally, the activated effector cells are responsible for targeting the host tissue,
producing a well-defined clinical picture that we recognize as GVHD. These well-defined
phases of GVHD (induction, expansion, recruitment, and effector phases) have allowed a
better comprehension of GVHD and, more importantly, have generated specific models of
therapeutic intervention (123). We will mention just few of them that may be relevant to the
area of NHL. An exhaustive discussion will be found in Chapter 24 of this book.

3.3.1. GVT WITHOUT GVHD—IS THAT POSSIBLE?
The principal purpose of allogeneic SCT is to create a state of tolerance between donor and

recipient, which concurrently allows the development of an efficient GVT effect with a mini-
mum of GVHD. The targets for GVT effect seem to be minor histocompatibility antigens
shared by the tumor cells and the tissues involved in GVHD (125,126). However, some patients
may have GVT effect without GVHD, suggesting either an immune response against tumor
target antigens or the presence of differential sensitivity of tumor cells and normal tissues to
a common immunologic mechanism. Given the intricate relationship between GVT and GVHD,
the task of separating these two phenomena has proven difficult. If we are going to be success-
ful in this formidable mission, significant efforts should be directed toward understanding the
basic biology of these closely related phenomena.

3.3.2. INDUCTION OF ANERGY

One potential approach to achieve the above-mentioned goal is to simultaneously generate
two different subpopulations of cells in the graft. One subset will contain highly specific anti-
idiotype (or tumor antigen-specific) T cells, and a second subset will be composed of cells that
have been anergized against the recipient alloantigens. The first group of cells will be mainly
responsible for the antitumor effects, and the anergized cells will be responsible for supporting
marrow repopulation and immune reconstitution.

The use of the anti-idiotype vaccination approach that we have previously discussed
may allow us to generate the specific antilymphoma effector cells that may preferentially
target tumor cells and spare normal tissue. The induction of anergy in the second subset
of donor cells could be accomplished by using molecules capable of blocking co-stimu-
latory signals. Cytotoxic T lymphocyte-associated antigen (CTLA)-4, a counterreceptor
for B7, is a potent regulatory molecule that is expressed on the surface of activated helper
T cells (127) and blocks the interaction between B7 proteins and CD28 (128–130). Admin-
istration of CTLA-4Ig, a soluble fusion protein consisting of the extracellular domain of
CTLA-4 and the constant region of IgG1, allows animals to accept foreign grafts without
using immunosuppressive drugs (130,131). Soluble CTLA-4Ig induces anergy in T cells
from human marrow when the cells are co-cultured with allogeneic cells; the marrow T
cells afterward fail to react against the allogeneic cells with which they were initially
cultured, but they react normally when presented with different allogeneic cells (130).
Recently, Guinan et al. confirmed this finding in a clinical setting in which they success-
fully induced ex vivo anergy before the transplantation of histoincompatible bone marrow
(132). The authors found that the CTLA-4Ig-treated marrow supported the hematologic
reconstitution of the recipient. Strikingly, the occurrence of GVHD was very low, only two
patients with mild gastrointestinal GVHD, despite the fact that all patients had multiple
risk factors for GVHD. This study demonstrated that suppressing a segment of the
alloreactive T cell repertoire is possible. However, we need to be cautious in interpreting
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these data because of the small number of patients and the lack of information regarding the
success of immune reconstitution.

As can be seen from the two above-mentioned studies (69,132), it may be possible to generate
two well-defined subsets of graft cells that could be used in NHL patients in an allogeneic setting.
The timing and sequence of administration of these two subsets need to be established in well-
designed preclinical studies before this approach is taken to a clinical setting.

Other approaches to inhibit or decrease GVHD involve the blockade of the CD40-CD40
ligand (CD40L) interactions. Ex vivo incubation of donor T-cells with antibodies to CD40L
in the presence of host alloantigens has been shown in preclinical models to induce tolerance
while allowing the T cells to remain responsive to nominal antigens (133), suggesting that GVT
effects could be separated from GVHD. More recently, Ito et al. demonstrated that interfering
with CD40-CD40L pathway reliably overcomes the CD4 T cell-mediated resistance to fully
major histocompatibility complex (MHC)-mismatched allogeneic bone marrow engraftment
(134). These interesting observations in mice need to be tested in large animals as a next step
to developing human clinical trials.

The success of DLI in posttransplant settings has prompted investigators to identify which
cells are responsible for the observed GVT effect. NK cells have been implicated as one of
the mediators of GVL effects (135–137). Indeed, it has been demonstrated that activated NK
cells may have a dual role in a peritransplant strategy by inhibiting GVHD, through a
transforming growth factor (TGF)-β-mediated mechanism, and promoting immune
reconstitution and GVT effects (138). These results confirm previous observations suggest-
ing that GVHD and GVT effects are dissociable phenomena. However, more research needs
to be done to unequivocally identify the NK cell subsets responsible for each effect before
clinical trials are initiated.

4. CONCLUSION

The use of allogeneic SCT in the treatment of NHL and other tumors is becoming feasible
for a broader spectrum of cancer patients because of advances in the transplantation procedure.
Preparative regimens can be made safer by using lower doses of less toxic drugs aimed at
immune suppression rather than myeloablation. Humanized monoclonal antibodies can be
incorporated into treatment regimens before and after transplantation in light of their specific
antitumor effects and mild toxicities. Strategies to improve immune reconstitution in the
recipient include vaccinating the donor and the host to tumor-specific antigens, adding immune
stimulatory cytokines, and adoptively transferring effector lymphocytes, among others. Donors
may be tolerized to host minor histocompatibility antigens; a number of such strategies are in
development. Adoptive transfer of activated NK cells may facilitate tolerance induction and
immune reconstitution. Experimental efforts to promote the regeneration of the thymus are
also worth considering for human application to facilitate the generation of a broad spectrum
of T cell responses to infectious organisms as well as the tumor.

Given the abundance of ideas emerging from the laboratories, the next decade promises
unprecedented growth in the development of safe and effective protocols for using allogeneic
SCT in cancer treatment.
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1. INTRODUCTION

Peripheral blood stem cells (PBSCs) are increasingly being used in allogeneic transplanta-
tion. While the first report describing the use of peripheral blood for allogeneic transplantation
appeared in 1989 (1), case series demonstrating its feasibility in the allogeneic setting did not
appear until the mid-1990s (2–4).

As more data emerged suggesting advantages over traditional marrow stem cell transplan-
tation, peripheral blood transplantation rapidly became widely used (5). In 1999, the Interna-
tional Bone Marrow Transplant Registry (IBMTR) reports that of 6093 allogeneic transplants
performed, 34% used PBSCs (6). Preliminary IBMTR results for 2000 estimate that this percent-
age increased to 43%. Most allogeneic transplants reported to date have involved matched sibling
donors, although experience with unrelated donor transplants is accumulating (7).

Despite the rapid acceptance of PBSCs for transplantation, only recently have data from
randomized trials (8–12) and large registry-based data (13) become available. This chapter will
focus on the known biological and clinical characteristics of PBSC transplantation, with an
emphasis on information obtained from randomized trials and large registry analyses.

2. BIOLOGY OF PERIPHERAL BLOOD PROGENITOR AND STEM CELLS

Without cytokine priming, very low numbers of hematopoietic progenitor cells circulate in
peripheral blood, with CD34+ cells representing 0.06% of all nucleated cells (14) Administra-
tion of cytokines, however, increases not only the total peripheral leukocyte count, it prefer-
entially increases the concentration of peripheral blood progenitor and stem cells (14,15).
Direct comparison of granulocyte colony-stimulating factor (G-CSF) to granulocyte-mac-
rophage colony-stimulating factor (GM-CSF) found G-CSF to be superior in mobilizing stem
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cells for harvest, although GM-CSF may effectively mobilize more primitive progenitor cells
(16). Other cytokines, such as flt-3 ligand, used alone and in combination with G-CSF to
mobilize PBSCs, are currently the subject of investigation (17,18). G-CSF at concentrations
up to 10 µg/kg/d has been shown to produce dose-dependent increases in CD34+ cells and is
generally is administered in doses of 10–16 µg/kg/d when used clinically to ensure adequate
donor harvests.

After administration of G-CSF to normal individuals, peripheral leukocyte counts begin
increasing within 4 h and remain elevated throughout the duration of treatment (19). Progenitor
cell mobilization is delayed, however, with peripheral blood CD34+ cells beginning to increase
in concentration after 3 d of administration and peaking after 5 or 6 d of treatment (20). This
increase in cytokine-mediated PBSC concentration is transient, falling to one-third of peak
levels after 10 d.

The increase in circulating hematopoietic progenitor cells after cytokine priming has been
demonstrated both phenotypically and via stem cell culture (14,15). Administration of G-CSF
to normal donors has been shown to increase the peripheral concentration of CD34+ cells by
16-fold at d 4 and more primitive CD34+Thy-1dim cells and CD34+Thy-1dimCD38- cells
increased by 24- and 23-fold, respectively (14). Examination of PBSCs from normal donors
in culture demonstrated that the number of long-term culture initiating cells (LTC-IC) mea-
sured in 5-wk cultures was 60-fold greater after G-CSF priming than at steady state (15).
Longer term, more primitive LTC-IC decreased by 85%, suggesting that while G-CSF is able
to mobilize primitive progenitor cells, it is most potent at mobilizing progenitor cells of inter-
mediate maturity. Subsequent analysis from the same investigators suggests that despite these
limitations, the absolute yield of LTC-IC obtained after mobilization from peripheral blood is
similar to that obtained from steady-state bone marrow (21). The mechanism of action by
which G-CSF mobilizes stem cells to circulate in peripheral blood is not entirely clear, but may
be related in part to downregulation of α4β1 integrin on CD34+ cells, which reduces the
adhesive interaction between progenitors and the marrow stroma (22).

Although peripheral blood progenitor cell concentrations increase dramatically after
cytokine priming, the concentration achieved varies greatly among individuals (23). Reasons
for the wide variation are unclear. Some data suggest that older donors do not mobilize PBSCs
as well as younger donors (24,25), but in these series, poor mobilization occurred within all age
groups, suggesting that other factors contribute as well. In mice, genetic factors have been
demonstrated to play a role in numbers of stem cells mobilized (26), though in humans, no
similar genetic factors have been identified. Generally, yields of CD34+ cells have been
significantly higher in peripheral blood grafts than in marrow grafts (10–12) (Table 1).

Up to one log more lymphocytes are contained within grafts obtained from peripheral blood
compared to marrow. As a consequence, there has been both concern that incidence of graft-
vs-host disease (GVHD) may be increased in blood recipients, along with hope that more
prominent graft-vs-leukemia effects will enhance outcomes (13). Results of clinical trials and
large registry analyses have supported both of these concepts (10,13,27).

Some data regarding immune reconstitution after peripheral blood and marrow grafting has
been reported. One group has published data demonstrating that patients receiving PBSC grafts
have higher memory T cell counts and T cell proliferative responses to phytohemagglutinin,
pokeweed, Tetanus, and Candida than patients receiving marrow grafts (28). In these patients,
both the higher T-cell counts and increased T-cell proliferative activity persisted in PBSC
recipients for at least 11 mo.

Another group has shown that while absolute T cell counts are higher in PBSC recipients,
T cell proliferation in response to phytohemaglutinin and herpes virus antigens, is higher at d
30 posttransplant in PBSC recipients, but becomes similar for PBSC and marrow recipients
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throughout the remainder of the first year following transplantation (29). In these patients,
median serum IgG levels were shown to be similar between groups, suggesting that clinical
differences in infection rates (discussed in Subheading 3.4.) are due primarily to enhanced cell-
mediated immune function.

3. CLINICAL ASPECTS OF PBSC TRANSPLANTATION

Knowledge of the clinical aspects of PBSC transplantation has increased dramatically in
recent years with the proliferation of studies comparing it to traditional marrow transplanta-
tion. While early results have become clear, late outcomes continue to require further inves-
tigation and longer patient follow-up.

3.1. Graft Characteristics
The evidence that greater CD34+ cell numbers are obtained using peripheral blood harvest-

ing is strong. Four of five randomized trials published to date have harvested greater numbers
of CD34+ cells from peripheral blood donors than from marrow donors (8,10–12). Three of
these studies demonstrated a statistically significant difference in blood progenitors, with
twice the number collected by apheresis as were collected from marrow (10–12). Graft com-
position data was not uniformly available in a recent comparison of peripheral blood vs marrow
stem cell transplantation reported from the IBMTR (13), but several smaller series comparing
PBSC recipients with historical or nonrandomized controls have shown higher CD34+ cell
concentrations in peripheral blood (7,14,24).

The minimum number of cells needed for successful engraftment remains unclear. It has
been estimated that approx 2.5–5 × 106 CD34+ cells/kg are required for consistently rapid
engraftment (3), but no experimental evidence confirms this hypothesis. With regard to speed
of engraftment, a higher CD34+ cell dose has been reported to facilitate more rapid platelet
engraftment in allogeneic transplants (30), as was also shown in autologous transplants (31).
Data from clinical trials of PBSC suggest that higher CD34+ counts promote more rapid
neutrophil and platelet engraftment in the allogeneic setting as well.

3.2. Engraftment
Both neutrophil and platelet engraftment consistently occur more rapidly when using

peripheral blood grafts as opposed to marrow grafts. All five published randomized trials found
a shorter time to both neutrophil and platelet engraftment (Table 2), as do virtually all smaller
series with nonrandomized controls.

Table 1
Biologic Differences between Blood and Marrow as Stem Cell Sources

Characteristic Peripheral blood allografts Bone marrow allografts Fold increase

Nucleated cells (× 108/kg) 13.3 2.9 4.6
CD34+ cells (× 106/kg) 11.7 3.2 3.7
CD3+ cells (× 106/kg) 393.2 24.4 16.1
(Adapted with permission from ref. 14.)

Characteristic Peripheral blood allografts Bone marrow allografts Fold increase

Nucleated cells (× 108/kg) 11.6 (1.5–24.6) 2.3 (0.02–14.6) 5.0
CD34+ cells (× 106/kg) 7.3 (1.0–29.8) 2.4 (0.8–10.4) 3.0
CD3+ cells (× 106/kg) 279 (143–788) 23.8 (1.2–30.5) 11.7
(Adapted with permission from ref. 12.)
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In the five published randomized trials, neutrophil engraftment occurred 1–6 d earlier in
PBSC transplants than in marrow transplants. Differences were statistically significant in three
of the five trials. In the larger IBMTR analysis, neutrophil engraftment occurred 5 d earlier in
PBSC transplants than in marrow transplants (13).

Platelet engraftment also occurs more rapidly using peripheral blood allografts. All random-
ized trials found more rapid platelet recovery, with the median differences ranging from 4 to7 d.
The IBMTR analysis found that platelet engraftment occurred a median of 7 d earlier in the
PBSC transplants than in traditional marrow transplants.  As with neutrophil engraftment,
numerous smaller series have shown similar results.

Four of the five randomized trials included information about transfusions administered
during the observational period. In the largest trial, the median number of platelet transfusions
required in peripheral blood recipients was less than that in marrow recipients (30 vs 46), but
the number of red blood cell (RBC) transfusions was the same (six in both groups) (12). The
largest European trial published found similar results, with fewer platelet transfusions occur-
ring during the first 180 d after transplantation (PBSC median 3 vs bone marrow transplanta-
tion [BMT] 6) (10). A smaller trial found that fewer platelet transfusions were required in
peripheral blood recipients (PBSC 12.5, BMT 17.5), but similar RBC transfusions in the two
groups (PBSC 5, BMT 6) (9). One European trial found that PBSC recipients required more
platelet transfusions than marrow recipients (PBSC 12, BMT 10) (8).

3.3. GVHD
Since the earliest reports of peripheral blood allografting, there has been considerable

concern that because such high numbers of lymphocytes are transplanted in peripheral blood
grafts, GVHD would occur at high rates (1–4). In clinical studies to date, however, consistent
data has emerged suggesting little, if any, difference in overall rates of acute GVHD (9,10-12).
Chronic GVHD, in contrast, has been shown to occur more commonly in patients receiving
peripheral blood allografts (13,32). Because of the length of follow-up involved in ascertaining
the incidence of chronic GVHD, data are not complete in all studies.

3.3.1. ACUTE GVHD

Overall rates of acute GVHD are generally similar in patients receiving peripheral blood or
marrow transplants. Four of five randomized trials have found a 44–64% rate of grade II–IV
acute GVHD in patients receiving peripheral blood transplants compared with a 42–57% rate
in patients receiving marrow transplants (8,10-12). In one randomized trial (9), rates of acute
GVHD were lower in both peripheral blood and marrow recipients when compared to other
trials (PBSC 27%, BMT 19%). IBMTR analyses (Fig. 1) found that grades II–IV acute GVHD
occurred in 40% of patients receiving peripheral blood transplants and 35% of patients receiv-
ing marrow transplants (13). No study reported the difference in acute GVHD between periph-
eral blood and marrow to be statistically significant. In all cases, however, the reported rate was
slightly higher in peripheral blood recipients.

One randomized trial published only in abstract form to date, found similar rates of grade
II–IV acute GVHD in peripheral blood and marrow transplant recipients (PBSC 54% BMT
48%), but found that PBSC patients were more likely to have steroid-dependent or refractory
disease. (PBSC 50%, BMT 14%, p = 0.003) (27). In this trial, grade III–IV acute GVHD was also
higher in patients receiving peripheral blood transplants (PBSC 46%, BMT 17%, p = 0.02). Rates
of grade III–IV acute GVHD were not found to be different in patients included in the largest
randomized trial (12) or in the IBMTR analysis (13).
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3.3.2. CHRONIC GVHD
A growing body of evidence suggests that the occurrence of chronic GVHD is greater in

patients receiving peripheral blood allografts than in those receiving marrow transplants.
Results from several randomized trials show an increased risk of chronic GVHD (9,10,12), but
follow-up periods in these trials are generally short and may not represent the true burden of
disease in study participants. One trial, designed to determine differences in GVHD based on
stem cell source, closed enrollment early because the incidence of extensive chronic GVHD
was significantly greater in patients receiving peripheral blood (77 vs 27%) (27). The IBMTR
analysis (Fig. 2) also found a statistically significant difference in the rate of chronic GVHD
based on graft source (65 vs 53%, p = 0.05) (13). As seen in Fig. 2, in this analysis the difference
between groups did not become evident until 10–12 mo after transplant. Moreover, rates of
chronic GVHD did not plateau until 12–15 mo after treatment, suggesting that shorter follow-
up times are inadequate for determining true incidence of chronic GVHD. Experience with
another smaller cohort was similar, with no difference in chronic GVHD found between periph-
eral blood and marrow grafts at a median follow-up of less than 1 yr (33), but more chronic GVHD
was noted in peripheral blood recipients when follow-up was extended to 2 yr (34).

Risk factors for developing chronic GVHD in the IBMTR analysis include gender, no
GVHD prophylaxis, and age equal to 40. Also of note is that a significant center effect was
found for incidence of chronic GVHD but not for acute GVHD. In two trials that reported an
increased risk of chronic GVHD, prophylactic regimens consisted of a shorter course of meth-
otrexate than in other trials (9,10), suggesting that prophylaxis with four doses of methotrexate
plays an important role in preventing chronic GVHD in peripheral blood transplants.

In the IBMTR analysis, sites of chronic GVHD involvement did not differ substantially
between treatment groups. Gastrointestinal involvement occurred at higher rates in patients
receiving marrow transplants (35 vs 25%), and skin involvement was more frequent in patients
receiving peripheral blood transplants (74 vs 66%). Other organ involvement occurred at
essentially the same rates in the two treatment groups. Overall, available data suggests no

Fig. 1. Probabilities of grades II–IV acute GVHD after human leukocyte antigen (HLA) identical sibling
PBSC transplantation compared with BMT for acute leukemia and CML. Probabilities were derived
from multivariate Cox proportional hazards models and adjusted for effects of other significant
covariates. Adapted with permission from ref. 13.
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major differences in the clinical presentation of chronic GVHD after allografts using marrow
or peripheral blood.

3.4. Infections
Emerging data suggests that PBSC recipients have fewer infectious complications than

marrow recipients. Data from the Seattle trial show that the overall rate of culture-proven
infections was 1.7× higher in marrow recipients compared to PBSC recipients between d 30
and 365 of transplant (p = 0.001) (29). Additionally, the rate of infections requiring inpatient
treatment was 2.4× higher in marrow recipients (p = 0.002). The difference in rates of infection
between groups was greatest for fungal infections (rate ratio [RR] 5.5, p = 0.03), but was also
apparent for bacterial infections (RR 1.8, p = 0.03) and viral infections (RR 1.44, p = 0.10).
Deaths associated with a definite infection between d 30 and 365 occurred in nine BMT
recipients and three PBSC recipients (p = 0.17). If only deaths from bacterial and fungal
pathogens were considered, nine deaths occurred among BMT recipients compared to none in
PBSC recipients (p = 0.008).

3.5. Survival
Currently data do not demonstrate a clear benefit in overall survival with peripheral blood

transplantation. The largest randomized trial published to date found a 2-yr survival rate of
66% in patients receiving peripheral blood and 54% in patients receiving standard marrow (p = 0.06)
(Fig. 3) (12). Another trial with more patients available for 2-yr follow-up, however, found no
difference in 2-yr survival between treatment groups (PBSC 67%, BMT 65%) (10). Other
published trials are limited in their ability to predict survival because of small patient numbers
and short observational periods (8,9,11).

Patients with advanced cancers, on the other hand, do seem to have better overall survival
with peripheral blood allografts. IBMTR analyses show lower rates of treatment-related
mortality at 1 yr for patients with acute leukemia in second remission and chronic myeloid
leukemia (CML) in acute phase when transplanted with peripheral blood (13). In the Seattle

Fig. 2. Probabilities of chronic GVHD (limited or extensive disease) after HLA identical sibling PBSC
transplantation compared with BMT for acute leukemia and CML. Probabilities were derived from
multivariate Cox proportional hazards models and adjusted for effects of other significant covariates.
Adapted with permission from ref. 13.
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series, patients with advanced malignancies receiving peripheral blood transplants had a 57%
2-yr survival rate compared to a 33% 2-yr survival rate in marrow patients (12). It is not known
why peripheral blood grafts improve survival for these patients, although some have hypoth-
esized that more rapid neutrophil engraftment is of more benefit in more heavily pretreated or
seriously ill patients (13). It is hypothesized that a more vigorous allogeneic response may
reduce relapse rates after peripheral blood allotransplantation without more severe or more
frequent GVHD.

Limited information is available comparing cause of death in patients receiving peripheral
blood and marrow transplants. In the largest U.S. and European trials published to date (10,12),

Fig. 3. Probability of overall survival in the largest randomized trials of peripheral blood vs marrow
transplantation. (A) Overall survival in a major US trial. (B) Overall survival and relapse in a European
trial (solid line, peripheral blood cells; dashed line, bone marrow). Adapted with permission from refs.
10 and 12.
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there were more deaths from disease relapse in marrow recipients, but otherwise cause of death
was similar between groups. In the IBMTR analysis, there were no significant differences in
cause of death between peripheral blood and marrow recipients (13).

3.6. Disease-Free Survival
Evidence has emerged that peripheral blood recipients have improved disease-free survival

over marrow recipients. In the Seattle report, rates of disease-free survival at 2 yr were 65%
in peripheral blood recipients and 45% in marrow recipients (12). A smaller European trial also
found lower rates of relapse in peripheral blood recipients, despite small overall numbers (11).

In the IBMTR analyses, patients with advanced disease who received peripheral blood
allografts had fewer relapses by a substantial margin, but relapse was similar in patients with
early disease (13). A small nonrandomized series, in contrast, found that patients with CML
in first chronic phase had improved survival after peripheral blood transplants (35). Another
series comparing acute myeloid leukemia (AML) and myelodysplasia (MDS) patients, who
received peripheral blood transplants with historical marrow controls, also found improved
survival in low risk patients due to lower rates of relapse (32). Further research is needed to
systematically investigate these observations.

3.7. Quality of Life
A few studies have analyzed quality of life in survivors of peripheral blood transplants.

Generally, data comes from series comparing recent peripheral blood transplant recipients
with historical controls who received marrow, limiting the validity of measures that may vary
depending on length of follow-up.

In a comparison of peripheral blood recipients with historical controls who received marrow
allografts, 48% of surviving peripheral blood recipients were found to have Karnofsky scores
of 80 or less, while only 5% of those surviving marrow transplants had scores less than 80 (32).
Another uncontrolled series found that 64% of blood allograft progression-free survivors had
Karnofsky scores between 70 and 80, compared to 29% between 90 and 100 (36). In both series,
chronic GVHD was responsible for most of the excess morbidity accompanying blood
allotransplants.  No data on quality of life was included in any of the trials published to date.

3.8. Unrelated Peripheral Blood Transplants
All randomized trials performed to date have included only related donors, but a series

comparing 45 unrelated peripheral blood recipients with historical marrow controls has been
published (7). In this series, although neutrophil and platelet engraftment were more rapid in
PBSC recipients, there was little difference in survival at 1 yr (PBSC 54%, BMT 53%) and in
relapse-free survival at 2 yr (PBSC 46%, BMT 41%). Grade II–IV acute GVHD occurred at
a rate of 30% in the PBSC group and 20% in the marrow group (p = ns), and chronic GVHD
occurred at 59% in the PBSC group and 85% in the marrow group.

Research continues, examining this series of transplant recipients, with 107 PBSC recipi-
ents now included (O. Ringden, personal communication). Results in this expanded series are
similar to those published earlier, with no substantial differences in grade II–IV acute GVHD,
chronic GVHD, and disease-free survival. Overall survival remains comparable with 46% of
PBSC recipients alive at 3 yr compared to 51% of BMT patients (p = ns).

3.9. Cytokine-Primed Marrow Transplantation
A few nonrandomized studies have investigated using G-CSF-primed marrow as an alter-

native source of stem cells for transplant. The rationale for marrow priming is based on murine
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(37) and human (38,39) studies, demonstrating improved repopulating ability of G-CSF-
primed bone marrow. A series comparing 26 primed bone marrow transplantation (pBMT)
recipients with a historical cohort of 20 peripheral blood transplant recipients found that
neutrophil recovery between groups was similar, but platelet recovery was more rapid in the
peripheral blood recipients (PBSC 13 d, pBMT 16 d) (40). Chronic GVHD occurred at a lower
rate in patients receiving marrow (PBSC 68%, pBMT 37% p = 0.049), but survival was similar
at 2 yr (PBSC 60%, pBMT 54%, p = 0.9).

Another small study compared transplantation of G-CSF-primed marrow in 29 patients with
historical unprimed marrow controls (41). It found more rapid granulocyte and platelet recovery
in primed marrow recipients, but no difference in secondary endpoints, such as platelet and red
cell transfusions, days on antibiotics, and length of hospital stay between groups. In contrast, a
study of 17 patients receiving primed marrow compared with historical marrow controls found
more rapid neutrophil recovery and shortened hospital stay in primed marrow recipients (42).

With chronic GVHD and its negative impact on quality of life becoming a greater concern
in patients receiving PBSC transplants, attention may shift to cytokine-primed marrow as an
alternative. While early results show potential, controlled trials are needed to demonstrate any
substantive benefit in clinical outcomes.

4. DONOR CONSIDERATIONS

Concerns regarding the safety for PBSC donors have not been completely addressed.
Although short-term effects of G-CSF in normal donors are mild (43), little is known about
long-term effects of G-CSF in normal donors. Doses of G-CSF used in PBSC harvests range
from 2–24 µg/kg/d (44). In clinical trials, doses of 10–16 µg/kg/d have been used for allogeneic
stem cell harvesting (8–12). A dose of 10 µg/kg/d was recently recommended for use in
harvesting by some investigators, but evaluation of higher doses was recommended in the
context of clinical trials (44). In the one randomized trial that used a dose of 16 µg/kg/d (12),
a higher median yield of CD34+ cell counts was obtained, but no improvement in neutrophil
recovery was demonstrated when compared with other trials.

A comparison of 30 blood and 38 marrow donor experiences from the Seattle randomized
trial was recently published (45). In this study, donors completed questionnaires describing
their experiences prior to, during, and after donation, with weekly questionnaires completed
until donors felt they had returned to their baseline state of health. For both donor groups,
emotional status was essentially unchanged throughout donation and follow-up. Physical
status, however, deteriorated after donation in both groups, primarily as a result of pain asso-
ciated with the procedure. PBSC donors reported a considerable amount of pain during the days
G-CSF was administered, with a generally rapid return to baseline after completion of the
harvest procedure. Marrow donors reported average and maximal levels of pain similar to
PBSC donors as a result of the procedure. All PBSC donors, but only 80% of marrow donors
reported good physical status by 14 d after donation. It should be noted that donors in this series
were given 16 µg/kg/d of G-CSF, which is higher than the 10 µg/kg/d used in most other series.

The most common short-term adverse effects of G-CSF administration include bone pain,
headache, fatigue, and nausea. Less commonly, noncardiac chest pain, insomnia, night sweats,
fluid retention, and dizziness have been reported (44). Severe side effects requiring discontinu-
ation of G-CSF are uncommon, occurring in 1–3% of donors (20). Laboratory abnormalities,
including transient elevations of alkaline phosphatase and lactate dehydrogenase and less
commonly, electrolyte disturbances, have also been noted. Both thrombocytopenia and granu-
locytopenia have been reported after donation, but these findings result from the leukapheresis
procedure itself, not from administration of G-CSF (44). In general, adverse effects appear to
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be dose-related. A case of episcleritis (46) and a case of iritis (47) exacerbation following the
administration of G-CSF have been reported, leading to concern that donors with inflammatory
diseases of all types could experience worsening of their condition. Additionally, the G-CSF
package insert states that animal studies have shown that cerebral ischemia may occur related
to G-CSF induced 15- to 28-fold increases in leukocyte count. In the randomized trials pub-
lished to date, one donor had a moderate anemia requiring transfusion, but otherwise no serious
complications were noted in the 200 PBSC donors observed.

In 1997, an ad hoc committee was organized and convened by the University of Texas M.D.
Anderson Cancer Center to discuss issues related to donor safety in allogeneic PBSC transplan-
tation. The committee included representatives from more than 40 transplant teams, as well as
from the IBMTR, the National Marrow Donor Program (NMDP), and the European Group for
Blood and Marrow Transplantation (EBMT). It concluded that possible contraindications to
donation include the presence of inflammatory, autoimmune, or rheumatologic disorders, as
well as atherosclerotic or cerebrovascular disease (44). This committee also recommended the
formation of an international PBSC donor registry to facilitate monitoring of the long-term
effects of donation. Routine laboratory testing for follow-up of donors was not recommended.

5. COST

One randomized trial included an economic analysis of peripheral blood transplants com-
pared with marrow transplants (10). It found that overall costs of peripheral blood transplants
during the first 180 d were 16% less than costs of marrow transplants. The difference was
primarily a result of lower room costs in the peripheral blood group, although cost was also
reduced because of fewer platelet transfusions, fewer laboratory costs, and lower overall drug
costs. Graft collection costs were higher in peripheral blood donors.

6. CONCLUSION

Our understanding of PBSC allogeneic transplantation has increased markedly during the
past several years. Benefits of peripheral blood transplantation include more rapid engraftment
and improved early survival in patients with advanced leukemia. Early data also suggests that
infections occur less frequently in peripheral blood recipients. Unfortunately, chronic GVHD
may occur more commonly in peripheral blood recipients, potentially compromising their
long-term quality of life or their survival.

As research continues, more will be learned about long-term survival, late effects, and the
use of peripheral blood grafts from both related and unrelated donors. While marrow currently
remains the standard source of allografts, the safety and utility of peripheral blood will validate
its expanded use in the future.
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1. INTRODUCTION

Allogeneic stem cell transplantation has been performed clinically for more than 30 yr as
therapy for a number of different hematologic malignancies, genetic disorders, and immuno-
logic deficiency syndromes (1,2). In most instances, the donor stem cells were obtained from
sibling-matched donors. Patient outcome after transplant has been influenced by many fac-
tors, such as patient age, disease type, duration and stage at transplant, and cytomegalovirus
(CMV) serologic status of the patient and donor. The best results with allogeneic transplant
have been obtained in patients who have disease responsive to chemotherapy and who received
hematopoietic stem cells obtained from human leukocyte antigen (HLA)-matched sibling
donors. Even in this setting, this proceedure has been associated with substantial morbidity and
mortality, predominantly due to the occurrence of acute and chronic graft-vs-host disease
(GVHD), opportunistic infection, visceral organ dysfunction, or a combination of these. Until
recently, the vast majority of patients received bone marrow as the source of hematopoietic
stem cell graft. Recent data support the use of donor hematopoietic stem cells obtained from
peripheral blood rather than bone marrow, especially in more advanced disease states (3).
Despite the drawbacks noted above, allogeneic stem cell transplantation remains a treatment
modality that has provided curative therapy for many patients.

Unfortunately, only about one-quarter of patients have a histocompatible sibling donor.
Over the past decade, the need for alternative donors has pushed the scientific frontiers. As a
result, sensitive molecular methods of tissue typing have been developed, including DNA

9
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oligonucleotide sequencing, which provide an opportunity to use matched, but unrelated,
donors. Improvements in the precision of HLA-typing methologies allow identification of
more closely matched donors, which will result in a lower incidence and severity of GVHD and
improved survival (4–6). Additionally, various centralized registries have been developed that
can identify potential donors and procure hematopoietic stem cells from these matched unre-
lated individuals. Such registries can furnish bone marrow, peripheral blood, and umbilical
cord blood units, thus enabling appropriate candidates to undergo alternative donor allogeneic
transplant procedures.

The morbidity and mortality associated with the use of alternative donor transplants, how-
ever, is significantly greater than that observed with sibling-matched donors. Also, the time
necessary to locate and procure unrelated donor stem cells often is long, which may limit
availability for the majority of patients who urgently require allograft therapy.

2. HAPLOIDENTICAL TRANSPLANTS

A genetically haploidentical family member represents another potential alternative donor.
These individuals are readily available for nearly 90% of patients. Due to the ease of donor
accessibility in most instances, haploidentical transplants have been attempted over the past
two decades. The initial efforts, however, were largely unsuccessful due to an excessively high
treatment-related mortality. Table 1 depicts the main problems. Due to the marked disparity
between donor and recipient, refractory GVHD has been a significant problem (7,8). T cell
depletion of the donor graft is often performed to prevent this problem; engraftment failure
may occur due to the fact that standard conditioning regimens are not sufficiently immunosup-
pressive to eradicate host cytotoxic T lymphocytes (9–12). An additional drawback of
haploidentical transplants includes the slow immune reconstitution, which puts the patient at
risk for life-threatening infectious complications. This effect persists for a significantly longer
period of time when compared to an HLA-matched sibling donor transplant, despite adequate
engraftment and absent or adequate control of GVHD (13–15).

In the past decade, significant strides in allogeneic transplantation have markedly increased
the feasibility of using these donor grafts for transplantation. Recent data suggest that proce-
dures utilizing haploidentical grafts may have a role in patients who do not have markedly
advanced disease, which has confounded interpretation of the data (Table 2) (16–21). Most
reports describe enrollment and treatment of poor-risk patients resulting in high transplant-
related morbidity and mortality and high rates of relapse. Over the past decade, several inves-
tigators have aggressively approached haploidentical transplants in earlier stage, or
responsive-disease, acute leukemia patients, focusing on the safety and improved long-term
efficacy of the procedure. This communication reviews these data.

3. GVHD

GVHD has been one of the major problems which has plagued the success of haploidentical
transplantation (7,8). The risk of acute GVHD was increased significantly in patients who
received marrow grafts obtained from donors incompatible at one, two, or three HLA loci.
The degree of HLA incompatibility correlated directly with the risk for the development of
acute GVHD (5). Patients who received marrow grafts from donors incompatible at one or
more HLA loci had a relative-risk of 3.23 for the development of GVHD compared to
controls. More than 80% of patients incompatible for three HLA loci developed severe acute GVHD.

A variety of approaches have been attempted to reduce the high rate of GVHD, including
removal or suppression donor T cells in the graft (22–25). Infusions of grafts, which contain
less than 1–5 × 104 CD3 cells/kg recipient weight usually are not associated with the develop-
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ment of GVHD; in fact, this degree of T cell depletion may obviate the need for the use of
posttransplant immunosuppression as GVHD prophylaxis (26,27). Other factors, however,
may play a role in likelihood of developing GVHD, including the previous patient cytotoxic
agent exposure and the intensity of the immunosuppression afforded by the conditioning
regimen. Thus, the positve and negative effects of T cell depletion cannot be considered in
isolation (28).

Recent advances in prevention of GVHD utilize inactivation of a select segment of the
alloreactive T cell repertoire. This strategy is executed via blockade of B7-mediated T cell co-
stimulation, which appears to result in a significant reduction in the risk of GVHD without
increasing the risk for graft failure. Donor bone marrow cells can be treated ex vivo in co-
culture with irradiated recipient cells in the presence of CTLA-4-Ig, which is an agent that
inhibits B7:CD28-mediated co-stimulation and induces anergy to recipient alloantigens.
Although only relatively few transplants have been conducted in this fashion, GVHD rates
have been quite low, thus encouraging further investigation of this approach (21,29).

Selection depletion of effector cells such as CD8+ T lymphocytes have been utilized by ex
vivo treatment of donor bone marrow with anti-Leu-2 monoclonal antibody and complement
(30). Although this maneuver may abrogate the severity of GVHD, there are as yet no data in
haploidentical transplantation, demonstrating that such a manipulation will reduce the risk of
graft failure after T cell depletion (31).

4. GRAFT FAILURE

Despite implementation of strategies designed to reduce the likelihood for developing
GVHD, haploidentical transplants remain a high risk procedure. Donor T cells facilitate

Table 1
Barriers to Successful Haploidentical Stem Cell Transplantation

Barriers Current or potential solutions (ref.)

Graft failure Megadoses of CD34 donor cells (47,49).
Immunosuppresive conditioning regimen (44).
Selective myeloablative conditioning (35,36).

Refractory GVHD Maximal donor-cell immune suppression (44).
T cell depletion of the donor graft (22–25).
Co-stimulatory blockade of the donor graft (21), i.e., CTLA-4.

Delayed immune reconstitution Cytokine manipulation (56).
Adoptive cellular immunotherapy (59).
Use of nonalloreactive CTL (27).

Decreased graft-vs-tumor effect NK cell alloreactivity (KIR epitope-mismatching) (73,74).

GVHD, graft-vs-host disease; KIR, donor NK cell killer inhibitory receptors.

Table 2
Logistic Advantages of Haploidentical Family Member Allografts

Immediate donor availability.
No racial or ethnic restrictions.
Multiple donors: select for gender, age, and CMV status.
Continued donor access: additional cells for later immunologic initiatives.
Decreased costs: no banking or registration fees and less HLA typing.
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engraftment and assist in immunological reconstitution of the host. These actions prevent
opportunistic infections, as well as contribute to the direct antitumor effect of the graft. Thus,
T cell depletion of a graft could prevent GVHD, but such benefit was offset by infection and
recurrence of malignancy. Some investigators believed that barriers to engraftment in
haploidentical transplantation could be overcome by increasing the intensity of the condition-
ing regimen, especially with the use of higher doses of total body irradiation (TBI) alone or in
combination with other myeloablative and immunosuppressive regimens (19,32–34). Such
intensive preparative regimens lead to significant visceral organ toxicity, especially in subjects
who previously have received large doses of cytotoxic therapy for advanced disease states.

Graft failure also may be mediated by competition between host hematopoietic progenitor
cells, which survive the conditioning and donor stem cells (35,36). Potent stem cell toxic agents
such as melphalan, busulphan (36), and thiotepa (37), provide relatively selective myeloablative
therapy and can facilitate successful engraftment in the absence of TBI (20,38). In an attempt
to facilitate engraftment without excessive toxicity and GVHD, a variety of immunosuppres-
sive agents have been incorporated into conditioning regimens, including fludarabine (20),
high dose methylprednisolone (39), total nodal irradiation (10), anti-T cell antibodies (40,41), and
antithymocyte globulin (ATG) (20,39,42,43).

One of the most difficult issues in performing a haploidentical transplantation has been balancing
the necessary degree of myeloablation and immunosuppression against the resulting regimen-
related toxicity. One approach has been to utilize a sequential administration of myeloablative drugs
and immunosuppressive therapy, recognizing that the toxic effects of the procedure may be reduced
if these essential components are not given simultaneously. The group at the University of South
Carolina reported a favorable experience in 210 patients in whom the addition of ATG to a TBI-
based conditioning regimen resulted in a 16-d median time to engraftment (44).

The University of Perugia has contributed significantly to advancing the field in
haploidentical transplantation (20). This group developed a relatively nontoxic conditioning
regimen by incorporating thiotepa, single-fraction TBI dose (800 cGy), fludarabine, and ATG.
This regimen is associated with an approx 10% treatment-related mortality at 30 d after stem
cell infusion. This approach relies upon the concept that escalation of stem cell dose directly
contributes to the likelihood of establishing donor-type chimerism. Cells within the CD34
subset possess potent “veto activity,” which enable these cells to neutralize cytotoxic T lym-
phocyte-precursors (CTL-p) directed against veto-cell antigens. The greater the number of
CD34 stem cells infused, the greater the induction of tolerance in the host (45,46).

The concept of stem cell dose escalation in humans could be tested only after technologies for the
mobilization and collection of peripheral blood progenitor cells became available as a result of
cytokine therapy (47,48). Megadoses of CD34 cells, in the range 107 CD34 cells/kg recipient weight
or greater, could be collected and T cell-depleted in vitro. After infusion, these cells engraft success-
fully and are not associated high GVHD rates (49). This method has been replicated at other institutions
and offers great promise for current and future studies of haploidentical transplantation (50).

T cell-depleted allografts, however, appear to have only a limited capacity to reconstitute
bone marrow mesenchymal stem cells (51). This cell type not only contributes to fabricating
the bone marrow microenvironment, but also may possess immunosuppressive properties that
can attenuate GVHD (52). Future transplant strategies may incorporate infusions of ex vivo
culture-expanded mesenchymal stem cells as a supplement to T cell-depleted hematopoietic
stem cell allografts in order to improve bone marrow stromal reconstitution (52).

5. DELAYED IMMUNE RECONSTITUTION

As the problems of engraftment and prevention of excessive GVHD have become more
manageable, investigators performing haploidentical transplants have focused on the marked
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delay in immune reconstitution, which persists for months and even years after transplant.
Recovery of CD4 cells may take 6–18 mo or longer to recover. Immune recovery after intensive
T cell depletion has been associated with a very high risk for viral, fungal, and other opportu-
nistic infections (13,53,54). This delay represents the most important cause of mortality in
adults undergoing haploidentical bone marrow transplantation and may approach a rate of 40%
in the posttransplant setting (20).

Delayed immunity results from the low number of infused donor T cells and diminished
thymic function in the adult and defective antigen-presenting cell function (including mono-
cytes and dendritic cells) are significant factors (55). The use of granulocyte colony-stimulat-
ing factor (G-CSF) to speed engraftment has been demonstrated recently to block interleukin
(IL)-12 production by the antigen-presenting cells; IL-12 is a key participant in the initiation
of protective Th1 immunity against opportunistic infections and viruses (53). Preliminary
clinical data indicate that avoidance of G-CSF after transplant results in an enhanced rate of
immune reconstitution, including the recovery of CD4 cells without adversely affecting rate
of engraftment (45,56).

Adoptive transfer of specific T cell clones is a tool that has been used to a limited extent to
restore specific immunity against Candida sp., Aspergillus sp., and Toxoplasma after trans-
plantation (27,57). Investigators at the Fred Hutchinson Cancer Research Center in Seattle
have developed a reliable method for the adoptive transfer of haploidentical donor CMV-
specific T cell clones targeted against infected host T cells (58,59). The process is extremely
time-consuming, labor-intensive, and technically complex; however, infusion of these donor
T cells, which are specifically reactive for CMV antigens, has resulted in very specific targeted
immunity. At present the use of such adoptive therapy is not a routine laboratory procedure,
but this technique represents another promising clinical avenue to reduce infection-related
morbidity and mortality after transplant.

6. INDUCING TOLERANCE

Another approach to improving haploidentical transplantation might involve the induction of
tolerance. GVHD is initiated by adoptive transfer of donor T cells that recognize host alloantigens
and produce a characteristic reaction, but use of T cell depletion strategies in the donor graft may
lead to engraftment failure and a prolongation of the immunodeficiency after transplant. The
more common method of preventing GVHD, via the application of nonspecific immunosuppres-
sive medications given as prophylaxis after transplantation, can lead to the development of
opportunistic infection, tumor recurrence, and onset of secondary malignancy (60–63).

Several investigators have addressed such problems by attempting specifically to sup-
press alloreactive T cells, without inhibiting the entire T cell repetoire, by blocking the initial
steps of immune recognition that induce GVHD. Immune activation of T cells requires two
signals from antigen-presenting cells, i.e., one specific antigen signal and a nonspecific
costimulatory signal (64,65). These two signals include delivery of an immunogenic peptide
presented within the major histocompatibility locus to the T cell receptor and the interaction
of cell surface proteins present on antigen presenting cells and T cells. If the latter signal is not
present or is blocked, the T cells become incapable of responding to the antigen presented to
them, i.e., the state of anergy.

An example of one critical co-stimulatory signal occurs between the B7 protein on antigen-
presenting cells and the CD28 molecule on the T cell surface. If this interaction is blocked, i.e.,
B7 blockade, anergy ensues (66). In preclinical systems interfering with B7:C28, interaction
permits successful transplantation of histoincompatible allografts without the need for phar-
macologic immunosuppression (67). Another method to produce anergy is to interfere with
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donor T cell recognition of host antigens as targets potentially leading to GVHD, the agent
CTL-associated antigen (CTLA)-4 Ig can be used to create a situation of anergy in the patient.
One group has successfully reported that donor bone marrow mismatched at one HLA haplo-
type could be treated ex vivo with CTLA-4 Ig to induce anergy and a low risk of GVHD in the
recipient without impairing hematopoiesis (21,66,68). These methods for co-stimulatory block-
ade provide a theoretical means to induce tolerance and are likely to be more extensively
studied over the next few years. Some authors, however, have urged caution, since efforts to
induce tolerance might result in the development of severe GVHD if any of the CTL-p escape
deletion or anergy induction and committed CTLs are generated. Once primed, the alloreactivity
of these antihost CTLs is extremely difficult to suppress in vivo (27).

Another approach currently being evaluated is based on earlier studies that showed that
CD8+ CTL clones possess extremely high veto activity (69). Preliminary data from the
Weizmman Institute in Israel has focused on depleting such veto cells of alloreactive activity
by generating nonalloreactive anti-third-party CTL clones. These cells, evaluated by their
capacity to facilitate engraftment of purified Sca-1 +Lin- hematopoietic progenitors in suble-
thally irradiated mismatched recipients, can be used to induce tolerance (27,50,70–72). If this
strategy can be successfully implemented, many complications of haploidentical transplanta-
tion can be avoided making this type of transplant approach more commonplace.

7. IMPAIRED ANTITUMOR RESPONSE

T cell depletion carries with it a high risk of leukemic relapse, in part due to abrogation of
the graft-vs-leukemia effect. This phenomenon made it difficult to reconcile the finding of a
relatively low relapse rate in advanced acute myeloid leukemia patients undergoing T cell-
depleted allogeneic transplants (20). Recent studies, however, suggest that donor natural killer
(NK) cell alloreactivity may play a significant role in providing a graft-vs-leukemia effect
(73,74). This donor NK cell alloreactivity probably is unique to the mismatched transplant
situation; donor NK cell killer inhibitory receptors (KIR) do not appear to recognize the major
histocompatibility complex (MHC) allotypes of the recipient as “self.” Thus, these donor cells
lyse the recipients’ hematopoietic cells. The NK cells, which generate in vivo after donor graft
infusion and which arise from the donor stem cells, do not exhibit tolerance towards the new
host, and a significant number of donor-type NK cells clones are alloreactive against the
recipient (74). This alloreactivity usually depends upon the recognition of a particular epitope
shared by specific HLA allotypes.

In long-term follow-up of 75 high risk acute myeloid leukemia patients, this donor cell NK
alloreactivity effect appears quite potent (75). Only one of 28 patients transplanted from donors
with the potential to transfer anti-recipient NK alloreactivity has relapsed. In contrast, 14 of
47 patients have relapsed when donor grafts were unable to provide anti-recipient NK cell
alloreactivity in vivo (75) (p <0.05). Thus, these clinical data strongly support the hypothesis
that only mismatched transplants can provide a graft-vs-leukemia effect, independent of T cell-
mediated GVHD reactions, when KIR epitope incompatibility is in the GVHD direction. These
authors suggest that donor-vs-recipient NK cell alloreactivity may become a major criteria for
donor selection in mismatched hematopoietic stem cell transplants.

8. CLINICAL PERSPECTIVE

Although the number of sibling-matched allogeneic stem cell transplants performed has
steadily increased over the past four decades, this type of procedure can be offered only to a
minority of patients, since most subjects do not have an HLA-matched sibling donor and many
individuals are beyond the age where this approach can be performed within a reasonable
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degree of safety. For those patients who lack an acceptable matched donor and are otherwise
suitable candidates, a matched unrelated donor transplant usually is performed. Although
success rates are increasing, this procedure is associated with a high transplant-related mor-
tality (30–40%) and a high long-term morbidity (76–79). In the setting of advanced leukemia,
this approach rarely is successful, as many such patients do not survive the long waiting period
(3–6 mo) until a suitable donor can be found.

One of the largest series reporting results of matched unrelated donor transplants has been
updated demonstrating that long-term leukemia-free survival in 81 relapsed acute myelog-
enous leukemia patients was only 7% (80). These less-than-desired results paradoxically reflect
an inherent patient selection bias. Those individuals who could “survive” the long waiting
period required to identify a suitable donor likely provided a better group to undergo the
procedure. The logistics of donor identification have precluded undertaking an intent-to-treat
analysis comparing matched unrelated donor transplants with other approaches for advanced
acute myeloid leukemia patients.

Haploidentical hematopoietic stem cell transplantation presents a better logistic and prac-
tical alternative to matched unrelated donor transplants. About 90% of patients have a suit-
able, willing family member donor readily available (parent, sibling, offspring) and the
procedure can be arranged and undertaken within a very short period of time. The most recent
experience published from the University of Perugia, Italy, suggests that not only does the
morbidity and mortality not exceed the values reported for matched unrelated donor trans-
plants, but in acute myeloid leukemia there is no excessive risk of relapse (20,50). The results
in 111 acute leukemia patients transplanted April 1993 through June 2000 are shown in Figs.
1 and 2 (81). The 5-yr event-free survival for refractory disease patients (N = 84) was disap-
pointing at 15%. These data, however, do not reflect a lead-time bias since all refractory disease
patients are reported, including those who would never have survived long enough to wait for
an unrelated donor to be located and the stem cells collected. In contrast, Figs. 1 and 2 show
a 45% 5-yr event-free survival and 12% relapse rate for very high-risk acute leukemia patients
(N = 27) in first or second complete remission who received haploidentical transplants. The
Perugia group results reflect the fact that they utilize the CliniMACS (Miltenyi Biotech,
Bergisch Gladbach, Germany) stem cell selection instrument for providing a donor graft,
enriched for CD34 and depleted of T cells, which is associated with reduced transplant-related

Fig. 1. Event-free survival for 111 patients with acute leukemia who underwent haploidentical transplan-
tation April 1993 through June 2000 at the University of Perugia, Italy.
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mortality. Of great import, these investigators showed in sequential studies that the transplant-
related mortality was reduced from 63%, using the Isolex 300 device (Baxter, Deerfield, IL),
to 42%, with the Ceprate instrument (CellPro, Bothell, WA), to only 20% with the CliniMACS
apparatus (82). These data are not prospective comparisons, and the patient sample sizes are
limited. These results, using the CliniMACS device, have been confirmed by another group,
while use of other technologies has proven inferior in approaching haploidentical transplants
(83,84). As other groups continue to utilize differing approaches, such as the blockade of B7-
mediated T cell co-stimulation, the improved results with haploidentical transplantation may
lead to greater acceptance as a therapeutic alternative (21,66,68).

9. SUMMARY

Haploidentical hematopoietic stem cell transplantation is a viable option for acute leukemia
patients who do not have a suitable HLA-compatible sibling donor. Since most patients have
a genetically haploidentical family member, identification and collection of donor cells and
subsequent transplant may be performed without delay. In the past, this approach proved too
toxic due uncontrolled GVHD, failure to engraft, delayed immune reconstitution, and late
opportunistic infection, often resulting in an unacceptably high treatment-related morbidity
and mortality. Recent modifications and new technologic developments have largely over-
come the problems of excessive GVHD and high rates of nonengraftment. The most promising
data utilize “megadoses” of CD34+ and CD3-depleted donor cells obtained from peripheral
blood. In some T cell-depleted haploidentical transplants, an NK-mediated graft-vs-leukemia
effect may lead to a low rate of relapse. Encouraging clinical results have shifted the focus to
resolve the delay in immune reconstitution and to prevent late infectious complications.
Although highly specialized, new directions include applying adoptive cellular therapy to
restore defective immunity and more efficient and selective instruments for CD34 enrichment
of the graft. Additional advances may include use of anti-third-party nonalloreactive CTLs,
which may improve immunologic reconstitution in dramatic fashion; these preclinical data
await testing in humans.

Haploidentical transplantation is an option immediately available to the majority of patients
with acute leukemia and may be an acceptable alternative to matched unrelated donor trans-
plantation. Most HLA-mismatched donor hematopoietic stem cell transplants have been

Fig. 2. Risk for relapse of leukemia in 111 patients who underwent haploidentical transplantation April
1993 through June 2000 at the University of Perugia, Italy.
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undertaken in acute leukemia patients. One group, however, has reported results in five bone
marrow transplant procedures from haploidentical-related donors (sharing at least one HLA-
A, -B, or -DR allele on the mismatched haplotype) in refractory non-Hodgkin’s lymphoma
patients using nonmyeloablative conditioning (85). Mixed hematopoietic chimerism was
established, with a predominance of donor lymphoid tissue and varying degrees of myeloid
chimerism. Two patients were in GVHD-free states of complete and partial clinical remission
at 460 and 103 d, respectively, after bone marrow transplantation. Prospective, multicenter,
controlled clinical trials, and companion translational studies in acute leukemia and other
disorders undoubtedly should further improve upon this modality.
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1. INTRODUCTION

Transplantation of allogeneic hematopoietic stem cells (HSC) derived either from sibling
or unrelated donor bone marrow (BM) or mobilized peripheral blood (PB) have been success-
fully utilized in the treatment of high risk or recurrent hematological malignancies, BM failure
syndromes, hemoglobinopathies, selected hereditary immunodeficiency states, and inborn
errrors of metabolism (1). However, a number of limitations exist that impede the successful
use of such HSC transplant therapy. The first of these is the unavailability of suitable donors.
With current trends in family size in the U.S. fewer than 35% of patients will have an human
leukocyte antigen (HLA)-matched sibling (2). While there are currently more than 5 million
HLA-typed marrow donors registered in BM donor registries worldwide, substantial numbers
of patients are still unable to find an available, suitably HLA-matched BM donor. For example,
although an initial search may identify at least one potential HLA-matched donor for 85% of
Caucasian patients, 40% of African-American or Asian-Pacific-Islanders will not have a
matched donor (3–5). Further, because of the heterogeneity of HLA haplotypes seen in some
racial groups, such as African-Americans, HLA-matched BM may be unavailable regardless
of registry size (6). Also, the unrelated BM donor search process can be lengthy, taking 3.7 mo
on average (5).

A further problem of unrelated donor BM transplantation (BMT) is graft-vs-host disease
(GVHD), particularly if HLA-mismatch is present (5,7). This results in high transplant-related
mortality that is substantial in children and potentially prohibitive in adults. While T cell
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depletion (TCD) of unrelated donor BM has reduced the incidence of GVHD, it has not resulted
in an increased long-term survival due to the other complications of graft failure, delayed
immune reconstitution, and relapse (5,8).

Thus, a convincing rationale can be made to investigate alternative strategies in HSC trans-
plantation. Umbilical cord blood transplantation (UCBT) represents an exciting new source of
HSC that has the potential to address these limitations. Therefore, UCB banking programs
were initiated in 1993 and now exist throughout North America, Europe, Japan, and Australia.
In 1992–1993, the International Cord Blood Transplant Registry (ICBTR) (USA) and the
EuroCord Transplant Registry were established as repositories of clinical data on the outcomes
of UCBT in an attempt to determine the true attributes of this new HSC source. In 1997, the
ICBTR was integrated with the International Bone Marrow Transplant Registry.

As of 2001, UCB from sibling and unrelated donors has been used to reconstitute hemato-
poiesis in an estimated 2000 patients with malignant and nonmalignant disorders. Diseases for

Table 1
Diseases Treated by UCBTa

Malignant diseases
Acute myelocytic leukemia
Chronic myelogenous leukemia
Myelodysplasia
Acute lymphoblastic leukemia
Non-Hodgkin’s lymphoma
Neuroblastoma
Histiocytic disorders

Nonmalignant diseases
Disorders of hematopoiesis

Fanconi anemia
Blackfan-Diamond syndrom
Dyskeratosis congenita
Sever aplastic anemia
Amegakaryocytic thrombocytopenia
Thalassemia
Sickle cell anemia

Congenital metabolism disorders
Hurler syndrome
Hunter syndrome
Gunther syndrome
Osteoporosis
Globoid cell leucodystrophy
Adrenoleucodystrophy
Lesch-Nyhan syndrome
Other (unspecified)

Congenital immunodeficiencies
Kostmann syndrome
Severe combined immunodeficiency
Leucocyte adhesion deficiency
Chronic granulomatous disease
X-linked lymphoproliferative disorder
Wiskott-Aldrich syndrome
Other (unspecified)

aReported to the ICBTR and EuroCord.
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which UCBT has been used are summarized in Table 1. UCB has the advantages of: (i) rapid
availability; (ii) absence of donor risk; (iii) absence of donor attrition (except by use of the UCB
unit); and (iv) very low risk of some transmissible infectious, diseases such as cytomegalovirus
(CMV) and Epstein-Barr virus (EBV). In addition, clinical experience has shown HLA dispar-
ity is tolerated with lower than expected rates of GVHD (9–13). Therefore, this novel source
of HSC has a number of important attributes that may potentially make a major contribution
to the field of HSC transplantation. This chapter will overview the current state of knowledge
regarding UCBT with emphasis on new areas of interest, including the comparison of out-
comes of UCBT and BMT, the application of UCBT to adults, and methods to overcome the
problem of limited UCB cell dose.

2. HISTORICAL BACKGROUND

Use of human UCB as a source of transplantable HSC was first suggested in 1983 by
Professor Edward A. Boyse in conversations with Dr. Hal Broxmeyer and Ms. Judith Bard. In
1984–1985, the hypothesis that UCB contained long-term reconstituting HSC was tested in a
mouse model (14). Broxmeyer et al. then established practical and efficient methods of collect-
ing and storing UCB for clinical use (15). The first UCB transplant took place in Paris in 1988,
in which UCB was used as the sole source of HSC in a child with Fanconi anemia who was
conditioned with cyclophosphamide and limited field radiation (16). This resulted in complete
and sustained chimerism in multiple lymphohematopoietic lineages, thus demonstrating that
pluripotential HSC existed in human UCB. This child remains alive and well 12.5 yr after
UCBT (Kurtzberg et al., personal communication).

3. BIOLOGICAL CHARACTERISTICS OF UCB

3.1. Primitive Progenitor Cells
Ontologically, hematopoiesis begins in the ventral aspect of the fetal aorta and primitive

yolk sac early after conception. Subsequently, after an hepatic phase, hematopoietic cells
migrate, via the blood, to the BM space at the end of the second gestational trimester, where
hematopoiesis subsequently remains. The exact reason why cord blood is so enriched with
hematopoietic cells is not known. This phenomenon has not been explained by the character-
ization of cell surface adhesion molecules thus far (17). Broxmeyer et al. (15) have shown that
these progenitors disappear from the circulation shortly after birth. The reasons for this are also
unknown, but could be triggered by changes in hormonal levels or oxygen tension.

The fact that humans can be reliably reconstituted after myeloablative conditioning with a
>1 log less UCB cells than are used in allogeneic BMT from an adult donor is the greatest
testament to the unique nature of UCB HSC. Numerous laboratories have investigated the
biological characteristics of UCB and demonstrated a higher proportion of primitive hematopoi-
etic progenitors in UCB, with superior in vitro proliferative responses and in vivo engraftment
capacity in comparison to adult BM (18–22). These are summarized in Table 2. The functional
differences in UCB primitive progenitors as compared to BM appear to relate to their relative
positions in ontogeny, as fetal liver cells have even superior performance in some stem cell assays
(21). The mechanisms underlying functional differences between UCB and BM progenitors may
include differing ability of UCB cells to exit the G0/G1 phase of the cell cycle, UCB autocrine
production of stimulatory cytokines, and longer telomere length in UCB (18,22).

3.2. Ex Vivo Expansion and Gene Transfer
 As discussed elsewhere in this chapter, there are compelling clinical data relating engraft-

ment and survival after UCBT to cell dose (9,11,12). For this reason, numerous investigators
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are exploring the possibility of ex vivo expansion of HSC in UCB. Thus far, no investigator
has convincingly expanded true HSCs from UCB or other source. However, primitive progeni-
tors may be expanded. Lewis et al., for example, have shown that primitive CD34+CD38- UCB
progenitors may be expanded in a stromal-based noncontact culture supplemented with murine
hematopoietic-supportive stroma, and early acting cytokines such as fetal liver tyrosine kinase-
3-ligand (Flt3-L), interleukin (IL)-7, stem cell factor and thrombopoietin (Tpo) (23). Such
cultures may expand both myeloid and lymphoid long-term culture-initiating cells (LTC-IC)
for 5 wk and maintain severe combined immunodeficiency (SCID)-repopulating cells (SRC)
for at least 2 wk that engraft in two sequential non-obese diabetic SCID (NOD-SCID) or fetal
sheep recipients. The identification of the hematopoietic supportive factors secreted by the
murine stromal feeders (24,25) has allowed the development of a stroma-free expansion sys-
tem that supports a 19.8-fold expansion in colony folming cells (CFC), a 2.6-fold expansion
in LTC-IC, and maintenance of SRC, which is now ready for clinical application (26).

Regardless of the exact culture system employed, it is not yet clear whether UCB hemato-
poietic progenitors expanded in culture are functionally equivalent to their unmanipulated
counterparts. It is concerning that ex vivo culture systems have been shown to interfere with
homing and engraftment of HSC in NOD-SCID mice, for example. The underlying mecha-
nisms for this may relate to changes in the cell cycle status of the hematopoietic progenitor (27).
This may explain why clinical trials of ex vivo-expanded UCB have not yet been shown to be
efficacious in terms of rate of leucocyte recovery. For example, the largest series to date
reported neutrophil engraftment to a count of 0.5 × 109/L at a median of 26 d (range 15–45)
in 31 of 33 patients (28). Of concern, this series was associated with higher than expected rates
of severe acute grades III–IV (8 of 32 patients) and extensive chronic GVHD (9 of 15 patients),
raising the possibility that this could be due to the ex vivo manipulation of the graft. Further
clinical trials with ex vivo-expanded UCB HSC are currently underway.

Many possible methods to improve results with ex vivo expansion could be explored, as
there are multiple variables in these culture systems including the media, sera, cytokines,
glycosaminoglycans, culture bags, and culture time. Carow et al. have demonstrated the
replating ability of UCB multipotential progenitors (colony-forming unit-granulocyte erythoid
mancrophage [CFU-GEM]) was enhanced by UCB plasma as compared to fetal bovine serum

Table 2
Laboratory Characteristics of Primitive UCB Progenitors

Characteristic Comments and comparison to BM

Phenotype • CD34+ comprising approx 1% nucleated cells: similar to BM.
• CD34+HLADR+ or -: differs from BM in which primitive cells are

CD34+HLADR-.
• CD34+CD38-: fourfold higher than BM.
• Primitive CD34+CD38- cells also positive for flt3, thy1, AC133 with low

levels of rhodamine 123 and c-kit.
Proliferation in vitro • UCB cells demonstrate superior performance as compared to BM in terms of

frequency and size of colonies in CFC and LTC-IC assays with greater self-
renewal capacity.

Proliferation in vivo • UCB cells engraft NON-SCID mice more efficiently than BM.
• Frequency of SRC threefold higher than BM.

Telomere length • Significantly longer than adult BM cells.
Cell cycling • Primitive UCB cells are more likely in G0/G1 phase of cell cycle as compared

with more rapid cell cycling of similar BM cells.
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(29). Therefore, autologous neonatal serum collected from the cord blood unit could be used
to substitute for other serum sources during culture, as tested by Kogler et al. (30). Another
possible approach could be cotransplantation of stromal cells with UCB, as has been suggested
for in utero transplantation and demonstrated to be beneficial in the preimmune fetal sheep
model (31).

Gene transfer of UCB HSC would be highly useful for tracking the fate of expanded cells
in ex vivo expansion protocols and in the correction of congenital disorders due to single gene
defects. In families with a known genetically determined disease affecting hematopoiesis or
the immune system, subsequent children should have their UCB collected at birth. If the child
is normal, then these HSCs may be used for transplantation of the affected sibling, and if
affected, the child may be able to undergo autologous transplant with genetically corrected
cells. In this scenario, a further advantage of using HSC from UCB over other sources is that
UCB has shown to be more readily transduced ex vivo (32). An example of such an approach
is the treatment of adenoside deaminase (ADA)-deficient neonates by Kohn et al. who used
autologous genetically manipulated CD34+ UCB cells (33).

Steady progress is being made in the field of gene therapy. For example, French physicians
have recently treated two children with SCID due to defective IL-2 receptor common γ chain
using a retroviral vector (34). However, a number of challenges remain. For example, the
application of gene marking using retroviral vectors to ex vivo expansion has proven to be
problematic as the optimal expansion conditions are not necessarily the optimal conditions for
transduction (35). Also, because of concerns that the ex vivo culture required for retroviral
marking may interfere with the homing and engraftment capacity of HSC (27), alternative
vector systems, such as lentiviral vectors, which can transduce nondividing cells, are currently
being developed. Woods et al. have demonstrated efficient transduction of CD34+ UCB cells
after overnight incubation with 16–28% of resultant colony-forming unit-granulocyte mac-
rophage (CFU-GM) colonies being transduced (36). Transduction of SRC were also seen with
over 50% of CFU-GM colonies derived from primary and secondary NOD-SCID transplant
recipients being transduced. However, no results from clinical studies utilizing such vectors
are available as yet.

4. IMMUNE FUNCTION

The fact that 2 and 3 antigen HLA-mismatched unrelated donor UCB can be transplanted
without inducing life-threatening GVHD suggests that significant differences exist between
the neonatal and adult immune systems. However, the exact reasons why GVHD is lower than
expected are not well understood. It may be partly accounted for by the reduced number of T
cells in UCB grafts. UCB grafts contain a median of 8 × 106 CD3+ T cells/kg recipient body
weight, as compared to an unmanipulated BM graft with 3–4 × 107 CD3+ T cells/kg. However,
this is not sufficient to explain the relatively low GVHD rates, as most studies in BMT would
suggest that a CD3 cell dose of < 0.1 × 106 CD3+ cells/kg is required to eliminate the risk of
severe acute GVHD, particularly in the setting of HLA disparity.

The alternative explanation is the “immunologic naiveté” of UCB immune cells. Numerous
investigators have demonstrated complex differences between UCB and adult BM or blood.
These include higher levels of CD4+CD 45RA+ cells, lower alloantigen and mitogen-specific
T cell proliferation, lower inflammatory cytokine production and responses, a polyclonal T cell
receptor repertoire, increased susceptibility to tolerance induction, and differences in natural
killer (NK) cell and dendritic cell biology (37–45). However, whether it is these properties that
account for the reduced capacity of transplanted UCB cells to mediate GVHD remains to be
determined. Furthermore, it is possible to hypothesize additional reasons for this phenomenon.
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For example, circulating suppressor cell,s such as trophoblasts, could exert an
immunomodulatory effect. Also of relevance, as suggested by results in haploidentical UCBT,
is the role of partial tolerance to the HLA of noninherited maternal alleles (NIMA) (46). This
phenomenon has already been shown to impact the outcomes of mismatched BMT (47).

There has been concern that a reduced number and/or function of UCB immune cells may
raise the risk of opportunistic infection, relapse. and EBV-associated posttransplant
lymphoproliferative disorder (PTLD), as has been observed in recipients of TCD BMT. The
most compelling argument to counter this concern is that the human neonate does not die of
opportunistic infection. Nonetheless, case series have suggested a high incidence of opportu-
nistic infection in UCBT recipients. For example, a comparison of outcomes of HLA identical
sibling donor UCB and BM by Rocha et al. demonstrated a higher incidence of death due to
infection and bleeding in the UCB recipients compared to higher rates of GVHD, interstitial
pneumonitis, and organ failure in the BM cohort (48). While this may be due to a relative delay
in neutrophil engraftment in UCBT, this may also reflect delayed immune reconstitution.

Thus far, clinical studies in this area are currently limited to small case series, predominantly
in pediatric patients. Locatelli et al. (81) suggested that the kinetics of immune recovery of
three recipients of related UCB was similar to that seen after BMT, except for a relative
expansion of B cells in the peripheral blood. Normal or elevated B cell numbers were also noted
by Giraud et al. (49). Abu-Ghosh et al. showed recovery of B and NK cells within the first 90 d
after transplant in seven pediatric unrelated donor UCBT recipients (50). However, both CD4+
and CD8+ T cell subsets were significantly depressed during this period. Giraud et al. docu-
mented prolonged depression of CD3+CD8+ T cells until around 12 mo after transplant, with
less impairment of CD3+CD4+ T cells (49). Thomson et al. (51) reviewed the experience of
27 children receiving unrelated donor UCBT. CD19 and NK cell recovery were seen at a
median of 6 and 2 mo, respectively, whereas CD4 and CD8 T cell recovery were relatively
delayed at a median of 12 and 9 mo, respectively (51).

Immune reconstitution after unrelated donor transplantation is a relatively new area of
analysis in HSC transplantation, and carefully controlled prospective studies will be required
to determine if UCBT and BMT differ in this respect. Of interest, Talvvensaari et al. have
compared the immune recovery of pediatric UCBT recipients (related and unrelated) with age-
matched controls who received HLA identical non-TCD BMT for the treatment of hematologic
malignancy (52). They found similar disturbance of T cell repertoire and low levels of thymic
emigrants as measured by T cell receptor excision circles (TREC) in the first year after trans-
plant in both groups. Subsequently, however, reconstitution of the T cell compartments pro-
gressed with higher diversity of the T cell repertoire seen in the UCBT group. Weinberg et al.
studied factors affecting thymic function after allogeneic HSC transplantation. Chronic GVHD
was the most important factor that predicted low TREC levels, even years after transplant. In
this regard it is, therefore, possible to hypothesize that UCB recipients may have an advantage
due to the low incidence of chronic GVHD (9–12). Notably, UCBT has also been associated
with fully reconstituted T cell repertoires in adult recipients (53). Overall, progress is being
made in identifying factors that could improve T cell reconstitution after HSC transplantation,
such as IL-7 (54) or keratinocyte growth factor (55), and these could be applied to UCBT to
assist in immune recovery.

One question that remains is whether differences in alloreactivity after UCBT may affect
the incidence of malignant relapse. While it is too early to make a definitive statement about
relapse risk in UCBT as compared to BMT, it is encouraging that the incidence of relapse has
remained low after UCBT, suggesting that UCB can mediate a graft-vs-leukemia (GVL)
effect. Furthermore, evidence of a UCB-mediated GVL can be obtained from case reports of
the efficacy of sibling donor lymphocyte infusions (DLI) or induction of GVHD/GVL with
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cytokines (56–59). Similarly, the incidence of EBV-associated posttransplant lymphoproliferative
disorder (EBV-PTLD) is not increased relative to that seen with other allogeneic stem cell sources.
Marshall et al. recently found impaired reconstitution of EBV-specific T lymphocytes in four UCB
transplant recipients, although in none of these patients were EBV viral titers elevated (60). Further-
more, a recent review of 272 unrelated donor UCBT done at the Universities of Minnesota and Duke
revealed five cases of EBV-PTLD giving a cumulative incidence (CI) of 2% (95% CI: 0.3–3.7) at
2 yr (61). This incidence compares favorably with that reported after TCD BMT.

5. RELATED DONOR UCBT

Although the greatest potential utility of UCB is as a source of unrelated donor HSC, clinical
experience in UCBT was initially achieved in the setting of sibling donors. In this section,
results of two sibling UCBT case series are summarized (9,46), as well as a recent analysis by
Rocha et al. in which the comparison between the outcomes of pediatric HLA-identical sibling
BMT vs HLA identical sibling donor UCBT is described (48).

5.1. Clinical Results: Case Series (Tables 3 and 4)
5.1.1. HEMATOPOIETIC RECOVERY

An analysis of ICBTR data revealed that the actuarial probability of neutrophil recovery by
d 60 for 56 recipients of 0–1 HLA-mismatched sibling grafts was 0.91 (95% CI: 0.89–0.93)
(46). Platelet recovery to ≥50 × 109/L was 51 d (range 15–117). Of five patients that experi-
enced graft failure, four patients were transplanted for a BM failure syndrome and one patient
was transplanted for the treatment of Hunter syndrome. In the EuroCord analysis, the median
time to achieve neutrophil recovery was 30 d (range 8–56) for 143 UCBT patients, with no
differences between recipients of related and unrelated donor grafts (9). The probability of
neutrophil recovery by d 60 was 0.79, and for platelets was 0.62 for the related donor recipients,
with 15 of 78 patients experiencing graft failure (malignancy 7 out of 46 vs nonmalignancy
8 out of 32). Neutrophil engraftment was influenced by age (p = 0.02) and weight (p = 0.02),
and there was a trend toward the effect of cell dose (p = 0.06). In contrast, for platelet recovery,
the most important factor was HLA identity between donor and recipient (p <0.001).

The striking feature of these series was absence of a strong relationship between cell dose
and hematopoietic recovery, which is in marked contrast to the unrelated donor UCBT expe-
rience. This difference may be explained by the homogeneity in recipient weights and/or ages.
and the fact that the majority of pediatric sibling recipients had a UCB graft cell dose that
exceeded the threshold required for engraftment. Although the data are limited, these data may
suggest a higher risk of graft failure in recipients with nonmalignant diseases. Despite this,
some promising results have been reported with sibling donor UCBT for hemoglobinopathy
which are summarized in Table 5 (62–66).

5.1.2. GVHD
The ICBTR analysis revealed very low rates of grade II–IV GVHD of 0.03 in the 56

recipients of 0–1 HLA-mismatched sibling donor grafts. Similarly, the rate of chronic GVHD
was very low, with no patients having extensive disease. In the EuroCord analysis, the esti-
mated probability of patients with an HLA-matched sibling donor experienced grade II–IV
acute GVHD was 0.09. In this series, the only factor to impact on the incidence of GVHD was
HLA disparity, with an acute GVHD incidence of 0.50 in recipients of HLA-mismatched UCB.
Eight of 56 patients who survived more than 100 d experienced chronic GVHD. Overall, the
incidence of GVHD in these series appears to be low, and this has been confirmed in a formal
comparison of outcomes in UCBT and BMT recipients as detailed below.
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5.1.3. SURVIVAL

At a median follow-up of 2 yr, the actuarial probability of survival for recipients of 0–1
HLA-mismatched grafts in the ICBTR analysis was 0.61 (95% CI: 0.81–0.49). In the EuroCord
analysis, the 1-yr survival was 0.63 (95% CI: 0.57–0.69), with the only variables associated
with longer survival being age <6 yr weight <20 kg, negative recipient CMV serology, and
HLA identity. Notably, there was a high mortality in recipients of 2–3 HLA-mismatched-
related donor grafts in both series.

Table 3
Summary of Patient and UCB Graft Characteristics of Two Case Series of Sibling Donor UCBT

Age (yr) Cell dosea

Series Total N (range) (range) HLA-mismatch: N

ICBTR Wagner et al. 74 4.9 4.7 0–1: 56
(0.5–16.3) (1.0–33) 2–3: 18

Eurocord Gluckman et al. 78 5 3.7 0–1: 63
Malignancy: 46 (0.2–20) (0.7–30) 2–3: 14
Nonmalignancy: 32 4: 1

a× 107 Nucleated cells/kg recipient body weight.

Table 4
Summary of Outcomes of Two Case Series of Sibling Donor UCBT

Outcomes ICBTRa Wagner et al. Eurocordb Gluckman et al.

N 56 78
Hematopoietic recovery
Median days to ANC >0.5 × 109/L 22 30
Probability: ANC >0.5 × 109/L D + 60 0.91 0.79
Median d to plat. >20 × 109/L NA 49
Median d to plat. >50 × 109/L 51 NA
GVHD
Acute: grade III–IV 0.03 4 out of 78 patients (5%)
Chronic None with extensive 8 out of 56 patients (14%)

disease
Survival 0.61 at 2 yr 0.63 at 1 yr

aData for 0–1 mismatch.
bData for 0–4 HLA mismatch.

Table 5
Outcome of HLA Identical Sibling Donor UCBT for Patients with Hemoglobinopathies

1st Author Disease N Engraftment Outcome

Miniero βthal 7 3 out of 7 7 out of 7 alive: 3 100% donor, 4 auto recovery.
Sickle 3 2 out of 3 3 out of 3 alive: 2 100% donor, 1 100% donor after

sibling BMT.
Issaragrisil βthal 6 5 out of 5 5 out of 6 alive: 1 death d 25, 5 out of 6 engrafted

(% donor N/A).
Li Thal 1 0 out of 1 1 out of 1 alive: auto recovery.
Graphacos βthal/HbLepore 1 1 out of 1 1 out of 1 alive: donor engrafted (% donor N/A).

βthal, βthalassemia; Sickle, sickle cell anemia; Auto, autologous.
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5.2. Comparison of HLA Identical Sibling Donor UCBT vs BMT
Rocha et al. recently compared the outcomes of engraftment, GVHD, and survival in chil-

dren transplanted with HLA-identical sibling BM vs HLA identical sibling donor UCB (Table 6)
(48). In this study, 113 recipients of UCBT between 1990 and 1997 were compared to 2052
BMT recipients transplanted over the same time period. The proportion of patients trans-
planted for malignancy were similar in the two groups (0.54 in UCB vs 0.62 in BM, p = 0.11).
There were important differences in terms of age (UCB patients having a median age of 5 yr
vs 8 yr in BM, p <0.001) and time to transplant (25 mo in UCB recipients vs 10 mo in the BM
group, p <0.001), although these were adjusted for in the multivariate analysis. UCB and BM
recipients received similar conditioning regimens, but UCB patients were less likely to receive
methotrexate for GVHD prophylaxis, and more likely to receive prophylactic growth factors
(0.40 in UCBT vs 0.21 in BMT, p < 0.001). UCB recipients received grafts with a median cell
dose of 4.7 × 107 nucleated cells/kg recipient body weight.

The median number of days to reach an absolute neutrophil count of ≥0.5 × 109/L was
significantly longer in UCB recipients at 26 d, compared to 18 d for those receiving BM. In
addition, the CI of neutrophil recovery by d 60 was lower in UCB recipients, being 0.89 (95%
CI: 0.82–0.94) vs 0.98 (95% CI: 0.97–0.99) in BM recipients (p <0.001). Similar findings were
seen with platelet recovery at d 180, with a CI of 0.86 (95% CI: 0.78–0.92) vs 0.96 (95% CI:
0.94–0.97) (p <0.001). In contrast, the CI of grades II–IV acute GVHD were significantly
lower in UCBT vs BMT: 0.14 (95% CI: 0.08–0.22) vs 0.24 (95% CI: 0.22–0.26) (p = 0.02).
Patients receiving UCB also had less severe acute GVHD. Also, lower incidences of chronic
GVHD were seen in UCBT recipients at 3 yr: 0.06 (95% CI: 0.02–0.13) compared with 0.15
(95% CI: 0.13–0.17) in recipients of BM.

Adjusting for differences between the two cohorts, multivariate analysis confirmed the
significant differences in outcomes between the two HSC sources in regard to engraftment and
GVHD. However, 3-yr survival was 0.64 (95% CI: 0.53–0.74) vs 0.66 (95% CI: 0.64–0.68)
in recipients of UCB and BM, respectively. Despite slower engraftment in recipients of UCB,
no differences were detected in 100-d mortality. Although this study was not designed to
analyze effects of graft type on leukemic relapse, it was encouraging that no difference in the
relapse-related deaths was discerned in the two groups.

5.3. Summary
HLA-identical sibling donor UCB contains sufficient numbers of HSC to engraft most

related donor recipients with survival comparable to pediatric sibling donor BMT. While
UCBT and BMT survival rates were similar in the Rocha study (48), the lower rates of chronic
GVHD after UCBT may be beneficial in terms of quality of life. The role of HLA disparity in

Table 6
Comparison of Outcomes of Sibling Donor UCBT vs BMT (48)

Neutrophil Platelet Grade II–IV
Stem cell recovery d recovery d acute GVHD Chronic GVHD
source CIa at d 60 CI at d 180 CI at d 100 CI at 3 yr Survival CI at 3 yr

UCB 26 d 44 d 0.14 0.06 0.64
(N = 113) 0.89 0.86
BM 18 d 24 d 0.24 0.15 0.66
(N = 2052) 0.98 0.96

aCumulative incidence.
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survival after related donor UCBT is yet to be fully determined. Although haploidentical
transplants have been performed with a relatively low rate of severe GVHD, numbers are small,
and few survivors have been reported. Therefore, related donor transplants using ≥3 HLA-
mismatched grafts should be limited to those with high-risk disease when no other sources of
HSC are available.

5.4. Practical Issues: When to Choose UCB Over BM from a Sibling Donor?
Despite the finding of equivalent survival in recipients of HLA identical sibling donor

UCBT and BMT in the Rocha analysis (48), the choice of whether to use UCB or BM as the
source of HSC involves complex decision-making. In the situation where a mother of a patient
with a hematological disorder requiring HSC transplantation is pregnant, or may become
pregnant soon, and no other HLA identical siblings are available for BM donation, a decision
whether to collect, store and subsequently use the UCB unit for sibling donor UCBT must be
made. Key factors in this process are summarized in Fig. 1 and include the urgency of the
transplant and whether the fetus is an ideal candidate for UCB donation (0–2 HLA-mismatched
to the patient and, for genetically determined diseases, whether the fetus is affected). Although
not directly compared, if timing is appropriate, it is reasonable to select an HLA-identical
sibling donor UCB over an unrelated source of HSC. Also, although a strong association
between cell dose and outcome in sibling donor UCBT has not been demonstrated, it may be
appropriate to utilize UCB only if the cell dose is at least ≥1.5 × 107 nucleated cells/kg, based
on unrelated donor UCBT experience. This is usually not a problem in younger recipients, but
may arise if the patient is >20 kg. If the cell dose is limited, UCB may be supplemented with
BM from the same donor. However, there is no published data concerning this approach.

A second possible scenario is that a three HLA-mismatched sibling UCB unit has or will be
collected, but there is a possibility of obtaining an HLA-matched unrelated donor BM or a 0–2
HLA-mismatched unrelated donor UCB unit. In this situation, given the limited data concern-
ing haploidentical sibling donor transplant, a closely matched unrelated donor may be preferable.

6. UNRELATED DONOR UCBT

In 1996, Kurtzberg et al. and Wagner et al. reported preliminary clinical results of unrelated
donor UCBT in 25 and 18 patients, respectively (67,68). Together, the clinical data suggested
that banked unrelated donor UCB contained sufficient numbers of progenitors to achieve
hematopoietic recovery and sustained engraftment, with lower than anticipated risk of acute
GVHD, in children and young adults. In 1997, Gluckman et al reported the results of unrelated
donor UCBT in 65 patients, as reported to the EuroCord Registry (9). In this series, multiple
regression analysis revealed that: (i) a higher graft nucleated cell dose and HLA identity
predicted more rapid rate of neutrophil engraftment; (ii) recipient CMV seropositive status
predicted higher risk of acute GVHD; and (iii) recipient CMV seronegative status and higher
graft nucleated cell dose predicted better survival after unrelated donor UCBT.

The largest series to date, by Rubinstein et al. described the first large registry experience
of unrelated donor UCBT in 562 patients (11). UCBT recipients were predominantly small
children with hematological malignancies (67%) or genetic diseases (24%) transplanted prior
to 1998. UCB grafts were largely 1–2 HLA-mismatched (86%). The incidence of neutrophil
engraftment was 0.81 by d 42 (median time to engraftment d 28) and 0.85 by d 180 for platelets
(median time, d 90). The speed of neutrophil engraftment was primarily associated with the
nucleated cell content of the graft. Grades III–IV acute GVHD occurred in 0.23 and 0.25
experienced chronic GVHD (predominantly limited). For patients with leukemia the rate of
relapse was 0.26 at 1 yr. At 100 d, 218 of 562 patients (39%) had died, with infection contrib-
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uting to death in 47% and GVHD in 11% of cases. Event-free survival in the first 100 d and
the overall incidence of transplantation-related events (other than relapse) correlated with the
recipient’s age, diagnosis, the nucleated cell dose, the extent of the HLA disparity and the
location of the transplant center in both univariate and multivariate analyses.

6.1. Clinical Results from the University of Minnesota
Between 1994 and 1999, 65 patients have been transplanted with unrelated donor UCB at

the University of Minnesota. For the purpose of this analysis, patients with <42 d follow-up,
history of prior allogeneic HSC transplantation (n = 6) or an immunodeficiency state not
requiring myeloablative conditioning (n = 1) were excluded. The patients were treated for
various malignant (n = 36) and nonmalignant (n = 29) disorders. The median age of recipients
was 6.7 yr (0.2–52.9). The median weight of patients was 21.6 kg (range 5.0–102.8). UCB
units, obtained from the Placental Blood Programs at the New York Blood Center, the St. Louis
Cord Blood Bank, and through Netcord, had a median nucleated cell dose of 2.9 × 107/kg (range
0.7–57.9). The median CFU-GM dose in the UCB graft at the time of collection was 2.5 × 104/kg
(range 0.1–89.1). The median CD34 and CD3 postthaw doses were 2.4 × 105/kg (range 0.4–21.6)
and 7.0 × 106/kg (range 0.0–90.0), respectively. Confirmatory HLA typing was performed by
serology for HLA-A and -B antigens and by high-resolution DNA techniques for HLA-DR
antigens. In this series, the HLA disparity was 6 out of 6 in 10 patients, 5 out of 6 in 33 patients,
4 out of 6 in 20 patients, and 3 out of 6 in 2 patients.

All patients were conditioned with cyclophosphamide (CY) 120 mg/kg, fractionated total
body irradiation (TBI) 1320–1375 cGy, except for a minority in whom TBI was contraindi-
cated who received CY 200 mg/kg and busulphan 16 mg/kg (N = 4), and patients with Fanconi
anemia who received a dose-reduced CY/TBI preparative regimen. All UCB recipients received
antithymocyte globulin (ATG) 15 mg/kg d –3 to –1 every 12 h for six doses, and 66% received
granulocyte-colony-stimulating factor (G-CSF) 5 µg/kg daily from d 0 until neutrophil
engraftment. GVHD prophylaxis consisted of cyclosporine (CSA) for 6 mo, maintaining a
trough blood level of >200 µg/L, and methylprednisone (MP) 1 mg/kg every 12 h d 5–19 after
transplant and then taper.

6.1.1. HEMATOPOIETIC RECOVERY AND ENGRAFTMENT

The overall probability of neutrophil recovery by d 45 and platelet recovery by 6 mo were
0.91 (95% CI: 0.83–0.98) and 0.60 (95% CI 0.46–0.74), respectively. The median time required

Fig. 1. UCB collection for sibling donor UCBT.
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to achieve an absolute neutrophil count (ANC) >0.5 × 109/L and platelet count >50 × 109/L was
26 d (range 10–54) and 2.7 mo (range 1–7), respectively. Of note, all patients engrafting after
unrelated donor UCBT without relapse continue to have complete chimerism, and no second-
ary graft failures have been observed. For both neutrophil and platelet recovery, there was no
difference in probability of recovery for patients with 0–1 vs 2–3 HLA disparate grafts. How-
ever, time to neutrophil recovery and overall neutrophil engraftment strongly correlated with
the dose of thawed CD34 cells (p <0.01) (Fig. 2).

6.1.2. GVHD
The overall probabilities of grade II–IV and grade III–IV acute GVHD for the entire group

of patients was 0.38 (95% CI: 0.26–0.50) and 0.09 (95% CI: 0.02–0.16) by d 100 after unrelated
donor UCBT, respectively. In univariate analysis, degree of HLA disparity was not signifi-
cantly associated with risk of acute GVHD. Notably, the probability of chronic GVHD was low
at 0.05 (95% CI: 0.0–0.10).

6.1.3. SURVIVAL

With a median follow-up of 617 d (171–2087), the probabilities of survival at 1 and 4 yr was
0.58 (0.46–0.70) and 0.40 (0.22–0.58). While HLA disparity did not significantly impact on
survival, harvested graft nucleated cell dose (p = 0.01) and thawed graft CD34 dose (p <0.01)
were associated with improved survival (Fig. 3).

6.2. Comparison of Unrelated Donor UCBT and BMT
As many patients have access to both unrelated donor BM and UCB, and as experience in

unrelated donor UCBT is increasing, the comparison of the relative merits of UCB and BM as
HSC sources for unrelated donor transplantation is of great interest. A preliminary study
performed at the University of Minnesota, using the matching criteria of age, diagnosis, and
donor–recipient HLA disparity, demonstrated superior survival in UCBT recipients, suggest-
ing HLA disparity is better tolerated in UCBT than BMT (69). Therefore, a further study was
performed comparing the outcomes of recipients of 0–3 HLA-mismatched UCB to recipients
of HLA-A, -B, -DRB1-matched BM (13). The matching criteria were age, diagnosis and
disease stage. UCB patients, who received CSA and MP as GVHD prophylaxis, were matched
with BM patients, who received either methotrexate (MTX) and CSA (26 pairs: UCB vs BM-
MTX), or TCD and CSA/MP (31 pairs: UCB vs BM-TCD). Patients were predominantly

Fig. 2. Neutrophil engraftment in unrelated donor UCBT recipients by quartile of CD34+ cell dose (×
105/kg). University of Minnesota p <0.01.
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children (median age 5 yr) transplanted for malignancy, storage diseases, BM failure, and
immunodeficiency syndromes between 1991 and 1999.

Results are summarized in Table 7. Although neutrophil recovery was significantly slower
after UCBT, the probability of donor-derived engraftment at d 45 was 0.88 in UCB vs 0.96 in
BM-MTX recipients (p = 0.41) and 0.85 in UCB vs 0.90 in BM-TCD recipients (p = 0.32),
respectively. Platelet recovery was similar in UCB vs BM pairs. Notably, incidences of acute
and chronic GVHD were similar in UCB and BM recipients, with 0.53 of UCB vs 0.41 of BM-
MTX recipients alive (p = 0.40) and 0.52 of UCB vs 0.56 of BM-TCD recipients alive at 2 yr
(p >0.80), respectively (Fig. 4).

This study has the advantages of being from a single institution, where there is a standard-
ized approach to HLA typing, including high resolution typing of HLA-DR, and homogeneity
in both supportive care and toxicity and GVHD grading and long-term follow-up of patients.
The data suggest that despite increased HLA disparity, probabilities of engraftment, GVHD,
and survival after UCBT are comparable to those observed after HLA-matched BMT. A
prospective randomized trial with larger patient numbers and longer follow-up will be required
to firmly establish the relative merits of unrelated donor UCBT and BMT. However, these

Fig. 3. Overall survival in recipients of unrelated donor UCBT by quartile of CD34+ cell dose (x 105/
kg). University of Minnesota p <0.01.

Table 7
Analysis of the Outcomes of Recipients of Unrelated Donor 0–3 HLA-Mismatched UCB

vs HLA-Matched BM: Results of a Matched Pair Analysis

Platelet
Neutrophil recovery Grades II–IV Chronic

HSC source N recovery d 45 d 180 acute GVHD GVHD 2-yr survival

UCB 2 0.88 0.72 0.42 0.05 0.53
6 (0.75–1.00) (0.50–0.94) (0.23–0.61) (0.0–0.13) (0.31–0.75)

BM-MTX 2 0.96 0.76 0.35 0.20 0.41
6 (0.89–1.00) (0.54–0.98) (0.17–50.3) (0.05–0.35) (0.22–0.60)

UCB 3 0.85 0.84 0.36 0.07 0.52
1 (0.72–0.98) (0.64–1.00) (0.19–0.53) (0.0–0.16) (0.30–0.73)

BM-TCD 3 0.90 0.84 0.35 0.13 0.56
1 (0.80–1.00) (0.64–1.00) (0.18–0.52) (0.01–0.25) (0.38–0.79)

( ), 95% confidence intervals. All outcomes were comparable (p >0.05).
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results are reassuring and indicate that UCB should be considered an acceptable alternative to
HLA-matched BM at least for pediatric patients.

6.3. UCBT in Adults
Limitations of cell dose has been the major barrier in the application of UCBT to adult

recipients who often weigh ≥70 kg. Laughlin et al. has recently described the first experience
of UCBT with adult recipients (12). In this study, 68 patients predominantly with hematologi-
cal malignancy, at a median age of 31 yr (range 18–58) and weighing a median of 69 kg, from
five U.S. institutions were transplanted with unrelated donor UCB between 1995 and 1999.
UCB grafts were largely 1–2 HLA-mismatched (6 out of 6 in 2 patients, 5 out of 6 in 18 patients,
4 out of 6 in 37 patients, and 3 out of 6 in 11 patients). The median nucleated cell dose prefreeze
was 2.1 × 107/kg.

Of 60 patients surviving beyond d 28, neutrophil engraftment occurred at a median of 27 d
(range 13–59) with an estimated probability of 0.90 (95% CI: 0.85–1.0). Chimerism was
sustained in long-term survivors with no evidence of late graft failure. Probabilities of grade
II–IV and III–IV acute GVHD and chronic GVHD (limited stage in all but one patient) were
0.60 (95% CI: 0.49–0.71), 0.20 (95% CI: 0.11–0.29), and 0.38 (95% CI: 0.23–0.52), respec-
tively, and were not significantly related to HLA disparity. At a follow-up of 22 mo (range 11–51 mo),
probability of event-free survival (EFS) was 0.26 (95% CI: 0.18–0.35). The UCB pre-freeze
nucleated cell dose and the postthaw CD34 cell dose were significantly related to the myeloid
engraftment and the EFS, respectively.

While nonrelapse mortality was high in this study, this may be partially explained by the
high risk nature of the patient population. High transplant-related mortalities have also been
seen in adult recipients of unrelated donor BM, particularly for indications other than chronic
myelogenous leukemia (5,8). How unrelated donor UCBT in adults compares to BMT will
need to be studied prospectively. Of significance, rates of GVHD with mismatched unrelated
donor UCBT in adults are tolerable and compare favorably to rates in unrelated BMT in adults.
Furthermore, as both the neutrophil engraftment and the EFS were predicted by the cell dose
of the graft in the Laughlin series (12), future efforts in improving outcomes will need to focus
primarily on improving UCB cell dose.

Fig. 4. Survival of pediatric recipients of UCBT vs BMT: results of a matched pair analysis. University
of Minnesota.
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6.4. Summary
The registry results reported by Gluckman et al. (9) and Rubinstein et al. (11) for unrelated

donor UCBT are consistent with the Minnesota series in terms of hematopoietic recovery and
risks of grade II–IV acute GVHD, with a survival at 4 yr of 0.40 in the University of Minnesota
series comparing favorably to the other reports. The improved survival at the University of
Minnesota may be explained by a center effect, likely reflecting greater experience with this
relatively new source of HSC. This phenomenon was suggested in the Rubinstein analysis (11).

The EuroCord Registry (9) and the University of Minnesota series have shown that the
degree of HLA disparity has not impacted upon survival. Although this may reflect limited
patient sample sizes with limited numbers of patients receiving 6 out of 6 antigen-matched
grafts, it does show that 1–2 HLA-disparate grafts are relatively well-tolerated. This is further
supported by the results of the University of Minnesota matched pair analysis, which demon-
strated comparable survival in recipients of mismatched UCB vs matched BM. Importantly,
the pediatric case series of UCBT have independently documented the importance of cell dose
in predicting engraftment and survival, and this is further highlighted by the analysis of adult
UCBT outcomes by Laughlin et al. (12). Overall, these results dictate that selection of an
unrelated graft should be based primarily on cell dose and secondarily on HLA match, within
the confines of 0–2 HLA mismatch.

The relative merits and potential limitations of BM vs UCB are summarized in Fig. 5. In
practice, whenever an unrelated donor search is undertaken at the University of Minnesota, we
search for both BM donors and UCB. Until randomized studies of BMT vs UCBT can deter-
mine the priority for each stem cell source, we have constructed a working algorithm for
unrelated donor selection (Fig. 6).

7. UCB BANKING

Documentation of hematological reconstitution after myeloablative therapy and UCBT,
and the subsequent recognition of the importance of the UCB cell dose, has resulted in con-
siderable interest in optimizing the collection, storage, and thawing techniques for UCB. As
of 2000, it was estimated that >30,000 UCB grafts have been stored in UCB banks around the

Fig. 5. Relative advantages and disadvantages of BM vs UCB as stem cell source for transplantation.
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world (70). It is not known how many UCB units are needed to make a UCB graft available
to all potential recipients. Beatty et al have calculated that as few as 10,000 U may be required
if we accept a 4 out of 6 matched graft or better (2). However, these calculations are based on
HLAs as defined by serology and, therefore, may be an underestimate. Due the tolerance of
HLA disparity, UCB offers the possibility of access to HSC for ethnic minorities not well
represented in unrelated donor BM registries. Notably, Jefferies et al. have indicated that a
problem exists in the targeting of minority groups for UCB collection, as many maternal–
neonatal donor pairs from such groups are ineligible for UCB collection (71). In this study, the
deferral rate, mainly due to factors such as fever at delivery, history of chronic disease, or
history of sexually transmitted diseases, was greater than 50%. Nonetheless, Brown et al have
documented that, in the first 1500 UCB U banked in the London Cord Blood Bank, more than
30% are derived from U.K. ethnic minority groups as compared to only 2% of people from such
groups represented on the British Bone Marrow Registry (72).

Standard operating procedures for UCB banks have been summarized by the Cord Blood
Transplantation Study (COBLT) (73) and can be reviewed at the Web site (www.Emmes.com).
In practice, UCB for public banks is mainly collected at designated centers with specialized
personnel, whereas for private collection, the UCB is collected at the delivery hospital by the
obstetric provider and then shipped to the bank for storage. UCB is most commonly collected
after delivery of the uterus, although collection with the placenta in utero has been investigated
(74). Studies correlating maternal and neonatal characteristics with laboratory UCB param-
eters, such as cell dose, are currently ongoing so as to determine the best potential donors for
unrelated donor UCB collection (75).

Standardized quality assessment procedures should be the gold standard for all UCB banks,
including total nucleated cell dose, quantification of hematopoietic progenitors by CD34+
count and CFUs, sterility testing, detection for genetic diseases such as hemoglobinopathy, and
transmissible infectious agents including hepatitis B and C, human immunodeficiency virus
(HIV), human T cell lymphotrophic virus (HTLV), CMV, and syphilis. HLA and ABO/Rh
typing must be available as well as samples of donor (baby) plasma, DNA and viable cells, and
maternal plasma, and DNA for additional testing as necessary.

In an attempt to reduce the complication of dimethyl sulfoxide (DMSO) toxicity, reduce
ABO incompatibility reactions, and reduce the volume of the UCB unit, red blood cell (RBC)

Fig. 6. Algorithm for selection of stem cell source in unrelated donor transplantation.



Chapter 10 / Umbilical Cord Blood Transplantation 145

depletion of the UCB graft is now routinely performed. Most investigators now thaw UCB after
the technique of Rubinstein et al. (76). Whether UCB units will be a viable source of HSC after
many decades of storage is not known. Thus far, Broxmeyer et al. indicate high efficiency
recovery of primitive progenitors from samples stored for at least 10 yr (77).

7.1. Directed Donation vs Private Company
In contrast to the free donation of UCB to public registries, which make the UCB unit

available to anyone, directed donation reserves the UCB unit for the transplantation of the
baby’s relative when the recipient has a disorder requiring UCBT. In the case when there is not
an immediate need for the UCB unit, some parents will still elect to have their child’s UCB
stored by a private company as “biological insurance”. Reimbursement for the cost of UCB
collection and storage is usually only available from insurance companies and Medicaid in the
case of directed donation (i.e., when there is a medical need within the donor’s family). The
practice of private UCB collection is not advocated, since the likelihood that a healthy child
would subsequently require therapy utilizing HSC is remote, and in this situation, there is no
evidence that autologous stem cells would be efficacious. Useful information about details
relating to collection of UCB can be found on the Internet by searching under the term “umbilical
cord stem cell storage”.

8. UNRELATED DONOR UMBILICAL CORD BLOOD SEARCHES

Currently, UCB searches are most commonly accomplished by direct communication of the
transplant center (TC) with individual UCB registries such as the New York Blood Center,
COBLT, American Red Cross, National Marrow Donor Program (NMDP) or via Netcord (a
consortium of banks in Denver, St. Louis, London, Paris, Milano, Dusseldorf, Barcelona, and
Tokyo). Ideally, searches would occur through a coordinating center, and the NMDP has recently
established relationships with various UCB banks worldwide to potentially serve in this capacity.

Once UCB search requests are submitted, UCB banks will send out reports of units available
for the patient ranked by HLA match and size. The TC will then request confirmatory typing
on selected UCB units, which is done on small samples of the unit. Based on these results, the
TC will then select the unit for transplant, which will be shipped prior to the starting date of
the recipient’s preparative regimen. This process may be achieved within a few weeks, and this
rapid availability represents a major advantage of UCBT over unrelated donor BMT.

9. ETHICAL AND REGULATORY ISSUES

The collection of UCB poses a number of ethical and legal issues (78), many of which are
new, complex, and beyond the scope of this chapter. At this time, current practice dictates that
written informed consent from the donor’s mother should be obtained, ideally prior to labor.
Also, linkage (i.e., communication of relevant donor information to the UCB bank) between
the donor and recipient should be maintained. Important ethical themes in relation to public
UCB registries include issues of recruitment, consent, confidentiality, ownership, and alloca-
tion. In addition the marketing and other practices of private commercial banks require close
monitoring. These ethical issues are now being reviewed by multidisciplinary teams with
representation of the medical specialties, such as pediatric and adult transplanters, obstetri-
cians, blood bankers, as well as ethicists, lawyers, social scientists, and others.

With the development of numerous UCB banks around the world, some form of regulation
is necessary to ensure optimal quality banking practices at all sites. All banks involved in UCB
HSC therapy should be registered with the U.S. Food and Drug Administration (FDA). Key
elements of the regulation of UCB include: (i) use of good manufacturing practice; (ii) ad-
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equate testing for transmissible diseases; and (iii) development of product standards. At this
time, it is recommended by these authors that only banks approved by a recognized regulatory
agency be searched.

10. FUTURE DIRECTIONS (TABLE 8)

Currently, a major focus in UCBT is to develop strategies to increase the cell dose of the
UCB graft. This could be achieved by the optimizing of UCB collection methods, transplan-
tation of two closely HLA-matched unrelated donor UCB units (79) or by ex vivo expansion.
Other approaches that may improve engraftment independent of cell dose may include the use
of growth factors other than G-CSF, or an increase in host immunosuppression. The latter may
improve the ability of the neonatal immune system to overcome the allogeneic barrier to
engraftment. This may be relevant even with myeloablative conditioning, as suggested by the
results of UCBT in hemoglobinopathy (66) and could potentially be achieved by the addition
of such drugs as fludarabine and mycophenolate mofetil to the transplant regimen. Lastly, the
addition of ex vivo-expanded mesenchymal stem cells may facilitate hematopoietic recovery
by improving the marrow microenvironment (31). Studies investigating these approaches are
underway at the University of Minnesota and elsewhere.

Another area of great interest is the development of nonmyeloablative preparative regimens
for the treatment of nonmalignant hematological disorders, such as hemoglobinopathy or
aplastic anemia, or for high risk adults. While there are no published series thus far, the addition
of fludarabine to nonmyeloablative preparative regimen and mycophenolate mofetil to CSA
in the early posttransplant period is being investigated with the aim of allowing UCB engraft-
ment with reduced regimen-related toxicity. Finally, a new area of investigation is the delib-
erate conception and directed implantation of HLA identical embryo(s) for the purpose of
obtaining UCB for a sibling requiring transplantation. This approach, although associated with
a number of ethical concerns, has recently been pioneered and accomplished for a patient with
Fanconi anemia at the University of Minnesota (80).

Table 8
Future Directions for Unrelated Donor UCBT

Problem New approach

Lack of HLA-compatible donors in minority Target UCB collection in these groups.
groups.

Engraftment. Optimize collection techniques.
Double UCBT.
Ex vivo expansion.
New stimulatory cytokines posttransplant.
Modified preparative regimen.
Ex vivo-expanded mesenchymal stem cells.

High transplant-related mortality. Improve engraftment.
Nonmyeloablative preparative regimens.
Improve immune recovery (e.g., IL-7, karatinocyte

growth factor [KGF]).
Need for HLA-matched donor. Deliberate conception and implantation of HLA

identical embryo.
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11. SUMMARY

Since the first sibling donor UCBT in 1988 (16), the use of HLA-matched sibling donor
UCB or 0–2 HLA-mismatched unrelated donor UCB has become an established acceptable
alternative to the use of BM as a source for HSC for pediatric allogeneic transplantation. UCBT
is associated with durable myeloid and lymphoid engraftment, and the rates of GVHD are
relatively low even in the mismatched unrelated donor setting. Clinical experience has docu-
mented the importance of graft cell dose in determining engraftment and survival in unrelated
UCBT (9–12). Therefore, within the confines of 0–2 HLA-mismatch, the choice of an UCB
graft should be based primarily on cell dose.

UCBT is now being investigated in adult recipients (12), and it is hoped that advantages in
regard to GVHD in the adult population will offset any adverse impact of reduced cell dose on
survival. How UCB compares to BM in terms of immune reconstitution, incidence of relapse,
and long-term survival is yet to be determined. Ultimately, prospective randomized studies
will be required to establish the relative merits of each stem cell source in the unrelated donor
setting. These are currently being considered, although in practice, randomization may be
difficult to achieve as UCB can be obtained substantially more quickly than unrelated donor
BM.

The immediate availability of this stem cell source is a major advantage of UCB. Further-
more, the ability to tolerate 0–2 HLA mismatch in unrelated UCBT means that the benefits of
stem cell transplantation may be extended to those with tissue types poorly represented on the
BM registries. The major focus in UCBT is methods to increase cell dose, such as optimization
of collection techniques, double UCBT, and ex vivo expansion of UCB. Progress and experi-
ence in UCBT is rapidly increasing, making this an exciting new area in HSC transplantation.
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1. INTRODUCTION

Graft failure and graft-vs-host disease (GVHD) remain significant obstacles to successful
outcome in patients undergoing allogeneic hematopoietic stem cell transplantation. This chap-
ter will introduce a novel cellular therapy, which may address these problems, particularly in
high risk patients such as those receiving marginal numbers of hematopoietic progenitor cells
(i.e., umbilical cord blood [UCB]) and those receiving unrelated donor or related but human
leukocyte antigen (HLA)-mismatched donor progenitor cells. Several groups have described
nonhematopoietic plastic-adherent progenitor cells derived from human bone marrow aspi-
rates, which are capable of differentiating into mature mesenchymal cells (1–5). It is thought
that these progenitors, called mesenchymal stem cells, give rise to adventitial and other mes-
enchymal cells in the marrow and constitute the microenvironment for hematopoiesis. Such
cells fabricate the connective tissue scaffolding and produce cytokines, chemokines, and
extracellular matrix proteins that regulate hematopoietic homing and proliferation (6,7). There
is growing interest in cotransplantation of allogeneic mesenchymal and hematopoietic pro-
genitors to facilitate hematopoietic engraftment and limit GVHD.

2. MESENCHYMAL STEM CELLS

2.1. Biology
There is increasing evidence that bone marrow contains pluripotential nonhematopoietic

progenitors that can differentiate into cells of mesenchymal origin, such as surrounding fibro-
blasts, osteoblasts, adipocytes, and chondrocytes, as well as cells of distant tissues such as
muscle (8), liver (9,10), and brain (11,12). Friedenstein initially reported in 1978 that clonogenic
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stromal cells could be derived from bone marrow (13). Several groups subsequently described
nonhematopoietic plastic-adherent progenitor cells derived from human bone marrow aspi-
rates, which were capable of differentiating into mature mesenchymal lineages (1–5). Inves-
tigators at Case Western Reserve University (CWRU) described a uniform population of
adherent cells with extensive proliferative capacity and the ability to differentiate along the
osteogenic, chondrogenic, and adipogenic lineages both in vitro and in vivo. These cells have
a high proliferative capacity in vitro without differentiation under normal growth conditions
but upon specific stimulation differentiate into various cells of mesenchymal origin (4), includ-
ing stromal cells of the marrow (14,15), adipocytes (4), osteocytes (16), and chondrocytes (5)
and thus have been termed mesenchymal stem cells (MSC) (17). MSCs are likely to represent
a restricted progeny of putative pluripotent stem cells selected on the basis of their rapid plastic
adherence and high proliferation potential in 10% fetal calf serum. In nonstimulated cultures,
MSCs appear as fusiform fibroblasts with expression of unique surface proteins (recognized
by monoclonal antibodies SH2 and SH3) (1) not found on hematopoietic precursors. Con-
versely, MSCs lack expression of hematopoietic markers such as CD45, CD14, CD11, and
CD34. MSCs express interleukin (IL)-6, -7, -8, -11, -12, -14, -15, macrophage colony-stimu-
lating factor (M-CSF), flt-3 ligand (FL), and stem cell factor (SCF) in steady state (14,15,18),
but not IL-3 and transformation growth factor (TGF)β. Exposure to dexamethasone results in
decreased expression of leukemia inhibiting factor (LIF), IL-6, and IL-11. In contrast, IL-1α
increases the expression of granulocyte colony-stimulating factor (G-CSF), M-CSF, LIF, IL-1,
IL-6, IL-8, and IL-11 and induces expression of granulocyte-macrophage colony-stimulating
factor (GM-CSF), but does not alter the expression of IL-7, IL-12, IL-14, IL-15, M-CSF, FL,
and SCF. Similar to Dexter type stromal cultures containing a more complex mixture of cells,
MSCs can support human long-term culture-initiating cells (LTC-ICs) (14,15). Human MSCs
do not express class II antigens and do not present antigen. In preliminary studies, MSCs appear
to suppress primary and secondary T lymphocyte proliferation in response to allogeneic stimuli
in vitro (19,20), a potential advantage in the setting of allogeneic transplantation and perhaps
a therapeutic asset to limit GVHD and organ rejection.

2.2. Preclinical Studies
A number of preclinical animal models of MSC transplantation have been established for

purposes of gene delivery, treatment of bone disorders, and support of hematopoietic engraft-
ment. Murine bone marrow stromal cells were successfully transplanted into mice by a number
of investigators. Using the a and b isoenzymes of glucose-6-phosphate isomerase, Anklesaria
et al. showed that a bone marrow stromal cell line (GB1/6) could engraft mice pretreated with
irradiation (22). Donor stromal cells facilitated hematopoietic recovery from radiation. Host
marrow recovery was assessed following 3 Gy total body irradiation (TBI) and 10 Gy unilateral
hindleg radiation with or without intravenous infusion of 0.1–1 × 106 GB1/6 cells 48 h later.
GB1/6 cells were identified only in marrow sinusoids of right hindleg (high radiation exposure)
2 mo posttransplant, and up to 80% of the stromal cells established from transplanted mice were
of donor origin. Furthermore GB1/6 transplanted mice had significantly higher cell and colony-
forming unit (CFU) recovery at 1, 2, and 3 mo posttransplant compared to irradiated but
untransplanted mice. Pereira et al. used marrow stromal cells of COL1A1 transgenic mice
(human mini-gene for collagen I) to follow their distribution and function in a parental
(nontransgenic) inbred strain of mice (22). Transgenic stromal cells (1 × 105) were intrave-
nously co-infused with 6 × 105 nontransgenic bone marrow cells after 9 cGy irradiation. Thirty
to 150 d later, COL1A1 positive cells were detected in marrow, spleen, bone, lung, and car-
tilage and constituted 1.5–12% of the cells. In a murine model of osteogenesis imperfecta (OI),
Pereria et al. infused “normal” MSCs expressing wild-type type I collagen to rescue mice from
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the OI phenotype (23). Although only a small number of donor mesenchymal progenitors and
osteoblasts engrafted, there was evidence of normal collagen expression in bone. These studies
have been extended to human trials, in which preliminary results indicate a possible therapeutic
effect of infused osteoblast precursors on OI (24). Huss et al. showed that following intrave-
nous administration, murine and canine marrow-derived stromal cells could be detected in the
marrow cavity and spleens of severe combined immunodeficient (SCID) mice for 21 d (25).
Hurwitz et al. transfected canine marrow stromal cells with human growth hormone (hGH)
(26). Cells were returned to dogs either intravenously or directly into iliac crest marrow. hGH
gene sequences were detected in peripheral blood transiently and in bone marrow for up to 13 wk.
Plasma of each dog contained detectable levels of hGH for a mean of 3 d. Green fluorescent
protein (GFP)-marked canine MSCs were infused into autologous as well as dog leukemia
antigen (DLA)-identical litter-mate dogs following 920 cGy TBI. Polymerase chain reaction
(PCR) evidence of GFP-marked canine MSCs was found predominantly in the marrow of
sternum, ribs, and limbs at 6 and 14 wk postinfusion (27,28). Human MSCs were also used as
bioreactors to synthesize therapeutic proteins in vivo. MSCs were transduced with human
erythropoietin using a retroviral vector and delivered into immunodeficient non-obese dia-
betic-SCID (NOD-SCID) mice within ceramic cubes (29). This resulted in a significantly
increased red blood cell counts in all mice up to 90 d of observation. Similarly, baboon MSCs
transduced with human erythropoietin gene were delivered to recipient baboons within a
TheraCyte immunoisolator device (30). Significant levels of human erythropoietin were
detected in vivo starting at d 4 and persisted for the duration of the experiment (70 d). In
preclinical efficacy studies Novelli et al. have shown that human MSCs increased engraftment
of human CD34+ in NOD-SCID mouse by three- to fourfold (31). These studies point to the
feasibility of MSC transplantation for a variety of therapeutic interventions and establish a
starting point for human studies. Given the biologic differences between MSCs derived from
different species and the differences in the transplant biology among species make it impos-
sible to translate these results to humans without carefully designed clinical trials.

2. 3. Immune Interactions of MSCs
There is experimental evidence that major histocompatibility complex (MHC) mismatch

between the donor hematopoietic progenitors and the host bone marrow microenvironment
may be disadvantageous to donor cells particularly in the nonmyeloablative setting. Engraft-
ment of hematopoietic cells in a mismatched allogeneic transplant model was shown to be
facilitated by MHC-matched bone grafting and the donor engraftment was found predomi-
nantly in the donor bone grafts (32). Similarly, MHC-matched osteoblast and CD8+, CD3+,
T cell receptor (TCR)neg “facilitator cell” cotransplantation was shown to improve engraftment
with purified allogeneic hematopoietic progenitors (33,34). These data suggest that stable full
or mixed donor hematopoietic chimerism can be supported by cotransplantation of donor bone
marrow microenvironment. Mesenchymal stem cells can potentially fulfill this goal either by
their direct interaction with the donor immune system or by giving rise to elements of donor
bone marrow microenvironment in the host.

Flow cytometry analysis of MSCs indicate that they express a number of molecules appro-
priate for interaction with T cells including Vascular cell adhesion molecule (VCAM)-1,
lymphocyte function-related antigen (LFA)-3, and HLA MHC class I molecules. Upon treat-
ment with interferon (IFN)γ, intercellular adhesion molecule (ICAM)-1 and MHC class II
molecules were expressed on MSCs, and the expression of class I molecules could be enhanced.
B7-1 and B7-2 co-stimulatory molecules were not detectable on MSCs by flow cytometry. In
vitro experiments have shown that MSCs suppress primary and secondary T lymphocyte
proliferation in response to allogeneic stimuli (19,20). This effect appears to be maintained in
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noncontact culture conditions using a trans-well system, leading to a hypothesis that it is due to
direct or indirect effect of a soluble protein(s) derived from MSCs. These data support the idea
that MSCs not only potentially survive in an allogeneic recipient, but also support survival of
allogeneic HSCs by inhibiting immunologic response. It is not yet clear if MSCs are tolerogenic,
as they can present class I and II alloantigens in the apparent absence of B7 co-stimulatory signals.
Keratinocytes, myoblasts, and T cells have been reported to induce T cell anergy in this manner.
Using a baboon skin graft model, Bartholomew and coworkers showed that infusion of ex vivo-
expanded donor (baboon) MSCs at a dose of 20 × 106 MSC/kg recipient weight prolonged time
to rejection of histoincompatible skin grafts (35). Even “third-party” baboon MSCs, obtained
from neither recipient nor skin graft donor, appeared to suppress alloreactivity in vivo.

Based on these observations, a number of clinical transplantation studies with cotransplantation
of allogeneic MSCs and hematopoietic stem cells (HSCs) are proposed (Table 1) to improve
donor engraftment and limit GVHD.

3. TRANSPLANTATION OF MESENCHYMAL STEM CELLS

The pivotal role of MSCs in the bone marrow microenvironment and their ability to support
of hematopoiesis sparked the interest of bone marrow transplant physicians to use MSCs as
supportive care for patients undergoing stem cell transplantation. A number of studies have
shown that chemotherapy and radiation damage the marrow microenvironment and diminish
its hematopoietic support function (36–38). Therefore, it seems logical that if transplanted,
MSCs could provide hematopoietic cytokines, help to establish the new bone marrow microen-
vironment, and support autologous and allogeneic hematopoietic engraftment and regeneration.

Although MSCs can be derived from a bone marrow aspirate, it has been shown that con-
ventional allogeneic bone marrow transplantation (BMT) does not result in transfer of donor
MSCs or MSC-derived cells into the recipient (39,40). These results are attributed to the
inability of the conditioning regimen to ablate host marrow stroma and/or the inability of
stromal progenitors to engraft. In addition, the number of MSCs in an average bone marrow
graft is estimated to be too few. For instance, at a frequency of 2–5 MSCs per 1 × 106 mono-
nuclear cells, a bone marrow graft comprised of 2 × 108 mononuclear cells (MNC)/kg would
contain only 400–1000 MSCs/kg. On the other hand, a recent report noted that allogeneic

Table 1
Clinical Trials of Culture-Expanded MSC Transplantation

Phase MSC source Setting Results as of April 2001 (ref.)

I Autologous Volunteer patients Feasible, safe (42)

II Breast cancer Safe, rapid hematopoietic recovery (43)

I Allogeneic Post-allo BMT Safe, no Anti-MSC immune response (44)
    genetic disorders

Allo BMT or PB Safe, rapid hematopoietic recovery, GVHD
    HLA-matched sibling incidence lower than expected (45)

Osteogenisis imperfecta Safe, bone growth/endurance (24)

I-II Allogeneic 3rd party UCB Tx Safe

Lymphoma Ongoing
Auto-PBPC Tx

MUD-Allo Tx Ongoing

Tx, Transplantation; PB, peripheral blood; Allo, allogeneic; UCB, umbilical cord blood; MUD, matched
unrelated donor.
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osteoblasts could be detected in children with OI after sibling-matched allogeneic BMT (41).
It is not clear if this observation indicates that osteoblasts were passively transferred to the
recipient or whether MSCs present in the marrow graft were capable of homing to the bone and
differentiating into osteoblasts, perhaps because of the growth defects of the host MSCs and
osteoblasts. Nevertheless, these data suggest that, under permissive conditions (a loss of
endogenous mesenchymal cells or an underlying cell defect), even small number of mesenchy-
mal cells contained in the bone marrow graft may be capable of therapeutic engraftment. It
remains unclear how important an underlying defect in MSCs will be in determining the
efficacy of donor MSC engraftment.

In an attempt to achieve mesenchymal engraftment, studies were initiated to investigate the
transplantation of high numbers of culture-expanded murine and human MSCs. Human MSCs
have a high in vitro proliferative potential and can expand their numbers from approx
1500–3500 MSCs/20 mL of bone marrow aspirate at collection to 70–700 × 106 MSCs (or
1–10 × 106/kg) at the end of expansion, which is equivalent to the number of MSCs found in
>1000 L of fresh bone marrow aspitrate. Although intravenous infusion of MSCs resulted in
demonstration of donor MSCs in various tissues of recipient animals, it has not been possible
to show donor MSC proliferation and regeneration of tissues, such as bone marrow microen-
vironment. A major limitation in these applications has been the low level of engraftment that
takes place when culture-expanded MSCs are systemically introduced. A number of factors are
likely to contribute to poor MSC engraftment. First, the size and surface characteristics of
MSCs may not be optimal for homing to tissues in which they can proliferate. There is light
microscopy and flow cytometry evidence that culture-expanded adherent MSCs are large
(2–3 × of granulocytes). This is an important issue when cells are given directly into the
vasculature. Human MSCs were shown to express α1–3 and β1, β3,β4 integrins, ICAM-1 and
-2, VCAM, L-selectin, and CD44 (hyaluronate), but not α4 integrin, E-selectin, P-selectin,
ICAM-3, and cadherin-5, important adhesion molecules in hematopoietic stem cell homing.
Second, culture-expanded MSCs may have a proliferative defect. Since MSCs are generally
subjected to multiple cell divisions during ex vivo expansion, they may approach their prolifera-
tive limit and may be unable to expand sufficiently in recipients. Third, the bone marrow and other
tissue environments may not attract circulating MSCs through homing peptides and may not
provide a survival and proliferation advantage to the transplanted cells. There is ongoing work
to understand distribution, homing, and engraftment of intravenously infused MSCs.

4. MSC TRANSPLANTATION IN THE CLINIC

4.1. Autologous MSC Transplantation
Feasibility and safety of clinical scale autologous and allogeneic human MSC expansion

and intravenous infusion into adult and pediatric patients have been established (42–45). In a
pilot study, our group demonstrated the safety of ex vivo expansion and subsequent infusion
of autologous MSCs in 15 patient volunteers (42). These individuals had hematologic malig-
nancies, which were in remission at the time of MSC collection and infusion, and were not
given preparative chemotherapy. Only 1–50 × 106 total autologous MSCs were intravenously
infused without any toxicity. In a phase I trial, a total of 1–2.2 × 106 autologous MSCs/kg were
infused into 28 breast cancer patients to augment hematopoietic engraftment after peripheral
blood progenitor cell (PBPC) transplantation (43). There was no toxicity related to intravenous
MSC infusion. The MSCs were not detected in the blood at baseline in any patient. Clonogenic
MSCs were detected in venous blood up to 1 h after infusion of autologous MSCs in 13 out of 21
(62%) patients. Hematopoietic engraftment was prompt in all patients with median neutrophil
recovery (>500/µL) of 8 d (range: 6–11) and platelet count recovery >20,000/µL and >50,000
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unsupported of 8.5 d (range: 4–19) and 13.5 d (range: 7–44), respectively. Based on these results,
a randomized multicenter trial was initiated for patients undergoing PBPC transplantation for breast
cancer. Although this trial has not achieved the accrual goal, preliminary results indicate faster
recovery of platelet count in patients receiving MSCs (H.M. Lazarus, personal communication).

4.2. Allogeneic MSC Transplantation
Allogeneic bone marrow transplantation has been shown to ameliorate clinical manifestations

of selected lysosomal and peroxisomal diseases by providing normal hematopoietic stem cells,
which can differentiate into tissue macrophages. Despite the transfer of such cells, some patients
have an incomplete correction of their disorder. Our group has shown that normal MSCs express
high amounts of α-L-iduronidase (deficient in Hurler disease) and arylsulfatase-A (deficient in
metachromatic leukodystrophy [MLD]). In order to provide normal enzyme into tissues of 11
patients with Hurler or MLD, who were previously treated with allogeneic BMT, we infused 2–10 × 106

normal allogeneic MSCs from the same donor. Toxicity was limited to grade 1 fever in three
patients. There was preliminary evidence of clinical benefit in few patients. In this trial, we have
analyzed recipient T cell response against donor mesenchymal stem cells. Recipient T cells obtained
before and after MSC infusion failed to become activated when mixed with donor MSCs.

These results established the feasibility and safety of allogeneic MSC transplantation and allowed
us to propose cotransplantation of MSCs and HSCs during allogeneic transplantation. The objectives
of this study are to determine the rate and rapidity of hematopoietic engraftment and the incidence and
severity of GVHD. This multi-center clinical trial was open to patients with hematological malignan-
cies who had an HLA identical sibling donor (45). As of January 2002, 31 patients have been given
1–5 × 106 allogeneic MSCs/kg without any toxicity. All patients engrafted. Both acute and chronic
GVHD were less compared to historic controls, and survival was better  (96 ± 4% vs 68 ± 8%) in
patients infused with MSCs. The impact of MSCs on the incidence and severity of GVHD and the
graft-vs-leukemia and/ or -tumor effect needs to be tested in a randomized trial. In addition, the effect
of MSCs on HSC engraftment should be tested in patients at high risk for engraftment failure such as
those receiving UCB or T lymphocyte-depleted donor cells and those undergoing a nonmyeloablative
allogeneic transplant. MSCs effect on GVHD and related mortality should be investigated in patients
undergoing unrelated or related but non-HLA identical donor transplantation.

UCB represents an attractive alternative source of hematopoietic stem cells for patients who
require allogeneic stem cell transplantation. UCB is advantageous compared to other alterna-
tive donor sources, since the graft is rapidly available and the potential for GVHD in recipients
may be reduced even in the setting of HLA disparity. In adults, however, this approach has been
hampered by the small numbers of hematopoietic stem cells available in a single UCB unit. In
particular, the time to neutrophil engraftment has been relatively long. Several groups now are
exploring ex vivo expansion of cord blood cells in both adults and children using combination
of early acting cytokines and adherent MSCs, either autologous or from a third party (e.g.,
parent or sibling). It will be intriguing to see the effects of such expansion systems, not only
on the rate and pace of engraftment, but also on the incidence and severity of GVHD. A phase
I trial has been initiated at the University of Minnesota (Minneapolis, MN) in which MSCs are
isolated from the parent or sibling and expanded to be infused into the patient at the time of
unrelated UCB transplantation. End points of the study are engraftment of nucleated cells and
platelets, as well as GVHD incidence and severity.

5. CONCLUSION

Clinical trials with human MSC transplantation are evolving rapidly with the primary
objectives of improving hematopoietic engraftment rate and pace, ameliorating or preventing
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GVHD, correcting inborn metabolic errors, and delivering a variety of therapeutic genes. In
the clinical setting, it remains to be seen whether transplantation of MSCs has significant value,
and if preculture of hematopoietic stem cells with MSCs prior to transplantation changes their
engraftment and/or immunologic properties. A number of challenging fundamental questions
regarding the biology and therapeutic potential of MSCs are simultaneously investigated in
preclinical studies. Our ability to culture expand mesenchymal progenitors to high numbers for
clinical transplantation purposes and mesenchymal cells’ ability to secrete hematopoietic
cytokines and recent demonstration of their immunomodulatory effects make this new cellular
therapy very promising to improve outcomes of allogeneic stem cell transplants.
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1. INTRODUCTION

Since the mid-1990s when the first trials of cytokine-mobilized allogeneic peripheral blood
stem cell (allo-PBSC) transplants appeared in the literature, there has been a steady increase
in the use of allo-PBSC in lieu of bone marrow as a source of stem cells. For normal donors,
the collection of PBSC by apheresis techniques is a feasible alternative to undergoing marrow
harvest with anesthesia and avoids the potential morbidity associated with marrow collection.
This trend has further accelerated with the publication of a randomized trial suggesting a
superior survival for patients where peripheral blood was used as a source of stem cells over
the use of bone marrow (1).

Currently, two cytokines that effect myeloid development are licensed for use in clinical
medicine—granulocyte colony-stimulating factor (G-CSF) and granulocyte-macrophage
colony-stimulating factor (GM-CSF). This chapter provides an overview of the biology of
hematopoietic stem cell mobilization and the clinical application of these cytokines in the

12
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mobilization of hematopoietic stem cells from normal donors for allo-PBSC transplantation.
We also discuss some of the emerging data on the immunomodulatory effects of G-CSF and
GM-CSF on the constitution of the stem cell product and its possible clinical implications.

2. BIOLOGY OF STEM CELL MOBILIZATION

Hematopoietic stem cells are defined functionally by the ability to reconstitute both lymphoid
and myeloid hematopoiesis when transplanted into a lethally irradiated recipient. The CD34
molecule is a unique antigen expressed on the surface of hematopoietic stem cells. Putative
human hematopoietic stem cells have been purified using expression of the CD34 antigen, lack
of HLA-DR expression, and lack of antigens expressed on more lineage-restricted progenitors.

The mechanisms responsible for cytokine-induced egress of stem cells from bone marrow
into the circulation are not well understood. Mobilization is thought to be a multistep process
and loss of adhesive interactions between hematopoietic stem cells and bone marrow stromal
cells and/or its extracellular matrix are thought to be involved. Administration of G-CSF to G-
CSF receptor knock-out mice (GCSF-R –/–) results in the mobilization of hematopoietic
progenitors, suggesting that G-CSF acts via a different mechanism to mobilize stem cells (2).
Optimal mobilization by G-CSF occurs in 4–6 d.

Interaction between the β-1 integrin very late activation antigen-4 (VLA-4) and its ligand,
vascular cell adhesion molecule-1 (VCAM-1), is also thought to play an important role in stem
cell mobilization. In vivo studies in animal models have shown that the administration of
antibodies to VLA-4 and VCAM-1 mobilizes hematopoietic stem cells (3,4). Mobilization by
anti-VLA-4 does not depend on a functional G-CSF receptor, interleukin-7 receptor, or
interleukin-3 α receptor. By contrast, a functional c-kit receptor is required (5). Recently, it has
been proposed that mobilization of progenitor cells is the result of disruption of the VLA-4/
VCAM-1 adhesive interaction as a consequence of VCAM-1 cleavage by neutrophil proteases
released by neutrophils accumulating in the extravascular compartment of the bone marrow
following cytokine administration (6). Administration of anti-VLA-4 results in stem cell mobili-
zation within 24–48 h, which is significantly shorter than with G-CSF.

Interleukin-8 (IL-8) is a CXC chemokine that produces rapid mobilization (30–60 min) of
hematopoietic stem cells with radioprotective capacity and long-term myelolymphoid repopu-
lating ability in animal models (7,8). Modulation of the interaction between the β 2-integrin
leukocyte function antigen-1 (LFA-1) and intercellular adhesion molecule-1 (ICAM-1) is
thought to play a major role in the mobilization of hematopoietic stem cells by IL-8. LFA-1
blocking antibodies prevent the mobilization of hematopoietic progenitor cells induced by IL-8 (9).
Using GCSF-R –/–, it has been shown that a functional GCSF-R is required for the mobilization
of murine hematopoietic progenitors into peripheral blood by cyclophosphamide and IL-8, but not
flt-3 ligand (10). IL-8 induced mobilization in rhesus monkeys can also be inhibited by antibodies
to metalloproteinase gelatinase-B (MMP-9) (11). Recent unpublished data suggest that MMP-
9 knock-out mice mobilize normally, suggesting that it is not MMP-9 but related MMPs that are
the key downstream regulator of IL-8 and G-CSF-induced mobilization.

Sulfated polysaccharides are capable of mobilizing progenitor cells within a few hours
posttreatment in a dose dependent manner. Significant increases in the levels of MMP-9 and
stromal cell-derived factor (SDF-1), in addition to several circulating cytokines and/or
chemokines, are detected within a few hours of treatment with sulfated fucans (12,13).

3. PROGENITOR CELL REQUIREMENTS FOR SUCCESSFUL ALLOENGRAFTMENT

Meaurement of CD34 antigen expression by flow cytometry has become the preferred
technique for the enumeration of hematopoietic progenitors. There is an excellent correlation
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between the number of CD34+ stem cells infused per kg recipient weight and the pace of both
neutrophil (> 500/mm3) and platelet (> 20,000/mm3) recovery after stem cell infusion. The
target CD34+ cell dose for donors varies form center to center. Patients who receive more than
5 × 106 donor CD34+ cells/kg recipient body weight have a 95% likelihood of neutrophil and
platelet recovery by d 15 (14). A higher CD34+ cell dose may be necessary for successful
engraftment in patients undergoing matched unrelated donor transplants and haploidentical
transplants. Also, additional host factors (splenomegaly, marrow fibrosis, disease type, etc.)
and transplant factors (type of preparative regimen, etc.) may increase CD34+ requirements.

4. HEMATOPOIETIC PROGENITORS IN THE PERIPHERAL CIRCULATION

CD34+ hematopoietic progenitors constitute, on the average, 0.06% of the peripheral blood
of normal individuals (15). This concentration is not sufficient to permit collection of mean-
ingful numbers of CD34+ cells by apheresis. However, building on the experience in stem cell
mobilization and collection for autologous transplantation, cytokine priming has proven to be
an efficient method for stem cell mobilization in normal donors. Sequential culture assay
systems and limiting dilution analysis of long term culture initiating cell (LTC-IC) have
revealed a significantly higher clonogenicity and hematopoietic stem cell activity in mobilized
apheresis products when compared to bone marrow-derived stem cells (16,17).

5. G-CSF FOR MOBILIZATION OF ALLOGENEIC PERIPHERAL BLOOD
STEM CELLS

5.1. Dose
G-CSF has emerged as the cytokine of choice for stem cell mobilization from normal

donors. It has been shown that a dose response relationship exists for the mobilization of
CD34+ stem cells using G-CSF (18).Most centers use G-CSF at a dose of 10–16 µg/kg/d.
However, doses as high as 24 µg/kg/d have been studied. Though such high doses of G-CSF
increase the yield of CD34+ cells, side effects like bone pain and headaches are more severe
(19). Several investigators have compared schedules of G-CSF 10–12 µg/kg/d to G-CSF 5–10 µg/kg
twice daily. Lee et al. reported a higher progenitor cell yield after the administration of split
doses of G-CSF, comparing 5 µg/kg administered twice daily vs 10 µg/kg once a day, with
apheresis starting on d 5 (20).However, Anderlini et al. reported no benefit comparing G-CSF
given 6 µg/kg twice daily vs 12 µg/kg once a day for 3 d (21).

5.2. Kinetics of CD34+ Stem Cell Mobilization
Following treatment with G-CSF 12 µg/kg/d, CD34+ progenitors reach plateau levels (15-

to 35-fold increase over baseline levels) from d 4 to 6 (22–24). Most institutions initiate
apheresis for stem cell collection at this time point. There is a progressive decline in the
mobilization efficiency of CD34+ progenitors when G-CSF is continued for more than 6 d (23).
In the setting of autologous transplantation, several institutions measure peripheral blood CD34+
counts after growth factor administration and initiate apheresis once peripheral blood CD34+ cell
counts rise above 20/µL. However, normal donors have higher resting CD34+ cell counts, and
the peripheral blood CD34+ cell thresholds to initiate apheresis are not well defined.

5.3. Yield of CD34+ Progenitor Cells at Apheresis
PBSCs are collected by single or multiple continuous-flow apheresis. The total blood vol-

ume processed per run is usually 2 or 3× the donor’s total blood volume (10–15 L). However,
large-volume stem cell apheresis processing more than 3× the blood volume (20 L) has also
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been reported (25–27). Anderlini et al. showed that using a target collection of 4 × 106 C34+
cells/kg recipient body weight, 67% of donors treated with GCSF 12 µg/kg/d for 4 d reached
the target in one 10–12 L apheresis procedure. Ninety-four percent of donors reached the target
collection after 5 d of G-CSF at the same dose (28). Brown et al. reported that 62% of normal
donors reached a target collection of 5 × 106 CD34+ cells/kg recipient body weight following
a single 18- to 20-L apheresis procedure after treatment with G-CSF 10 µg/kg/d (14).

5.4. Additional Factors Affecting Collection of CD34+ Progenitor Cells
Anderlini et al. reported that the CD34+ cell yield was significantly lower in donors older

than 55 yr (29). They also reported a correlation between CD34+ cell yield and baseline white
blood cells (WBC), preapheresis WBC, and preapheresis mononuclear cell count in the blood.
Brown et al. reported that donors with low baseline levels of circulating progenitors (<2000
CD34+ cells/mL blood) and those who received lower total doses of G-CSF were less likely
to be effectively mobilized (14). Preapheresis peripheral blood CD34+ cell concentration also
correlates well with the final CD34+ cell yield (15).

6. GM-CSF FOR MOBILIZATION OF ALLO-PBSCS

Though data are limited, recombinant human GM-CSF appears to be less effective in
mobilizing CD34+ progenitors in normal donors. Lane et al. reported on five normal volunteers
who received GM-CSF 10 µg/kg/d for 4 d with leukapheresis on d 5. The overall yield of
CD34+ mononuclear cells in the leukapheresis product from subjects treated with GM-CSF
(12.6 ± 6.1 × 106) was significantly lower than that from seven subjects treated with G-CSF
at the same dose (119 ± 65 × 106). However, mobilization with GM-CSF yielded a significantly
higher percentage of early progenitors (CD34+/human leukocyte antigen [HLA]-DR+/CD38-)
(30). Brown et al. reported similar results in a comparison of 10 patients mobilized with the
same regimen of GM-CSF. The results were compared to 55 patients mobilized with G-CSF
alone at the same dose. The yield of CD34+ stem cells was approximately one-fourth that
measured after mobilization with G-CSF (Table 1). Thirty-four of 55 donors (62%) of donors
mobilized with G-CSF alone achieved >5 × 106 CD 34+ cells/kg recipient weight with a single
apheresis compared with 33% of donors mobilized with GM-CSF (31).

7. G-CSF AND GM-CSF COMBINATION FOR MOBILIZATION OF PBSC

Lane et al. reported on five volunteer donors who were mobilized with both G-CSF and GM-
CSF each at 5 µg/kg/d. The yield of CD34+ stem cells was similar to eight donors who received
G-CSF at 10 µg/kg/d (30). Brown et al. mobilized 25 donors with G-CSF at 10 µg/kg/d and
GM-CSF at 5 µg/kg/d in an attempt to increase the probability of collecting >5 × 106 CD34+
cells/kg with a single apheresis procedure. Compared with G-CSF alone, mobilization with
both G-CSF and GM-CSF resulted in a 28% increase in total CD34+ cells in the first apheresis
(Table 1). The likelihood of obtaining over 5 × 106 CD34+ cells/kg in a single collection
increased from 62% for G-CSF alone to 84% with the combination of G-CSF and GM-CSF
(p <0.05) (31).

8. POOR MOBILIZERS

A review of data from 113 normal donors at our own institution mobilized with GCSF
10 µg/kg/d for 4 d, revealed that four donors (3.5%) failed to mobilize >1 × 106 CD34+ cells
on the first day of apheresis. Options for optimizing stem cell yield includes the administration
of a higher dose of G-CSF, split doses of G-CSF, combination therapy with G-CSF and GM-
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CSF (as discussed above), or, alternatively, proceeding to bone marrow harvest. Despite these
measures, in a very small number of normal donors, adequate stem cell numbers may not be
achieved. It would be interesting to follow these donors long-term, to see if they develop
marrow failure states in the future.

9. IMMUNOMODULATORY EFFECT OF CYTOKINES ON
THE COMPOSITION OF THE STEM CELL PRODUCT

Despite an at least a 10-fold greater T cell dose, G-CSF-mobilized PBSC grafts do not
cause a higher incidence of acute graft-vs-host disease (GVHD) (1). However, PBSC grafts
may be associated with a higher incidence of chronic GVHD (14,32). In an attempt to
elucidate the mechanisms responsible for these differences, investigators have looked at the
effect of these cytokines on T-cell subsets and dendritic cells (DC). Dendritic cells are the only
antigen-presenting cells that can prime naïve T cells to a new antigen. In nature, Th1 cells
promote the generation of cytotoxic T- cells and mononuclear cells, which protect against viruses
and other intracellular microbes. In contrast, Th2 cells are involved in allergic responses domi-
nated by B-cell production of IgE and the recruitment of eosinophils and basophils. Functional
heterogeneity likely accounts for a distinct role of Th1 and Th2 cells in transplantation.

A number of preclinical murine and clinical studies have suggested that G-CSF “polarizes”
T cells from the Th1 to the Th2 phenotype (33–35). Arpinate et al. postulate that transplantation
of G-CSF-stimulated PBSC did not result in overwhelming acute GVHD because the graft
contains predominantly Th2-inducing DC (36). The authors showed that G-CSF treatment
increased peripheral blood lymphoid DC (DC2, defined as HLA-DR+/lin-/CD11c-/CD4+/IL-3R
α+) counts from a median of 4.9 × 106/L to 24.8 × 106/L whereas myeloid DC (DC1, defined
as HLA-DR+/lin-/CD11c+) counts did not change. Activated DC1 induced allogeneic naïve
T cells to produce the Th1 cytokine inteferon (IFN)-γ, whereas activated DC2 induced Th2
responses with increase in IL-4 and IL-10. Purified DC1 induced the proliferation of allogeneic
naïve T cells, but fresh DC2 were poor stimulators. Also, PBSC transplants were found to contain
higher doses of DC2 than marrow transplants (median 2.4 × 106/kg vs 0.5 × 106/kg, p = 0.006).

A number of reports have suggested decreased immune function of peripheral blood cells
in normal allogeneic allo-PBSC donors mobilized by G-CSF. Miller et al. reported function-
ally abnormal natural killer (NK) cell function after G-CSF mobilization. It was conjectured
that granulocytes may be the source of this NK cell suppressive activity (37). Ageitos et al. have
shown that monocytes, which are present in high numbers in PBSC products, may be the source
of immune dysfunction (38). Joshi et al. assessed the immunologic function of G-CSF-mobi-

Table 1
Effect of Cytokines on Cellular Constitution of ALLO-PBSC Product

G-CSF (N = 55) G + GM-CSF GM-CSF (N = 10)
PBSC products (mean ±  S.D.) (N = 25) (mean ±  S.D.) (mean ±  S.D.)

CD34+/kg × 106 8.9 ± 7.2 11.0 ± 6.3a 2.6 ± 2.1b

CD3+/kg × 106 3.7 ± 2.5 1.7 ± 1.1b 1.2 ± 0.6b

CD4+/kg × 106 2.8 ± 1.7 1.3 ± 0.8b 0.9 ± 0.5b

CD8+/kg × 106 1.4 ± 1.3 0.3 ±  0.3b 0.2 ± 0.2b

Dendritic cells (DC) /kg × 106 6.6 ± 2.8 15.4 ± 11.8a 13.4 ± 18.0
Activated CD80+DC/kg × 106 0.16 ± 0.05 5.6 ± 8.3 5.5 ± 6.3

ap <0.05 compared with G-CSF alone.
bp <0.01 compared with G-CSF alone.
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lized PBSC from 104 healthy donors and compared this to 28 steady-state nonmobilized
donors. These investigators also saw a significant decrease in NK and lymphokine activated
killer (LAK) cell mediated toxicity for G-CSF mobilized effector cells. In addition, they saw
a decreased T and B cell mitogenic response when compared with nonmobilized cells. Of
interest, these effects were only seen in donors with selected HLA antigens (39).

Brown et al., as previously noted, showed that products collected following mobilization
with both G-CSF and GM-CSF or GM-CSF alone contained fewer CD3+, CD4+, and CD8+
cells than those collected following mobilization with G-CSF. Mobilization with G-CSF and
GM-CSF or GM-CSF alone resulted in an increase in total DC (defined as CD4+, HLA-DR+,
lin–ve) and activated (CD 80+) DC (Table 1) (31). In a subsequent report comparing results
of 77 donors mobilized with G + GM – CSF and 97 donors mobilized with G-CSF alone, the
authors reported that there were no significant differences in the rates of Grade II–IV acute
GVHD, chronic GVHD, and progression-free survival (PFS) between the two cohorts (40).

10. DONOR ELIGIBILITY

There are no known absolute contraindications for the administration of G-CSF to normal
donors. There is some evidence that donors with a prior history of inflammatory autoimmune
disorders could be at risk for exacerbation or clinical deterioration during or after G-CSF
mobilization (41,42). Several patients with chronic progressive multiple sclerosis mobilized
with G-CSF in preparation for an autologous stem cell transplant developed rapid and signifi-
cant neurologic deterioration during G-CSF mobilization (R. Nash, personal communication,
Fred Hutchinson Cancer Research Institute). Finally, it has been observed that some patients
with sickle cell anemia have developed neurologic problems after G-CSF treatment. Donors
with specific risk factors (cardiovascular or cerebrovascular disease, pregnancy, thrombocy-
topenia, splenomegaly, inflammatory or autoimmune disorders) should be deferred or consid-
ered only if no other option is available.

11. CLINICAL AND LABORATORY EFFECTS OF CYTOKINE TREATMENT
FOR STEM CELL MOBILIZATION IN NORMAL DONORS

The most common adverse events related to administration of G-CSF to normal individuals
are bone pain, headache, fatigue, and nausea (Table 2) (43), These can usually be controlled
with low-potency analgesics and resolve within a few days of discontinuation of the medica-
tion. Laboratory abnormalities include transient increases of alkaline phosphatase, lactate
dehydrogenase, and less commonly, hypokalemia and hypomagnesemia (due to an intracellu-
lar shift of these cations with an increase in circulating mature WBC and progenitor cells) (44).
After 3 d of G-CSF treatment WBC, neutrophil, and lymphocyte counts increase by 6.4-, 8.0-,
and 2.2-fold over baseline values (15). WBC may reach 70–80 × 109/L by d 5 after G-CSF.
Although leukostasis has not been reported, most centers reduce the dose if these levels are
attained earlier or if the WBC counts exceed 75 × 109/L. Transient decreases in donor platelet
counts have been observed after G-CSF mobilization, with increasing thrombocytopenia
observed after sequential large volume stem cell apheresis (25,45). An asymptomatic drop in
peripheral blood lymphocyte and granulocyte counts have been reported following completion
of stem cell collection after mobilization with G-CSF (46–48). Several authors have reported
that G-CSF administration induces a transient mild hypercoaguable state. The exact mecha-
nisms responsible for this phenomenon are unclear. However, an increase in fibrinogen and
factor VIII levels with a reduction in protein C and S have been observed (49). Other authors
have reported an increase in the levels of vonWillebrand factor antigen/activity, prothrombin
fragment 1, thrombin-antithrombin complex, and in D-dimer levels (50,51). There are anec-
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dotal reports of serious adverse events like anaphylactic reaction, splenic rupture, and unstable
angina associated with G-CSF mobilization of normal donors (52–54).

12. LONG-TERM EFFECTS ON DONOR HEALTH

There have been very little data presented relating to this very important area. By 1998,
nearly 80% of the allogeneic transplants from HLA identical siblings were performed using
cytokine-mobilized PBSC. These trends have continued over the ensuing 3 yr. In contrast,
nearly all unrelated allogeneic transplants, up until and including 1998 were performed using
bone marrow. More recent data from the National Marrow Donor Program (NMDP) in 2000
and 2001 suggest that nearly 20% of the unrelated stem cell requests to the NMDP are now for
cytokine-mobilized PBSC and not bone marrow. The delays in collection centers agreeing to
provide allo-PBSC and the delays in transplant centers requesting unrelated allo-PBSC, are
probably due to concerns relating to increased GVHD and long-term safety of G-CSF mobi-
lization in volunteer unrelated donors.

Although there is no evidence yet that brief exposure of normal donors to G-CSF results in
any long-term risks, young children with congenital neutropenia (Kostmann’s Syndrome) who
have been exposed to G-CSF for many years have a higher than expected risk of developing
acute myeloid leukemia (AML) (55). Many of these cases express a mutated GCSF-R recep-
tors, which may contribute to the development of AML. Also, a study from Japan has reported
that 4% of children with aplastic anemia treated with cyclosporine and G-CSF developed
AML. However, AML was not observed in 41 children treated with G-CSF alone (56). In
addition, several authors have reported normal blood counts in allogeneic PBSC donors many
years after mobilization with G-CSF (57,58).

13. SUMMARY

Cytokine-mobilized peripheral blood is being used increasingly as a source of stem cells in
lieu of bone marrow for both related and unrelated donor allogeneic transplantation. However,
knowledge in the basic science of stem cell mobilization has lagged behind the clinical appli-
cation of mobilized PBSCs. A vast majority of normal allo-PBSC donors have been mobilized
using G-CSF. The use of G-CSF for stem cell mobilization is well tolerated and there is as yet
no evidence of any long-term adverse affects. The immunomodulatory effects of G-CSF and
GM-CSF on the composition of the stem cell product, on GVHD, and on the outcomes of
allogeneic transplantation are the subject of intense investigation.

Table 2
Common Clinical

and Laboratory Effects
of Cytokines

Bone pain
Headache
Fatigue
Nausea
Leukocytosis
Thrombocytopenia
Increased alkaline phosphatase
Increased lactate dehydrogenase
Hypokalemia
Hypomagnesemia
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The future holds the prospect for utilization of novel cytokines for stem cell mobilization.
Pegylated G-CSF is a long-acting formulation of G-CSF and is currently being evaluated in
clinical trials. In the future, this formulation may be used in stem cell mobilization protocols
for normal donors. In addition, Flt-3 ligand combined with G-CSF and GM-CSF is currently
being evaluated for the mobilization of stem cells for autologous stem cell transplantation. In
the allogeneic transplantation arena, in addition to the potential for increasing the yield of stem
cells, Flt-3 ligand has potential to modulate GVHD and graft-vs-tumor responses as it stimu-
lates the production of dendritic cells.
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1. INTRODUCTION

High doses of chemotherapy and radiation, combined with a new immune system generated
by an allogeneic hematopoietic stem cell transplant, have significant potential benefits for
the treatment of multiple types of illnesses, as outlined throughout this text. Unfortunately,
the majority of patients are not candidates for this approach. This chapter will discuss a shift
in the understanding of the requirements for successful allogeneic hematopoietic transplanta-
tion, allowing for less toxic preparative regimens while maintaining reliable donor engraft-
ment. Successful exploitation of this approach will allow older, more debilitated patients to
undergo allogeneic immunotherapy in the future. Further, if the risks are truly decreased, the
cost–benefit ratio may be sufficiently shifted to allow new diseases to be targeted for therapy,
such as patients with hemoglobinopathies, selected genetic deficits, or autoimmune illnesses.

2. RATIONALE FOR THE BENEFIT OF ALLOGENEIC IMMUNOTHERAPY:
GRAFT-VS-TUMOR EFFECTS

Standard allogeneic therapy relies on both the benefits of high doses of radiation and/or
chemotherapy, as well as the benefits provided by the new immune system. For the potentially
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less toxic, better tolerated, nonmyeloablative approach to have an important impact in the care
of patients, further exploitation of the immunotherapeutic benefit of allogeneic transplantation
is required. Evidence for the importance of the activity of the new immune system improving
outcomes for patients undergoing standard transplantation continues to grow and includes: (i)
a temporal relationship between graft-vs-host disease (GVHD) and hematologic remission; (ii)
reduced incidence of leukemic relapse after allogeneic bone marrow transplantation (allo-
BMT) compared to syngeneic BMT; and (iii) a reduced incidence in leukemic relapse in
allogeneic transplant recipients who do develop GVHD compared to those who do not (1–7).

Multiple laboratory studies have been published in support of these clinical data as well.
Cytotoxic T cells are known to play an important part in the antitumor effects, though the
specific antigenic targets of the immune effector cells are largely uncharacterized. Tumor
specific antigens and histocompatibility antigens may play a role and the interactions may be
through direct cell contact, activating natural killer (NK) cells, or indirect production of cyto-
toxic cytokines (interferon [IFN], tumor necrosis factor [TNF]-α, interleukin (IL)-2, IL-12).
Tumor-associated antigens recognized by cytotoxic T cells have been found on solid tumor
cells (Her-2/neu, mucin [MUC]-1, mutated p53, carcinoembryonic antigen [CEA]) (8) and
tumor infiltrating lymphocytes which secrete cytokines toxic to cancer cells have also been
identified (9).

Rocha et al. (10) compared graft-vs-leukemia (GVL) and GVH reactions after systemic
transfer of allogeneic antitumor immune T lymphocytes from B10.D2 (H-2d; Mls[b]) into
DBA/2 (H-2d; Mls[a]) mice. Before immune cell transfer, recipient DBA/2 mice were suble-
thally irradiated with 5 Gy to prevent host-vs-graft reactivity. Recipients were either bearing
syngeneic metastatic ESb lymphomas (GVL system) or were normal nontumor-bearing mice
(GVH system). This adoptive immunotherapy (ADI) protocol is known to have pronounced
GVL activity from this group’s prior work and has led to immune rejection of even advanced
metastasized cancer. In this study, monoclonal antibodies were used for immunohistochemical
analysis of native frozen tissue sections from either spleen or liver to distinguish donor from
host cells, to differentiate between CD4 and CD8 T lymphocytes, and to stain sialoadhesin-
positive macrophages at different time points after cell transfer. The kinetics of donor cell
infiltration in spleen and liver differed in that the lymphoid organ was infiltrated earlier (d 1–5
after transfer) than the nonlymphoid organ (d 5–20). After reaching a peak, donor cell infiltra-
tion decreased gradually and was not detectable in the spleen after d 20 and in the liver after
d 30. The organ-infiltrating donor immune cells were mostly T lymphocytes and stained
positive for CD4 or CD8 T-cell markers. A remarkable GVL-associated observation was made
with regard to a subset of macrophages bearing the adhesion molecule sialoadhesin (SER+
macrophages). In the livers of tumor-bearing mice, their numbers increased between d 1 and
12 after ADI by a factor greater than 30. Double staining for donor cell marker and SER showed
that the sialoadhesin-expressing macrophages were of host origin. The SER+ host macroph-
ages from GVL livers were isolated by enzyme perfusion and rosetting 12 d after ADI, when
they reached peak values of about 60 cells per liver lobule, and were tested, without further
antigen addition, for their capacity to stimulate an antitumor CD8 T-cell response. The results
of this immunologic analysis suggest that these cells in the liver function as scavengers of the
destroyed metastases and as antigen-processing and antigen-presenting cells for antitumor
immune T cells (10).

Recently, important evidence was published to further prove that such an immune mediated
antitumor effect has clinical implications for patients with solid tumors, supporting the exten-
sion of allogeneic therapy beyond the bounds of hematologic malignancies. A 32-yr-old woman
with inflammatory breast cancer received a BMT from her HLA-identical sibling. During
GVHD cytotoxic T lymphocytes were grown and tested in a chromium-release assay against
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B and T lymphocytes of the patient and donor and against a panel of breast cancer cell lines.
Resolution of liver metastases was observed simultaneously with clinical GVHD in the first
weeks after transplant. In addition, MiHA-specific and MHC class I antigen-restricted cyto-
toxic T lymphocytes recognizing breast carcinoma target cells were isolated from the patient
simultaneously with clinical GVHD in the first weeks after transplant. In addition, minor
histocompatibility antigen (MiHA)-specific and major histocompatibility complex (MHC)
class I antigen-restricted cytotoxic T lymphocytes recognizing breast carcinoma target cells
were isolated from the blood of the patient. Pretreatment of such target cells with TNF-α, but
not with IFN-α or IFN-γ increased susceptibility of these cells to lysis by cytotoxic T lympho-
cytes. Clinical course and in vitro results suggest that a graft-vs-tumor (GVT) effect existed
after allogeneic BMT for breast cancer (11).

These data support the contention that allogeneic transplantation is an effective form of
immunotherapy, not just a method to support patients in recovery from aggressive doses of
therapy. Optimizing methods for this approach will allow a broadened application of the
approach for more patients, with more varied diseases.

3. RATIONALE FOR ALLOGENEIC IMMUNOTHERAPY THERAPY USING
NONMYELOABLATIVE INDUCTION REGIMENS

The aggressive induction regimens utilized in standard allogeneic therapy may result in
pulmonary or alveolar hemorrhage, venoocclusive disease, or other organ toxicity. In addition,
the prolonged time to engraftment and continued use of immunosuppressive agents causes
increased and prolonged risks for bacterial, viral, and fungal infections. With advanced age and
additional co-morbid conditions in the adult population (i.e., obesity, hypertension, tobacco
abuse), patients also have lessened abilities to persevere through pneumonitis, deconditioning,
malnutrition, GVHD, or other common complications. Even with the stringent evaluation
process patients undergo prior to being offered allogeneic transplantation, nearly 25% die soon
after the procedure (12,13).

One approach to decreasing allogeneic treatment-related mortality and morbidity is to use
a nonmyeloablative conditioning regimen with lower doses of chemotherapy and/or radiation
which is lymphotoxic, but does not induce as much damage to the visceral organs of the body.
Through combining agents that target therapy more selectively to the immune system of the
patient, with relative sparing of visceral organs of the body, one induces a significant immu-
nosuppressed state. This allows for the patient to accept a donor graft. The more lymphocyte-
selective conditioning allows lessened risks of acute therapy-induced damage, shortened time
to improved nutritional status and exercise tolerance, and possibly less activation of the mecha-
nisms leading to GVHD.

The terminology in the literature describing this approach is varied.“Mini-Transplant” and
“Transplant–Lite,” refer to the lessened intensity and improved tolerability of the early post
transplant phase of therapy. However, significant infectious and GVHD risks persist, main-
taining the high risk nature of the procedure in terms of mortality and morbidity, therefore these
terms are misnomers. “Mixed chimeric” transplant denotes the fact that one anticipates both
the donor and recipient’s hematopoietic systems to be functioning upon recovery. Whether
they can continue to co-exist is the subject of continued research. “Nonmyeloablative therapy”
seems to be the most accurate term for this process, as it denotes therapy that is specifically not
myeloablative, though it is lymphotoxic and does not promise lessened toxicities to the recipient.

Figure 1 depicts the nonmyeloablative approach with both donor and recipient hematopoi-
etic systems likely coexisting following initial recovery. For hemoglobinopathies or autoim-
mune illnesses, this new blood cell source may be sufficient to mask the phenotype of the
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disease. For other illnesses, such as leukemias, progression to full donor hematopoietic func-
tion typically occurs in the ensuing months and ensures the donor immune system will be
present for surveillance and lysis of the neoplastic recipient clone. This progression may occur
naturally over time from initial transplant or with further assistance from infusions of donor
lymphocytes to improve donor hematopoietic and immune recovery.

Differing effects of the standard, more intense ablative approaches compared to nonablative
approaches are noted in Table 1. Rather than a prolonged cytopenic phase, most patients
recover within 10 d with most nonmyeloablative regimens; many never require platelet trans-
fusions during recovery. The immediate risks of damage to the integument, lungs, and liver are
significantly decreased, leading to hastened recovery of adequate nutritional intake and exer-
cise tolerance. Further, the decreased damage to the host may relate to lowered infectious and
GVHD risks (14).

There are many different specific regimens reported to fall into this nonablative category,
though not all are equivalent. Regimens decreasing the intensity of the preparative therapy to
about half are more intermediate dose intense regimens, rather than the even less intense and
better tolerated regimens referred to as nonmyeloablative for the purposes of this chapter. The
intermediate dose regimens typically use half the dose of busulfan, for instance, or substitute

Fig. 1. Schematic of the host donor hematopoietic stem cell and immune competition between the host
and donor that occurs during allogeneic therapy. With nonmyeloablative therapy, early hematopoietic
recovery typically reveals evidence of both recipient and donor myeloid and lymphoid recovery. Usu-
ally, though not always, one system eventually accounts for virtually all of the measurable activity.
Tipping the balance in favor of this being the donor system, or improving antitumor efficacy, may rely
on the use of DLI as well.

Table 1
Comparison of the Effects of Ablative vs Nonmyeloablative Preparative Regimens

Ablative Nonmyeloablative

No autologous recovery of normal hematopoiesis Autologous recovery may return in 14–21 d.
for 90–120 d.

Severe damage to the skin, liver, and gut with Minimal damage to the skin, liver, and gut may
cytokine storms released. lead to decreased cytokine storm.

Poor nutrition and exercise tolerance is common. Hastened recovery of nutrition and exercise
tolerance.

Increased risk of acute and chronic GVHD. Possible decreased risk of acute and chronic
GVHD.

Increased infectious risks for many months. Possible decreased risks of severe infections.
Delayed immune recovery. Immune recovery?
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an intermediate melphalan dose for other alkylator therapy. The intermediate dosing may well
serve an important role in improving the outcomes for patients undergoing allogeneic therapy.
Proper utilization of these regimens vs other less toxic nonmyeloablative regimens must await
future comparison trials. Immune reconstitution and the rate of recovery after these therapies
remains an active area of investigation as manipulation of immune recovery will play a major
role in optimizing the success of this approach.

4. LABORATORY EVIDENCE FOR SUCCESSFUL ALLOGENEIC
IMMUNOTHERAPY WITHOUT USING MYELOABLATION

4.1. Host–Donor Competition
The theory of the success of the less toxic nonablative hematopoietic transplant is derived

from a paradigm shift in the understanding of what is required for successful allogeneic therapy.
Rather than aggressive medications used to obliterate the recipient’s hematopoietic system and
create open space for the donated cells to repopulate, the nonmyeloablative approach relies on
successful competitive inhibition of the new immune system versus the endogenous one.
Laboratory evidence supportive of the feasibility of this approach is derived from both the
rodent and canine models. Storb et al. (15) treated canines with successively lower doses of
radiotherapy. This group noted that when the dose of radiotherapy was decreased from 920 cGy
to 450 cGy (still supralethal, but much less toxic) the rate of successful engraftment from DLA
identical littermates decreased from 95 to 41%. The important point was not the decrease, but
the fact that engraftment still occurred in a large proportion of canines (41%) (15).

Does this less intense therapy still create space in the marrow or does it assist in the host–
donor immune competition for regeneration? Yu et al. (16) addressed this question by com-
paring the effects of radiation to the marrow space vs total lymphoid radiotherapy. Canines
were given either local radiotherapy of 1000 cGy at 200 cGy/min to the marrow space or the
lower dose of 450 cGy total lymphoid radiation. Though transient donor engraftment was
noted in those given marrow radiation, all six of these canines rejected the donated stem cells
early in recovery. In contrast, all four canines given only total lymphoid radiation at 450 cGy
had sustained donor engraftment (16). These data suggest that immunosuppression may play
a larger role than the creation of marrow space in a successful allogeneic transplant.

Another set of experiments addressed the question of the impact of modulation of
posttransplant immunotherapy. Table 2 compares the results of dogs treated at 450 cGy at
7 cGy/min and infused with allogeneic grafts from DLA identical littermates, followed by
treatment with differing immunotherapy posttransplant. It is noted that those who received
cyclosporine after induction therapy had a significantly improved rate of engraftment com-
pared to those who received no posttransplant immunotherapy (100 vs 36%). This is in contrast
to those canines that received prednisone following induction having no allogeneic engraft-
ment, suggesting that all post transplant immunomodulation is not created equal (15,17).

Subsequently, the dose of radiotherapy was further decreased to sublethal doses of 100–200 cGy.
It was noted that, even with the sublethal conditioning dose, successful engraftment could be
maintained with posttransplant immunomodulation. Table 3 shows canines treated at 200 cGy and
given differing combinations of cyclosporine, methotrexate, and mycophenylate following
induction. A high rate of sustained engraftment is noted in the groups treated with drug com-
binations for prophylaxis. Again, not all posttransplant immune modulation had the same
benefit, as those subjects given only cyclosporine rejected the donor cells with this sublethal
dose of radiotherapy. Those receiving methotrexate with cyclosporine had intermediate suc-
cess, while the best outcome was seen in those who received the combination of mycophenylate
and cyclosporine (18). The potential synergy for the combination of cyclosporine and
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mycophenylate supports prior work with this combination, showing improved outcomes in
canines undergoing ablative therapy as well (19).

These data support the hypothesis that GVHD and rejection (host-vs-graft [HVG]) reactions
are controlled by the same mechanisms of immune competition. Varying immunotherapy may
then have a major impact on the success of nonmyeloablative induction regimens as we explore
methods of minimizing the toxicity and maximizing the benefits of this approach.

4.2. The Importance Stem Cell Dose
A second piece of the puzzle allowing one to successfully minimize the dose of induction

therapy involves understanding the impact of increased doses of hematopoietic stem cells upon
donor engraftment. The importance of higher cell dose compensating for less intense induction
therapy can be seen from results in rodent models. Balb/c female rodents ablated with 700 cGy
of whole animal radiation reliably engraft donor stem cells from Balb/c males at low or high
cell doses. In contrast, rodents prepared with a dose of 100 cGy whole animal radiation do not
have a high rate of engraftment at low cell doses, but do at higher cell doses (Fig. 2) (20).

5. CLINICAL EVIDENCE IN SUPPORT OF THE FEASIBILITY
OF NONMYELOABLATIVE ALLOGENEIC HEMATOPOIETIC

TRANSPLANTATION

5.1. Unmanipulated Grafts
Giralt et al. (21) reported on fifteen patients ages 27–71 (median age 59) with aggressive

myeloid leukemia. Twelve of the 15 patients had multiple relapses or refractory disease.
Therapy included fludarabine 30 mg/m2/d for 4 d, idarubicin 12 mg/m2/d for 3 d, and cytarabine
2 g/m2/d for 4 d (n = 8) (one patient had melphalan 140 mg/m2 for 1 d substituted). Alterna-
tively, patients received 2-chloro-deoxyadenosine 12 mg/m2/d for 5 d and cytarabine 1 g/m2/d
for 5 d (n = 7). The median dose of peripheral blood stem cells or marrow infused was

Table 2
Canines Exposed to 450 cGy and Infused with Stem Cells

from DLA Identical Littermates

Reference Posttransplant immunotherapy Proportion engrafting

(15) None 6 out of 17 (36%)
(17) Cyclosporine 7 out of 7 (100%)
(17) Prednisone 0 out of 5 (0%)

Table 3
Canines Exposed to 200 cGy and Infused

with Stem Cells from DLA Identical
Littermates

Posttransplant therapy Engraftment

CSA 0 out of 5 (0%)
MTX/CSA 3 out of 6 (50%)
MMF/CSA 5 out of 6 (83%)

CSA, cyclosporine 15 mg/kg by mouth 2×/d on
d 1–35 MTX, methotrexate 0.4 mg/kg intraven-
ously on d 1, 3, 6, and 11; MMF, mycophenylate
10 mg/kg 2×/d subcutaneously on d 0–27.
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4.5 × 106/kg CD34+ cells. GVHD prophylaxis consisted of cyclosporine and prednisone. One
patient died during induction therapy, while 13 out of 14 remaining patients had evidence of
donor engraftment with 8 out of 14 evaluable patients attaining a remission of their leukemia.
Two patients experienced grade 2 GVHD in this small study with 100-d actuarial survival in
responding patients of 66% (21). Utilization of single fraction, low dose radiation in prepara-
tion has met with similar success. For patients transplanted with a matched donor, preparation
with 2 Gy total body irradiation (TBI) resulted in 80% engraftment. The addition of fludarabine
to the nonablative preparation increased the engraftment rate to 100% (22). Table 4 summa-
rizes the results as they regard successful engraftment and occurrence of GVHD for recently
reported studies using matched siblings and unmanipulated grafts.

The initial clinical results noted those with active progressive disease did not fare as well
as others in terms of disease-free survival. This has led to further studies in less aggressive or
indolent malignancies. In an early report, 12 patients with less aggressive hematologic malig-
nancies were treated with nonmyeloablative therapy with no prophylaxis for acute GVHD.
One patient died of toxicity and six of the remaining nine evaluable patients remained in
remission. Two patients died with severe acute GVHD, and therefore, GVHD prophylaxis
consisting of tacrolimus ± methotrexate 5 mg on d 1, 3, and 6 was added (23). The use of this
more stringent GVH prophylaxis regimen raised the issue of ensuring engraftment with the
nonablative preparative regimen, as it remained unclear whether the immunomodulation would
impact more on the donor or recipient’s immune system in the competition for immune recov-
ery. This concern seems to be manageable, as results with the nonablative transplant experi-
ence using fludarabine and cyclophosphamide or cisplatin, fludarabine, and cytarabine, with
the posttransplantation prophylaxis for GVHD noted above, are encouraging. Patient age
ranged from 45–71 yr. Eight patients had chronic lymphocytic leukemia (CLL) (chemotherapy
sensitive, refractory, or Richter’s), six patients had low grade or transformed non-Hodgkin’s
disease, and one patient had mantle cell lymphoma. This approach resulted in engraftment for
11 of 15 patients, one died of liver failure, and other toxicities such as cytomegalovirus (CMV)
antigenemia were common but severity was not greater than grade II. One patient had grade
II GVHD of the liver and two patients had extensive chronic GVHD. After donor lymphocyte
boosts, two other patients developed grade II GVHD, and one patient developed lethal grade
IV GVHD. Eight of 11 evaluable patients attained a complete remission of their hematologic
malignancy. Those few who did not engraft had autologous hematologic recovery within 2 wk
(24). In those with refractory myeloma, similar encouraging results for nonablative therapies

Fig. 2. While engraftment is not significantly affected by low numbers of infused stem cells in rodents
radioablated with 700 cGy, stem cell dose effects engraftment potential in nonablated rodents (100 cGy),
where higher doses of stem cells allows for a significant increase in the rate of engraftment.
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Table 4
Summary Results for Engraftment and GVHD of Studies with Nonmyeloablative Preparative Regimens Using Primarily Unmanipulated Stem Cells

from Matched Siblings

Total patients Median age GVHD ≥ Grade 2 acute
Ref. Regimen (early deaths) (range) Disease % Donor engraftment prophylaxis GVHD

(21) F-I-C, F-I-M, CDA-C 15 (1) 59 (27–71) AML or MDS 13 out of 14 (93%) CSA, MP 2 out of 14 (14%)
(24) F-Ctx, F-C-CP 15 (1) 55 (45–71) Low-grade NHL 11 out of 14 FK506, Mtx 1 out of 14 (7%)
(28) F-Bu-ATG 26 31 (1–61) Refractory hematologic 26 out of 26 (100%) CSA 6 out of 26 (23%)

malignancies
(30) F-Bu-ATG 17 52 Refractory hematologic 17 out of 17 (100%) CSA 4 (27%)

malignancies
(25) F-M 18 (1) 50 Refractory myeloma 17 out of 17 (100%) FK506 9 out of 17 (53%)
(29) F-Bu-ATG 10 52 (45–57) Refractory myeloma 10/10 (100%) CSA 5 out of 10 (50%)

in 90%
(61) F-Cyt 19 47 (37–65) Renal cell 19 out of 19 (100%) CSA 10 out of 19 (53%)
(31) F-Cyt 19 – Resistant HD, NHL 19 out of 19 (100%) CSA, Mtx –
(22) TBI 50 – – 10 out of 50 (20%) CSA, MMF –
(22) TBI- F 28 – – 28 out of 28 (100%) CSA, MMF –
(27) TBI-M 12 49 (40–63) Myeloma 112 out of 12 (100%) CSA, MMF 6 out of 12 (50%)
(32) M 16 57 (42–70) Myeloma 15 out of 16 (94%) CSA 10 out of 16
(26) TBI-ECP-P 10 – Refractory hematologic 10 out of 10 (100%) CSA, MTX 0 out of 10 (0%)

malignancies

F, fludarabine; I, idarubicin; M, melphalan; C, cytarabine; Cyt, cyclophosphamide; CP, cisplatin; Bu, busulfan; BEAM, BCNU, etoposide, cytarabine, melphalan; ATG,
antithymocyte globulin; TBI, total body irradiation; ECP, extracorporeal photopheresis; P, pentostatin; AML, acute myeloid leukemia; NHL, non-Hodgkin’s lymphoma;
MDS, myelodysplasia; CSA, cyclosporine; MP, methylprednisolone; FK506, tacrolimus; Mtx, methotrexate.
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have been obtained with a progression-free survival at 1 yr of 30% (25). Another approach of
interest successfully combines extracorporeal photopheresis with pentostatin and low dose
radiation. One group has noted a high rate of engraftment with little severe acute GVHD (26).

Combining nonmyeloablative therapy, as consolidation after aggressive high-dose chemo-
therapy requiring autologous support, may be another method to exploit the immunotherapeu-
tic benefits of allogeneic therapy with less toxicity. Using this combined approach, one report
notes a 30% complete remission and progression-free rate with a median follow-up of 1 yr in
those with refractory lymphoma (31). Autologous therapy, followed by a melphalan-TBI
nonmyeloablative regimen for those with progressive myeloma, has resulted in a 50% com-
plete response rate as well (27).

As discussed above, not all nonmyeloablative regimens are similar in terms of toxicity or
degree of intensity and much remains to be learned concerning the relative strengths and
weaknesses of the different approaches. Slavin et al. (28) have reported results from the use
of a more intermediate dose nonmyeloablative conditioning regimen for allogeneic stem cell
transplant: fludarabine 30 mg/m2/d for 6 d, busulfan 4 mg/kg/d for 2 d, and ATG 10 mg/kg/d for
4 d. In the first group of 26 patients with primarily hematopoietic malignancies, nine patients
engrafted with stable partial chimerism and 17 patients engrafted with complete donor chimer-
ism. Four patients received donor lymphocyte infusions (DLI) for relapsed disease. At a
median follow-up of 8 mo, 85% of patients were alive, and 81% are disease-free. There have
been no cases of prolonged aplasia (28). Another report concerning patients with myeloma who
had failed other aggressive therapies proceeding to nonablative conditioning with fludarabine,

Table 5
Summary of Outcomes for Patients Undergoing

Nonmyeloablative Therapy for Hematologic Disorders

Ref. Diseases Complete response Survival

(21) AML or MDS 8 out of 14 (57%) Actuarial 100-d survival: 66%
(24) Relapsed or refractory 8 out of 11 (73%) Median f/u 8 mo: 50% alive at 1 yr

 low-grade NHL (CLL,
mantle cell, Richter’s)

(28) CML, AML or MDS, ALL, 21 out of 26 (80%) Median f/u 8 mo: 85% survival
NHL, MM, Hgb

(25) Refractory myeloma 8 out of 17 (47%) 33% actuarial survival at 1 yr (30%
progression-free)

(29) Refractory myeloma after 5 out of 10 (50%) –
autologous transplantation

(27) Myeloma 6 out of 12 (50%) Median f/u 200 d: 10 out of 12 remain
alive with response

(32) Myeloma 7 out of 16 (44%) Median f/u 11 mo: 69% survival
(47) Refractory HD, NHL 9 out of 13 (69%) Median f/u 10 mo: 9 out of 13 (69%)

remain alive and disease-free
(57) HD, NHL, AML, MDS, 21 out of 30 (70%) 71% actuarial survival at 1 yr

CML, MM, ALL
(54) CML – Progression-free and overall survival at

3 yr: 6 out of 9 (65%)
(31) Refractory HD, NHL 6 out of 19 (32%) Median f/u 1 yr: 1-yr survival of 74%
(50) AML, NHL, CML, 10 out of 14 (71%) –

MM, myelofibrosis

CML, chronic myeloid leukemia; AML, acute myeloid leukemia; ALL, acute lymphoid leukemia; NHL, non-
Hodgkin’s lymphoma; MM, multiple myeloma; HGB, hemoglobinopathies; f/u, follow-up.
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busulfan, and ATG notes significant response with 50% complete remission and a 9 out of 10
(90%) overall response rate (29). Others have used a similar regimen with encouraging results
in engraftment and response, with approx 28% chance of grade III or IV acute GVHD. Table
5 summarizes some of the early results regarding efficacy of the nonmyeloablative allogeneic
transplant in those with varying hematologic malignancies.

Infections, particularly reactivation of CMV, remain a problem as realized in these early
trials, underscoring the significant and sometimes prolonged immunosuppression still present
with all of the nonmyeloablative approaches (30). The outcomes, in terms of toxicity and
efficacy of the various regimens, will likely depend largely on patient selection. Comparing
relative benefits must await future comparative studies.

6. IMPROVING OUTCOMES THROUGH MINIMIZING GVHD:
ATTENUATED CYTOKINE STORM AND GRAFT MANIPULATION

Evidence is accruing supporting the contention that minimizing the damage from the pre-
parative regimen will decrease GVHD. This is hypothesized to occur through minimizing
perturbations in the cytokine storm noted after the preparative regimens for allogeneic trans-
plantation. A comparison of the rates of acute GVHD after allogeneic transplantation with
unmanipulated grafts in ablated vs nonmyeloablated patients has shown less overall acute
GVHD (28 vs 53%) in the nonmyeloablated group, though severe acute GVHD risks were
similar (33). Cytokines are increasingly recognized as important mediators of GVHD. Endog-
enous serum levels of various cytokines and dependent molecules in sera of 14 patients after
T cell-depleted BMT were determined and compared with the results of 12 patients undergoing
non-T cell-depleted transplantation (34). The effect of various conditioning regimens and of
hematopoietic reconstitution on cytokine serum levels was analyzed in detail in these cohorts
of patients by measuring IFN-γ, IFN-α, and TFN. Analyses showed that an increase in IFN-γ and
neopterin serum levels was a specific feature of cyclophosphamide administration and was not
observed after other cytostatic drugs or TBI. In addition, an increase in IFN-α, neopterin, β2-
microglobulin, and IFN-α release depends on the presence of T cells in the graft. It was
concluded that significant cytokine serum alterations were noted after T cell-depleted alloge-
neic transplantation as compared with after non-T cell-depleted transplants. Besides depletion
of cytotoxic effector cells through the T cell depletion, these alterations might be involved in
preventing GVHD after T cell-depleted transplantation (34). These results stress that more
attention should be devoted to the cytokine release-inducing capacity of the ablative condition-
ing regimen as well as the efficacy of the T cell depletion.

There is evidence too that the GVT effects may occur in the absence of GVHD, implying
that it may be possible to exert antitumor effects in patients without GVHD (4). Well-estab-
lished C57BL/6—>BALB/c chimeras that were free of GVHD, reconstituted with T cell-
depleted allogeneic bone marrow cells, and inoculated 3 mo after BMT with a high inoculation
of murine B cell leukemia (BCL1) showed no evidence of disease. In contrast, all control mice
developed leukemia and died within 58 d. Results from adoptive transfer experiments in
secondary naive BALB/c recipients indicated that all BCL1 cells were eliminated in the chi-
meras within 14 d. Hence, all BCL1 cells were eliminated in the chimeras within 14 d. Com-
plete resistance to BCL1 developed in the chimeras despite complete tolerance to host
allo-antigens. Administration of immunocompetent allogeneic C57BL/6 spleen cells, low
dose rIL-2, or both for 5 d further amplified the GVL effects observed in tolerant chimeras. This
datum suggests that GVL effects can develop even after T cell depletion in the absence of
clinically overt GVHD and that GVL can be further amplified by rIL-2, either with or without
use of additional immuno-competent donor T cells (35). Clinically, this is becoming evident
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in our work with unrelated cord blood transplantation. We have noted in unrelated adult
cord transplants, less than 20% severe GVHD, much less than one would anticipate from
adult unrelated bone marrow or peripheral blood stem cell transplants. It is hypothesized
that the different T cell subsets and degree of maturity in these subsets relates to this
lessened effect. Importantly, we have not seen decreased antitumor effects in the patients
transplanted with cord blood, indicating an active antitumor effect with less risk of severe
GVHD (36,37).

The lessened toxicity of nonmyeloablative therapies potentially induces a lower cytokine
storm, relating to the chance for less GVHD. Further, methods to minimize chances of GVHD
have led to attempts at combining nonmyeloablative therapy with stem cell grafts, which have
been T cell depleted. Donor peripheral blood progenitor cells are often depleted of T cells with
soybean agglutination and e-rosetting, or e-rosetting with positive CD34+ selection One early
report of 15 patients treated in this manner with T cell-depleted stem cells noted that 14 patients
had evidence for engraftment with some GVHD. Six of 11 evaluable patients achieved a
complete response, and two patients had a partial response (38).

Our program has an interest in promoting the potential of T cell depletion targeting the
CD52 antigen on lymphocytes using CAMPATH- 1H (39–41). Antibody to CD52 has been
used successfully in vitro and in vivo to deplete T lymphocytes, and thereby decrease GVHD
and aid engraftment in ablative transplantation (42,43). The CD52 antigen is not highly
expressed on NK cells. These cells are, therefore, spared in the purging process and have
been implicated as playing a role in surveillance for viral illnesses (i.e., CMV) and express-
ing antitumor effects (44). The antibody has shown encouraging results in terms of control-
ling GVHD while simultaneously maintaining a low risk of graft rejection and relapse
(45,46). Table 6 summarizes the results with engraftment using T cell-depleted grafts from
matched siblings for nonmyeloablative transplantation revealing encouraging engraftment
as well as control of acute GVHD.

The lessened GVHD risk with T cell depletion may come at the price of increased infections.
The T cell-depleted methods appear to relate to increased time to immune recovery and
increased infectious complications. It is further possible that the increased risks may not be due
to the T cell depletion alone, but the combination of this with the effective lymphoablation
noted with the nonmyeloablative approaches. For instance, comparing similar T cell depletion
in patients who have undergone with CAMPATH and posttransplant therapy with that of those
treated with cyclosporine reveals that the combination of fludarabine with CAMPATH leads
to more frequent reactivation of viral illnesses, which we have noted in our experience with this
approach as well (49,50). Further work must be done to optimize the combination of T cell
depletion with nonmyeloablative therapies.

Our preliminary results with this approach have yielded encouraging results in terms of
engraftment and response (Tables 5 and 6), but more importantly, quality of life may be
enhanced as well (Fig. 3). Within 6 wk of transplantation, many patients note the same or
improved quality of life compared to the pretransplant state. This rapid recovery is earlier
than anticipated and much earlier than one would expect for standard allogeneic therapy.
Given the degree of illness of the patients treated, providing a regimen with less toxicity with
a potential for immunotherapy and only a brief decrement, in their perceived quality of life
is an important step forward. It is likely that the early improvement in performance status is
not only due to the gentler doses of chemotherapy used in this procedure compared to
historical approaches, but also to the increased cell doses delivered to the patient, resulting
in an early recovery of blood cells. In our experience, nearly all patients recover granulocytes
and platelets within 2 wk. In fact, eight of the first 21 patients in our trial never had a platelet
count <20,000/µL (50).
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Table 6
Results of Combining Nonmyeloablative Therapy with T Cell Depletion Using Stem Cells Primarily from HLA-Matched Siblings

% Engraftment with
Total patients Median age donor cells in GVHD

Ref. Regimen (early deaths) (range) Disease evaluable patients prophylaxis ≥ Grade II acute GVHD

(47) BEAM + CAMPATH 1G 13 (1) 44 Resistant HD, NHL 11/12 (92%) CSA, Mtx 0 out of 12 (0%)
(50) F- CYT-CAMPATH 1H 21 (1) 45 (33–62) Hematologic 21 out of 21 (100%) None 2 out of 21 (10%)

malignancies,
breast cancer

(48) F - T depletion 9 – Hematologic 9 out of 9 (100%) CSA 2 out of 9 (22%)
malignancies
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7. EXPANDING THE AVAILABILITY OF NONMYELOABLATIVE THERAPY
USING ALTERNATIVE DONORS

Most patients do not have a matched sibling to allow allogeneic therapy of any sort. For the
nonmyeloablative approach to be broadly applicable, success with alternative donor sources
must be explored. Transplantation with stem cells from a matched unrelated donor or mis-
matched family member is known to produce severe GVHD, though it has been improved by
using T cell depletion. In one report, no posttransplantation GVHD prophylaxis was otherwise
employed, and the difficulty of increased graft rejection associated with severe T cell depletion
was overcome by the infusion of megadoses of stem cells, with a mean near 14 ξ 106 CD34+
cells/kg of patient weight. Forty-one of 43 patients engrafted, and no GVHD occurred. There
was prolonged immunosuppression, however, leading to increased opportunistic infections
(51). This technique has also been effectively used in the nonmyeloablative regimens (38).
Patients prepared with busulfan (8 mg/kg), fludarabine 30 mg/m2 for 4 d, and ATG 10 mg/m2

followed by cyclosporine or cyclosporine and methotrexate engrafted successfully, with four
out of six patients being alive and disease-free at a median follow-up of 90 d (52). Some have
used CD34+ selection (passive T cell depletion) combined with fludarabine based nonmye-
loablative regimens and have noted high rates of engraftment, with <25% incidence of severe
acute GVHD (48).

One report with matched unrelated donors (MUD) notes an 87% rate of engraftment in 32
patients who underwent preparation with a single fraction of 2Gy TBI in combination with
fludarabine 30 mg/m2/d for 3 d. Similar high engraftment rates have been noted with interme-
diate dose preparative regimens including fludarabine, busulfan, and ATG, followed by
cyclosporine with methotrexate or mycophenylate. A 45% complete remission rate in CLL
patients was reported (53). Use of matched unrelated donors with T cell-depleted grafts using
CAMPATH in vivo has resulted in a nearly 100% engraftment rate with an approx 25%
treatment-related mortality and only 5 out of 30 patients with severe acute GVHD. Twenty-
one of 30 patients with refractory hematologic malignancies were alive and disease-free at 6 mo
median follow-up with 71% actuarial overall 1-yr survival (54). An intermediate intensity

Fig. 3. Summary of the impact on quality of life for patients undergoing nonmyeloablative allogeneic
therapy at our institution using a matched or mismatched family member as the stem cell donor. The
numbers in parentheses represent the number of patients responding to the assessment questionnaire for
the indicated time period. The primary Y axis notes degree of difficulty as reported by the patient on a
scale of 1–3 with: 1, not at all; 2, some; 3, quite a bit of difficulty
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regimen of fludarabine, ATG, and busulfan resulted in 7 out of 9 patients infused with MUD
stem cells attaining long-term engraftment, with 55% acute GVHD and 65% disease-free
survival at 3 yr (55). Table 7 summarizes some of the results using alternative donors.

The use of unmatched unrelated donors for nonmyeloablative allogeneic therapy has met
with less encouraging rates of engraftment when compared with the same preparative regimen
as for mismatched related donors. This suggests that the increased degree of mismatch noted
in secondary targets in unrelated donors must be overcome with still higher cell doses, increased
intensity of the preparative regimen, or manipulation of the graft cells (56).

Use of partially matched family members as a donor source is attractive for many reasons.
First, the ready availability of at least a haplomatched relative for most patients (parent, sibling
or adult child) means most patients will have a donor source. Further, the success of this
approach may in large part depend on the care in the peritransplant period. Having a readily
available stem cell and T cell source in a family member is a great benefit in deciding on
attempts to improve engraftment or with modulation of the immune recovery with donor
lymphocyte boosts. We have used a nonmyeloablative approach for patients with mismatched
family members with encouraging early results. In our first group of 15 patients with various
malignancies, all engrafted with donor cells, most with >80% lymphoid and myeloid donor
engraftment by 4 wk after infusion. Viral infections remain a concern with many experiencing
reactivation of CMV, though all have been treatable. Combining T cell depletion using
CAMPATH 1H with mycophenylate as the sole posttransplant immunomodulation agent,
patients have not had grade III–IV acute GVHD, one patient had grade II GVHD of the gut,
and a few patients have had grade II skin GVHD, all treated successfully with steroid therapy.
Some patients have experienced increased GVHD after receiving donor lymphocyte boosts
however, and much work remains to be done concerning the optimal approach for DLI follow-
ing this approach. Further concern also remains over the risk of chronic GVHD in these
patients, and the patients must be followed closely for long-term benefits and complications.

The use of cord blood as a stem cell source for nonmyeloablative therapy remains attractive
as well. We have shown that mismatched, unrelated cord blood is a feasible source of stem cells
for allogeneic therapy in children and adults (36,37), although the low cell dose remains
concerning for extension to nonmyeloablative therapy. For patients without appropriate family
members or an identified matched unrelated donor, this may be the only option. In our experience,
we have seen successful trilineage engraftment in adult patients using mismatched unrelated cord
blood as the stem cell source following nonmyeloablative therapy. To date, three out of four
patients have demonstrated donor engraftment, and two patients have sustained full donor
engraftment beyond 6 and 12 mo with remission of their hematologic cancer (57).

7.1. Extending Therapy to Those with Solid Tumors
The potential of extending allogeneic therapy to patients with solid tumors is reported in the

literature (58–63) and is discussed in detail elsewhere in this text. Nonablative conditioning
may provide the optimal framework within which to provide this allogeneic immunotherapy
and a summary of early results is noted in Table 8. Our group has focused on finding new
approaches to the care of patients with breast cancer. We have treated seven patients with
advanced rapidly progressive disease noting that many can achieve at least a stable disease state
lasting 2–3 mo (50). This may provide a window of opportunity for future advances toward
improving the immunotherapy following the transplant, such as with allogeneic vaccines.

7.2. Extending Therapy to Those with Nonmalignant Conditions
Two patients with T cell deficiency received the ultimate in nonmyeloablative therapy, i.e.,

no preparative therapy, prior to infusion of matched sibling stem cells. Both received
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Table 7
Summary of Results Using Nonmyeloablative Therapy with Alternative Donor Stem Cell Sources, with or without T Cell Depletion

% Engraftment with
Total patients Median age donor cells in GVHD ≥ Grade II

Ref. Regimen Donor cell source (early deaths) (range) evaluable patients prophylaxis acute GVHD

(57) F-M-CAMPATH 1H MUD 30 (7) 35 (18–54) 30 out of 30 (100%) CSA, T cell 5 out of 30
    depleted     (17%)

(52) F-BU-ATG MUD 6 (1) 17 (11–57) 6 out of 6 (100%) CSA, Mtx 3 out of 6
    (50%)

(50) F-Cyt-CAMPATH 1H Mismatched family member 8 41 (21–62) 8 out of 8 (100%) MMF 1 out of 8
    (13%)

(22) TBI-F MUD 32 – 28 out of 32 (87%) CSA, MMF –
(56) F-Cyt-ATG Unrelated mismatched cord blood 4 46 (37–62) 3 out of 4 (75%) CSA, Pred 2 out of 3

(50%)
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cyclosporine and mycophenylate after donor stem cell infusion and engrafted (64). These
approaches with lessened toxicities allow patients with deficient immune systems, such as
combined immunodeficiencies and adenosine deaminase deficiency, an opportunity to undergo
allogeneic therapy with less initial risk.

Hemoglobinopathies represent a special challenge and potential area of opportunity. For
reasons that are not completely understood, there may be an increase in graft rejection using
standard, ablative, allogeneic therapy (65,66). We are concerned that this risk may be further
augmented using a less intense, nonmyeloablative regimen. Further, results in adult patients
with ablative therapy for these illnesses have not been encouraging due to significant compli-
cations from toxicity as a result of the procedure. However, given the lack of a neoplastic
process, the establishment of even a partial mixed chimeric state by this approach may be
sufficient to mask the abnormal phenotype of diseases in this category. The nonmyeloablative
approaches are currently being extended to this group with mixed results. One encouraging
report has used fludarabine, busulfan, ATG, and lymphoid radiation in three patients, followed
by cyclosporine and mycophenylate. Two of three have evidence of donor engraftment over
100 d following infusion (67). This approach is being explored in multicenter trials in both
adult and pediatric populations at this time.

7.3. Allogeneic Immunotherapy and the Future
Evidence is mounting in patients that undergo nonmyeloablative therapy that immune

recovery may occur with antitumor efficacy separate from GVHD (68). Recovery after inter-
mediate dose preparative regimens has been noted in those who receive unmanipulated grafts
in which T cell recovery is rapid and diverse within 2 mo of transplantation, as compared with
slower recovery after infusion with T depleted grafts with DLIs following recovery (69). There
appears to be rapid lymphoid engraftment following infusion of unmanipulated stem cells with
normal CD8 T cell phenotypes and significant reactions to third party stimuli noted within the
first 2 mo in many patients, except following GVHD or in using T cell-depleted grafts. The
blunted measured third party response in this situation may be due to the immunosuppressive
therapies employed (70). The kinetics of recovery in these situations will be important to
understand as we move forward. Further, the impact of utilizing donor lymphocyte boosts must
be explored. Strong published evidence suggests that the infusion of donor lymphocytes may
be suffiecient to induce durable remissions in patients who have relapsed disease after alloge-
neic transplantation (71,72). This immune effect will be important to exploit in optimizing the
use of nonmyeloablative therapy. However more questions than answers exist as to the optimal
use of this modality. Presently, our group begins DLI approx 4–6 wk after allogeneic stem cell
infusion if the patient does not have active GVHD. A second or third infusion may be used at
8-wk intervals depending on patient and disease status. We are presently performing a trial
accessing the impact of the number of infusions (1, 2 , or 3) on toxicity and efficacy. We
typically infuse 1 × 107 CD3+ cells/kg patient weight, though in a non-T cell-depleted

Table 8
Summary Results for Nonmyeloablative Therapy for Those with Solid Tumors

Ref. Diseases Complete response Survival

(63) Melanoma 4 out of 15 (27%) –
Partial responses

(61) Renal cell carcinoma 10 out of 19 (53%) 45% Actuarial 1-yr survival
(50) Breast cancer 4 out of 7 (50%) –

Partial responses
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nonmyeloablative setting many groups infuse 1 × 108 CD3+ cells/kg. In the mismatched
setting, we use a log lower of CD3+ stem cells given the increased risk of inducing severe acute
GVHD. What is the proper timing of lymphocyte infusions in terms of when to start after
transplantation, and how long should one wait before deciding on delivering subsequent infu-
sions? What is the proper cell dose? Should one infuse a bulk dose or escalated doses based
on tolerance? Can infusing only certain T cell subsets allow an effective antitumor response
without increasing the occurrence of severe acute GVHD? These and other issues await further
testing in comparative trials.

Our experience with T cell depletion, using CAMPATH, notes a relative sparing of the NK
cell population, which may be particularly important for antitumor efficacy. Further, to date
we have not noted a change in the rate of lymphoid versus myeloid recovery (50). It is important
to recognize that all regimens are not equal, and immune recovery and antitumor responses
must be individually investigated for each of the approaches to T depletion employed.

The use of mismatched donors expands the pool of donors and significantly increases the
chance for allogeneic therapy for many. Further, we are learning that it may allow one to exploit
the anti-tumor effect beyond that seen with HLA-matched situations. Donor NK cells are
potent antitumor agents. In situations in which HLA class I allele matching at the C locus is
present, both the donor and the patient express the same inhibitory receptors (killing inhibitory
receptors [KIR] epitope) and no antidonor effect occurs. However, in mismatched situations,
in which the patient does not express the same KIR epitope as the donor cells, the donor NK
cells are able to recognize this difference and lyse the patient’s cells. This does not appear to
relate to the incidence of GVHD either. This relationship must be explored in detail, as the use
of mismatched donor–recipient pairs increases and immune activity and antitumor function is
explored.

The field of nonmyeloablative allogeneic immunotherapy has really just begun. Early results
noted above confirm the feasibility of extending this less intense approach to older more
debilitated patients. Our enthusiasm must be tempered with the realization that the standard
concerns of GVHD and infections remain limiting for many patients. This is particularly so,
considering that those who are more debilitated are less likely to have the reserve to tolerate such
complications. Further, we are still exploring our limits with this approach: What is the risk of
severe morbidity and mortality? How much time do we need for the antitumor effects to activate?
How can we manipulate immune function to make the antitumor effect more robust?

These initial studies will form the basis for the future improvements in minimizing toxicity
and GVHD while maximizing engraftment and antitumor effects to improve long term outcomes.
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1. INTRODUCTION

Invasive fungal infections (IFIs) have emerged as important causes of morbidity and mor-
tality following allogeneic hematopoietic stem cell transplantation (HSCT). Depending on the
institution and the transplantation protocol, the overall frequency of IFIs in this setting ranges
from 10–25%, and crude mortality exceeds 70% and is close to 100% in patients with dissemi-
nated disease or persistent deficiencies in host defenses (1,2). Coinciding with the rapid evo-
lution of HSCT and supportive care, the epidemiology of IFIs continues to evolve and
considerable progress has been made in the development of novel therapeutics and strategies
for antifungal prevention and treatment.

2. EVOLUTION OF RISK FACTORS AND HOST SUSCEPTIBILITY

The vast majority of invasive mycoses in allogeneic HSCT recipients are caused by oppor-
tunistic fungi. Candida species and Aspergillus species are the most commonly isolated patho-
gens (3). Invasive Candida infections can be classified as candidemia or acute disseminated
candidiasis with or without fungemia, and arise by the entry of the organism into the blood-
stream from colonized mucosal surfaces or catheters. In contrast, invasive infections by
Aspergillus spp. primarily affect the paranasal sinuses and the lungs and are initiated by

14
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exposure to airborne conidia of the organism (4). Despite differences in biology, mode of
acquisition, and disease pattern, the most important clinical risk factors for these two groups
of fungal pathogens following allogeneic  are prolonged and profound granulocytopenia and
use of corticosteroids in pharmacological dosages (Fig. 1). This is reflected in the classical
bimodal risk distribution pattern of allogeneic bone marrow transplant patients with an early
peak during the pre-engraftment phase that is characterized by granulocytopenia and mucosal
damage and a late peak early post-engraftment that corresponds to the onset of acute graft-vs-
host disease (GVHD) and its treatment with corticosteroids (3). While little more than a decade
ago, the overwhelming majority of IFIs in allogeneic stem cell recipients used to occur in
temporal association with the pre-engraftment period (5), most infections now are diagnosed
late and even very late, i.e., more than 6 mo after transplantation (6–8). This shift coincided
with the advent of effective approaches to decrease early Candida-related and cytomegalovi-
rus (CMV)-related morbidity and mortality, but may also be related to a shortening of the pre-
engraftment phase through the introduction of hematopoetic growth factors, the increased stem
cell content of peripheral allogeneic grafts, and more recently, the introduction of
nonmyeloablative HSCT. On the other hand, transplantation of T cell-depleted or CD34+
selected grafts, the increasing utilization of alternate donors, and potent T cell-specific immu-
nosuppression with antithymocyte globulin (ATG), monoclonal antibodies, or fludarabine-
based regimens has led to a growing subset of patients with profound and prolonged deficits
of T cell function (9). While mono- and polymorphonuclear phagocytes are crucial effectors,
a quantitatively and qualitatively intact production of T helper cell cytokines may contribute
substantially to host defenses against invasive infections by Candida spp. and Aspergillus spp.
In support of this notion are earlier observations of an increased risk for invasive candidiasis
in T cell-depleted allogeneic bone marrow transplant recipients (5) and, later on, the occur-
rence of invasive Aspergillus infections in patients with advanced human immunodeficiency
virus (HIV)-infection (10,11). Indeed, recent experimental investigations, in murine models
of disseminated candidiasis and disseminated and pulmonary aspergillosis collectively, sug-
gest that a Th1-type cytokine response is critical to mobilize and activate fungicidal phago-
cytes, whereas a predominantly Th2-type cytokine pattern deactivates phagocytic effector
cells and leads to progressive disease (12–14). Non-neutropenic patients with chronic dissemi-
nated candidiasis (15) and invasive aspergillosis (16) have been shown to have significantly
higher plasma levels of interleukin (IL)-10 as compared to controls or patients with other
infections, which suggests that Th1-Th2 imbalances may play a pathogenetic role in this

Fig. 1. Overview of established risk factors for invasive fungal infections by Aspergillus spp. and
Candida spp. in the setting of allogeneic hematopoietic. Specific risk factors for emerging pathogens
have not been formally defined. As a general rule, however, risk factors for infections by yeast-like
organisms appear similar to those known from Candida spp., and risk factors for infections by emerging
filamentous fungi resemble those of Aspergillus spp.
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setting. These new insights not only help to explain the association of GVHD and T cell
depletion and dysfunction, respectively, with the occurrence of IFIs in allogeneic stem cell recipi-
ents, but also provide potential avenues for novel preventive and adjuvant immunotherapies.

3. SHIFTS IN FUNGAL PATHOGENS

The last decade has witnessed striking shifts in the microbiological etiology of IFIs in the
setting of allogeneic HSCT (Table 1). Most notable is the overall decrease in invasive candidi-
asis (7,17–19), which traditionally accounted for the majority of invasive mycoses in the 1980s
(5). However, this decrease has been counterbalanced by a steady increase in invasive
Aspergillus infections (8,20), the emergence of non-albicans Candida spp. (7,21) and previ-
ously uncommon fungal pathogens (22), and an increasing number of patients with chronic
mold infections (23,24). In comparison, the frequency of endemic mycoses (25–27) is overall
low and appears unchanged in patients who live in endemic areas.

An increase of Aspergillus spp., predominantly late after transplantation, has been observed
in centers around the globe (8,20,28). In some centers, the organism has become the most
common cause of pneumonic death in allogeneic stem cell recipients (29). This shift is epide-
miologically associated with the introduction of fluconazole prophylaxis and effective
prevention of CMV disease, which led to a significant decrease in early infectious morbidity
and mortality and an increasing pool of severely immunocompromised patients at high risk.
As exemplified for A. terreus (30,31), non-fumigatus Aspergillus spp. may be less susceptible
to amphotericin B, underscoring the need for a microbiological diagnosis and development of
predictive in vitro testing methods.

In addition to the expanding frequency of invasive aspergillosis, previously uncommon
opportunistic fungi are increasingly encountered in allogeneic HSCT recipients (22,32). These
emerging pathogens include, among others, yeast-like pathogens (such as Trichosporon spp.
and Blastoschizomyces capitatus), hyaline filamentous fungi (such as Paecilomyces spp.,
Fusarium spp., Pseudallescheria boydii, and Scedosporium prolificans), a large variety of
dematiaceous molds (such as Bipolaris spp., Exophiala spp., and Alternaria spp.), and the
Zygomycetes (22,32–34). While the yeast-like organisms follow the pattern of fungemia and
dissemination known from Candida spp., the emerging filamentous fungi cause infections that
are virtually indistinguishable from those of Aspergillus spp. (22). However, some of the
hyaline molds, including Fusarium spp., Paecilomyces spp., and Acremonium spp., dissemi-
nate via the bloodstream, which often allows for the detection of the organism in blood culture
systems and embolic skin lesions. Infections by the emerging fungal pathogens display exceed-
ingly high case fatality rates; several of these organisms, in particular Trichosporon beigelii
(35,36), Paecilomyces lilacinus (37,38), Fusarium spp. (39,40), Pseudallescheria boydii
(41,42), and Scedosporium prolificans (43,44) are not inherently susceptible to amphotericin
B and may require therapies with alternative agents (22) (Tables 2, 3, and 4), underscoring
again the importance of microbiological identification and development of in vitro testing
methods that predict resistance.

Approximately 50% of allogeneic stem cell recipients are colonized with Candida spp. prior
to conditioning. Without chemoprophylaxis, proven invasive candidiasis develops in up to
15% and is associated with a crude mortality of 40–50% and close to 100% with documented
involvement of deep tissue sites (2,45). The introduction of fluconazole prophylaxis in the
early 1990s had a major impact on the epidemiology of IFIs after allogeneic marrow transplan-
tation. A randomized double-blind placebo-controlled clinical trial conducted at the Fred
Hutchinson Cancer Research Center demonstrated that prophylaxis with fluconazole 400 mg/d
administered from the start of the conditioning regimen until d 75 may reduce the frequency
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Table 1
Spectrum of fungal pathogens in the setting of allogeneic SCTa

Molds

Septate hyphae Aseptate hyphae

Yeasts Hyaline molds Pigmented molds Dimorphic molds Zygomycetes

Candida albicans Aspergillus spp. Bipolaris spp. Histoplasma capsulatum Rhizopus spp.
Non-albicans Candida spp. Fusarium spp. Exophiala spp. Coccidioidesimmitis Mucor spp.
Cryptococcus neoformans Pseudallescheria boydii Alternaria spp. Blastomycesdermatidis Rhizomucor spp.
Trichosporonbeigelii Scedosporium prolificans Absidia spp.
Blastoschizomyces capitatus Paecilomyces spp. and

Acremonium spp.
aMost frequently encountered pathogens are depicted in bold face.
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Table 2

Antifungal Agents for Prevention and Treatment of Invasive Fungal Infections

Class and compounds Mechanism of action Comment

Polyene antibiotics Intercalation with ergosterol in fungal cell Broad-spectrum rapid mostly cidal antifungal activity.
Amphotericin B deoxycholate membranes, leading to the formation of ion- Primary resistance uncommon except for some of
Amphotericin B colloidal dispersion channels and concentration-dependent cell death. the emerging pathogens; secondary resistance
Amphotericin B lipid complex virtually nonexistent.
Liposomal amphotericin Clinical utility compromised by renal toxicity and
Liposomal nystatina unfusion-related reactions; both are reduced to a

variable degree with the lipid formulations.
Antifungal triazoles Inhibition of ergosterol biosynthesis, leading to With exception of fluconazole, broad-spectrum

Fluconazole ergosterol depletion and accumulation of antifungal activity; generally static against yeast-like
Itraconazole potentially toxic alternative sterols in the fungal organisms and cidal against filamentous molds.
Posaconazolea cell membrane. Primary resistance common in C. krusei; secondary
Ravuconazolea resistance observed after long-term exposure.
Voriconazolea Usually well-tolerated.

Clinical utility somewhat compromised by interference
with CYP450-mediated oxidative metabolism (all),
the possibility of primary and secondary resistance
(all), and variations in plasma pharmacokinetics
(itraconazole, voriconazole).

Echinocandin lipopeptides Inhibition of glucan biosynthesis, leading to Broad-spectrum and mostly cidal antifungal activity
Anidulofungina disruption of the fungal cell wall, osmotic against Candida spp.; not entirely cidal activity
Caspofungin instability, and, organism-dependent cell death. against Aspergillus spp.; well-tolerated and devoid
Micafungina of significant CYP450-mediated oxidative

metabolism.
Spectrum appears limited to Candida spp. and

Aspergillus spp.
Nucleoside analogs

5-Flucytosine Intracellular deamination to 5-fluorouracil; Broad-spectrum mostly static activity against yeast-like
interference with both DNA and RNA pathogens and certain dematiaceous molds;
synthesis–function. favorable pharmacokinetics.

High propensity for secondary resistance; indications
therefore restricted to combination therapy of
cerebral crytococcosis and complicated Candida spp.
infections.

aInvestigational.
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of invasive Candida infections and lower both attributable and overall mortality at d 110 (18).
Even more striking, the recently published follow-up at 8 yr after completion of the study
showed a persistent protection against invasive candidiasis and Candida-related death, a
decreased frequency of severe gut-related GVHD, and an overall survival benefit of 17% that
was independent of the underlying condition and the occurrence of relapses (46). The impact
of fluconazole prophylaxis also is reflected in autopsy data from the same institution that
document a lower prevalence of invasive candidiasis in patients who had received ≥5 doses of
fluconazole as compared to patients that had not received prophylaxis with fluconazole (19).
These data are corroborated by a multivariant analysis of allogeneic stem cell recipients with
chronic myeloic leukemia and unrelated donors that showed fluconazole prophylaxis as inde-
pendently predictive of survival (47).

A potential drawback of fluconazole prophylaxis may be the selection of resistant Candida
spp. in patients receiving the drug and, more generally, the generation of selective antifungal
pressure in the nosocomial environment. During the past decade, non-albicans Candida spp.
have assumed increasing importance as causes of nosocomial infections in immuno-
compromised patients (21,48–51). According to an international prospective survey of inva-
sive candidiasis in cancer patients, antifungal prophylaxis with azoles and hematological
malignancy were significantly associated with infections by non-albicans Candida spp. (21),
and the emergence of C. glabrata and C. krusei infections in association with fluconazole
prophylaxis has been reported from individual centers (52–54). A recently published study
from Seattle in 585 patients with allogeneic HSCT and fluconazole prophylaxis (400 mg/d
until d 75), however, showed a low incidence of breakthrough candidemia (i.e., 4.6%; in two-

Table 3
Chemotherapy of Invasive Infections by Opportunistic Yeasts

Fungal disease Chemotherapy

Invasive Candidiasis
Uncomplicated fungemia D-AmB (0.5–1.0 mg/kg/d)

Fluconazolea,b (400–800 mg/d)
Acute single site or disseminated D-AmB (0.5–1.0 mg/kg/d) ± 5-FCc (100 mg/kg/d)

candidiasis ± fungemia Fluconazolea,b (400–800 mg/d)
AmB lipid formulationsd (5 mg/kg/d starting dose)
Echinocandin-lipopeptides (investigational)
2nd generation triazoles (investigational)

Trichosporon and Blastoschizomyces Fluconazolea (400–800 mg/d) ± D-AmB (≥1.0 mg/kg/d)
infection 2nd generation triazoles (investigational)

Cryptococcosis D-AmB (0.7 mg/kg/d) plus 5-FCc (100 mg/kg/d) for a
minimum of 2 wk (induction), followed instable
patients by fluconazolea (400 mg/d) for consolidation
and maintenance.

L-AmB (AmBisome™; 5 mg/kg/d)d

Other rare yeast infections D-AmB (0.5–1.0 mg/kg/d) ± 5-FCc (100 mg/kg/d)
(Rhodotorula rubra, Hansenula anomala, Fluconazolea,b (400–800 mg/d)

Saccharomyces cerevisiae, others)
aLoading dose: twice the target dose on the first day of treatment. Dose adjustment may be required with reduced

creatinine clearance and high dosages.
bOnly for identified and in vitro susceptible isolates.
cMonitoring of serum levels required (<100 µg/mL; target: 40–60 µg/mL). Dose adjustment with reduced

creatinine clearance.
dIn patients intolerant or refractory to amphotericin B deoxycholate (D-AmB).
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Table 4
Chemotherapy of Invasive Infections by Opportunistic Molds

Fungal disease Chemotherapy

Aspergillus infections
A.fumigatus D-AmB (1.0–1.5 mg/kg/d)
A.flavus Voriconazolea (4 mg/kg BID)
A.niger AmB lipid formulationsb (5 mg/kg/d starting dose)
A. terreus Itraconazolec,d (200–600 mg/d)

Caspofungine (50 mg/d)
2nd generation antifungal triazoles (investigational)

Fusarium infections
F. solani D-AmB (1.0–1.5 mg/kg/d)
F. oxysporon AmB lipid formulationsb (5 mg/kg/d starting dose)

. F. moniliforme Itraconazoled (200–600 mg/d; only for 2nd line therapy
Acremonium infections of P. variotii, Ps. boydii, and S. apiospermum infections)
Paecilomyces infections 2nd generation antifungal triazoles (investigational)

P. lilacinus S. prolificans: consider high-dose lipid-based AmB or
P. variotii combination of itraconazole and terbinafine.

Pseudallescheria infections
Pseudallescheria boydii
Scedosporium apiospermum
Scedosporium prolificans

Infections by pigmented molds
Bipolaris D-AmB (1.0–1.5 mg/kg/d) ± 5-FCf (100 mg/kg/d)
Exophiala or Lipid formulations of AmBb (5 mg/kg/d starting
Alternaria and other dose) or Itraconazoled (200–600 mg/d) or 2nd

generation antifungal triazoles (investigational)

Zygomycetes infections
Rhizopus spp. D-AmB (1.0–1.5 mg/kg/d)
Mucor spp. Lipid formulations of AmBb (5 mg/kg/d starting dose)
Absidia spp.

Infections by endemic molds
H. capsulatum D-AmB (0.5–1.0 mg/kg/d)
B. dermatidis Itraconazolec,d (200–400 mg/d; Histoplasma and Blastomyces)
C. immitis Fluconazoleg (400–800 mg/d; Coccidioides immitis)
aA recently published open randomized trial has demonstrated superior response rates and improved survival

at wk 12 of voriconazole (6 mg/kg iv for two doses, followed by 4 mg/kg iv every 12 h with option to switch to 200 mg
PO BID) in comparison to amphotericin B deoxycholate (D-AmB) (1 mg/kg/d). Approval of this indication by the
Food and Drug Administration (FDA) was pending at the time of the preparation of this manuscript.

bIn patients intolerant or refractory to D-AmB.
cFor maintenance in stable patients.
dMonitoring of serum levels recommended (>0.5 µg/mL (HPLC) or >2.0 µg/mL (bio-assay) at trough. Loading dose:

200 mg tid over 3 d. Maximum: 600 mg/d. IV therapy: 200 mg BID over 2 d, followed by 200 mg QD (maximum: 14 d).
eIn patients intolerant of or refractory to standard therapy; loading dose: 70 mg on d 1 of therapy.
fMonitoring of serum levels required (<100 µg/mL; target: 40–60 µg/mL). Dose adjustment with reduced

creatinine clearance.
gLoading dose: twice the target dose on the first day of treatment. Dose adjustment may be required with reduced

creatinine clearance and high dosages.
Abbreviations: BID, twice daily; PO, orally; HPLC, high-pressure liquid chromatography; TID, 3× daily; QD, 4× daily.

thirds caused by C. glabrata or C. krusei) and a low attributable mortality (i.e., 20%) despite
frequent colonization with fluconazole-resistant Candida spp. (7). Nevertheless, selection and
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nosocomial spread of azole-resistant Candida isolates appear inevitable and remain a matter
of continued concern.

4. EXPANSION OF THERAPEUTIC OPTIONS

For more than three decades, the treatment of IFIs was essentially limited to amphotericin
B deoxycholate (D-AmB) with or without 5-fluorocytosine (5-FC). Therapeutic options only
emerged with the clinical development of fluconazole and itraconazole in the late 1980s. The
past 10 yr, however, have witnessed a major expansion in antifungal drug research, reflected
by the introduction of the lipid formulations of amphotericin B and the development of novel
echinocandin derivatives and improved antifungal triazoles (55) (Table 2). Considerable
progress also has been achieved in harmonizing disease definitions, in defining paradigms for
antifungal interventions (Table 5), and in designing and implementing clinical trials (56–58).
A standardized method for testing the in vitro susceptibility of yeasts to current antifungal
agents has become available (59), and a similar method has been proposed for filamentous
fungi (60). However, mainly due to ongoing methodological problems and the pivotal role of
host- and disease-related factors for outcome, prediction of antifungal efficacy or failure from in
vitro susceptibility data remains difficult and has not been incorporated in clinical practice (61).

D-AmB historically has been the standard treatment of most invasive opportunistic fungal
infections in immunocompromised patients (Tables 2, 3, and 4). The recommended dosages
of D-AmB range from 0.5 to 1.0 mg/kg/d for candidemia to 1.0 to 1.5 mg/kg for acute dissemi-
nated candidiasis and suspected or proven invasive aspergillosis (4). Apart from infusion-
related reactions, however, treatment with high dosages of D-AmB is associated with
significant nephrotoxicity. A recent multicenter retrospective analysis of more than 200
immunocompromised patients receiving D-AmB for suspected or proven aspergillosis revealed
that the serum creatinine level doubled in 53% of patients and exceeded 2.5 mg/dL in 29%;
14.5% of the patients underwent dialysis. Patients whose creatinine level exceeded 2.5 mg/dL
and allogeneic marrow recipients were at greatest risk for requiring hemodialysis; use of
hemodialysis, duration of therapy with D-AmB, and use of nephrotoxic agents such as
cyclosporine A were associated with greater risk of death (62).

The advent of the lipid formulations of AmB (AmB colloidal dispersion, ABCD,
Amphotec™; AmB lipid complex, ABLC, Abelcet™; and liposomal AmB, L-AmB,
AmBisome™) represents a major advance in the management of life-threatening invasive
opportunistic mycoses, particularly on allogeneic stem cell transplant recipients. Open label
clinical trials have demonstrated that the lipid formulations of AmB are, overall, less nephro-
toxic but at least as effective as D-AmB (63–70). The lipid formulations may thus be indicated
when preexisting or arising nephrotoxicity or concomitant nephrotoxic agents precludes the
delivery of therapeutically effective dosages of D-AmB or when treatment with D-AmB fails
to induce a response to an otherwise susceptible organism (Tables 3 and 4) (71–73). The
frequency of infusion-related reactions varies among the different compounds (74–76); with
AmB colloidal dispersion, frequency and severity of infusion-related reactions may exceed
those associated with D-AmB (74). While the optimal dosages of the lipid formulations for
most therapeutic indications remain to be defined, there is considerable uncertainty among
physicians regarding dose along with a tendency to compensate for high acquisition cost by
cutting dosages. However, based on the concentration- and dosage-dependent activity of AmB
in vitro and in animal models (77), and the few randomized studies that have used D-AmB for
comparison (64,66,78), we strongly advocate the use of the highest approved dosages of the
lipid formulations for treatment of suspected or documented infections.

The introduction of fluconazole clearly has had major impact on the management of fungal
infections, largely due to its exceptionally favorable pharmacokinetic and toxicological pro-
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file. The drug is active against most pathogenic Candida spp. and several other yeast-like fungi
(55). Despite its apparently fungistatic activity (77), experimental (79), and clinical (80,81)
data support the usefulness of fluconazole (400–800 mg/kg/d intravenously [iv]) for treatment
of uncomplicated candidemia in neutropenic patients who are hemodynamically stable; the use
of fluconazole in neutropenic patients with acute disseminated candidiasis is controversial and
warrants further investigation (4). Nevertheless, in allogeneic stem cell recipients, the role of
fluconazole as a therapeutic agent is very limited by its widespread use for antifungal prophy-
laxis. Breakthrough infections in this setting are highly likely to be caused by fluconazole-
resistant Candida species, including C. glabrata, C. krusei and fluconazole-resistant C.
albicans isolates (7). Therefore, AmB remains the current agent of choice for most allogeneic
HSCT recipients with positive blood cultures for a yeast-like organism (Table 3). For the near
future, however, the echinocandins hold great promise to provide a valid alternative to treat-
ment of invasive candidiasis with AmB (82,83).

Itraconazole has become an important therapeutic option for the treatment of IFIs caused by
Aspergillus spp., Ps. boydii, and many dematiaceous molds (Table 4). While itraconazole has
potent activity against Candida spp. in vitro, no clinical data exists on its efficacy for treatment
of invasive Candida infections (55). Besides clinically relevant drug–drug interactions, in-
cluding but not limited to cyclosporine A, the therapeutic usefulness of itraconazole was for
long curtailed by the lack of an iv formulation and erratic absorption from the gastrointestinal
tract. Oral bioavailability has been considerably improved with the novel suspension in
cyclodextrin (84), and an iv formulation that uses the same principle as carrier has recently
been approved in the U.S. However, despite response rates that overall are similar to those of
D-AmB, the reported clinical experience with itraconazole in either formulation for induction
therapy of suspected or proven invasive aspergillosis, particularly in profoundly neutropenic
patients, is still limited (85–87). Nevertheless, itraconazole has an important role for consoli-
dation therapy of patients with invasive aspergillosis (4) and for therapy of certain infections
caused by dematiaceous molds (22).

The ongoing development of echinocandin lipopeptides and novel antifungal triazoles has
already opened new horizons for the treatment of invasive aspergillosis. Based on a complete
or partial response in 41% of 63 patients enrolled on a clinical phase II trial for invasive
aspergillosis (88), the echinocandin caspofungin was approved in early 2001 for treatment of
invasive aspergillosis refractory of or intolerant to AmB formulations or antifungal triazoles
(Table 4). Because of mild and transient hepatic transaminase elevations in single-dose inter-

Table 5
Paradigms of Antifungal Interventions in Patients with Cancer

Intervention Basis

Primary prophylaxis High-risk (>10%) and high mortality.
Empirical therapy Neutropenia and fever not responding to broad spectrum

antibacterial agents.
Preemptive therapy of probable infections Clinical, radiographic, or serological findings indicative

of an invasive fungal infection.
Therapy of proven infections Microbiologically and/or microscopically

Induction proven invasive fungal infection.
Consolidation
Maintenance

Secondary prophylaxis High risk of exacerbation and/or recurrence of
documented infections during continued
immunosuppression.
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action studies, however, the concomitant use of caspofungin and cyclosporin (but not
tacrolimus) is currently not recommended. More recently, a multinational open randomized
comparison of the second-generation triazole voriconazole and D-AmB, followed by other
licensed antifungal therapy for primary therapy, of invasive aspergillosis has been completed
(89). Therapy with voriconazole resulted in superior antifungal efficacy and improved survival
at wk 12. Approval by the regulatory authorities was provided, and the results of this pivotal
study suggest that voriconazole will replace D-AmB as the standard agent for induction therapy
of invasive aspergillosis (Table 4).

5. REFINED ANTIFUNGAL PREVENTION AND EMPIRICAL THERAPY

The high morbidity and mortality from invasive opportunistic fungal infections following
allogeneic HSCT provide the rationale for preventive approaches. Apart from nosocomial
infection control measures, current paradigms for prevention include primary chemoprophy-
laxis, empirical antifungal therapy, and secondary chemoprophylaxis for HSCT candidates
with a preexisting deep-seated fungal infection (Table 5).

As discussed earlier in greater detail, effective primary chemoprophylaxis of IFIs has been
demonstrated for Candida species and has had a major impact on the epidemiology of IFIs in
allogeneic patients. Fluconazole, given at 400 mg/d administered from the start of the condi-
tioning regimen until d 75, may reduce the frequency of invasive Candida infections, lower
overall mortality at d 110 (18), and may have a significant impact on long-term survival,
independent of the underlying condition and the occurrence of relapses (46). Considering this
substantial benefit and the overall minor risk of prolonged therapy with this agent, there is little
to argue against the routine use of this prophylactic regimen in the setting of allogeneic HSCT.
Nevertheless, selection and spread of resistant Candida spp. and the compound’s ineffective-
ness against filamentous fungi remain  important drawbacks of antifungal prophylaxis with
fluconazole. Thus, investigations of the utility of agents with a broader spectrum are clearly
warranted. Of note, no clinical trials have been published on the use of itraconazole as antifun-
gal prophylaxis following allogeneic HSCT. The drug has been shown to be effective in
preventing candidemia and death due to candidemia in patients with hematological malignan-
cies undergoing remission induction chemotherapy (90); effective chemoprophylaxis against
infections by’Aspergillus spp., however, has not been demonstrated thus far (91–93). Apart
from studies that compare prophylaxis with itraconazole (94) or current investigational agents to
fluconazole as the standard of antifungal prophylaxis during the first 75–100 d posttransplantation,
clinical trials are under way that investigate preventive approaches targeted for patients requir-
ing aggressive immunosuppression for acute or chronic GVHD. Given the high risk of infec-
tions by filamentous molds in these situations, participation in one of these trials or
administration of an approved agent with documented efficacy against these organism should
be offered for the time of increased immunosuppression.

Hematopoietic stem cell recipients who have persistent or recurrent fever despite treatment
with broad-spectrum antibacterial agents are considered to be at high risk for developing an
IFIs. In this setting, broad spectrum empirical antifungal therapy provides effective antifungal
prophylaxis and early therapy for clinically occult infections (95–97) that may arise despite
prophylaxis with fluconazole. Agents approved for this indication in the U.S. include D-AmB
(Fungizone™; 0.6 mg/kg/d) and L-AmB (AmBisome™; 3 mg/kg/d). Two large randomized
multicenter trials, one of which included patients after allogeneic HSCT, have shown that L-
AmB is as effective as D-AmB while being associated with less infusion-related toxicity, less
nephrotoxicity (75,98), and fewer proven breakthrough fungal infections (75). Efficacy equiva-
lent to D-AmB has also been demonstrated for itraconazole (administered iv for a minimum
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of 6 d and a maximum of 14 d, followed by oral suspension) (99) and iv fluconazole (100) in
patients with hematological malignancies not receiving allogeneic grafts. Very recently, a
large randomized multicenter trial has been completed that compared voriconazole, an inves-
tigational broad-spectrum triazole, with L-AmB for empirical antifungal therapy (101). The
preliminary results of this study, which included a large number of recipients of allogeneic
HSCT recipients, showed comparable composite success rates but less proven and probable
breakthrough infections, infusion-related toxicity, and nephrotoxicity in the voriconazole-
treated cohort. However, patients receiving voriconazole had significantly more frequent
episodes of transient visual disturbances and hallucination. Trials are currently under way that
investigate the role of other novel triazoles and of antifungal echinocandins for this indication.

The presence of a deeply invasive fungal infection is no longer considered an absolute
contraindication for allogeneic (102). Two small observational studies indicate that the major-
ity of patients with at least stable chronic disseminated candidiasis continue to improve with
continuing antifungal chemotherapy (23,103,104). Similarly, patients with invasive aspergillo-
sis, who had at least a partial response, can be successfully transplanted provided that they
receive continuing antifungal chemotherapy with agents that are effective against Aspergillus
spp. (24,105). A recent retrospective analysis suggests that the type of antifungal therapy,
surgical resection of residual lesions, and the achievement of a complete response to antifungal
therapy prior to transplantation had no predictive importance (24).

6. ADVANCES IN EARLY DIAGNOSIS AND PREEMPTIVE THERAPY

Successful management of IFIs relies on an early diagnosis with prompt institution of
effective antifungal chemotherapy. Improved blood culture detection techniques such as the
lysis-centrifugation and the BacTec Alert system are able to detect candidemia earlier and
more frequently than conventional systems (4). However, it must be emphasized that
candidemia is only one manifestation of invasive candidiasis and that single-organ or early-
disseminated candidiasis are not reliably detected by blood culture techniques and may, there-
fore, require more invasive diagnostic procedures (106). For such tissue-invasive Candidia
infections, ultrasound, high-resolution computed tomography (HRCT), and magnetic reso-
nance imaging (MRI) have become indispensable tools for detection, monitoring, and guid-
ance of diagnostic procedures (107–110). In the future, nonculture techniques—particularly
nucleic acid amplification-based systems—may complement existing blood culture systems
not only for early detection purposes, but also for determining resistance patterns to antifungal
agents (111).

Apart from improved detection of invasive mold infections of the paranasal sinuses (112),
the advent of modern imaging techniques has also permitted earlier detection of pulmonary
infiltrates consistent with invasive pulmonary aspergillosis and early preemptive treatment
(113–115). However, although peripheral nodules, the halo-sign, and cavitation are all char-
acteristic of pulmonary aspergillosis, these radiological criteria are not entirely specific, and
nonspecific air space consolidation is common in early phases (116). Accordingly, a micro-
biological diagnosis by fiberoptic bronchoscopy with bronchoalveolar lavage or bioptic mea-
sures, if feasible, is encouraged to the greatest extent possible. Serial monitoring of
galactomannan antigen and Aspergillus-specific nucleic acid sequences in blood (117–120)
may also contribute substantially to the detection of invasive pulmonary aspergillosis, particu-
larly in the neutropenic host, and warrants further investigation.

Current approaches to prophylactic and empirical antifungal therapy treat more patients
than those that would ultimately develop IFIs. Fever refractory to broad-spectrum antibacterial
agents in the setting of profound neutropenia currently serves as the more sensitive, albeit less
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specific, surrogate for treating patients at high risk. Similar to the setting of CMV disease,
nonculture detection systems, such as the galactomannan antigen assay and polymerase chain
reaction (PCR)-based techniques, may permit further narrowing of the population at highest
risk. Carefully-designed clinical trials will be needed to determine the role of these preemptive
strategies in comparison to fever-based empirical antifungal therapy and primary chemoprevention.

7. THE EVOLVING ROLE OF SURGERY

Surgical interventions are important therapeutic options in the management of fungal
endocarditis, endopthalmitis, central nervous system (CNS) lesions, progressive sinusitis,
infections of bones and joints, skin and soft tissue lesions, and other focal processes amenable
to a surgical procedure (4,121,122). Surgery can also be an important consideration in the
management of patients with invasive pulmonary aspergillosis, although its exact role has not
been defined. Surgery may prevent local extension and hematogenous dissemination and may
be curative (123). Several case series suggest that surgery can be safely and effectively per-
formed in patients who have localized infection (115,123–127), even during neutropenia
(115,125). In a recent series of 36 patients with hematological malignancies and proven or
probable invasive pulmonary aspergillosis, surgery combined with medical treatment was
successful in 15 out of 16 patients. In four cases, the intervention was performed for diagnostic
purposes, and in 12 cases, intervention was performed for therapeutic purposes. In eight of the
latter cases, surgery was an emergency procedure based on observations by repeat chest CT
scans that showed contact of lesions with larger pulmonary arteries; six of these patients were
neutropenic. Surgery was uneventful in all cases. Serial CT scans were an important part of this
novel approach, and altogether, 72% of 36 patients responded to medical or combined medical
and surgical treatment (115). Indeed, the risk of exsanguination from the erosion of a major
pulmonary artery ought not be underestimated. Panos et al. found that pulmonary aspergillosis
was the most common treatable cause of hemoptysis in patients with hematological malignan-
cies (128), and in a retrospective analysis of 116 patients with acute leukemia and invasive
infections by filamentous fungi reported by the Italian GIMEMA group, major hemoptysis was
the cause of death in 10% of these patients (129). Of note, similar to the series of Albelda and
coworkers (130), massive hemoptysis occurred exclusively within 7 d after the granulocyte
count exceeded 500/µL, underscoring the pivotal role of neutrophils in pathogenesis and the
recognition of neutrophil recovery as a risk period for massive pulmonary hemorrhage
(129,130). Nevertheless, hemoptysis may also occur in neutropenic patients with invasive
aspergillosis as the result of hemorrhagic infarction (128).

8. NEW ANTIFUNGAL DRUGS UNDER CLINICAL DEVELOPMENT

Further insights into the structure–activity relationship have led to the development of a new
generation of systemic antifungal triazoles that includes posaconazole (SCH 56592; Schering-
Plough, Kenilworth, NJ), ravuconazole (Bristol-Myers Squibb, Wallingford, CT), and
voriconazole (Pfizer, Sandwich, UK) (Table 2 and Fig. 2). Ravuconazole and voriconazole are
structurally related to fluconazole, whereas the structure of posaconazole is very similar to that
of itraconazole. These new agents are characterized by enhanced potency and broad-spectrum
antifungal activity, including Candida spp., Trichosporon beigelii, Cryptococcus neoformans,
Aspergillus spp., Fusarium spp., dematiaceous as well as dimorphic molds, and, perhaps, the
zygomycetes (82). While all three agents display some nonlinearity in their disposition, undergo
hepatic metabolism and have the potential for significant drug–drug interactions through
handling by the CYP450 enzyme system, key pharmacokinetic parameters (oral bioavailability,
protein binding, plasma clearance, and volume of distribution) vary. However, no fundamental
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differences between the three compounds in potency, spectrum, and antifungal efficacy have
been noted thus far (82,83,131).

Posaconazole, ravuconazole, and voriconazole have demonstrated therapeutic efficacy in
a number of experimental immunocompromised animal models of fungal infections, including
oropharyngeal and disseminated candidiasis and invasive pulmonary aspergillosis (82,83).
Currently, preliminary data from phase II and phase III clinical trials indicate highly promising
clinical efficacy of these agents against oropharyngeal and esophageal candidiasis (134–140)
and invasive aspergillosis (89,132–134). Indeed, as noted earlier, recently published results
from randomized phase III trials have demonstrated that voriconazole is superior to D-AmB
as the standard agent for primary therapy of invasive aspergillosis, and that it is an appropriate
alternative to AmB for empirical antifungal therapy in persistently febrile neutropenic patients
(89,101). A number of case reports also suggest the potential usefulness of these novel triazoles
for treatment of unsusual hyaline and dematiaceous fungi (141–144).

The echinocandins are an entirely novel class of antifungal lipopeptides. The echinocandins
inhibit the synthesis of 1,3-β-glucan, which is a polysacharide in the cell wall of many patho-
genic fungi. In concert with chitin, the rope-like glucan fibrils are responsible for the cell wall’s
strength and shape and play an important role in cell division and cell growth (145–148). Three
echinocandin compounds are in advanced stages of clinical development: Caspofungin (MK-
0991; Merck, Rahway, NJ), micafungin (FK463; Fujisawa, Deerfield, ILL), and anidulafungin
(VER-002; formerly LY303366; Versicor, Freemont, CA) (Table 2 and Fig. 3). Current knowl-
edge indicates that these agents possess similar pharmacological properties. All three com-
pounds have potent and broad-spectrum cidal in vitro activity against Candida species and
potent inhibitory activity against Aspergillus spp. They are not metabolized through the CYP450
enzyme system and are generally well-tolerated due to the lack of mechanism-based toxicity.
Although presently only available in parenteral formulations, the echinocandins possess favor-
able pharmacokinetic properties and are targeted for once-daily dosing (149–151).

The antifungal efficacy of the current echinocandins has been demonstrated in several
immunocompromised animal models of superficial and disseminated candidiasis and invasive
pulmonary aspergillosis (82,83). Phase II clinical trials of all three echinocandins, performed

Fig. 2. Structural formulas of second generation antifungal triazoles.
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Fig. 3. Structural formulas of echinocandin lipopeptides.
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in patients with esophageal candidiasis, have demonstrated potent clinical efficacy in conjunc-
tion with an excellent safety profile (152–154). Published data on the clinical efficacy of the
echinocandins in the treatment of more invasive infections are currently limited to caspofungin
(87) and micafungin (155,156). Caspofungin was recently approved for treatment of invasive
aspergillosis refractory of or intolerant to AmB formulations or antifungal triazoles (88).
Because of mild and transient hepatic transaminase elevations in single-dose interaction stud-
ies, however, the concomitant use of caspofungin and cyclosporine (but not tacrolimus) is
presently not recommended.

A multilamellar liposomal formulation of nystatin (Nyotran™; formerly Aronex Pharma-
ceuticals, The Woodlands, TX, now Antigenics, New York, NY) has been developed. The
compound displayed promising activity in neutropenic animal models of invasive candidiasis
and pulmonary aspergillosis (157,158). The plasma pharmacokinetics of this novel polyene
formulation are markedly different from those of all four AmB formulations. After achieve-
ment of comparatively high peak plasma concentrations, the drug is rapidly eliminated from
plasma with an elimination half-life of ≤6 h (159,160). Clinical phase II trials have documented
the clinical efficacy and safety of liposomal nystatin in the treatment of invasive candidiasis
and aspergillosis (161–163). However, it is unclear at present whether the clinical development
of this compound will be further pursued.

9. PROSPECTS FOR IMMUNOTHERAPIES

Restoration or amelioration of host defenses is paramount to the successful management of
opportunistic fungal infections and, at present, may include dose-reduction or discontinuation
of corticosteroids, the administration of recombinant cytokines if feasible, and donor-elicited
granulocyte transfusions for profoundly neutropenic patients (4,14,164).

The prognostic importance of corticosteroids is emphasized by a recent retrospective study
of allogeneic  patients with invasive aspergillosis, which showed a direct relationship of high
cumulative corticosteroid dosages prior to diagnosis with dismal outcome (28). Similarly, in
a discriminative animal model of invasive pulmonary aspergillosis, methylprednisolone was
the major immunosuppressive drug in animals treated with the combination of cyclosporine
and methylprednisolone. Cyclosporin A alone did not increase the progression of pulmonary
aspergillosis and did so only when used chronically with methylprednisolone (165).

Recombinant hematopoietic cytokines, such as granulocyte colony-stimulating factor (G-
CSF) and granulocyte-macrophage colony-stimulating factor (GM-CSF), shorten the duration
of neutropenia and reduce the period of greatest risk for developing IFIs. While the full impact
of this potentially preventive modality on the incidence of IFIs is unclear, a considerable body
of preclinical in vitro and in vivo data has now accumulated that shows that recombinant
cytokines (i.e., G-CSF, GM-CSF, M-CSF, interferon γ), effector cells, and antifungal drugs
can work synergistically to oppose fungal growth (164). Beyond the direct effects of G-CSF
and GM-CSF on phagocytic effector cells, there is growing experimental evidence that Th 1-
dependent immunity plays an important role in successful host defenses against invasive
candidiasis and aspergillosis. Cytokines and anti-cytokines that promote this pathway (i.e.,
interferon γ, IL-12, and anti-IL-4) may be protective in vivo and act in cooperation with
antifungal drugs (166–171).

The administration of G-CSF to healthy donors prior to leukapheresis, improvements in
collection techniques, and cytokine exposure to harvested and irradiated granulocytes are able
to increase both dose and function of transfused granulocytes (172) and are currently investi-
gated as adjunctive therapy for refractory fungal infections in patients with persistent neutro-
penia (173). Novel avenues to cellular immunotherapy and prevention may include the
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cotransplantation of novel granulocyte–monocyte progenitors that give rise to granulocytes
and monocytes (174), the adoptive transfer of immunocompetent T cells (175), and perhaps,
the development of T cell vaccines (176).

10. CONCLUSIONS

Cognizant of past and present epidemiological trends, IFIs are likely to remain a frequent
and important complication of allogeneic patients. Indeed, the successful induction of graft-
vs-tumor effects in patients with high risk solid tumors by means of nonmyeloablative alloge-
neic (177,178) suggests that the number of patients at risk is only too likely to expand. Improved
diagnostic tools, an expanded and refined antifungal armamentarium, further elucidation of
antifungal resistance, incorporation of pharmacodynamics, as well as combination and immu-
notherapies offer hope for substantial progress. Rationally-designed clinical trials are needed
more than ever to translate this progress into clinical practice.
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1. INTRODUCTION

High-dose chemotherapy (HDT) followed by stem cell transplantation (SCT), using mobi-
lized blood stem cell product (BSCP), cord blood, or bone marrow (BM), is used to treat a
variety of advanced malignancies, as well as congenital and autoimmune conditions. In the last
decade, it has become apparent that following HDT with an SCT, using either an allogeneic
or autologous BSCP, causes more rapid neutrophil, platelet, and immune recoveries to be
observed in comparison to an SCT with a BM product. We and others have observed an
immune dysfunction in the peripheral blood (PB) of patients following HDT and SCT despite
restoration of total T cell numbers. This immunologic dysfunction includes an inversion in the
CD4:CD8 T cell ratio and a depression of T cell function. Mechanistic studies have demon-
strated a cell-mediated suppression of T cell function in mobilized BSCP and the PB of
allogeneic and autologous SCT patients. This loss of function has been associated with
increased T cell apoptosis, which occurs predominantly within CD4+ T cell subpopulations.
The induction of apoptosis is mediated, at least in part, by Fas Ligand (FasL) expression on
monocytes, which are found in significantly higher numbers in mobilized BSCP and in the PB
following SCT. In addition, high levels of type 2 cytokines are found in the infused T cells and
monocytes as well as in the PB post-transplantation. These defects in immune function may
be clinically relevant, as the tolerance induced following HDT and SCT may limit the acute
graft-vs-host disease (GVHD) that occurs following the infusion of 10- to 100-fold greater
numbers of T cells by an allogeneic mobilized BSCP, as compared to bone marrow transplant
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(BMT). It should be noted that a significant increase in chronic GVHD does occur post-SCT
compared to post-BMT. Graft manipulation to reduce T cell contamination is currently being
used with increased frequency to reduce GVHD. However, if the graft contains less than 2 × 105

CD3+ T cells, an increased risk of graft failure is observed, concomitant with an increase in the
relapse rate. These observations and results suggest that graft manipulation and the cytokine used
for mobilization and/or acceleration of hematopoietic recovery may have the potential to induce
peripheral tolerance and reduce GVHD while retaining graft-versus-tumor (GVT) activity.

2. COMPARISON OF IMMUNE RECOVERY FOLLOWING PERIPHERAL
BLOOD STEM CELL TRANSPLANTATION VS BONE MARROW

TRANSPLANTATION

At present, most autologous transplants use mobilized BSCP for transplant, and there is a
clear trend for this to occur with allogeneic transplants, although some pediatric donors will
likely continue to require the use of BM products. Hematopoietic cells are found predomi-
nantly in the BM, but are mobilized in substantiated numbers to the PB by the administration
of recombinant granulocyte-macrophage colony-stimulating factor (GM-CSF), granulocyte
colony-stimulating factor (G-CSF), Flt3 Ligand (Flt3L), stem cell factor (SCF), and interleukin
(IL)-3. Apheresis products containing G-CSF-mobilized cells are now widely used instead of
BM for autologous and allogeneic transplantation (1). Transplantation with a mobilized BSCP
results in a more rapid hematopoietic and hematologic recovery compared to that observed
following bone marrow transplantation (BMT) (2–7). The initial favorable results with autolo-
gous mobilized BSCP prompted the evaluations of allogeneic BSCP for hematopoietic rescue
(8–10). The results of these studies, which used historical controls, suggested that the recovery
of neutrophils, red blood cells, and platelets was faster with the use of mobilized BSCP than
steady state BM products, with no apparent increase in the incidence of acute GVHD (11–13).
However, in the initial retrospective analyses, the relapse and survival outcomes were conflicting
(14–20). Several randomized studies, each involving 37–100 patients, have been reported (21–
23). The initial trials found that engraftment with mobilized BSCP was more rapid. However,
because of the size and design of the trials, questions remained about the effects of mobilized
BSCP vs steady state BM products on the incidence of chronic GVHD, relapse, and survival.

Bensinger et al. (24). recently reported a large multicenter randomized trial that compared
the use of allogeneic BM to mobilized BSCP from human leukocyte antigen (HLA) identical
and related donors with respect to the incidence of acute and chronic GVHD and hematopoietic
engraftment. In this study, patients were randomly assigned to receive either BM or filgrastim-
mobilized BSCP from HLA identical relatives for hematopoietic rescue after HDT, with or
without radiation. It was found that the recovery of both neutrophils and platelets was signifi-
cantly faster following transplantation with mobilized BSCP than with BM. The cumulative
incidence of grade I, II, III, or IV acute GVHD at 100 d was similar, with 64% following
transplantation with mobilized BSCP and 57% with BM. The cumulative incidence of chronic
GVHD, following allogeneic transplantation, was 46% with a mobilized BSCP and 35% with
a BM product. The overall survival at 2 yr was 66% with BSCP and 54% with BMT, and the
rate of disease-free survival (DFS) was significantly extended at 2 yr to 65% following trans-
plantation with BSCP and to 45% following BMT. As part of this study, a comparison was also
undertaken on immune recovery, which showed a more rapid T cell reconstitution following
transplant with a BSCP. In contrast, despite the infusion of 12-fold more CD3+ cells (i.e.,
T cells) in the mobilized BSCP than in the BM product, the rates of acute and chronic GVHD
were not significantly higher. They concluded that the transplantation of mobilized BSCP
might offer advantages over BM in terms of overall survival (OS) and DFS. Further, patients
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with advanced disease may have a lower risk of interstitial pneumonia and recurrent disease
following SCT with a BSCP, due to the more rapid immunologic recovery. Similar results were
reported earlier from a retrospective registry analysis in which the rate of survival was higher
among patients with advanced disease who received a mobilized BSCP compared to a BMT (20).

In four smaller randomized studies that compared SCT using mobilized BSCP to BMT after
HDT (21–23), it was found that platelet recovery occurred earlier following an SCT, and in
three of the four studies, neutrophil recovery also occurred earlier. In addition, the risk of acute
GVHD was similar in recipients of mobilized BSCP compared to recipients of steady state BM
products. However, in two of the four studies, the risk of chronic GVHD was higher in the
patients who received a mobilized BSCP. These disparities in chronic GVHD might be due to
the small numbers of patients in each study, differences among the studies in the length of
follow-up, the type of prophylaxis against GVHD, or the G-CSF regimen used for mobiliza-
tion. The GVHD prophylaxis may have been critical, because in the two studies that reported
a higher incidence of chronic GVHD following SCT as compared to BMT, methotrexate was
not given on d 11 after SCT. Significantly, patients who received an allogeneic BM graft and
did not receive methotrexate on d 11 also had an increased risk of acute GVHD (25). Although
this does not directly explain the higher incidence of chronic GVHD in patients who receive
mobilized BSCP, acute GVHD predisposes patients to the development of chronic GVHD. The
registry analysis (20) also reported a significantly higher incidence of chronic GVHD among
recipients of mobilized BSCP (65 vs 53% among BM recipients), which was similar to that
observed in the Bensinger study (24).

Another difference found in these four randomized studies was the use of G-CSF at 10 µg/kg/d for
mobilization, which was lower than the 16 µg/kg/d dose used in the Bensinger study (24). The
latter regimen of G-CSF was based on data indicating that the yield of CD34+ cells is better with
higher doses of G-CSF. Another possible reason for similar levels of GVHD following infu-
sion of a higher number of T cells with an SCT is the finding in animal and clinical studies that
G-CSF induces type 2 T cells, which produce IL-4 and IL-10 (26–30). IL-4 and IL-10 (type
2 T cells) downregulate inflammatory responses, including those involved in GVHD (31). In
addition, G-CSF mobilizes greater numbers of CD14+ monocytes with suppressor-cell func-
tion (32) and greater numbers of dendritic cells (DCs) that can induce a type 2 helper T cell
response (28) Thus, the use of G-CSF and potentially the dose administered may reduce the
risk of chronic GVHD by inducing qualitative or quantitative changes in the cytokines pro-
duced by T cells, monocyte,s and DCs.

Furthermore, the results of one randomized and one retrospective study suggest that allo-
geneic SCT, as compared to BMT, may be associated with a lower risk of relapse (33,34).
Bensinger et al. found a similar trend, although in their original study the subgroups of patients
with specific cancers were too small for individual analysis (11). This study also suggested that
the graft-vs-leukemia (GVL) effect of allogeneic T cells may be greater in patients with chronic
myeloid leukemia (CML) and less obvious in other types of leukemia. Further studies are
needed to answer questions about the antileukemic potency of mobilized BSCP as compared
to BM products.

Recently, Shenoy et al. reported results from an in-depth study of immune reconstitution and
cytokine expression in SCT recipients in the first year posttransplantation (35). Engraftment
of neutrophils and monocytes stabilized early, but natural killer (NK) cells, B cells, and CD4+

T cell numbers were significantly depressed, with an inversed CD4:CD8 ratio. In this study,
NK function remained low throughout the first year, as did T cell proliferative responses to
mitogens and alloantigens. Furthermore, a third of SCT recipients developed acute GVHD
(grades II–IV) and 72% of those patients went on to develop extensive chronic GVHD. Clini-
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cally, over half of the patients developed cytomegalovirus (CMV) viremia, including some
with overt CMV disease in the first year post-SCT (PSCT). The authors concluded that the
balance between lymphocyte reconstitution and function, as well as changes in lympho-
cyte patterns, influenced both infection rates and GVHD.

The lymphocyte and monocyte composition of cytokine-mobilized BSCP, as well as their
cellular function, is different from BM and resting PB (31,36–38). Differences in immune
reconstitution by BM and BSCP may be due to the product characteristics, which include a
fourfold monocyte increase in the PB of normal allogeneic donors mobilized with G-CSF
(38,39). In addition, CD19+ B cells are increased about threefold, and CD3+ T cells are increased
around twofold. The increase in CD3+ cells is reflected as a proportionate increase in CD4+ and
CD8+ T cell subsets, thus maintaining a normal CD4:CD8 ratio (39,40). In addition to increases
in the absolute numbers of B and T cells, NK cells are increased 150% from baseline after G-
CSF mobilization. Several recent studies have confirmed the observations that growth factors
promote the mobilization of lymphocytes and NK cells in allogeneic donors. Korbling et al.
(41) described a 16-fold increase in CD3+ cells and a 13-fold increase in CD4+ T cells, and Mills
et al. (38) described an increase in CD4RO+ memory cells and γδ cells. Korbling et al. also
observed a 27.4-fold increase in CD8+ T cells after PB growth factor mobilization compared
to BM harvests. An 11-fold increase in CD19+ B cells and a 19.4-fold increase in CD56+ NK
cells was also noted (41).

Numerous studies have now shown that an autologous SCT results in a significantly more
rapid recovery of monocytes, NK cells, and naïve CD4+ T lymphocytes, which translates into
rapid recovery of immune function compared to the delayed reconstitution of naïve CD4+ T
lymphocytes after conventional BMT (42,43). Therefore, it is conceivable that the infusion of
stem cell products with altered numbers of lymphocytes, monocytes, and NK cells in an
allogeneic setting could affect posttransplant immune reconstitution, as well as the extent and
severity of GVHD. Conversely, immune reconstitution, which is crucial following transplan-
tation, is linked to the development and treatment of GVHD, and influences infectious com-
plications (44–47).

Pavletic et al. examined lymphocyte recovery in 41 patients after allogeneic SCT (48).
BSCP were mobilized with G-CSF from HLA-matched related donors and cryopreserved, and
G-CSF was administered posttransplant. Median time to an absolute lymphocyte count (ALC)
≥500/µL was 17 d vs 41 d for a cohort of historical allogeneic BMT patients. In these studies,
the CD4:CD8 ratio was 1.9 on d 28 after SCT, which gradually declined to 0.8 at 1 yr, due to
a rapid CD8+ cell recovery. T cell function, as measured by phytohemagglutinin antigen (PHA)
mitogen, was lower than normal on d 28 but returned to normal values by 6 mo. In contrast,
NK cell function was depressed from d 28 to 1 yr post-allogeneic SCT. In these studies, faster
lymphocyte recovery correlated with better survival (median follow-up 287 d), and it was
suggested that ALC recovery was not affected by acute GVHD, CMV infections, or the number
of infused cells. In contrast, ALC recovery did not correlate with survival in the historical
allogeneic BMT group. These data suggest that lymphocyte reconstitution is faster following
allogeneic SCT than following BMT and that quicker lymphocyte recovery may be associated
with better survival, in SCT, but not BMT, patients.

In contrast to the study reported by Pavletic et al., patients generally demonstrate a varying
period of immune incompetence following allogeneic BMT that can last for several years after
transplantation and may cause significant morbidity and mortality (49–52), in association with
acute and chronic GVHD (49,53). Immune reconstitution after allogeneic BMT has been
studied extensively in adults (43,49,51,54), and the innate immune system, i.e., the function
of phagocytes, recovers in the first weeks to months after BMT, whereas complete reconsti-



Chapter 15 / Immune Recovery Following Allogeneic Transplantation 219

tution of the adaptive immune system, i.e., B and T lymphocytes, takes longer. As a result, a
risk of infectious complications often exists for a prolonged period after allogeneic BMT (55).

3. MECHANISMS OF IMMUNE SUPPRESSION

A number of studies have examined the origin of the immune dysfunction that occurs
following SCT, using both allogeneic and autologous stem cell products. Immune dysfunction,
at least T cell abnormalities, appears to be associated with the induction of tolerance. Central
tolerance occurs in the thymus and is triggered by the recognition of “self” antigens (Ags),
providing a mechanism to eliminate autoreactive T cells (56,57). In contrast, mature T cells
may undergo activation-induced cell death (AICD) following Ag stimulation, thereby provid-
ing another mechanism of homeostasis (58–60). During allogeneic SCT, donor T cells, which
are alloreactive, can cause GVHD, resulting in significant morbidity and mortality. In addition,
a prolonged immune deficiency can occur, which is characterized by lymphopenia and suscep-
tibility to infection (61–64). In adults, the prolonged lymphopenia is characterized by a delay
in the recovery of naïve CD4+ T cells, presumably due to age-related loss of thymus function,
although a more active loss of CD4 cellularity appears to occur as described below (43,65,66).

Apoptosis provides one mechanism for the regulation of peripheral CD4+ T cell homeosta-
sis. It is a highly regulated process that is dependent upon the expression of a family of death-
inducing ligands, including tumor necrosis factor (TNF), Fas ligand (FasL), TNF-related
apoptosis-inducing ligand (TRAIL), and their receptors (67–74). Initial studies demonstrated
monocyte-dependent CD4+ T cell apoptosis, which is postulated to contribute to CD4+ T cell
depletion in HIV-infected individuals and an inverted CD4:CD8 T cell ratio (75–79). We have
shown that cancer patients undergoing HDT and SCT, like human immunodeficiency virus
(HIV)-infected individuals, have a prolonged immune dysfunction, an inverted CD4:CD8
ratio, and may appear to have peripheral tolerance (31,42,80–83). This profile of immune
dysregulation following HDT and SCT provides a potential prophylactic and/or therapeutic
mechanism for autoimmune and inflammatory diseases, as well as a strategy to reduce GVHD.

Recently, Li et al. (84) demonstrated that treatments which enhance the induction of
apoptosis in activated T cells, such as a co-stimulator blockade administered together with
Rapamycin, could promote allograft tolerance in model systems. However, it is not clear why
newly maturing T cells did not replace the apoptotic cells that were lost to AICD, resulting in
the elimination of an allograft or continuation of an autoimmune or inflammatory disease
process (85). These studies suggest that in addition to clonal deletion, apoptotic T cells trigger
an immunoregulatory effect that serves to maintain tolerance. An alternative explanation,
based on studies that we and others have undertaken, suggests that a type 2 cytokine profile is
induced following transplantation, perhaps in association with the high levels and/or multiple
cycles of chemotherapy, which may be critical to the maintenance of tolerance (86,87). Thus,
the mechanisms of immunoregulation following SCT and BMT may be multifactorial, includ-
ing clonal deletion via AICD as well as regulation via type 2 cytokines. The finding of prog-
nostic significance for IL-10 production in patients prior to an allogeneic BMT provides
support for the roles of a type 2 response in tolerance (88). In these studies, high spontaneous
IL-10 production was correlated with low incidence of GVHD and transplant-related mortality
as compared to patients with low or intermediate levels of IL-10 (88). Support for the role of
IL-10 is also provided by the observation that increased IL-10 production by mononuclear cells
is associated with tolerance in severe combined immunodeficiency disease (SCID) patients
following haplotype identical BMT (89). Recently, the injection of mononuclear cells, i.e., ex
vivo-expanded and mature DCs, was shown to prolong haplotype-specific cardiac allograft
survival when administered prior to transplantation (90). It is likely that this is due to DC
expression of FasL as well as secretion of IL-10; thus they may be key mediators of tolerance (90).
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The selective depletion of CD4+ T cells is one mechanism associated with the peripheral
tolerance observed following HDT and SCT. This selective depletion is associated not only
with peripheral tolerance, but also with immune dysfunction and a depressed CD4:CD8 T cell
ratio, which are all observed following HDT and SCT (31,42,91). In our published studies, we
associated the loss of T cell function in the PB with both frequency of monocytes and mono-
cytes expressing FasL (92). We suggest that the preferential deletion of CD4+ T cells is due to
their increased expression of Fas, as compared to CD8+ T cells, which have a normal frequency
of Fas expression and a high frequency of monocytes expressing FasL in the PB. Further, we
have observed high levels of mRNA for monocyte-activating cytokines in T cells following
transplantation, which may upregulate FasL expression by the monocytes (87). We have
shown that monocytes in mobilized PSC products, as well as in PB following transplantation,
inhibit T cell function (31,42,83,93) by inducing T cell apoptosis (93). While these studies do
not prove a cause-and-effect relationship, the high frequency of apoptotic CD4+ T cells in the
PB of patients following HDT and SCT might contribute to clonal deletion and a loss of T cell
receptor (TCR) diversity (92). Please see Fig. 1, which provides an overview of this process.
Reports by Donnenberg et al. (94,95) suggest that T cell apoptosis parallels lymphopoiesis in
patients who have had BMTs. In vitro, it appears that T cell apoptosis (96–99) is associated with
T cell activation by either CD3+ crosslinking, phorbol myristate acetate (PMA), or PHA
(31,38,42,83,93,100,101). The requirement for T cell activation appears to be a common
feature of monocyte-dependent T cell apoptosis mediated by Fas–FasL interaction (71,78,79).
Our previous results suggest that the T cells and monocytes in the PB of HDT and SCT patients
are highly activated based on the expression of immunoregulatory cytokines (86,87). The
circulating T lymphocytes from HIV-infected individuals are activated (97), and the CD4+ T

Fig. 1. This represents one hypothetical mechanism for the peripheral tolerance that is observed follow-
ing SCT. This multi-stepped process involves activated T cells secreting interferon (IFN)-γ, as well as
other cytokines, which activate monocytes and DCs. These activated mononuclear cells express FasL
on their membrane as well as release soluble FasL into the serum, which can then induce the apoptosis
of Fas-expressing (activated) T cells.
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cells have an increased expression of Fas on their membranes (98,99), resulting in an increased
susceptibility to FasL-mediated killing (99). Thus, we suggest that activated CD4+ T cells in
the PB of HDT and SCT patients undergo apoptosis after encountering monocytes expressing
FasL. However, the circumstance and site(s) whereby a susceptible CD4+ T cell encounters an
apoptosis-inducing ligand are unknown.

During normal T cell maturation, BM-derived T cell precursors home to the thymus, where
they are subjected to positive and negative selection processes upon interaction with major
histocompatibility complex (MHC) class I and II molecules expressed on thymic epithelial
cells and DC (102–104). These selection processes ensure a nonautoreactive peripheral T cell
repertoire. MHC class II-mediated interactions result primarily in CD4+ T cell development,
whereas MHC class I-mediated interactions direct CD8+ T cell development. During T cell
selection in normal individuals, TCR genes are sequentially and randomly spliced together in
a diverse TCR repertoire (105–108). Complementarity determining region 3 (CDR3) β chain
size heterogeneity arises during developmental DNA rearrangement when a consistent seg-
ment is joined with 1 of 22 variable segments via a diversity (D) and a joining (J) segment to
give rise to a complete gene. During this process, random numbers of nucleotides are inserted
and deleted at the junctions between the gene segments (109). Successful rearrangements
differ in size, and any other rearrangements would be out of frame and are rarely detected in
PB T cells (110). As the ratio of transcripts per cell is fairly constant (111), the amount of
polymerase chain reaction (PCR) product in each size class gives an indication of the number
of clonotypes and thus T cell repertoire diversity. Predominance of only a few size classes in
a spectratype would indicate oligoclonality. Gaps in a spectratype indicate a lack of T cells
expressing a certain CDR3 size class.

The loss of mature T cells following myeloablative conditioning protocols in preparation
for SCT allows regeneration of the T cell population via at least two pathways. First, there is
a transfer of graft-derived mature donor T cells to the periphery followed by Ag-driven expan-
sion. This process, which represents a thymus-independent pathway of reconstitution, may
provide the first wave of T cells (112–114). It should be noted, however, that T cell recovery
occurs only slightly less rapidly following infusion of T cell-depleted autografts (115). These
mature T cells have a limited TCR diversity (116) and can be maintained in the periphery for
10–20 yr (117), provided appropriate TCR-peptide/MHC interactions occur (118,119). The
second mechanism involves selection of graft-derived precursor cells in the thymus (120-122)
and/or other peripheral selection sites (123,124). The process of thymic T cell selection prob-
ably accounts for a durable reconstitution of the T cell compartment and a potentially more
diverse TCR repertoire. Because thymic functions decrease with age (52,114), this selection
mechanism is most effective in young SCT recipients and may contribute to the delayed
recovery of T cells in adults (43,51,54).

The role of T cell selection in the thymus and/or periphery during T cell recovery after
allogeneic SCT has been analyzed based on overall and Ag-specific T cell repertoires in
pediatric SCT recipients treated for leukemia. A lack of TCR diversity occurs in the repopu-
lating T cells at 3 mo after SCT, based on CDR3 size distribution patterns displaying reduced
complexity. This is increasing in recipients of a T cell-depleted (TCD) graft and, to a lesser
extent, in recipients of unmanipulated grafts. One year after allogeneic SCT, normalization
occurs in the TCR, CDR3 size complexity in almost all recipients. Further, an analysis of an
Ag-specific T cell repertoire at 1 yr after SCT showed that the T cells responding to tetanus
toxoid differed in TCR gene segment usage and in amino acid composition of the CDR3
region as compared to the donor (125). Further, the tetanus toxoid-specific TCR repertoire
is stable within an SCT recipient because tetanus toxoid-specific T cells with identical TCRs
have been observed over 3 consecutive years after transplantation (125).
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Other studies have used CDR3 size spectratyping to study TCR reconstitution after BMT.
Gorski et al. (110) suggested that T cell repertoire complexity in BMT recipients was associ-
ated with their state of immune function. Similarly, Dietrich et al. (126) examined T cell
spectratypes in GVHD skin lesions, and Akatsuka et al. (127) and Roux et al. (64,116) exam-
ined differences in T cell repertoire reconstitution in patients who received TCD BM as com-
pared to ones who received an undepleted BM. Lastly, Claret et al. (128) characterized T cell
repertoires in BMT recipients with GVL responses following donor leukocyte infusion (DLI).
However, these studies were limited by the small number of patients and a short follow-up.

Recently Verfuerth, O’Reilly, et al. (129) examined immune reconstitution following allo-
geneic SCT with TCD BMT, based on CDR3 size spectratyping to monitor TCR reconstitu-
tion. The study included 19 patients over approx 2 yr who received a transplant for the treatment
of CML. In addition, they examined the effect of DLI on CDR3 spectratyping. In these studies,
all patients had irregular spectratypes in the first 3–6 mo after transplantation, which evolved
over the next 6 mo to express more normal patterns. In approximately one-third of the patients,
2–3 yr were required for the spectratypes to normalize and some patients had abnormal
spectratypes even at 3 yr. DLI, which was used for the treatment of relapse in 18 of the 19
patients, had varying effects on CDR3 size profiles. In 9 out of 18 patients, there was no change
in CDR3 size profiles, whereas in six patients, the spectratypes became more restricted and
irregular. Overall, it appears that T cell spectratypes in BMT patients demonstrated instability
over time and in patients with GVHD, this instability is exaggerated. In addition, as a condi-
tioning regimen, T cell depletion, loss or reduction in thymic function, exposure to infectious
agents, GVHD, and immunosuppressive treatments are also likely to contribute to the TCR
expression abnormalities and delay in T cell repertoire reconstitution.

In one recent study (91), investigators reached an additional conclusion regarding the T cell
apoptosis that occurs following allogeneic SCT. This study demonstrated a significant increase
in the apoptosis of CD3+ T cells obtained from patients 19–23 d following transplantation, as
well as 1 yr posttransplantation, compared to healthy individuals. The increase in apoptosis
occurred preferentially in HLA-DR+ cells and in both CD4+ and CD8+ T cell subsets. CD4+ T
cell apoptosis was greater in patients with extensive acute GVHD and was increased in patients
who received HLA-mismatched donors or matched unrelated donors compared with patients
who received transplants from HLA identical siblings. There also was a significant correlation
between the apoptosis of CD4+ T cells and decreased CD4+ T cell count.

This mechanism of apoptosis occurs by AICD in which a key role is played by CD95/Fas,
which is a molecule expressed by the majority of CD45RO+T cells, and by a much smaller
number of CD45RA+ cells.(130) Crosslinking of CD95 causes cell death of sensitive cells
(131,132) and the susceptibility to CD95-induced AICD is a function of the activation of
CD45RO+ T cells (133,134). Peripheral T cell repopulation after BMT has a characteristic
CD45RO+ activated phenotype (43,135–138) and defective production of IL-2 (139). In one
study (140), regeneration of naïve (CD4+CD45RA+) T cells correlated with the recovery of
mitogen-induced proliferative responses. This occurs in the few months posttransplantation in
association with a mature or CD45RO+ CD4+ cell phenotype.

Additional studies have suggested that posttransplantation increased cell death occurs as a
consequence of the defective production of IL-2 and down-regulation of basic cycle length
(BCL)-2, resulting in an increased susceptibility to AICD following mitogen stimulation. This
observation suggests a role for CD95, which is supported by the observation of high levels of
CD95 expression on CD4+ cells. Thus, a decrease in lymphocyte activation may contribute to
recovery from the apoptosis and lymphopenia that occurs post-HDT and SCT. Similar results
were reported by Hebib et al. (141) who examined T cell reconstitution following allogeneic
BMT. In these studies, for at least 1 yr posttransplantation, there was an expansion of T cells
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with a memory phenotype (CD45RO) and a CD4:CD8 ratio inversion. Their studies revealed
an increased susceptibility to apoptosis via anti-Fas triggering in vitro (141). Apoptosis was
reduced over time and appeared to occur when the absolute numbers of naïve T cells (CD45RA+/
CD62-L+) increased. In addition, in vivo apoptosis was significantly correlated with lower
levels of BCL-2 expression as assessed by cytofluorometry and Western Blot analysis. In
contrast, the levels of Bax protein remained unchanged, resulting in a dysregulated BCL-2/Bax
ratio. Overall, these studies are consistent with murine models, in which small numbers of
mature T cells are coinjected with BM cells into thymectomized and lethally irradiated mice.
In these models, T cell regeneration occurs via the expansion of the injected T cells (142,143).
This suggests that adult BMT patients (with an aged and/or irradiated thymus) develop T cell
populations, following SCT, from thymus-independent expansion of mature T cells from within
the BM graft (142,144). Further, the peripheral expansion of donor T cells may be driven by host
histocompatibility Ags (145) and viral Ags (146,147), resulting in a restricted T cell repertoire
(145), and occasionally oligoclonality (148). T cell regeneration may also be driven by an Ag-
independent homeostatic process controlling the size of the T cell compartment (113).

4. TCD OF STEM CELL PRODUCTS

Allogeneic BMT or SCT from HLA-matched donors can provide a curative therapy for
CML (149) and other hematologic disorders. However, the immune suppression associated
with SCT is a significant cause of morbidity and mortality. T cell immunity is primarily
affected because T cells are eliminated by the pretransplant conditioning regimen and thymic
output is limited in adults (66,150). Thus, the T cell immunodeficiency that occurs in SCT
recipients can result in a life-threatening, opportunistic infection (49,63). Depletion of T cells
from the donor BSCP reduces the risk of GVHD by limiting the number of alloreactive T cells.
However, this results in an increased risk of relapse and is compared with unmanipulated SCT
because T cells, which are critical to GVL responses, are also removed (151,152). Further, the
reduced number of CD3+ cells can inhibit myeloid and platelet recovery if depleted to ≤0.54 × 105.
Indeed, a recent study revealed that a depletion of CD3+ cells to below 0.2 × 106/kg signifi-
cantly increased the risk of graft failure (153).

Several studies have directly compared immune recovery after transplantation with TCD
and unselected progenitor cell populations. In one study (154), which used CD34+ stem cell
selection to deplete T cells, the number of CD3+ lymphocytes posttransplantation was found
to be below the normal range in both groups. In contrast, the absolute number of CD19+ B
lymphocytes after transplantation with a TCD product were within the normal range. In con-
trast, CD4+ lymphocyte recovery was depressed, while CD8+ lymphocyte recovery was
increased in eight patients transplanted with TCD products and within the normal range for
patients transplanted with an intact product. As a result, an inversion in the CD4:CD8 ratio was
found in both groups. Activated T lymphocytes and NK cells were also increased in both
groups. Godthelp et al. (125) also examined CDR3 usage by T cells responding to tetanus
toxoid. They found, in this direct comparative study, a lack of overall TCR diversity in the
repopulating T cells at 3 mo after allogeneic SCT based on CDR3 size distribution. This was
particularly noted in those patients who received a TCD graft, and to a lesser extent, in recipi-
ents of unmanipulated grafts. At 1 yr following allogeneic BMT, normalization was observed
in the CDR3 size complexity in almost all recipients. An analysis of the Ag-specific T cell
repertoire 1 yr after allogeneic BMT showed that the T cells responding to tetanus toxoid
differed in TCR gene segment usage and amino acid composition of the CDR3 region as
compared to the donor. Further, the tetanus toxoid-specific T cell repertoire was found to be
stable within each allogeneic BMT recipient because tetanus toxic-specific T cells with iden-



224 Part IV / Supportive Care in Allogeneic Transplantation

tical TCRs were found 3 yr after transplantation. In a more extensive study by Martinez et al.
(155), it was found that CD4+ T cell counts were significantly lower in patients receiving a TCD
transplant as compared to ones receiving an intact transplant. In these studies, CD4+ T cell
counts were lower in the TCD patient as compared to patients transplanted with an intact
product 0.5, 1, 2, 3, and 6 mo posttransplantation. In contrast, there was no difference between
the two groups at eight months posttransplantation and thereafter. Normal levels of CD8+ T
cells were achieved 1 mo posttransplantation in both groups, and increased numbers of NK
cells (CD3-CD56+) were observed in both groups. These results suggested that during the first
6 mo following allogeneic SCT with TCD allografts, as compared to intact allografts, the number
of CD4+, CD4+CD45RA+, and TCR-γδ+ cells were significantly lower than following trans-
plantation with an unmanipulated allogeneic BSCP. The number of naïve (CD45RA+) CD4+

cells was also low throughout the study period in both groups, although it was significantly
lower in the TCD group as compared to the patients transplanted with an intact stem cell product,
especially during the first 3 mo following transplantation. In contrast and consistent with other
allogeneic and autologous transplant studies, normal levels of CD8 cells were achieved one
month posttransplantation in both groups. Consistent with previous studies discussed above,
TCR-γδ+ cells were lower in the TCD group than in the intact stem cell product group during the
first 4 mo posttransplantation. Normalization of NK cells (CD3-CD56+) was achieved 1 mo
posttransplantation in both groups, an observation consistent with prior studies of autologous and
allogeneic SCT. In contrast, B lymphocytes (CD19+ cells) were undetectable throughout the first
4 mo in both groups and reached normal levels 8 mo posttransplantation.

In summary, studies that directly compare transplantation with TCD to intact allogeneic
stem cell products suggest that a significantly longer time period is needed for the recovery of
CD4+, CD4+CD45RA+, and TCR-γδ+ cells when using TCD products. In contrast, there appears
to be no differences in the immunologic recovery of CD56+, CD8+, and CD19+ lymphocytes,
although the CD4:CD8 ratio, in many instances, is significantly reduced following transplan-
tation with a TCD product. This conclusion was first reached and is largely similar to those
reported by Roux et al. (64) in 1996.

As discussed herein, the majority of TCD studies have utilized positive selection of
CD34+ cells, which results in a 2- to 3-log depletion of T cells. However, other studies have
used CAMPATH-1M to deplete the T cell allogeneic stem cell products and have shown
that this mechanism of T cell purging also results in significant immunosuppression (156).
Thus, the poor recovery of T cells following TCD is independent of the TCD technique
used. One of the most important clinical sequelae to the use of TCD stem cell grafts, in
addition to loss of graft function and tumor relapse, is an increased incidence of viral,
bacterial, and parasitic infections. Many of these infections are of an “exotic” nature and
represent ones typically associated with patients who have an HIV infection or an organ
transplant. In a recent study by Small et al. (157), they discussed 10 patients who devel-
oped disseminated toxoplasmosis following a TCD BMT. Of the patients who developed
toxoplasmosis infections, only one survived, and this patient was treated empirically on
the day of presentation for fever and headache (157). This suggested that early empirical
treatment, even before the results of a sensitivity test are obtained, may help improve
survival. Other studies have included the examination of CD4+ T cell recovery. And
several of these studies have established a correlation between the rate of CD4+ T cell
recovery and the risk of developing a post-transplant opportunistic infection (158–160).
These “exotic” infections include not only toxoplasmosis, but also CMV (158,161) and
herpes virus (162).

Autologous BSCP obtained following mobilization and apheresis contain significant num-
bers of T cells, which are reinfused into the patient. Presumably, these infused T cells include
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immunoreactive cells, which can contribute to the autoimmune–inflammatory conditions.
Hence, reinfusion of autologous T cells may inhibit the efforts to control or eliminate auto-
reactive T cell clones. An initial report by Euler (163) demonstrated an early recurrence–
persistence of autoimmune disease following transplantation with unmanipulated autologous
stem cell products. Since that time, several techniques have been employed to reduce the
infusion of T cells. These strategies have included depletion of T cells (negative selection) or
positive selection of the hematopoietic (CD34+) stem cells. Given the rigor of both techniques,
questions remain regarding the level of T cell depletion that should be targeted. Prior studies
have shown that allograft patients who receive less than 105 T cells/kg body weight develop
no GVHD (164). In contrast, four out of seven patients who received between 1 and 4.4 × 105

T cells/kg developed dermatologic GVHD (163). These results suggest that the infusion of less
than 1 × 105 T cells/kg may be a reasonable target dose.

4.1. Infectious Complications of the Immune Dysfunction following HDT and SCT
Within the first year following HDT and SCT, recipients follow a relatively predictable

pattern of immunologic reconstitution and develop associated systemic immunodeficiency. In
addition to the hypothetical impact that this may have on tumor growth, there is also a signifi-
cant risk of infectious complications associated with the immunodeficiency (Table 1) caused
in part by the chemotherapy or radiation therapy administered just prior to SCT to treat the
primary disease. Unfortunately, this conditioning regimen also significantly impacts normal
hematopoiesis and hematologic parameters, in addition to damaging mucosal progenitor cells
and introducing a temporary loss of the mucosal barrier integrity. Thus, the gastrointestinal
tract, which normally contains bacteria and commensal fungi, and other bacteria-carrying
sources (e.g., skin or mucosa) become reservoirs of potential pathogens. In the immediate
posttransplant period (1–30 d), SCT recipients have two critical risk factors for infection.
These include prolonged neutropenia, which occurs most markedly in adult transplant patients
receiving isolated CD34 stem cell products, and breaks in the mucocutaneous barrier, which
occur in association with the HDT preparative regimens. Further, the need for frequent vascu-
lar access results in the induction of oral, gastrointestinal, and skin flora as sources of infection
at the site of central-line catheters. Resolution of these infections generally occurs in associa-
tion with neutrophil recovery (within 30 d). Reactivations of herpes virus infections are also
commonly observed during this period. Typically, an SCT recipient’s initial fever is caused by
a bacterial pathogen, although the causative organism is rarely identified. Such infections are
usually treated preemptively or empirically (165) until the resolution of neutropenia (166). In
addition, growth factors are commonly administered during this period to accelerate neutrophil
reconstitution and limit the complications associated with the neutropenia, including febrile
neutropenia (167).

Following hematopoietic engraftment (30–100 d), patients remain at a heightened risk of
infection from a wide variety of pathogens, including bacterial, viral, and fungal origins. In
addition to those listed above, CMV reactivity or infections are commonly observed, as are
respiratory syncytial virus (RSV), and influenza infections, all of which may contribute to
morbidity and mortality (168,169). Primary infections by and reactivation of varicella zoster
infections are also observed following transplantation (170–173).

Bacterial infections are also a significant cause of morbidity and mortality in patients during
the late posttransplantation period (100 d–1 yr), particularly those adult patients with chronic
GVHD (44,174–177). There is also a strong association between the development of pneumo-
coccal infections and a decrease in circulating levels of IgG and IgM type specific antibody
levels and antibody-mediated opsonic activity (178). During the postengraftment phase (30–
100 d), this is typically characterized by an impairment in cell-mediated immunity and may be
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associated with the presence of GVHD and immunosuppressive therapy. Following engraft-
ment, human herpes virus type 6, CMV, and other herpes viruses are also critical pathogens.

During the late phases of immunologic recovery, there continue to be defects in humoral-
and cell-mediated immunity, in addition to impaired reticular endothelial system (RES) system
function. Because of these cell-mediated and humoral defects and impaired RES function,
patients with chronic GVHD and/or who are recipients of donor allogeneic SCT are at risk for
numerous infections. Patients receiving mismatched allogeneic transplants have a higher rate
and severity of GVHD, therefore, they also have an increased risk of opportunistic infections
than do patients receiving matched allogeneic hematopoietic stem cells (HSC). Losses of
antibody titers increase the risk of infection and poor titers to vaccination have been docu-
mented in many patients following hemtopoietic cell transplantation (HCT) and SCT. In one
study of 40 patients posttransplant, only three patients maintained protective antibody levels
to Hib. This response could be increased with the use of a tetanus toxoid conjugate, particularly
in those patients who have pronounced immunoglobulin deficiency (179,180). The late immu-
nosuppression is associated with a significant frequency of CMV conversion and frank CMV
infections. It is recommended by the Centers for Disease Control that those recipients who
receive a product from a CMV seropositive donor should be placed on a CMV prevention
program from the time of engraftment until 100 d following SCT. Prophylactic strategies
commonly incorporate the administration of ganciclovir. In addition, intravenous immunoglo-
bulin (IVIG) may be used as well as appropriate vaccines. The infusion of donor-derived
CMV-specific clones of CD8+ T cells into the transplant recipient has also been utilized to treat
or prevent CMV infection (181), as has high dose acyclovir, but its utility is limited (182).
Similar to CMV in an allotransplant setting, Epstein-Barr virus (EBV) is also a significant
concern (183) and again the infusion of donor-derived EBV-specific cytotoxic T lymphocytes
(CTL) has shown highly significant promise in the prophylaxis of EBV-associated lymphomas
amont recipients of TCD, unrelated or mismatched allogeneic recipients (184–189). Because
this chapter is directed at the immunologic aspects of SCT, questions focused on antibiotic
therapy of infectious referred are directed to the excellent review of treatment prophylaxis for
infections following SCT found in ref. 190.

 Acute viral infections in normal hosts are controlled by the induction and expansion of
antigen-specific, MHC-restricted T cells. As suggested above, human CMV and EBV are
ubiquitous pathogens and can utilize a variety of novel strategies to evade immunologic con-

Table 1
Kinetics of Infections Occurring in Allogeneic SCT Recipients

Preiengraftment (1–30 d) Postengraftment (30–100 d) Late phase (100 d–1 yr)

Neutrophils, mucositis, and Impaired cellular immunity Impaired cellular and humoral
acute GVHD. and acute and chronic GVHD. immunity and chronic GVHD.

Respiratory and enteric viruses Cytomegalovirus Varicella-zoster virus
Herpes simplex virus Epstein-Barr virus Encapsulated bacteria

lymphoproliferative disease
Faculative Gram-negative Toxoplasma gondii Pneumocystitis carinii

bacilli
Staphylococcus epidermidis Strongyloides stercoralis Mycobacterium species
Gastrointestinal tract

Streptococci species
All Candida species
Aspergillus species
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trol. CD4+ and CD8+ T cells have been shown to have a pivotal role in controlling the initial
infection and maintaining CMV and EBV in a latent state. EBV causes potentially lethal
immunoblastic lymphomas in approx 25% of SCT recipients receiving a stem cell product
from unrelated or HLA-mismatched donors. Risk factors, which include TCD, major MHC-
mismatched transplants, and intensity of immunosuppression, support the role of T cell immune
surveillance in the control of EBV (188) and CMV infections. CMV pneumonitis (191),
despite ganciclovir and specific immunoglobulin therapy, has a poor outcome with a mortality
rate of 30–70% (192). Thus, strategies involving the adoptive transfer of CMV- or EBV-
specific CTL clones or boosting of donor or patient immunity using CMV or EBV vaccines are
encouraging. If the allo-donor is vaccinated, the T cells contained within the stem cell product
include, in theory, viral-specific CTL. Alternatively, CTL may be derived following ex vivo-
expansion of virus-specific CTL using donor leukocytes. In either case, the leukocytes or
isolated T cells can be given either prophylactically or therapeutically for the treatment of
CMV and EBV infections. The EBV-specific CTL are readily stimulated and expanded using
EBV-immortalized B lymphoblastoid cell lines as stimulators. Current protocols for CMV-
specific CTL use transfection of PP65, an immunodominant CMV antigen into CMV-infected
fibroblasts, DCs or EBV-transformed B lymphoblastic cell lines and used for antigen stimu-
lation (186). Thus, graft manipulation via antigen-specific T cell augmentation, either ex vivo
or by donor vaccination, has significant potential as a strategy to affect infection. Further, the
utilization of DLI from vaccinated donors or ex vivo-stimulated and expanded viral-specific
CTLs provides an exciting new strategy for the control of these life-threatening viral infections
(186). Regardless of the strategy used to prevent or treat infections, the marked and prolonged
cellular immunodeficiency that is observed following SCT—especially following transplan-
tation with positively selected stem cells—results in an increased incidence of infections,
including rare and unusual infections, such as Pneumocystis carinii, toxoplasmosism and
Mycobacterium species.

5. SUMMARY

In summary, we suggest that “primed” or activated Fas+ CD4+ T lymphocytes interact with
activated monocytes that express FasL, resulting in apoptosis, which leads to the deletion of
clonal populations of CD4+ T cells.  Further, manipulation of the stem cell product or cytokine
support posttransplantation may provide a strategy to control GVHD. One such manipulation
includes the removal of T cells from the product with the retention of monocytes/DCs. If used
with a G-CSF-mobilized product, which biases to a DC2 and type 2 response, this technique
might help induce tolerance. Indeed, additional knowledge on mobilization, graft processing,
conditioning, and manipulation of the product may be necessary to achieve additional clinical
benefit. In addition to maximal protocols, objective criteria for treatment responses as well as
analysis of nonspecific and specific immunologic reconstitution is needed to help determine
strategies for future trials, including low dose conditioning, use of monoclonal antibodies for
the depletion of lymphocyte subsets, and blockade of co-stimulatory factors. It appears, as
discussed herein, that manipulation of the stem cell product has the potential to control immu-
nologic reconstitution. Further, both the conditioning regimen and the actual transplantation
product have immunosuppressive characteristics, and it is likely that these can be taken advan-
tage of to induce peripheral tolerance.
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1. INTRODUCTION

Clinical graft-vs-host disease (GVHD) is a challenging area of study. Objective documen-
tation of organ involvement is frequently not available, there is considerable interobserver
variability in staging, and response criteria used are inconsistent between studies. Despite these
shortcomings, there has been a clear trend of progress in the field, and patient survival has
improved. Herein, we discuss recent developments in grading and analysis, and review the
outcomes using new approaches to prevention or treatment of GVHD.

2. GRADING OF GVHD

2.1. Acute GVHD
Staging and grading acute GVHD provide transplant physicians with two important tools:

(i) a simplified way to communicate GVHD-related risks, and (ii) a relatively objective means
to compare the effectiveness of different therapeutic strategies in the setting of competing
risks. The importance of assessing GVHD-related risk is based on the observation that severe
acute GVHD is a surrogate for death. An accurate grading system would enable physicians to
provide patients with a meaningful assessment of the risk-benefit ratio of a specific treatment
strategy, aid in the appropriate choice of risk-stratified therapies, direct new methods for risk
factor modification in an effort to reduce treatment-related morbidity and mortality, and accel-
erate development of new therapies in a field.

The Seattle GVHD grading system as modified by Thomas et al. was established as a simple
descriptive system of the degree of rash, hyperbilirubinemia, and diarrhea due to GVHD (1,2).
Subsequent studies by both the International Blood and Marrow Transplantation Registry
(IBMTR) and the European Cooperative Group for Blood and Marrow Transplantation
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(EBMT) demonstrated the prognostic value of this grading system; there was an incremental
increase in treatment-related mortality associated with increasing GVHD grade (3,4). In
addition, others reported that the applicability of the grading system was independent of the
degree of donor histoincompatibility, recipient age, or method of GVHD prophylaxis (5).

Martin et al. (6) reported a lack of concurrence between observers in grading GVHD in an
individual patient. The difficulties contributing to this problem include accurate establishment
of the diagnosis of GVHD within an organ, the contribution of concurrent etiologies to organ
dysfunction, and the subjective assessment of performance status as part of the grading criteria.
The former is especially problematic, even with histologic assessment. GVHD may not be
uniformly present throughout an organ, and physicians can be tragically misled by false nega-
tive biopsies (7). Therefore, in the setting of typical rash or diarrhea with bowel wall edema
on imaging studies, some have applied negative biopsies as support for exclusion of alternate
diagnoses rather than to exclude GVHD.

The consensus criteria for grading acute GVHD (5) attempted to address some of these
issues. These criteria (Table 1) are a minor modification of the criteria proposed by Thomas
et al. (2). The modifications include the recognition of nausea as a manifestation of upper
gastrointestinal GVHD and use of downstaging if additional causes of organ dysfunction have
been documented. Participants in the conference had no data to support elimination of perfor-
mance status from the grading system, so this was not eliminated. It was clarified, however,
that poor performance be defined by standardized scales. Commonly used criteria include
Karnofsky performance status <50, Lansky performance status <40, and Zubrod or Eastern
Cooperative Oncology Group (ECOG) performance status 3–4.

The IBMTR Severity Index (Table 2) is the first grading system based on objective criteria
alone (4). To develop this grading system, human leukocyte antigen (HLA)-identical marrow
transplant recipients receiving a uniform GVHD prophylaxis regimen were assigned a three-
part designation based on the maximal degree of organ involvement; then, treatment-related
mortality was determined for patients within each three-part designation, and those cohorts
with similar outcomes were combined. The results demonstrated that treatment-related mor-
tality depended on the maximal degree of organ involvement in any of the three organ systems.
The homogeneity of outcome for patients within an index was verified in a testing set of
patients receiving T cell-depleted transplants, and the prognostic value of the system has been
validated in two prospective studies (8,9).

2.2. Chronic GVHD
Shulman et al., who first described clinical chronic GVHD in 1980, proposed a classification

scheme based on limited vs extensive organ involvement that was predictive of prognosis (10).
In this system, the extensive grade required that patients have (i) generalized skin involvement
or (ii) localized skin disease or hepatopathy in addition to advanced hepatic histology, sicca
manifestations, or other organ involvement. An international survey later found that this scheme
for grading was highly reproducible (11), and it has been widely adopted. As more patients with
chronic GVHD have been assessed, however, it is apparent that this system may not be appli-
cable to all circumstances encountered. An alternative system defines limited as localized skin
or single organ involvement not requiring systemic therapy, and extensive disease includes
generalized skin rash or advanced organ involvement requirng systemic therapy (Table 3).
This modification can thus be applied to patients without skin or liver disease who may have
mild oral mucosal abnormalities that resolve spontaneously (limited) or severe ocular inflam-
mation requiring systemic therapy (extensive).

Sullivan et al. were the first to note that thrombocytopenia was an adverse prognostic factor
for survival from diagnosis of chronic GVHD (12). It is less well-appreciated that the throm-
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bocytopenic patients also have a substantially worse survival from the time of transplantation,
since time of onset of their disease is earlier than that for nonthrombocytopenic patients with
chronic GVHD (12,13). Consequently, thrombocytopenia has become a common method for
risk stratification of patients with chronic GVHD (Table 3). In multivariate analyses of patients

Table 1
Consensus Criteria for Grading of Acute GVHD

 Skin Liver Gut

Stage
1 Rash <25%a Bilirubin 2-3 mg/dLb Diarrhea >500 mL/dc or persistent

nausead

2 Rash 25–50% Bilirubin 3–6 mg/dL Diarrhea >1000 mL/d
3 Rash >50% Bilirubin 6–15 mg/dL Diarrhea >1500 mL/d
4 Generalized erythroderma Bilirubin >15 mg/dL Severe abdominal pain with or

with bullae without ileus
Gradee

I Stage 1-2 None None
II Stage 3 or Stage 1 or Stage 1
III — Stage 2–3 or Stage 2–4
IV Stage 4 or Stage 4 or Stage 4f

aUse “Rule of Nines” or burn chart to determine extent of rash.
bRange given as total bilirubin. Downgrade one stage if an additional cause of elevated bilirubin has been

documented.
cVolume of diarrhea applies to adults. For pediatric patients, the volume of diarrhea should be based on body

surface area. Downgrade one stage if an additional cause of diarrhea has been documented.
dPersistent nausea with histologic evidence of GVHD in the stomach or duodenum.
eCriteria for grading given as degree of organ involvement required to confer that grade.
fGrade IV may also include lesser organ involvement when the Karnofsky performance status is <50%, so

patients with Stage 4 gut GVHD are usually grade IV.

Table 2
Criteria for IBMTR Severity Index for Acute GVHD

Indexa Extent of rash Total bilirubin Volume of diarrhea

A <25% or <2.0 mg/dL or <500 mL/d
B 25–50% or 2.0–6.0 mg/dL or  500–1500 mL/d
C >50% or 6.1–15.0 mg/dL or >1500 mL/d
D Bullae or >15 mg/dL or Severe pain or ileus

aIndex assignment is based on maximal involvement in any single organ system.

Table 3
Criteria for Classification of Chronic GVHD

Classification Criteria

Subclinical Histologic evidence on screening biopsies without clinical signs or symptoms.
Limited Localized skin or single organ involvement not requiring systemic therapy.
Extensive low risk Platelet count >100,000 and extensive skin disease or other organ involvement

requiring systemic therapy.
Extensive high risk  Platelet count <100,000 and extensive skin disease or other organ involvement

requiring systemic therapy.
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with chronic GVHD, other risk factors for mortality identified include progressive onset,
lichenoid type skin rash, elevated total bilirubin, poor performance status, alternative donorm
and sex-mismatched donor (14–18). Many of these analyses were performed in heterogeneous
populations, and it is not clear that prognostic factors are uniform across patient groups (15).
Prospective study of more complex risk stratification systems are lacking.

3. ASSESSMENT OF GVHD CLINICAL TRIALS

3.1. Acute GVHD Prophylaxis Trials
All of the acute GVHD grading systems have demonstrated a correlation between maximal

grade and treatment-related mortality. Grades II–IV acute GVHD, which require systemic
therapy, are considered clinically significant and used as outcomes in clinical trials of GVHD
prophylaxis. Grades III–IV acute GVHD are associated with a substantial increase in mortality
and, therefore, are reported separately. Maximal grade, however, can be impacted by a number
of factors, including patient age, degree of donor histoincompatibility, inclusion of persisting
anti-T cell antibodies in the preparative regimen, T cell depletion of the allograft, criteria for
initiating therapeutic measures, the drugs used as the initial treatment of acute GVHD, and
incomplete chimerism. Nonrandomized comparisons of preventive regimens are highly mis-
leading when these parameters are inconsistent between groups. The recommendations for
uniform assessment of GVHD prophylaxis trials from the consensus conference (5) are listed
in Table 4.

The optimal method for estimating GVHD risk would (i) provide consistent results indepen-
dent of the proportion of patients censored for lack of follow-up, and (ii) provide an accurate
representation of the clinical reality. The Kaplan-Meier product-limit estimate (19) has long
been used as the preferred means for reporting GVHD risks for populations of patients. Incor-
porating the consensus recommendations, patients are censored at the time of last follow-up
alive, treatment-related death, relapse, or graft failure. The estimate of GVHD is reported as
1 minus the Kaplan-Meier estimate of no GVHD occuring (Table 5). This method assumes that
the risk of GVHD would be the same in patients censored as in those who were not censored,
so the estimate would clearly be inaccurate if GVHD and the competing risks were mutally
exclusive. In addition, the calculation of the estimate of the risk of GVHD is 1 minus a product
of probabilities, which is not a mathematically logical way of calculating a risk.

Two alternative methods for reporting GVHD risk have been promoted recently. One alter-
native is the cumulative incidence. This method is based on the simple proportion without
censoring (Table 5). The assumption made is that those not followed for any reason through
the longest time on study would not have developed GVHD if longer follow-up were available;
if this assumption were incorrect, then the cumulative risk would be an underestimate of the
GVHD rate.

Gooley et al. (20) demonstrated how the method of calculating the risk of GVHD affects the
results reported. The authors generated three sets of outcome data by varying the rate of the
competing risk. The hazard rate of the Outcome Risk (e.g., GVHD) was set to be the same in
all three data sets, but that of the the Competing Risk (e.g., relapse) was varied from 0 to 0.99,
such as occurs clinically in different studies. The authors reported that the Kaplan-Meier
estimates of the Outcome Risk were the same for all three data sets; that is, the estimate
calculated was independent of the variation in competing risk. In contrast, the cumulative
incidences of the Outcome Risk varied from 0.18 to 0.40, depending on the rate of the com-
peting risk. The authors then used both methods to calculate the probability of chronic GVHD
in a cohort of adult unrelated donor marrow transplant recipients who received standard GVHD
prophylaxis without T cell depletion (20). The Kaplan-Meier estimate of chronic GVHD was
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0.60, while the cumulative incidence was only 0.28, the latter being a rate clearly not consistent
with clinical experience. In this example, the Kaplan-Meier estimate appeared to be the more
accurate probability.

The second alternative method for calculating GVHD risk is the conditional probability
(21). This method provides a rate of GVHD in those patients without the competing outcomes
(early death, relapse, or graft failure) (Table 5). The assumption made is that GVHD would not

Table 4
Recommendations for Assessment of GVHD Prophylaxis Regimens

1. A specific grading system should referenced or described in detail if not published previously.
2. Criteria (grade) for initiation of treatment of acute GVHD and the drugs used for first-line therapy

of acute GVHD should be provided.
3. The incidence or risk of grades II–IV and grades III–IV GVHD should be provided.
4. When calculating the risk of acute GVHD, patients should be censored at:

a. The time of graft failure.
b. The time GVHD prophylaxis is discontinued when relapse occurs.
c. The time of initiation of treatment of relapse if the patient is off prophylaxis.

5. When evaluating acute GVHD as the end-point, data should be reported separately and/or stratified
for groups with known differences in risk of GVHD (e.g., pediatric vs adult patients, T cell-
depleted vs unmanipulated allograft recipients, HLA identical vs alternative donor allgraft
recipients).

6. When evaluating survival as the end-point, data should be reported separately for groups with known
differences in risk of treatment-failure (e.g., pediatric vs adult patients, HLA identical vs alternative
donor allograft recipients, early vs advanced disease).

Table 5
Methods for Calculation of the Rate of GVHD

Method Calculation Assumption

Kaplan-Meier P
k
 = 1 – [Π(s/r)] The risk of GVHD is the same in the

P
k 

is the estimate of GVHD at time k, censored and the noncensored
Π indicated the cumulative product, patients.
s is the number of patients surviving without

GVHD or a competing risk at time k,
r is the number of patients at risk in the

interval.
Cumulative CI

k
 = g/n GVHD does not occur in patients

incidence CI
k
 is the cumulative incidence of GVHD without follow-up throught the

at time k, end of a defined perioud or who
g is the number of patients who developed were lost to a competing risk.

GVHD up to that time,
n is the total number of patients.

Conditional CP
k
 = g/(n-d) GVHD does not occur in patients

probability CP
k
 is the conditional probability of GVHD without follow-up through the

at time k, end of a defined period.
g is the number of patients who developed

GVHD up to that time,
n is the total number of patients,
d is the number of patients with competing

risks.

t<k
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occur in the patients without competing outcomes who were still early in their follow-up. When
the rate of the competing risks is high, however, the conditional probability might overestimate
the GVHD rate. When no patients have competing risks and follow-up is complete to the end
of the observation period, the rate of GVHD would be nearly the same by all three methods.

3.2. GVHD Treatment Trials
The primary outcome parameter in acute GVHD treatment trials is complete response, the

resolution of all signs and symptoms of acute GVHD. A complete response is not only a
measure of the biologic activity of the drug under study, but also a surrogate for survival (22).
However, the time point at which outcome is evaluated is not standardized. Early acute GVHD
treatment studies assessed patients immediately at the end of a short treatment course, while
more recent trials included a specified duration of response and survival in the criteria. Criteria
for partial response have not been validated; whether partial response as defined in various
studies impacts treatment-related mortality and survival in a clinically meaningful way is
questionable (22–25).

The lack of validated response criteria is also problematic in chronic GVHD treatment trials.
For most, the clinical complete response remains the cornerstone in the assessment of efficacy.
More recently, quality of life indicators and time for discontinuation of all immunosuppressive
therapy have been used as additional outcome parameters (26).

4. RECENT ADVANCES IN THE MANAGEMENT OF GVHD

4.1. CD34-Selection
It is well accepted that T cell depletion of marrow or blood stem cells is an effective means

for prevention of acute and chronic GVHD. Wide adoption of T cell depletion has been
prohibited by a number of obstacles, the most important of which are the lack of approved
reagents and problems with reproducibility in the depletion procedures. A number of devices
are now available commercially for selection of CD34+ cells from marrow or peripheral blood;
all are affinity methods using monoclonal antibodies directed against CD34. The Ceprate
system uses a biotin-avidin-based approach, while the Isolex and MACS systems utilize
immunomagnetic beads. The latter have the advantage of largely being automated, which in
theory should maximize reproducibility.

Investigators have reported substantial differences between the CD34 selection devices in
CD34+ cell recovery and purity (27–29). These differences have been attributed by some to
the devices themselves. It is less well-appreciated that characteristics of the starting component
also contributes to the efficiency of the selection procedure. Each device has a maximum
capacity for CD34+ cells, and when components have high numbers of CD34+ cells, the
capacity may be exceeded, resulting in poor recovery. In addition, contamination of compo-
nents by granulocytes and other mature cells adversely affects purity and recovery. Thus, for
CD34 selection procedures, the advantages of high volume leukapheresis to increase CD34+
cell collection may be outweighed by the reduction in postselection recovery due to the granu-
locyte contamination in these components.

There have been a number of studies evaluating transplantation of CD34-selected marrow
or blood stem cells from HLA identical related donors (Table 6) (30–44). The only obvious
advantage for use of blood stem cells over marrow for these procedures is the higher dose of
CD34+ cells in blood stem cell components. Independent of the source of stem cells, however,
the risk of graft failure varies widely between studies. In a multivariate analysis, Urbano-
Ispuzua et al. (45) reported that the risk of graft failure was associated with the CD3+ cell dose
rather than the CD34+ cell dose. Patients who received a CD3+ cell dose ≤2 × 105/kg had a 17-fold
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Table 6
CD34-Selection for Prevention of GVHD

CD34 dose CD3 dose
Ref. Method Cells Age group No. (× 106/kg) (× 104/kg) Graft failure GVHD prophylaxis Acute GVHDa Chronic GVHD

HLA identical sibling
30 Ceprate BM Adult 12 1.7 23.0 4/12 CSA 3/12 —
31 Isolex BM Adult 14 1.2 9.4 0/14 None 4/14 —
32 — BM Adult 27 1.5 3.0 2/27 Mixed — —
33 Ceprate PB Adult 10 7.4 110.0 0/10 CSA ± MTX 6/10 5/10
34 Ceprate PB Adult 16 9.0 73.0 0/16 CSA/MTX 86% 75%
35 Ceprate PB Adult 20 2.9 42.0 0/20 CSA/MP 0/20 0/20
36 Ceprate PB Adult 10 4.1 42.0 0/10 CSA 3/10 —
37 Mixed PB Adult 62 3.5 40.0 2/62 CSA/MP+ 5/60 6/43
38 Mixed PB Adult 10 3.1 30.0 0/10 Mixed — 10%
39 Isolex PB Adult 12 4.6 17.0 4/12 Mixed 4/12 —
40 Isolex PB Adult 17 5.3 16.0 0/17 CSA/MP — —
41 Isolex PB — 82 5.7 13.0 0/82 CSA — —
42 MACS PB Adult 11 10.5 10.0 0/11 — 1/11 —
43 Isolex PB Adult 10 6.3 4.4 0/10 CSA 3/10 —
44 MACS PB Adult 10 9.7 1.0 1/10 None 2/10 —

Haploidentical donor
49 Isolex PB Pediatric 13 7.7 10.0 6/11 Mixed 2/8 —
50 Isolex PB Mixed 10 12.9 4.1 3/10 CSA 3/7 —
51 Mixed PB Adult 10 8.3 3.0 1/10 None 0/9 6/9
52 MACS PB Pediatric 39 20.7 1.6 3/39 None 1/36 —
53 MACS PB Adult 9 10.7 0.3 0/9 None 0/9 —
54 Ceprate PB + BM Adult 10 5.7 55.0 0/10 CSA 8/10 —
55 Isolex PB ± BM Mixed 135 3.2–5.5 6–12 27/128 Mixed 29/118 20/57
56b MACS — Pediatric 17 8.0–28.0 0.9 3/17 None 1/17 1/17

Abbreviations: —, not stated; BM, bone marrow; PB, peripheral blood stem cells; CSA, cyclosporine; MTX, methotrexate;MP, prednisone or equivalent corticosteroid.
aGrades II–IV.
bIncludes some patients with unrelated donors.
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increased risk of graft failure. In addition, patients with chronic myeloid leukemia (CML)
conditioned without total body irradiation (TBI) had a 4.8-fold increase in graft failure.

The rates of acute and chronic GVHD after HLA identical CD34-selected blood stem cell
transplantation are also highly variable (Table 6). With other types of T cell depletion, the
CD3+ cell dose is strongly predictive of acute GVHD. With CD34-selected HLA identical
allografts, the highest rates of GVHD occurred in the two studies having median CD3+ cell
doses >5 × 105/kg (33,34), and with very low CD3+ cell doses, the risk of GVHD appeared to
be acceptable even with no additional immunosuppressive drugs given posttransplant (44).
Interestingly, however, in a preliminary report of a multivariate analysis of risk factors for
GVHD after CD34-selected blood stem cell transplantation, the CD3+ cell dose was predictive
of chronic but not acute GVHD (46). However, in this series, the range of CD3+ cell doses was
narrow, and the risk of acute GVHD overall was low, so the analysis may have lacked to power
to detect a significant association between CD3+ cell dose and risk of acute GVHD.

Following the initial publications by Aversa et al. reporting that high doses of CD34+ cells
can overcome resistance to engraftment across major histocompatibility barriers in humans
(47,48), a number of studies were performed using CD34-selection of blood stem cells from
haploidentical donors (Table 6) (49–56). These studies targeted higher CD34+ cell doses and
much lower CD3+ cell doses than used with HLA identical sibling donors. In the largest
retrospective analysis to date, Kato et al. (55) reported that 21% of CD34-selected
haploidentical blood stem cell transplant recipients had graft failure; the risk of graft failure
in these patients did not vary with the CD34+ cell dose, and the effect of CD3+ cell dose on
graft failure was not assessed. In this report, however, CD34+ cell dose was the only factor
predictive of time to neutrophil and platelet recovery. Others have reported that the risk of graft
failure was lower when TBI or ATG was included in the conditioning regimen (49,50). Kato
et al. (55) also indicated that use of antithymocyte globulin (ATG) in the conditioning regimen
for haploidentical allograft recipients was associated with a lower risk of acute or chronic
GVHD, but CD3+ cell dose had no impact.

Most patients appear to have achieved complete chimerism after transplantation of HLA
identical CD34-selected blood stem cells with CD3+ cell doses exceeding 1 × 105/kg
(33,34,36,39,40,42), but substantial mixed chimerism was reported with lower CD3+ cell
doses (57). In addition, high rates of mixed chimerism (70–83%) were reported in recipients
of CD34 selected marrow transplants from matched unrelated donors when using a condition-
ing regimen with reduced intensity (58,59).

 Severe infections have emerged as the major complication in recipients of CD34 selected
allografts. In studies of immune reconstitution in these patients, T and B cell recovery appears
to be comparable to that in recipients of unmanipulated grafts when assessed at 1 yr after
transplantation, but immune reconstitution, and especially CD4+ cell recovery, appears to be
delayed when measured at earlier timepoints (60,61). In one study, CD34+ cell doses >20 × 106/kg
resulted in more rapid recovery of T cells (52). To hasten immune reconstitution and prevent
relapse, some have administered unselected donor lymphocytes posttranplant. This, however,
has resulted in substantial GVHD (40,43,49,62). Infusion of donor lymphocytes depleted of
recipient-reactive cells (63) appears more promising for this setting.

It is clear that CD34-selection of allografts results in a lower incidence of GVHD in high-
risk populations. Amelioration of other transplant-related complcations has been reported as
well (64). However, published studies may be biased toward positive results (39), and follow-
up is too short to determine the full impact of this procedure on long-term outcome. Thus, while
individual institutions may have ascertained empirically how to apply this technology to
achieve “acceptable” patient outcomes, the optimal methodology has not yet been determined.
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4.2. Pharmacologic Management of GVHD
A number of newly approved immunosuppressive drugs have been evaluated for the prevention

or treatment of GVHD (Tables 7–10) (65–111). These can be broadly grouped as T cell activation
inhibitors, antimetabolites, interleukin (IL)-2 receptor antagonists, tumor necrosis factor (TNF)
antagonists, anti-T cell antibodies, and inhibitors of antigen processing or presentation.

4.3. T Cell Activation Inhibitors
4.3.1. TACROLIMUS

Tacrolimus is a calcineurin inhibitor that prevents early T cell activation. Its mechanism of
action, pharmacology, drug interactions and toxicities are similar to those of cyclosporine.
Three randomized studies have demonstrated that tacrolimus is superior to cyclosporine for
prevention of acute GVHD when used in combination with methotrexate after HLA-identical
or unrelated donor marrow transplantation (112–114). Tacrolimus has also been evaluated for
prevention of acute GVHD in recipients of HLA-identical donor blood stem cells, HLA par-
tially matched related donor marrow, and HLA partially matched unrelated donor cord blood
(reviewed in ref. 115), and a consensus conference in 1998 concluded that there was no
population in which tacrolimus was contraindicated for use in prevention of GVHD (116). The
most common dosing regimens are shown in Table 7. Therapeutic drug monitoring is recom-
mended when using tacrolimus (116).

Whether tacrolimus can be used as prophylaxis in patients suffering complications from
cyclosporine was evaluated retrospectively by Furlong et al. (77). In their experience, 8 of 11
patients with cyclosporine-associated neurotoxicity had resolution of symptoms when con-
verted to tacrolimus, and 3 others improved. In contrast, only 1 of 11 patients with cyclosporine-
associated hemolytic uremic syndrome improved when converted to tacrolimus.

For treatment of acute GVHD, tacrolimus has been used for patients who had steroid refrac-
tory disease while on cyclosporine prophylaxis (Table 8). Due to the high incidence of renal
failure reported in solid organ transplant, recipients converted immediately from cyclosporine
to tacrolimus, we first used ATG as a bridge until cyclosporine blood levels were undetectable
before administering tacrolimus. In a series of 14 patients, only two patients achieved a com-
plete response, and survival was only 7%. Others have now reported institution of tacrolimus
safely after only 1–2 d off cyclosporine (76,78,79). Complete response rates were only 10–17%
using tacrolimus alone. The complete response was higher, 40%, when tacrolimus and ATG
were used in combination for treatment of steroid-refractory GVHD (76), but in the absence
of a randomized trial, it is unclear if tacrolimus added any benefit over ATG alone in these
patients. Topical tacrolimus has been applied for treatment of limited skin rash with some

Table 7
Common GVHD Prophylaxis Regimens

Regimen Drug Dose schedule

CSA/MTX CSAa iv 1.5 mg/kg BID from d –1, taper 5% weekly starting d 60.
MTX iv 15 mg/m2 d 1, 10 mg/m2 d 3, 6, and 11.

TAC/MiniMTX TACa iv 0.03 mg/kg/d CI from d –2, taper 20% every 2 wk from d 180.
MTX iv 5 mg/m2 d 1, 3, 6, and 11.

Abbreviations: MTX, methotrexate; CSA, cyclosporine; TAC, tacrolimus; iv, intravenously; BID,
twice daily; CI, cumulative incidence.

aTacrolimus and cyclosporine have been used interchangeably with this methotrexate dose-schedule.
Tacrolimus dosing is based on ideal body weight, and doses are modified for blood levels outside the target
concentration range and for toxicities.
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Table 8
New Regimens for Prevention of Acute GVHD

Preparative Gr 2-4 Gr 3-4
Ref. regimen Donor Drug Regimen Patients GVHD GVHD Chronic GVHD

65 Nonmyelo Sib-PBSC MMF 15 mg/kg PO BID CSA/MMF d 0–27 36 7%a 11%a 74%a

66 Nonmyelo Sib-PBSC MMF CSA/MMF d 0–27 88 47% 17% 65%
67 Nonmyelo Sib-PBSC MMF 15 mg/kg PO BID CSA/MMF (days not stated) 15 38% — —
68 Ablative Sib-PBSC/BM MMF 1 g PO BID CSA/MMF d 1–14 14 47% 7% 56%
69 — Mixed MMF 1 g IV BID CSA/MP/MMF (days not stated) 16 — 19% —
70 Ablative Alt-PBSC/BM MMF 1 p PO daily CSA/MTX/MP/MMF d 10–100 13 23% 15% —
71 Ablative Sib-PBSC CP1H 10-60 mg ITB CP1H +/- CSA/MTX 107 4% 1% 22%
72 Nonmyelo Sib-PBSC CP1H 20 mg IV CP1H d –8 to –4/CSA+/-MTX 36 6% 0% 3%
73 Nonmyelo MUD-BM CP1H 20 mg IV CP1H d –8 to –4/CSA 30 7% 0% —
74 Nonmyelo Sib-PBSC CP1H ITB + 20 mg IV CP1H +/– MMF 14 14% 0% —
75 Mixed  Mixed CP1H (mixed schedules)  CP1H +/– CSA 28 47% 0% 14%

Abbreviations: —, not stated; nonmyelo, nonmyeloablative or reduced intensity; sib, HLA identical sibling; alt, alternative donor; MUD, unrelated donor; PBSC,
peripheral blood stem cell; BM, bone marrow; MMF, mycophenolate mofetil; CP1H, Campath-1H, Alemtuzumab; PO, orally; BID, twice daily; IV intravenously; ITB, in
the bag (ex vivo incubation prior to infusion of allograft); CSA, cyclosporine; MP, methylprednisolone; MTX methotrexate.

aActuarial estimate, cumulative incidence or proportion, depending on the result reported.



C
hapter 16 / G

rading and M
anagem

ent of G
V

H
D

247

Table 9
New Regimens for Treatment of Acute GVHD

Ref. Indication Drug Regimen Response assessed Patients CR CR + PR

—a Refractory Tacrolimus 0.03 mg/kg/d iv after ATG 2 wk 14 14% 14%
76 Refractory Tacrolimus 0.03 mg/kg/d iv + ATG d 28 20 40% 14%
77 Refractory Tacrolimus 0.03 mg/kg/d iv 6 wk 20 10% 10%
78 Refractory Tacrolimus  0.03 mg/kg/d iv — 6 17% 50%
79 Refractory Tacrolimus 0.03 mg/kg/d iv 18 d 13 — (54%)b

80 Refractory MMF 1 g po daily — 2 *c *
81 Refractory MMF 1 g po BID — 7 — 29%
82 Refractory MMF 1 g po BID + CSA/MP — 36 — 72%
83 Primary Anti-CD25 daily × 27 — 1 * *
84 Refractory Gr IV Daclizumab 1 mg/kg iv weekly × 5 d 43 24 29% 33%
84 Refractory Daclizumab 1 mg/kg iv d 1, 4, 8, 15, and 21 d 43 19 47% 74%
85 Refractory Daclizumab 1 mg/kg iv d 1–5, 7, 14, and 21 d 28 12 8% 67%
86 Refractory Gr III–IV Basiliximab 10–20 mg iv weekly × 4 — 12 25% 58%
87 Refractory Gr III–IV Infliximab 10 mg/kg weekly — 4 * *
88 Refractory Etanercept 0.4 mg/kg sc twice weekly for 2 mo — 1 * *
89 Primary Thalidomide 400–800 mg po daily — 1 0% *
90 Refractory Thalidomide 200–1000 mg po daily — 3 0% 0%
91 Refractory Thalidomide 200–400 mg po daily — 3 0% 0%
92 Refractory Thalidomide 12.5–25 mg/kg po daily — 2 0% 50%

Abbreviations: —, not stated; CR, complete response; PR, partial response; ATG, antithymocyte globulin; MMF, mycophenolate mofetil.
aUnpublished data.
bResponse rates in parentheses were reported as “improved.”
cCase report of responsive disease indicated by *.



248
P

art IV
 / Supportive C

are in A
llogeneic T

ransplantation
Table 10

New Regimens for Treatment of Chronic GVHD

Ref. Indication Drug Regimen Response assessed Patients CR CR + PR

93 Refractory liver Tacrolimus 4–20 mg po daily — 15 33% (60%)b

—a Refractory/dependent Tacrolimus 0.06 mg/kg po BID 2 mo 32 13% 50%
79 Refractory Tacrolimus 0.075 mg/kg po BID 48 d 26 — (67%)
82 Primary MMF 1 g po BID+CSA/MP — 12 — (50%)
94 Intolerant MMF 1 g po BID — 5 — (80%)
95 Refractory liver MMF 1 g po BID — 11 — (100%)
80 Refractory MMF 1 g po daily — 6 — (33%)
94 Refractory MMF 1 g po BID — 9 — (55%)
81 Refractory MMF 1 g po BID — 12 — 33%
96 Refractory MMF 10 mg/kg po daily 6 wk 12 17% 83%
97 Refractory MMF 15–40 mg/kg po daily — 15 — 60%
98 Refractory MMF 1 g po BID + tacrolimus 3 mo 26 8% 46%
85 Refractory Daclizumab 1 mg/kg iv d 1–5, 7, 14, and 21 28 d 4 25% (75%)
99 Refractory Rituximab 375 mg/m2 iv weekly × 4 — 1 *c *
100 Refractory Rituximab 375 mg/m2 iv weekly × 4 — 1 * *
101 Primary Thalidomide 200–800 mg po daily + CSA/MP 2 mo 24 8% 83%
102 High risk Thalidomide By blood levels 6 mo 21 33% 38%
103 Dependent Thalidomide 12–25 mg/kg po daily — 5 * *
104 Refractory Thalidomide 300 mg po daily — 1 0% *
91 Refractory Thalidomide 200–400 mg po daily — 3 0% *
105 Refractory Thalidomide 100–200 mg po daily — 2 0% *
106 Refractory Thalidomide — 6 — (83%)
102 Refractory Thalidomide By blood levels 6 mo 23 30% 78%
107 Refractory Thalidomide 100-300 mg po QID 3 mo 80 11% 20%
108 Refractory Thalidomide 3–12 mg/kg po daily — 13 28% 69%
92 Refractory Thalidomide 12.5–25 mg/kg po daily 1–3 mo 4 25% 25%
109 Refractory Thalidomide 50–200 mg po QID — 37 3% 38%
110 Refractory Thalidomide 200–1000 mg po daily — 12 33% 75%
111 Dependent Plaquenil 12 mg/kg po daily 1 mo 12 25% 50%
111 Refractory Plaquenil 12 mg/kg po daily 1 mo 20 0% 35%

Abbreviations: —, not stated; CR, complete response; PR, partial response; CSA, cyclosporine; MP, methylprednisolone; MMF, mycophenolate
mofetil; po, orally; BID, twice daily; iv, intravenously.

aUnpublished data.
bResponse rates in parentheses were reported as “improved.”
cCase report of responsive disease indicated by *.
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success; although at least one patient had substantial transcutaneous absorption when using
tacrolimus in this fashion (117).

For patients with steroid refractory chronic GVHD, response rates for tacrolimus as first or
second salvage have been only 13–33%, but a substantial proportion of patients experienced
clinically meaningful improvement (Table 10). We have also found tacrolimus to be useful in
patients with steroid-dependent chronic GVHD, allowing for a reduction in steroid dose and
steroid-related complications. Long-term use of tacrolimus in this setting, however, was com-
plicated by tacrolimus-related side effects, most notably renal insufficiency (118).

4.3.2. SIROLIMUS

Sirolimus is an inhibitor of late T cell activation, blocking the calcium-independent signal
transduction pathway used by growth factors, such as IL-2. Use in prevention or treatment of
GVHD has not been reported. Side effects noted in solid organ transplant recipients include
hyperlipidemia, myelosuppression, and capillary leak syndrome. Therapeutic drug monitoring
has been recommended for safe use in solid organ transplant recipients.

4.4. Antimetabolites
4.4.1. MYCOPHENOLATE MOFETIL

Mycophenolate mofetil (MMF), a prodrug of mycophenolic acid (MPA), inhibits inosine
monophosphate dehydrogenase (IMPDH). IMPDH is a key enzyme in the de novo pathway of
purine synthesis, which is the major pathway utilized by cycling T lymphocytes. As a result,
inhibition of IMPDH is thought to be selectively toxic for proliferating but not resting T cells,
a paradigm similar to that for low dose methotrexate. Common side effects of MMF include
nausea, vomiting, diarrhea, and myelosuppression. The active drug is eliminated renally.
MMF is generally administered orally at a dose of 15 mg/kg or 1 g 2× daily. Targeted dosing
based on blood levels has been suggested for solid organ transplant recipients, but this approach
has not been evaluated fully in hematopoietic stem cell recipients.

A short course of MMF orally (d 0–27) has been studied most extensively in combination
with cyclosporine for prevention of GVHD when using a nonmyeloablative preparative regi-
men (Table 8). Canine studies demonstrated that graft rejection was less in HLA identical
littermate allograft recipients using MMF rather than methotrexate with cyclosporine after
sublethal TBI was given (119). In clinical studies of HLA identical allografts, the risk of graft
rejection was 20% in patients receiving MMF rather than methotrexate when only 2 Gy TBI
was used for conditioning, but most patients achieved stable mixed chimerism when condi-
tioned with TBI and fludarabine (66,67). At 38–47%, the risk of acute GVHD was consider-
able, and usually occurred following discontinuation of MMF at d 27.

Bornhauser et al. performed a retrospective comparison of cyclosporine with MMF vs
methotrexate as prophylaxis for HLA-identical stem cell recipients using a myeloabative
preparative regimen (68). All patients on MMF achieved neutrophil recovery, and the time to
neutrophil recovery was significantly shorter than in the group receiving methotrexate (11 vs
17 d, p = 0.02). There were no differences between the groups in the incidence of moderate or
severe GVHD. Some have suggested that a longer course of MMF might be useful in achieving
greater control of GVHD. Basara et al. have in fact reported a strikingly low incidence of
GVHD—23%, in HLA-mismatched marrow transplant recipients when MMF was given d 10–100
(70)—however, this was in combination with cyclosporine, methotrexate, and prednisolone, so it
is not clear how much the long course of MMF contributed to the control of GVHD in these patients.

In a phase I study of MMF and cyclosporine for GVHD prevention, Jenke et al. found higher
MPA trough levels in patients with less severe GVHD (120), indicating perhaps that a thresh-
old drug exposure would be needed for adequate control of GVHD. MMF is generally well-
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absorbed (>90%), but the bioavailability appeared to be reduced in the stem cell transplant
recipients (68), suggesting that the intravenous route may be preferable early after transplan-
tation. However, low MPA trough levels were found even with intravenous dosing (120). This
may be explained in part by loss of enterohepatic recirculation as a result of toxicity of the
preparative regimen or altered bowel flora (68,120). Clearly, the optimal dose-schedule of
MMF for prevention of GVHD is not established.

The potential selective action of MMF on proliferating lymphocytes has been cited as an
advantage for use of this drug in the treatment of GVHD. As primary treatment, the combina-
tion of MMF and prednisone induced improvement by at least one grade in 72% of patients
(82). Several case series suggest that MMF is active for treatment of steroid-refractory acute
GVHD as well (Table 9) (80,81), but prospective studies are lacking. Drug exposure appears
to play an important role in treatment of acute GVHD; Kiehl et al. reported higher trough MPA
levels in responders than in nonresponders (121). The need for adequate drug exposure may
prove problematic in patients with gut GVHD, where MPA concentrations were significantly
lower than in those without gut involvement (121).

There are several reports of small numbers of patients treated with MMF for chronic GVHD
(Table 10). Although the documented complete-response rate is low (96,98), the major benefit
of therapy with MMF is sufficient control or resolution of symptoms to allow tapering of
steroids without a flare (94,95,97). Long-term use of MMF in clinically stable patients has also
allowed for a greater appreciation of the toxicities of the drug. Cytopenias remain the most
common problem, with mild leukopenia in as much as 42% of patients (81,82,94). Diarrhea
and elevations of liver enzymes were also noted in a small percentage of patients, but drug
toxicities accounted for only a few discontinuations.

4.4.2. LEFLUNOMIDE

Leflunomide is an inhibitor of dihydroorotate dehydrogenase, an enzyme involved in de
novo pyrimidine synthesis. As such, its major activity is inhibition of proliferating lympho-
cytes. In vitro, high concentrations of leflunomide also inhibit the tyrosine kinases involved
in T and B cell activation. The drug is administered orally, and elimination of the active
metabolite is by both renal and hepatic clearance. Common side effects include elevated liver
enzymes, diarrhea, alopecia and rash. Leflunomide has been shown to be effective in the
treatment of rheumatoid arthritis, but it has not been tested in patients with GVHD.

4.5. IL-2 Receptor Antagonists
4.5.1. DACLIZUMAB

Daclizumab is a humanized monoclonal antibody directed against CD25, the α chain of the
IL-2 receptor. Expression of the IL-2 receptor α chain is up-regulated in activated T lympho-
cytes, and blockade of the receptor by the antibody is thought to result in activation-induced
cell death (AICD) by inhibiting the effect of IL-2. Thus, treatment with daclizumab during
clinical or subclinical GVHD would potentially eliminate alloreactive T cells specifically. Few
side effects have been reported with use of daclizumab; it does not induce a first-dose reaction
or a cytokine-release syndrome. The drug is administered intravenously at a dose of 1 mg/kg.
In marrow transplant recipients with acute GVHD, daclizumab has a half-life of 3.5 d, consid-
erably shorter than that seen in solid organ transplant recipients (122). Despite the long half-
life, frequent dosing may be required in patients with acute GVHD, since circulating soluble
IL-2 receptor in these patients neutralizes the activity of the drug.

For prevention of GVHD, Anasetti et al. performed a randomized study of placebo vs one
of two dose levels of daclizumab given weekly for five doses from d –1 for unrelated donor
marrow transplantation (123). Although the time to onset of GVHD was delayed in the patients
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who received daclizumab, there was no significant difference between arms in the incidence
of GVHD, relapse, or survival. The lack of elimination of alloreactive cells in these patients
may have been due to the early administration of the drug; blockade from the day of transplan-
tation may have inhibited activation, an absolute requirement for AICD.

For treatment of steroid refractory acute GVHD, complete response rates have varied from
8 to 47% (Table 9) (84,85,122). Response may vary with dose-schedule, grade and organ
involvement. Frequent dosing was used during the first week of therapy in an effort to saturate
circulating soluble IL-2 receptors. Best responses were seen in patients with skin GVHD.
Willenbacher et al. also reported that patients with refractory chronic GVHD may respond to
treatment with daclizumab (85). Infectious complications, however, were substantial.

4.5.2. BASILIXIMAB

Basiliximab is a chimeric anti-CD25 antibody. The half-life of basiliximab is shorter than
that of daclizumab, and the drug has no substantial side effects. Basiliximab has been studied
only for treatment of grades III–IV steroid refractory acute GVHD. Pasquini et al. administered
the drug at a dose of 20 mg intravenously every 2 wk. They reported a complete response rate
of 25%, although overall, 58% of the patients treated improved (86).

4.5.3. DENILEUKIN DIFTITOX

Denileukin diftitox is a diphtheria toxin-IL-2 fusion protein. Its mechanism of action is to inhibit
protein synthesis and induce cytotoxicity in cells binding IL-2. Like IL-2, denileukin diftitox has
a short half-life, with distribution occurring within minutes. The side effect profile is similar to that
of IL-2, and includes flu-like symptoms, hypotension, edema, and renal insufficiency. As a result
of its high incidence of toxicity and the partial agonistic effects, denileukin diftitox does not appear
to be a suitable drug for elimination of activated T cells in patients with GVHD.

4.6. TNF Antagonists
4.6.1. INFLIXIMAB

Infliximab is a chimeric monoclonal antibody directed against TNF-α. Its main effect is neutral-
ization of the soluble cytokine, but the antibody can also mediate antibody-dependent cellular cyto-
toxicity (ADCC) of cells bearing surface TNF. Infliximab has a half-life of about 1 wk. Hypersensitivity
reactions have been reported with its administration. Kobbe et al treated four patients with grade IV
refractory acute GVHD using infliximab at 10 mg/kg intravenously weekly for 1–3 wk (87). Three
of the four patients achieved a complete response, including resolution of severe diarrhea.

4.6.2. ETANERCEPT

Etanercept is a TNF receptor p75-IgG Fc fusion protein. Like infliximab, etanercept neu-
tralizes soluble and membrane-bound TNF, but it binds both the α and β forms of TNF. When
administered subcutaneously, etanercept has a slow uptake with a time to Cmax of about 3 d
and median half-life of 5 d in patients with autoimmune diseases. Injection site reactions are
generally mild, and few other side effects have been noted. Andolina et al. treated one patient
with refractory intestinal acute GVHD using etanercept 0.4 mg/kg weekly (88). The diarrhea
resolved slowly. The symptoms returned approx 3 wk after the drug was discontinued, and a
second remission was induced by retreatment.

4.7. Anti-T Cell Antibodies
4.7.1. ALEMTUZUMAB

Alemtuzumab (CAMPATH-1H) is a humanized monoclonal antibody against CD52, a
glycoprotein expressed on lymphocytes, mature phagocytes, and some CD34+ cells. The
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antibody is complement-fixing and eliminates CD52-positive cells by inducing cytotoxicity or
by opsonization. The half-life following intravenous administration is approx 12 d in patients
with lymphoid malignancies; there is a high degree of interpatient variability in the pharma-
cokinetics of the drug due to differences in the number of CD52-bearing cells that form the
major portion of the volume of distribution. The most common side effect is an anaphylactoid
reaction that occurs with infusion; the reaction can be ameliorated partially by slowing the
infusion or by starting a treatment course with a small dose. Myelosuppression has been
reported infrequently, but ex vivo incubation of marrow with alemtuzumab did not have any
significant effect on in vitro growth of committed progenitors (124).

For prevention of GVHD, alemtuzumab has been administered in two ways, following
incubation of the allograft (“in the bag”) or intravenously pretransplant (Table 8). Hale et al.
reported a retrospective analysis of 107 patients who received HLA identical blood stem cells
treated ex vivo with 10–60 mg alemtuzumab (71). The cells and drug were infused after a 30-min
incubation without further manipulation. Some patients also received cyclosporine and methotr-
exate after transplantation. The incidence of grades II–IV GVHD was quite low, at 4%. Graft
rejection occurred in only 2% of the patients, but results of chimerism studies were not reported.

A number of investigators have evaluated alemtuzumab given pretransplant with
nonmyeloablative preparative regimens (Table 8). The prolonged half-life results in immuno-
suppressive activity extending into the posttransplant period, but cyclosporine was adminis-
tered to most patients as well. The risk of GVHD was exceedingly low, but mixed chimerism
occurred in several patients in each series (72–75). Immune reconstitution occurs slowly in
patients treated with alemtuzumab, and a high incidence of ctomegalovirus (CMV) infections
early after transplantation has been reported in this group (125).

These studies clearly demonstrate that GVHD can be prevented effectively using
alemtuzumab either in the bag or administered intravenously during the peritransplant period.
Appropriate dosing, however, is unclear in the absence of well-designed Phase Ib studies, and
long-term outcome for these patients is still unclear.

4.7.2. ATG
ATG consists of serum from horses or rabbits immunized with human lymphocytes or

thymocytes. Preparations are highly heterogeneous with regard to titers against specific
epitopes (126,127). In solid organ transplantation, outcomes vary with the type of ATG used
(128–130), but this has not been studied in hematopoietic stem cell transplantation. Following
administration of standard doses, ATG was detected in the serum for 1–2 mo, and serum levels
were proportional to the dose adminstered (131,132). The half-life of free anti-T cell antibody
was reported to be 4 d (132), although lymphocytes coated with ATG were found in the circu-
lation as late as 100 d after treatment (131). Side effects include fever, chills, bronchspasm,
anaphylactoid reactions, serum sickness, hypertension, interstitial pneumonitis, arthralgias, plate-
let consumption, and myelosuppression. In patients who received ATG as part of the preparative
regimen, elevations of bilirubin and transaminases were also noted (133). In a retrospective
comparison, fewer side effects were reported with Frensenius-SATG (ATG-F) than with
thymoglobulin (R-ATG) or OKT3 (134). A higher level of type 2 cytokines was induced by
OKT3, but differences between ATG-F and R-ATG were not commented upon (134).

Although ATG was introduced as part of the preparative regimen in order to reduce graft
rejection (135), its use in this fashion was also associated with a reduction in GVHD. For
unrelated donor marrow transplant patients, the risk of grades II–IV GVHD was 12–25% using
ATG-F or R-ATG, significantly less than in patients who received OKT3 in the preparative
regimen (134). To determine if dose was important, Holler et al. conducted a phase I study of
ATG-F; they reported that unrelated donor marrow transplant recipients who received doses
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of 20–30 mg/kg in the preparative regimen had less grades III–IV acute GVHD than those
receiving doses of 5–10 mg/kg (8–10% vs 27–28%) (136). Control of GVHD was also asso-
ciated with a reduction in treatment-related mortality in these patients. How dose affects
outcome for other types of ATG has not been evaluated.

Lymphocyte recovery was reported to be delayed in patients receiving ATG as part of the
preparative regimen (131). This raised a concern regarding the potential for increased relapse
(136). Relapse has not been assessed comparing cohorts with or without ATG pretreatment.
Remberger et al. (131), however, did find that the risk of relapse for patients with CML was
significantly higher when using R-ATG rather than ATG-F or OKT3 (61 vs 0%). Delayed
immune recovery in this setting was also associated with an increase in CMV infection and an
impairment in overall survival for those who were CMV-seropositive (137,138).

ATG has been used extensively for treatment of steroid-refractory acute GVHD. In a recent
survey (139), horse ATG was used by 50% of transplant centers and rabbit ATG by 24%, but
the response rates to different preparations of ATG have not been compared in a randomized
trial. Dose schedules vary widely (139), and the optimal dose and target population have not
been determined.

4.8. Anti-B Cell Antibodies
4.8.1. RITUXIMAB

Rituximab is a chimeric anti-CD20 antibody that eliminates B cells by complement-medi-
ated and opsonic mechanisms. Infusion-related adverse events are severe, but the drug has few
other toxicities. There are two case reports of rituximab 375 mg/m2/wk as treatment of patients
with refractory chronic GVHD having manifestations associated with autoimmune antibodies
(99,100). Whether rituximab will be active in patients with other manifestations of chronic
GVHD has not been evaluated.

4.9. Other Agents
4.9.1. THALIDOMIDE

Thalidomide is an organic small molecule. The drug binds to GC-rich nucleotides, but how
this effects its ultimate actions is unclear. Thalidomide’s best known activities include inhi-
bition of angiogenesis and inhibition of production of TNF-α in monocytes and T cells. The
drug is absorbed poorly with great interpatient variability in bioavailability (109), but its
pharmacokinetics are otherwise not well-studied in marrow transplant recipients. Some have
recommended monitoring blood concentrations to avoid levels associated with irreversible
toxicity (102,140). Common side effects include sedation, peripheral neuropathy, rash, and
teratogenicity. In one case, a patient developed severe skin ulcers thought to be due to the
antiangiogenic properties of thalidomide (141). Unexpectedly, neutropenia was also noted
with long-term use (26,104). In prospective studies, thalidomide was discontinued in 10–92%
of patients due to toxicities, with the lowest rate of discontinuation in the protocol that moni-
tored blood levels of the drug.

There are few case series of thalidomide for treatment of refractory acute GVHD (Table 9).
It does not appear to be active in this setting. It also does not appear to be effective for
prevention of chronic GVHD. In a randomized study comparing placebo to thalidomide start-
ing d 80 after transplantation, there was a high rate of chronic GVHD with thalidomide, and
better survival with placebo (142).

Use of thalidomide for treatment of chronic GVHD appears more promising. In the initial
case reports, no patient with refractory chronic GVHD had a clear complete response to thali-
domide alone, but there was substantial improvement in signs and symptoms (91,103–106). In
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larger series and prospective studies, complete responses were reported in 3–38%, and com-
bined complete and partial responses were reported in 20–78% (Table 10). In an uncontrolled
study, clinical improvement occurred more frequently in patients with refractory rather than
untreated high risk chronic GVHD (78 vs 38%) (102). In addition, in a randomized study of
patients with untreated GVHD, the addition of thalidomide to the combination of cyclosporine
and prednisone did not improve response or short-term survival (101). Whether disease-free
survival might be impacted by the antitumor effects of thalidomide will require longer follow-
up.

4.9.2. HYDROXYCHLOROQUINE

Hydroxychloroquine is a lysosomotropic amine that affects acidity of cytoplasmic vacu-
oles. This action has been associated with interference in antigen processing and loading major
histocompatibility complex (MHC) molecules. Hydroxychloroquine has also been found to
inhibit mitogen-induced TNF-α production and calcium-dependent signaling in T and B cells
during activation. Gilman et al. evaluated the activity of hydroxychloroquine for treatment of
chronic GVHD (111). No patient with chronic GVHD had a complete response, but clinical
improvement was enough to allow for a decrease in steroids in 35% with refractory disease and
50% with steroid-dependent disease. Retinopathy and myelosuppression were not noted in
these patients, and few had gastrointestinal problems. However, neuropathy or myopathy were
reported in three patients, all of whom had renal insufficiency.

5. CONCLUSIONS

For prevention of acute GVHD, CD34 selection appears to be a promising technology,
especially for haploidentical blood stem cell transplantation. Use of alemtuzumab pretransplant
also appears to be an effective strategy, although the optimal dose schedule is still unclear.
Development of the means to hasten immune reconstitution in these patients in order to reduce
treatment-related mortality from opportunitistic infections is badly needed. For pharmaco-
logic prophylaxis, tacrolimus has been the major advance in the last decade. Use of MMF to
replace methotrexate is a logical step to reduce mucositis. However, current data do not dem-
onstrate that MMF is any better than methotrexate in combination with cyclosporine for pre-
vention of acute GVHD, so whether the cost of the drug and toxicities of extended use are
warranted should be considered carefully.

For treatment of acute GVHD, there has been little progress. The IL-2 receptor antagonists
appear to be most active of the drugs currently available, but randomized studies have yet to
demonstrate efficacy. There have been two major obstacles to progress in this area. One is the
lack of patients. With improvements in GVHD prophylaxis, there are fewer patients with
steroid-refractory disease. The other obstacle is the heterogeneity of the patient population.
Current staging and grading systems for acute GVHD have not been validated as predictive of
response or prognosis in treatment trials. Once a staging system has been validated in this
setting, it is likely that well-powered studies will require cooperation of multiple institutions
to be completed within a meaningful period of time.

Treatment of chronic GVHD has been a very active area of study. Although investigators
report that the newer immunosuppressive drugs are active for treatment of chronic GVHD,
complete response rates have not been very high. Several of the drugs, notably MMF and
thalidomide, have a steroid-sparing effect, which in itself can be of considerable benefit to the
patient. It has also been noted that a response may take more than 2–3 mo to occur (100). Using
the current strategy of declaring failure at an early time point in the absence of progressive
disease may result in changing patients from a potentially effective therapy to one of unknown
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activity or no benefit at all. In addition, design of randomized studies for treatment of chronic
GVHD first requires validation of response criteria.
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1. EBV AND PTLD

Epstein-Barr virus (EBV) is a ubiquitous virus in humans and is carried as a latent asymp-
tomatic infection for the lifetime of infected individuals. Figure 1, illustrates the delicate
balance between the host T cell immune response and control of B cell proliferation of latently
infected B cells. In a healthy individual, while only 10–5–10–6 B-cells are latently infected with
EBV, approx 1–5% of all circulating CD8+ T cells are capable of reacting against EBV,
illustrating the importance of a qualitatively and quantitatively appropriate T cell response in
maintaining homeostasis and preventing B cell proliferation (1–4). Following blood and bone
marrow transplant (BMT), EBV transmission is usually from the stem cell graft. It has been
shown that the cytoreductive preparative regimen can eliminate the host EBV latent infection,
and, in the vast majority of cases of posttransplant lymphoproliferative disease (PTLD) follow-
ing BMT, the B cells and virus are of donor origin (5–8). Therefore, the development of PTLD
is not surprising following BMT, with the intensive immunosuppressive–immunoablative
preparative therapy and infusion of EBV infected B cells.

2. PTLD CLASSIFICATION

Complications of EBV infection following BMT cover a spectrum of clinical and morpho-
logical lymphoid proliferations (Table 1) (5–7,9–12). Frequently, the definition of PTLD is
limited to lymphomatous masses, which are usually multifocal and extranodal. But EBV
infection can also present as an infectious mononucleosis-like disease, hepatitis, meningoen-
cephalitis, and lymphocytic interstitial pneumonitis. EBV disease post-BMT may also present
as a systemic disease that is often misdiagnosed as sepsis or severe graft-vs-host disease
(GVHD) and found only postmortem (7,9,10). Infiltration of organs by polyclonal B cells and
T cells, frequently with histiocytes and hemophagocytosis, is observed. This presentation
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resembles fulminant infectious mononucleosis and is usually rapidly progressive and fatal
(9,13,14).

Almost all PTLD is CD20+ and EBV early RNAs (EBER) positive by in situ hybridization,
whereas immunohistochemistry staining for the LMP-1 protein can be negative in up to 25%
of cases (6,9,15). There have been several histologic classifications for PTLD over the years,
but the World Health Organization (WHO) has now proposed a classification which includes:
(i) polymorphic hyperplasia; (ii) polymorphic PTLD; and (iii) monomorphic PTLD (16).

Polymorphic hyperplasia consists of a mixture of B-cells and infiltrating T cells; whereas,
monomorphic PTLD resembles intermediate-to-high grade non-Hodgkin’s lymphoma (NHL)
(16). Distinguishing polymorphic from monomorphic PTLD can be difficult, and both may be
seen in the same patient or even the same lesion. Polymorphic and monomorphic disease can
be either polyclonal or monoclonal (16). Determining clonality can be difficult without recep-
tor gene analysis, because up to 50% of PTLD do not express surface immunoglobulin (6,9).
Though debated heavily, it has been difficult to demonstrate the prognostic value of morphol-
ogy and clonality in PTLD, especially following BMT (6,9,17).

3. RISK FACTORS

The risk factors for developing PTLD are well known and are shown in Table 2. Factors that
either stimulate B-cell proliferation and/or decrease or delay T-cell immunity will increase the
risk of PTLD. PTLD rarely occurs within 30 d of BMT, and the peak incidence is in the third
month (10,18). This may represent the time it takes to develop a “critical mass” of proliferating
EBV-infected B cells, before development of EBV T cell immunity. Immunity against EBV
is one of the first signs of T cell reconstitution. It is common to see cytolytic T lymphocyte
(CTL) activity against an EBV lymphoblastoid cell line before a proliferative response to
mitogenic stimulation post-BMT (personal observation).

Table 1
Manifestation of EBV Disease Post-BMT

• Asymptomatic infection
• Infectious mononucleosis

Typical
Fulminant, severe

• EBV hepatitis
• Lymphocytic interstitial pneumonitis
• Meningoencephalitis
• PTLD

Fig. 1. T cell response required to maintain control of EBV-driven B cell proliferation in an immuno-
competent host.
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3.1. Donor Sources
PTLD is rare following autologous BMT, probably because recipients have adequate EBV-

CTL recovery by 3 mo (10,19). However, with the advent of more immunosuppressive pre-
parative regimens, especially in autologous BMT for autoimmune disease, PTLD may become
more common (20). The incidence of PTLD is low (approx 1%) following BMT with matched
related donors (MRD) (10,18). It is not known if the use of cytokine-mobilized peripheral
blood stem cell (PBSC) grafts affects the risk of PTLD, but detection of EBV-CTL activity has
been detected as early as 30 d posttransplant using PBSC (21). The incidence of PTLD is higher
in unrelated donor BMT (10,18). Human leukocyte antigen (HLA) disparity between donor
and recipient has repeatedly been shown to be a risk factor for PTLD and may account for the
increase incidence of PTLD in unrelated donor BMT. It has been hypothesized that HLA
mismatching provides a chronic B cell proliferative stimulus, though delayed EBV-CTL
recovery may also play a role (5,21).

Table 2
Risk Factors for Developing PTLD Following BMT

Risk factor Relative risk of PTLD (2,8)

Donor sources
• Allogeneic

• ≤1 HLA-Ag mismatched related donor 1.0
• >2 HLA-Ag mismatched related 1.5–3.7
• Unrelated marrow donor 3.5
• Unrelated cord blood 1.0 (21)
• Recipient age 1.0
• Donor age 1.04a

Preparative regimen
• TBI, vs no TBI 2.9

Graft manipulation
• TCD vs no TCD 5.4–9.1

TCD methods
• CAMPATH-1 2.0
• Elutriation 2.6
• Lectins 4.1
• Anti-T cell MoAb 12.3
• SRBC rosetting 15.6

Immunosuppression
• ATG/ALG for GVHD prophylaxis or treatment 5.5
• Anti-CD3 MoAb for treatment of GVHD 35.9

Effect of multiple risk factors
• HLA-mismatched and TCD marrow 15.7

Factors
• T cell-specific TCD (anti-T cell MoAb or SRBC rosetting)
• HLA-mismatched (≥2 Ag)
• Use of ATG/ALG
• Use of anti-T cell MoAb
• 2 Factors 8.0
• 3 to 4 Factors 22.3

Ag, antigen; TBI, total body irradiation; MoAb, monoclonal antibodies; SRBC, sheep red blood cell;
ATG, anti-T cell globulin; ALG, antilymphocyte globulin; GVHD, graft-vs-host disease.

aContinuous variable.
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Since cord blood does not contain EBV-infected B cells, it was felt PTLD would not occur.
However, recent reports show that PTLD does occur following cord blood transplant (CBT),
and the incidence is similar to matched related marrow transplant without T cell depletion
(TCD) (22,23). If the host latent EBV infection is eradicated by the cytoreductive preparative
regimens, then the likely transmission of EBV following CBT is via the natural (oral) route,
though blood transfusion cannot be ruled out (24). One may expect the outcome of PTLD in
the setting of an EBV naïve donor to be worse, since generation of EBV-CTL is less effective,
as opposed to expansion of memory EBV-CTL acquired from an EBV seropositive donor (21).
However, there are no data to evaluate the effect of receiving a graft from an EBV naïve donor
on the risk or outcome of PTLD. Interestingly, it has been demonstrated that the risk of PTLD
increases with donor age, and it has been speculated this is due to fewer or less effective
memory EBV-CTL with increasing age (10).

3.2. Immunosuppression
TCD has long been known to significantly increase the risk of PTLD (5,10,18,25). This risk

is compounded by HLA mismatching (10,18). It has been demonstrated that TCD methods that
specifically remove T cells, e.g., sheep red blood cell (SRBC) rosetting and use of anti-T cell
monoclonal antibodies, confer a higher risk of PTLD, than methods that “pan-lymphocyte”
deplete the stem cell graft, e.g., CAMPATH-1 monoclonal antibodies or elutriation (18). Since
pan-lymphocyte depletion methods decrease the number of EBV-infected B cells as well as T
cells, this may delay B cell proliferation from achieving a critical mass until EBV-CTL function
recovers (18,26). Though there are no reported data, one would predict that with CD34 positive
selection, the incidence of PTLD to be similar to other pan-lymphocyte depletion methods.

Several analyses have shown that anti-T cell antibodies, especially monoclonal antibodies,
used to treat GVHD greatly increases the risk of PTLD (10,18,27,28). The increased risk of
PTLD using anti-T cell monoclonal antibodies vs polyclonal preparations, i.e., antithymocyte
globulin (ATG) or antilymphocyte globulin (ALG), is felt to be due to the increased efficacy
in depleting EBV-CTL as well as alloreactive T cells. Data from the solid organ transplant
experience suggest that anti-T cell antibodies are the most potent suppressants of EBV-CTL
activity, followed by T cell activation inhibitors, i.e., cyclosporin and tacrolimus, while cor-
ticosteroids and chemotherapeutic agents, i.e. azathioprine, mycophenolate mofetil, methotr-
exate, or cyclophosphamide, are much less potent (29). Unfortunately, the latter group has
marrow-suppressive effects.

Differences in preparative regimens may increase the risk for PTLD. Total body irradiation
(TBI) increases the risk of secondary malignancies and perhaps PTLD (18,27,28). PTLD has
been reported with nonmyeloablative preparative regimens (30). Many of these nonmyelo-
ablative regimens are very immunosuppressive and delayed EBV-CTL immunity would be
expected. Of interest, PTLD reported following nonmyeloablative regimens appears to develop
quite early, i.e., 20–30 d after transplant, raising the question of origin of B cells in these PTLD.
It is conceivable that these nonmyeloablative regimens may ablate recipient EBV-CTL, but not
recipient EBV-infected B cells.

3.3. Underlying Disease
Finally, several reports have found BMT for immunodeficiency to be a risk factor for PTLD

(10,27). Since haploidentical TCD grafts are commonly used for these patients, it is difficult to
assess the risk of the underlying disease. These patients are at high risk for developing EBV-
associated B cell lymphoproliferative disease without BMT due to their underlying disorder, and
a number of patients have developed PTLD following failure to achieve donor engraftment (10).



Chapter 17 / Posttransplantation EBV-Associated Disease 265

4. TREATMENT

The mortality of PTLD post-BMT historically has been dismal (> 90%) (10,31). Successful
treatment of PTLD necessitates controlling the B cell proliferation and facilitating the devel-
opment of an appropriate memory cytotoxic T cell (EBV-CTL) response to maintain homeo-
stasis. Additional factors that contribute to the difficulty of treating these patients include
increased toxicity from therapy and/or secondary infections and enhancement of alloreactive
T cell immunity, thus placing the patient at risk for developing GVHD. Treatment options for
PTLD after BMT are shown in Table 3.

4.1. Reduction of Immunosuppression
The first step in treating PTLD is usually reducing immunosuppression. In instances that this

can be done, it should be attempted, though this is rarely successful. As opposed to PTLD
following solid organ transplantation where lack of EBV-CTL function is usually qualitative,
with PTLD following BMT the defect in EBV-CTL function is quantitative. In patients with
concurrent GVHD, or when PTLD develops following intensive immunosuppression to treat
GVHD, this approach is especially problematic.

4.2. Antiviral Therapy
There is little evidence to demonstrate efficacy of specific antiviral agents, such as acyclovir

or ganciclovir, in preventing PTLD since the majority of patients develop PTLD while receiv-
ing these agents (10,17). Though antiviral therapy has been reported to be successful in treating
some cases of infectious mononucleosis-like disease or meningoencephalitis, the efficacy is
controversial, since it is used in conjunction with other potential effective treatments, i.e.,
reduction of immunosuppression, interferon (IFN)-α, etc. (10–12,17). Because there is little
risk of toxicity, antiviral therapy is usually included as part of the treatment. Theorectically,
if viral replication, which is lytic to the infected B cells, is inhibited, B cell proliferation could
be enhanced and/or recovery of EBV-CTL immunity hindered.

4.3. Local Therapy
Surgical resection and/or radiotherapy can be very effective for localized PTLD, but this is

rarely observed following BMT (5,6,10).

4.4. IFN-α
There are numerous anecdotal reports using IFN to treat PTLD. The only published series

demonstrated that four out of seven patients had a response to IFN (10). The beneficial effect
of IFN in treating PTLD has not been delineated. IFN may have antiviral activity, anti-B cell
proliferative activity, and/or T cell-enhancing effects. It has been shown that patients with
PTLD demonstrate an imbalance of cytokines in their serum: increased levels of interleukin
(IL)-4 (B cell proliferative stimulus) and relatively decreased, or undetectable levels of IFN,
compared to healthy EBV seropositive controls (32). Thus, IFN might restore cytokine bal-
ance, modifying the milieu that favors proliferation of EBV-transformed B cells. There is a
theoretical risk of increasing GVHD with IFN, though this has not been demonstrated. IFN can
also be marrow-suppressive, thereby increasing the risk of secondary infection.

4.5. Monoclonal Antibodies
Anti-B cell antibodies have been used successfully to treat PTLD (33–36). Obviously, this

approach is directed at decreasing B cell proliferation, and though EBV-CTL development is
not directly enhanced, it is not inhibited. The first report used anti-CD21 and anti-CD24 and
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showed this to be well tolerated with 35% of the patients achieving long-term disease-free
survival: 1 out of 11 patients with monoclonal PTLD and 7 out of 16 patients with polyclonal
disease (33). More recently, anti-CD20 or rituximab has been used. Early reports suggest that
approx 50% of patients can achieve a complete remission (CR) (34,35). But relapses and severe
pulmonary toxicity have been observed (35). Immunoglobulin production may be suppressed
for months following rituximab, potentially requiring intravenous immunoglobulin (IVIG) to
prevent other infections. Therefore, more experience is required to determine the role of rituximab
in treating PTLD following BMT. IL-6 is often elevated in patients with PTLD and is a B cell
proliferative stimulus. A recent report in organ transplant patients demonstrated that anti-IL-6
monoclonal antibody therapy was well-tolerated and 8 out of12 patients responded (37).

4.6. Adoptive Cellular Therapy
Infusion of donor leukocytes (DLI) has been successful in the treatment of PTLD post-BMT

(38,39). However, severe GVHD and death due to a “shock-like syndrome” have been reported
as complications, and progressive disease may also occur. One study reported that of seven
patients treated with DLI, four patients died of progressive PTLD and 1 died of GVHD follow-
ing CR (39). To circumvent the GVHD problem, investigators have inserted a suicide gene, i.e.,
herpesvirus thymidine kinase, into donor lymphocytes, so that if GVHD occurs, it could be
treated with ganciclovir (40,41). Initial studies demonstrated success with this approach (40).
However, in a recent study, 12 patients received DLI containing suicide genes, such as PTLD
prophylaxis, but three patients developed PTLD (41). Ex vivo EBV-specific CTLs have been
shown to be very effective as prophylaxis and treatment for PTLD without excessive GVHD
(42). However, one patient died of PTLD in spite of EBV-CTL therapy, because the in vivo
strain of virus was not sensitive to the ex vivo-generated EBV-CTL (43). These studies have
provided proof of principle that if adequate EBV-CTL activity can be achieved, PTLD can be
prevented and/or cured. However, adoptive cellular therapy with ex vivo-generated EBV-CTL
is not cost-effective if used as prophylaxis, since 80–90% of patients will never develop PTLD.
Since it requires 4–6 wk to generate EBV-CTL, this must be done in advance or therapy to
control the PTLD would be needed until EBV-CTL could be available. Therefore, this approach

Table 3
Treatment for PTLD Post-BMT

Prophylactic therapies
• Adoptive cellular therapy

• DLI: mixed results
• EBV-specific CTL: very effective, costly, and impractical for most centers

• B cell depletion of stem cell graft: partially effective
Preemptive therapies

• Monoclonal antibodies (anit-CD20): early results promising
• GM-CSF: early results promising

Treatment therapies
• Reduction of immunosuppression: rarely effective
• Surgical resection/radiation: rarely applicable
• IFN-α: occasionally effective, potential toxicities
• Adoptive cellular therapy

• DLI: mixed results
• EBV-specific CTL: very effective, costly, and impractical for most centers

• Monoclonal antibodies (anti-CD20): often effective, relapses occur
• Chemotherapy: effective, but toxic
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is not feasible for most centers, due to the cost and regulatory oversight necessary to generate
and administer the ex vivo-generated EBV-CTL.

4.7. Cytotoxic Chemotherapy
Chemotherapy has been used to treat resistant PTLD following solid organ transplant

(44,45). The attraction of chemotherapy is that it is immunosuppressive enough to control
allograft rejection or GVHD, as well as treat PTLD. However, standard dose chemotherapy for
treating NHL is too toxic for most posttransplant patients, especially BMT patients within 6 mo
posttransplant, and may theoretically inhibit EBV-CTL development. We have had good
results using low dose chemotherapy, i.e. cyclophosphamide (20 mg/kg) in solid organ trans-
plant patients with PTLD (46). Of interest, patients receiving the low dose chemotherapy
developed normal EBV-CTL numbers (data not shown). Three patients with PTLD post-BMT
have been treated with this approach, both patients were >6 mo post-BMT. One patient had no
response, two patients achieved a CR, one patient remains alive and in CR, and the other patient
died after several months of relapsed leukemia. A low dose chemotherapy approach may be
useful in situations where PTLD occurs with GVHD, in patients that are longer post-BMT, or
where donor stem cells are available should graft failure occur.

4.8. Prophylactic–Preemptive Therapy
Prevention–prophylaxis against infection and/or early detection of viral infection before

clinical disease develops, i.e., preemptive therapy, has been very successful at reducing mor-
bidity and mortality due to CMV posttransplant. As mentioned previously, the role of antiviral
prophylaxis with acyclovir or ganciclovir is controversial (10). Using methods that pan-lym-
phocyte deplete, may help reduce the risk of PTLD by reducing number of EBV-infected B
cells infused with the stem cell graft (10,26). Prophylaxis with EBV-CTL infusion is very
effective, but not cost effective or feasible for most centers. Therefore, prevention/prophylaxis
for PTLD remains problematic.

For preemptive therapy to be successful, one must have a method of reliably identifying
patients who are at high risk before they develop disease. Since EBV cannot be cultured,
polymerase chain reaction (PCR) of the blood is used to detect infection and/or reactivation and
to quantitate EBV DNA in peripheral blood or serum, i.e., viral load. There are many reports
that correlate increased viral load with PTLD (39,41,42). However, there are no blinded pro-
spective studies to determine the predictive value of quantitative EBV DNA PCR for the
development of PTLD. One must be cautious in interpreting EBV viral load, since there is great
variability between different methods and/or laboratories, thus necessitating the use of one
laboratory in monitoring a particular patient. It is our experience that very high viral loads, i.e.,
>1000 copies of EBV DNA/µg DNA, correlate with PTLD in symptomatic patients, i.e., fever,
fatigue, and/or adenopathy. In an asymptomatic patient, a single elevated level of EBV DNA
appears to correlate poorly with development of PTLD, but persistently positive EBV PCR and
especially persistent increases in viral load appear to be predictive for PTLD. Unfortunately,
some patients develop PTLD without any detectable EBV DNA in the peripheral blood, or
develop PTLD so rapidly that weekly screening has failed to identify patients early.

Investigators are now using anti-CD20 antibody (rituximab) as preemptive therapy (34,36).
The rationale is to reduce B cell proliferation until EBV-CTL activity recovers. This approach
may also provide the time necessary to generate EBV-CTL in vitro. Early results are very
promising, but the numbers are small and the follow-up is very short.

Another approach is to enhance EBV-CTL activity. Currently, EBV vaccination is imprac-
tical, since EBV-CTL responses are very HLA restricted, and vaccines would need to be
individualized based on HLA typing. Others have used peptide-pulsed dendritic cells to gen-
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erate EBV-CTL response posttransplant (47). Again, early results look promising, but this is
currently impractical for most centers due to cost, technology needs and the ability to deal with
regulatory oversight issues.

In an attempt to stimulate EBV-CTL recovery in vivo, we have used granulocyte-macrophage
colony-stimulating factor (GM-CSF) as preemptive therapy (48). GM-CSF can augment a pri-
mary immune CTL response to a neoantigen and has been used as a vaccine adjuvant to enhance
T cell responses against viruses and cancer, presumably by enhancing antigen presentation (49).
A phase I trial of using GM-CSF in 14 BMT patients demonstrated that GM-CSF was well-
tolerated with no increase in GVHD (50). Subsequently, five patients, all TCD, matched unre-
lated donor marrow recipients, were treated with GM-CSF (250 µg/m2 subcutaneously 3×/wk)
when they became EBV PCR positive and had symptoms of EBV infection—i.e., fever, fatigue,
nausea and/or vomiting—with no other identifiable etiology. The median time following GM-
CSF to resolution of all symptoms was 15 d (7–20 d), and to EBV PCR negativity 20 d (7–32 d).
Four patients remain free of symptoms or PTLD. One patient, after GM-CSF was discontinued,
developed grade IV GVHD requiring increased immunosuppression including ATG, and sub-
sequently developed PTLD. One patient (see Table 4) had EBV-CTL quantitated using
multiparametric flow cytometry (51). This patient developed symptoms on d 96 and was treated
with GM-CSF. In 3 wk, the patient had resolved all clinical symptoms, the viral load was zero
and normal numbers of EBV-CTL were detected. These preliminary results are encouraging and
suggest that GM-CSF may be an effective preemptive therapy for post-BMT EBV disease.

5. SUMMARY

EBV-associated disease continues to be problematic following BMT. EBV is such a potent
stimulus for B cell proliferation that an immunocompetent host has 3–4 logs more EBV-CTL than
latently infected B-cells to maintain homeostasis. Therefore, factors associated with BMT that
perturb this balance place patients at risk for developing EBV associated PTLD. The incidence
of PTLD is expected to increase with the uses of more alternative donor transplants and more
immunosuppressive preparative regimens. The outcome of PTLD has been dismal in the past.
Therefore, novel approaches to prevent and treat PTLD are needed. Success depends on the
development of nontoxic therapies that reduce B cell proliferation and enhance EBV-CTL recov-
ery post-BMT. Such therapies would ideally be not only effective but affordable and available
to all patients. A problem in the treatment of PTLD is the relative rarity of the disorder, so only
phase I or phase II pilot studies have been performed. To truly evaluate efficacy of therapies,
larger multicenter prospective phase II or phase III studies would be of great benefit.
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1. INTRODUCTION

The tumor immunosurveillance theory, proposed over 30 yr ago as a cellular immune process
to protect against the development of cancer (1), was largely abandoned because most cancers
develop in the setting of a normal immune system. However, recently the concept was resurrected
when it was demonstrated that lymphocytes and interferon γ collaborate to protect against devel-
opment of carcinogen-induced sarcomas and spontaneous epithelial carcinomas (2). In addition,
it was demonstrated that the immune system selects for cancers with reduced immunogenicity.
Therefore, the immune system may function as a tumor-suppressor, and paradoxically, selects
for tumors that are more capable of surviving in an immunocompetent host.

Studies during the last decade of the past century documented that the failure of the human
immune system to reject tumors was not related to the absence of tumor-associated antigens.
Therefore, the realization that human cancers can be responsive to the manipulation of the
immune system has only recently been documented. The immune approaches to the treatment
of malignancy can be broadly classified into either active or passive immunotherapies. Active
or vaccine immunotherapy relies on the stimulation of the host immune system to react against
tumors following the administration of biological response-modifying agents and tumor vac-
cines. Passive immunotherapy involves the delivery of antibodies or lymphocytes with estab-
lished tumor-immune reactivity, which can directly or indirectly mediate antitumor effects and
does not necessarily depend on an intact host immune system. Donor leukocyte infusions are an
example of passive immunotherapy currently used in the setting of allogeneic transplantation.

18



274 Part V / Prevention and Management of Relapse After Allogeneic Transplantation

The history of tumor vaccine therapy extends for about a century (3). William Coley, a
surgeon at Memorial Hospital in New York City from 1892 to 1936, carried out the first
systematic testing of therapeutic tumor vaccines. He observed tumor regression following
nonspecific activation of the immune system in response to potentially fatal bacterial infec-
tions/toxins (4). He later devised a vaccine consisting of heat-inactivated cultures of erysipelas
and bacillus prodigiousus to deliver what would currently be interpreted as “danger” signals
that promote tumor antigen processing and dendritic cell (DC) maturation. In the 1960s, Nadler
and Moore combined active and passive immunotherapy with a novel cross vaccination strat-
egy using primed lymphocytes (5). Pairs of cancer patients with incurable tumors were sen-
sitized to each other’s tumor by subcutaneous implantation of viable tumor tissue from patient
A to patient B and vice versa. Patients were leukapheresed 10–14 d later, and the allogeneic
leukocytes were then transferred into the patient that had previously served as a source for cross
immunization. Transplantation of tumor did not cause new growth of tumor and toxicity was
limited only to erythema and induration at the injection site. Of the 26 patients who were
deemed evaluable, seven patients showed tumor regression, including two patients with com-
plete remissions; six of seven responses were observed in patients with malignant melanoma.
Their studies were novel, but were poorly documented when compared to today’s standards,
and efficacy was limited by their inability to achieve sustained engraftment of the primed
allogeneic human lymphocytes.

Today, cellular therapy of malignancy has become more feasible with increased understand-
ing of the interactions between immune cells and tumors. Advances in ex vivo bioengineering
and recombinant DNA technology have enabled large-scale production of cytotoxic effector
lymphocytes, antigen-presenting DCs, and hematopoietic stem and progenitor cells. The gen-
eral area of cancer vaccines has been reviewed in detail (6,7). This article is a brief review of
the current challenges regarding the incorporation of the principles of tumor vaccination into
the setting of allogeneic stem cell therapy. The reader is referred to a recent monograph for a
comprehensive general review of allogeneic immunotherapy (8). As will become apparent, the
selective engineering of the cellular and humoral immune responses to manipulate graft-vs-
host disease (GVHD) and graft-vs-tumor (GVT) effects in order to develop effective antitumor
vaccination strategies in the setting of allogeneic stem cell transplantation (SCT) holds great
promise and challenges.

2. OBSTACLES TO THE INDUCTION OF TUMOR IMMUNITY

It has long been recognized that the host response to the primary tumor is often different
from host response to the metastatic tumor. The observation in mice that primary tumors may
continue to grow while metastatic tumors regress following vaccination is referred to as “con-
comitant immunity.” Recent studies showed that tumor cells were capable of inducing a
protective immune response only if injected as a single-cell suspension (9). In contrast, if they
were transplanted as small pieces of intact tumor, the tumors readily grew. The lack of protec-
tive tumor immunity to peripheral solid tumors correlates with the failure of tumor cells, and
therefore tumor antigens, to reach the draining lymph nodes, and with the absence of primed
cytotoxic T cells. These studies reveal the mechanism for a form of immunologic ignorance.
Thus, one obstacle to overcome in the induction of tumor immunity is to mediate the efficient
delivery of the tumor in an immunogenic form to lymph nodes.

Tumor vaccine strategies require the presence of an intact immune system. Although cancer
itself is immunosuppressive, chemotherapy and radiotherapy are the principal contributors to
the immunodeficiency state of most cancer patients. Thus, eliciting an adequate immune
response to active specific immunotherapy with cancer vaccines is a formidable undertaking.
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T cell depletion is the most clinically significant consequence of cytotoxic antineoplastic
therapy and allogeneic SCT (10,11). Absolute lymphocyte counts normally recover to baseline
values within 3 mo of therapy, with natural killer (NK) populations recovering the fastest. B
cell populations normalize in 1–3 mo (12). However, the T cell receptor diversity of patients
before and early after allogeneic SCT is reduced, as the patients have markedly skewed rep-
ertoires consisting of absent, monoclonal, or oligoclonal profiles for the majority of T cell
receptor Vβ subfamilies (13).

In the 1980s, North demonstrated the existence of a T cell-mediated mechanism of immu-
nosuppression that inhibited the capacity of passively transferred tumor-sensitized T cells
from mediating regression of tumors in recipient mice (14). This suppressor notion was largely
abandoned in the 1990s, but has now resurfaced in mouse models and in human studies.
CD4+CD25+ regulatory T cells (Treg) have recently been shown to inhibit autoimmune dia-
betes, prevent inflammatory bowel disease, mediate transplantation tolerance, impede antitu-
mor immunity, and prevent the expansion of other T cells in vivo (15,16). In humans, a
naturally occurring subpopulation of Treg cells constitutively expressing CD25 (the interleukin
[IL]-2 receptor-α chain) comprises approx 15–30% of peripheral blood CD4+ T cells (17).
Woo et al. have provided evidence for the contribution of Treg to immune dysfunction in
cancer patients (18), as most patients with non-small cell lung cancer and ovarian cancer were
found to harbor regulatory T cells with potent immunosuppressive functions at the tumor site
(19). Thus, a large body of studies now indicates the existence of naturally occurring tolerogenic
T cells in vivo that are responsible for control of self-tolerance and preventing autoimmune
disease. Therefore, inhibiting the function of these Treg cells provides a promising new basis
for antitumor immunotherapy in order to restore immune function in vivo. Recent studies
indicate that the combination of CTLA-4 blockade and depletion of CD25+ Treg cells was
synergistic in the induction of potent antitumor immunity in rodents (20).

It is clear that the design of cancer vaccines must include specific measures to overcome
tumor-induced immunosuppression as well as postchemotherapy-induced immune deficiency.
A considerable advantage of allogeneic vaccine strategies is that in some cases, the donor may
be primed, and the T cells later transferred to the host following allogeneic SCT. In principle,
this can overcome obstacles of T cell depletion and cellular immunodeficiency that are usually
encountered in the setting of autologous SCT.

3. HARNESSING THE ALLOGENEIC IMMUNE RESPONSE

GVHD, an alloimmune attack on host tissues mounted by donor T cells, is the most impor-
tant toxicity of allogeneic bone marrow transplantation. GVT immune responses are related
to GVHD and are a desired and beneficial consequence of allogeneic bone marrow transplan-
tation. Tolerance to human tumors is mediated by two primary mechanisms: either the tumor
is ignored by the host immune system or peripheral T cell tolerance is induced. Given the later
situation, and the fact that tumor antigens are self-antigens, it is likely that tolerance to the
tumor is often induced by the same mechanisms used to avoid autoimmunity. It therefore
follows that an extremely attractive means to circumvent this issue is the exploitation of the
allogeneic T cell repertoire. This solution is based on the observation that T cell tolerance is
self-major histocompatibility complex (MHC) restricted. In addition, allogeneic T cells have
the advantage of not having undergone self-MHC-restricted negative selection in the thymus.
Studies in rodents indicate that allogeneic T cell cultures can be enriched for T cells that
recognize the desired self-MHC/peptide complex and that the resulting cytotoxic T lympho-
cytes (CTL) exhibit potent antitumor reactivity in vitro and in vivo (21,22).
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The allogeneic immune response is the most potent known immune response. For example,
in the absence of pharmacological immunosuppression, T cells will destroy an allogeneic solid
organ graft within a week of transplantation. The basis for this vigorous and rapid immune
response is that unprimed T cells from one individual are strongly stimulated by MHC antigens
from other members of the same species. Whereas the precursor T cell frequencies for normal
environmental and “self” antigens are of the order of 1 in 1 × 105 to 1 × 106, approx 1–10% of
an individual’s T cells will respond to the foreign MHC antigens of another individual (23,24).
Transplantation of T cells or tumors provides the unique setting in which T cells can be
stimulated through two different sets of antigen-presenting cells: donor type and recipient type.
Transplantation immunologists have defined “direct” responses as stimulation of recipient
alloreactive T cells by donor type antigen-presenting cells and “indirect” responses as stimu-
lation by allopeptides presented in the context of self MHC by recipient type antigen-present-
ing cells (25). Studies conducted in the 1970s and 1980s established that recipient CD4 and
CD8 T cells can recognize intact allogeneic MHC class I and class II molecules on donor
antigen-presenting cells. Indirect allorecognition of antigen by CD4 T cells was also demon-
strated to occur as a self-restricted presentation of donor allopeptides in the context of self-
MHC class II molecules on recipient antigen presenting cells by recipient CD4 T cells. Recent
studies have demonstrated that CD8 T cells could recognize exogenous antigen presented in
the context of self-MHC class I molecules, a process commonly referred to as “cross presen-
tation” (26). The impressive strength and vigor of the T lymphocyte response to solid organ
allografts is thought to result primarily from direct pathway stimulation. Thus, lessons from
transplantation immunology provide insight into the development of and rationale for tumor
vaccines because of similar issues concerning the nature of the antigen-presenting cell. This
is because the use of allogeneic immune systems, as well as the use of allogeneic tumor, is
contemplated in some tumor vaccine strategies. In mice, studies indicate that ‘immunogenic’
tumors that elicit a strong natural immune response do so by accessing lymphoid regions,
intermingling with T cells, and allowing direct antigen presentation to T cells to induce anti-
tumor immunity (27).

Tumors often express tumor-specific antigens capable of being presented to CD8 T cells by
MHC class I molecules. Antigen presentation models predict that the tumor cells expressing MHC
class I should present these antigens to T cells. However, self-antigens expressed by solid tumors
do not efficiently stimulate naive or activated T cells (28). When conditions for the priming of
tumor-specific responses against a B cell lymphoma were examined in mice, no detectable presen-
tation of MHC class I-restricted tumor antigens by the tumor itself was found (29). Rather, host bone
marrow-derived cells exclusively presented tumor antigens. Thus, MHC class I-restricted antigens
are transferred in vivo to bone marrow-derived antigen-presenting cells, which suggests that human
leukocyte antigen (HLA) matching may be less critical in the application of tumor vaccines than
was previously thought. However, this issue is controversial, as there are other tumors where cross
presentation of MHC class I tumor antigens is not efficient (27).

Recent studies have addressed the nature of antigen presentation cell during the induction
of GVHD. In a murine allogeneic bone marrow transplantation model, it was found that,
despite the presence of numerous donor antigen-presenting cells, only host-derived antigen-
presenting cells initiated GVHD (30). Thus, strategies for augmenting GVT effects should be
developed that are based on enhancing the function of host antigen-presenting cells.

4. CURRENT VACCINE APPROACHES IN ALLOGENEIC SCT

Until recently, it was thought that only a few tumors were immunogenic and, therefore, were
attractive targets for vaccines. These tumors were hematologic malignancies, such as lympho-
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mas, where the waxing and waning clinical course suggested spontaneous natural immune
responses, and solid tumors, such as melanoma and renal cell carcinoma, that can have spon-
taneous regression. Recent vaccine experience indicates that the spectrum of immunogenic tumors
is much broader than was realized initially, as the induction of antitumor immunity as well as clinical
responses and tumor marker responses have been noted in diverse tumors including melanoma,
renal cell carcinoma, prostate, colon, brain, pancreatic, and lung cancer (31).

In a syngeneic mouse myeloablative SCT model, active immunization of donors with tumor
antigens has been shown to permit transfer of tumor immunity by adoptive transfer of donor
T cells in the posttransplant setting (32). In principle, this general approach could have enhanced
efficacy in the allogeneic setting. However, there are several important questions to consider
in harnessing the allogeneic immune response to generate antitumor immune responses (Table 1).

First, what is the optimal tumor antigen? Numerous tumor vaccine strategies are under
investigation, including vaccination with tumor-associated peptides, tumor cell lysates, nucleic
acids, and whole tumor cell-based vaccines, either mixed with adjuvants loaded onto profes-
sional antigen-presenting cells or with genetically modified tumor cells (33,34).

Second, what is the optimal dose and schedule for vaccination? The recent ability to pre-
cisely measure the appearance of antigen specific T cells following vaccination with antigen-
loaded DCs or peptide and adjuvant have shown the kinetics of the human T cell response
following priming to a protein antigen (35,36). The nature and dose of the adjuvant is important.
For example, incorporation of IL-2 into cancer vaccines can augment the response, but high doses
can actually result in immunosuppression (37). Under some circumstances, repetitive vaccina-
tion in mice may encourage the appearance of regulatory CD4+ T cells with immunosuppressive
effects (38). Preliminary studies in humans indicate that vaccination with immature dendritic
cells can induce antigen-specific inhibition of preexisting effector T cells in vivo (39).

The schedule of vaccination with DCs is particularly important and may reflect differences
in the requirements for the optimal priming and maintenance of a response to self antigens and
to foreign antigens. For example, weekly administration of peptide-pulsed DCs led to dimin-
ishing CTL activity after 6 wk of treatment while animals injected with DCs every 3 wk for
six treatments, or animals initially given DCs weekly and then injected weekly with antigen-
bearing cells, had sustained CTLs (40). Finally, the dose response to vaccines may differ in
immunocompromised individuals (41).

Third, should autologous or allogeneic tumors serve as the choice of antigen? Autologous
tumors might serve as the ideal choice for therapeutic tumor vaccine because they provide a
peptide library of all potential antigens (42). However, practical concerns regarding tumor
procurement and processing make this a difficult logistic and labor-intensive process. On the
other hand, allogeneic tumor vaccines can be grown in bulk, easing manufacturing processes.
The rationale for choosing allogeneic vaccines has been strengthened by the demonstration
that antigen presentation with cell-based vaccines can occur through the process of cross-
priming on host bone marrow derived antigen-presenting cells, so that HLA matching between
the tumor vaccine and the host is unnecessary (29). Kayaga and coworkers found that the

Table 1
Questions in Allogeneic Tumor Vaccine Development

• Optimal tumor antigen.
• Optimal tumor dose and schedule.
• Source of tumor antigen: allogeneic vs autologous.
• Optimal source of donor T cells: peripheral blood, bone marrow, lymph node.
• Optimal formulation of tumor antigen: whole tumor cells, extracts, nucleic acid, etc.



278 Part V / Prevention and Management of Relapse After Allogeneic Transplantation

allogeneic K1735-M2 (H-2k) melanoma cell vaccine induces a specific protective antitumor
response against the syngeneic B16-F10 (H-2b) melanoma tumor in C57BL/6J mice (43).
Finally, it has now been demonstrated that many tumor rejection antigens are shared antigens
and are present either as tissue-specific targets or as tumor specific targets that can serve as
cross-reactive antigens found in many tumors of similar histology (44). There is some concern
that the dominant immune response may be allogeneic and will, therefore, deviate the immune
response away from the desired tumor- or tissue-specific responses. However, alloantigen
stimulation also may prove beneficial in providing immunologic help to maintain CTL
responses to weak antigens (45,46).

Fourth, what is the optimal source of donor cells for vaccines in cellular transfer approaches?
For many years, passenger T cells have accompanied progenitor cells during allogeneic SCT
procedures. Most studies have focused largely on peripheral blood of patients or normal donors
as a source of T lymphocytes with potential antitumor reactivity for cellular immunotherapy.
However, the T cell subsets in various lymphoid compartments differ, and naïve T cells
predominantly reside in lymph nodes. Recent studies show that in short-term culture with
autologous DCs prepulsed with tumor lysates from patients with breast cancer, memory T cells
from bone marrow, but not peripheral blood, could be specifically reactivated to interferon-γ-
producing and cytotoxic effector cells (47). Therefore, at least in the case of breast cancer,
vaccine strategies using patients’ bone marrow-derived memory T cells rather than peripheral
blood should be considered.

Fifth, what is the optimal source of antigen? The reader is referred elsewhere for detailed
considerations of tumor vaccine preparation (6,7,31). Our bias is that whole modified tumor
cells are optimal sources of antigen for therapeutic vaccination because the entire library of
potentially antigenic peptides will be represented. However, experimental head-to-head com-
parisons of different vaccination strategies are limited. Klein and coworkers compared vacci-
nation of tumor-bearing mice with genetically modified dendritic cells to vaccination with
genetically modified tumor cells (48). In a melanoma tumor model, granulocyte-macrophage
colony-stimulating factor (GM-CSF)-transduced tumor cells were compared to vaccination
with bone marrow-derived DCs engineered to express MAGE-1. Superior results were obtained
with vaccination with genetically modified DCs.

Yang has shown that CD80-modified melanoma cells are able to induce primary CTL
activity from autologous, HLA class I-matched allogeneic peripheral blood lymphocytes
(PBLs) and purified CD8+ T cells in the absence of exogenous cytokines. CTLs generated by
CD80 are tumor-specific and HLA class I-restricted, and CD8+ T cells are primarily respon-
sible for this specific cytotoxicity. Furthermore, CTLs generated from HLA class I-matched
PBLs by CD80 are cytolytic to tumor cells autologous to the stimulated PBLs. These data
suggest that CD80-modified tumor cells can be used as a potential tumor vaccine for both
autologous and HLA class I-matched allogeneic patients (49). In mouse models, GM-CSF
modification of tumor cells is superior to CD80 modification (34). This may be due to activa-
tion of inhibitory CTLA4 signals that are provoked by CD80, and therefore, approaches intro-
ducing CD28-specific ligands into tumors may be more attractive.

5. VACCINATION IN THE SETTING OF MYELOABLATIVE
AND NONMYELOABLATIVE ALLOGENEIC SCT

Myeloablative conditioning that is given before SCT impairs immune function, and dampens
the responsiveness to vaccination. The transfer of memory antibody responses from donor to
host occurs following myeloablative SCT (11). Requirements for the transfer of responses to
a recently primed response were also evaluated following myeloablative SCT. Donors were
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immunized with keyhole limpet hemocyanin (KLH) 1 and 3 wk prior to marrow harvest,
followed by a T cell-depleted donor marrow infusion (50). Half of the recipients were immu-
nized with KLH pretransplant. IgG antibody levels were only present in recipients that had been
preimmunized with KLH and only when the donors had been primed 3 wk before marrow harvest.
Thus, in the setting of myeloablative SCT, it is likely that antitumor immunity involving serologic
responses will require therapeutic vaccination of donor and host. The use of nonmyeloablative
SCT may diminish the host immunosuppression and facilitate tumor vaccination.

During the course of a normal MHC-matched SCT, antigen-naive donor T cells are trans-
ferred to the tumor-bearing recipient, and development of GVHD represents a primary immune
response to minor histocompatibility antigens (mHAgs). Target organs of GVHD all contain
substantial numbers of professional antigen-presenting cells, which may efficiently stimulate
primary immune responses to tissue-specific antigens.

It is conceivable that activating and expanding donor T cell populations capable of recog-
nizing only tumor cells could increase the relative potency of GVT activity. An attractive
approach is immunization of donors with a recipient-derived tumor cell vaccine before donor
cell harvest and transplantation. In a mouse model, Anderson and coworkers immunized
normal immunocompetent MHC-matched donors with a recipient-derived tumor cell vaccine
to determine if this would substantially increase GVT activity and extend survival of SCT
recipients with preexisting micrometastatic tumor (51). They found that pretransplant immu-
nization of allogeneic SCT donors with a recipient-derived whole tumor cell vaccine substan-
tially increased GVT activity but also substantially exacerbated GVHD. In contrast, tumor
vaccination of recipients post-SCT against either a fibrosarcoma or a myeloid leukemia pro-
duced a substantial increase in GVT activity, which was capable of complete protection against
tumor growth and of preventing the growth of preexisting micrometastatic cancer cells. Fur-
thermore, SCT recipients did not develop signs of acute GVHD after tumor cell vaccination,
demonstrating that GVT activity could be augmented independently of GVHD (52). In contrast
to the toxicity associated with the pretransplant immunization of immunocompetent donors
with whole tumor vaccines, studies in mice and humans indicate safety and efficacy of donor
immunization with defined antigens. In mice, C3H.SW donors were immunized against a
tumor antigen prior to SCT, and CTL were transferred along with bone marrow into irradiated
MHC-matched mHAg-mismatched C57BL/6 recipients with established micrometastatic
tumors. Donor immunization led to a significant increase in GVT activity, as measured by
reduction in tumor growth and enhanced survival (53).

A general impression based on numerous studies was that vaccination of the allogeneic host
in the immediate posttransplant period would fail due to the severe immunosuppression of the
cellular immune system. A recent study examined the ability of immunization with irradiated
GM-CSF-secreting B16 murine melanoma cells to generate specific antitumor immunity after
allogeneic SCT (54). They found that this vaccination scheme elicited potent antitumor effects
without the induction of GVHD after T cell-depleted allogeneic bone marrow transplant (BMT).
In contrast, if animals were vaccinated after a T cell replete BMT, they did not generate tumor
immunity, consistent with the immunosuppressive effects of GVHD. It is possible that the
mixed hematopoietic chimerism that occurs in the immediate posttransplant setting following
T cell-depleted SCT facilitates tumor vaccination, due to the persistence of host antigen pre-
senting cells that may facilitate cross priming to tumor antigens.

6. IMMUNOSUPPRESSION TO ENHANCE ALLOGENEIC VACCINATION

Cytotoxic chemotherapy has diverse effects on the immune system. Cyclophosphamide can
be either immunosuppressive or immunopotentiating, depending upon dose and schedule of
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administration (55). The mechanisms for these paradoxical effects are undoubtedly complex
and involve differential depletion of T cell subsets, as well as distinct effects on antigen-
presenting cells. Many preclinical studies have shown that cyclophosphamide can augment the
acquisition of immunity to new antigens, as well as break immunologic tolerance, perhaps
through depletion of regulatory T cells. Cyclophosphamide, doxorubicin, and paclitaxel have
been found to have schedule-dependent effects that enhance the antitumor immune response
of GM-CSF-secreting whole cell vaccines (56). These agents mediate their effects by enhanc-
ing the efficacy of the vaccine rather than via a direct cytolytic effect on cancer cells.

In the autologous SCT setting, the homeostatic mechanisms that regulate T cell mass are
different than in steady state lymphopoiesis, permitting augmented clonal expansion of anti-
gen-specific lymphocytes upon priming with tumor antigens, and resulting in enhanced
responses to vaccination (57). Borrello and colleagues have shown that vaccination with GM-
CSF-modified syngeneic tumor cells in the post-SCT period actually results in a greater degree
of antitumor immunity than is achieved following vaccination in the steady state nontransplant
setting (58). They employed a mouse B cell lymphoma model to develop strategies that seek
to integrate GM-CSF-based tumor cell vaccines in the post-autologous BMT setting. Tumor-
specific T cells were shown to undergo a massive clonal expansion and activation in the early
posttransplant period, at a time when the recipient was maximally immunosuppressed.
Together, these studies suggest that a GVT effect occurs in the autologous BMT setting, but
that it is not sustained. Repeated immunizations during immune reconstitution may serve to
maintain the antitumor effect.

7. NK CELLS: FRIEND OR FOE?

NK cells and T cells with NK cell receptors (NKT cells) have been described in both human
and murine tissues. Unlike T cells, NK cells have limited long-term clonal proliferative capac-
ity but are able to mediate potent MHC-unrestricted cytotoxicity. NK cell killing occurs through
specific receptors, which bind to polymorphic determinants of major histocompatibility com-
plex class I molecules and other ligands on cells. One family of receptors on NK cells is a class
of inhibitory receptors, a family of immunoglobulin (Ig)-like molecules known as killer cell
inhibitory receptors (KIR). KIR genes, each expressed by some of the individual’s NK cells,
vary considerably among individuals. Because KIRs are specific for MHC class I allotypes,
a person’s NK cells will not recognize and will, therefore, kill cells from individuals lacking
their own KIR ligands. During development, each NK cell precursor makes a random choice
of which KIR genes it will express, and therefore, the different combinations of HLA class I
molecules select a repertoire of NK cells that express receptors for self HLA class I. Conse-
quently, the NK cells from any given individual will be alloreactive toward cells from others
which lack their KIR ligands and, conversely, will be tolerant of cells from another individual
who has the same or additional KIR ligands.

The recent identification of ligands for receptors that activate NK cells, and the finding that some
of these ligands are restricted in expression to tumor cells has profound implications on the design
of tumor vaccine strategies (59). Stimulatory lectin like receptors on NK cells such as NKG2D have
recently been shown to bind to MICA, which is an MHC class I homologue whose expression is
not readily detected on normal tissue but is expressed on tumor cells of epithelial origin (60). Given
the ability of NK cells to kill MHC unrestricted targets, it is likely that successful tumor vaccination
strategies in the future will employ combinations of T cells and NK cells, with the NK cells serving
to prevent tumor escape from T cells through MHC down-regulation.

Animal models indicate that NK cells can be both helpful and harmful to the host following
allogeneic SCT (61). When given early after transplantation, NK cells can prevent GVHD, an
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effect that is mediated at least in part by transforming growth factor β (TGF-β). In contrast,
when NK cells are given late after transplantation, they can exacerbate GVHD.

8. TUMOR VACCINES IN THE CLINIC

Therapeutic vaccines show promise in a variety of cancers; however, to date, efficacy has
not been demonstrated with previous vaccine approaches (6). It is possible that current
approaches may circumvent the limitations and disappointment of previous approaches. For
example, therapeutic vaccination of lymphoma patients with minimal residual disease with
idiotype protein and GM-CSF has been shown to induce the clearance of residual tumor cells
from blood and is associated with long-term disease-free survival (62). Autologous idiotype-
pulsed DCs induced regression in patients with B cell lymphomas (63). In a pilot study to
evaluate autologous DCs pulsed with tumor lysate or peptides in patients with metastatic
melanoma, objective responses were evident in 5 out of 16 evaluable patients (64).

Response rates in the treatment of metastatic renal cell cancer with chemotherapeutic or
hormonal agents are usually less than 10%. Nonmyeloablative allogeneic SCT and donor
leukocyte infusions induce a potent antitumor effect in patients with renal cell cancer (65).
Preclinical studies indicate that GM-CSF-based tumor cell vaccines have promise for breast
cancer in a nonmyeloablative allogeneic SCT in mice (66). Kugler and coworkers described
remarkable regressions in patients with metastatic renal cancer using a vaccine therapy based
on fusions of allogeneic DCs and tumor cells (67). In this study, allogeneic stimulation of
autologous T cells could have contributed to induction of the immune response to the tumor.
Phase II or III randomized trials of autologous therapeutic vaccination are presently underway
for many cancers, including myeloma, prostate, breast, ovary, colon cancer, and lymphoma
(Table 2). It is likely that allogeneic approaches will eventually complement the autologous
vaccine approaches that are presently at a more advanced stage of clinical evaluation.

9. CLINICAL CONSIDERATIONS IN THE TESTING
OF ALLOGENEIC TUMOR VACCINES

It is currently estimated that more than 10,000 patients with leukemia are now alive follow-
ing allogeneic SCT (68). Many of these are alive undoubtedly because of alloimmune effects
rather than allogeneic stem cell rescue from high dose chemotherapy. The major toxicity faced
by these patients is GVHD. It is of interest that in mouse models of GVHD, infusions of
activated NK cells following allogeneic stem cell transplantation could suppress GVHD while
GVT effects were amplified (61,69). GVHD is also significantly diminished when donor T
cells are polarized toward type 2 cytokines (70), and Fowler and colleagues have shown that
Th2 cells can prevent GVHD while retaining the GVT activity of donor T cells (71,72).

Autoimmune syndromes may occur spontaneously in patients as a consequence of a natural
immune response provoked by the tumor, or following therapeutic vaccination. Antibody and
CTL responses have been linked to the occurrence of vitiligo in melanoma patients responding
to immunotherapy (73,74). The occurrence of vitiligo is associated with cancer regression in
patients with melanoma undergoing immunotherapy. Uveitis has been observed in patients
following tumor vaccines (75,76) and in human immunodeficiency virus (HIV)-infected pa-
tients who recover immune function on antiviral therapy. Some paraneoplastic disorders rep-
resent a convergence of the fields of tumor immunity and autoimmunity. The most striking
example is in patients with small cell lung carcinoma and breast and ovarian carcinoma that
develop paraneoplastic cerebellar degeneration. These patients often have antibody and CTL
response against the cdr2 molecule, which is a protein normally expressed in brain and in some
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tumors (77). This naturally occurring immune response occurs in unvaccinated patients and
may provide some clinically beneficial antitumor effects as well as toxicity in the form of
central nervous system (CNS) autoimmunity.

Most investigators believe that T cells and NK cells mediate protective tumor immunity;
however, antibodies may also play a major role in immune protection. Tumor vaccines often
elicit cellular and humoral responses, and there is substantial evidence documenting the
autoimmune consequences of antibodies induced by growing malignancies, or by passively
administered and actively induced antibodies in cancer patients against antigens shared by
normal and malignant tissues (78). Antibodies against cell surface or intracellular antigens in
the CNS or on epithelial surfaces of normal tissues do not generally result in autoimmunity,
but the same types and titers of antibodies against cell surface antigens in the subepidermal
skin, peripheral nerves, blood, or vascular sites, such as the spleen and bone marrow, readily
induce autoimmunity. Vaccine-induced antibodies against a variety of cancer cell surface
antigens have been associated with prevention of tumor recurrence in preclinical models and
in vaccinated cancer patients, in the absence of demonstrable autoimmunity. This forms the
basis for a series of ongoing phase III trials with single or polyvalent antigen cancer vaccines
designed for optimal antibody induction. It was initially thought that antibodies were a form
of passive immunity and that they could function in immunosuppressed hosts. However, recent
studies show that antibodies require Fc receptors on antigen-presenting cells in order to mediate
tumor protective effects (79). It is likely that successful allogeneic vaccines will elicit cellular
and humoral responses and that the principles of inducing antibody responses in allogeneic
SCT patients will be exploited (50).

Table 2
Examples of Ongoing Phase II or III Cancer Vaccine Trials

• A phase III randomized double-blind trial of immunotherapy with a polyvalent melanoma vaccine,
CancerVax®, plus BCG vs placebo pluc BCG as a postsurgical treatmen for stage III melanoma: Dr.
Donald Morton, John Wayne Cancer Institute.

• Phase III randomized study of high dose IL-2 with or without gp1000 antigen in patients with metastatic
cutaneous melanoma: Dr. Douglas Schwartzentruber, National Cancer Institute.

• A phase II study of vaccination with irradiated autologous lung tumor cells mixed with a GM-CSF-
secreting bystander cell line (GVAX) in advanced stage nonsmall cell lung cancer: Dr. Kristen Hege,
Cell Genesys.

• Phase II pilot study of cyclophosphamide and active imtralymphatic immunotherapy with a vaccine
containing IFN-α- or IFN-γ-treated tumor cells followed by sargramostim (GM-CSF) in patients
with advanced cancers: Dr. Charles L. Wiseman, St. Vincent Medical Center, Los Angeles, CA.

• Phase I/II stude of Ad2/MART-1v2 and Ad2/gp100v2 melanoma antigen vaccines in patients with
stage II, III, or IV melanoma: Genzyme: Frank Haluska, Massachusetts General Hospital.

• Phase I/II study of active immunotherapy with carcinoembryonic antigen (CEA) RNA pulsed
autologous DCs in patients with metastic breast cancer who achieve a complete response after high
dose chemotherapy and stem cell support: Dr. H. Kimn Lyerly, Duke Comprehensive Cancer Center.

• Phase I/II study of immunization with autologous in vitro-treated tumor cells and DCs in combination
with sargramostim (GM-CSF) in patients with stage IV or recurrent melanoma: Dr. Robert O. Dillman,
Hoag Memorial Hospital.

• Phase II randomized study of immunization with and HLA-A2 multiepitope peptide vaccine comprised
of MART-1:27-35, gp100:209-217 (210M), and tyrosinaseL368-376 (379D) peptides alone or in
combination with sargramostim (GM-CSF) and/or IFNα-2b in HlA-A2 positive patients with metastic
melanoma: Dr. John Kirkwood, NCI ECOG.

Abbreviations: BCG, bacille Calmette-Guerin.
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The clinical testing of therapeutic cancer vaccines requires different clinical trial designs
than used for conventional chemotherapeutic drugs (80). Traditional phase I designs based on
escalation from a very low starting dose in cancer patients are not always necessary in cancer
vaccine development. The phase I concept of dose escalation to find a maximum-tolerated dose
does not apply to most vaccines. This is because most vaccines are incapable of causing
immediate serious or life-threatening toxicities at doses feasible to manufacture. In addition,
neither toxicity nor efficacy can be assessed in patients with advanced malignant disease asso-
ciated with a blunted immune response, because both toxicity and efficacy depend on an intact
immune response. Consequently, issues of patient selection and end point definition require
reconsideration for the early phases of clinical vaccine development. Finally, vaccination strat-
egies often combine multiple agents, each of which needs to be optimized, such as adjuvants,
cytokines, or co-stimulatory molecules. Although some of these combination regimens can be
optimized in preclinical models, defining the optimal regimen requires clinical testing.

Much of our understanding of the immunobiology of bone marrow transplantation has come
from studies in young adult mice reconstituted with T cell-depleted bone marrow after lethal
irradiation. Recent evidence indicates, however, that the applicability of conclusions drawn
from this model to human BMT may be limited, due to major differences between human and
murine immune systems in the mechanisms of T cell homeostasis (81).

10. CONCLUSIONS AND SUMMARY

By priming with the appropriate set of tumor antigens, vaccine therapy can now be directed
against virtually any antigen within the human T cell repertoire. Vaccines can be given in either
prophylactic or therapeutic settings. Therapeutic vaccines will need to incorporate approaches
to overcome inhibition by CTLA4 and regulatory T cells. Genetic screening will increasingly
be able to identify people at risk for the development of cancer or patients with early stage
premalignant lesions. Gene array technology will likely provide opportunities for the devel-
opment of prophylactic cancer vaccines using defined antigens. Despite this, tumors will still
continue to present at advanced stages, and therapeutic cancer vaccines in the allogeneic
setting will be increasingly used. The major remaining question is which antigens are the most
suitable targets for tumor vaccination in clinical trials in the allogeneic transplant setting. It is
likely that cellular and cytokine therapy, as well as gene therapy, will be required to fully
exploit the allogeneic immune responses to tumors.
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1. INTRODUCTION

Donor leukocyte infusion (DLI) involves infusing leukocytes obtained from a normal donor
with the aim of enhancing a particular immunologic effect. In general, the particular effect is
graft-vs-leukemia (GVL) or, more broadly, graft-vs-malignancy (GVM) reactivity, although
DLI can have other effects, including antiviral activity and enhancement of engraftment. This
therapy has great efficacy in certain situations, and the observation that it is possible to harness
GVM purposefully has led to development of a new transplant strategy, nonmyeloablative
stem cell transplantation. However, it is important to realize that DLI is associated with major
drawbacks, including severe graft-vs-host disease (GVHD) and minimal efficacy in many
situations. Significant advances in this field will require a better understanding of the basic
mechanisms involved in the evolution of GVH and GVL effects.

2. BACKGROUND

Barnes and Loutit first showed an anti-tumor effect of allogeneic immune cells in classic
experiments carried out in the 1950s (1). In these studies, leukemic mice were treated with total
body irradiation followed by either allogeneic or syngeneic bone marrow transplantation
(BMT); animals receiving allogeneic marrow were much less likely to relapse than those
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receiving syngeneic marrow. Subsequent animal studies over the ensuing decades have
expanded on these findings, clearly demonstrating a GVL effect of allogeneic BMT and, in
many instances, shedding light on mechanisms of the effect (2) (see Chapter 24). Clinical
observations in the 1970s and 1980s suggested a GVL effect of human BMT: (i) relapse rates
were higher in recipients of syngeneic compared to allogeneic transplants (3); (ii) among
recipients of allogeneic transplants, the relapse rates were much lower in patients who devel-
oped GVHD (4,5); and (iii) T cell depletion, while decreasing the incidence of GVHD, also
significantly increased the incidence of leukemia relapse (6). Horowitz et al. confirmed these
findings in a large analysis of International Bone Marrow Transplant Registry (IBMTR) data (7).

Based on an appreciation of the power of the GVL effect, several investigators began
attempts to harness it (8,9). These investigators treated patients with recurrent or persistent
malignancy after allogeneic BMT with infusions of additional lymphocytes obtained from the
original donor, without the cover of immunosuppressive agents. It was anticipated that donor
lymphocytes would be effective in this setting because they were not inhibited by immunosup-
pressive agents and because they had not been inhibited by the tumor escape mechanisms that
may have led to the relapse. Complete responses in a significant percentage of patients led to
broad application of this approach (10–22) (see Tables 1 and 2).

3. DISEASE ACTIVITY

3.1. Chronic Myelogenous Leukemia
3.1.1. RESPONSES

Kolb et al. reported on the first three patients with chronic myelogenous leukemia (CML)
treated by DLI (8). All three received interferon (IFN)-α as well and achieved long lasting
remissions, two in association with GVHD. Numerous additional single-center reports (10–
15,23,24) and two large registry analyses have confirmed the pronounced sensitivity of CML
to DLI (see Table 3) (16,17). The overall response rate is roughly 60–80%, with the likelihood
of response varying by the extent of disease at the time of DLI. Response rates in hematologic
relapse are approx 75%, whereas responses in more advanced disease range from 12.5 to 29%.
Responses are better in cytogenetic relapse (82–100%) and molecular relapse (8 of 8 patients
in one study) (25), although the number of DLI patients in these categories is relatively low.
In the majority of patients with complete remission defined by cytogenetics, there is no evidence
of BCR-ABL transcript by polymerase chain reaction (PCR) analysis (16,17,25). The time to
complete remission can be quite long, with a median time of 3–4 mo and a range of 1–11 mo or
more. Molecular remissions follow cytogenetic remissions by several weeks. Close monitoring
with sensitive techniques can define a “critical switch period” of 4–5 wk, during which recipient
cell numbers suddenly decrease in association with a sharp decrease in bcr-abl transcripts (26).
Other patients manifest a slower, more gradual decline in BCR-ABL transcripts (27).

The most important pre-DLI predictor of response is disease status at the time of DLI
(16,17,25). It is unclear whether advanced disease is more resistant because of rapid growth,
excessive tumor cell numbers for the number of T cells infused, or intrinsic resistance of tumor
cells to GVL mechanisms. Other potential predictive factors have not been consistent from
study to study, including prior GVHD and time from BMT to DLI. T cell depletion of the initial
BMT was not an important factor in several separate multivariate analyses (16,17). As dis-
cussed below, GVHD after DLI is associated with response.

3.1.2. INTERFERON

IFN-α conceivably might increase GVL activity by increasing expression of cell surface
molecules necessary for effector and target cell interaction (28,29). Therefore, many patients
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have received IFN-α along with DLI. However, multivariate analyses of large numbers of
CML patients have not indicated that the response rate is altered by IFN-α (16,17). In addition,
high response rates from a large center that does not utilize IFN-α suggests that the drug is not
generally necessary (25). However, only a randomized controlled trial would answer this

Table 1
Indications for DLI

Enhance immune-mediated antitumor activity
Hematologic malignancies

CML
AML
ALL
MDS
Myeloma
NHL
Hodgkin’s disease
Others

Non-hematologic malignancies
Renal cell cancer
Breast cancer
Ohters

Enhance immune reconstitution for anti-infection activity
EBV
CMV
Adenovirus
Others

Enhance donor cell engraftment
Graft rejection

Table 3
DLI for CML

European (16) North American (17)

Number of patients 84 56
Mononuclear cell dose × 108/kg median (range) 3.0 (0.25–12.3) 4.59 (0.79–11.39)
IFN-α 60 (76%) 31 (55%)
Complete remissiona

Cytogenetic relapse 14 out of 17 (82%) 3 out of 3 (100%)
Hematologic relapse 39 out of 50 (78%) 25 out of 34 (73.5%)
Transformed relapse 1 out of 8 (12.5%) 5 out of 18 (28%)
aOf assessable patients.

Table 2
Settings for DLI

Disease status
Active (DLI used therapeutically).
High risk (DLI used prophylactically).

Prior therapy
Standard stem cell transplant.
Nonmyeloablative stem cell transplant.
No prior transplant therapy.
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question definitively. Lastly, it is worth noting that occasional patients have seemed to respond
only after the addition of IFN (21), suggesting that interferon is required for response in a small
percentage of patients.

3.1.3. DURATION OF REMISSION

Remissions appear to be durable in most complete responders who had early-phase relapse
at the time of DLI. In one study with a median follow-up time of 39 mo, only 2 of 32 (6%)
complete responders treated for early phase disease relapsed compared to 3 of 7 (43%) with
advanced phase relapse (30). Another study with median follow-up of 29 mo reported relapse
in only 4 of 44 (9%) patients who attained molecular remissions (25). Many patients are now
more than 5 yr out from DLI and remain in remission (18,30), and one group has reported 30
patients whose remission duration after DLI exceeds the remission duration after the initial
transplant (25). It is unknown whether ongoing molecular remissions are due to the tumor
being completely eradicated or to immune surveillance; surveillance by infused T cells can
occur in some settings, as shown by the proliferation of gene-marked Epstein-Barr virus
(EBV)-specific T cells in response to a flare of EBV, months after initially controlling the
disease (31).

3.1.4. LONG-TERM SURVIVAL

Kolb et al. have reported long-term survival data after DLI for CML (18). With median
follow-up of approx 2 yr, 80% of patients treated in cytogenetic relapse were alive compared
to approx 55% of patients treated in stable phase relapse, and approx 20% of patients treated
in transformed phase. Porter et al. reported long-term follow-up for 39 CML patients who
had attained a complete remission after DLI (30). The event-free survival at 3 yr was 73%.
Seven of 32 patients treated for early phase disease had died, two patiens died of disease, two
patients died of GVHD, and three patients died from other causes. Six of seven advanced phase
disease patients had died: two patients died of disease, two patients died of GVHD, and two
patients died of other causes.

3.2. Acute Myelogenous Leukemia
Acute myelogenous leukemia (AML)  is less responsive to DLI than CML. The European

registry analysis reported complete remissions in five of 17 AML patients treated with DLI as
sole therapy (16), and the North American registry analysis reported complete remissions in
six of 39 patients treated in this manner (17). The median time to remission was 34 d (17). It
seems likely that earlier relapses, such as molecular or cytogenetic relapses, are more respon-
sive than hematologic relapses to DLI alone, but there are very few data specifically addressing
this issue. Ongoing remissions are uncommon in patients with hematologic relapse treated with
DLI alone (18); one of 34 such patients remained in remission at 6 mo posttreatment in an
unpublished analysis of our database. Thus, DLI as sole therapy in AML patients has very
limited efficacy.

Analysis of CML patients has shown that GVL effects typically require several weeks to
months to evolve (16,17,25). Thus, diseases such as AML in hematologic relapse may grow
too fast for GVL effects to develop. If so, then debulking tumors with chemotherapy before
DLI might be advantageous. We have recently completed a study prospectively evaluating this
approach (32). Sixty-five patients in hematologic relapse of myeloid malignancy following
human leukocyte antigen (HLA)-matched sibling BMT were treated with cytarabine-based
chemotherapy followed by granulocyte colony-stimulating factor (G-CSF) primed DLI; pro-
phylactic immunosuppression was not given. Twenty-seven of 57 evaluable patients had a
complete response. The complete responders had 1- and 2-yr survival rates of 51 and 41%,
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respectively, compared to a 1-yr survival rate for nonresponders of only 5%. However, treat-
ment-related mortality was 23%, and 2-yr survival for the entire cohort was only 19%. The
most important predictive factor in this study was relapse within 6 mo of BMT, with very few
such patients surviving at 1 yr. Post-DLI GVHD was not associated with improved event-free
survival. Although these results appear to be superior to those seen with DLI alone, they remain
far from satisfactory. Long-term follow-up data from the European registry, which includes
patients receiving DLI with or without chemotherapy, confirm the poor results in AML, with
3-yr survival rates of only approx 20% (18).

3.3. Acute Lymphoblastic Leukemia
The large IBMTR registry analysis of GVL by Horowitz et al. showed a GVL effect in acute

lymphoblastic leukemia (ALL) that was associated largely with GVHD (7). Thus, one might
suspect that it could be possible to harness GVL in ALL through DLI. Anecdotal reports have
shown clear responses to DLI in ALL patients (9,33,34); in fact, the first successful DLI was
in a patient with ALL (9). However, analyses of larger patient groups have shown that the
efficacy of DLI in ALL is quite limited (16,17,35). The European registry includes 43 patients
with ALL, with survival at 2 yr close to 0% (16). We have analyzed DLI in 44 ALL patients
(35). Of 15 patients who received no pre-DLI chemotherapy, two patients achieved complete
remissions, lasting 2+ and 3 yr. Of 29 patients who received DLI either as consolidation of
remission or in the nadir period after chemotherapy, only one had ongoing remission. The
overall survival at 3 yr was 13%.

3.4. Myelodysplasia
Data are limited regarding DLI in myelodysplasia (MDS) (16,17,36). From published

reports, it is often difficult to separate MDS from AML patients, and the two groups are often
grouped together for analysis. In the European registry, one of four evaluable patients classi-
fied as having MDS responded to DLI (16). In the North American registry, two of five patients
responded (17).

3.5. Myeloma
There is clearly a graft-vs-myeloma effect that can be harnessed with DLI. It is unclear,

however, where DLI fits into the overall treatment strategy in this disease. Several case reports
and small series have shown disease response in myeloma patients receiving DLI (15,37–42);
in almost all cases, the response was associated with significant GVHD. Two larger series, of
27 and 25 patients, respectively, have recently appeared in the literature (43,44). In the first
series 25 of 27 patients had received a partially T cell-depleted graft from an HLA-matched
sibling (43). DLIs were given a median of 30 mo after BMT, with the T cell dose varying between
1 × 106/kg and 5 × 108/kg; doses were escalated if patients did not respond to the earlier dose
within 12 wk. Thirteen patients received chemotherapy before the DLI; most responded, but
none had a complete response. Outcomes are shown in Table 4. Fourteen (52%) patients
responded, with 22% having complete responses. Eight of the 14 responders had ongoing
remissions with a median response duration of approx 15 mo. Factors associated with response
to DLI were a T cell dose greater than 1 × 108/kg and remission before the initial transplant.
GVHD was not associated with response in this study. However, this study did include 13
patients with data updated from an earlier report; in this earlier report, GVHD was associated
with response, with 87 and 85% of the responders developing acute and chronic GVHD,
respectively (39).

In the second recent series, 23 of the 25 transplants were from HLA-matched related donors;
only four patients had had T cell-depleted transplants (44). The median T cell dose of the first
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DLI was 1.0 × 108/kg. Nine patients received subsequent DLIs, with a median T cell dose of
3.3 × 108/kg. Three patients received chemotherapy shortly before the DLI; all three com-
pletely responded to the combination. Overall, 10 (40%) patients responded to therapy, with
seven patients having complete responses. However, because of concomitant chemotherapy
the contribution of DLI to response cannot be assessed in three of these patients; thus, four of
22 (18%) patients evaluable for response to DLI alone responded. As in the above study,
responses were associated with a higher dose of T cells. Five patients had ongoing remissions
with a median duration of response of 6 mo, shorter than that in the other large series discussed
above. Also in contrast, all responders in this study had GVHD.

Thus, both of these studies concur in demonstrating a significant GVM effect of DLI, but
in a limited number of patients. In the first study, five patients had ongoing remissions more
than 30 mo after DLI. In the second study, one patient had an ongoing complete remission at
3 yr,. and another, although relapsing 10 wk after his DLI, had only a very low-level M protein
fluctuating between undetectable and 0.5 g/dL for 7.5 yr before succumbing to infection
associated with chronic GVHD. Also, both studies concur in suggesting that a high T cell dose
is required in myeloma. However, it is also clear that the complete response rate to DLI in
myeloma (18–22%) is not as pronounced as in CML. Moreover, the durability of remission is
of concern, with the current studies suggesting relapse rates of 29–40%. Lastly, several studies
have suggested that few responders escape significant GVHD as a complication; the second
series shows a strong correlation between GVHD and GVM (44), as did the initial series of
Lokhorst et al. (39). Several smaller series and case reports have also reported a high incidence
of GVHD in myeloma patients responding to DLI (41).

3.6. Lymphoma and Chronic Lymphocytic Leukemia
The possibility of a graft-vs-lymphoma effect has been suggested by the lower relapse rate

of lymphoma patients treated with allogeneic compared to autologous transplants. Several
reports in the early 1990s studied non-Hodgkin’s lymphoma (NHL) patients (generally inter-
mediate grade lymphomas) treated with allogeneic BMT if the patient had a matched sibling,

Table 4
DLI for MM

Lokhorst et al. (43) Salama et al. (44)

Number of patients 27 25
Responses

CR to DLI 6 (22%) 4 (18%)a

CR to DLI + chemotherapy — 3 (100%)b

PR to DLI 8 (30%) 3 (14%)a

Overall 14 (52%) 10 (40%)c

Required >1 DLI to respond 6 out of 14 (43%) 5 out of 10 (50%)
Outcome of responders

Relapse 4 out of 14 (29%) 4 out of 10 (40%)
Died, toxicity 2 out of 14 (14%) 1 out of 10 (10%)
Ongoing CR or PR 8 out of 14 (57%) 5 out of 10 (50%)

No GVHD/responses 6 out of 14 (43%) 0 out of 10 (0%)
Median duration of remission approx 15 mo approx 6 mo

aOf 22 assessable patients.
bOf three assessable patients.
cOf the total 25 patients.
CR, complete remission; PR, partial response.
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and with autologous BMT if not (45–47). These studies concurred in showing significantly
reduced relapse rates in recipients of allografts. Large analyses of follicular lymphoma al-
lograft recipients have also suggested a graft-vs-lymphoma effect by showing an apparently
flat disease-free survival curve (48). Although follow-up is relatively short, and although it is
conceivable that the increased relapse rate in the autograft recipients is explained by marrow
tumor contamination, these studies have led to the perception that graft-vs-lymphoma may be
a powerful effect. There have now been several reports documenting lymphoid neoplasms
responding to DLI, thus confirming the existence of the effect (49–55). However, the data
regarding DLI in lymphoma is still rather limited, with most observations limited to case
reports and small series. Thus, the likelihood of a given lymphoid neoplasm responding to DLI
is difficult to assess. Investigators have reported responses to DLI in follicular lymphoma,
chronic lymphocytic leukemia (CLL), diffuse large B cell lymphoma, mantle cell lymphoma,
and lymphoblastic lymphoma. There is a perception that graft-vs-lymphoma may be particu-
larly effective in low-grade B cell neoplasms, but an estimate of the likelihood of response in
these lymphomas, as well as others, must await larger series.

3.7. Solid Tumors
Data regarding DLI in solid tumors are very preliminary. Early results in renal cell cancer

are promising. As part of a nonmyeloablative transplant strategy, Childs and colleagues have
treated renal cell cancer patients with DLI and observed clear responses (56). Additional
studies in renal cell cancer patients are ongoing. Conversely, nonmyeloablative transplants
with planned DLI have not been successful in melanoma (R. Childs, personal communication).
Limited observations suggest the possibility of a graft-vs-breast cancer effect (57,58). Studies
are ongoing, in particular at the U.S. National Institutes of Health, to assess the possibility of
an antitumor effect of donor leukocytes in a variety of solid tumors.

4. DLI FOR INDICATIONS OTHER THAN MALIGNANCY

DLI is usually used for malignant diseases. However, the infusion of immunocompetent
cells can be of use in other clinical situations, including infections and graft failure.

4.1. EBV-Associated Lymphoproliferative Disorder
EBV-infected B cells are normally kept under surveillance by EBV-specific T cells. These

T cells are present at high frequencies, ranging from 1 in 400 to 1 in 3000 (59). Under conditions
of intensive immunosuppression, such as after bone marrow or solid organ transplantation,
these T cells are reduced to the point where EBV-infected B cells can proliferate. This can lead
to a lymphoma-like illness caused by polyclonal or monoclonal B cells (60,61). In the post-
BMT setting, EBV-lymphoproliferative disorder (LPD) occurs in the context of severe T cell
depletion (generally in recipients of T cell depleted transplants) and results in a rapidly pro-
gressive and uniformly fatal course. The disorder almost always involves donor-derived B
cells. On the assumption that increased T cell numbers might restore anti-EBV immunity,
Papadopoulos et al. gave donor leukocytes to five patients with EBV-LPD (62,63). All patients
had had T cell-depleted transplants and anti-thymocyte globulin in the peritransplant period.
The patients were treated with infusions of 1 × 106 T cells/kg. This dose was chosen because
the threshold T cell dose for inducing GVHD in HLA-matched siblings is 1 × 105 T cells/kg
at the time of transplantation, and animal studies suggest that a dose 10–50× greater than that
required to induce GVHD can be tolerated without causing GVHD if given 3 or more weeks
after transplantation. All five patients had complete remissions to DLI which were ongoing in
three patients at several months. All three of these patients developed chronic GVHD as well.
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Two patients who had begun to have respiratory failure, presumably due to pulmonary involve-
ment with EBV-LPD, worsened after DLI and died. Neither patient had any evidence of EBV-
LPD at autopsy; the cause of the respiratory failure could not be ascertained. Thus, these results
show that anti-EBV immunity can be reconstituted and can rapidly eliminate EBV-infected B
cells causing EBV-LPD; the adverse outcome, however, in two patients suggests that caution
is required when utilizing this therapy. Other groups have studied DLI for this indication as
well. One group observed no responses in three patients (64). Another group gave donor-
derived EBV-specific cytotoxic T lymphocyte lines to 10 allograft recipients (65). Three
patients with evidence of EBV reactivation responded within 3 wk of therapy, including a
patient with overt EBV-LPD. This group has shown that EBV-specific T cells (genetically
marked with the neomycin resistance gene) can persist for as long as 38 mo after infusion
(31,66). A recent report of a larger number of patients confirmed the earlier encouraging
findings, showing that such cell lines could prevent EBV-LPD and could successfully treat
established disease (66). Others have reported success with irradiated donor lymphocytes and
rituximab in the management of EBV-LPD after haploidentical BMT (67). Experience with
DLI for solid organ transplant-associated EBV-LPD is limited, but successfully treated cases
have been reported (68). EBV-LPD in the solid organ transplant setting is usually of recipient
origin. Thus, donor cells must be chosen from a donor who is EBV seropositive, and who shares
with the recipient HLA antigens that present EBV-derived peptides. DLI in this setting carries
not only the risk of GVHD but of organ graft rejection as well.

4.2. Other Infections
Infusions of small numbers of donor leukocytes can be associated with rapid restoration of

CD3+, CD4+, and CD8+ T cell numbers, and an increase in antigen-specific T cell responses.
Some (69,70) (but not all [71]) patients have a broadening of the immune repertoire after DLI.
Thus, it seems reasonable that DLI might be used to reconstitute immunity and treat infectious
diseases after BMT. A variety of infections have been treated with DLI, including cytomega-
lovirus (CMV) (69,72) and adenovirus (73,74); however, data are relatively limited. The main
risk, of course, for any such intervention, is the development of GVHD. Walter and colleagues
have reported infusion of CD8+ CMV-specific cytotoxic T-cell clones in 14 patients at risk for
CMV reactivation and disease after allogeneic BMT (72). The transfused clones persisted for
at least 12 wk and were associated with an increase in cytotoxic activity against CMV. Neither
CMV viremia nor CMV disease developed in any of the 14 patients. However, cytotoxic T cell
activity declined in patients deficient in CMV-specific CD4+ T helper cells; this observation
has led to ongoing studies involving both CD4+ and CD8+ CMV-specific clones (75).

4.3. Graft Failure
Stem cell transplant rejection is mediated by persistent host cells that prevent establishment of

donor hemoatopoiesis. Infusions of unmanipulated DLI, without additional chemotherapy or im-
munosuppressive therapy, can reverse rejection and result in complete hematopoietic recovery (76).

5. COMPLICATIONS (TABLE 5)

5.1. GVHD
GVHD is the most significant complication of DLI. In the European registry analysis, 59%

of the patients developed acute GVHD, with 41% requiring treatment (16); chronic GVHD was
not detailed in this study. In the North American registry analysis, 60% of the patients devel-
oped acute GVHD (17). The median time post-DLI to the development of acute GVHD was
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32 d (17). The incidence of grade II–IV acute GVHD was 46%, and the incidence of grade III–
IV acute GVHD was 22%. The incidence of chronic GVHD in this study was 61%, with 47%
of the chronic GVHD patients having limited disease, and 53% having extensive disease.
Factors predictive of GVHD in the European study were IFN treatment and T cell depletion
of the initial BMT. Interferon was also predictive of GVHD in the North American study, as
was post-BMT chronic GVHD; however, T cell depletion of the initial BMT was not predictive
of GVHD in this study. Several modifications of DLI have been attempted to reduce GVHD
and are discussed in more detail below.

5.2. Pancytopenia
Pancytopenia occurs in approx 20% of patients (16,17). The likelihood of pancytopenia depends

on the status of the disease. It occurs in as many as 50% of CML patients in hematologic relapse,
but is very infrequent in patients with cytogenetic or molecular relapse (14,25). Pancytopenia
correlates with a low degree of donor-derived hematopoiesis at the time of DLI (77). This supports
the hypothesis that pancytopenia results when donor lymphocytes ablate recipient cells, but donor
stem cells are inadequate to allow recovery of hematopoiesis. Patients may recover with observa-
tion-alone, with a course of G-CSF, or with infusion of bone marrow or peripheral blood stem cells.
One might suspect that infusion of stem cells along with DLI would prevent pancytopenia, but one
study suggests that this strategy is inadequate (discussed in Section 10.1.6.) (78). Probably the best
way to avoid pancytopenia is to treat the patient early in the course of relapse.

5.3. Treatment-Related Mortality
In the European registry study, 17 of the 135 patients died in remission (16). Six died with

myelosuppression, four patients died with GVHD, four patients died with the combination of
GVHD and myelosuppression, and three patients died with other causes. The actuarial prob-
ability of death in remission at 1 yr for CML patients was 18%. In the North American study,
17 of the 140 patients died from causes other than progressive disease (17). Eight patients died
from GVHD, six patients died from infection, and patients died from other causes. The prob-
ability of death not related to malignancy was 14% at 1 yr and 18% at 2 yr.

6. ASSOCIATION OF GVHD WITH RESPONSE

GVHD is closely correlated with response. In the North American registry study, 42 of
45 assessable complete responders developed acute GVHD, and 36 of 41 assessable com-
plete responders developed chronic GVHD (17). The correlation of acute and chronic GVHD
with complete remission was highly statistically significant (p <0.00001). In this study, of
the 23 patients who did not develop either acute or chronic GVHD, only three patients
attained complete remission. However, it is important to point out that many responders have

Table 5
Complications of DLI (16,17)

GVHD
Acute, grade II–IV 41–46%
Acute, grade III–IV 22%
Chronic, extensive 32%
Chronic, limited 29%

Pancytopenia 20%
Nonrelapse mortality, 1-yr 14–18%
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been reported in the literature who did not develop clinically detectable GVHD. For example,
although the European registry analysis reported a high response rate in CML patients who
developed GVHD or myelosuppression (91%), they also reported that 45% of patients with-
out any GVHD or myelosuppression had responses (however, it should be noted that this
group did not report data regarding chronic GVHD) (16). Almost all reports of DLI have
included at least a small number of patients who responded without GVHD, and in some
studies, this number has been fairly high (23,24,79). Thus, while GVHD is usually associ-
ated with response in patients receiving standard DLI, the observation of apparent GVL
without GVHD in some patients is encouraging and has led to a variety of approaches aimed
at separating the two phenomena.

7. ASSOCIATION OF CELL DOSE WITH GVHD

Animal and human BMT studies suggest that a given T cell dose is more or less likely to
cause GVHD depending on how soon it is given after the transplant preparative regimen. The
milieu of excessive inflammatory cytokines characteristic of the early period posttransplant
is especially likely to activate potentially alloreactive cells (80). Animal studies show that
10–50× more T cells than the usual number required to induce GVHD can be tolerated
without causing GVHD if given 3 or more weeks after transplantation (81). In human BMT,
the threshold T cell dose for inducing GVHD in HLA-matched siblings is 1 × 105/kg at the
time of transplantation (82). Mackinnon et al. showed that up to 1 × 107 T cells/kg could be
given without causing GVHD when infused 9 mo to several years after the initial transplant
(23). Additional human DLI studies suggest that such a cell dose is more likely to cause
GVHD if given closer to transplant. For example, in one study, 100% of patients developed
GVHD when given prophylactic DLI—1 × 107 T cells/kg—at d 30 posttransplant despite
concomitant prophylactic immunosuppression (83). Although it is apparent that T cells are
more likely to cause GVHD the closer they are given to transplantation, it is difficult to
translate this into a specific recommendation regarding the safe T cell dose at a given interval
posttransplant. The safe dose probably depends on several other factors in addition to timing,
including preparative regimen (e.g., myeloablative vs nonmyeloablative), the patient’s clini-
cal status (e.g., actively infected vs not), and the particular minor histocompatibility differ-
ences in a given donor–recipient pair.

8. LONG-TERM FOLLOW-UP

As noted above, long-term follow-up of CML patients has suggested that the majority of remis-
sions are durable in patients with molecular, cytogenetic, or hematologic relapse (18,25,30). How-
ever, overall survival is limited to some degree by mortality from nonrelapse causes, and in patients
with more advanced disease, by relapse (Fig. 1). An interesting pattern of relapse has been reported
in AML and myeloma patients, with some patients recurring in extramedullary sites, while the bone
marrow remains free of disease (84–86). This suggests that appropriate homing is likely a critical
component of successful DLI, with lymphocytes homing to certain areas (and not to others) based
on the expression of certain cell surface molecules (87).

9. DLI FROM PATIENTS OTHER THAN MATCHED SIBLINGS

One recent report has looked specifically at the outcomes of DLIs from unrelated donors
(88). This report included 25 CML patients, 23 AML patients, seven ALL patients, and three
patients with other diseases. The complete response rates for evaluable patients were 46% for
CML, 42% for AML, and 50% (2 out of 4) for ALL. Disease-free survival at 1 yr after complete
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remission was 65% for CML, 23% for AML, and 30% for ALL. Interestingly, the incidence
and severity of acute and chronic GVHD did not appear to be worse than that seen in DLI from
matched siblings. A possible explanation for this finding is that patients who relapse after
unrelated BMT may be a selected group with a lower risk of GVHD; the most susceptible
patients to severe GVHD may have died of GVHD after the initial transplant or have had severe
enough GVHD after transplant that they were deemed to be poor candidates for DLI. Another
interesting finding of this study was that cell dose did not correlate with response, survival, or
GVHD. Because there was no association between cell dose and GVHD, the authors of this
study recommended 0.1–1.0 × 108 mononuclear cells (MNC)/kg as a reasonable dose in
unrelated DLI. The only factors predictive of improved survival and disease-free survival were
the intervals from BMT to relapse and BMT to DLI, respectively; patients treated within 1 year
of BMT had an increased incidence of disease-related death, probably because patients relaps-
ing and requiring treatment earlier have more aggressive disease.

There are very few data regarding DLI from HLA-mismatched family members. The few
cases reported suggest that the treatment may have the potential for disease activity but carries
a high risk of GVHD (89).

10. MODIFICATIONS OF DLI

10.1. Attempts to Lessen Toxicity (Table 6)
10.1.1. ESCALATING DOSES

As noted above, most early DLIs have involved large cell doses, generally on the order of
1 × 108 T cells/kg; GVHD is commonly observed after infusion of these doses. Several groups
have studied lower doses to determine if there might be a dose at which GVL occurs but GVHD
does not (9,23,24). Mackinnon et al. studied 22 patients with relapsed CML: eight patients in
cytogenetic or molecular relapse, 10 patients in chronic phase, and four patients in accelerated
phase (23). Patients received escalating doses of T cells at intervals of 4- to 33-wk, with eight
dose levels between 1 × 105 and 5 × 108/kg. Nineteen of 22 patients achieved remission, with
remissions achieved at the following doses: 1 × 107 (n = 8), 5 × 107 (n = 4), 1 × 108 (n = 3), and
5 × 108 (n = 4). GVHD correlated with the T cell dose given, with only 1 of the 8 patients who

Fig. 1. Long-term survival data from the European survey by Kolb et al. (18).
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attained remission at 1 × 107/kg developing GVHD, while eight of the 11 responders who
received doses of ≥ 5 × 107/kg developed GVHD. It should be noted that in patients treated with
escalating doses, it is difficult to tell which dose an individual responds to. Since response to
DLI can take many weeks to occur, it is always possible that a response to an escalated dose
is actually a response to an earlier, lower dose. In addition, it should be noted that most of the
responses to lower cell doses in this study occurred in patients with molecular or cytogenetic
relapses. Regardless, the observation of GVL without clinical GVHD is important. Whether
this represents a true leukemia-specific response is unclear (discussed below).

Others have also reported patients treated with escalating doses of T cells. Dazzi et al.
reported that patients treated with an escalating dose regimen were as likely to respond as
patients treated with a single bulk dose (24); however, the incidence of GVHD was much lower
in the group receiving escalating doses (10 vs 44%). A very interesting analysis of this study
concerned only a subset of patients treated by bulk dose vs escalating doses, in which the final
cell doses infused were comparable; the incidence and severity of acute and chronic GVHD
were significantly lower for the group of patients treated with escalating doses. This finding
suggests that the incidence of GVHD associated with escalating doses is low not because the
final cell dose is small, but because lymphocytes were given over a prolonged period. The
mechanisms underlying this observation are unknown. The authors propose two possibilities.
First, that the escalating dose regimen may be associated with less GVHD because the full cell
dose is infused later after the BMT than it is in patients receiving bulk doses (this explanation
could be compatible with animal studies suggesting that delayed infusion is associated with
less GVHD). The second possibility is that the initial infused cells may be anergized and play
a regulatory role by inhibiting alloresponses of subsequent T cell infusions. It should be noted,
however, that this particular subset analysis involved relatively small numbers of patients (e.g.,
only 12 patients were in the escalating dose group); additional studies are needed to confirm
the observation.

10.1.2. CD8+-DEPLETED DLI

Animal and clinical studies have suggested that depletion of CD8+ T cells from the bone
marrow inoculum may reduce the incidence of GVHD (90,91). Based on these observations,
two groups have investigated DLI-depleted of CD8+ cells (79,92). In the first study, 10 CML
patients received a mean cell dose of 4.65 × 107 CD4+ and 0.6 × 106 CD8+ T cells/kg (79). Six
patients achieved remissions, with GVHD developing in three patients (acute, 2; chronic, 1).
In the second study, 40 patients with hematologic malignancies (CML, 25; multiple myeloma
[MM], 7; others, 8) received targeted doses of CD4+ T-cells (92). Cohorts received 0.3, 1.0,
or 1.5 × 108 CD4+ cells/kg. Six of 27 patients (22%) who received 0.3 × 108 CD4+ cells/kg
developed GVHD, compared with 6 of 11 (55%) who received ≥ 1.0 × 108 CD4+ cells/kg. All
patients in this trial who developed GVHD also had a response; however, 48% of responding
patients did not develop GVHD. Thus, these studies suggest that CD8+ depletion may result
in less GVHD, but larger studies are required to allow firm conclusions.

Table 6
Attempts to Lessen Toxicity of DLI

Escalating doses
CD8+ depletion
T cell lines and clones
Suicide gene-transduced T cells
Irradiated DLI
G-CSF mobilization
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10.1.3. CELL LINES AND CLONES

Antigen-specific T cell lines and clones represent the most rational way to deliver specific
immunity while avoiding GVHD. However, relatively few groups have applied to the clinic
the difficult technology involved in growing large numbers of these cells. This approach is
most feasible when viruses are the targets of immunotherapy and, as discussed above, two
groups have reported fairly large groups of patients treated with CMV-specific T cell clones
or EBV-specific cytotoxic T cell lines (65,66,72). The study of leukemia-reactive cytotoxic T
cell lines has been more limited. Falkenburg et al. reported a patient with CML in accelerated
phase after allogeneic BMT (93,94). This patient had a suboptimal response to an
unmanipulated DLI. Cytotoxic T cell lines were then generated from her HLA identical donor
using a modification of a limiting dilution assay. The cells were selected based on their ability
to inhibit the growth of CML progenitor cells in vitro and then expanded in vitro to generate
cytotoxic T cell lines. Three lines lysed patient leukemic cells as well as inhibiting the growth
of leukemic progenitor cells; the cells did not react with lymphocytes from the recipient.
Shortly after infusion of a cumulative cell dose of 3.2 × 109 cytotoxic T cells, the patient had
a complete molecular response. Additional investigators are exploring the use of cytotoxic T
cell lines directed against hematopoietic tissue-restricted minor histocompatibility antigens,
but clinical results have not been reported (95).

10.1.4. SUICIDE GENE-TRANSDUCED DONOR T CELLS

Cycling T cells transduced with the HSV1 thymidine kinase (HSV-TK) gene are susceptible
to killing by ganciclovir (96–101). Thus, conceivably, GVH reactions initiated by HSV-TK-
transduced T cells might be ameliorated by administration of ganciclovir (98). (Other potential
suicide genes exist, but to date, clinical studies have involved HSV-TK.) Bonini et al. reported
eight patients with relapsed malignancy post-BMT who received escalating doses of HSV-TK
transduced lymphocytes from their original HLA-matched sibling donor (97). Patients received
a range of 0.5–38.6 × 106 transduced T cells/kg. Gene modified cells were detected repeatedly
in blood, marrow, and tissue biopsies in all but one patient. The percentage of transduced cells
among circulating lymphocytes ranged from 1 in 104 to 13.4% and could be detected for more
than 12 mo after the last infusion. Five patients had disease responses, and three patients
developed GVHD. Two patients with acute GVHD had complete resolution of all signs of
GVHD after treatment with ganciclovir; a third patient with chronic GVHD had a partial
response to ganciclovir, but despite prolonged treatment with ganciclovir, all gene-modified
cells were not eliminated. The two patients with complete disease responses who received
ganciclovir for GVHD remained in complete remission. Tiberghien et al. have treated 12
patients with HSV-TK-transduced T cells given concomitantly with a T cell-depleted BMT
(100). Cohorts of patients received gene-modified T cells at one of three dose levels, 2 × 105,
6 × 105, or 20 × 105 cells/kg. These cells circulated for a prolonged time and induced GVHD
in four patients. Two of three patients who developed acute GVHD responded to treatment with
ganciclovir, as did the one patient who developed chronic GVHD.

Thus, this area of research has promise. However, potential obstacles should be appreciated.
First, the technical challenges of vector design, and optimal cell transduction, expansion, and
selection are formidable. In addition, even if technical issues are completely solved, potential
theoretical challenges remain: even if all transduced T cells are eliminated, it is conceivable
that a downstream cascade of secondary effectors involved in GVHD will have been initiated
that cannot be stopped; if GVHD is completely abrogated, it is conceivable that GVL will be
abrogated as well; as the suicide gene is a foreign protein, it may induce an immune response,
resulting in elimination of transduced cells (102).
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10.1.5. IRRADIATED DLI
Irradiated T cells retain cytotoxic activity against tumor cells. Because these cells are not

able to proliferate, their ability to cause GVHD should be limited. Waller et al. have demon-
strated in an animal model that irradiated donor T cells facilitate engraftment and mediate GVL
(103,104). Early clinical trials assessing this approach are under way. Success of this approach
will be limited if significant proliferation of T cells is required for optimal GVL.

10.1.6. MOBILIZING DLI WITH G-CSF TO AVOID PANCYTOPENIA

As discussed above, it is considered likely that pancytopenia results after DLI when donor
lymphocytes eliminate recipient hematopoiesis and inadequate donor cells are present to re-
constitute hematopoiesis (77). If so, then infusing hematopoietic stem cells along with lym-
phocytes (most easily accomplished by collecting the DLI after mobilization with G-CSF)
might lessen the likelihood of pancytopenia. However, one study suggests that this approach
does not prevent aplasia (78). In a nonrandomized comparison of two groups receiving DLI—
one with G-CSF-mobilized cells and one without—G-CSF mobilization did not result in any
difference in incidence, time to onset, or duration of cytopenia. This suggests that some patients
may have failure of hematopoiesis from other, as yet undefined, mechanisms. Lastly, some
studies suggest that G-CSF administration alters the cytokine profiles of dendritic cells and T
cells (105–107); the clinical significance of these effects in terms of disease response is unknown.

10.2. Attempts to Improve Disease Activity (Table 7)
10.2.1. PRE-DLI CHEMOTHERAPY

GVL effects can take several weeks to evolve in DLI recipients; therefore, it is conceivable
that the reason why some patients with extensive or fast-growing disease do poorly with DLI
is that GVL effects do not have sufficient time to evolve. If so, then debulking disease with pre-
DLI chemotherapy may be a necessary intervention. The study discussed in Section 3.2.,
involving this approach in AML, suggests that pre-DLI chemotherapy may somewhat improve
the outcome of patients with advanced disease treated with DLI, but it must be noted that the
overall outcome is still fairly poor, with overall disease-free survival of less than 20% (32).
This suggests that poor results in these patients are due to more than just fast growth rate. Given
the excellent activity of imatinib (STI-571, Gleevec) in CML (108,109), some have suggested
that this agent might be used to debulk CML before DLI. Because complete response rates are
so high with this agent, lower cell doses would likely be sufficient, with a lower risk of GVHD.
If, however, CML cells presenting antigen are required for GVL, then debulking CML below
a certain level with imatinib might prevent GVL effects from developing.

10.2.2. ADMINISTRATION OF DLI IN THE MINIMAL RESIDUAL DISEASE STATE

Almost all patients with cytogenetic or molecular relapses of CML have complete responses
to DLI. Moreover, these responses can often be obtained without GVHD by using lower T cell
doses or the escalating dose regimen of Dazzi et al. discussed above (23,24). Thus, one could
argue that CML patients should be followed closely with PCR, preferably quantitative PCR,
and treated at the earliest sign of relapse. However, it should be noted that some investigators
have raised questions about the reliability of the PCR in predicting full-blown relapse.

Some investigators have argued that DLI’s success in salvaging early relapse of CML after
allogeneic BMT suggests an alteration of the general transplant strategy for this disease
(110,111). These investigators have suggested that patients first receive a T cell-depleted
transplant; patients curable with high-dose therapy alone will be cured and will incur much less
risk of GVHD. Those patients who require GVL effects for cure would be detected by close
monitoring after BMT and early intervention with DLI; DLI for early relapse could be given
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at a lower dose with less risk of GVHD. One study of this approach reports a 4% treatment-
related mortality and an 80% 5-yr survival rate (110).

Patients with certain diseases and disease statuses are at very high risk of relapse after
allogeneic BMT. Some investigators have studied the potential role of prophylactic DLI in this
setting. The Seattle group reported a randomized trial several years ago, in which the study
group received additional buffy coat cells in the peritransplant period (112). This was associ-
ated with a very high rate of severe GVHD, which likely cancelled out any possible antitumor
benefit. Since then, animal studies have suggested that GVHD may be minimized by infusing
lymphocytes later after the transplant (113,114). Thus, more recent studies of prophylactic DLI
have given the cells several weeks after the transplant (83,115–117). It is too early to assess
the benefit of this strategy, although the incidence of GVHD still appears to be fairly high. One
study suggests that delaying the infusion past d 45 may result in an acceptable incidence of
GVHD (83).

10.2.3. DLI PLUS INTERLEUKIN-2
Several patients have received interleukin (IL)-2 with DLI (9,118). Slavin et al. have reported

a strategy of allogeneic cell therapy involving, first, escalating doses of unmanipulated DLI,
followed in nonresponders by DLI plus IL-2, followed by, in patients who still do not respond,
donor leukocytes activated in vitro with IL-2 and given along with IL-2 (9). Ten of 17 patients
with acute and chronic leukemia in relapse achieved complete remission. Four patients with
cytogenetic relapses responded to DLI alone, whereas five of six patients with overt hemato-
logic relapse responded only after additional activation of cells with IL-2. Since responses to
DLI can take several weeks to occur, it is possible that responses to DLI plus IL-2 were actually
responses to previous DLI.

10.2.4. IMMUNIZATION OF THE DONOR WITH TUMOR-SPECIFIC PROTEIN BEFORE DLI
The immunoglobulin idiotype serves as a tumor-specific protein in myeloma and B cell

lymphomas and might be used to vaccinate the donor before DLI. Clinical experience with this
approach is limited, but encouraging findings have included the detection of idiotype-specific
T cell responses in vivo after BMT, and a complete and prolonged remission after DLI in one
patient (119,120).

11. NONMYELOABLATIVE STEM CELL TRANSPLANTS

The successes of DLI have led many groups to explore new ways of carrying our transplants
that emphasize the GVM effects of donor leukocytes and minimize reliance on toxic doses of
chemotherapy and radiotherapy. Investigators of nonmyeloablative stem cell transplantation
(NST) have developed preparative regimens that are less toxic than standard transplant regi-
mens, but are nevertheless immunosuppressive enough to allow donor cell engraftment;
engrafted donor immune cells, it is hoped, will then mediate antitumor effects (see Chapter 13)
(121–123). Responses have been observed in several malignancies, sometimes only after

Table 7
Attempts to Improve Disease Activity of DLI

Pre-DLI chemotherapy
Administration in the Minimal Residual Disease State
DLI and IL-2
T cell lines and clones
Immunization of the donor
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additional DLIs have been given to boost antitumor activity; GVHD and treatment-related
mortality may be less frequent than seen after standard transplant, but these problems can
continue to be quite substantial. Additional studies along these lines will investigate increas-
ingly reliable and well-tolerated preparative regimens. However, experience with DLI has
taught that many diseases are unresponsive to graft-vs-tumor mechanisms and that cellular
therapy can frequently be associated with serious toxicity. Thus, major strides in this area will
require an improved understanding of basic mechanisms involved in GVHD, GVM, and
engraftment.

12. MECHANISMS OF DLI

Our current understanding of the mechanisms of human GVL is relatively limited (see
Chapters 24 and 25 for more thorough discussion of GVL mechanisms). It is likely that the
mechanisms of GVL vary among different diseases and even among different individuals with
the same disease. Possible target antigens include antigens expressed only by leukemic cells
(true GVL targets), antigens expressed by both leukemic cells and normal nonhematopoietic
cells (GVH targets), and antigens which are expressed by both normal and malignant hemato-
poietic tissue (124). Additional possible target antigens are antigens shared between donor and
host, in effect autoantigens. T cells with high affinity for self antigens are deleted in the thymus
and the periphery, but T cells with low affinity for self antigens can persist and become
pathogenic under certain circumstances. Potential effectors in GVL reactions include T cells
with αβT cell receptors, T cells with γδ receptors, and natural killer (NK) cells. In addition, it
is possible that various cytokines released in a dysregulated fashion as part of an exuberant
immune reaction could affect leukemia cells nonspecifically (80). Recent findings suggest that
hematopoietic tissue-restricted antigens can be the targets of GVL reactions (125–127). One
might expect such reactions to occur without GVHD. However, clinical observations have
shown that disparity for a single hematopoietic tissue-restricted minor histocompatibility
antigen, HA-1, is associated with a high risk of GVHD (128). A possible explanation for this
is that activation of the T cells specific for HA-1 might lead to production of cytokines that
stimulate other, more broadly alloreactive T cell clones (126).

Clinical observations of DLI patients suggest that the mechanism of response to DLI may
involve alloreactive T cells. GVHD and GVL are often closely correlated, as discussed above
(17). In addition, resolution of CML in one study was associated with the conversion of mixed
T cell chimerism to full donor T cell chimerism, even in patients who did not develop GVHD,
suggesting that the target antigen was shared between leukemic and normal cells (T cells
usually are not involved in the CML clone) (23). However, these observations do not rule out
the possibility that GVHD and GVL were mediated by separate GVH- and GVL-specific
clones that expanded simultaneously.

Most supposition about GVL mechanisms derives from extrapolation from animal models
or from after-the-fact inferences about clinical events. However, DLI represents a unique
opportunity to study GVL mechanisms by allowing careful study of patients during the evo-
lution of actual tumor responses. A few groups have taken this approach. In particular, the
group led by J. Ritz has studied the T-cell repertoire of several CML and myeloma patients
during response to DLI (42,70,129,130). In each responding patient, these investigators were
able to identify the expansion of at least one Vβ gene subfamily that occurred simultaneously
with cytogenetic response (70,129). In one patient, further study showed that the Vβ gene
subfamily expansion was associated with the appearance of clonal T cells. This clone was
further characterized by direct sequencing of the CDR3 region. Further characterization of T
cell clones associated with GVL is ongoing. An additional study by this group has used SEREX
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technology to show that antibodies specific for certain proteins are temporally associated with
the response to DLI, suggesting a role for B cell immunity in GVL (130). Others have attempted
to study GVL mechanisms by studying cells collected from the patient at the time of disease
response. Bunjes et al. documented increased patient-reactive helper T lymphocyte precursor
frequencies in association with the development of acute GVHD and bone marrow aplasia in
DLI patients (131), and Jiang et al. showed modest increases in the cytotoxic lymphocyte
precursor frequency against leukemic cells and an increase in NK cell activity in CML patients
responding to DLI (132). Smit et al. developed additional assays to look specifically at antihost
progenitor cell activity and showed that the GVL effect in responding CML patients was
associated with T cells recognizing leukemic CD34+ progenitor cells (133). Thus, these early
studies suggest the promise of studying cell populations during actual GVL. More sophisti-
cated assays of antigen-specific T cells, using, for example, tetramer analysis or intracellular
cytokine expression will likely shed further light on the nature and specificity of immune cells
mediating GVL (134–136).

A relatively little-studied aspect of DLI involves sensitivity of tumor tissue to potential GVL
effectors. An effective immune response requires not only appropriate effector cells, but also
proper antigen processing, presentation of antigen in the presence of co-stimulatory molecules
by tumor cells or professional antigen-presenting cells, expression of adhesion molecules by
tumor cells, and intact pathways allowing the target cell to undergo apoptosis. Deficiency in
any one of these components would impair GVL reactivity (137). Conceivably, study of
patients relapsing from previous DLI-induced responses might lead to insights into mechanisms
of resistance. Along these lines, Dermine et al. studied patients relapsing after transplant and
showed that many critical cell surface molecules involved in immune responses had been down-
regulated in leukemia cells at the time of relapse compared to pretransplant cells; this was
associated with a decrease in responsiveness to lysis by cytotoxic T cells and NK cells (138).

13. ALTERNATIVES TO DLI (TABLE 8)

A variety of other treatments have been used in patients with relapsed malignancy after
allogeneic BMT. Second transplants have been applied successfully in relapsed patients but
the approach is associated with significant morbidity and mortality (139–142) (see Chapter XX
for discussion). IFN-α has been used to treat CML in relapse (143–145). This treatment
induces durable complete remission in approx 25% of patients treated in hematologic relapse.
Results appear to be better in patients with cytogenetic relapse. Higano et al. reported complete
remissions in 12 of 14 patients with cytogenetic relapse treated with IFN-α at doses starting
at 1–3 million U/m2/d and adjusted as needed to maintain modest cytopenia (144). The treat-
ment was generally well-tolerated, with only one patient stopping therapy because of toxicity.
Complete remission occurred at a median of 7.5 mo, and eight patients (57%) remained in
remission with follow-up ranging from 10+ to 54+ mo. Discontinuation of immunosuppres-
sion can result in remission in CML as well as other malignancies (146–149). Most patients
reported have had CML, with remissions reported in all phases of relapse, although responses
are more likely in patients with cytogenetic relapses. In one study, 10 of 20 patients with CML
had complete remissions after immunosuppression withdrawal (148). Responses were associ-
ated with GVHD. Given the frequency of remission to this maneuver, it is likely that many
cases reported as responses to DLI were actually responses to the discontinuation of immuno-
suppression that preceded DLI. Lastly, G-CSF has been reported to result in remission in patients
with CML, AML, and ALL (150,151). The mechanism of this effect is unknown; some (but not
all) of these patients had discontinuation of immunosuppression before G-CSF administration,
suggesting that some of the patients may have developed GVL on this basis. The new agent
imatinib (STI-571) has pronounced activity in CML and minimal toxicity (108,109); its use in
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the posttransplant relapse setting is under study. Thus, there are many alternatives to DLI in the
management of relapsed disease, but comparative trials are needed. Comparative trials in CML
should ensure that groups of treated patients are comparable; a recently published risk assessment
tool incorporating five prognostic factors will be useful in this regard (152).

14. DLI IN PERSPECTIVE

The use of DLI to induce remission of relapsed disease after BMT has generated a great deal
of enthusiasm. This enthusiasm is justified in certain instances, CML in particular. Many
would argue that the current treatment of choice in relapsed CML is DLI, given in as early a
relapse as possible, and using a dose escalating scheme. However, the risk assessment system
mentioned above would suggest that some patients with relapsed CML have a long expected
survival regardless (152). Lastly, given the activity and minimal toxicity of imatinib (STI-
571), one has to wonder if it will supplant DLI in managing relapsed disease.

However, the enthusiasm for DLI is not justified in several other areas. There is very
minimal activity in ALL with minimal chance of long-term survival. Likewise, AML patients
usually do not benefit from the treatment; this is especially so for patients who require treat-
ment within 6 mo of BMT. One could argue that ALL and AML patients should not be treated
with DLI except in the context of well-designed clinical trials investigating novel approaches.
The usefulness of DLI remains unclear in myeloma, as current studies are somewhat conflict-
ing. Certainly the likelihood of remission in this disease is much less than in CML, although
durable remissions are sometimes seen. Although there seems to be a great deal of excitement
about DLI in low-grade NHL and CLL, it should be noted that there are currently few data
concerning DLI in these diseases. The role of DLI in solid tumors requires a great deal more
investigation at this point. It must be kept in mind that DLI remains a toxic and risky procedure
with a significant risk of debilitating GVHD or death; although some new approaches show
promise in being able to ameliorate GVHD, data regarding their use are relatively limited.

The successes of DLI have led to a general embracing of NST as a new treatment modality,
which aims to emphasize GVL in the clinic (121–123). However, based on the experience with
DLI, it is likely that NST will have many of the same problems, including low response rates
in certain diseases and significant morbidity and mortality due to GVHD and infection.

DLI has done a great deal to show us that GVL can be purposefully harnessed, and it has led
to completely new ways of thinking about allogeneic transplantation. Certain avenues of
clinical and translational research have great promise in this field, in particular antigen-specific
T cell clones and lines. However, at this point, meaningful advances in this area will likely
require a much better understanding of the basic mechanisms underlying GVL.
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1. INTRODUCTION

Two circumstances have required a second hematopoietic stem cell (HSC) transplant: (i)
graft failure or rejection (dysfunction), and (ii) disease relapse without graft dysfunction. Each
warrant specific consideration based on frequency, pathogenesis, and treatment. This review
will focus on the transplantation of substantial numbers of HSC given to augment graft func-
tion after a first transplant or the performance of a complete second transplant with cytotoxic
therapy for disease relapse. Recently, donor lymphocytes infusions (DLI) without HSC
mobilization have been increasingly used to treat relapse of malignant disease. DLI will,
however, be discussed in another chapter.

2. DEFINITIONS

Engraftment can be defined by the absolute presence or by a specified number of donor cells
in the recipient, further characterized as hematopoietic or lymphoid. Compounding this defi-
nition, and making historical comparisons difficult, is the increasing sophistication of technol-
ogy able to identify and distinguish exceedingly small cell populations (1). Engraftment, on
a functional basis, may be defined as the first day of achieving a peripheral blood neutrophil
count of donor origin greater than 500/µL for 3 consecutive days. Graft failure is the inability
to demonstrate any donor cells using polymerase chain reaction (PCR) methodology at 4 wk
after transplantation. Rejection is the substantial diminution of donor cells after successful
engraftment beyond 4 wk after transplantation, characterized as early (before 60 d) or late (after

20
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60 d) rejection. However, many reports do not distinguish between failure to engraft or graft
rejection, have vague times for the occurrence of graft failure, and report only the interval
between initial transplantation and the maneuver used to overcome graft dysfunction.

3. INTRODUCTION TO GRAFT DYSFUNCTION

Successful allogeneic donor engraftment is achieved when HSC are transplanted within a
recipient milieu of adequate immunosuppression. Failure to engraft after marrow ablative therapy
is life-threatening, but fortunately occurs at an overall frequency of less than 5% (2–4).

Graft failure may be due to an inadequate number of transplanted HSC or by the failure of
adequate numbers of cells to survive. The barriers to engraftment include immunologic destruction,
infectious agents, drug toxicity or a poor marrow microenvironment (5). Each of these components
individually and together has been demonstrated to result in graft failure (Table 1).

3.1. Factors Influencing Graft Dysfunction
Pioneering work led to the recognition that the dose of HSC is crucial to engraftment (6).

In patients with severe aplastic anemia (sAA) prepared with cyclophosphamide, a dose of
>3 × 108/kg nucleated cells increased the likelihood of engraftment. In multivariate analysis,
other parameters that hindered engraftment included previous blood transfusions and reactiv-
ity in a mixed lymphocyte reaction. These observations demonstrate the interaction of the
transfused donor HSC and the sensitized immune state of the recipient. In this early series,
optimal immunosuppression was not achieved, since most patients received only methotrexate
for graft-vs-host disease (GVHD) prophylaxis, and additional donor lymphocytes (buffy coat)
infusions facilitated sustained engraftment, albeit with an increase in chronic GVHD.

An update of the Seattle experience reviewed 333 patients with sAA transplanted between
1970 and 1996 (7). Reflecting the changing process of transplantation practices, the rate of
rejection decreased from 35% in the period of 1970–1976, to 12% in the period of 1977–1981
(p < 0.001) and ultimately to 9% in the period of 1982–1996. Additionally, the onset of graft
dysfunction was delayed in the latter period with a median onset of 180 d (range 22–583).

Table 1
Parameters Associated with Marrow Dysfunction

Quantitative HSC issues:
Inadequate number of transfused stem cell.
Splenomegaly.

Qualitative marrow issues:
Perturbed marrow microenvironment.

Immunologic issues:
Blood or cellular component transfusion.
T cell depletion.
Donor and recipient HLA disparity.
Donor and recipient ABO disparity.
Diseases of marrow failure states.
Diseases of perturbed erythropoiesis.
Reduced cytotoxic conditioning (“nonablative”).
Constrained GVHD prophylaxis.

Environmental issues:
CMV infection.
HV-6 and HHV-8 infection.
Parvovirus infection.
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Twelve patients in the period of 1982–1996 received a second transplant prepared with the addition
of antithymocyte globulin (ATG) to cyclophosphamide conditioning and cyclosporine to methotr-
exate for GVHD prophylaxis. These patients demonstrated a reduced rejection rate of 25% com-
pared to the first transplant. A subsequent third transplant was performed in three patients, and all
subsequently engrafted. Overall, patients conditioned for a second transplant with cyclophos-
phamide and ATG, and given cyclosporine with methotrexate had a probability of 83% of long-
term survival. The improved outcome was related to having more untransfused patients,
γ-irradiating blood transfusions and increasing the dose of infused HSC, along with better
GVHD prophylaxis and improved supportive care, especially the prevention and treatment of
severe infections. Other series of sAA patients using more profound cytotoxic therapy (e.g.,
total body irradiation [TBI]) and GVHD prophylaxis (cyclosporine) have demonstrated sig-
nificant reduction of graft dysfunction with an estimated frequency of approx 10% (8,9).

However, sAA should not be used as a standard measure for graft failure, since the primary
disease itself is frequently immune-mediated. In other diseases, the incidence of graft failure
is substantially less frequent. Supporting this observation is the reduced rejection rate (4.0%)
observed after transplantation for hepatitis-induced sAA, which is a disorder felt not to be
immunologically based (8). In addition to sAA, graft dysfunction is more problematic in
diseases such as sickle cell anemia and thalassemia, since all patients have been extensively
transfused without chronic immunologic suppression caused by previous cytotoxic therapy.

Graft dysfunction is more common with disparate donor (e.g., haploidentical related, unre-
lated marrow and umbilical cord) transplants, after T cell-depleted marrow transplants, or with
reduced intensity preparative regimens (10–23). In unrelated marrow transplants, disparity in
class I, especially human leukocyte antigen (HLA)-C, was associated with graft dysfunction
(24,25). A case report and similar observations demonstrate that as little as one amino acid
difference between HLA-B alleles was able to elicit a host cytotoxic T cell (CTL) response
leading to donor HSC graft rejection (26,27). Other reports suggest that residual recipient
natural killer (NK) cells can mediate graft dysfunction (28–30).

Aside from disease or immunologic mechanisms of graft dysfunction, the compromised
marrow microenvironment of heavily pretreated recipients or the occurrence of viral infec-
tions, such as cytomegalovirus (CMV) or human herpes virus (HHV) infections have been
implicated to cause graft failure (31–34).

Although graft rejection usually occurs within the first 6 mo after transplantation, very late
graft rejection has been reported in sAA, even with intense conditioning (35). Rejection may
be heralded by incomplete and decreasing donor chimerism, allowing the reexpression of host
T cell function (36–38). One case report demonstrated graft rejection 8 yr after transplantation
precipitated by an undefined viral infection (39).

Graft dysfunction is an ominous circumstance and may herald relapse of neoplasm with
restoration of host hematopoiesis. In sAA, restoration of autolgous hematopoiesis after
nonmarrow ablative cytotoxic therapy conditioning can occur as a result of the transplant
immunosuppression abrogating host autoimmunity. This observation led to the use of immu-
nosuppression as an effective treatment for sAA (40,41). Autologous recovery after graft
dysfunction has occurred, even after regimens (e.g., TBI) thought to be marrow ablative. An
interesting report of graft rejection after HLA-identical HSC transplantation for sickle cell
anemia demonstrated perturbed autologous hematopoietic recovery, producing high levels of
hemoglobin F, thus leading to a salutary clinical outcome (10).

3.2. Management of Graft Dysfunction
Whatever the etiology, the occurrence of graft failure or rejection should be identified early

and recognized as a serious and life-threatening process requiring intervention. Management
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has consisted of augmentation of hematopoiesis by hematopoietic growth factors without
additional HSC infusions, infusions of HSC without additional cytotoxic therapy (boost), or
the performance of a complete second transplant with preinfusion conditioning.

3.2.1. USE OF AUTOLOGOUS BACK-UP HSC INFUSION

Patients able to store autologous HSC have been reinfused after graft dysfunction following
allogeneic HSC transplantation (42). An occasional patient has even been noted to subse-
quently experience long-term disease-free survival (DFS). The rather infrequent occurrence
of graft dysfunction and the inherent difficulty of collecting uncontaminated HSC in patients
with hematologic neoplasms make a routine decision to collect autologous HSC problematic.
Specific consideration could be given to patients undergoing transplantation processes at high
risk for graft dysfunction. However, even in this situation, preference would be for an alloge-
neic source of additional HSC.

3.2.2. USE OF GROWTH FACTORS TO ENHANCE HEMATOPOIESIS AFTER GRAFT DYSFUNCTION

Some patients, especially those with HLA disparate or ABO-mismatched transplants, may
manifest slow engraftment and transient periods of dysfunction commonly associated with
GVHD (43). One of the earliest large reports of cytokine support for graft dysfunction used
granulocyte-macrophage colony-stimulating factor (GM-CSF) between 21 and 171 d after
allogeneic transplantation (44). Nine of 15 patients increased absolute neutrophil counts from
<100/µL to >500/µL within 14 d of beginning GM-CSF. Eight of the responders maintained
counts after discontinuation of GM-CSF, and none had exacerbation of GVHD. Greater
responses were seen in those patients having at least partial donor hematopoietic chimerism.

Another study using GM-CSF reported that two out of seven patients with graft failure
concomitantly given infusions of additional HSC, and 10 out of 11 patients with graft rejection
(without additional HSC) achieved a granulocyte response to >500/µL (45). Sustained neutro-
phil recovery was generally noted only in those patients receiving additional stem cells, and
some responders had autologous recovery. Despite cytokine and HSC treatment, the actuarial
probability of survival at more than 1 yr after treatment was only 16%.

The combination of GM-CSF followed by granulocyte colony-stimulating factor (G-CSF)
was compared to GM-CSF alone in patients with graft failure or rejection predominantly after
related or unrelated allogeneic transplantation (46). More than 85% of patients responded
within a median of 9 d with an increase of neutrophils to >500/µL. As anticipated by the lineage
specificity of these cytokines, salutary effect on red blood cell and platelet recovery was not
noted. In this series, the 100-d survival after cytokine therapy was substantial (>70%) and
statistically improved in those patients receiving only GM-CSF.

Nonetheless, it is still not clear what is the role for the commercially available growth factors
to abrogate graft dysfunction after allogeneic transplantation. Certainly, hematopoietic growth
factors should be considered an adjunct in the management of graft dysfunction, especially
with partial donor chimerism. A primary role for hematopoietic growth factors has not been
established.

3.2.3. THE EFFECT OF HSC DOSE ON GRAFT DYSFUNCTION

Augmentation of HSC dose has been assumed to reduce the likelihood of graft dysfunction,
since “inadequate” dose is related to the occurrence of graft dysfunction. Supporting this
hypothesis is “megadose” HSC infusion as a successful measure to avoid rejection in T cell-
depleted haploidentical peripheral blood stem cell transplantation (47). In this study, 41 out of
43 patients initially engrafted after receiving large doses of peripheral blood HSC, and those
with graft dysfunction underwent successful second HSC transplants from a different donor.
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What is the ideal HSC dose to help prevent dysfunction has not been established, although this
study administered a mean of >10 × 106/kg of CD34+ cells.

3.2.4. SECOND HSC TRANSPLANTATION FOR GRAFT DYSFUNCTION

There are many reports of second HSC transplants for graft dysfunction. Unfortunately,
clinical and treatment heterogeneity issues, such as additional conditioning and immunosup-
pression, the source of HSC, or the use of a different donor remain unanswered. Nonetheless,
the performance of a second HSC infusion offers survival potential as demonstrated in patients
with sAA after graft dysfunction, of who few survive without additional HSC. As noted
previously, the utility of second HSC transplants for sAA was associated with long-term
survival of 83% (7).

A retrospective multicenter review from the Société Française de Greffe de Moelle (SFGM)
analyzed 82 second early allogeneic HSC transplants for graft dysfunction in patients treated
between 1985 and 1997 for acute leukemia, chronic myeloid leukemia, or sAA (48). Approxi-
mately one-third of the patients had graft failure with the remainder graft rejection. The median
time from first to second transplant was 62 d (range 32–307); 46 d (range 32–116) for graft
failure, and 84 d (range 34–307) for graft rejection. Primary transplant T cell depletion was
more common early in the study period, but used only for alternative donors transplants in the
later time frame. Conditioning for the second transplant consisted of cytotoxic therapy in most
patients, although 13 received only anti-T cell serotherapy. The same donor was used in 68%
of second transplants, and 20 patients received additional hematopoietic growth factors. Over-
all, neutrophil recovery was 73%, with peripheral blood as the HSC source associated with a
more rapid recovery. The probability of grade II–IV and III–IV GVHD was 41 and 17%
respectively. Estimates of the 3-yr overall survival and d 100 transplant-related mortality
were 30 and 53%, respectively. Recipient age <34 yr, an intertransplant time of approx 80 d,
the use of cyclosporine alone for GVHD prophylaxis and positive recipient CMV serology
were predictors of a better outcome. Twelve percent of successfully engrafted patients devel-
oped second graft dysfunction and one of five patients receiving a third transplant survived
more than 3 yr. Issues not resolved in this retrospective review were the best source of HSC
(blood vs peripheral mobilized) and, if available, the use of a new donor. Similar to previous
reports, survival after graft failure was inferior to that after graft rejection, suggested by the
improved results of second transplants when performed approx 80 d after the first transplant.

Second infusions of marrow HSC were reviewed at one institution from 1974 to 1992 (4).
Previous transplants included related or unrelated donor for the treatment of malignant disor-
ders or marrow failure states. Variation of the second conditioning regimen and GVHD pro-
phylaxis occurred. After primary graft failure, 57% (12 of 21) of reinfused patients engrafted
with estimated survival at 1 year of 24% (95% cumulative incidence [CI]: 6–42%). After
secondary graft failure (rejection), 12 patients received an additional HSC transplant with 33%
(4 of 12) engrafting with survival of 25% (95% CI: 0–50%) at 1 yr. GVHD occurred in 52%
of evaluable patients. Long-term survival was approx 20% without significant effect noted of
primary or secondary graft failure.

The evidence for the avoidance of additional cytotoxic therapy was raised in a report of 20
patients (4% of all allogeneic patients) who received a second HSC infusion for failure to
establish stable engraftment (leucocytes or platelets), graft rejection, or the persistence of
donor immune cells causing hemolysis (49). No additional chemotherapy or radiation condi-
tioning was administered, although four received ATG. HSC sources included marrow and
peripheral blood-mobilized cells. GVHD prophylaxis generally included cyclosporine con-
tinuing from the first transplant. Except for one patient, GVHD after the second HSC infusion
was not substantial. Fifteen patients showed an improvement of neutrophil count to >500/µL
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or became platelet transfusion-independent. Overall survival after HSC boost was 43% at 3 yr
with better outcome after graft rejection and after related marrow transplantation. The hetero-
geneity of this patient population make firm conclusions difficult but suggest that boost HSC
can be effective after graft rejection.

The contribution of a conditioning regimen was, however, suggested in a report of a patient
with Fanconi’s anemia who rejected a graft from a matched sibling after preparation with low-
dose cyclophosphamide (40 mg/kg), anti-T cell serotherapy, and cyclosporine for GVHD
prophylaxis (50). The second transplant decreased the dose of cyclophosphamide (20 mg/kg)
and continued anti-T cell serotherapy, but added total lymphoid irradiation (600 cGy) which
resulted in engraftment with full donor chimerism.

Second marrow HSC transplants from unrelated donors were described in 12 patients with
graft dysfunction (51). For primary transplantation, patients received T cell-depleted marrow
(median cell dose of 5.6 × 108/kg) matched at the molecular level (HLA-A, -B, -DR, and -DQ)
for two-thirds of patients, with the remainder one allelic mismatched (three class I and one class
II). Anti-T cell serotherapy was given to all patients followed by aggressive cytotoxic condi-
tioning and cyclosporine GVHD prophylaxis. The median time from the first HSC infusion to
the second was 5 mo (range 1–13) with five from the original donor and seven were from
another donor. The degree of disparity was not improved for patients receiving a second
infusion from a different donor (median cell dose 5.7 × 108/kg). The additional cytotoxic
conditioning was generally less intense compared to the primary transplant; no second infusion
was T cell depleted, although most patients received anti-T cell serotherapy. Nine of ten
evaluable patients engrafted at a median time of 17 d (range 12–39); one patient failed to
engraft and one rejected the second infusion. GVHD occurred in a total of nine patients and
was severe in three. Five patients survived 21–66 mo after the second infusion, although not
all remain free of primary disease.

Although all patients in the above unrelated donor series received conditioning prior to the
second infusion, a report described one patient who underwent a second unrelated donor
infusion without cytotoxic conditioning (52). The first infusion was HLA-A, -B, -DRβ1,
-DRQ1 matched and conditioned with TBI, cyclophosphamide and anti-T cell serotherapy
with GVHD prophylaxis consisting of cyclosporine, methotrexate, and prednisolone. Due to
technical issues with the marrow harvest, a modest cell dose (0.7 × 106/kg CD34+ and 1.4 × 108/kg
nucleated cells) was administered, which required the use of G-CSF (G-CSC) after infusion.
Functional engraftment did not occur, but donor cells were identified by DNA studies of the
peripheral blood. After 2 d of high-dose prednisolone, an infusion from a similarly matched
but different unrelated donor was administered 25 days after the first HSC infusion. An
increased cell dose (2.5 × 106/kg CD34+ cells) from the second donor was followed by
cyclosporine and Prednisolone GVHD prophylaxis. At 38 d after post-first BMT, chimerism
studies revealed cells from both donors, but predominantly from the first donor; at 60 d chimerism
revealed equality from both donors; at 73 d chimerism was predominantly from the second donor;
at 86 d only the second donor cells were detected. Unfortunately, the patient died 104 d after the
first infusion with tri-lineage engraftment of the second donor without GVHD.

3.2.5. THE SOURCE OF HSC FOR SECOND TRANSPLANTS

The best HSC source remains unclear, although higher cell doses are generally achieved
with the use of cytokine mobilized HSC resulting in a trend for this source for the treatment
of graft dysfunction. Two children with sAA and sickle cell anemia after graft rejection were
successfully treated with additional cytotoxic therapy, cyclosporine GVHD prophylaxis, and
G-CSF-mobilized HSC (53). Two adults with acute myeloid leukemia (AML) who experi-
enced graft failure were successfully engrafted after unsuccessful G-CSF treatment using a
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second HSC transplant with ATG conditioning (54). HSC were obtained from a different donor
in one patient and the same donor in the other patient by apheresis of G-CSF-mobilized
peripheral HSC. A patient with β-thalassemia undergoing T cell-depleted HLA-related phe-
notypic-matched HSC transplant prepared with busulfan, cyclophosphamide, and total lym-
phoid irradiation manifested only minimal donor chimerism (4–7%). Due to low transfusion
requirements, a second transplant was delayed until 5 yr later. After preparation with hydrox-
yurea and cyclophosphamide and no other immunosuppression. G-CSF-mobilized peripheral
HSC from the same donor, established 100% donor reconstitution. Another report used G-CSF
mobilized peripheral stem cells with lymphocytes for persistence of substantial recipient
isohemagglutinins 6 mo after first marrow HSC infusion (55). The HSC-enhanced DLI sup-
pressed residual recipient cells and reduced host immunologic reactivity against donor cells,
resulting in improved erythropoiesis.

4. SECOND HSC TRANSPLANTATION FOR RELAPSE

Disease relapse is an ominous occurrence after allogeneic HSC transplantation. Results are
poor with cytotoxic therapy alone, and second HSC transplants have been associated with sub-
stantial regimen-related toxicity (RRT) (56–69). Nonetheless, considering the alternatives, second
HSC should be entertained with consideration for the selection of donor, the extent of cytotoxic
therapy, and the intensity of immunosuppression. Summaries have been published from many large
cooperative groups demonstrating reasonable long-term survival even with substantial risk of
treatment-related mortality (TRM). The value of DLI (without HSC or conditioning therapy) for
neoplastic disease relapse will be the subject of another chapter, although case reports demonstrate
DLI failure with subsequent salvage by another full transplant (70).

4.1. General Outcome for Relapse
The International Blood and Marrow Transplant Registry (IBMTR) reported 145 second

HSC transplants from 1978 to 1989; 114 HLA-matched siblings and the remainder from a
variety of donors (71). This retrospective review was heterogenous, but all patients received
cytotoxic conditioning prior to the second infusion. After the second infusion, GVHD, hepatic
venoocclusive disease (VOD), and pulmonary interstitial pneumonia increased with a 2-yr
probability of TRM of 41%. The risk of TRM was 3.9× greater in patients receiving a second
HSC within 6 mo of the first HSC infusion. The 2-yr probability of relapse after the second
transplant was 65% and more frequent in patients not having achieved remission from the first
transplant. The 2-yr probability of leukemia-free survival (LFS) was 21% and correlated best
with a diagnosis of chronic myeloid leukemia (CML), acute leukemia in remission, initial
remission greater than 6 mo, and better performance status.

The Gruppo Italiano Trapianto di Midolo Osseo (GITMO) reported their experience with
second HSC transplants from 1987 to 1994 (72). Thirty-eight patients (median age 19 yr with
range 2–46) had acute lymphoblastic leukemia (ALL) or AML in relapse or remission induced
by additional cytotoxic treatment. The second HSC transplant was performed at a median time
of 13 mo (range 4–88) after the first HSC transplant. All received second transplants from a
genotypic HLA identical sibling (four not being the original donor) with intensive conditioning
determined by the prior administration of TBI. GVHD prophylaxis was given to most patients.
Prompt hematopoietic recovery occurred in all evaluable patients resulting in a 3-yr probability
of event-free survival (EFS) of 42% improved for AML compared to ALL, but not improved
in remission compared to relapse. Early TRM was 18.4% with a 3-yr probability of 28%. Acute
GVHD increased after the second HSC transplant and was noted in 15 of 25 patients who
apparently did not develop GVHD after the first transplant.
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The SFGM reviewed 6709 allogeneic HSC transplant patients from 1984 to 1996 and noted
150 who underwent second HSC for relapse of acute or chronic leukemia (73). Their median
age was 25 yr (range 1.5–46) with 107 adults and 43 children. Diagnoses consisted of AML
(n = 61), ALL (n = 47), or CML (n = 42); most patients were in complete remission or for CML,
in chronic phase at the time of the initial transplant. At the time of the second transplant, a
variety of treatments were undertaken with all patients receiving cytotoxic conditioning, 83%
having the same donor, 20% receiving no GVHD prophylaxis, 7% receiving mobilized periph-
eral blood HSC, 2% receiving T cell-depleted HCS, and two syngeneic patients receiving a
second allogeneic HSC infusion. Engraftment occurred in 93% of patients, 57% developed
GVHD grade II–IV, 23% had severe grade III–IV GVHD, and 38% developed chronic GVHD.
With a median follow-up of 30 mo, 24% of patients relapsed and 68% of patients died of TRM,
resulting in an overall 5-yr DFS of 30%. In multivariate analysis, five factors correlated with
improved survival (overall and disease free): age <16 yr, relapse >1 yr after the first transplant,
absence of acute GVHD, occurrence of chronic GVHD, and the use of a female donor. Statistical
limitations prevented analysis of the impact of the state of disease prior to second transplantation.

The Seattle group reported their results of second HSC transplantation for recurrent leuke-
mia (CML, AML, and ALL) after initial transplantation with a TBI containing regimen (74).
Despite treatment at a single institution, second treatment varied reflecting the current clinical
practice at the time of second HSC transplant. The median time from first to second transplant
was 28 mo (range 3–187), all patients used the same donor, had evidence of prior lymphoid
engraftment and received cytotoxic chemotherapy conditioning regimens. GVHD prophylaxis
had varying combinations of T cell depletion, immunosuppressive agents, and anti-T cell
serotherapy. Sustained engraftment occurred in all evaluable patients. Severe RRT occurred
in 39%, reflecting a greater than fourfold increase compared to the initial transplant; 62% of
all patients developed VOD. At 1 yr after second transplantation, nonrelapse-related mortality
was 45%, and relapse was 70%, resulting in an overall DFS probability of 14%, which was
slightly improved for CML patients (28%). Severe VOD, age >10 yr, and GVHD <grade II
adversely affected DFS.

4.1.1. COMPARISON OF AUTOLOGOUS VS ALLOGENEIC SECOND HCS TRANSPLANT

The decision to perform a second transplant using autologous or allogeneic HSC was dis-
cussed by the European Cooperative Group for Blood and Marrow Transplantation (EBMT)
with a review of 2752 patients from 1981 through 1997, who relapsed after undergoing primary
autologous HSC for AML in remission (75). Ninety-four and 74 patients, respectively, under-
went allogeneic or autologous second HSC transplant. TRM at 2 yr was 51% in recipients of
matched allografts and 26% following an autograft (p ≤ 0.05). Two-year DFS was 27% and
35% in the two groups, respectively (p = NS). TRM was increased in patients who were in
second or later remission at the time of the initial autograft (p ≤ 0.05) and recipients of a second
allograft (p ≤ 0.05). Relapse was more common in patients with ALL (p ≤ 0.001), patients >25
yr of age (p ≤ 0.02), first autografts performed later than 1991 (p ≤ 0.05), and with second
autografts (p ≤ 0.05). LFS was decreased in patients > 25 yr of age (P ≤ 0.01) if the interval
from first autograft to relapse was 8 mo or less (p ≤ 0.01) and if TBI was used at first autograft
(p ≤ 0.05). Reviews like this indicate that second HSC should be considered without defining
whether the outcome will be affected by the choice of an allogeneic or autolgous source of cells.

4.1.2. THE SOURCE OF HSC FOR SECOND HSC TRANSPLANT

The outcome using mobilized peripheral blood allogeneic HSC for second transplant was
described in 10 patients after receiving an initial marrow HSC transplant (76). Substantial
heterogeneity of the small group was noted although hematopoietic recovery was more rapid
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by approx 1 wk in the second HSC transplant with survival of four out of six patients having
an inter-transplant time greater than 1 yr. Other small studies confirm that G-CSF-mobilized
stem cells result in rapid engraftment similar to primary transplantation (77). However, consid-
ering the benefit of GVHD, the use of G-CSF mobilized peripheral cells as a source for second
transplantation needs to be evaluated, since G-CSF-mobilization can perturb lymphocyte func-
tion, perhaps constraining a graft-vs-leukemia effect (78). The overall benefit of peripheral
compared to marrow cells has not been established although, the former will invariably result in
a larger cell dose, more rapid engraftment, and perhaps reduced early morbidity (79,80).

4.2. Cost-Effectiveness for Second HSC Transplant
Cost analysis of a second HSC transplant compared to conventional (nontransplant) options

was performed in a retrospective study (81). Data was derived from patients with acute leuke-
mia who failed a first allogeneic HSC transplant. Patients from five second HSC transplant
series (n = 167) and two nontransplant series (n = 299) were analyzed with outcome derived
using survival extrapolation. Improved long-term (p < 0.001) and median survival (p < 0.001)
of 20% and 10 mo compared to 0% and 3 mo was noted for the HSC transplant group and
conventional therapy group, respectively. The estimated cost was $150,000 for HSC transplan-
tation (range $90,000–$200,000) and $60,000 for conventional treatment. The analysis noted
a cost benefit for HSC transplantation of $52,215 per life year gained extrapolated from a
survival gain of 19.6 discounted months for the transplant group. Although substantial, this
magnitude of cost was judged reasonable and justifiable in comparison with other oncologic
interventions, especially with the observation of long-term EFS.

4.3. Decision Analysis for a Second HSC Transplant
The occurrence of severe graft dysfunction or malignant disease relapse is an indication for

consideration of a second HSC transplant. However, some patients, especially those undergo-
ing HLA disparate or ABO incompatible transplants, may experience sluggish engraftment
and transient periods of lowered counts, especially with acute or chronic GVHD. In any case,
hematopoietic growth factors should be utilized, especially with evidence of partial donor
chimerism. The persistence of partial host chimerism, even without graft dysfunction, is a
harbinger of disease relapse and warrants similar consideration, although DLI (without HSC
infusion) may be an alternative since prospective comparison with full transplants have not
been performed.

An evaluation for the cause of graft dysfunction should be instituted to determine whether
the patient received an ample HSC infusion together with sufficient immunosuppression to
blunt the likelihood of residual host immunity (Table 2). If a cause of graft dysfunction is noted,

Table 2
Evaluations for Graft Dysfunction

• Were adequate initial HSC cells (e.g., CD34+) infused?
• Was the recipient heavily transfused or previously exposed to donor cells?
• Did the first transplant have an augmented risk of immunologic graft dysfunction such as T cell

depletion, HLA disparity, or reduced intensity conditioning?
• Is there a hindrance to engraftment such as massive splenomegaly?
• Did the stem cells initially engraft?
• Was adequate GVHD prophylaxis administered?
• Did rejection occur after engraftment?
• Was an infection such as CMV, HHV-6, HHV-8, or parvovirus noted?
• Is there evidence of residual host immunity (CTL or NK) directed against donor cells?
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then specific modifications for the second HSC transplant should be undertaken. If no known
cause is determined, then an immunologic mechanism must be considered and the second
transplant should be undertaken with augmented immunosuppressive measures (82). Despite
the lack of prospective randomized trials, there are basic tenets for a second HSC transplant.
A generalized summary of the decision algorithm for a second HSC transplant for graft dys-
function is shown in Fig. 1. Nonetheless, there are still many unanswered questions that make
absolute recommendations difficult.

4.3.1. ASSUMED TENETS FOR A SECOND HSC TRANSPLANT

1. Graft failure (absence of donor chimerism) without specific cause, especially with an adequate
number of infused HSC, suggests a potent host immunologic mechanism of graft dysfunction.
In this case, the second HSC transplant should be performed with enhanced immunosuppres-
sion including additional cytotoxic therapy, a large dose of HSC, and minimization of features
associated with graft dysfunction. This would include avoiding or reducing T cell depletion and
averting reduced intensity conditioning regimens (83). If available, consideration should be
undertaken for the use of a different donor, especially if HLA disparity is not increased.

2. Infections associated with graft dysfunction should be treated and controlled prior to a second
HSC transplant.

3. Graft dysfunction with substantial donor chimerism can be treated with growth factors (myeloid
and erythroid) until it is determined that transfusion independence is not likely to be obtained.

Fig. 1. Algorithm for a second HSC infusion for a graft dysfunction.
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A second HSC infusion (boost) using the same donor can be performed without cytotoxic
conditioning by augmenting the dose of HSC with peripheral blood-mobilized HSC collec-
tions. However, unless immunologic mechanisms of graft dysfunction can be dismissed, the
second infusion could be accompanied by additional immunosuppression to alleviate residual
host immune mechanisms for marrow dysfunction. This can be accomplished by anti-T cell
serotherapy with the consideration of additional cytotoxic immunosuppressive therapy (84).

4.4. Remaining Questions for Second HSC
1. When should graft dysfunction with substantial donor chimerism be treated with growth fac-

tors and sustained observation prior to a second HCT?
2. When should a different donor be used?
3. Should HSC infusion without additional cytotoxic therapy (boost) ever be used, or should all second

HSC infusions be performed with a minimum of additional immunosuppressive treatment?
4. With partial donor chimerism, is anti-T cell serotherapy followed by HSC infusion adequate

for graft dysfunction or should additional cytotoxic immunosuppression be added?
5. What role does DLI have in ameliorating residual partial host chimerism to improve graft function?
6. What is the role of DLI compared to a second HSC transplant for the treatment of disease relapse?

5. SUMMARY

With fastidious management of the patient having graft dysfunction, this once formidable
complication can be overcome with a second HSC infusion. However, graft dysfunction is still
an adverse event reducing overall survival. The prognosis for long-term survival is improved
with graft dysfunction occurring well after initial infusion and with evidence of partial donor
chimerism. Second HSC transplantation for graft dysfunction should be considered a standard
of practice. The relapse of malignant disease can also be overcome with a complete second
HSC transplant, although results are still unsatisfactory compared to first transplants and
alternatives should be investigated.
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1. INTRODUCTION

New advances in the understanding of the complex mechanisms underlying acute and
chronic graft-vs-host disease (GVHD) revealed the role of key cytokines and chemokines
involved in the outbreak of the “cytokine storm,” which follows the initial allostimulation in
vivo (1–4). However, to date, none of the attempts to translate these new insights into clinical
interventions have led to a major improvement in the control of GVHD. Clearly, containing
such a multifactorial outbreak by a single or even a double agent is enormously difficult, if not
impossible.

In contrast, numerous murine and clinical studies during the past three decades have dem-
onstrated that effective T cell depletion of bone marrow preparations can completely prevent
the development of both acute and chronic GVHD in the absence of any posttransplant
prophlyaxis (5–16). However, the benefit of this simple modality of GVHD prevention was
found to enhance the risk of graft failure and leukemia relapse (17).

These obstacles, which are largely caused by the absence of GVHD, were addressed during
the past decade either by modifications introduced to the conditioning protocols or by manipu-
lating the composition of the graft. In the present chapter, the outcome of these “fine tuning”
attempts to enable successful use of T cell depletion, primarily in the treatment of leukemia,
is reviewed.

2. HAPLOIDENTICAL TRANSPLANTS IN SEVERE COMBINED IMMUNE
DEFICIENCY: PROOF OF PRINCIPLE

Early studies in murine models of marrow transplantation demonstrated that GVHD is
initiated by thymus-derived T lymphocytes of donor origin. Transplantation of allogeneic
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hematopoietic tissues deficient in T lymphocytes, such as early fetal liver (5), adult spleen, or
marrow cells from mice thymectomized in the neonatal period (13), or marrow or spleen cells
pretreated with a cytotoxic antiserum specific for T lymphocytes (12), resulted in stable chi-
meras without GVHD. Such transplants have regularly produced immunologically vigorous
long-lived chimeras when donor and recipient are haploidentical (e.g., parent—F1). Produc-
tion of long-lived chimeras was less consistent when fully allogeneic transplants were per-
formed, due in part to a reduced incidence of engraftment and also, possibly, to genetic
restrictions on cooperation between donor lymphoid cells and host elements in the generation
of effective immune responses (18).

Based on the insight that GVHD is triggered by T cells, several techniques were developed
during the 1970s that are effective in depleting alloreactive T lymphocytes from mouse marrow
or spleen cells. These included: (i) physical separation of the stem cells either by discontinuous
gradient of bovine serum albumin or by velocity sedimentation (7); (ii) in vitro “suicide”
techniques (11); (iii) pre-treatment with antibodies specific for the Th1 antigen present on
thymic and circulating T lymphocytes (12); and (iv) selective fractionation of hematopoietic
precursors with plant lectins (8).

The first successful clinical application of T cell-depleted 3-loci-mismatched parental bone
marrow transplant was achieved in the early 1980s in the treatment of patients with severe
combined immune deficiency (SCID) (14). The problem of GVHD, which is almost uniformly
lethal in such transplants, was completely prevented by 3 log T cell depletion using soybean
lectin and E-rosetting (9,10,14).

In this initial study, in two of three transplanted patients, engraftment and development of
parental lymphoid cells was associated with normalization of T cell numbers, full reconstitu-
tion of in-vitro transformation responses to mitogens and antigens, development of the capac-
ity to generate cytokines in vitro, and in vivo delayed type hypersensitive responses to
dinitrochloroenzene (DNCB). The engrafted parental lymphocytes were also capable of
allospecific response, as indicated by their strong reactivity to third party cells in mixed
leukocyte culture (MLC) (14). Reactivity of engrafted parental T cells against host cells in vitro
was markedly reduced, thus demonstrating that tolerance towards host antigens had been
established, as previously documented in animal models (Table 1).

Since this initial study, more than 300 transplants from haploidentical donors have been carried
out worldwide with a high rate of long-term partial or complete immune reconstitution, confirming
that GVHD can be completely prevented in SCID patients by 3 log T cell depletion (19–22).

Interestingly, these patients frequently develop a unique state of split lymphoid chimerism having
T cells of donor origin and non-T cells, which are predominantly or exclusively of host origin.
Rosenkrantz (23) studied the immunologic recognition of donor, host, or third party alloantigens.

When compared with freshly isolated donor lymphocytes, the engrafted donor cells exhib-
ited markedly reduced to absent responses toward host antigen (Ag) in primary or secondary
MLC and cell-mediated lympholysis assays. However, under limiting dilution conditions,
cytotoxic responses to host Ag could be demonstrated, indicating that small numbers of host-
reactive cells were present, although down-regulated at high responder cell doses (23). These
results are consistent with prior observations in limiting dilution cultures that indicate that cells
with the potential to lyse autologous target cells exist in the peripheral blood of all normal
individuals. The number of host reactive cells present in these patients is significantly less than
that present in cells isolated directly from the marrow donors, and is also less than the number
of autocytotoxic cells normally seen in peripheral blood. Together, these observations indicate
that two mechanisms contribute to donor host tolerance in these patients. The majority of host-
reactive cells appear to have undergone clonal deletion or inactivation, whereas the small
residual host-reactive population appears to be under ongoing immunoregulatory control.
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3. T CELL DEPLETION IN THE TREATMENT OF LEUKEMIA

3.1. HLA Identical Related Donors
Following the encouraging results in SCID patients, it was reasonable to assume that in

leukemia patients pretreated by supralthal radiochemotherapy, the remaining immunity at the
day of the transplant is dramatically reduced as in SCID patients and, therefore, graft rejection
should not represent a major problem. However, early results suggested that this was not the
case, and a high rate (>50%) of graft rejection was documented (17,24,25). Similar to findings
in the mouse (26) and primate (27) models, Kernan et al. (28) and Butturini et al. (29) found
evidence that rejection of human leukocyte antigen (HLA)-nonidentical marrow grafts was
associated with the emergence of host-derived specific anti-donor cytotoxic T lymphocytes
(CTLs) directed against major HLA class 1 determinants.

Significant rates (10–20%) of graft rejection were also documented upon the initial attempts
to employ T cell-depleted HLA identical transplants in leukemia patients (25,30–36). This
problem was contained to some extent in the mid 1980s by adding antithymocyte globulin
(ATG) and steroids to the conditioning protocol, as well as to the immediate posttransplant
period. However, the slight improvement in engraftment was offset by an increased rate of
Epstein-Barr virus (EBV) lymphoproliferative disease (37). Thus, ATG inclusion in the pre-
parative regimen was limited to the pretransplant period.

Further improvement of engraftment without adverse effects was achieved in the early
1990s by the addition of thiotepa to the conditioning protocol. This modality, based on a
preclinincal study in the mouse model (38). was initially used in the treatment of leukemia
patients by Aversa et al. (39), and subsequently adopted by the Sloan-Kettering group (40),
with both teams employing identical conditioning and both making use of bone marrow
depleted of T cells by soybean agglutination and E-rosetting technique. In the former study,
this approach was tested in 54 consecutive patients with acute leukemia (median age 30 yr) who
received transplants from HLA-identical sibling donors or, in two cases, from family donors
mismatched at D-DR. No posttransplant immunosuppressive treatment was given as GVHD
prophylaxis. Neither graft rejection nor GVHD occurred. Transplant-related deaths occurred
in six (16.6%) of 36 patients in remission and in seven (38.8%) of 18 patients in relapse at the
time of transplantation. The probability of relapse was 0.12 for patients with acute myeloid
leukemia (AML) and 0.28 for patients with acute lymphoblastic leukemia (ALL) who received
transplants at the first or second remission. At a median follow-up of 6.9 yr (minimum follow-
up, 4.9 yr), disease-free survival (DFS) for patients who received transplants while in remis-
sion was 0.74 for AML patients and 0.59 for ALL patients. (Fig. 1). All surviving patients had
100% performance status.

Table 1
MLC Posttransplantation of Patient UPN 75 (In Vitro Incorporation of 14C-Thymidine [net cpm])a

Stimulators

Patient’sb Father’s Mother’s Unrelated
non-T lymphocytes non-T lymphocytes non-T lymphocytes pool

Responders
Paternal lymphocytes 5.843 685 9.038 7.773
Engrafted paternal 350 80 8950 3242

T lymphocytes
aReprinted from ref. (14).
bNon-T lymphocytes express HLA phenotype of the patient.
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The second study reported the results of 31 consecutive patients with AML in first remission
(median age 36.7) and 8 in second remission (median age 32.9) who have achieved a median follow-
up duration of approx 4.8 and 4 yr, respectively. DFS probabilities were 77 and 50%, respectively
(Fig. 2). Probabilities for relapse were 3.2 or 12.5%, respectively, and 19.4 or 37.5%, respectively,
for nonleukemic mortality. There were no cases of immune-mediated graft rejection and no cases
of grade II to IV acute GVHD. All but two survivors enjoy performance scores of 100%.

Altogether, these similar studies strongly suggest that engraftment without GVHD can now
be attained in recipients of T cell-depleted HLA identical transplants without an adverse effect
on relapse rate.

An essentially similar outcome was also documented recently in AML patients in first
remission, pretreated with anti-CD52 (CAMPATH-1G) to overcome graft rejection and
receiving HLA identical bone marrow depleted of T cells with CD52 (CAMPATH-1M) (41).
No posttransplant immunosuppression was given. Results were compared with two control
groups: (i) 50 patients who received bone marrow depleted with CAMPATH-1M, but no
CAMPATH-1G in vivo; and (ii) 459 patients reported to the International Bone Marrow
Transplant Registry (IBMTR) who received nondepleted grafts and conventional GVHD pro-
phylaxis with cyclosporin A (CyA) and methotrexate (MTX). The incidence of acute GVHD
was 4% in the treatment group compared with 35% in the CyA/MTX group (p < 0.001).
Chronic GVHD was also relatively low in the treatment group (3 vs 36%; p < 0.001). The
problem of graft rejection, which had been frequent in the historic CAMPATH-1M group
(31%), was largely overcome in the treatment group (6%). Thus, transplant-related mortality
of the treatment group (15% at 5 yr) was lower than for the CyA/MTX group (26%; p = 0.04).
There was little difference in the risk of leukemia relapse between the treatment group (30%
at 5 yr) and the CyA/MTX group (29%). Survival of the treatment group at 6 mo was better than
the CyA/MTX group (92 vs 78%), although at 5 yr the difference was not significant (62 vs
58%) and neither was the difference in leukemia-free survival (60 vs 52%).

Fig. 1. Probability of event-free survival for patients with acute leukemia who underwent BMT while
in first or second remission (upper curves) or while in relapse (lower curves). The tick marks represent
patients alive and disease-free at the time of analysis. Reprinted with permission from ref. (39).
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Very recently, similar preliminary results were obtained at six centers when the same
approach was studied in 187 consecutive patients who received granulocyte colony-stimulat-
ing factor (G-CSF)-mobilized peripheral blood cell transplants from HLA-matched siblings
between 1997 and 1999 (42).

In contrast to results obtained with T cell depletion in acute leukemia, the outcome of such
transplants in chronic myeloid leukemia (CML) patients was clearly associated with a mark-
edly enhanced relapse rate and, therefore, for almost 10 yr beginning in the mid 1980s, when
this problem was initially recognised (17), T cell-depleted transplants were not used in the
treatment of CML. However, with the advent of donor lymphocyte infusion (DLI) (22,43–48),
the road was opened to a “comeback” of T cell depletion in CML.

In 1995, Mackinnon et al. (49) investigated whether a DLI dose capable of inducing remis-
sion without GVHD could be found. They demonstrated that while only one of the eight

Fig. 2. Kaplan-Meier estimates of probability of DFS for patients transplanted with T cell-depleted
allografts for AML. (A) Patients with AML transplaned in first CR compared with those transplanted
in second CR. (B) Patients with AML transplanted in first CR, analyzed according to age at time of BMT;
p value was not significant. Reprinted with permission from ref. (40).
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patients who achieved remission at a T cell dose of 1 × 107/kg developed GVHD, this compli-
cation developed in 8 of the 11 responders who received a T cell dose of less than or equal to
5 × 107/kg. Thus, they concluded that in many patients this potent graft-vs-leukemia (GVL)
effect can occur in the absence of clinical GVHD. Alternatively, Naparstek et al. (50), advocated
the treatment of hematological malignancies with T cell-depleted transplants followed by DLI
prophylaxis in every patient. However, the role of DLI in acute leukemia is still controversial and
the GVHD rate associated with this form of DLI may not result in an improved DFS.

One remaining difficulty associated with T cell depletion in adult and to a lesser degree in
childhood leukemia, is the slow immune recovery. Roosnek, Rous, and coworkers studied the
repopulation of the T cell compartment in 27 patients transplanted with bone marrow from an
HLA identical sibling (51). Significant differences were found between recipients of
unmanipulated and T cell-depleted grafts. Analysis of the T cells by a method based on
amplification of minisatellite DNA regions showed that without depletion, >99.9% of the
clones responding to a mitogenic stimulus after transplantation were of donor origin. In con-
trast, when the graft had been depleted with CAMPATH-1M plus complement, a significant
part of the T cells clones during the first weeks after transplantation comprised recipient T cells
that had survived the preconditioning. Analysis of the T cell receptor repertoire showed that
in recipients of a T cell-depleted graft, the recipient as well as the donor T cells that repopulated
the peripheral T cell pool during the first month were the progeny of a limited number of
precursors. Clearly, without depletion, larger numbers of donor T cells are being cotransfused
with the marrow and, consequently, the repertoire is much more diverse. These data show that
immediately after transplantation, the peripheral pool is repopulated primarily through expan-
sion of circulating T cells.

More recently, the same group studied the reconstitution of the T cell compartment after
bone marrow transplantation (BMT) in five patients who received a GVHD prophylaxis con-
sisting of MTX, Cy, and 10 daily injections (d 24–15) of CAMPATH-1G (52). This treatment
eliminated virtually all T cells and enabled the analysis of the thymus-dependent and -indepen-
dent pathways of T cell regeneration. Based on the levels of CD4+ CD45RA+ RO- and CD4+

CD45RA+ RO- T cells in the peripheral blood and on T cell repertoire analyzed by T cell
receptor (TCR) spectra typing, the authors concluded that after BMT, the thymus is essential
for the restoration of the T cell repertoire. Because the thymic activity is restored in adults with
a lag time of approx 6 mo, this might explain why, particularly in recipients of a T cell-depleted
graft, immune recovery is delayed.

Similar studies were conducted by the Sloan Kettering group investigating immune recon-
stitution in patients transplanted with lectin-separated HLA identical marrow, from sibling
(37) or from unrelated donors (53). However, while in agreement that the immune deficit is
associated with recipient age, the authors did not find a major difference between adult recipi-
ents of T cell-depleted and -nondepleted marrow from matched sibling donors. In addition,
these studies suggested that a CD4 cell count above 200/mm2 might be useful in predicting
which patients are at increased risk of developing opportunistic infections following success-
ful engraftment.

3.2. HLA Identical Unrelated Donors
Altogether, the modifications introduced in the late 1980s into the conditioning of leukemic

recipients of T cell-depleted HLA identical marrow from sibling donors have now been evalu-
ated in a large number of patients with a long follow-up period. The encouraging DFS rate
attained with an extremely low incidence of GVHD and in the absence of posttransplant
prophylaxis prompted further investigation of the role of T cell depletion in matched unrelated
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transplants. Recent results in children suggest comparable efficacy to that found in matched
sibling transplants (53–55), but in adult recipients there seems to be a more profound deficit
in immune recovery following transplantation of matched unrelated T cell-depleted trans-
plants (53). Small et al. suggest that several factors could be hypothesized to account for the
more profound and prolonged immunological deficiencies observed among recipients of trans-
plants from unrelated donors (54). First, major or microvariant HLA disparities between donor
and host might, on the one hand, alter the capacity of the donor’s lymphoid progenitors to
migrate to or mature within the host thymus or, on the other hand, stimulate clinical or subclini-
cal GVHD, thereby further potentiating thymic injury.  In this context, it is possible that mild
clinical or even subclinical forms of GVHD could contribute to the extended immunodefi-
ciency observed after unrelated BMT.

A second factor that most likely contributes to the delayed and incomplete immune recon-
stitution of T cells observed in adults is the involution of the thymus, which normally occurs
in adulthood, beginning late in the second decade of life (reviewed in ref. 56). Interestingly,
the authors showed that the immune deficit in these patients can be partially corrected by
adoptive cell therapy with small numbers of donor T cells. As in the treatment of CML relapse,
GVHD associated with DLI was more likely to be prevented if DLI was administered at time
points greater than 4 mo posttransplant.

Very recently Champlin et al. reviewed data of 870 patients with leukemia who received T
cell-depleted transplants from unrelated or HLA-mismatched related donors from 1982 to
1994 (57). Outcomes were compared with those of 998 non-T cell-depleted transplants. Five
categories of T cell-depletion techniques were compared: (i) narrow-specificity antibodies, (ii)
broad-specificity antibodies, (iii) CAMPATH antibodies, (iv) elutriation, and (v) lectins. Strat-
egies resulting in similar DFS were pooled to compare T cell depleted with non-T cell-depleted
transplants. Recipients of transplants T cell depleted by narrow-specificity antibodies had
lower treatment failure risk (higher DFS) than recipients of transplants T cell depleted by other
techniques. Compared with non-T cell-depleted transplants (5-yr probability of DFS, 31% ),
5-yr DFS was 29% (P = NS) after transplants T cell depleted by narrow-specificity antibodies
and 16% (p< 0.0001) after transplants T cell depleted by other techniques.

While this retrospective study is important in establishing relevant factors underlying the
outcome of T cell-depleted unrelated transplants, this study ignores the advances in T cell
depletion made in the late 1980s in the treatment of acute leukemia patients or in the mid 1990s
in the treatment of CML (see above). Thus, by including CML patients treated before DLI was
introduced or AML and ALL treated between 1984 and 1990 (before thiotepa was added to the
conditioning of acute leukemia recipients of lectin-separated grafts and before CAMPATH-
1G was introduced to the conditioning of recipients of CAMPATH-1M treated grafts), the
results were biased against T depletion techniques, such as lectin or CAMPATH-1M, which
afford effective T cell depletion.

Further analysis of the same data basis, taking into account the importance of the modifi-
cations specifically aimed at compensating for the withdrawal of the alloreactive effects asso-
ciated with GVHD, is warranted.

3.3. HLA Haploidentical Donors
3.3.1. T CELL DEPLETION EX VIVO COMBINED WITH POSTTRANSPLANT GVHD PROPHYLAXIS

While the mild adverse effects of T cell depletion in HLA identical leukemic recipients,
namely graft rejection and relapse, were monitored and dealt with as described above by slight
modifications to the treatment protocols, the high rate of graft rejection in 3 loci haploidentical
recipients precluded for almost a decade the use of T cell depletion in the latter group of patients.
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This resistance to engraftment was shown to be mediated primarily by host-derived CTLs,
and therefore subsequent research with animal models was focused on the host immunity
remaining after lethal total body irradiation (TBI) (26–29), as well as on new approaches to
overcome this barrier to bone marrow allografting. These murine models have shown that
incompatible T cell-depleted transplants can be successfully performed by manipulating the
preparative regimen and/or the graft composition. Immunologic response of the remaining
recipient immune system against the graft can be overcome by increasing the dose of TBI
(26,58,59) or by adding selective anti-T measures with low extrahematological toxicity, such
as splenic irradiation (60) or in vivo treatment with anti-T monoclonal antibodies (61,62).
Engraftment is also improved by increasing the myeloablative effect of the conditioning regi-
men, through the use of dimethyl-myleran, busulfan (63), or thiotepa (38), given with TBI. The
use of intensified conditioning protocol, combined with less extensive T cell depletion ex vivo
and GVHD prophylaxis in vivo, was carried out primarily in pediatric patients by Henslee-
Downey (64). Sixty-seven patients, 43 with ALL and 24 with AML, were transplanted with
bone marrow from related donors. Two to three loci HLA disparity was detected in two-thirds
of the donor–recipient pairs. Conditioning therapy, including TBI and chemotherapy followed
by GVHD (GvHD) prophylaxis with partial T cell depletion of the graft using T10B9 or OKT3,
was combined with posttransplantation immunosuppression.

Estimated probability (EP) of engraftment was 0.96 and was not affected by donor–antigen
mismatch. EP of grades II–IV acute GVHD was 0.24, and EP of DFS was 0.26 at 3 yr ,but
improved to 0.45 when donors were younger than 30 yr (P < 0.001). EP of relapse at 3 yr was
0.41 and was reduced with younger donors’ age. For patients who were in relapse at the time
of transplantation, absence of blasts was associated with a lower relapse rate (0.46 vs 0.84;
p = 0.083), similar to that of patients in remission.

While acute and chronic GVHD were not prevented successfully in these partially matched
transplants (only 40% of the donor–host pairs were 3 loci mismatched) compared to other T
cell-depletion methods making use of CD34 selection, lectin agglutination, or treatment with
CAMPATH, the authors argue that DFS was not inferior. However, preliminary data from
studies using megadose CD34 transplants in childhood leukemia, preventing completely
GVHD or graft rejection in children, seem to induce superior immune reconstitution and are
associated with lower infection-related mortality (see Section 3.3.2.). Clearly, further evalu-
ation and better controlled trials are required.

3.3.2. THE MEGADOSE APPROACH

An alternative approach to overcome rejection of T cell-depleted bone marrow in the mouse
model, is by using cell dose escalation (63,65,66). Thus, full donor-type engraftment was dem-
onstrated even under the most difficult experimental conditions, for instance in mice presensitized
with donor lymphocytes or partially reconstituted before the transplant by adding back graduated
numbers of recipient mature thymocytes (63). Likewise, escalation of T cell-depleted bone
marrow doses leads to full donor type chimerism in mice pretreated with sublethal doses
(5.5–7.5 Gy) of TBI, which spare a substantial number of recipient T lymphocytes (67).

In 1993 it first became possible to test the concept of stem cell dose escalation in humans
by supplementing bone marrow with peripheral blood progenitor cells (PBPCs) collected after
administration of G-CSF to the donor (68). ATG and thiotepa were added to TBI and cyclo-
phosphamide (CY) to boost both myeloablation and immunosuppression. This first pilot study
(performed in Perugia between 1993–1995) included 36 high-risk acute leukemia patients with
a median age of 23. All patients received a full haplotype-mismatched transplant, consisting
of bone marrow and PBPCs, each depleted of T lymphocytes by soybean agglutination and E-
rosetting. The final inoculum contained a mean of 10 × 106 CD34+ cells/kg bosy weight (bw)
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and 2 × 105 CD3+ cells/kg bw. Eighty percent of patients achieved primary sustained engraft-
ment. Although no posttransplant immunosuppressive therapy was used as prophylaxis, the
incidence of GVHD was only approx 20%. It should be noted that in an earlier phase of the
study, with a group of patients who received the same conditioning protocol and standard doses
of T cell-depleted mismatched bone marrow cells, rejection was observed in all.

The 1993–1995 study showed for the first time that in humans as in mice, cell dose escalation
facilitated engraftment of T cell-depleted mismatched transplants. The fundamental role of
CD34+ cell dose escalation in promoting engraftment across the HLA-barriers was further
confirmed in a second study in which megadose-purified CD34+ cells were used instead of T
cell-depleted transplants (69). To eliminate GVHD, the number of T lymphocytes in the
inoculum was reduced to a mean of 2 × 104/kg bw, 1 log less than in the previous series. This
level was reached by processing peripheral blood mononuclear cells by one-round E-rosetting
followed by a positive immunoselection of the CD34+ cells with a Ceprate column.

To reduce extra hematological toxicity, the conditioning regimen was modified by substi-
tuting fludarabine for Cy. This new strategy was used in 43 acute leukemia patients, with a
median age of 22 yr. The great majority of these patients were at high risk for both transplant-
related mortality and leukemia relapse. A full donor-type engraftment was achieved in all
patients, including two who required second transplants. No case of GVHD occurred, although
no postgrafting immunosuppressive treatment was employed as GVHD prophylaxis. The
extrahematological toxicity of the conditioning protocol was minimal in these heavily pre-
treated patients.

Similar results were achieved lately when the CD34+ cell selection was carried out by a one-
step procedure using the Myltenni Clinimax devise .

Other recent reports have shown that the same excellent engraftment rates can be obtained
following conditioning protocols based on chemotherapy alone. By using busulphan, thiotepa,
and Cy in combination with either ATG or OKT3, Handgretinger et al. (70) obtained a high
engraftment rate in children with acute leukemia.

Remarkably, the growing experience over the past 8 yr indicates that leukemia relapse rate
was relatively low in patients with acute leukemia in first or second remmision. Ruggeri et al.
suggested recently that donor natural killer (NK) alloreactivity, a biological phenomenon
unique to mismatched transplants, could play a role in a GVL effect (71). They found that
newly formed incompatible donor type NK cells are not blocked by host cells which fail to
express killer cell inhibitory receptor (KIR) inhibitory class I allele(s), and therefore, the low
relapse rate observed in haploidentical transplants in remission might be attributed in part to
the robust NK recovery during the early posttransplant period.

While the beneficial effect of alloreactive NK cells in haploidentical transplants might be
translated to a relatively lower relapse rate, compared to the HLA identical setting in which NK
donor cells are blocked by the KIR, in haploidentical transplants the ability to use DLI once
relapse occurs is markedly hampered by the severity of GVHD. Thus, treatment of CML
patients in chronic phase with haploidentical transplants is currently not encouraged due the
expected high risk for relapse. Further attempts to explore the potential of alloreactive NK cells
in the treatment of CML relapse might enable the use of this modality as a substitute for DLI
in the haploidentical setting. Alternatively, the use of specific antitumor or antiminor
histocompatability antigens, expressed exclusively on host hematopoietic or leukemic cells,
emerges as a promising selective approach avoiding the lethal risk of GVHD (72–74).

One major problem, at least in adults that appears to be common to all T cell-depleted
transplants is the slow recovery of the antimicrobial and antiviral responses. Thus, while
Handgretinger et al. showed that in children the immune reconstitution is attained promptly
(70), Aversa et al. showed that 40% of the mortality in haploidentical transplants was caused
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by infections. As in recipients of HLA indentical transplants, the slow immune recovery in
recipients of full-haplotype-mismatched transplants is attributable to the low number of T cells
that can be infused safely with the graft (i.e., without causing GVHD) and to the decreased
thymic function in adult recipients. Considering that these limitations are fixed variables, new
insights into the forces that drive the T cells in the graft to undergo homeostatic expansion in
the lymphopenic host might unravel new ways to improve survival.

Velardi et al. (76) have recently shown that antigen presentation plays a pivotal role in the
recovery of the postgrafting immune system and have identified measures which, by improv-
ing antigen-presenting cell (APC) function, impact dramatically on the postgrafting immune
recovery. Specifically, they demonstrated that G-CSF administration posttransplant blocks
interleukin (IL)-12 production in APCs and, thereby, may exert strong immune suppressive
effects. This observation prompted the elimination of the G-CSF administration to the recipi-
ents. While no unwanted effects were noted on the engraftment rate, IL-12 as detected by
mRNA expression in monocytes and dendritic cells was restored by the second month
posttransplant, and recovery of CD4+ cells was much faster than previously observed (75).

Very recently, Aversa et al. analysed 111 consecutive patients with acute leukemia who
were transplanted since March 1993 in Perugia (Fig. 3). This analysis shows that only 27
patients were in first or second stable complete remission (CR). None of these patients were
included in the first 36 patients treated between 1993 and 1995. Altogether, for this group of
patients, the probability of relapse and for DFS at 5 yr was approx 10 and 45%, respectively,
compared with 69 and 14% in the other 84 patients. These results strongly suggest that mis-
matched transplants can compare favorably with conventionally matched unrelated trans-
plants, if applied for the treatment of poor prognostic acute leukemia patients in first or second
CR (at least 2 mo of therapy) or patients in early relapse before the risk of infection has
accelerated. Haploidentical transplants in ALL in refractory relapse are not recommended.

Furthermore, we also analyzed the impact of the new protocol employed in Perugia since
January 1999, using one-step positive selection CD34 cells with Clinimax and avoiding G-CSF
in the posttransplant period. Thus, out of 32 patients with acute leukemia, 10 AML patients and
one ALL patient could be classified as “good CR patients,” that is in either first hematological
and cytogenetical CR or second CR lasting at least 2 mo of therapy with good performance
status and without major lung infection prior to transplantation.

Fig. 3. Full haplotype mismatched transplantation for acute leukemia. With permission from the
Hematopoetic Stem Cell Transplantation Program, University of Perugia.
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Although the follow-up is short, the results show that transplant mortality was extremely
low with only one patient dying from toxicity of the conditioning, and the probability of event-
free survival at 1 yr was approx 70%. Clearly, if this promising trend continues, the outcome
of haploidentical megadose transplants will be comparable to the results described above for
matched related transplants.

These suggestions of Aversa et al. were presented recently at two special meetings dedicated
to haploidentical transplantation, which took place in Perugia and in Chicago, with the purpose
of defining a consensus for a controlled trial in Europe and in the U.S. Clearly, further evalu-
ation of the megadose approach could be carried out in a well-defined population for which the
intent to treat will be decided. Such a population will be referred to as HLA identical matched
related, unrelated, or haploidentical donors, depending upon availability within the first 2 mo
after initiation of the search.

A very intriguing basic question raised by the CD34 megadose transplants is how do these
cells overcome the barrier presented by host CTL-precursor (CTL-p)? Very recently, this
question was answered in part by the finding that cells within the CD34 fraction are endowed
with potent veto activity (76). The term veto related to the ability of cells to neutralize CTL-p
directed against their antigens (77–79). Thus, when purified CD34 cells were added to bluk
mixed leukocyte reaction (MLR), they suppressed CTLs against match stimulators, but not
against stimulators from a third party (76). The effective CD34+ cell number required for the
veto effect was found to be at a veto/effector ratio of about 0.5–1.0.

After 5 d of primary MLR culture in the presence of CD34+ cells, fluorescence-activated cell
sorter (FACS) analysis showed the CD34+ cells are not killed by the alloreactive T cells,
although CD34+ cells are lysed if used as target cells at the end of MLR, which did not contain
CD34+ cells from the begining. The addition of CD34+ cells to MLR cultures was effective only
during the first 48 h of culture. Thereafter, it seems that the veto effect of these cells is directed
at CTL-ps, but does not affect differentiated antidonor CTLs. IL-2 and γ-interferon (IFN)
production, as measured by intracellular staining or by Elispot analysis, are specifically reduced
in CD8+ T cells from the cultures inhibited by CD34+ cells. It could be agrued that the unique
phenotype of cells within the CD34+ compartment, lacking B7, might have induced anergy in
the responder cells due to inappropriate antigen presentation. However, removal of the CD34+

cells after 5 d of culture prior to the secondary challenge with the stimulator cells, in the
presence of exogenous IL-2, could not reverse the inhibition of antidonor CTLs. Moreover,
addition of anti-CD28 antibody to the primary MLR did not block the inhibition, thus further
ruling out an anergy-based mechanism (80). Very recently, Bachar-Lustig, Gur, and coworkers
found that in mice, early hematopoietic Sca-1+Lin- bone marrow cells, similarly to human
CD34+ cells, are endowed with veto activity (81). In the future, the mechanisms mediating this
intriguing activity of cells within the progenitor cell compartment might be identified by taking
advantage of different mutants or knock-out strains of mice, which are impaired in crucial
regulatory molecules. Furthermore, if the veto cells within the hematopoietic progenitors are
showm to be distinct from the pluripotential hematopoietic stem cells, then it might be more
feasible to expand the veto cells ex vivo and use them together with a small number of
pluripotential stem cells, for transplantation.

4. CONCLUDING REMARKS

The concerns raised in the early 1980s—that T cell-depleted transplants are associated with
marked leukemia relapse and graft rejection rates—were adequately addressed toward the end
of the past decade by compensating for the absence of GVHD with a slightly intensified
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conditioning, adding either thiotepa or CAMPATH-1G. In addition, T cell-depleted trans-
plants were limited to patients with acute leukemia, avoiding transplantation in CML patients
who were at the highest risk for relapse. However, with the advent of DLI in the mid-1990s,
the road was opened for the use of T cell depletion even in this difficult setting, and several
groups are currently evaluating the potential of this modality to completely prevent the risk for
lethal GVHD in CML, while dealing with the risk for relapse by using graduated numbers of
donor T cells. It is hoped that further progress in the treatment of CML will be afforded by the
new availability of specific CTLs directed against tumor-specific or minor hiscompatability
hematopoietic peptides. Delayed immune reconstitution remains a problem in allogeneic BMT.
As described here, several studies have shown that this barrier is not unique to T cell-depleted
transplants, but rather is typical of adult recipients of allogeneic BMT. Thymic involution is
clearly a major factor, but it is also aggravated by the supralethal preparatory protocols, as well
as by clinical or even subclinical alloreactivity against the thymic stroma.

Extensive work is currently dedicated to addressing the problem of immune reconstitution
in adult leukemic recipients of allogeneic  transplants. In particular, it is hoped that donor T
lymphocytes directed against specific sources of infection will prove useful. In addition, basic
studies in animal models might lead to the development of new means to improve the thymic
function and the ability of the thymic precursors to develop within the rudimentary thymus
epithelium, which is most likely severely affected by the supralethal chemoradiotherapy. In
this context, exciting possibilities have been indicated by two major findings showing that
keratinocyte growth factor (KGF) can induce protection from thymic epithelial injury if given
prior to BMT (82) and that IL-7 can facilitate thymic and extrathymic T cell differentiation and
expansion (83).

Alternatively, promising  nomyeloablative protocols with lowered extra medullary toxicity
are currently being investigated in elderly patients. Conventional unseparated bone marrow or
peripheral blood stem cell transplants following a nonmyeloablative conditioning are currently
employed extensively in HLA identical leukemic recipients. These are associated with marked
alloreactivity due to the large number of T cells in the transplant innoculum, which in most
instances eradicates recipient hematopoiesis. Clearly, this alloreactivity is also associated with
a significant incidence of lethal GVHD. The major challenge, therefore, for future years is to
achieve engraftment of allogeneic hematopoietic cells following nonmyeloablative condition-
ing in the absence of alloreactive T cells.

In humans, nonalloreactive T cells can be generated by removal of CD25+ (84) or CD69+

(85) activated cells following stimulation against host cells, or by anergy induction making
use of co-stimulation blockade with CTLA4 (86,87). However, these approaches, which
make use of T cell stimulation with the very antigens against which tolerance is desired,
might involve some risk for generating committed CTLs, if any of the CTL-p escape deletion
or anergy induction. Once such anti-host CTLs are generated, it is very difficult to suppress
their alloreactivity in vivo.

An alternative approach is based on earlier studies, which showed that CD8+ CTL clones
possess extremely high veto activity (78). Thus, we focus our attempts on ex vivo expansion
and selection of nonalloreactive clones (88), and we test their capacity to facilitate engraftment
of purified Sca-1+Lin- hematopoietic progenitors in sublethally irradiated mismatched recipi-
ents. If successful, these studies could lead to safe mismatched hematopoietic transplants in
patients for whom the risk of supralethal radiochemotherapy is not justified, such as patients
with thalassemia, sickle cell anemia, and several enzyme deficiencies. Furthermore, induction
of substantial durable chimerism could be used to induce tolerance toward subsequent solid
organ transplants from the original stem cell donor or as a prelude for adaptive cell therapy in
cancer patients.
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1. INTRODUCTION

Relapse after stem cell transplant (SCT) is a major obstacle to cure. Sensitive methods can
identify patients that harbor minimal residual disease (MRD) while appearing in morphologi-
cal remission after myeloablative therapy. Often, the detection of MRD is the harbinger of
relapse in these patients. The study of MRD aims to differentiate patients with residual
leukemia destined for relapse as opposed to patients with stable or declining residual disease.
Once identified, patients with a high risk of relapse could potentially undergo additional
preemptive therapy to abort relapse.

2. METHODS OF MRD DETECTION

Several techniques can define residual disease below the threshold of conventional patho-
logical examination. These include “classic” metaphase and molecular cytogenetics, cell
“flow”cytometric studies, and the polymerase chain reaction (PCR) detection of specific
genetic targets (Table 1). Each method takes advantage of differences in phenotypic and
genotypic characteristics of the tumor cell compared to the normal cell, and each has relative
advantages, disadvantages, and differences in sensitivity. Conventional metaphase cytogenet-
ics can detect approx one leukemia cell in 10–100 normal cells (denoted as 10–1 sensitivity) if
20–50 metaphases are counted (1,2). Cytogenetics is limited by sampling only those few cells
that divide in culture. Fluorescence in situ hybridization (FISH) uses chromosome-specific or
locus-specific probes to identify genetic targets in metaphase or interphase cells and is most
useful in detecting simple losses or gains of chromosomes and chromosomal translocations (3).
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Cell surface antigen expression can distinguish malignant from normal cells. While truly
tumor-specific antigens are rare, malignant cells often express cell surface antigens in more
subtly different patterns than normal cells (4,5). By using combinations of multiple antibodies,
“multiparametric” flow cytometric assays uses aberrant antigen expression patterns to “finger-
print” the malignant clone. If combinations of several antibodies are used to define the aberrant
antigen expression, the sensitivity can reach as low as 10–2–10–3 in experienced hands.

The most sensitive approach to detect MRD involves nucleic acid amplification using the
PCR (6). Unlike conventional cytogenetics or flow cytometry, however, a specific genetic
lesion target is the fingerprint of the malignancy in order for PCR-driven analyses to have the
desired sensitivity and specificity. Gene translocations, such as the t(9;22) in chronic myeloid
leukemia (CML), and the t(15:17), t(8;21), and inversion (16) found in acute myeloid leukemia
(AML) cases, are the most straightforward leukemia-specific markers for the detection of
MRD (7–13). However, there is a rapidly expanding list of disease-specific translocations, and
now translocations can be detected and amplified in 40–50% of acute myeloid leukemias
(AML) and acute lymphoblastic leukemia (ALL) (14). Another type of leukemia-specific
fingerprints takes advantage of the rearrangement of the immunoglobulin heavy chain and T
cell receptor genes that occur normally in B and T cell lymphoid development (15,16).

3. MRD DETECTION IN CML

CML has been the paradigm for many facets of leukemia research. It was the first disease
associated with a specific chromosomal abnormality (17) and among the first translocations
successfully amplified by PCR (18). It also may be the strongest example of the power of MRD
detection to shape therapy and potentially prevent relapse. The qualitative detection of bcr-abl
post-SCT is associated with relapse, but the strength of the effect varies according to the type
of transplant and the time from transplant (19–26). Quantitative PCR of the bcr-abl burden may
refine and strengthen the predictive value of residual disease detection. Note that in the follow-
ing sections, it is implied that the detection of MRD occurs in patients who appear to be in
remission by conventional pathological techniques.

3.1. Risk of Relapse and Time from Transplant
The highest risk of relapse associated with bcr-abl detection appears to be associated “early”

(≤12 mo post-SCT) after transplant (21,22,25). For example, we examined 346 patients post-
SCT and found that a single positive assay for bcr-abl was associated with an elevated risk of
relapse (25). The predictive value of bcr-abl detection was strongest at 6–12 mo post-bone
marrow transplantation (BMT), where the presence of bcr-abl was associated with a 42% risk
of relapse at a median of 200 d from the first PCR-positive result, as opposed to a 3% risk of
relapse in PCR-negative patients. Tests earlier than 3 mo post-SCT were not strongly associ-
ated with relapse. The relative risk of relapse associated with MRD was approx 30-fold even

Table 1
Methods to Detect Minimal Residual Disease

Detection method Target Sensitivity

Pathologic examination Cellular morphology 5%
Cytogenetics Chromosome structure 1–5%
FISH Chromosome structure 1%
Flow cytometry Surface antigen expression 0.1–1%
PCR DNA or RNA sequence 0.0001–0.1%
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after controlling for clinical variables associated with relapse, such as phase of disease and
graft-vs-host disease (GVHD) status.

MRD can be detected for years post-SCT. Bcr-abl has been detected in 25–50% of patients
≥3 yr posttransplant, with subsequent relapse rates of approx 10–20% (25–28). Costello et al.
found that 66 out of 117 (56%) of CML patients were positive ≥3 yr post-BMT, but only 8%
subsequently relapsed (27). Further follow-up of nearly 400 patients have shown that 25% of
patients will have at least one bcr-abl-positive assay ≥18 mo post-SCT, but that only 16% will
relapse, compared to 1% in bcr-abl-negative patients (28). Van Rhee et al. reported 19 patients
in complete remission for more that 10 yr post-BMT, two patients of whom were still positive
for bcr-abl (29). A semiquantitative assay demonstrated that bcr-abl transcript levels were
very low in these patients. In summary, these data suggest that MRD in CML patients years
post-SCT may not be a harbinger of relapse, and these patients may, thus, not be appropriate
candidates for intervention trials of treating molecular relapse.

3.2. Risk of Relapse and Donor Status
The immunological effect associated with an allograft may influence the risk of relapse

associated with bcr-abl detection. Unrelated donor (URD) transplants, which have a lower risk
of relapse after SCT compared to allogeneic-related-matched transplants presumably owing
to the graft-vs-leukemia (GVL) effect, had a similar prevalence of bcr-abl -positivity at 6–12 mo
post-SCT compared to related SCT patients (25 vs 30%), but the subsequent relapse rate was
much greater in the bcr-abl-positive-related donor group compared to the bcr-abl-positive
URD, recipients (approx 60 vs 10%) (25). This suggests that in the URD the GVL effect may
be working to control the leukemic clones that have escaped the conditioning regimen. Curi-
ously, the subsequent study of late bcr-abl positivity showed no difference of relapse rate of
URD compared to matched-related transplants (28). This may reflect the immune tolerance
that occurs in URD patients as time elapses, ameliorating the GVL effect.

More evidence of the power of an immunologic effect in controlling relapse was found by
Pichert and colleagues (26), who studied 48 T cell depleted and 44 untreated marrow transplant
patients. They found that over 80% of patients receiving T cell-depleted marrow were bcr-abl
positive 6–24 mo posttransplant, compared to 25% of patients receiving unmanipulated mar-
row. Bcr-abl detection was highly associated with relapse, which occurred predominately in
the T cell-depleted patients. Furthermore, Mackinnon et al. studied 36 patients following T
cell-depleted marrow graft (30). Thirty of 36 (83%) were positive for bcr-abl post-SCT, and
60% of these MRD-positive patients relapsed. Of the 20 patients who became MRD-positive
within 6 mo posttransplant, 15 patients (84%) eventually relapsed. Thus, while T cell depletion
limits the morbidity of GVHD, the burden of relapse is greater and may necessitate donor T
cell infusions in those patients who are MRD-positive posttransplant.

3.3. “Dormancy” in CML Posttransplant
Why don’t all CML patients with residual disease relapse? Several possibilities, which are

not mutually exclusive, include: (i) Patients who harbor MRD years post-BMT are a select
population that exhibit an enduring GVL effect, curbing the outgrowth of malignant clones;
(ii) the bcr-abl-positive cells might be lymphoid in origin, and not of myeloid lineage that is
presumably responsible for relapse. A few patients receiving T cell-depleted transplants have
had marrow samples used to establish erythroid, granulocytic, and macrophage colony forma-
tion, and 5% of the total colonies across all cell lineages demonstrated bcr-abl expression (31);
(iii) the persisting bcr-abl-expressing cells may need further genetic “hits” to become frankly
leukemic, or conversely, have substained additional genetic mutations that decrease their
proliferative capacity. Of interest is a recent report that patients bound to relapse also exhibit
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the “p190” bcr-abl variant associated with Philadelphia chromosome (Ph)+ ALL (32). How-
ever, since p190 bcr-abl can be seen in virtually all CML at diagnosis (due to a splicing
variation of p210 bcr-abl expression), the above observation may be simply an artifact of the
high expression of p210 bcr-abl naturally seen with CML relapse, rather than causal (33,34).
Another explanation of dormancy is that MRD reflects slow-growing CML cells bound to
recapitulate the natural history of CML, with a slow accumulation of disease burden resulting
in relapse years later.

Very few patients who are bcr-abl-negative post-BMT relapse (24–28). Does this mean that
there are no, or very few, residual CML cells in these patients, or could there be a pool of slowly
proliferating CML cells that express little or no bcr-abl mRNA and thus escape detection?
Cases where genomic Bcr-Abl is detected without bcr-abl mRNA expression are unusual (35–
39) and suggest that patients who are PCR-negative for bcr-abl mRNA do not commonly have
a reservoir of cells that might become positive at a later time. Thus, it is unlikely that there is
a large pool of bcr-abl-negative patients at risk for relapse.

3.4. Quantitative PCR for bcr-abl in CML
The predictive value of MRD detection in CML may be strengthened by bcr-abl quantifi-

cation (called Q-PCR) (40–45). The use of quantitative PCR (Q-PCR) has been pioneered in
the study of MRD in CML. Lin and colleagues studied 69 patients with a competitive Q-PCR
and demonstrated that the kinetics of bcr-abl level over time described both impending relapse
and response to donor leukocyte infusion after relapse (40). Low (or no) residual bcr-abl was
associated with a very low risk of relapse (1%), compared to 75% relapse rate in patients with
increasing or persistently high bcr-abl levels. Patients who relapsed had doubling times of the
bcr-abl transcript level twice that of patients who failed to relapse (15 vs 25 d). Recently,
Olavarria et al. studied 138 CML patients early (3–5 mo) posttransplant and showed that the
bcr-abl level was highly correlated with relapse (45). Patients with no evidence of bcr-abl had
a 9% risk of subsequent cytogenetic or hematologic relapse, whereas patients defined as having
a low burden of disease (<100 bcr-abl transcripts/µg RNA) or high level of transcripts
(>100 copies/µg) had a cumulative relapse rate of 30 and 74%, respectively. These results are
consistent with the high risk of relapse associated with early qualitative bcr-abl positivity at
6 mo post-BMT formerly reported (20,25). In addition, we evaluated the qualitative and
quantitative assessment of MRD in 379 CML patients “late” (>18 mo) post-SCT (28). Ninety
patients (24%) had at least one assay positive for bcr-abl, and 13 out of 90 patients (14%)
relapsed. Conversely, 3 out of 289 patients who were persistently bcr-abl-negative relapsed
(hazard ratio of relapse = 19). Quantification of bcr-abl level was performed on 344 samples from
85 patients, and a rising bcr-abl heralded eventual relapse. Thus, a simple qualitative reverse
transcription-PCR (RT-PCR) assay for bcr-abl can flag patients who need close follow-up, while
quantification can indicate those who might benefit from early therapeutic intervention.

In summary, these qualitative and quantitative MRD data confirm that molecular relapse of
bcr-abl is common in CML patients following transplantation. While the bcr-abl assay must
be carefully controlled for issues of false positivity and other technical issues, a qualitative bcr-
abl result has prognostic importance, and further refinement by quantitative assays target
patients who would benefit from early intervention. Of considerable interest are those patients
that remain with detectable molecular disease, as their study may further our insight into the
mechanisms that dictate remission or relapse.

4. MRD DETECTION IN ACUTE LEUKEMIA

In CML the detection of MRD is simplified by the occurrence of a unique genetic marker
(the Ph) in essentially all cases. Unfortunately, such is not the case in the acute leukemias,
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where multiple genetic abnormalities have been described, so that approx 40% of cases will
have some variety of genetic fingerprint (14). Furthermore, the detection of MRD is made more
difficult since the acute leukemias grow faster than CML, greatly increasing the likelihood of
tumors evading detection if the testing intervals are not frequent enough.

In ALL, clonal immunoglobulin heavy chain (IgH V-D-J) or T cell receptor (TCR) gene
rearrangements can be used to follow MRD in many cases. This method takes advantage of the
unique gene rearrangements that occur in these genes as cells develop into functional B and
T cells. While all individual normal B and T cells should have unique gene rearrangements,
a clonal outgrowth of malignant cells should all have identical gene rearrangements, and this
fingerprint can later be used to distinguish malignant vs normal cells in remission samples. The
detection of MRD in ALL, either by PCR or flow cytometry, has been shown to be highly
predictive of relapse in the conventional chemotherapy setting, particularly in the pediatric
population (46–51). Following allogeneic transplantation, however, the data is sparse. IgH V-
D-J detection was used in 20 allogeneic transplant patients to detect MRD, and it was found
that the presence of MRD within the first 100 d after transplant was associated with a 6-fold
increase in relapse rate compared to PCR-negative patients (52). Indeed, all patients who were
PCR-positive died after transplant; the median time from first PCR-positive assay to relapse
was 30 d (median, 6–250 d). A subsequent study of 71 pediatric ALL patients after allogeneic
transplant demonstrated that MRD detection at any time after transplant was a poor prognostic
sign (53). Of the 32 patients who relapsed, 16 patients were persistently positive for MRD,
while 12 patients became positive at a median of 3 mo prior to frank relapse. Of the 36 patients
who remained in remission, only eight patients were MRD positive at any time post-SCT. The
odds ratio for relapse associated with MRD detection in the first 3 mo following transplantation
was ninefold, quite similar to the earlier study cited above. The importance of MRD detection
in remission patients prior to transplant also seems important in predicting outcome (54). Using
a semi-quantitative assay to catagorize patients of having no, low, or high MRD burden, the
level of MRD in remission patients was strongly associated with subsequent outcome after
transplant, with the 2-yr event-free survival for no, low, and high MRD disease being 73, 36,
and 0%, respectively.

A careful evaluation of mixed chimerism may also identify patients at a high risk of relapse
after SCT. In a small study of 12 patients, Zetterquist et al. found that five patients had evidence
of mixed chimerism as determined by variable number tandem repeat (VNTR) analysis of B
lineage cells (55). Four of the patients with mixed chimerism relapsed. However, to obtain
sufficient sensitivity, the authors performed cell cytometry sorting of the CD19 lymphoid
lineage cells and performed chimerism analysis on the selected population. This rather labor-
intensive analysis would seem no easier than PCR-driven detection of IgH V-D-J markers.

The Ph chromosome can be found in 5–25% of pediatric and adult ALL patients and is the
MRD marker of choice in these patients. In Ph+ ALL, however, PCR must be performed for
both variants of the bcr-abl chimeric mRNA, the “p210” bcr-abl variant (found in CML and
some ALL), and the “p190” bcr-abl (found only rarely in CML but common in ALL). Miyamura
et al. (56) studied 13 patients after allogeneic (n = 8) and autologous (n = 5) transplant and found
that a positive PCR assay for bcr-abl in the first 12 mo following transplant was predictive of
relapse. All seven patients who were PCR-positive relapsed, whereas only one out of six MRD-
negative patients relapsed. A later study of 37 Ph+ ALL patients (57) showed the clinical utility
of bcr-abl detection and fundamental differences in p190 and p210 Ph+ ALL. The relative risk
of relapse of patients with a positive PCR (either p210 or p190) post-BMT compared to PCR-
negative patients was approx sixfold. Those patients with p190 bcr-abl had an 88% relapse rate
in comparison to 12% for patients who expressed the p210 bcr-abl transcript.
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There are few studies documenting the prevalence and significance of MRD in AML fol-
lowing SCT. This is largely due to the fact that the most common translocations found in AML
(the t(15;17), t(8;21), and inversion [16] gene rearrangements), while occurring in aggregate
in 20–30% of AML cases, are associated with intermediate or good outcomes with conven-
tional chemotherapy and, thus, are underrepresented in the transplant population. What little
data that exists suggests that the significance of MRD depends on the specific type of genetic
subtype of AML. Thus in t(15;17) AML, the detection of the promyelocyte leukemia/retinoic
receptor α (PML/RARα) transcript following SCT is highly correlated with relapse, albeit it
warned that the number of patients was small (58,59). This follows the data following conven-
tional chemotherapy, where the molecular detection of PML/RARα is highly correlated with
relapse (60,61). In t(8;21), conversely, the detection of AM1/ETO is often found in patients for
years following conventional chemotherapy and, thus, is not tightly linked to outcome (62,63).
Remarkably, this appears to be the case even after allogeneic transplant, where many patients
remain with evidence of MRD, yet do not relapse (64–66). In the largest study of t(8;21) AML,
nine of ten patients examined after SCT were positive from 7–83 mo post-BMT, and none
relapsed (64). There are few cases of inversion (16) detection described, and it is difficult to
make a conclusion as to the significance of MRD (67,68). In all of the above cases, however,
it seems that the risk of relapse associated with the absence of MRD is quite low.

This persistence of molecular disease seen in t(8;21) AML has been also noted in most
patients after years in remission following conventional chemotherapy (62,63). In t(8;21)
AML, molecular evidence of the AML1/ETO fusion mRNA can be found in a minority of
lymphoid and erthyroid colonies taken from remission samples (69), implying that (i) the
disease may be stem cell in origin; and (ii) that MRD detection may sometimes detect non-
myeloid cells bearing the translocation. Of additional interest is the observation that pediatric
ALL patients who relapsed after >10 yr of remission following conventional chemotherapy
relapse with a leukemia possessing the same clonal IgH V-D-J gene rearrangement as initially
present at diagnosis (70). The apparent persistency of dormancy in a disease as aggressive as
ALL is quite provocative. What could be the mechanism of dormancy in acute leukemia? The
mechanisms may or may not be the same following conventional chemotherapy or allogeneic
transplantation. One can imagine several, nonmutually exclusive mechanisms including: (i)
prolonged immune surveillance, especially in the transplant setting; (ii) the detection of cells
whose lineage is not principally involved (for unknown reasons) with the leukemia; (iii) the
persistence of “preleukemic” clonal disease without the full complement of genetic lesions
required for the development of frank malignancy; or (iv) the presence of a secondary genetic
lesion that may render the leukemic progenitor cells relatively quiescent. Regardless, it is
likely that a functional “cure” of leukemia is not equivalent to the total eradication of all
leukemic or preleukemic cells. The discovery of the mechanisms of dormancy may lead to
inroads in defining what it takes to cure leukemia.

Lastly, the use of the tumor suppressor WT1 has been used in a marker of MRD following
SCT (71). This gene is found elevated in AML and ALL compared to bone marrow and
peripheral blood and, thus, has some potential for a marker of MRD. Elmaagacli et al. studied
38 patients post-SCT, and 14 out of 38 patients were positive for elevated WT1 at least once
posttransplant. Of the 14 patients positive for MRD, seven patients relapsed, compared to five
patient relapses in the 34 patients without MRD. In 17 of these patients, translocation markers
were available, and the authors were able to test the concordance of the leukemia-specific
translocation and WT1 expression. These assays were concordant 70% of the time; in the
discordant 30%, roughly one-half were positive for the leukemia-specific marker and negative
of WT1; the other half visa-versa. Thus, while not absolutely predictive of relapse, the WT1
assay may be a relative universal tool for assessing risk of relapse.
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5. MRD IN LYMPHOMA AND MYELOMA

Allogeneic SCT is relatively uncommon for lymphoma or myeloma, so it is not surprising
that there is little data concerning the significance of MRD detection in these diseases in the
allogeneic setting. IgH V-D-J rearrangements can also be used in multiple myeloma to detect
MRD in a similar manner. Two relatively small studies have shown that approx one-half of
patients will become MRD-negative, but the relapse rate appears similar in the MRD-
positive and -negative group (72,73). Most patients who achieve a complete remission
(CR) become MRD-negative after 6 mo posttransplant, but many take less than 2 yr (one
remarkable case took 6 yr to achieve MRD-negative). One worries, however, about the influ-
ence of selection bias in these studies, as relapses in these cohorts have been surprising infrequent.

The strategy of MRD detection can also be used in chronic lymphocytic leukemia (CLL). Mattson
et al. studied six CLL patients posttransplant by both IgH V-D-J rearrangement and chimerism studies
of the CD19+ cell population (74). Chimerism of the CD19+ population correlated with IgH V-D-J
status in the vast majority of cases. Five of six patients obtained a CR, and many had evidence of MRD
despite CR, even up to 2 yr posttransplant. This has also been seen after nonmyeloablative mini-
transplants, where some patients became MRD-negative after 6 mo posttransplant of an allogeneic-
related immune system (75). These results imply that clearance of disease following transplant may
be remarkably slow and facilitated largely by immune mechanisms.

6. THE TREATMENT OF MRD

The underlying premise of MRD detection is the potential use of preemptive therapy to
curtail relapse. Is there any evidence that the treatment of lesser disease burden works? The
proof-of-principle for treating MRD disease has been demonstrated by van Rhee et al. (76),
who treated 14 CML patients who relapsed hematologically, cytogenetically, or molecularly
(i.e., bcr-abl-positive) with donor leukocyte infusions (DLI). Of the seven patients with hema-
tologic relapse, three patients had a complete cytogenetic response to DLI; however, two of
these patients developed aplasia. Three patients with hematologic relapse and two patients
with only bcr-abl molecular positivity were treated; all had a complete response, and there
were no aplastic events. There was no clear difference in the incidence of severe GVHD among
the three groups. Thus, patients treated earlier in the course of relapse had improved response
and fewer complications. Further studies of DLI administration post-SCT have also suggested
the potential increased efficacy of treating a lower disease burden afforded by MRD testing
(77–79). Lastly, single patient reports exist showing the resolution of MRD as detected by
WT1 or inversion (16) detection in AML post-SCT (80). Both reports note the resolution of
MRD after DLI given for MRD up to 21 and 16 mo of follow-up, respectively.

In the near future, novel therapeutic approaches may be used to treat MRD in the post-SCT setting.
For example, the tyrosine kinase inhibitor STI571 has shown remarkable promise in the treatment of
interferon-resistant CML (81) and, given it’s low toxicity profile, seems a logical choice for the
treatment of MRD in CML patients. Antibody therapy, such as Mylotarg (82), which is directed against
the CD33 antigens present in most myeloid precursors and AML blasts, may also be considered as a
possible choice in the MRD setting, but utmost caution must be taken given the higher toxicity profile
of these agents. In all cases, it cannot be emphasized enough that any treatment of MRD post-SCT is
investigation, and should take place only in the context of a research trial.

7. CONCLUSION

The primary goal of MRD research is to redefine remission, so that those patients at a high
risk of relapse can be detected early and treated with preemptive therapy designed to squash
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the leukemia prior to frank relapse. MRD detection after SCT is highly associated with sub-
sequent relapse in CML and ALL; it is likely that the association will hold true in AML and
other hematological malignancies as well, but the data in these diseases are slim in comparison
(Table 2). The study of MRD has shown that, in many diseases, detectable amounts of disease
persist in patients who remain in a long-term remission. This must be telling us something
important about the nature of a cure in leukemia, in that cure apparently does not equate with
the total absence of all detectable disease. The investigation of the processes that govern
dormancy may yield new insights and approaches to curing leukemia.

REFERENCES

1. Arthur CK, Apperley JF, Guo AP, et al. Cytogenetic events after bone marrow transplantation for chronic
myeloid leukemias in chronic phase. Blood 1988;71:1179–1186.

2. Hook EB. Exclusion of chromosomal mosaicism: tables of 90%, 95%, and 99% confidence limits and com-
ments on use. Am J Hum Genet 1977;29:94–99.

3. Tkachuk DC, Westbrook CA, Andreeff M, et al. Detection of BCR-ABL fusion in chronic myelogenous
leukemia by two-color fluorescence in situ hybridization. Science 1990;250:559–562.

4. Compana D, Coustan-Smith E, Janossy G. The immunologic detection of minimal residual disease in acute
leukemia. Blood 1990;76:163–171.

5. Sievers EL, Lange BJ, Buckley JD, et al. Prediction of relapse of pediatric acute myeloid leukemia by use of
multidimensional flow cytometry. J Nat Cancer Inst 1996;88:1483–1488.

6. Saiki RK, Gelfand DH, Stofffel S, et al. Primer-directed enzymatic amplification of DNA with a thermostable
DNA polymerase. Science 1988;239:487–491.

7. Kawasaki ES, Clark SS, Coyne MY, et al. Diagnosis of chronic myeloid and acute lymphocytic leukemias by
detection of leukemia-specific mRNA sequences amplified in vitro. Proc Natl Acad Sci USA 1988;85:5698–5702.

8. Miller WH, Levine K, DeBlasio A, et al. Detection of minimal residual disease in acute promyelocytic leukemia
by a reverse transcription polymerase chain reaction assay for the PML/RARα fusion mRNA. Blood
1993;82:1689–1694.

9. Kusec R, Laczika K, Knobl P, et al. AML1/ETO fusion mRNA can be detected in remission blood samples of
all patients with t(8;21) acute myeloid leukemia after chemotherapy or autologous bone marrow transplanta-
tion. Leukemia 1994;8:735–739.

10. Maruyama F, Stass SA, Estey EH, et al. Detection of AML1/ETO fusion transcript as a tool for diagnosing
t(8;21) positive acute myelogenous leukemia. Leukemia 1994;8:40–45.

11. Claxton DF, Liu P, Hsu HB, et al. Detection of fusion transcripts generated by the inversion 16 chromosome
in acute myelogenous leukemia. Blood 1994;83:1750–1756.

12. Hebert J, Cayuela JM, Daniel MT, et al. Detection of minimal residual disease in acute myelomonocytic
leukemia with abnormal marrow eosinophils by nested polymerase chain reaction with allele specific ampli-
fication. Blood 1994;84:2291–2296.

Table 2
MRD Detection Post-SCT

Associated
Disease Genetic target with relapse? Comments

ALL IgH V-D-J Yes Detection before and after SCT is meaningful.
Ph+ bcr-abl Yes p190 bcr-abl may be worse than p210.

AML  t(15;17) PML/RARα Yes Levels >10–3 associated with relapse after
conventional therapy.

t(8;21) AML1-ETO Maybe Even “cured” patients are often PCR+;
quantfication will likely help.

inversion (16) CFBF-MYH11 Maybe Unclear association.
CML bcr-abl Yes Relapse risk higher in T cell depleted.

Quantification helps define relapse risk.
Myeloma, CLL IgH V-D-J Maybe Very few studies.
AML, ALL, CML WT1 Maybe Variable association with relapse after

conventional treatment and SCT.



Chapter 22 / MRD Post-SCT 351

13. Lee MS, Chang KS, Cabanillas F, et al. Detection of minimal residual cells carrying the t(14;18) by DNA
sequence amplification. Science 1987;237:175–178.

14. Pallisgaard N, Hokland P, Riishoj DC, et al. Multiplex reverse transcript-polymerase chain reaction for simulta-
neous screening of 29 translocation and chromosomal aberrations in acute leukemia. Blood 1998;93:574–588.

15. Wasserman R, Galili N, Ito Y, et al. Residual disease at the end of induction therapy as a predictor of relapse
during therapy in childhood B-lineage acute lymphoblastic leukemia. J Clin Onc 1989;10:1879–1884.

16. Yamada M, Wasserman R, Lange B, et al. Minimal residual disease in childhood B-lineage lymphoblastic
leukemia. Persistence of leukemia cells during the first 18 months of treatment. N Engl J Med 1990;323:448–455.

17. Nowell PC, Hungerford DA: A minute chromosome in human chronic granulocytic leukemias. Science
1960;14:97.

18. Lee MS, Chang KS, Freireich EJ, et al. Detection of minimal residual bcr/abl transcripts by a modified
polymerase chain reaction. Blood 1988;72:893–897.

19. Roth MS, Antin JH, Bingham EL, Ginsburg D. Detection of Philadelphia chromosome-positive cells by the
polymerase chain reaction following bone marrow transplant for chronic myelogenous leukemia. Blood
1989;74:882–885.

20. Sawyers CCL, Timson L, Kawasaki ES, et al. Molecular relapse in chronic myelogenous leukemia patients after
bone marrow transplantation detected by polymerase chain reaction. Proc Natl Acad Sci USA 1990;87:563–567.

21. Hughes TP, Morgan GJ, Martiat P, Goldman JM. Detection of residual leukemia after bone marrow transplant for
chronic myeloid leukemia: role of the polymerase chain reaction in predicting relapse. Blood 1991;77:874–878.

22. Roth MS, Antin JH, Ash R, et al. Prognostic significance of Philadelphia chromosome-positive cells detected
by the polymerase chain reaction after a allogeneic bone marrow transplant for chronic myelogenous leukemia.
Blood 1992;79:276–282.

23. Lion T, Henn T, Gaiger A, et al. Early detection of relapse after bone marrow transplantation in patients with
chronic myelogenous leukemia. Lancet 1993;341:275,276.

24. Miyamura K, Tahara T, Tanimoto M, et al. Long perisitent bcr-abl positive transcript detected by polymerase
chain reaction after marrow transplant for chronic myelogenous leukemia without clinical relapse: A study of
64 patients. Blood 1993;81:1089–1094.

25. Radich J, Gehly G, Gooley T, et al. PCR detection of the bcr-abl fusion transcript after allogeneic marrow transplan-
tation for chronic myeloid leukemia: results and implications in 346 patients. Blood 1995;85:2632–2638.

26. Pichert G, Roy DC, Goin R, et al. Distinct patterns of minimal residual disease associated with graft-versus-
host disease after allogeneic bone marrow transplantation for chronic myelogenous leukemia. J Clin Oncol
1995;13:1704–1713.

27. Costello RT, Kirk J, Gabert J. Value of PCR analysis for long term survivors after allogeneic bone marrow
transplant for chronic myelogenous leukemia: a comparative study. Leuk Lymphoma 1996;20:239–243.

28. Radich JP, Gooley T, Bryant E, Chauncey T, et al. The significance of BCR-ABL molecular detection in CML
patients “late” (≥18 months) post-transplant. Blood 2001;6:1701–1707.

29. van Rhee F, Lin F, Cross NCP, et al. Detection of residual leukaemia more than 10 years after allogeneic bone
marrow transplantation for chronic myelogenous leukaemia. Bone Marrow Transplant 1994;14:609–612.

30. Mackinnon S, Barnett L, Heller G. Polymerase chain reaction is highly predictive of relapse in patients
following T cell-depleted allogeneic bone marrow transplantation of chronic myeloid leukemia. Bone Marrow
Transplant 1996;17:643–647.

31. Pichert G, Alyea EP, Soiffer RJ, et al. Persistence of myeloid progenitor cells expressing BCR-ABL mRNA
after allogeneic bone marrow transplantation for chronic myelognous leukemia. Blood 1994;84:2109–2114.

32. Saglio G, Pane F, Gottardi E, et al. Consistent amounts of acute leukemia-associated P190BCR/ABL tran-
scripts are expressed by chronic myelogenous leukemia patients at diagnosis. Blood 1996;87:1075–1080.

33. van Rhee F, Hochhaus A, Lin F, et al. p190 BCR-ABL mRNA is expressed at low levels in p210-positive
chronic myeloid and acute lymphoblastic leukemias. Blood 1996;87:5213–5217.

34. Serrano J, Roman J, Sanchez J, et al. Molecular analysis of lineage-specific chimerism and minimal residual
disease by RT-PCR of p210BCR-ABL and p190BCR-ABL after allogeneic bone marrow transplantation for chronic
myeloid leukemia: increasing mixed myeloid chimerism and p190BCR-ABL detection precede cytogenetic
relapse. Blood 2000;95:2659–2665.

35. Zhang JG, Goldman JM, Cross NCP. Characterization of genomic BCR-ABL breakpoints in chronic myeloid
leukaemia by PCR. Br J Haematol 1995;90:138–146.

36. Zhang JG, Lin F, Chase A, et al. Comparison of genomic DNA and cDNA for detection of residual disease after
treatment of chronic myeloid leukemia with allogeneic bone marrow transplantation. Blood 1996;87:2588–2593.

37. Chomel J-C, Brizard F, Veinstein A, et al. Persistence of BCR-ABL genomic rearrangement in chronic myeloid
leukemia patients in complete and sustained cytogenetic remission after interferon-α therapy or allogeneic
bone marrow transplantation. Blood 2000;95:404–408.

38. Chase A, Parker S, Kaeda J, et al. Absence of host-derived cells in the blood of patients in remission after
allografting for chronic myeloid leukemia. Blood 2000;96:777,778.



352 Part VI / Preclinical Studies in Allogeneic Transplantation

39. Deininger M, Lehmann T, Krahl R, et al. No evidence for persistence of BCR-ABL-positive cells in patients
in molecular remission after conventional allogeneic transplantation for chronic myeloid leukemia. Blood
2000;96:778,779.

40. Lin F, van Rhee F, Goldman JM, Cross NCP. Kinetics of increasing BCR-ABL transcript numbers in chronic
myeloid leukemia patients who relapse after bone marrow transplantation. Blood 1996;87:4473–4478.

41. Lion T, Izraelli S, Henn T, et al. Monitoring of residual disease in chronic myelogenous leukemia by quanti-
tative polymerase chain reaction. Leukemia 1992;6:495–499.

42. Mensink E, van de Locht A, Schattenberg A, et al. Quantitation of minimal residual disease in Philadelphia
chromosome positive chronic myeloid leukaemia patients using real-time quantitative RT-PCR. Br J Haematol
1998;102:768–774.

43. Preudhomme C, Revillion F, Merlat A, et al. Detection of BCR-ABL transcripts in chronic myeloid leukemia
(CML) using a “real time” quantitative RT-PCR assay. Leukemia 1999;13:957–964.

44. Branford S, Hughes TP, Rudzski Z. Monitoring chronic myeloid leukaemia therapy by real-time quantitative
PCR in blood is a reliable alternative to bone marrow cytogenetics. Br J Haematol 1999;107:587–599.

45. Olavarria E, Kanfer E, Szydlo et al. Early detection of BCR-ABL transcripts by quantitative reverse tran-
scriptase-polymerase chain reaction predicts outcome after allogeneic stem cell transplantation for chronic
myeloid leukemia. Blood 2001;97:1560–1565.

46. Yamada M, Hudson S, Tournay O, et al. Detection of minimal disease in hematopoietic malignancies of the
B-cell lineage by using third-complementarity-determining region (CDR-III)-specific probes. Proc Natl Acad
Sci USA 1989;86:5123–5127.

47. Rovera G, Wasserman R, Yamada M. Detection of minimal residual disease in childhood leukemia with the
polymerase reaction. N Engl J Med 1991;324:774–781.

48. Brisco MJ, Hughes E, Neoh SH, et al. Relationship between minimal residual disease and outcome in adult
acute lymphoblastic leukemia. Blood 1996;87:5251–5256.

49. Sikes PJ, Snell LE, Brisco MJ, Neoh SH, et al. The use of monoclonal gene rearrangement for detection of
minimal residual disease in acute lymphoblastic leukemia of childhood. Leukemia 1997;11:153–158.

50. Roberts WM, Estrov Z, Ouspenskaia MV, et al. Measurement of residual leukemia during remission in child-
hood acute lymphoblastic leukemia. New Engl J Med 1997;336:317–323.

51. Cave H, van der Werff ten Bosch J, Suciu S, et al. Clinical significance of minimal residual disease in childhood
acute lymphoblastic leukemia. N Engl J Med 1998;339:591–598.

52. Radich J, Ladne P, Gooley T. Polymerase chain reaction-based detection of minimal residual disease in acute
lymphoblastic leukemia predicts relapse after allogeneic BMT. Biol Blood Marrow Transplant 1995;1:24–31.

53. Knechtli CJC, Goulden NJ, Hancock JP, et al. Minimal residual disease status as a predictor of relapse after
allogeneic bone marrow transplantation for children with acute lymphoblastic leukaemia. Br J Haematol
1998;102:860–871.

54. Knechtli CJC, Goulden NJ, Hancock JP, et al. Minimal residual disease status before allogeneic bone marrow
transplantation is an important determinant of successful outcome for children and adolescents with acute
lymphoblastic leukemia. Blood 1998;92:4072–4079.

55. Zetterquist H, Mattsson J, Uzunel M, et al. Mixed chimerism and minimal residual disease in patients with pre-
B acute lymphoblastic leukemia. Bone Marrow Transplant 2000;25:843–851.

56. Miyamura K, Tanimoto M, Morishima Y, et al. Detection of Philadelphia chromosome-positive acute lympho-
blastic leukemia by polymerase chain reaction: Possible eradication of minimal residual disease by marrow
transplantation. Blood 1992;79:1366–1371.

57. Radich J, Gehly G, Lee A, et al. Detection of bcr-abl transcripts in Philadelphia chromosome-positive acute
lymphoblastic leukemia after marrow transplantation. Blood 1997;89:2602–2609.

58. Perego RA, Marenco P, Bianchi C, et al. PML/RARa transcripts monitored by polymerase chain reaction in
acute promyelocytic leukemia during complete remission, relapse and after bone marrow transplantation.
Leukemia 1996;10:207–212.

59. Roman J, Martin C, Torres A, et al. Absence of detectable PML-RARa fusion transcripts in long-term remission
patients after BMT for acute promyelocytic leukemia. Bone Marrow Transplant 1997;9:679–683.

60. Mandelli F, Diverio D, Avvisati G, et al. Molecular remission in PML/RARa-positive acute promyelocytic
lelukemia by combined all-trans retinoic acid and idarubicin (AIDA) therapy. Blood 1997;1014–1021.

61. Diverio D, Rossi V, Avvisati G, et al. Early detection of relapse by prospective reverse transcriptase-poly-
merase chain reaction analysis of the PML/RARa fusion gene in patients with acute promyelocytic leukemia
enrolled in the GIMEMA-AIEOP multicenter “AIDA” trial. Blood 1998;92:784–789.

62. Kusec R, Laczika K, Knobl P, et al. AML1/ETO fusion mRNA can be detected in remission blood samples of
all patients with t (8;21) acute myeloid leukemia after chemotherapy or autologous bone marrow transplanta-
tion. Leukemia 1994; 8:735–739.

63. Miyamoto T, Nagafuji K, Harada M, et al. Quantitative analysis of AML1/ETO transcripts in peripheral blood
stem cell harvests from patients with t(8;21) acute myelogenous leukemia. Br J Haematol 1995;91:132–138.



Chapter 22 / MRD Post-SCT 353

64. Jurlander J, Caligiuri MA, Ruutu T, et al. Persistence of the AML1/ETO fusion transcript in patients treated
with allogeneic bone marrow transplantation for t(8;21) leukemia. Blood 1996;88:2183–2191.

65. Sugimoto T, Das H, Imoto S, et al. Quantitation of minimal residual disease in t(8;21)-positive acute myelog-
enous leukemia patients using real-time quantitative RT-PCR. Am J Hematol 2000;64:101–106.

66. Marcucci G, Livak KJ, Bi W, et al. Detection of minimal residual disease in patients with AML1/ETO-
associated acute myeloid leukemia using a novel quantitative reverse transcription polymerase chain reaction
assay. Leukemia 1998;12:1482–1489.

67. Laczika K, Novak M, Hilgarth B, et al. Competitive CBFβ/MYH11 reverse-transcriptase polymerase chain
reaction for quantitative assessment of minimal residual disease during postremission therapy in acute myeloid
leukemia with inversion(16): a pilot study. J Clin Oncol 1998;16:1519–1525.

68. Elmaagacli AH, Beelen DW, Kroll M, et al. Detection of CBFβ/MYH11 fusion transcripts in patients with
inv(16) acute myeloid leukemia after allogeneic bone marrow or peripheral blood progenitor cell transplanta-
tion. Bone Marrow Transplant 1998;21:159–166.

69. Miyamoto T, Kagafuji K, Akashi K, et al. Persistence of multipotent progenitors expressing AML1/ETO tran-
scripts in long-term remission patients with t(8;21) acute myelogenous leukemia. Blood 1996;87:4789–4796.

70. Vora A, Frost L, Goodeve A, et al. Late relapsing childhood lymphoblastic leukemia. Blood 1998; 92:2334–2337.
71. Elmaagacli AH, Beelen DW, Trenschel R, Schaefer UW. The detection of wt-1 transcripts is not associated

with an increased leukemic relapse rate in patients with acute leukemia after allogeneic bone marrow or
peripheral blood stem cell transplantation. Bone Marrow Transplant 2000;25:91–96.

72. Corradini P, Voena C, Tarella C, et al. Molecular and clinical remission in multiple myeloma: role of autologous
and allogeneic transplantation of hematopoetic cells. J Clin Oncol 1999;17:208–215.

73. Cavo M, Terrangna C, Martinelli G, et al. Molecular monitoring of minimal residual disease in patients in long-term
complete remission after allogeneic stem cell transplantation for multiple myeloma. Blood 2000;96:355–357.

74. Mattsson J, Uzunel M, Remberger M, et al. Minimal residual disease is common after allogeneic stem cell
transplantation in patients with B cell chronic lymphocytic leukemia and may be controlled by graft-versus-
host disease. Leukemia 2000;14:247–254.

75. McSweeney PA, Niederwieser D, Shizuru JA, et al. Hematopoietic cell transplantation in older patients with
hematologic malignancies: replacing high-dose cytotoxic therapy with graft-versus-tumor effects. Blood
2001;11:3390–3400.

76. van Rhee F, Lin F, Cullis JO, et al. Relapse of chronic myeloid leukemia after allogeneic bone marrow
transplant: the case for giving donor leukocyte transfusions before the onset of hematologic relapse. Blood
1994;83:3377–3383.

77. Au WY, Lie AKW, Lee CCK, et al. Donor lymphocyte infusion induced molecular remission in relapse of acute
myeloid leukaemia after allogeneic bone marrow transplantation. Bone Marrow Transplant 1999;23:1201–1203.

78. Formankova R, Honzatkova L, Moravcova J, et al. Prediction and reversion of post-transplant relapse in
patients with chronic myeloid leukemia using mixed chimersim and residual disease detection and adoptive
immunotherapy. Leuk Res 2000;24:339–347.

79. Dazzi F, Szydlo RM, Cross NCP et al. Durability of responses following donor lymphocyte infusions for
patients who relapse after allogeneic stem cell transplantation for chronic myeloid leukemia. Blood
2000;96:2712–2716.

80. Ogawa A, Tsuboi A, Oji Y, et al. Successful donor leukocyte transfusion at molecular relapse for a patient with
acute myeloid leukemia who was treated with allogeneic bone marrow transplantation: importance of the
monitoring minimal residual disease by WT1 assay. Bone Marrow Transplant 1998;21:525–527.

81. Druker BJ, Talpaz M, Resta DJ, et al. Efficacy and safety of a specific inhibitor of the BCR-ABL tyrosine kinase
in chronic myeloid leukemia. N Engl J Med 2001;344:1031–1037.

82. Sievers EL, Larson RA, Stadtmauer EA, et al. Efficacy and safety of gemtuzumab ozogamicin in patients with
CD33-positive acute myeloid leukemia in first relapse. J Clin Oncol 2001;19:3244–3254.



354 Part VI / Preclinical Studies in Allogeneic Transplantation



Chapter 23 / Nonhuman Primate Models of HSC Transplantation 355

Nonhuman Primate Models
of Hematopoietic Stem Cell
Transplantation

Steven M. Devine and Ronald Hoffman

CONTENTS

INTRODUCTION

ALLOGENEIC HSC TRANSPLANT MODELS

HEMATOPOIETIC GROWTH FACTORS

GENE THERAPY

PRIMATE HEMATOPOIESIS

EX VIVO EXPANSION

TRANSPLANTATION TOLERANCE

MESENCHYMAL STEM CELL TRANSPLANTATION

CONCLUSION

REFERENCES

355

From: Current Clinical Oncology: Allogeneic Stem Cell Transplantation
Edited by: Mary S. Laughlin and Hillard M. Lazarus © Humana Press Inc., Totowa, NJ

1. INTRODUCTION

Recent advances in hematopoietic stem cell (HSC) transplantation have occurred in large
measure due to the development of reliable animal model systems. Clearly, the most widely
used models are rodent, particularly the mouse. The murine system has been uniquely suited
for studies defining the genetics and pathogenesis of graft-vs-host disease (GVHD), as well as
for determining the requirements for successful engraftment of histoincompatible HSC. Nev-
ertheless, sole reliance on the murine systems to create models, which parallel human hemato-
poiesis and the effects of HSC transplantation, is less than ideal for a number of important
reasons. For instance, mice require approx one-half to one full log less bone marrow cells than
do nonhuman primates or humans in order to survive a lethal dose of myelosuppressive con-
ditioning (1–3). This alone is a simple yet important demonstration of the intrinsic differences
in the properties of primate and murine HSC. Furthermore, there are marked differences
between mice and humans with regard to the patterns of GVHD observed following stem cell
transplantation (4). For example, mice initially tolerate the engraftment of fully major histo-
compatibility complex (MHC)-mismatched bone marrow, whereas the engraftment of fully
mismatched or even haploidentical non-T cell-depleted bone marrow in humans or monkeys
is associated with acute and often lethal acute GVHD (2,4).

23
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Due to their phylogenetic proximity to humans, the relatedness of their MHC complex,
naturally outbred nature, similar hematopoietic response to total body irradiation (TBI),
requirements for roughly equivalent doses of either autologous and allogeneic bone marrow
cells for rescue following TBI, and comparable responses to human hematopoietic cytokines,
nonhuman primates are theoretically a superior target for the development of HSC transplan-
tation models. Nevertheless, due to the high cost of maintaining transplanted animals, diffi-
culty in handling large species, and the difficulties encountered in accurately defining the
MHC compatibility between donor–recipient pairs, there exist only a handful of investigators
who have made a long-term investment into the development of nonhuman primate models of
HSC transplantation.

In this chapter, we review several areas of investigation in which nonhuman primate models
have provided data that has proven either highly translatable to the human setting or has served
as the basis for the development of clinical protocols. New avenues for research, in which the
nonhuman primate model could be further exploited, will also be presented.

2. ALLOGENEIC HSC TRANSPLANT MODELS

Dogs have been the preferred large animal model with which to study HSC transplantation
due to their large litter sizes and relatively fast breeding, resulting in a significant number of
available dog leukocyte antigen (DLA)-matched siblings (5–9). In contrast, fully MHC-
matched siblings are very difficult to identify in nonhuman primates due to their breeding
patterns and longer gestation periods. In addition, posttransplantation care is easier to admin-
ister to dogs than to nonhuman primates. However, dogs tolerate radiation less well than rhesus
monkeys, baboons, or humans (doses greater than 7Gy are not well-tolerated) (1,2,7,9,10).
Also, there are significant differences in the number of T cells transplanted when comparing
primate and canine bone marrow (4). Furthermore, canine cells do not cross-react with many
of the available human hematopoietic cytokines or many other monoclonal antibodies that are
recognized by both human and nonhuman primate cells. Finally, the phylogenetic proximity
between humans and nonhuman primates would imply they represent a more reliable model
of human transplantation (11).

Early work by groups led by VanBekkum and Dicke suggested that the rhesus macaque
could be used effectively to study GVHD reactions (2,4,12–15). In contrast to mice, grafting
of MHC identical sibling marrow was almost always associated with lethal acute GVHD in
rhesus monkeys not given posttransplant immunoprophylaxis, as is the case clinically (4,12,13).
The presenting features and histopathology of acute GVHD in the rhesus monkey bear close
resemblance to human acute GVHD (16,17). Studies performed in the late 1960s through mid-
1970s demonstrated that the nonhuman primate model could be used to evaluate strategies
designed to mitigate or prevent GVHD (12,15). Pretreatment of MHC identical rhesus mon-
keys with antilymphocyte serum prevented GVHD (15). Furthermore, effective T cell deple-
tion of MHC-incompatible rhesus marrows (3 to 4 log T cell depletion) could in fact lessen or
in some cases prevent GVHD (12). These findings proved to be highly translatable to the
clinical setting inasmuch as T cell depletion has consistently been demonstrated to effectively
prevent or limit acute GVHD in both the MHC-matched and -mismatched settings (18–20).
The rhesus monkey was also used to demonstrate that in vivo T cell depletion using antilym-
phocyte globulin could effectively treat established GVHD (14).

The baboon system has been used to demonstrate the hematopoietic potential of CD34+
bone marrow cells, first in an autologous setting and later in an MHC-matched allogeneic
setting (21,22). Five baboons administered bone marrow selected for CD34+ cells by avidin–
biotin immunoadsorption promptly reconstituted hematopoiesis following lethal irradiation,
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whereas two baboons given marrow depleted of CD34+ cells either died without engraftment
or remained pancytopenic for more than 100 d, demonstrating that marrow cells containing the
CD34 antigen were enriched for cells with long-term repopulating potential (22). Later, the
same group demonstrated that allogeneic marrow cells could be enriched for CD34+ cells,
which retained the capacity to reconstitute hematopoiesis in MHC compatible recipients (21).
Two of these baboons remained full chimeras between 5 and 6 yr following transplantation and
had fully reconstituted their immune system, further proof that CD34+ cells were capable of
fully reconstituting lymphohematopoiesis (23). These studies served as the basis for clinical
trials evaluating CD34+ selection, using either autologous or allogeneic grafts. The results of
these human studies have provided evidence that data obtained in the baboon model are
predictive of clinical outcomes (24–27).

While clearly demonstrative of the power of the nonhuman primate model, the studies
performed by Andrews and colleagues have also demonstrated the pitfalls of this model (21).
These investigators evaluated more than 30 potential donor–recipient pairs before they were
able to identify mixed lymphocyte culture nonreactive, presumably MHC-compatible sib-
lings. Furthermore, following allogeneic HSC transplantation, baboons are difficult to support
without rigorous standards. In the report by Andrews, three out of five MHC-compatible
baboons died of infectious complications between 1 and 4 mo following transplantation (21).

Without sophisticated support measures, extensive personnel, and great expense, it is very
difficult to identify and support fully MHC-compatible nonhuman primate donor–recipient
pairs (21). In the absence of gene sequencing, which is an expensive and cumbersome task, one
cannot reliably determine nonhuman primate histocompatibility without knowledge of the
animal’s pedigree. In practical terms, allogeneic HSC transplantation can only be performed
consistently in these models using either fully MHC mismatched or at best haploidentical
donor–recipient pairs. With the advent of the National Marrow Donor Program (NMDP) in
1987 and the clinical development of volunteer unrelated donor protocols, emphasis shifted
away from MHC-mismatched (haploidentical) related transplants to volunteer unrelated donor
transplants. Due to breeding patterns, lack of multiple births, and long duration of gestation
(approx 180 d in the baboon), nonhuman primates are impractical as a model of unrelated donor
transplantation since the numbers of monkeys maintained at all the primate centers worldwide
would be insufficient to provide enough unrelated yet MHC-matched donor–recipient pairs.
In contrast, given the large litter size and fast breeding of dogs, the canine model has been
exploited for studying unrelated donor transplants. Only recently, given the renewed interest
in haploidentical-related transplants spurred by encouraging clinical results, has interest been
rekindled in the use of a nonhuman primate model for MHC-mismatched but related HSC
transplantation (28–30). Furthermore, interest in the use of hematopoietic cells for the induc-
tion of transplantation tolerance has led to the development of nonhuman primate allograft
transplantation models, in which fully MHC-mismatched HSC and solid organs can be trans-
planted serially or simultaneously (31,32). Nevertheless, over the past 15 yr, the nonhuman
primate has been used more to evaluate the effects of human hematopoietic cytokines on
hematopoiesis and stem cell mobilization in models of ex vivo HSC expansion and, lastly, as
a model of gene therapy. Several of the important studies performed in these settings will be
described below.

3. HEMATOPOIETIC GROWTH FACTORS

The baboon and macaque (Rhesus, cynomolgus) species have been used to study the in vivo
effects of putative human hematopoietic growth factors. Studies have focused on the effects
of growth factors during both steady state or following perturbations of hematopoiesis. Despite



358 Part VI / Preclinical Studies in Allogeneic Transplantation

potential limitations due to the development of neutralizing antibodies, most of these models
have yielded data which has facilitated the design of clinical trials. Non-human primate models
have been used to study numerous growth factors including granulocyte colony-stimulating
factor (G-CSF) (33,34), granulocyte-macrophage colony-stimulating factor (GM-CSF) (35–
39), interleukin-3 (IL-3) (37,39–41), IL-6 (40–42), IL-11 (43), stem cell factor (SCF) (44),
leukemia inhibitory factor (LIF) (45), thrombopoietin (TPO) (46), megakaryocyte growth and
development factor (MGDF) (47–49), daniplestim (50), and myelopoietin (51). A selected
group of trials are listed in Table 1. In many instances, these models have provided reliable data
regarding the relative safety of and potential toxicities associated with these molecules. Inter-
estingly, the first in vivo demonstration of the effects of SCF on mast cell expansion and
degranulation was demonstrated in both baboons and cynomolgus monkeys prior to the dem-
onstration of this effect in humans (52). These nonhuman primate models afford the capacity
to study potential synergistic interactions between cytokines and to develop optimized sched-
ules of administration. The effects of human cytokines on hematopoiesis in both baboons and
rhesus monkeys have been highly predictive of outcomes observed in clinical trials. Notwith-
standing, it is reasonable to apply caution when interpreting the results obtained in these
models. For instance, human growth factors must often be given in much higher doses in
comparison to humans in order to achieve a biological effect in these xenogeneic systems. At
such supraphysiological doses, effects on other endogenous cytokines may be provoked, theo-
retically making an accurate quantification of the effects of a single cytokine difficult. Addi-
tionally, since these animals have not previously been treated with chemotherapy or radiation,
it is often difficult to extrapolate data obtained in chemotherapy-naïve animals to describe or
predict responses likely to occur in heavily pretreated patients. Nevertheless, it has been quite
striking to note how often nonhuman primate models have successfully predicted the effects
of many human hematopoietic growth factors on human biological responses. This is most
evident when evaluating the effects of hematopoietic growth factors on the mobilization of
hematopoietic stem and progenitor cells into the peripheral blood (53–61). The baboon model
has been used to assess the capacity of G-CSF, SCF, and Flt3 ligand given singly or in com-
bination to mobilize cells possessing the capacity to rescue animals from otherwise lethal
irradiation (53–55,60). The baboon was the first system to demonstrate the synergistic effects
of G-CSF with SCF on stem cell mobilization, an effect later realized and exploited clinically
(54,55,62,63). The baboon has also been used to demonstrate the importance of adhesive
interactions on stem cell mobilization. It was recently demonstrated that an anti-integrin
antibody (antiVLA-4) given in combination with G-CSF or SCF enhanced the mobilization of
hematopoietic progenitor cells (56). The rhesus monkey has also been exploited to study the
safety and efficacy of novel chimeric hematopoietic agonists on progenitor cell mobilization
(58,64). Table 2 provides a selected list of studies using the nonhuman primate to assess the
capacity of human hematopoietic growth factors to mobilize HSC.

4. GENE THERAPY

Nonhuman primate models have proven to be a powerful preclinical tool for analyzing the
in vivo effects of various gene transduction strategies (3,65,66). Such models have demon-
strated many of the potential barriers to successful gene therapy in humans. Despite the success
predicted by murine models, nonhuman primate systems have clearly established where the
murine models fall short. This is particularly true in the case of strategies targeting hematopoi-
etic stem and progenitor cells (66). In early nonhuman primate studies, the efficiency of gene
transfer into hematopoietic repopulating cells was consistently lower than that achieved using
murine HSC (3,65). Differences in the density of expression of retroviral receptors on primate
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Table 1
Selected Hematopoietic Cytokine Studies Performed in Nonhuman Primates

Ref. Cytokine Species Model Result

34 G-CSF Cynomolgus CIM/RIM Shortened duration of myelosuppression.
35 GM-CSF Rhesus RIM/BMT Reduced duration of neutropenia following radiation and BMT.
36 GM-CSF Rhesus RIM Enhanced granulocyte recovery in animals receiving GM-CSF.
39 IL-3 +/- GM-CSF Rhesus SSA Sequential administration of IL-3 followed by GM-CSF increased thrombopoiesis.
37 IL-3 +/- GM-CSF Rhesus RIM Sequential administration of IL-3 followed by GM-CSF did not improve hematopoietic

recovery compared to GM-CSF alone.
41 IL-3 +/- IL-6 Rhesus CIM IL-6 was effective in shortening duration of thrombocytopenia.
40 IL-3 +/- IL-6 Rhesus RIM IL-6 enhanced platelet recovery following radiation. Sequential IL-3/IL-6 not clearly superior.
42 IL-6 Rhesus RIM IL-6 induced accelerated recovery of neutrophils and platelets.
44 SCF Baboon SSA SCF caused rise in BM cellularity and CFU-GM and BFU-E formation.
45 LIF Rhesus RIM LIF decreased duration of thrombocytopenia; no effect on neutrophil recovery.
43 IL-11 Cynomolgus CIM/RIM IL-11 improved platelet recovery following chemotherapy or radiation induced

myelosuppression.
46 TPO +/- G-CSF Rhesus TBI/ BMT No improvement in platelet recovery observed.
49 MGDF +/- G-CSF Rhesus CIM Improvement in both neutrophil and platelet recovery.
47 MGDF Baboon SSA or CIM MGDF enhanced steady state platelet/megakaryocyte production; modestly improved platelet

recovery after 5-FU.
48 MGDF +/- G-CSF Rhesus RIM Pegylated MGDF enhanced multi-lineage recovery when combined with G-CSF.
50 Daniplestim Rhesus RIM Enhanced platelet recovery and raised neutrophil nadir after radiation.
51 Myelopoietin Rhesus RIM Improved neutrophil and platelet recovery observed.

G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; IL-3, interleukin-3; IL-6, interleukin-6; IL-11, interleukin-
11; SCF, stem cell factor; LIF, leukemia-inhibitory factor; TPO, thrombopoietin; MGDF, megakaryocyte growth and development factor; CIM, chemotherapy-induced
myelosuppression; RIM, radiation-induced myelosuppression; BMT, bone marrow transplantation; SSA, steady state administration; CFU-GM, colony forming unit-
granulocyte macrophage; BFU-E, burst forming unit-erythrocyte; 5-FU, 5 flourouracil.
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Table 2
Hematopoietic Cytokine Mobilization Studies in Nonhuman Primates

Ref. Cytokine(s) studied Species Result

53 SCF Baboon SCF alone mobilized cells capable of rescuing lethally irradiated baboons.
52 SCF Baboon or Cynomolgus SCF administration resulted in marked expansion of mast cells in a variety of

tissues.
57 IL-3 + GM-CSF Rhesus Combining IL-3 with GM-CSF followed by large volume apheresis resulted in

collection of increased numbers of hematopoietic progenitors in comparison to
untreated controls.

54 G-CSF +/- SCF Baboon Demonstrated dose and schedule dependent effects of combination G-CSF and SCF
on progenitor cell mobilization.

55 G-CSF +/- SCF Baboon Blood cells mobilized by combination G-CSF and SCF engrafted lethally irradiated
recipients more rapidly than cells mobilized by G-CSF alone.

60 FL +/- G-CSF Baboon Demonstrated synergistic effects of combination FL and G-CSF on mobilization of
hematopoietic progenitor cells.

56 G-CSF/FL/SCF Baboon Anti-integrin treatment with an anti-VLA-4 antibody resulted in a synergistic
hematopoietic progenitor cell mobilization when combined with human
hematopoietic cytokines.

58 Myelopoietin/Daniplestim/G-CSF Rhesus Myelopoietin administration resulted in mobilization of larger numbers of
hematopoietic progenitors in comparison to treatment with Daniplestim or G-
CSF alone.

G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; IL-3, interleukin-3; SCF, stem cell factor; FL, Flt-3 ligand.
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HSC, or the requirements for growth factors in culture, have been significant and highlight the
fundamental problems when extrapolating from murine studies. Intrinsic differences in the
properties of primate and murine HSC are also likely important enough to account for many
of the difficulties encountered to date. Studies demonstrating fundamental differences between
murine and nonhuman primate HSC will be discussed in the section on hematopoiesis.

Xenogeneic assays of human hematopoiesis using the non-obese diabetic/severe combined
immunodeficiency (NOD/SCID) mouse and the fetal sheep have been used as in vivo models
to study the efficiency of gene transfer into human HSC (67–70). However, the effects of a
xenogeneic microenvironment on the behavior and function of human HSC in these models
remains unclear at present, calling into question the reliability of these systems for predicting
human in vivo hematopoiesis. Secondly, the immunosuppressed milieu inherent in these models
does not allow for an accurate prediction of the effects of an otherwise intact human immune
system in response to genetically modified human hematopoietic cells. Importantly, an in vivo
immunologic response to green fluorescent protein (GFP) transduced human hematopoietic
cells has recently been demonstrated in a rhesus model (71). On the other hand, autologous
transplantation models using nonhuman primates seem superior for evaluating engraftment,
proliferation, and differentiation of transduced HSC and for predicting the effects of an intact
immune system. Moreover, such models can be exploited to examine the effects of and require-
ments for conditioning of a recipient prior to the infusion of gene-modified HSC. Numerous
groups have used either the rhesus or baboon models in order to optimize gene transfer con-
ditions, the effects to retroviral vector pseudotyping, the effects of novel retroviruses such as
lentiviruses, and to determine the requirements for conditioning necessary to achieve stable
gene expression (61 65,66,72–89). Table 3 lists some of the gene therapy strategies that have
been used in nonhuman primate models.

5. PRIMATE HEMATOPOIESIS

Within a typical 2-yr lifespan, a mouse makes about the same amount of red blood cells in
its entire lifetime as does a man in 1 d (90). This suggests that the demands placed on murine
and primate HSC vary. For these reasons, we and others have studied hematopoiesis in non-
human primates during both steady state and following perturbation. In the rhesus monkey,
Kim and colleagues described the tracking of clonal contributions to hematopoiesis of autolo-
gous mobilized peripheral blood cells infused following lethal TBI by using retroviral insertion
site analysis (91). In two animals studied, 48 clones were identified up to 18 mo following
transplantation, and multiple clones were shown to contribute to hematopoiesis at two or more
time points. These data contrast sharply with what is known of murine hematopoiesis at steady
state and underscore the importance of using nonhuman primates in order to accurately describe
human hematopoiesis.

Our group has used continuous bromodeoxyuridine (BrDU) labeling to study stem cell
cycling behavior at both steady state or following human growth factor administration in a
baboon model (92). We found that in contrast to murine HSC, baboon HSC remained largely
quiescent over prolonged periods. Nevertheless, they do eventually cycle, but at far longer time
intervals in comparison to mice. At times of stress, as mimicked by the administration of G-
CSF, baboon HSC could be rapidly recruited into cycle, presumably in order to meet increased
demands. This demonstration of the striking differences in stem cell behavior between nonhu-
man primate and murine HSC may indeed help explain the difficulties that have been encoun-
tered in gene therapy trials targeting human HSC (93,94). They also caution against the over
interpretation of murine HSC transplantation models to describe human hematopoiesis follow-
ing stem cell transplantation. This is particularly true when describing effects of HSC trans-
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Table 3
Selected Nonhuman Primate Gene Therapy Models

Ref. Species Strategy Result

72 Rhesus Transduction of cytokine mobilized hematopoietic progenitors. Cytokine priming resulted in collection of more primitive
cells with improved susceptibility to retroviral
transduction.

78 Baboon Competitive repopulation assay. GALV pseudotyped vector more efficiently transduced
baboon hematopoietic progenitors in comparison to
amphotropic vector.

79 Baboon Fibronectin fragment used to enhance transduction efficiency. Gene transfer efficiency was improved when cells were
transduced in the presence of fibronectin fragment (CH-296).

73 Rhesus In vivo tracking of nonexpressed transgenes. AAV vector resulted in higher short-term in vivo marking
of T lymphocytes in comparison to retroviral vector.

61 Rhesus In vivo tracking of gene marked CD34+ cells. Nonmyeloablative conditioning permitted long-term
persistence of gene-marked cells in multiple
hematopoietic lineages.

82 Baboon Use of helper-dependent (“gutless”) vectors to evade immune recognition. A helper-dependent adenoviral vector system resulted in
reduced immunogenicity of transduced cells.

80 Rhesus Injection of human Factor IX via adenoviral vector. Administration of high doses of adenoviral vector resulted
in dose-limiting hepatic toxicity.

71 Rhesus EGFP marking of hematopoietic cells. Demonstrated development of immune response to EGFP
expressing hematopoietic cells.

AAV, adeno-associated virus; GALV, Gibbon ape leukemia virus; EGFP, enhanced green fluorescent protein.
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plantation following in vitro exposure to agents inducing cell cycling in an effort to “expand”
stem or progenitor cells.

6. EX VIVO EXPANSION

The possibility of expanding in vitro the numbers of primitive hematopoietic cells capable
of long-term bone marrow reconstitution is of great interest, due to the potential for both gene
therapeutic and transplantation applications (95). Encouraging data have been obtained using
various murine models, including the SCID-Hu and NOD/SCID mouse systems (96–98).
Nevertheless, in some studies, stem cell cycling following in vitro exposure to various hemato-
poietic cytokines has been associated with either loss of repopulating potential or the devel-
opment of a marrow homing defect (99–101). In addition, early clinical trials evaluating the
transplantation of ex vivo-expanded adult bone marrow or umbilical cord blood cells have
failed to demonstrate a significant improvement in engraftment kinetics (95,102,103). In order
to attempt to explain this and better resolve the controversies surrounding the results of murine
studies, several groups have turned to the nonhuman primate system. Tisdale and colleagues
retrovirally transduced G-CSF/SCF-mobilized peripheral blood CD34+ cells obtained from
rhesus monkeys with the neomycin resistance gene (104). Following transduction, an aliquot
of cells were either frozen without further manipulation or further expanded with cytokines for
10–14 d in vitro. Following TBI, both non-expanded and expanded cells were co-infused.
Despite five- to 13-fold greater numbers, dose of total cells ,as well as colony forming units
(CFU) transfused with the expanded product, the nonexpanded cells made far greater contri-
butions to both short- and long-term hematopoiesis in all animals transplanted. Using adult
baboon bone marrow expanded ex vivo in the presence of human hematopoietic cytokines and
porcine microvascular endothelial cells (PMVEC), our group demonstrated that hematopoietic
reconstitution was delayed in recipients of lethal TBI given a graft containing only ex vivo-
expanded cells in comparison to recipients given similar doses of unmanipulated bone marrow
cells (105). While the expanded cell population was capable of eventually reconstituting
hematopoiesis in this system, the observed delay in engraftment is compatible with the acqui-
sition of an engraftment defect associated with in vitro stem cell cycling. Such data strongly
suggest that further strategies designed to improve upon current results using novel in vitro
expansion systems should heavily emphasize a demonstration of safety and efficacy obtained
first in a nonhuman primate system before moving forward with clinical protocols. This point
cannot be overemphasized in light of the recent safety concerns that have arisen in the context
of human gene therapy trials (106).

7. TRANSPLANTATION TOLERANCE

Organ transplants in nonhuman primates provide a model that closely simulates the biologi-
cal conditions encountered in human organ allograft transplantation, due to the similarities in
structure and expression between human and nonhuman primate MHC (class I and II) mol-
ecules. The establishment of stable unbreakable host–donor transplantation tolerance remains
the “Holy Grail” of solid organ transplantation (31,32,107,108). While stable tolerance has
been achieved in numerous rodent systems using a multitude of strategies, achievement of
tolerance in the nonhuman primate has remained a far more elusive target (31,109). Strategies
focusing on the induction of stable mixed donor–host hematopoietic chimerism are now being
actively pursued in primate systems since both rodent and swine models have clearly demon-
strated that mixed chimerism leads to robust donor–host tolerance and long term acceptance
of vascularized organs, and more importantly, skin allografts, which is the most stringent
experimental test of tolerance (31,32,110,111). Mixed chimerism has been shown to lead to
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tolerance, predominantly due to the development of intrathymic clonal deletion of donor
reactive cells (32). The potential for this strategy to apply clinically was recently demonstrated
in a patient with advanced multiple myeloma, who first underwent a bone marrow transplan-
tation (BMT) followed 10 wk later by a renal allograft from the original bone marrow donor
(112). The patient and her renal allograft were surviving more than 22 mo following transplan-
tation, off of all immunosuppression.

Recently, a protocol utilizing an effective T cell depleting antibody–toxin conjugate dem-
onstrated that stable mixed chimerism across MHC barriers could be established in the min-
iature swine (110). In these studies, high doses of donor peripheral blood progenitor cells were
administered to animals following an anti-CD3 immunotoxin and with thymic irradiation. This
nonmyeloblative approach led to stable donor lymphoid chimerism, although myleoid chimer-
ism was low. Efforts are ongoing to establish similar systems in nonhuman primates.

In a cynomolgus monkey renal transplantation model, recipients were conditioned with
antithymocyte globulin, fractionated TBI (3Gy), local thymic irradiation (7Gy), and splenec-
tomy followed by transplantation of unfractionated bone marrow and a kidney allograft from
the same donor (113). Recipients were also administered cyclosporine for 4 wk after BMT, but
none thereafter. Multilineage chimerism was detected in the recipients peripheral blood up to
68 d, and long-term renal allograft function was achieved despite loss of donor hematopoietic
chimerism. In a separate experiment, treatment of the recipient with a monoclonal antibody to
CD154 led to enhanced hematopoietic chimerism and abrogated the requirement for splenec-
tomy (114). To date, however, long-term stable mixed lymphohematopoietic chimerism has
yet to be reliably achieved in a nonhuman primate (31).

Since stable mixed chimerism may also be able to reverse the phenotype of patients with
hemoglobinopathies, particularly sickle cell disease, we are currently pursuing a strategy in the
baboon, which combines conditioning of recipients with low doses of TBI (250–375 cGy)
combined with co-stimulatory blockade using the anti-CD154 monoclonal antibody followed
by transplantation of high doses of bone marrow or peripheral blood from haploidentical
donors. Such studies should determine whether the encouraging results obtained in murine
systems using this approach will be effectively translated into the clinic.

8. MESENCHYMAL STEM CELL TRANSPLANTATION

Recently, a process for the isolation, culture, and expansion of a human bone marrow-
derived cell capable of multilineage mesenchymal cell differentiation has been described
(115). These cells, referred to as mesenchymal stem cells or MSC, offer the potential for the
regeneration and repair of numerous mesenchymal tissues. Since MSC gives rise to a number
of the cells that comprise the bone marrow stroma and are themselves capable of supporting
hematopoiesis in vitro, interest in the HSC transplant community has been focused on the
potential capacity for these cells to enhance hematopoietic engraftment, perhaps through the
capacity to repair or rejuvenate the host bone marrow microenvironment damaged by prior
therapy (116,117). Currently, clinical trials evaluating the safety and efficacy of intravenously
infused ex vivo-expanded populations of donor-derived MSC, together with either HLA-
matched bone marrow or peripheral blood, or following unrelated umbilical cord blood trans-
plantation, are ongoing. Such attempts imply the capacity for systemically infused MSC to
home to and engraft within the host bone marrow microenvironment. However, most of the
available clinical data suggest that stromal cells remain of host origin following conventional
HSC transplantation (116,117). Although there are a number of potential explanations for this,
it is most likely a result of the paucity of stromal cells or MSC contained within a typical
allograft. A fundamental question remaining is whether giving a graft containing an expanded
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Table 4
Relative Advantages and Disadvantages of Various Animal Model Systems

Mouse Fetal sheep Dog Nonhuman primate

Advantages Well-defined genetics. Well-defined hematopoietic Fast breeding and large litters. Phylogenetic proximity to man.
Availability of disease models. assay. Relatively easy to handle. Translatability highest.
Availability of reagents. Provides xenogeneic model. Some disease models. Predictable response to human
Ease of handling. Gestation period well-defined. MHC typing available. cytokines.
Affords mechanistic understanding. Model for in utero Clinically translatable. Stem cell behavior similar to
Short gestation/rapid breeding. transplantation. Immunologically competent. humans.
Less expensive than other systems. Immunologically competent.

Disadvantages Clinical relevance unclear. Clinical relevance unclear. Lack of reagents. Expensive.
Xenogeneic microenvironment for Few facilities available. Expense. Few facilities available.

study of human cells. Lack of disease models. Large facility required for Lack of disease models.
Stem cell behavior differs from Xenogeneic microenvironment handling. MHC typing difficult.

humans. for study of human cells. Response to radiation and Difficulty handling.
Immunologically incompetent. chemotherapy differs from Long gestation periods.

primates.
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dose of MSC would increase the likelihood of detecting donor stromal cell chimerism within
the recipient following transplantation.

Our group has used the baboon model system to address this and other fundamental ques-
tions related to the transplantation of MSC. We have been able to establish that baboon MSC,
collected and expanded under essentially the same conditions as for human MSC, are pheno-
typically and functionally similar to human MSC (118). Following intravenous administration,
baboon MSC safely distribute to multiple nonhematopoietic tissues as well as bone marrow,
and can be detected in recipients for up to 21 mo following transplantation. Posttransplant bone
marrow biopsies have been repeatedly positive by polymerase chain reaction (PCR) analysis
for the presence of transplanted MSC. The actual levels of engraftment are likely low, however.
Interestingly, conditioning does not appear to be requisite for long-term MSC engraftment, and
fully MHC-incompatible MSC also appear to be accepted by the recipients long-term, without
deleterious effects. We are continuing to use the baboon model to answer a number of questions
vital to support future clinical trials, such as the relationship between MSC dose and engraft-
ment, the necessity for conditioning and engraftment, as well as the optimal route and schedule
of MSC administration.

9. CONCLUSION

Multiple animal model systems, each with its own distinct set of advantages and disadvan-
tages, are currently available for the study of cellular transplantation (Table 4). Despite being
resource-intensive, expensive, and time-consuming, the nonhuman primate model systems
currently in use complement the other model systems, as they provide invaluable insights into
our understanding of HSC biology and the effects of transplantation. In the future, it is difficult
to envision a scenario in which significant improvements in the outcomes in gene therapy, ex
vivo stem cell expansion, MSC transplantation, or induction of transplantation tolerance are
achieved without first evaluating novel strategies in the nonhuman primate. Furthermore, with
the emergence of embryonic stem cell research and recent interest generated in adult somatic
stem cell plasticity, important observations made in rodent systems will inevitably require
additional study in nonhuman primate models before the full clinical potential of this exciting
new avenue of research can be realized.

REFERENCES

1. van Bekkum DW. Radiation sensitivity of the hemopoietic stem cell. Radiat Res 1991;128(1 Suppl):S4–8.
2. van Bekkum DW. The rhesus monkey as a preclinical model for bone marrow transplantation. Transplant

Proc 1978;10(1):105–111.
3. Hanazono Y, Terao K, Ozawa K. Gene transfer into nonhuman primate hematopoietic stem cells: implica-

tions for gene therapy. Stem Cells 2001;19(1):12–23.
4. van Bekkum DW. Biology of acute and chronic graft-versus-host reactions: predictive value of studies in

experimental animals. Bone Marrow Transplant 1994;14(Suppl 4):S51–55.
5. Ladiges WC, Storb R, Thomas ED. Canine models of bone marrow transplantation. Lab Anim Sci

1990;40(1):11–15.
6. Storb R, Rudolph RH, Thomas ED. Marrow grafts between canine siblings matched by serotyping and mixed

leukocyte culture. J Clin Invest 1971;50(6):1272–1275.
7. Storb R, Rudolph RH, Kolb HJ, Graham TC, Mickelson E, Erickson V, et al. Marrow grafts between DL-A-

matched canine littermates. Transplantation 1973;15(1):92–100.
8. Storb R, Gluckman E, Thomas ED, Buckner CD, Clift RA, Fefer A, et al. Treatment of established human

graft-versus-host disease by antithymocyte globulin. Blood 1974;44(1):56–75.
9. Storb R, Weiden PL, Graham TC, Thomas ED. Studies of marrow transplantation in dogs. Transplant Proc

1976;8(4):545–549.
10. Wagemaker G, Vriesendorp HM, van Bekkum DW. Successful bone marrow transplantation across major

histocompatibility barriers in rhesus monkeys. Transplant Proc 1981;13(1 Pt 2):875–880.



Chapter 23 / Nonhuman Primate Models of HSC Transplantation 367

11. Prilliman K, Lawlor D, Ellexson M, McElwee N, Confer D, Cooper DK, et al. Characterization of baboon
class I major histocompatibility molecules. Implications for baboon-to-human xenotransplantation. Trans-
plantation 1996;61(7):989–996.

12. Dicke KA, van Bekkum DW. Allogeneic bone marrow transplantation after elimination of immunocompe-
tent cells by means of density gradient centrifugation. Transplant Proc 1971;3(1):666–668.

13. Dicke KA, Tridente G, van Bekkum DW. The selective elimination of immunologically competent cells from
bone marrow and lymphocyte cell mixtures. 3. In vitro test for detection of immunocompetent cells in fractionated
mouse spleen cell suspensions and primate bone marrow suspensions. Transplantation 1969;8(4):422–434.

14. Dicke KA, Spitzer G, Peters L, Stevens EE, Hendriks W, McCredie t. Approaches to graft-versus-host disease
following bone marrow transplantation in monkeys and man. Transplant Proc 1978;10(1):217–221.

15. van Bekkum DW, Balner H, Dicke KA, van den Berg FG, Prinsen GH, Hollander CF. The effect of pretreat-
ment of allogeneic bone marrow graft recipients with antilymphocytic serum on the acute graft-versus-host
reaction in monkeys. Transplantation 1972;13(4):400–407.

16. Woodruff JM, Eltringham JR, Casey HW. Early secondary disease in the Rhesus monkey. I. A comparative
histopathologic study. Lab Invest 1969;20(6):499–511.

17. Woodruff JM, Butcher WI, Hellerstein LJ. Early secondary disease in the rhesus monkey. II. Electron
microscopy of changes in mucous membranes and external epithelia as demonstrated in the tongue and lip.
Lab Invest 1972;27(1):85–98.

18. Goker H, Haznedaroglu IC, Chao NJ. Acute graft-vs-host disease: pathobiology and management. Exp
Hematol 2001;29(3):259–277.

19. Cornelissen JJ, Lowenberg B. Developments in T-cell depletion of allogeneic stem cell grafts. Curr Opin
Hematol 2000;7(6):348–352.

20. Champlin RE, Passweg JR, Zhang MJ, Rowlings PA, Pelz CJ, Atkinson KA, et al. T-cell depletion of bone
marrow transplants for leukemia from donors other than HLA-identical siblings: advantage of T-cell antibod-
ies with narrow specificities. Blood 2000;95(12):3996–4003.

21. Andrews RG, Bryant EM, Bartelmez SH, Muirhead DY, Knitter GH, Bensinger W, et al. CD34+ marrow
cells, devoid of T and B lymphocytes, reconstitute stable lymphopoiesis and myelopoiesis in lethally irradi-
ated allogeneic baboons. Blood 1992;80(7):1693–701.

22. Berenson RJ, Andrews RG, Bensinger WI, Kalamasz D, Knitter G, Buckner CD, et al. Antigen CD34+
marrow cells engraft lethally irradiated baboons. J Clin Invest 1988;81(3):951–955.

23. Andrews RG, Winkler A, Potter J, Bryant E, Knitter GH, Bernstein ID, et al. Normal immunologic response
to a neoantigen, bacteriophage phiX-174, in baboons with long-term lymphohematopoietic reconstitution
from highly purified CD34+ Lin- allogeneic marrow cells. Blood 1997;90(4):1701–1708.

24. Gorin NC, Lopez M, Laporte JP, Quittet P, Lesage S, Lemoine F, et al. Preparation and successful engraftment
of purified CD34+ bone marrow progenitor cells in patients with non-Hodgkin’s lymphoma. Blood
1995;85(6):1647–1654.

25. Bensinger WI, Buckner CD, Shannon-Dorcy K, Rowley S, Appelbaum FR, Benyunes M, et al. Transplan-
tation of allogeneic CD34+ peripheral blood stem cells in patients with advanced hematologic malignancy.
Blood 1996;88(11):4132–4138.

26. Urbano-Ispizua A, Rozman C, Martinez C, Marin P, Briones J, Rovira M, et al. Rapid engraftment without
significant graft-versus-host disease after allogeneic transplantation of CD34+ selected cells from peripheral
blood. Blood 1997;89(11):3967–3973.

27. Vescio R, Schiller G, Stewart AK, Ballester O, Noga S, Rugo H, et al. Multicenter phase III trial to evaluate
CD34(+) selected versus unselected autologous peripheral blood progenitor cell transplantation in multiple
myeloma. Blood 1999;93(6):1858–1868.

28. Aversa F, Tabilio A, Velardi A, Cunningham I, Terenzi A, Falzetti F, et al. Treatment of high-risk acute
leukemia with T-cell-depleted stem cells from related donors with one fully mismatched HLA haplotype. N
Engl J Med 1998;339(17):1186–1193.

29. Henslee-Downey PJ, Abhyankar SH, Parrish RS, Pati AR, Godder KT, Neglia WJ, et al. Use of partially
mismatched related donors extends access to allogeneic marrow transplant. Blood 1997;89(10):3864–3872.

30. Sykes M, Preffer F, McAfee S, Saidman SL, Weymouth D, Andrews DM, et al. Mixed lymphohaemopoietic
chimerism and graft-versus-lymphoma effects after non-myeloablative therapy and HLA-mismatched bone-
marrow transplantation. Lancet 1999;353(9166):1755–1759.

31. Wekerle T, Sykes M. Mixed chimerism and transplantation tolerance. Annu Rev Med 2001;52:353–370.
32. Sykes M. Mixed chimerism and transplant tolerance. Immunity 2001;14(4):417–424.
33. Welte K, Bonilla MA, Gillio AP, Boone TC, Potter GK, Gabrilove JL, et al. Recombinant human granulocyte

colony-stimulating factor. Effects on hematopoiesis in normal and cyclophosphamide-treated primates. J Exp
Med 1987;165(4):941–948.

34. Welte K, Bonilla MA, Gillio AP, Gabrilove JL, O’Reilly RJ, Souza LM. Recombinant human granulocyte-
colony stimulating factor: in vivo effects on myelopoiesis in primates. Behring Inst Mitt 1988(83):102–106.



368 Part VI / Preclinical Studies in Allogeneic Transplantation

35. Monroy RL, Skelly RR, MacVittie TJ, Davis TA, Sauber JJ, Clark SC, et al. The effect of recombinant GM-
CSF on the recovery of monkeys transplanted with autologous bone marrow. Blood 1987;70(5):1696–1699.

36. Monroy RL, Skelly RR, Taylor P, Dubois A, Donahue RE, MacVittie TJ. Recovery from severe hematopoi-
etic suppression using recombinant human granulocyte-macrophage colony-stimulating factor. Exp Hematol
1988;16(5):344–348.

37. Farese AM, Williams DE, Seiler FR, MacVittie TJ. Combination protocols of cytokine therapy with
interleukin-3 and granulocyte-macrophage colony-stimulating factor in a primate model of radiation-induced
marrow aplasia. Blood 1993;82(10):3012–3018.

38. Stahl CP, Winton EF, Monroe MC, Holman RC, Zelasky M, Liehl E, et al. Recombinant human granulocyte-
macrophage colony-stimulating factor promotes megakaryocyte maturation in nonhuman primates. Exp
Hematol 1991;19(8):810–816.

39. Stahl CP, Winton EF, Monroe MC, Haff E, Holman RC, Myers L, et al. Differential effects of sequential,
simultaneous, and single agent interleukin-3 and granulocyte-macrophage colony-stimulating factor on mega-
karyocyte maturation and platelet response in primates. Blood 1992;80(10):2479–2485.

40. MacVittie TJ, Farese AM, Patchen ML, Myers LA. Therapeutic efficacy of recombinant interleukin-6 (IL-
6) alone and combined with recombinant human IL-3 in a nonhuman primate model of high-dose, sublethal
radiation-induced marrow aplasia. Blood 1994;84(8):2515–2522.

41. Winton EF, Srinivasiah J, Kim BK, Hillyer CD, Strobert EA, Orkin JL, et al. Effect of recombinant human
interleukin-6 (rhIL-6) and rhIL-3 on hematopoietic regeneration as demonstrated in a nonhuman primate
chemotherapy model. Blood 1994;84(1):65–73.

42. Patchen ML, MacVittie TJ, Williams JL, Schwartz GN, Souza LM. Administration of interleukin-6 stimu-
lates multilineage hematopoiesis and accelerates recovery from radiation-induced hematopoietic depression.
Blood 1991;77(3):472–480.

43. Goldman SJ. Preclinical biology of interleukin 11: a multifunctional hematopoietic cytokine with potent
thrombopoietic activity. Stem Cells 1995;13(5):462–471.

44. Andrews RG, Bartelmez SH, Knitter GH, Myerson D, Bernstein ID, Appelbaum FR, et al. A c-kit ligand,
recombinant human stem cell factor, mediates reversible expansion of multiple CD34+ colony-forming cell
types in blood and marrow of baboons. Blood 1992;80(4):920–927.

45. Farese AM, Myers LA, MacVittie TJ. Therapeutic efficacy of recombinant human leukemia inhibitory factor
in a primate model of radiation-induced marrow aplasia. Blood 1994;84(11):3675–3678.

46. Neelis KJ, Dubbelman YD, Wognum AW, Thomas GR, Eaton DL, Egeland T, et al. Lack of efficacy of
thrombopoietin and granulocyte colony-stimulating factor after high dose total-body irradiation and autolo-
gous stem cell or bone marrow transplantation in rhesus monkeys. Exp Hematol 1997;25(10):1094–1103.

47. Andrews RG, Winkler A, Myerson D, Briddell RA, Knitter GH, McNiece IK, et al. Recombinant human
ligand for MPL, megakaryocyte growth and development factor (MGDF), stimulates thrombopoiesis in vivo
in normal and myelosuppressed baboons. Stem Cells 1996;14(6):661–677.

48. Farese AM, Hunt P, Grab LB, MacVittie TJ. Combined administration of recombinant human megakaryocyte
growth and development factor and granulocyte colony-stimulating factor enhances multilineage hematopoietic
reconstitution in nonhuman primates after radiation-induced marrow aplasia. J Clin Invest 1996;97(9):2145–2151.

49. Harker LA, Marzec UM, Kelly AB, Cheung E, Tomer A, Nichol JL, et al. Prevention of thrombocytopenia
and neutropenia in a nonhuman primate model of marrow suppressive chemotherapy by combining pegylated
recombinant human megakaryocyte growth and development factor and recombinant human granulocyte
colony-stimulating factor. Blood 1997;89(1):155–165.

50. Farese AM, Herodin F, McKearn JP, Baum C, Burton E, MacVittie TJ. Acceleration of hematopoietic
reconstitution with a synthetic cytokine (SC-55494) after radiation-induced bone marrow aplasia. Blood
1996;87(2):581–591.

51. MacVittie TJ, Farese AM, Smith WG, Baum CM, Burton E, McKearn JP. Myelopoietin, an engineered
chimeric IL-3 and G-CSF receptor agonist, stimulates multilineage hematopoietic recovery in a nonhuman
primate model of radiation-induced myelosuppression. Blood 2000;95(3):837–845.

52. Galli SJ, Iemura A, Garlick DS, Gamba-Vitalo C, Zsebo KM, Andrews RG. Reversible expansion of primate
mast cell populations in vivo by stem cell factor. J Clin Invest 1993;91(1):148–152.

53. Andrews RG, Bensinger WI, Knitter GH, Bartelmez SH, Longin K, Bernstein ID, et al. The ligand for c-kit,
stem cell factor, stimulates the circulation of cells that engraft lethally irradiated baboons. Blood
1992;80(11):2715–2720.

54. Andrews RG, Briddell RA, Knitter GH, Opie T, Bronsden M, Myerson D, et al. In vivo synergy between
recombinant human stem cell factor and recombinant human granulocyte colony-stimulating factor in ba-
boons enhanced circulation of progenitor cells. Blood 1994;84(3):800–810.

55. Andrews RG, Briddell RA, Knitter GH, Rowley SD, Appelbaum FR, McNiece IK. Rapid engraftment by
peripheral blood progenitor cells mobilized by recombinant human stem cell factor and recombinant human
granulocyte colony-stimulating factor in nonhuman primates. Blood 1995;85(1):15–20.



Chapter 23 / Nonhuman Primate Models of HSC Transplantation 369

56. Craddock CF, Nakamoto B, Andrews RG, Priestley GV, Papayannopoulou T. Antibodies to VLA4 integrin
mobilize long-term repopulating cells and augment cytokine-induced mobilization in primates and mice.
Blood 1997;90(12):4779–4788.

57. Hillyer CD, Swenson RB, Hart KK, Lackey DA, 3rd, Winton EF. Peripheral blood stem cell acquisition by
large-volume leukapheresis in growth factor-stimulated and unstimulated rhesus monkeys: development of
an animal model. Exp Hematol 1993;21(11):1455–1459.

58. MacVittie TJ, Farese AM, Davis TA, Lind LB, McKearn JP. Myelopoietin, a chimeric agonist of human
interleukin 3 and granulocyte colony-stimulating factor receptors, mobilizes CD34+ cells that rapidly engraft
lethally x-irradiated nonhuman primates. Exp Hematol 1999;27(10):1557–1568.

59. McNiece IK, Briddell RA, Hartley CA, Smith KA, Andrews RG. Stem cell factor enhances in vivo effects
of granulocyte colony stimulating factor for stimulating mobilization of peripheral blood progenitor cells.
Stem Cells 1993;11(Suppl 2):36–41.

60. Papayannopoulou T, Nakamoto B, Andrews RG, Lyman SD, Lee MY. In vivo effects of Flt3/Flk2 ligand on
mobilization of hematopoietic progenitors in primates and potent synergistic enhancement with granulocyte
colony-stimulating factor. Blood 1997;90(2):620–629.

61. Rosenzweig M, MacVittie TJ, Harper D, Hempel D, Glickman RL, Johnson RP, et al. Efficient and durable
gene marking of hematopoietic progenitor cells in nonhuman primates after nonablative conditioning. Blood
1999;94(7):2271–2286.

62. Basser RL, To LB, Begley CG, Maher D, Juttner C, Cebon J, et al. Rapid hematopoietic recovery after
multicycle high-dose chemotherapy: enhancement of filgrastim-induced progenitor-cell mobilization by
recombinant human stem-cell factor. J Clin Oncol 1998;16(5):1899–1908.

63. Shpall EJ, Wheeler CA, Turner SA, Yanovich S, Brown RA, Pecora AL, et al. A randomized phase 3 study
of peripheral blood progenitor cell mobilization with stem cell factor and filgrastim in high-risk breast cancer
patients. Blood 1999;93(8):2491–2501.

64. MacVittie TJ, Farese AM, Herodin F, Grab LB, Baum CM, McKearn JP. Combination therapy for radiation-
induced bone marrow aplasia in nonhuman primates using synthokine SC-55494 and recombinant human
granulocyte colony-stimulating factor. Blood 1996;87(10):4129–4135.

65. Dunbar CE, Tisdale J, Yu JM, Soma T, Zujewski J, Bodine D, et al. Transduction of hematopoietic stem cells
in humans and in nonhuman primates. Stem Cells 1997;15(Suppl 1):135–139; discussion 139,140.

66. Donahue RE, Dunbar CE. Update on the use of nonhuman primate models for preclinical testing of gene
therapy approaches targeting hematopoietic cells. Hum Gene Ther 2001;12(6):607–617.

67. Barquinero J, Segovia JC, Ramirez M, Limon A, Guenechea G, Puig T, et al. Efficient transduction of human
hematopoietic repopulating cells generating stable engraftment of transgene-expressing cells in NOD/SCID
mice. Blood 2000;95(10):3085–3093.

68. Schiedlmeier B, Kuhlcke K, Eckert HG, Baum C, Zeller WJ, Fruehauf S. Quantitative assessment of retroviral
transfer of the human multidrug resistance 1 gene to human mobilized peripheral blood progenitor cells
engrafted in nonobese diabetic/severe combined immunodeficient mice. Blood 2000;95(4):1237–1248.

69. Tran ND, Porada CD, Almeida-Porada G, Glimp HA, Anderson WF, Zanjani ED. Induction of stable prenatal tolerance
to beta-galactosidase by in utero gene transfer into preimmune sheep fetuses. Blood 2001;97(11):3417–3423.

70. Zanjani ED, Anderson WF. Prospects for in utero human gene therapy. Science 1999;285(5436):2084–2088.
71. Rosenzweig M, Connole M, Glickman R, Yue SP, Noren B, DeMaria M, et al. Induction of cytotoxic T

lymphocyte and antibody responses to enhanced green fluorescent protein following transplantation of trans-
duced CD34(+) hematopoietic cells. Blood 2001;97(7):1951–1959.

72. Dunbar CE, Seidel NE, Doren S, Sellers S, Cline AP, Metzger ME, et al. Improved retroviral gene transfer
into murine and Rhesus peripheral blood or bone marrow repopulating cells primed in vivo with stem cell
factor and granulocyte colony-stimulating factor. Proc Natl Acad Sci USA 1996;93(21):11,871–11,876.

73. Hanazono Y, Brown KE, Handa A, Metzger ME, Heim D, Kurtzman GJ, et al. In vivo marking of rhesus
monkey lymphocytes by adeno-associated viral vectors: direct comparison with retroviral vectors. Blood
1999;94(7):2263–2270.

74. Heim DA, Hanazono Y, Giri N, Wu T, Childs R, Sellers SE, et al. Introduction of a xenogeneic gene via
hematopoietic stem cells leads to specific tolerance in a rhesus monkey model. Mol Ther 2000;1(6):533–544.

75. Hirata RK, Miller AD, Andrews RG, Russell DW. Transduction of hematopoietic cells by foamy virus
vectors. Blood 1996;88(9):3654–3661.

76. Huhn RD, Tisdale JF, Agricola B, Metzger ME, Donahue RE, Dunbar CE. Retroviral marking and transplantation
of rhesus hematopoietic cells by nonmyeloablative conditioning. Hum Gene Ther 1999;10(11):1783–1790.

77. Kaptein LC, Van Beusechem VW, Riviere I, Mulligan RC, Valerio D. Long-term in vivo expression of the
MFG-ADA retroviral vector in rhesus monkeys transplanted with transduced bone marrow cells. Hum Gene
Ther 1997;8(13):1605–1610.

78. Kiem HP, Heyward S, Winkler A, Potter J, Allen JM, Miller AD, et al. Gene transfer into marrow repopulating
cells: comparison between amphotropic and gibbon ape leukemia virus pseudotyped retroviral vectors in a
competitive repopulation assay in baboons. Blood 1997;90(11):4638–4645.



370 Part VI / Preclinical Studies in Allogeneic Transplantation

79. Kiem HP, Andrews RG, Morris J, Peterson L, Heyward S, Allen JM, et al. Improved gene transfer into baboon
marrow repopulating cells using recombinant human fibronectin fragment CH-296 in combination with
interleukin-6, stem cell factor, FLT-3 ligand, and megakaryocyte growth and development factor. Blood
1998;92(6):1878–1886.

80. Lozier JN, Metzger ME, Donahue RE, Morgan RA. The rhesus macaque as an animal model for hemophilia
B gene therapy. Blood 1999;93(6):1875–1881.

81. Medin JA, Brandt JE, Rozler E, Nelson M, Bartholomew A, Li C, et al. Ex vivo expansion and genetic marking
of primitive human and baboon hematopoietic cells. Ann NY Acad Sci 1999;872:233–240; discussion 240–242.

82. Morral N, O’Neal W, Rice K, Leland M, Kaplan J, Piedra PA, et al. Administration of helper-dependent
adenoviral vectors and sequential delivery of different vector serotype for long-term liver-directed gene
transfer in baboons. Proc Natl Acad Sci USA 1999;96(22):12,816–12,821.

83. Rossi JJ. Primate in utero gene transfer comes of age. Mol Ther 2001;3(2):274,275.
84. Schimmenti S, Boesen J, Claassen EA, Valerio D, Einerhand MP. Long-term genetic modification of rhesus

monkey hematopoietic cells following transplantation of adenoassociated virus vector-transduced CD34+
cells. Hum Gene Ther 1998;9(18):2727–2734.

85. Sellers SE, Tisdale JF, Agricola BA, Metzger ME, Donahue RE, Dunbar CE, et al. The effect of multidrug-
resistance 1 gene versus neo transduction on ex vivo and in vivo expansion of rhesus macaque hematopoietic
repopulating cells. Blood 2001;97(6):1888–1891.

86. Tarantal AF, O’Rourke JP, Case SS, Newbound GC, Li J, Lee CI, et al. Rhesus monkey model for fetal gene
transfer: studies with retroviral- based vector systems. Mol Ther 2001;3(2):128–138.

87. Winkler A, Kiem HP, Shields LE, Sun QH, Andrews RG. Gene transfer into fetal baboon hematopoietic
progenitor cells. Hum Gene Ther 1999;10(4):667–677.

88. Wu T, Kim HJ, Sellers SE, Meade KE, Agricola BA, Metzger ME, et al. Prolonged high-level detection of
retrovirally marked hematopoietic cells in nonhuman primates after transduction of CD34+ progenitors using
clinically feasible methods. Mol Ther 2000;1(3):285–293.

89. Xu LC, Karlsson S, Byrne ER, Kluepfel-Stahl S, Kessler SW, Agricola BA, et al. Long-term in vivo expres-
sion of the human glucocerebrosidase gene in nonhuman primates after CD34+ hematopoietic cell transduc-
tion with cell-free retroviral vector preparations. Proc Natl Acad Sci USA 1995;92(10):4372–4376.

90. Abkowitz JL, Persik MT, Shelton GH, Ott RL, Kiklevich JV, Catlin SN, et al. Behavior of hematopoietic stem
cells in a large animal. Proc Natl Acad Sci USA 1995;92(6):2031–2035.

91. Kim HJ, Tisdale JF, Wu T, Takatoku M, Sellers SE, Zickler P, et al. Many multipotential gene-marked
progenitor or stem cell clones contribute to hematopoiesis in nonhuman primates. Blood 2000;96(1):1–8.

92. Mahmud N, Devine SM, Weller KP, Parmar S, Sturgeon C, Nelson MC, et al. The relative quiescence of
hematopoietic stem cells in nonhuman primates. Blood 2001;97(10):3061–3068.

93. Anderson WF. Human gene therapy. Nature 1998;392(6679 Suppl):25–30.
94. Heim DA, Dunbar CE. Hematopoietic stem cell gene therapy: towards clinically significant gene transfer

efficiency. Immunol Rev 2000;178:29–38.
95. Hoffman R. Progress in the development of systems for in vitro expansion of human hematopoietic stem cells.

Curr Opin Hematol 1999;6(3):184–191.
96. Novelli EM, Cheng L, Yang Y, Leung W, Ramirez M, Tanavde V, et al. Ex vivo culture of cord blood CD34+ cells

expands progenitor cell numbers, preserves engraftment capacity in nonobese diabetic/severe combined immuno-
deficient mice, and enhances retroviral transduction efficiency. Hum Gene Ther 1999;10(18):2927–2940.

97. Piacibello W, Sanavio F, Severino A, Dane A, Gammaitoni L, Fagioli F, et al. Engraftment in nonobese
diabetic severe combined immunodeficient mice of human CD34(+) cord blood cells after ex vivo expansion:
evidence for the amplification and self-renewal of repopulating stem cells. Blood 1999;93(11):3736–3749.

98. Ueda T, Tsuji K, Yoshino H, Ebihara Y, Yagasaki H, Hisakawa H, et al. Expansion of human NOD/SCID-
repopulating cells by stem cell factor, Flk2/Flt3 ligand, thrombopoietin, IL-6, and soluble IL-6 receptor. J
Clin Invest 2000;105(7):1013–1021.

99. Lu L, Xiao M, Shen RN, Grigsby S, Broxmeyer HE. Enrichment, characterization, and responsiveness of
single primitive CD34 human umbilical cord blood hematopoietic progenitors with high proliferative and
replating potential. Blood 1993;81(1):41–48.

100. Peters SO, Kittler EL, Ramshaw HS, Quesenberry PJ. Murine marrow cells expanded in culture with IL-3,
IL-6, IL-11, and SCF acquire an engraftment defect in normal hosts. Exp Hematol 1995;23(5):461–469.

101. van der Loo JC, Ploemacher RE. Marrow- and spleen-seeding efficiencies of all murine hematopoietic stem cell
subsets are decreased by preincubation with hematopoietic growth factors. Blood 1995;85(9):2598–2606.

102. Brugger W, Heimfeld S, Berenson RJ, Mertelsmann R, Kanz L. Reconstitution of hematopoiesis after high-
dose chemotherapy by autologous progenitor cells generated ex vivo. N Engl J Med 1995;333(5):283–287.

103. Williams SF, Lee WJ, Bender JG, Zimmerman T, Swinney P, Blake M, et al. Selection and expansion of peripheral
blood CD34+ cells in autologous stem cell transplantation for breast cancer. Blood 1996;87(5):1687–1691.



Chapter 23 / Nonhuman Primate Models of HSC Transplantation 371

104. Tisdale JF, Hanazono Y, Sellers SE, Agricola BA, Metzger ME, Donahue RE, et al. Ex vivo expansion of
genetically marked rhesus peripheral blood progenitor cells results in diminished long-term repopulating
ability. Blood 1998;92(4):1131–1141.

105. Brandt JE, Bartholomew AM, Fortman JD, Nelson MC, Bruno E, Chen LM, et al. Ex vivo expansion of
autologous bone marrow CD34(+) cells with porcine microvascular endothelial cells results in a graft capable
of rescuing lethally irradiated baboons. Blood 1999;94(1):106–113.

106. Anderson WF. Gene therapy. The best of times, the worst of times. Science 2000;288(5466):627–629.
107. Li XC, Strom TB, Turka LA, Wells AD. T cell death and transplantation tolerance. Immunity 2001;14(4):407–416.
108. Yu X, Carpenter P, Anasetti C. Advances in transplantation tolerance. Lancet 2001;357(9272):1959–1963.
109. Knechtle SJ. Knowledge about transplantation tolerance gained in primates. Curr Opin Immunol

2000;12(5):552–556.
110. Fuchimoto Y, Huang CA, Yamada K, Shimizu A, Kitamura H, Colvin RB, et al. Mixed chimerism and

tolerance without whole body irradiation in a large animal model. J Clin Invest 2000;105(12):1779–1789.
111. Wekerle T, Kurtz J, Ito H, Ronquillo JV, Dong V, Zhao G, et al. Allogeneic bone marrow transplantation with

co-stimulatory blockade induces macrochimerism and tolerance without cytoreductive host treatment. Nat
Med 2000;6(4):464–469.

112. Spitzer TR, Delmonico F, Tolkoff-Rubin N, McAfee S, Sackstein R, Saidman S, et al. Combined histocom-
patibility leukocyte antigen-matched donor bone marrow and renal transplantation for multiple myeloma
with end stage renal disease: the induction of allograft tolerance through mixed lymphohematopoietic chi-
merism. Transplantation 1999;68(4):480–484.

113. Bartholomew AM, Powelson J, Sachs DH, Bailin M, Boskovic S, Colvin R, et al. Tolerance in a concordant
nonhuman primate model. Transplantation 1999;68(11):1708–1716.

114. Kawai T, Abrahamian G, Sogawa H, Wee S, Boskovic S, Andrew D, et al. Costimulatory blockade for
induction of mixed chimerism and renal allograft tolerance in nonhuman primates. Transplant Proc
2001;33(1-2):221,222.

115. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD, et al. Multilineage potential of adult
human mesenchymal stem cells. Science 1999;284(5411):143–147.

116. Devine SM, Hoffman R. Role of mesenchymal stem cells in hematopoietic stem cell transplantation. Curr
Opin Hematol 2000;7(6):358–363.

117. Koc ON, Lazarus HM. Mesenchymal stem cells: heading into the clinic. Bone Marrow Transplant
2001;27(3):235–239.

118. Devine SM, Bartholomew AM, Mahmud N, Nelson M, Patil S, Hardy W, et al. Mesenchymal stem cells are
capable of homing to the bone marrow of non-human primates following systemic infusion. Exp Hematol
2001;29(2):244–255.



372 Part VI / Preclinical Studies in Allogeneic Transplantation



Chapter 24 / In Vivo Models for the Study of GVHD and GVT 373

In Vivo Models for the Study
of Graft-vs-Host Disease
and Graft-vs-Tumor Effects

Kai Sun, MD, PHD, William J. Murphy, PHD,
and Lisbeth A. Welniak, PHD

CONTENTS

OVERVIEW: NONPRIMATE ANIMAL MODELS

MOUSE MODELS: ELEMENTS TO CONSIDER IN A MODEL FOR ALLOGENEIC

TRANSPLANT-GVHD
ACUTE GVHD MODELS

CHRONIC GVHD MODELS

GVL MODELS

CONCLUDING REMARKS

ACKNOWLEDGMENTS

REFERENCES

373

From: Current Clinical Oncology: Allogeneic Stem Cell Transplantation
Edited by: Mary S. Laughlin and Hillard M. Lazarus © Humana Press Inc., Totowa, NJ

1. OVERVIEW: NONPRIMATE ANIMAL MODELS

While nonprimate studies of graft-vs-host disease (GVHD) most commonly use rodent
models, the field of allogeneic transplantation and treatment of GVHD also owes much to its
study in dogs.  Donnall Thomas, in collaboration with other investigators at Fred Hutchinson
Cancer Center, pioneered the field of allogeneic bone marrow transplantation with his work
in beagles. The use of outbred animals requires detailed knowledge of the major histocompat-
ibility complex (MHC) complex for these species and the availability of reagents for tissue
typing. More recently, the miniature swine model has been added to the repertoire of models
available to investigators. While this model has not gained prominence with investigators of
GVHD, it is used to study mechanisms of tolerance in allogeneic and xenogeneic hematopoi-
etic cell and/or organ transplantation. The swine model has advantages for translational work
because its body size and composition is comparable to humans. Likewise, the sheep model has
been used to study issues of tolerance in xenogeneic hematopoietic cell transplantation.

More commonly, rodent models have been used to study GVHD. These models have the
advantage of inbred strains, availability of resources, and the ability of researchers to perform
studies with sufficient numbers of animals to give adequate power to survival studies. The mouse
model is more common than rats, and the rest of this review will focus on murine models.

This chapter will consider several aspects of mouse models of GHVD. These aspects cover
important considerations for the researcher choosing a model, as well as for readers of studies,

24
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so that they may be more informed about the strengths and limitations of interpreting mouse
experimentation in GVHD.

2. MOUSE MODELS: ELEMENTS TO CONSIDER IN A MODEL
FOR ALLOGENEIC TRANSPLANT-GVHD

2.1. Basic Considerations in Establishing a Mouse Model of GVHD
It was observed by Billingham (1) that the following elements are required for development

of GVHD. The graft must contain immunocompetent cells. These cells have since been rec-
ognized to be mature T cells (2). The donor T cells must recognize antigenic differences on the
host tissues. And finally, the host must be incapable of rejecting the donor cells (1).

The need for mature donor T cells in the development of GVHD has been well-documented
and, in general, the severity of disease correlates with the number of donor T cells transfused
(2). MHC major and/or minor mismatches, where the host tissue expresses an antigen not
present in the donor, are the primary sources of antigenic stimulus for GVHD. However, GVH
reactions can be elicited in syngeneic and autologous transplants (3), so that dysregulation and
inappropriate recognition of self antigens in the reconstituted immune system may also pro-
mote GVHD. The third requirement, the inability of host cells to reject the donor graft, is
usually achieved by conditioning the recipient with immunosuppressive chemotherapy and/or
radiotherapy. However, in some situations, immunosuppressive conditioning is not required,
as when the recipient is immunodeficient or the donor cells do not express MHC antigens
differently from the host as occurs in a parent into F1 transplant.

2.2. Mouse Strains
The most common laboratory strains of inbred mice—C57BL/6, BALB/c, and C3H—are

also commonly used for GVHD studies, but a broad range of donor–host combinations are
available. Selection of mouse strains is dependent upon the degree of MHC major and minor
antigen mismatch desired, the availability of reagents, histocompatible tumor lines, special-
ized mice such as transgenics, or animals with spontaneous or targeted mutations. The pheno-
type of the different strains may also play a role in model selection.

Cross-breeding of mouse strains has generated a wide selection of possible donor–host
mouse combinations based on major and minor MHC mismatches. The use of full MHC
disparate mismatched donor-recipient pairs is frequently employed in the laboratory even
though the clinical situation usually involves only minor histocompatibility antigen differ-
ences. As with the clinical situation where GVHD is usually a consequence of allogeneic
hematopoietic cell transplantation, the full MHC disparate murine models of GVHD use high
dose radiation with or without concomitant chemotherapy, followed by allogeneic bone mar-
row transplant to induce immunosuppression of the host and introduce a source of alloreactive
T cells along with hematopoietic rescue. Typically, the T cell dose in mouse bone marrow cell
preparations is insufficient to induce acute lethal GVHD, and the mouse transplant requires the
addition of donor-derived T cells, either purified or as a component of unfractionated
splenocytes and/or lymph node cells. Also, mice, as opposed to man, are now specific-patho-
gen-free which necessitates use of larger numbers of T cells or more extensive conditioning.

BALB/c (H-2d) and C57BL/6 (H-2b) animal strains comprise a common donor–recipient
combination that is an example of fully mismatched MHC with multiple minor mismatched
histocompatibility antigens. This combination has multiple advantages including availability
of the parental strains, as they are two of the most commonly used inbred strains of laboratory
mice. Because of the high use of these strains, many of the gene knock-out animals are available
on BALB/c or C57BL/6 backgrounds, with sufficient backcrossing to be considered as congenic
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to the appropriate strain. Well-documented tumor cells lines are available for evaluation of
concurrent graft-vs-tumor (GVT) effects. Finally, there is a large body of knowledge regarding
strain-specific immunologic function such as dominant Th1 vs Th2 functions and allogeneic-
reactive responses.

In some instances, an investigator wishes to examine fully disparate major MHC incompat-
ible responses in the absence of minor histocompatibility differences. Strain combinations
such as donor C57BL/6 (H-2b, T18b) cells into B10.BR (H-2k, T18a) recipients fulfill this
requirement (4). These strains are congenic, differing only at the major histocompatibility
locus and the T18 minor histocompatibility thymic antigen, where T18b determines the ab-
sence of the antigen (TL-). Many H2 congenic strains are available for study, allowing the
investigator to find strain combinations that meet the needs of the study.

There are a few well-studied donor–recipient congenic strain pairs that involve a single
antigen mismatch. Several H2 mutants are available on a C57BL/6 background. The most
commonly studied of these mutants in the field of GVHD is the class I mutant bm1, and the class
II mutant bm12. These mutants have been used in two different model systems. The first is
acute lethal GVHD following lethal radiation and bone marrow transplant (BMT), the second
model uses sublethal irradiation and T cell transfer, which results in allogeneic destruction of
recipient bone marrow. Both model systems will be reviewed.

The use of single class I or class II mutants are useful in establishing the role of CD4+ and
CD8+ subsets in GVHD. Transfer of B6.C-H2bm12/KhEg (bm12) bone marrow along with an
additional source of T cells following a lethal dose of whole body irradiation can result in acute
lethal GVHD, demonstrating in this situation, where only a class II mismatch exists between
the graft and host, that CD8+ cells are not required for the disease (5,6). Likewise, although
not as effective in the absence of CD4+ cell help, CD8+ cells can induce fatal GVHD following
transfer of B6.C-H2bm1/KhEg (bm1) bone marrow and T cells after lethal whole body irradia-
tion (6–8). While acute lethal GVHD can occur in mouse models involving a single MHC class
I or class II mismatch after lethal total body irradiation (TBI) and BMT, a second model has
proven to be independent of subset help, and the extent of disease is proportional to the input
of allogeneic-reactive T cells. These models also utilize the bm1 and bm12 mutants paired with
C57BL/6 mice, but in this model the recipients are conditioned with a sublethal dose of TBI
and purified donor T cells. Selection of purified donor CD8+ (for bm1/B6 pairs) or CD4+ (for
bm12/B6 pairs) lymph node T-cells is not required, but does allow enumeration of specific T
cell doses (9,10). In the absence of donor-derived hematopoietic stem cells, the donor T cells
infusion results in bone marrow failure in the recipient animal. The cell destruction is specific,
as donor-derived bone marrow cells will engraft and prevent hematopoietic failure (9).

Cross-breeding of common mouse strains has generated a variety of congenic animals that
are matched at the major histocompatibility locus, but are mismatched at a number of minor
histocompatibility loci. In four of six tested murine strain combinations, infusion of purified
donor-derived CD8+ T cells was sufficient to generate acute lethal GVHD, while infusion of
donor CD4+ cells were poor inducers of acute lethal GVHD. However, this finding is not
universal, since in the other two strain combinations, purified CD4+ cells were not only
sufficient to generate acute lethal GVHD, but were more potent than purified CD8+ cells (11).
The opposing outcomes derived from protocols that were similar except for the strain combi-
nations employed point to the multifactorial nature of this disease and the importance of not
overinterpreting findings based on a single animal model.

The previous murine models of acute lethal GVHD have focused on strain combinations in
which the recipient requires conditioning to induce extensive immunosuppression and render
the host unable to effectively reject the donor graft. Another common murine model uses
haploidentical transplants (C57BL/6 into B6D2F1 [C57BL/6 × DBA/2]) to avoid the need to
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overcome host rejection of the graft via T cell-dependent mechanisms. It is necessary to note
that in this model, the host natural killer (NK) cells are still capable of graft rejection. This
model involves the transfer of parental cells (P) into a F1 hybrid strain recipient. Lethal
radiation is not required to suppress host T cell immunity, since the recipient T cells do not
recognize the parental cells as foreign although the investigator may chose to set up the model
as a BMT. The only barrier to donor T cell engraftment in this model is hybrid resistance by
host NK cells (12). However, transfer of sufficient numbers of donor cells (50 million and
higher) will overcome recipient NK cell rejection of the graft (13). A unique feature of this
model is the ability to select for acute or chronic GVHD based on the source of donor cells. It
has been well-documented that infusion of C57BL/6 donor splenocytes into B6D2F1 results
in acute lethal GVHD, while infusion of donor DBA/2 splenocytes results in chronic GVHD,
although other parental and F1 hybrid strains can be used (14,15). Additional discussion of this
model will occur in the section discussing murine models of chronic GVHD.

The wide range of inbred laboratory mouse strains, and the depth of knowledge regarding
the differences in disease susceptibility across these strains, permits selection of mouse strain
combinations that may enhance the probability of observing a putative activity. The caveat is
that results obtained with a single mouse strain combination may fail to realize the specificity
of the observation to the genetic background of the test animal. Strikingly different results may
occur in different strain combinations, even if the degree of histocompatibility mismatch does
not differ. Take for example the various strain combinations of BALB/c, C57BL/6, and C3H.
These animals are fully mismatched at the major (H2d, H2b, and H2k, respectively) and minor
histocompatibility loci. BALB/c are more radiosensitive than C57BL/6 and C3H mice; they
are also poor rejectors of MHC-mismatched grafts (16). This finding may or may not be related
to the bias in BALB/c mice toward a Th2 phenotype. In contrast, the C57BL/6 and C3H mice
respond to immunological challenge with a strong Th1 response and are also more radioresis-
tant. Investigations into the role of cytokines that influence Th subset development may have
different results depending on the choice of donor and host strains. An occurrence of different
outcomes would be difficult to interpret as the result of skewing of the T helper subset pheno-
type, due to the other parameters that may influence outcome in these animals, such as differ-
ence in the strain response to the conditioning regimen.

Another challenge to the interpretation of animal models of GVHD is the use of mice with
targeted deficiencies, or less commonly, overexpression of a particular gene product. The loss
or overexpression of a protein during the development of the animal can often result in obvious
and/or subtle differences. In more obvious examples, examination of the role of lymphotoxin-
α (LT-α) in the recipient mouse through the use of an LT-α deficient animal is complicated
by the lack of normal lymphoid architecture in the host animal (17). It is, therefore, impossible
to distinguish between the role of LT-α and normal lymphoid tissue in GVHD. The more subtle
example is demonstrated by considering the use of donor cells from LT-α deficient animals.
Does the development of T cells, NK cells and possibly hematopoietic cells in the absence of
LT-α result in an increased or decreased susceptibility to morbidity and mortality after allo-
geneic BMT, independent of the inability of the grafted cells to produce LT-α during the test
period (18)? The use of knock-out and transgenic animals are a powerful tool for the researcher,
but appropriate controls must be run to rule out these possibilities. Neutralizing antibodies that
target protein can confirm the observations made in the experiments involving knock-out
animals (19). The power of the knock-out animal is the completeness of the blockade and the
selectivity of the blockade to inhibit production in only the donor graft or the recipient animal.

2.3. Conditioning
Conditioning is another pivotal element closely associated with the type and the severity of

murine GVHD models, in addition to the other elements of strain combinations, histo-
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incompatibility, donor T lymphocytes subset, and cell dose infused. In murine GVHD/graft-
vs-leukemia (GVL) models, in order to facilitate engraftment of donor cells as well as reduce
tumor burden, the host mice often receive cytoreductive conditioning consisting of TBI and/
or chemotherapeutic agents before donor T lymphocyte infusion with or without bone marrow
cell transplantation. The need for BMT is dependent on the severity of cytoreduction. TBI is
the most common form of conditioning performed on recipient mice. As discussed above, the
mice from different strains may have distinct radiosensitivity, so the TBI dose necessary to
achieve myeloablation may be different between strains; for example, the lethal dose for
C57BL/6 mice is 900–1000 cGy, but 800–900cGy for BALB/c mice, and 350–400cGy for
C.B17 severe combined immunodeficiency (SCID) mice. However, the cleaniness of the
animal facility plays an important role in the amount of TBI needed to produce 100% lethality
without hematopoietic stem cell rescue. In the murine models of allogeneic BMT/GVHD,
there are two categories of conditioning regimens that are frequently used, conventional
myeloablative and reduced toxicity (20,21), and the former can be further divided into high and
low dose myeloablative regimens (22). The incidence and severity of acute GVHD are
closely associated with the intensity and toxicity of conditioning regimens. This was
extensively studied by Hill and Ferrara, who showed that increased acute GVHD mortality
and morbidity was associated with increases in the dose of TBI from 900 to 1300 cGy in
several murine donor–recipient strain combination models (22). The study supports the
hypothesis that high dose myeloablative conditioning of host mice contributes to the develop-
ment of acute GVHD because it results in more severe tissue damage and a breakdown of
normal barriers which leads to amplification of cytokine release (22,23). In recent years,
reduced toxicity regimens with partial conditioning have been used in the study of murine
GVHD/GVL. This approach can set up durable donor chimerism and seems to have a lower
rate of GVHD in murine GVHD models (24); this is partly because in mixed chimerism, the
residual host T cells can resist GVHD by a veto-like effect (25). However, GVL activity may
be compromised in mixed chimeras (26).

Partial conditioning of host mice also affects the type of GVHD. Claman et al. (27) devel-
oped a GVHD model by injecting the B10.D2 bone marrow cells and lymphocytes into irra-
diated BALB/c mice. Preparation of the mice with lethal irradiation resulted in acute GVHD,
but mice that received sublethal irradiation developed chronic GVHD skin damage (27).
Similarly, the kind of conditioning regimen can also affect the type of GVHD. The study by
Xun and Widmer found that conditioning with TBI, followed by allogeneic incompatible
splenocyte infusion, induced acute GVHD in C.B-17 SCID mice, whereas animals conditioned
with the chemotherapeutic agents cyclophosphamide or a combination of busulfan and cyclo-
phosphamide developed chronic GVHD (28). Moreover, the timing of conditioning also
affected the induction and development of acute GVHD. The severity of acute GVHD in either
immunocompetent recipient mice or the recipient mice with SCID decreased when cell infu-
sion was delayed after TBI (28,29). Likewise, delaying injection of allogeneic (parental)
lymphoid cells to F1 hybrid host mice after the host mice were conditioned with cyclophos-
phamide also reduced the severity of acute GVHD (30).

2.4. Microflora
The data showing that the incidence and severity of acute GVHD in germ-free mice or

conventional mice treated with gastrointestinal decontamination are decreased compared to
conventional mice indicate that the microflora of host mice, including housing and normal and
pathogenic flora, have an influence on the development of GVHD (31). The bacterial flora in
the gut is an especially important factor for the induction of intestinal lesions of acute GVHD
in mice, since bacterial flora may up-regulate minor histocompatiblity antigens (mHAg) in
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host mice, leading to cross-reactivity with the recipient’s epithelial tissue antigens and promo-
tion of host-reactive donor type T cells activation, with subsequent increases in bacterial
lipopolysaccharide (LPS) translocation and finally, enhanced acute GVHD (22,32). Some
studies have shown a critical role for LPS in the induction of cytokine dysregulation, which
contributes to GVHD (33,34). Use of LPS antagonists can prevent GVHD while preserving T
cell responses to host antigens and GVL activity in an experimental mouse model (34).

3. ACUTE GVHD MODELS

Studying acute GVHD in mice allows the investigator to obtain detailed knowledge of acute
GVHD pathophysiology, which cannot be studied in humans. The shortcoming is that the
present GVHD murine models do not always exactly parallel or reflect clinical human GVHD
conditions. There are three major murine acute GVHD models. The most common acute
GVHD model analogous to the clinical acute GVHD in humans involves lethal or sublethal
conditioning of recipient mice with TBI and/or myeloablative drugs, such as busulfan and
cyclophosphamide, followed by transfer of allogeneic bone marrow cells (BMC) and calcu-
lated T cells from donor mice whose MHC (H-2 system) loci and/or multiple minor antigens
are different from the host mice. The second model consists of induction of acute GVHD in
immune competent adult mice that is not preceded by a conditioning regimen, where the donor
T cells are from a parental strain (P1) and the recipient is a haploidentical hybrid [(P1 × P2)F1].
Conditioning is not required because recipient mice lack donor-reactive T cells. Host NK cells’
rejection of donor cells can be overcome by sufficient cell doses. Therefore, adoptive transfer
of T cells from one of two homozygous parental (P) donors into (P1 × P2) F1 host mice can
engraft and result in the alloreaction of donor T cells to the antigens derived from the other
parental strain (35). The addition of conditioning can permit engraftment of donor bone mar-
row cells if a haploidentical hematopoietic transplant model is desired. A third model utilizes
SCID mice, which lack both functional T and B lymphoid cells and, therefore, cannot reject
foreign donor cells, except by NK mediated rejection (36). Lower numbers of allogeneic H-
2 incompatible donor splenocyte with or without bone marrow cells, even xenografts of human
T lymphocytes (37), can readily engraft these mice, and acute GVHD can be induced in these
mice (38) with or without preparative conditioning.

3.1. Timing
As noted above, the timing of preparative regimens and adoptive cell transfer can influence

the induction of acute GVHD. Administration of cytoreductive chemotherapeutic agents or
TBI immediately preceding infusion of allogeneic donor T cell results in high mortality, but
delaying infusion of donor T cells for 1–3 wk after a BMT with the same conditioning regimen
markedly decreased the mortality associated with acute GVHD (39,40). Delaying the BMT by
as little as 4 d after TBI may result in the prevention of acute GVHD (29). Thus, the severity
of acute GVHD is closely associated with not only the mouse strain combination chosen, the
degree of histocompatibility between donor and host, the donor T lymphocytes subset and
number to be transplanted, and the dose of conditioning applied, but also the timing of the
conditioning regimen.

3.2. T Cell Sources
Unlike clinical allogeneic BMT, infusion of donor BMC alone does not usually result in

lethal acute GVHD in murine allogeneic BMT. In order to devise a vigorous lethal acute
GVHD model, it is often necessary to infuse allogeneic donor T cells along with BMC. Purified
T cells from the lymph node or unfractionated spleen cells can serve as a T cell source, and the
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incidence and severity of GVHD are closely associated with the numbers of donor mature T
cells infused (2).

It is worth noting that the severity and type of GVHD is strain-dependent. For example,
transfer of spleen cells from C57BL/6 (H2b) mice into the BALB/c (H2d) host mice after lethal
TBI will result in strong lethal GVHD, while transfer of spleen cells from BALB/c mice to the
B6 host mice after lethal TBI results in only a comparatively weak GVH response (41).
Likewise, transfer of spleen cells from C57BL/6 (H2b) mice to the C57BL/6 × DBA/2F1 (B6D2F1;
H2b/d) host mice results in acute GVHD, while transfer of the spleen cells from DBA/2 (H2d) mice
to the B6D2F1 host mice can result in chronic GVHD (42). Animal models for chronic GVHD have
not been extensively studied, and have usually been used for examination of autoimmune responses
(43) since host autoreactive B cell expansion plays a critical role in these P → F1 models.

3.3. T1 and T2 Subsets and GVHD
Acute GVHD has been postulated to be a disease associated with a Th1/Tc1 response.

Several lines of evidence support this hypothesis. Interleukin (IL)-12 is an important cytokine
in the differentiation and function of Th1 cells. Administration of antibodies to IL-12 in some
models of murine acute GVHD polarized the allogeneic response toward Th2 cytokine produc-
tion and decreased the incidence and severity of disease (44,45). Infusion of T cells polarized
by ex vivo culture to secrete Th2 associated cytokines diminished but did not eliminate acute
GVHD (46). Mobilization of peripheral blood cells is associated with polarization of T cells to
a Th2 phenotype, and this shift in cytokine response is postulated to be the cause of decreased
incidence and severity of acute GVHD in mice (47,48). However, the paradigm of Th1 and Th2
may not hold. Cytokines associated with a Th1 response may play a role in both immuno-
stimulation and immunosuppression. Loss of interferon (IFN)-γ, a classic Th1 cytokine, is asso-
ciated with accelerated acute GVHD (19) in mouse BMT models of the disease.

3.4. Assessment of Acute Murine GVHD
During acute GVHD, an early period of lymphoid hyperplasia is followed by immunosup-

pression, weight loss, and mortality (14,42,49). The various criteria for the assessment of acute
GVHD in mice are described here.

3.4.1. SURVIVAL

Mortality is a primary parameter used to assess murine acute GVHD. Depending on the
model, the first death due to GVHD can be seen on or after the first week following allogeneic-
BMT (2). The percent of mice surviving and the average onset of death is representative of the
severity of lethal acute GVHD.

3.4.2. CLINICAL PARAMETERS OF MURINE ACUTE GVHD
The degree and severity of systemic acute GVHD can be assessed by clinical parameters that

have been considered reliable indicators of acute GVHD in murine models (22). These clinical
parameters consist of weight loss, posture, activity, fur texture and skin integrity, diarrhea, facial
edema (squinty eyes) and weight loss, which is the most critical parameter associated with acute
GVHD. A scoring system was set up by Hill and colleagues that depends on these clinical param-
eters and can be used in the evaluation of acute GVHD. Mice can be evaluated and graded with a
semiquantitative score for each criterion, so a clinical index that reflects the degree and severity of
systemic acute GVHD can be generated by the summation of the individual criteria scores (33,50,51).

3.4.3. HISTOPATHOLOGY

While the degree and severity of systemic acute GVHD in mice can be diagnosed based on
overall survival and a clinical scoring system, histopathologic criteria can support the evalu-
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ation of systemic acute GVHD (10,22). Histopathologic evaluation can demonstrate organ-
specific differences in acute GVHD that may occur during the examination of the importance
of various factors that influence the disease (52). In addition to the determination of qualitative
difference in histology, some investigators have used semiquantitative systems to compare the
degree of specific organ damage in target tissues (i.e., gut and lung) (10,33).

3.4.4. CYTOKINE DETERMINATION

Study of acute GVHD in recent years has focused on the pivotal role of inflammatory
cytokines in acute GVHD pathophysiology (53). There are considerable data available to
demonstrate that serum level of tumor necrosis factor (TNF)-α and IL-1β are closely associ-
ated with the development and severity of acute GVHD in mice (54). The production of IFN-
γ from spleen cells increases in mice with acute GVHD (45), so the measurement of some
cytokines may also help to assess the severity of acute GVHD in mice (55).

4. CHRONIC GVHD MODELS

Chronic GVHD is a syndrome of disordered immune regulation with features of autoimmunity
and immunodeficiency (56–58). Murine chronic GVHD models are characterized by formation
of autoantibodies (59,60) and an increase in collagen deposition (58). Murine chronic GVHD
shows clinical phenomena that are similar to those seen in patients with autoimmune diseases,
such as scleroderma (57) and Sjogren’s disease, as well as the syndrome that closely resembles
systemic lupus erythematosus (SLE) (61). In mice, chronic GVHD can develop as a long-term
gradually evolving disease following the resolution of acute GVHD or through the induction of
the disease in selected P → F1 cGVHD models (61–64). Induction and maintenance of chronic
GVHD in mice is dependent on the persistence of host–reactive donor T cells, which cannot be
deleted or tolerized to host antigens in vivo (65). In contrast to acute GVHD, chronic GVHD is
considered a classic Th2-type response (66,67), and administration of a Th1 cytokine can convert
chronic GVHD to acute disease (68), although neutralization of the same cytokine diminished
acute GVHD without development of chronic GVHD (45). Although Th2 cytokines are produced
from donor-derived CD4+ T cells in chronic GVHD, IFN-γ is also produced (69).

4.1. Analysis of Chronic GVHD in Mice

4.1.1. HISTOPATHOLOGY, CYTOKINE DETERMINATION, AND MEASUREMENT OF AUTOANTIBADY

Due to the slow development nature of the disease, analysis of murine chronic GVHD is
often performed more than 60 d after transplantation. Analysis may include identification and
measurement of autoantibodies and immune complexes, use of histological and immunopatho-
logical techniques, measurement of serum cytokines associated with inflammation, and scor-
ing evidence of clinical disease.

4.1.2. DETECTION OF AUTOANTIBODIES

The expression of several autoantibodies can be assessed by enzyme-linked immunosorbent
assay (ELISA). Autoantibodies associated with chronic GVHD include antibodies to nuclear
antigens (62,70) and renal antigens (71,72). A direct Crithidia assay can be used to detect serum
anti-double-stranded (ds) DNA Ab (73).

4.1.3. HISTOLOGICAL CHANGES CHARACTERISTIC OF CHRONIC GVHD
Murine chronic GVHD can be manifested by extensive scleroderma-like skin lesions, and

serial skin biopsies need to be taken to assess disease (27). In addition to histologic examina-
tion, skin collagen content can be assessed by histochemical methods.
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In the murine chronic GVHD with SLE-like disease, the presence of glomerular lesions can
be assessed by morphologic examination of kidney tissue sections taken 3 or 5 mo after
induction of disease for overall severity, and immunofluorescence microscopy can be used to
detect specific components of immune complexes in the glomerular lesions.

The degree of inflammation in the liver and small bowel can be graded semiquantitatively
for evidence of pathological changes consistent with chronic GVHD. In the liver, scoring
criteria may include portal infiltration by inflammatory cells and abnormal bile duct epithelial
morphology (74).

4.1.4. MEASUREMENT OF SERUM CYTOKINES

The proinflammatory and anti-inflammatory cytokines, TNF-α, IFN-γ, and IL-10 serum
level can be measured by highly sensitive radio-immunoassay or ELISA to help assess murine
chronic GVHD (66).

4.2. Correlation of Murine Chronic GVHD with Human Disease
Although the currently available chronic GVHD murine models are unable to exactly par-

allel or reflect clinical chronic GVHD conditions, they are believed to be unique experimental
models correlated with several human disease.

SLE is an autoimmune disease that is characterized by the formation of autoantibodies.
Although almost any organ of the body can be involved, lupus nephritis is a major symptom
and the main cause of death. Chronic GVHD induced in C57BL/10 × DBA/2 F1 mice following
adoptive transfer of parental DBA/2 spleen cells has been proposed as an adequate experimental
model for studying severe immune complex glomerulonephritis associated with SLE because
all of the histologic patterns occurring in human lupus nephritis can also be seen in these mice.
Interaction between donor T cells and recipient B cells results in polyclonal B cell activation
followed by production of a range of autoantibodies, including anti-ds and -ssDNA, anti-red
blood cell, and anti-T cell anticytoskeletal autoantibodies are associated with this model (62).
Severe glomerulonephritis results from the deposition of immune complexes in the glomeruli
of these mice. In addition to human SLE, models of chronic GVHD in mice can be used to study
human scleroderma, which is a chronic and progressive disease characterized mainly by
increasing collagen deposition in many organs. Adoptive transfer of splenocytes from B10.D2
mice into sublethally-irradiated minor histocompatibility antigen-mismatched, BALB/c mice
results in a disease that resembles many features of the scleroderma in humans, including
cutaneous fibrosis, loss of dermal fat, atrophy of dermal appendages, mast cell depletion, and
a mononuclear cell infiltration (57). In this model, liver and gastrointestinal tract injuries
include inflammatory destruction of the intrahepatic bile ducts and the bowel mucosa.

5. GVL MODELS

Murine models play an indispensable role in the study of GVHD/GVL. The finding of GVL/
GVT phenomenon and the concept of GVL/GVT were attributed not only to observations in
clinical allogeneic-BMT but also to the study of experimental allogeneic-BMT in mice (75–
77). Tumor-bearing mouse models have been widely used in the research field of GVL/GVT.
Induction of leukemia can be accomplished by the intravenous injection of an appropriate dose
of cells from a leukemia cell line or fresh tumor cells into the lateral tail vein of immunocom-
petent syngeneic mice. The mice are then monitored for development of physical symptoms
of disease, and survival time is determined (78). The reproducible death from leukemia in
tumor-bearing mice usually varies in a dose-dependent fashion (79–81). The modulation of
GVHD can change the outcome of survival. The goal of many animal studies of GVHD is to
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minimize the disease without concurrent loss of the GVL effect. In clinical allogeneic-BMT,
the GVL effect is most evident in patients with chronic myelogenous leukemia (CML) com-
pared to patients with other forms of leukemia or lymphoma (82), however, the field of study
lacks a good murine CML model. There are some commonly studied tumor cells lines used for
development and analysis of GVL in mice.

• The C1498 (H-2b) leukemia cell line was originally derived as a spontaneous myeloid tumor
line from a C57BL/6 female mouse (80,81,83,84).

• The EL4 (H-2b) lymphoma cell line was originally derived as a T cell leukemia/lymphoma
tumor line from a C57BL/6 mouse (83–87).

• The P815 (H-2d, CD45.2+) is a mastocytoma derived from a DBA/2 mouse (88). P815 tumor
cells injected intravenously metastasize into the spleen and liver of host mice (89,90).

• A-20 (H-2d) is derived from a spontaneous B cell leukemia/lymphoma from a BALB/c mouse (91).

The mouse can also serve as a vessel to study human GVL or graft versus tumor (GVT)
effects.  SCID or non-obese diabetic (NOD)/SCID mice can be injected with human tumor cells
followed by adoptive transfer of human immune cells to evaluate the GVL effect in this
human–mouse chimera model (92–94).

Recently, the use of mice with specific defects in cytotoxic function has demonstrated the
differential role of these specialized cellular mechanisms in GVHD and GVL (95–97). Both CD4+
cells and CD8+ cells can mediate GVHD-associated cytotoxic activity through perforin or Fas
pathways (98). In a similar manner, the use of neutralizing antibodies demonstrates the differential
outcomes when pro-inflammatory cytokines are depleted in the GHVD/GVL mouse models (32).

6. CONCLUDING REMARKS

Murine models provide a unique experimental approach for the study into the pathophysi-
ology of GVHD and GVL. A broad range of donor–host strain combinations are available to
compare MHC disparities on a variety of distinctive genetic backgrounds. Murine models have
multiple advantages in that they offer consistent inbred populations for comparison of different
treatment groups and provide specific deficiency mutations and transgenic and knock-out
strains for further study of GVHD. Hence, new insights from murine models of GVHD/GVL
may provide great contributions toward the advancement of clinical therapeutic strategies for
the prevention of GVHD and the enhancement of GVL.
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1. INTRODUCTION

The success of allogeneic transplantation in the treatment of malignant hematopoietic dis-
orders is due to a combination of both the chemo-irradiation based conditioning regiment as
well as a potent graft-vs-leukemia (GVL) effect imparted by the allogeneic hematopoietic cell
graft. Although the exact contributions of either the conditioning regimen or allogeneic
antileukemia effects are difficult to directly evaluate and are likely related to the disease and
remission status, it is evident that GVL mechanisms are critically important. Some inference
of the relative importance of either the conditioning regimen or GVL effects can be gained by
examining the situations of identical twin and nonmyelablative bone marrow transplantation
(BMT). The higher rate of disease recurrence following identical twin (as compared to matched
sibling) BMT, is likely due to a reduced (or lack of) GVL response (1–6). Despite this, there
is improved survival following identical twin transplantation (as compared to standard chemo-
therapy) and thus an effect of high dose, cytotoxic chemotherapy (7). In nonmyeloablative
BMT, recipients receive relatively low dose conditioning agents and immunosuppressive
drugs. This type of conditioning regiment allows for the engraftment of the allogeneic hemato-
poietic graft, yet has modest effects on the residual malignant cells. Early data show a substan-
tial proportion of patients achieving complete remissions mainly due to GVL imparted by the
allogeneic hematopoietic cells (8–14).

The inverse correlation between leukemia recurrence and the development of graft-vs-host
disease (GVHD) further supports the role of the immune system in the eradication of residual
malignant cells, since relationships exist between leukemia free survival and the presence of
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acute (6,15) and especially chronic GVHD (6,15,16). Additionally, donor leukocyte infusion
(DLI) is now an established treatment for relapse of some diseases post-BMT (i.e., chronic
myeloid leukemia [CML]) (17). DLI is associated with both GVL and GVHD in a significant
proportion of patients. Conversely, GVHD and GVL do not necessarily occur together, since
some patients develop GVHD without benefiting from GVL. Such observations have led
investigators to speculate whether GVL exists in the absence of GVHD. In support of the
separability of GVHD from GVL, Ringden and coworkers observed that patients without
GVHD during allogeneic BMT were statistically more likely to experience leukemia-free
survival than those receiving an autograft (18). While improved survival in the allogeneic
group is suggestive of a GVL effect (without GVHD), there may be other explanations, such
as contamination of autologous marrow with clonogenic malignant cells, for this result. A more
convincing study supporting GVL without GVHD was performed using CD8+ T cell-depleted
DLI for the treatment of relapsed CML. A significant number (43%) of patients entered either
hematological or cytogenetic remissions without overt signs of GVHD (19). Similarly, in a
dose escalation study of DLI for the treatment of relapsed CML, Mackinnon and coworkers
found that a dose of 1 × 107 lymphocytes/body weight was sufficient to induce remissions in
at least 8 out of 21 patients, but only 1 out of 21 patients developed GVHD, again showing that
GVL is separable from GVHD (20).

Given that the practice of BMT or DLI involves the transfer of heterogeneous populations
of fully differentiated lymphocytes, the occurrence of GVL and GVHD is not surprising.
Contained within these unseparated preparations are likely to be cell populations with a higher
propensity for GVHD than GVL or vice versa. Identification of lymphocyte subsets with a
reduced capacity for GVHD is desirable since it would lead to the transfer of defined highly
purified cellular products. Whether or not such an approach is ultimately successful remains
to be determined, but for the first time, it is clinically tenable given: (i) the improved under-
standing of lymphocyte subset classification and function; (ii) an increased interest in immune
based therapies at a clinical level; and (iii) technological enhancements in cell separation
techniques (magnetic bead sorting, antibody based columns, high speed sorting). This chapter
will therefore focus on preclinical studies and whenever available, clinical studies of various
lymphocyte populations that may mediate GVL with the possibility of attenuated GVHD when
adoptively transferred in the post-BMT period.

2. MECHANISMS OF TUMOR CELL KILLING

Regardless of the GVL conferring cell type, the general mechanics of tumor cell killing are
typically shared. First, adhesion of the effector cell to a potential target occurs, allowing for
more definitive identification. This initial contact occurs through a variety of receptor/ligand
pairs mainly involved in cell adhesion (ICAM/LFA-1, CD2/LFA-3, etc.) (reviewed in ref. 21).
Next, target specificity takes place using specific receptor–ligand pairs (T cell receptor [TCR]/
major histocompatibility complex [MHC], TCR/CD1, natural killer [NK] cell receptor/MHC
class I, etc.). If productive, effector cell activation occurs and results in target cell killing
through three broad cellular pathways: (i) granzymes/perforin; (ii) tumor necrosis factor (TNF)
superfamily molecules; and (iii) soluble mediators (Fig. 1).

As the effector cell contacts the target cell, a synapse-like junction is formed, which allows
for localized release of granule contents. When the effector cell is triggered to kill the target,
intracellular granules fuse with the cell membrane, and granule exocytosis occurs (Fig. 1A).
Contained within the granules of effector cells are a variety of molecules that induce target cell
apoptosis. The best characterized of these molecules are perforin and granzymes. Once released
into the extracellular space, perforin inserts into the cell membrane and polymerizes in a Ca++-
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Fig. 1. Mechanisms of effector cell killing. There are three pathways that are used either separately or in combination in target cell killing. These include:
(A) the release of preformed granule contents. Perforin (lines) and granzyme (scissors) are stored in granules, which are released into a synapse-like space
between the effector and target. Perforin then inserts into the target cell membrane, allowing granzyme access to  the cytoplasm where it mediates proteolysis
and inducing apoptosis. (B) Also stored in preformed vesicles is FasL which binds to it’s receptor, Fas (CD95). TRAIL is shown on the cell surface and can
bind to a variety of receptors; some capable of transmitting an intracellular apoptotic signal (DR 4 and 5) and others that are not able to induce target cell
apoptosis (DR 1 and 2). (C) The secretion of soluble mediators by the effector cell influences antitumor immunity through the chemo-attraction of other cell
types (chemokines) and by the activating APCs, thereby skewing T cell responses and direct sensitization of the target cell for apoptosis (cytokines).
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dependent manner to create membrane pores 100–200 Å in diameter (22,23). While perforin
induces target cell necrosis, more recent studies show that its true function may be to facilitate
entry of other granule contents into the target cell cytoplasm (24). Such molecules include a
family of serine proteases called granzymes. Upon entry into the target cell cytosol, these
molecules activate the proteolytic machinery within the target itself, inducing apoptosis (25).
The substrates for granzymes include those used by the TNF superfamily members as well as
other cell death pathways (26). To date, 11 different granzyme molecules have been identified,
but the functional significance of this diversity is unknown (27). A variety of other molecules
are also found within the effector cell which are likely to induce target cytolysis. One such
molecule is granulysin, which has been shown to induce tumor cytolysis in vitro, but their exact
role in cytotoxic T lymphocyte (CTL) effector function is less well characterized (28).

As another class of effector molecules, the TNF superfamily has generated considerable
interest over the past 10 yr since members of this family play an essential role in both cellular
activation and proliferation (CD30L, CD40L), as well as cell death (TNF-α, Fas ligand [FasL],
and TNF-related apoptosis-inducing ligand [TRAIL]) (29–31). For the purpose of this discus-
sion, we will only address FasL and TRAIL, both of which are expressed by NK and T cells
and participate in antitumor responses (32,33). FasL and TRAIL have specific counter recep-
tors present on a variety of both malignant and nonmalignant cells. For FasL, there is a single
receptor, CD95 or Fas (34). There are a total of five receptors to which TRAIL can bind to, and
two are capable of inducing apoptosis (TRAIL-R1 [DR4] and TRAIL-R2 [DR5]). Two
nonsignaling receptors (TRAIL-R3 [DcR1] and TRAIL-R4 [DcR2]) and a soluble receptor
(OPG, osteoprotegerin) do not cause apoptosis in target cells (reviewed in refs. 35 and 36).

Both FasL and TRAIL induce trimerization of their cognate receptors on the target cells.
This in turn activates a cascade of enzymes (cysteine aspartate-specific proteases [caspases]),
which induce to target cell apoptosis. Initial investigations suggested that FasL was present on
the cell surface, but recent studies have refined this notion. Using confocal immunofluores-
cence, Bossi and Griffiths have elegantly determined that FasL is contained within cytoplas-
mic granules and is brought to the effector cell surface upon activation, thereby maintaining
target specificity and minimizing injury to surrounding tissues (37) (Fig. 1B). Once on the cell
surface ,FasL is rapidly cleaved to a soluble form by matrix metalloproteases (38). Most studies
suggest that soluble FasL is either inactive or a weak inducer of apoptosis, thus cleavage from
the cell surface may be a form of regulation of FasL-mediated immune responses. The cellular
location of TRAIL may be different since it has been found on the surface of liver NK cells (33).
Whether TRAIL is regulated in the same manner as FasL (via cleavage from the cell surface)
has not yet been definitively determined. Unlike FasL, TRAIL does not induce apoptosis in
normal tissues (39–42); thus this level of regulation may not be necessary. However, recent
studies have questioned whether normal tissue is truly resistant to the apoptosis inducing
effects of TRAIL (43).

Activated T cells and NK cells produce a variety of soluble mediators that have both local
and systemic effects. Such mediators include cytokines and chemokines that can affect the
immune system and/or tumor targets in a variety of ways, including skewing of the immune
response toward a Th1 or Th2 pattern, the chemoattracting of other cell types to tumor sites,
activating of “bystander” cells, influencing antigen presentation, and directly sensitizing tu-
mor cells to apoptosis (Fig. 1C).

3. ANTIGEN SPECIFIC CYTOTOXIC T CELLS

After release from the bone marrow, the majority of T cell precursors migrate to the thymus
where they are positively and negatively selected based on the appropriate interactions with
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self-MHC molecules. After successful positive and negative selection, they are released into
the peripheral circulation (44). The majority of peripheral blood T cells express the α/β T cell
receptor/CD3 complex and either the CD4 or CD8 co-receptors. T cells become activated upon
TCR recognition of peptide antigens presented by antigen-presenting cells (APCs), such as B
cells and dendritic cells (DCs). Antigens recognized by CD8+ T cells are small peptide frag-
ments (8–10 amino acids in length) complexed with MHC class I, while CD4+ T cells recognize
slightly larger peptide fragments (14–18 amino acids, sometimes up to 28 amino acids) pre-
sented by MHC class II (45,46). In addition to presenting peptide antigens to T cells, DCs also
provide essential co-stimulatory signals (CD80/CD86) and cytokines (interleukin [IL]-12,
TNF-α, and interferon [IFN]) which enhance their own antigen presentation capacity and T
cell activation (47,48). After encounter with APCs, T cells expand clonally, develop cytolytic
effector function and differentiate into long-lived memory cells.

A prerequisite for applying antigen-specific T cell immune responses to cancer therapy
requires that: (i) unique and identifiable antigens are presented by tumor cells; and (ii) T cells
can recognize these antigens. Since many of the tumor-specific antigens are essentially self-
antigens (see below), it is questionable whether such self-reactive T cells actually exist. In fact,
tolerance toward a variety of self-antigens has not been established or at least can be overcome
(49), and tumor reactive T cells have been identified in both experimental models and humans
(see below). Tumor-specific antigens can be classified into four broad groups: (i) unique fusion
proteins created by chromosomal translocations (e.g., 9;22, 15;17, etc); (ii) antigens whose
overexpression contributes to oncogenesis (N-myc, Her2/neu); (iii) antigens whose expression
is tissue restricted to the malignant tissue (protease 3 in myeloid cells, minor histocomapability
antigens HA-1 and -2 on hematopoietic tissue and tyrosinase, MART-1/melan, in melanoma);
and (iv) potentially universal tumor antigens, such as telomerase (50–52).

Approaches to induce either primary or secondary T cell responses against malignancies
have varied in both technique and success. In high-risk melanoma patients, intramuscular
injection of adjuvant with peptides derived from the MART-1 protein resulted in both the
induction of T cell immunity and demonstrable clinical responses in a number of patients. T
cell interferon-γ secretion (postvaccination) correlated strongly with relapse free survival,
suggesting that antigen-specific T cells contributed to survival (53). In this study, the adjuvant
presumably induced APC activation and peptide uptake followed by presentation to T cells.
Instead of using adjuvant, investigators have also isolated and pulsed APCs ex vivo with either
tumor-specific peptides or whole protein. Using this technique, Hsu and coworkers (54) used
peripheral blood DCs and purified idiotype Ig protein for the treatment of patients with folli-
cular lymphoma. They demonstrated antitumor responses in vitro and significant clinical
responses in three out of four patients treated (54). Since isolation of peripheral blood DCs is
difficult, similar approaches have used peripheral blood monocytes in combination with
cytokines to generate DCs in vitro. These cells were pulsed with tumor associated peptides as
described above and reinfused. Like the above study, some patients showed both immunologi-
cal and clinical response (55). Rather than directly transfer APCs, some investigators have used
APCs to prime T cells ex vivo. Rooney et al. have used this approach to generate Epstein-Barr
virus (EBV)-specific T cells and have shown that they are highly effective in preventing (and
treating) EBV lymphoproliferative disease occurring after T cell-depleted BMT (56). Similar
results were obtained for cytomegalovirus (CMV) (57). Whether such vigorous immunity
toward nonviral tumor antigens can be induced remains to be determined.

Another approach to generate antigen-specific T cell tumor immunity is to modify tumor
cells to express immunostimulatory molecules, thereby enhancing their immunogenicity. In
animal models and pre-clinical human studies such approaches have proven productive.
Choudhury and coworkers cultured CML cells in IL-4, granulocyt-macrophage colony-
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stimulating factor (GM-CSF), and TNF-α to generate tumor cells with properties of DCs
(expression of co-stimulatory molecules) which were then able to stimulate autologous anti-
gen-specific T cells, while uncultured CML blasts could not induce such a response (58).
Malignant cells driven to become APCs were also generated from pre-B acute lymphocytic
leukemia (ALL) samples after CD40 cross-linking. ALL blasts up-regulated co-stimulatory
molecules and were then able to prime a cytolytic CTL response in vitro (59). Gene transfer
techniques have also been used to induce the expression of co-stimulatory molecules to gen-
erate tumor immunity. Both ALL and acute myelogenous leukemia (AML) cells transduced
with the co-stimulatory molecule CD80 led to the generation of allogeneic CTLs (60,61). Other
modifications of tumor cells have included the transfer of cytokine genes. Vaccination with IL-12
secreting AML cells mediated elimination of residual AML and protected animals from future
AML challenge (62).

Another area of research focuses on enhancing T cell trafficking to sites of malignant
disease. In recent years, there has been a rapid characterization of molecules that influence
cellular migration. Chemokines are a large family of proteins that have potent chemoattractant
properties, inducing T cell migration to sites of antigen presentation, inflammation, and tumor
sites. Preclinical studies using tumor cells modified to secrete chemokines have proven to be
effective. Murine tumor cells modified with both the IL-2 and lymphotactin genes induced
infiltration of T cell and tumor elimination (63).

A major advance for the characterization of antigen-specific T cells has been the develop-
ment of MHC-tetramers. MHC-tetramers are soluble MHC molecules assembled with defined
peptides that specifically bind to the T cell receptor of antigen-specific T cells. MHC-tetramers
can be conjugated with a fluorogenic dye and used as reagents to identify, enumerate, and
isolate antigen specific T cells by fluorescence-activated cell sorting (FACS) analysis (64).
MHC-tetramers have been used to identify antigen-specific T cells in patients with melanoma,
cervical carcinoma, and CML (55,65–67). In some patients, tumor-specific T cells account for
2% of all CD8+ T cells (67). Isolation of tetramer staining CD8+ T cells in melanoma patients
revealed that these cells had been previously activated, but do not proliferate, produce cytokines
or mediate cytotoxicity against peptide-pulsed targets. While the above defect was observed
in tumor specific T cells, CMV-specific T cells from the same individuals were normal,
suggesting that although the immune system can recognize tumors, there is a selective dysfunc-
tion in tumor-specific T cells (67). Conversely, in some diseases, the presence of tumor-
reactive CTLs appears to be functional, since T cells reactive against a peptide derived from
proteinase-3 (PR-1) predicted responses to either IFN-α treatment or allogeneic BMT in
patients with CML (68). Tetramer staining has also been used to monitor responses to immu-
notherapeutic interventions. In some studies, an increase in tetramer staining cells correlated
with responses (55), while in other cases it did not (66), again confirming the complex inter-
actions of the endogenous T cell response in cancer patients.

Tumor-specific immunity is the goal of immunotherapy. Indeed, if the antigen is chosen
correctly, CTLs can provide specificity and memory with, theoretically, little risk for GVHD.
Studies of antigen-specific CTLs adoptively transferred following transplantation in both
murine and human studies have confirmed this concept (56,69). But such an approach to cancer
therapy is technically challenging, since the identification of tumor-associated antigens is
complex and labor-intensive. Given the heterogeneity of the human MHC and that the peptide/
MHC interaction is highly specific, a large number of peptides would be necessary to treat all
individuals with a single disease. Thus the development of antigen-specific T cells either with
peptide-pulsed DCs or by ex vivo generation, will likely require individualized therapies. The
use of tumor modified vaccines circumvents such problems, since malignant tissue from each
individual could be cryopreserved and used in the future, but there are practical concerns with
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using a whole tumor vaccine. One cannot control which antigens are being presented, and there
is at least the theoretical risk of inducing autoimmunity. In fact, using a murine model of BMT,
Anderson has shown that modified malignant cells induced both GVHD and GVL (70). There-
fore, while antigen-specific T cells have promise, there are many practical concerns that must
be overcome before their widespread use and promise is achieved.

4. NK CELLS

NK cells make up approx 10% of circulating peripheral blood lymphocytes and are defined
phenotypically by the lack of CD3 and by the presence of Fcγ III receptor (CD16) and neural
cell adhesion molecule (N-CAM) (CD56) (in humans) or by the expression of NK1.1 and DX5
(in rodents). NK cells are functionally characterized by their ability to mediate MHC-unre-
stricted cytolysis of either virally infected or malignant transformed targets. Accordingly,
patients with selective deficiencies of NK cells are at higher risk for the development of
uncontrolled viral infections (71,72), and NK cells from these patients have markedly reduced
cytolysis against the NK sensitive erythroleukemia target cell line K562 (73–75).

The adoptive transfer of NK cells following allogeneic transplantation holds promise since
a large body of evidence supports their potent antitumor activity. Freshly isolated NK cells
recognize and lyse some cultured malignant cell lines and autologous tumor targets (76). IL-2-
activated NK cells, referred to as lymphokine-induced killer (LAK) cells, have a broader
spectrum of tumor killing and are capable of killing a wide range of cultured tumor cells
(76,77). One of the largest in vitro studies of LAK cells was performed by Teichmann and
coworkers who examined the sensitivity of >250 patient-derived leukemia samples and found
that the same leukemia specimen was either susceptible or nonsusceptible to LAK-mediated
lysis from multiple donors. The majority of samples (62%) were susceptible to lysis by mul-
tiple donors. Greater than 60% of acute leukemias (AML or ALL) and most CML blast crisis
samples were sensitive to lysis (92%), while only 39% of chronic phase CML samples were
killed. Patient-derived LAK cells were also evaluated in this study, and in 63% of samples,
there was autologous anti-leukemia activity (77). Similarly, many in vivo animal experiments
have demonstrated an important role of either endogenous (78) or adoptively transferred NK
cells in the control of a variety of tumors (79). While the original description of the clinical
application of LAK cells was encouraging, with nearly half of chemotherapy refractory patients
showing some response to LAK therapy (80), subsequent studies have yielded less impressive
results (81–86). Further, such therapy is associated with considerable toxicity due to the
requirement for exogenous IL-2 administration (87).

How NK cells recognize targets was unknown until the recent cloning and characterization
of a rapidly expanding family of cell surface receptors. The unifying theme is that these
receptors detect the presence or absence of classical or nonclassical MHC class I molecules on
target cells (88,89). Depending upon the receptor, engagement leads to either NK cell inhibi-
tion or activation.

The majority of NK cell receptors identified thus far fall into the inhibitory category.
Engagement of these receptors (with class I MHC molecules) leads to an inhibition of NK cell-
mediated responses (Fig. 2A). Conversely, when NK cells encounter a potential target and the
inhibitory receptor is not engaged, the NK cell is triggered to induce target cytolysis (Fig. 2B).
Such functions were initially predicted by Ljunggren and Karre and coined the “missing self
hypothesis” (90). The commonality between these inhibitory NK cell receptors is that the
cytoplasmic tail contains immunoreceptor tyrosine-based inhibition motif (ITIM) residues.
Receptor cross-linking recruits Src homology 2 domain-containing phosphatase (SHP)-1 and
SH-2-containing inositol polyposphate 5-phosphatase (SHIP), which in turn inhibits NK cell-
mediated cytotoxicity (91,92).
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Activating NK cell-associated molecules have also recently been identified, which trigger
cytotoxicity. This rapidly expanding group of proteins is less well-characterized, yet the uni-
fying theme is that they lack cytoplasmic ITIM motifs necessary for inhibitory signaling. For
transmission of activating signals, most of these receptors require interactions with the adapter
proteins CD3ζ, FceRIg, and DAP 12, all of which express cytoplasmic immunoreceptor
tyrosine-based activating (ITAM) motifs. Phosphorylation of these motifs in turn recruits
ZAP70 and Syk, resulting in NK cell cytokine synthesis and cytotoxicity (88,93). Other acti-
vating adapter proteins use DAP 10, which lacks ITAM motifs and, instead, signals through
phoshatidylinositol 3-kinase (94). Additional activating receptors, such as 2B4, use no adapter
molecules or ITAM signaling motifs (95).

NK cell cytotoxicity must be a tightly regulated process, integrating both positive and
negative signals from both activating and inhibitory receptors, respectively. Understanding
such regulation may be essential for clinical applicability. In fact, both the inhibitory and the
activating receptors can be expressed by the same NK cell (96). In vitro studies suggest that

Fig. 2. Missing self hypothesis and NK cell activating receptors. NK cells recognize the presence or
absence of target cell MHC class I (or class I-like) molecules. When NK cell inhibitory receptors are
engaged (A) killing is inhibited. Conversely, when NK cell-inhibitory receptors are not engaged, either
due to the lack of MHC class I (B) or due to MHC mismatch (C), killing occurs. When NK cell-activating
receptors are engaged, killing is triggered (D).
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NK cell triggering occurs after an integration of many cell surface signals from such receptors
(96). Given the current understanding of this system, it appears that inhibitory signals dominate
over activating signals. This is supported by the relatively larger numbers of inhibitory recep-
tors relative to activating receptors, as well as the direct experimental evidence showing NK
cell inhibition when both inhibitory and activating receptors are simultaneously engaged (96).

NK receptors have been divided into the C-type lectin receptors and the immunoglobulin
superfamily inhibitory receptors. Within each of these families there exist both activating and
inhibitory receptors. The C-type lectin receptors are further subdivided into the Ly49 mol-
ecules and the CD94/NKG2 heterodimers. The Ly49 receptors are present only on murine NK
cells, and while a human homologue has been identified, it appears to be a pseudogene (97).
To date, at least nine different Ly49 (Ly49 A, C, D, E, F, G, H I, K) molecules have been
identified (98). Most have been shown to bind class I molecules and, thus, directly interrogate
a potential target for the presence or absence of cell surface MHC class I. While the majority
of the receptors in this family appear to be inhibitory, the Ly49D and Ly49H receptors have
activating function (99).

The other member of C type lectin receptors is the disulfide-linked heterodimer between the
invariant CD94 chain and various members of the NKG2 complex (NKG2A, NKG2C, and
NKG2E). Unlike Ly49, both CD94 and NKG2 molecules have been identified in both primates
and rodents (100,101). Instead of directly detecting the expression of class I on the cell surface,
the CD94/NKG2A/C/E heterodimer detects the level of MHC class I expression. This is
because the counter receptor on the target cell (either HLA-E, human or Qa-1, mouse) is stable
only when a leader sequence (AMAPRTLLL) of classical MHC class I is presented in the
peptide-binding groove (102–104).

A distantly related member of the NKG2 family is NKG2D, sharing only partial sequence
homology with the other members (105). NKG2D does not heterodimerize with CD94, but
rather forms a homodimer and signals through the adapter molecule DAP-10 (94). NKG2D has
NK cell-activating function and recognizes the MHC class I-related chain A (MICA) and B
(MICB) in humans (94,106). MICA/B are stress-induced and have been found mainly on
epithelial-derived tumors (107,108). Recent studies suggest that cell lines derived from other
malignancies and leukemia also express these ligands (96). Expermintal data show that some
NK cells recognize tumor targets that do not express MICA and MICB, suggesting that there
are other ligands for NKG2D (96). Murine NKG2D has also been characterized. The ligands
for murine NKG2D—H60 and Rae-1—have a strikingly low level of homology to one another
and to MICA/B (109). Soluble NKG2D binds to a variety of NK-sensitive tumor cell lines,
suggesting that NKG2D ligands are expressed on murine malignant tissue (109). Interestingly,
the promoter elements for Rae-1 contains a retinoic acid responsive element (110), possibly
ascribing a novel antitumor activity of this drug.

The other large group of NK cell inhibitory receptors are the killer inhibitory receptors
(KIRs). KIRs have only been identified in humans, and based on cDNA data it is estimated that
there are approx 12 individual genes (89). Classification is based on both the number of
extracellular Ig domains (either 2 or 3, designated KIR2D or KIR3D) and the length of the
intracellular signaling domain (either long or short, designated either KIR2DL or KIR2DS)
(Table 1). In general, receptors bearing the long intracellular domains contain an ITIM region
necessary for the inhibition of cytotoxicity, while receptors with short intracellular domain
lack such regions and are activating.

Lastly, a group of Ig family member receptors, which lack ITIM motifs, have recently been
described and are referred to as the natural cytotoxicity receptors (NCRs) (111). NCRs have
been identified by generating antibodies to NK cells and using them in a redirected killing
assay. In this assay, an anti-NK cell antibody is combined with a Fc-bearing target, and the
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ability of the NK cell to kill the target is measured and compared to an irrelevant antibody. If
the antibody recognizes and induces cross-linking of activating receptors, cytolysis is trig-
gered. Four NCR family members termed NKp46, NKp44, NKp30, and NKp80 have recently
been identified using this method. NKp46 is found on all NK cells, and in some individuals
there is bimodal expression of NKp46, with some NK clones being NKp46bright and others
being NKp46dull. High receptor density of NKp46 on NK cells strongly correlates with tumor
cytotoxicity and appears to identify subsets of NK cells with high antitumor activity (112–
114). Like NKp46, NKp30 has been identified on NK clones and cooperates with NKp46 in
target recognition (115). NKp44 is an activating ligand only found on activated NK cells
(116,117). The expression of NKp44 on activated NK cells only may help explain the increased
spectrum of tumor recognition of LAK cells compared to NK cells (109). NKp80 is also found
on NK cells and a small subset of freshly isolated CD3+CD56+ T cells. This receptor appears
to cooperate with the other NCRs in the recognition of phytohemagglutinin antigen (PHA)-
activated T cells (118). The exact ligands for the above receptors have not been identified.

Characterizing the cell surface receptors involved in target recognition may be the first step
to improved clinical application of NK cells, but an essential question surrounds their capacity
to induce GVHD if they are to be used in the post-transplant setting. Murine studies show that
full MHC-mismatched IL-2-expanded NK cells do not cause GVHD while retaining their
capacity to mediate GVL (119). As well in this model, IL-2-activated NK cells secreted
transforming growth factor (TGF)-β, which prevented the induction of lethal T cell-mediated
GVHD. Human studies have supported such findings since patients undergoing haploidentical
stem cell transplantation have a very early recovery of donor-derived NK cells without any
associated GVHD despite the lack of immunosuppressive drugs (120). Since the KIR mol-
ecules are not genetically linked to MHC loci, it is possible to select a donor based on NK cell
receptors that do not recognize host MHC class I antigens (Fig. 2C). Such a situation would
be analogous to the lack of MHC class I (Fig. 2B) and should trigger cytotoxicity. In fact,
donor-derived NK clones isolated following transplantation have significant activity against
recipient leukemia targets, and this cytotoxicity can be predicted based on the HLA/KIR
mismatch. This type of mismatch predicted cytotoxicity against recipient AML and CML cells,
but not for ALL, possibly due to the lack of CD54 (ICAM) on ALL blasts (121). Clinical studies
support these in vitro observations, since patients with AML and CML undergoing
haploidentical BMT with a HLA/KIR mismatch were significantly less likely to relapse (1 out
of 28) as compared to those without mismatch (14 out of 47) (122).

Table 1
KIR Designation and Epitope Recognition

Name Alternate name Recognition Inhibitory (ITIM)

KIR2DL1 p58.1 (CD158a-long form) HLA-Cw 2, 4, 5, 6 Yes
KIR2DL2/3 p58.2 (CD158b-long form) HLA-Cw 1,3,7, 8 Yes
KIR2DL4 p49 HLA-G Yes
KIR3DL1 p70 HLA-Bw4 Yes
KIR3DL2 p140 HLA-A3, A11 Yes
KIR2DS1 p50.1 (CD158a-short form) HLA-Cw4 No
KIR2DS2 p50.2 (CD158b-short form) ?HLA-C No
KIR2DS3 — ? No
KIR2DS4 p50.3 ?HLA-C No
KIR2DS5 — ? No
KIR3DS1 — ?HLA-B No

Adapted with permission from refs. 203–205.
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5. NKT CELLS

Natural killer T cells (NKT cells) are a subset of T cells that have been described in both
mouse and man with immune regulatory and tumor surveillance functions. NKT cells express
both the TCR/CD3 complex and typical NK cell molecules, NK1.1 (or NKR-P1C, CD161)
(123). NKT cells also express molecules associated with a memory T cell phenotype including
CD44high, CD69high, CD62Llow, IL-2Rβ (CD122)high, (123,124). There is variable expression
of other NK-associated markers, including DX-5, Ly49 in rodents (125,126) and NKR-P1A
(CD161), CD56 in humans (127).

Three subsets of NKT cells are further defined based on the expression of the co-receptors
CD4 and CD8 and include: (i) double negative (DN, CD4-CD8-); (ii) CD4+; and (iii) CD8+.
There are considerable differences between these subsets with respect to TCR expression, CD1
recognition, tissue distribution, thymic dependence, and cytokine production (summarized in
Table 2). In mice, the CD4 and the DN subsets are derived from the same (or a similar) lineage,
since most express a single invariant TCR α chain (Vα14Jα281) paired with a limited number
of Vβ receptors (Vβ8.2 being the most common) (123,128). In contrast to classical T cells,
which recognize peptide in the context of MHC class I or II, the CD4 and many of the DN NKT
cells recognize glycolipid in the context of the nonclassical MHC molecule CD1 (129). Syn-
thetic ligands that bind in the groove of CD1 have been identified and include α-
galactosylceramide (α-GalCer) (129,130) (see below). NKT cells can be found in most
lymphoid tissues, with CD4+ NKT cells predominately found in the liver and thymus and DN
NKT cells found in the spleen and bone marrow (125). Most studies suggest that these NKT
cells are dependent upon the thymus for development since they are markedly reduced in
thymectomized mice, nude mice and arise in Rag-/-β2M-/- mice after thymus transplantation
(131,132). Upon activation, CD4+ and DN NKT cells promptly secrete large amounts of IFN-γ,
IL-10, and IL-4 which may contribute to their immunoregulatory functions (133,134).

In contrast to CD1-restricted NKT cells, murine CD8+ NKT and some DN NKT cells are
found in CD1-/- mice and are thus not dependent on CD1 for their development (125). More-
over, CD8+NKT cells express a heterogeneous TCR repertoire and do not express the canonical
TCR (Vα14Jα281) expressed on many CD1-restricted NKT cells (125,135). Thymectomy at d
3 of life leads to a significant reduction in CD4+ and DN NKT cells in the spleen and thymus, but
splenic CD8+NKT cells are relatively unchanged in numbers, suggesting that they are either
thymus-independent or leave the thymus very early in life (131,133). With regard to cytokine
production, activated splenic CD8+NKT cells produce little IFN-γ and IL-4 (133). In contrast,
bone marrow-derived CD8+NKT cells produce substantial quantities of IFN-γ and IL-4 (134),
thus suggesting significant heterogeneity between CD8+NKT cells from different tissues.

In humans, NKT cells have also been identified in the peripheral blood and liver (137,138).
These cells express the Vα24JQ receptor associated with Vβ11 (homologues for the murine
receptors Vα14Jα281 and Vβ8.2, respectively) (138). Like murine NKT cells, three subsets

Table 2
Properties of Various Subpopulations of NKT Cells

CD4-CD8-,CD4+ CD8+

Thymic-dependent Yes No
IL-4 secretion Yes BM-Yes; Spleen-No
IFN-γ secretion Yes BM-Yes; Spleen-No
TCR receptor Biased Nonbiased
CD1-dependent Yes No
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can be identified based on CD4 and CD8 expression, but in contrast to the mouse, there is a
larger percentage of CD1-restricted CD8+ NKT cells in humans (138,139). Human Vα24JQ/Vβ11
cells secrete both IL-4 and INF-γ (138). Takahashi and coworkers (140) compared the cytokine
secretion of CD4+ NKT cells with DN NKT cells. They demonstrated that while there was no
difference in INF-γ secretion, CD4+ NKT cells secrete more IL-4 than do DN NKT cells (140).

Since small numbers of NKT cells are found in human peripheral blood, methodologies are
being developed to expand such cells ex vivo. Culturing NKT cells with α-GalCer and IL-12
activates NKT cells (increased intracellular granzyme B), but has little effect on cell expansion
(139). Expansion of human NKT cells has recently been achieved after culture of peripheral
blood T cells with α-GalCer-pulsed DCs and stimulation with IL-7 and/or IL-15 (141). As
mentioned above, α-GalCer is a synthetic ligand for CD1 and, thus far, has not been identified
in mammalian tissues (130). The identity of the exact natural ligands that are presented to NKT
cells have not been precisely determined, but phospholipid extracts from tumor cell lines do
bind to CD1 and induce NKT cell activation (142). Thus, NKT cells may be able to respond
to endogenous antigens presented by tumor cells.

There is considerable experimental evidence suggesting that NKT cells play a role in tumor
surveillance, but the exact nature of this antitumor activity is debated. Treatment of tumor bearing
mice with either IL-12, α-GalCer, or α-GalCer pulsed DCs induces NKT cell dependent antitu-
mor activity (143–145). Whether or not this is directly due to NKT cell-mediated cytotoxicity has
not been established, since in the above models splenocytes and not purified populations of NKT
cells were used to demonstrate antitumor cytotoxicity. NKT cells may mediate tumor clearance
indirectly, since their activation induces NK cell proliferation and cytotoxicity, which is, in part,
dependent upon their prompt IFN-γ production after activation (146,147). In humans, there is
evidence for direct antitumor activity since either α-GalCer-stimulated CD3+ cells or NKT cell
clones mediate perforin-dependent tumor cytolysis in vitro (140,148,149).

It should be noted that NKT cells have also been implicated in tumor progression and
recurrence. Tamada and coworkers (150) isolated tumor-infiltrating NKT cells from B16
melanoma injected mice. These cultured NKT cells could inhibit antitumor CTL generation
both through the elaboration of TGF-β and cytolysis of cells expressing co-stimulatory mol-
ecules (150). There may be differences between these cultured NKT cells and freshly isolated
NKT cells, since the DN cells in this study did not produce IL-4 upon stimulation, as do freshly
isolated NKT cells. In another study using a model of tumor growth, followed by regression,
and finally recurrence, it was shown that CD4+ NKT cells play an essential role in tumor
recurrence phase due to the secretion of IL-13 (151). Thus, the secretion of counterregulatory
cytokines in some systems may inhibit antitumor activity.

Few studies have addressed whether or not NKT cells induce GVHD. Zeng and coworkers
have found that bone marrow NKT cells transplanted across major histocomaptability barriers
did not induce GVHD and are capable of suppressing GVHD induced by peripheral blood
CD4+ and CD8+ cells (152). Protection from GVHD was lost if BM NKT cells were used from
IL-4-/- mice, suggesting that in this model, IL-4 plays an essential role in GVHD protection.
Some caution is warranted, since other investigators have shown that host-derived NKT cells
can be demonstrated in the thymus during acute GVHD (153). Whether these cells actually
contribute to GVHD (or arise in response to GVHD) was not determined, but it was shown that
the host NKT cells contributed to the cytotoxicity of the thymus-containing cells.

6. CIK CELLS

For some time, it has been known that small numbers of human peripheral blood T cells
express the NK cell marker CD56 and that these freshly isolated cells have NK like cytotoxicity
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(MHC-unrestricted) against tumor targets (154). Culture conditions have been developed that
allow for the expansion of T cells with similar attributes, i.e., expression of CD56 and broad
MHC-unrestricted cytotoxicity against a variety of tumor targets without prior exposure (155–
157). Subsequent studies showed that these ex vivo expanded cells, termed cytokine-induced
killer cells (CIK cells), were in fact not derived from either NK cells or CD3+CD56+ precursor
cells, but rather from either CD3+CD4-CD8-, CD3+CD8+, or even CD3+CD4+CD8+ cells (158).

The culture conditions used to generate CIK cells include the prestimulation of cells with
IFN-γ, followed by a cross-linking CD3 antibody and intermediate dose IL-2 (300 U/mL).
Cells are fed with fresh media every 3 to 4 d and after 14–21 d there is an  approx 100- to 500-fold
expansion of CD3+CD56+ cells (158). Using these conditions, we have generated CIK cells
from peripheral blood, bone marrow, cord blood (in humans) and spleen, thymus and liver (in
mice). Prestimulation of cells with IFN-γ leads to monocyte activation, which enhances
CD3+CD56+ expansion through both the secretion of IL-12 and CD58/LFA3 co-stimulation
(159). Other studies support these findings, since cultures of lymphocytes under identical
conditions and IL-12 (as compared to IL-2) lead to higher numbers of CD3+CD56+ cells (160).

We have previously shown that these ex vivo-activated and -expanded cells have significant
antitumor activity. Using a severe combined immunodeficiency disease (SCID)/Hu model of
lymphoma, CIK cells were more effective than LAK cells in curing animals (158). Autologous
CIK cells can be generated from patients with chronic phase CML, and the majority of samples
(12 out of 13) were Philadelphia (Ph) chromosome negative by cytogenetic analysis (161).
When CML was engrafted into SCID mice, a significant proportion of the animals could be
rescued by administration of autologous CIK cells (161). Similarly, we have expanded CIK
cells from patients with AML and found them to have activity against autologous AML blasts
(162). CIK cells are more effective in mediating cytotoxicity against cell lines derived from
hematopoeitic malignancies than solid tumors. To augment the antitumor activity against solid
tumor targets, we have used bispecific antibodies to redirect CIK cells to target cells.
CD3xHer2/neu bispecific antibody (bsAb)-redirected CIK cells are significantly more effec-
tive in mediating in vitro tumor cytolysis when compared to CIK cells or CIK cells and a control
bsAb. Similiarly, bsAb-redirected CIK cells are more effective in eradicating residual breast,
ovarian, and primitive neural ectodermal tumor (PNET) cell lines engrafted into SCID mice
(unpublished results).

The cell surface structures involved in CIK cell recognition of tumor targets is not well
understood. To date, there is no evidence supporting a T cell receptor-based identification of
targets, since antibodies against CD3, CD4, CD8, TCR α/β, MHC I and II are unable to block
cytotoxicity (156). ICAM and LFA-1 are the only molecules known to be involved in cytotox-
icity, since antibodies against these molecules attenuates cytotoxicity (156). Blocking cyto-
plasmic granule release inhibits cytotoxicity, suggesting a perforin based mechanism (163).
We have recently generated a homologous population of activated T cells from murine
splenocytes, with the cell surface phenotype of CD8+ NKT cells (164). These cells have many
of the same attributes as human CIK cells, namely expression of NK cell markers (NK1.1 and
DX5) and MHC-unrestricted cytotoxicity against a variety of targets without prior exposure.
To address the mechanism of cytotoxicity, cells were expanded from either FasL deficient
(gld) or perforin gene knock-out (pfp) mice. Cytotoxicity assays demonstrate that the FasL
deficient mice have cytotoxicity identical to wild-type mice, yet cells derived from the pfp
animals were devoid of any cytolytic activity both in vitro and in vivo (165).

Using murine-expanded CD8+ NKT cells we investigated their propensity to induce GVHD
when transplanted across major histocompatability barriers. Transplantation experiments were
performed using purified allogeneic hematopoietic stem cells (HSCs) alone or with adoptively
transferred splenocytes or expanded CD8+ NKT cells. Mice that received unactivated
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splenocytes (1 × 106) all died of acute lethal GVHD. Conversely, mice that received 10× the
number of expanded CD8+ NKT cells had mild weight loss, but were otherwise without
evidence of GVHD (ruffled fur, diarrhea). To test whether expanded CD8+ NKT cells mediated
GVL effects, a murine model of persistent lymphoma after HSC transplantation was utilized.
Mice transplanted with FACS-purified HSCs alone all died of lymphoma while approx 50%
of the animals that received HSCs and expanded CD8+ NKT cells were rescued from lym-
phoma and did not have GVHD (165). There are multiple possible explanations as for why the
ex vivo-expanded CD8+ NKT cells cause less GVHD than unexpanded cells. Expanded CD8+

NKT cells have undergone multiple rounds of expansion, and the same cellular events that
occur in GVHD are not likely to occur (i.e., T cell activation and cytokine storm). Expanded
CD8+ NKT cells express both TGF-β and low levels of IL-10, a combination of cytokines that
have been shown by others to prevent alloreactivity (166). Lastly, expanded CD8+ NKT cells
constitutively secrete IFN-γ, which can be protective in murine GVHD (167). In contrast to
wild-type expanded CD8+ NKT cells, those expanded from IFN-γ-/- mice induce rapid lethal
GVHD (164).

Given the above encouraging preclinical results, we have recently performed a phase I, dose
escalation trial using autologous CIK cells in patients with relapsed–refractory lymphoma
(Hodgkin’s and non-Hodgkin’s). The goals of this study were to: (i) determine whether suf-
ficient numbers of cells could be generated in a clinical laboratory setting; and (ii) to determine
the safety of administration of ex vivo-expanded and -activated cells. The target doses were
1 × 109–1 × 1010 cells. Sufficient quantities of cells could be generated from patients with
relapsed malignancies. The total cellular expansion and the numbers of CD3+CD56+ cells
varied amongst donors. The infusion of cells was well-tolerated. Given these results, phase II
studies are now underway in autologous and allogeneic settings. A similar strategy was utilized
to treat patients with hepatoma following surgical resection in a prospective randomized trial.
The patients who received ex vivo-activated T cells had a statically significant reduction in
disease recurrence and prolonged survival (168).

7. γ/δ T CELLS

The majority of peripheral blood T cells express the αβ TCR, but a small percentage of cells
(approx 5–10%) express the γδ TCR. γδ T cells are a unique subset of T cells, since they differ
from the αβ T cells in the type of antigens recognized and in the ability to identify stressed or
transformed cells. While α/β T cells are primed by APCs to recognize peptide fragments
complexed with MHC molecules, the same is not true for γδ T cells. Some lines of evidence
suggest that γδ T cells recognize protein without the need for antigen presentation (169).
Evaluating the CDR3 length of αβ, γδ, and immunoglobulin receptors, Rock and coworkers
determined that γδ T cell receptors may be more like immunoglobulin than αβ TCRs (170). The
types of antigens that γδ T cells recognize seem to be completely different from αβ T cells.
Using γδ T cell clones, it has been determined that at least one type of antigen recognized by
γδ T cells is nonclassical MHC class I molecules (T10 and T22). Interestingly, although these
molecules do not bind peptide, they are still able to stimulate these clones, even when expressed
in Drosophila or recombinantly in bacteria or when immobilized on solid phase (169).

A variety of substances have been identified which lead to γδ T cell activation and prolif-
eration. These include mycobacterial extracts (PPD), random copolymer of glutamic acid and
tyrosine (poly GT), tetanus toxoid, heat-shock proteins, and phosphate containing nonpeptide
molecules (171). Recently, it has been shown that bisphosphonates induce activation and
proliferation of a specific subset of human peripheral blood γδ T cells (Vγ9/Vδ2) (172). While
bisphosphonates have been used clinically to prevent bone readsorption, some studies have
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shown that bisphoshonates may have a direct antimyeloma effect (173). Based on this,
Kunzmann and coworkers (174) expanded γδ T cells from patients with myeloma and deter-
mined that expanded γδ T cells mediated cytolysis against myeloma cell lines. Furthermore,
cultures of patient-derived bone marrow cells in the presence of bisphosphonates showed a
reduction in plasma cells, which was γδ T cell-dependent (174).

Multiple studies have evaluated the role of γδ T cells in both infections and immuno-
surveillance against malignancies. These studies have implicated γδ T cells in the protection
against mycobacteria, listeria, salmonella, mycoplasma, and viruses including CMV and her-
pes simplex virus (HSV) (171). Interestingly, all of these pathogens have intracellular phases,
leading to the hypothesis that γδ T cells may not be directly responding to microbial antigens,
but rather to “cellular stress” induced by such pathogens. Other forms of cellular stress include
malignant transformation, and γδ T cells have been postulated to provide immunosurveillance
against malignancies. Recently, some γδ T cells expressing the Vδ1 receptor have been shown
to recognize the stress-induced MHC class I-related molecules MICA and MICB (108,175).
Further, autologous leukemia cells may stimulate the expansion of γδ T cells (176). In vitro
studies show that either freshly isolated or in vitro-activated γδ T cells mediate cytotoxicity
against a variety of tumor targets including lymphoma (177), myeloma (174), glioblastoma
multiforme (178), and oral malignancies (179). Indeed, tumor-infiltrating γδ T cells have been
found in many human malignancies (180–187). In one animal model, the accumulation of γδ
T cells in tumor tissue was detrimental to antitumor activity, since they were found to secrete
TGF-β and IL-10, which suppressed αβ T cells and NK cells. Removal of γδ T cells or antibody
blockade of TGF-β and IL-10 improved antitumor CTL development and NK activity (188).

Whether or not γδ T cells induce GVHD is not well established, since some clinical studies
have found that γδ T cells are correlated with the onset of GVHD (189), while others show that
the loss of γδ T cells is associated with chronic GVHD (190). Still others have found no
significant correlation between GVHD and the numbers of γδ T cells in the infused stem cell
graft (191), during immune reconstitution (192), or in GVHD lesions themselves (193,194).
Animal studies have been equally confusing since some implicate γδ T cells in the pathology
of GVHD (195–197), while others have shown that γδ T cells can be safely transplanted
without GVHD (198,199). In vitro studies have demonstrated that γδ T cells suppress
alloreactivity through a veto mechanism (200), suggesting that under some circumstances γδ
T cells may be able to suppress active GVHD.

Very few studies have addressed the potential of γδ T cells to mediate GVL. Lamb and
coworkers found that elevations in peripheral blood γδ T cells after T cell-depleted BMTs were
associated with a significantly improved disease-free survival (88 vs 31%) at 30 mo
posttransplant (201). The antibody used to T cell deplete the BM in this study (T10B9) selec-
tively depletes α/β T cells, suggesting that the γδ T cells in the infused marrow may be
beneficial. Lastly, γδ T cells may play an important role in stem cell engraftment, since one
group has shown a potential role in the facilitation of BM engraftment (198,199) and in the
recovery of neutrophils after transplantation (190).

8. CONCLUSION

Disease recurrence is the most common cause of treatment failure in BMT, and strategies
aimed at reducing (or treating) relapse will have a significant impact on improving overall
survival. It is clear that donor-derived lymphocytes play a crucial role in both the eradication
of residual malignant cells and the induction of GVHD. Studies suggest that GVHD and GVL
can be separable. Strategies aimed at preserving GVL activity and reducing GVHD are highly
desirable. Here, we have tried to outline the preclinical data on various cell populations that
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Table 3
Properties of the Various Cell Populationsa

Structures used for target Counter receptors
Cell type Phenotype % of PBLs Expandability recognition (on effector cells) (on target cells)

Cytotoxic T cells CD3+CD8+CD56-TCRα/β+ 0.1–10% Moderate α/β TCR MHC I
NK cells CD3-CD16+CD56+ TCR- 5–10% Poor KIR, Ly49, NKG2, NCRs MHC I and MHC I-like molecules
NK-T cells CD3+CD4-/+CD8-TCRα/β+ ~1% Poor—moderate α/β TCR CD1
CIK cells CD3+CD8+CD56+ TCRα/β+ n/a Moderate—excellent adhesion molecules, ? NKG2, ?

    ? other
γ/δ T cells CD3+CD4-CD8-TCRγ/δ+ 1–5% Moderate—excellent γ/δ TCR, ? NKG2D, ? other Stress-related molecules,

? MICA and MICB, ? other
aBased on the predominate surface phenotype and approximate percentages of cells derived from either in murine or human studies.
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may retain antitumor activities but have a reduced propensity for the induction of GVHD
(Table 3). It is hoped that if purified populations of cells are adminstered to patients, this second
generation of DLI will allow us to more accurately treat minimal residual disease with greater
efficacy and reduced risk.
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1. INTRODUCTION

Dendritic cells (DCs) represent a complex network of antigen-presenting cells that play a
crucial role in the initiation of primary immunity as well as maintaining the balance between
immune tolerance and reactivity (1). Skin DCs were first described by Langerhans in 1868, but
their function remained a mystery for the next 100 yr. The modern field of DC biology was
initiated in 1973 by Steinman and Cohn, who identified a subpopulation of murine splenocytes
that had distinctive morphologic and phenotypic characteristics and powerfully stimulated T
cell responses (2). DCs have subsequently been described as the most potent antigen-present-
ing cell which demonstrate the unique capacity to induce primary immune responses. Antigen-
presenting cells process protein into peptide epitopes which are subsequently presented in the
context of MHC molecules (3). Endogenous proteins undergo processing in the cell cytoplasm
and are typically presented in the context of MHC class I molecules resulting in the stimulation
of cytotoxic T lymphocyte (CTL) responses. In contrast, exogenous antigens are internalized,
processed in MHC class II compartments, and subsequently presented to CD4 (helper) T cells.
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In specific settings, cross priming occurs in which antigens from donor cells are captured by
antigen-presenting cells and presented in the context of MHC class I molecules (4). Stimula-
tion of naïve T cells requires antigen presentation in the context of co-stimulatory and adhesion
molecules, which serve as secondary signals needed for the activation of primary immunity.
Antigen-presenting cells, such as B cells and macrophages, are effective in maintaining immune
responses, but are incapable of initiating primary responses to novel antigens. In contrast, DC
richly express MHC class I, II, co-stimulatory and adhesion molecules and are uniquely potent
in initiating cellular immunity (Fig. 1) (5–7).

DCs have emerged as an area of intense interest in the fields of tumor immunotherapy and
transplant biology. Tumor cells have been shown to express unique antigens not found in
normal adult tissue, allowing for their recognition by host immunity (8). T cells with the
capacity to recognize tumor antigens have been identified in the repertoire of patients with
malignancy (9–11). However, productive responses are generally not seen, because tumor
cells present antigen in the absence of secondary signals necessary for the initiation of primary
immunity (Fig. 1) (12). A major focus of tumor immunotherapy has been the use of DCs to
reverse tumor-induced anergy by the presentation of antigen in the context of co-stimulatory
molecules. DCs manipulated to express tumor antigens have been shown to induce tumor-
specific immunity in preclinical animal and human studies, and are now being studied in
clinical trials (13–20). Although DCs represent only a small fraction of circulating mono-
nuclear cells, large numbers of DCs can been generated from precursor populations derived
from blood, marrow, and cord blood, allowing for the potential clinical use for immunotherapy
(21–24).

DCs are essential in the development of tolerance toward self antigens as well as the rejec-
tion of allogeneic tissue (25,26). Dendritic cell subpopulations are thought to regulate the
presentation of allo-antigens following transplant as well as mediate the deletion of auto-
reactive T cell clones through negative selection. As such, the role of DC in modulating

Fig. 1. DCs: immunobiology and potential use of cancer immunotherapy.
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rejection and graft-vs-host disease following allogeneic hematopoietic stem cells transplanta-
tion has recently been the subject of intense study. In addition, the recovery of DC function
following hematopoietic stem cell transplantation and the implications for immune reconsti-
tution are being explored.

This review will focus on hematopoieitic development of myeloid DCs and its intimate link
with antigen processing and presentation. Strategies to generate DC populations from precur-
sor populations in vitro and their use in generating tumor vaccines in animal and human models
will be analyzed. Preliminary efforts to translate DC-based immunotherapy into the clinical
setting will be reviewed. Studies of DC immunobiology in the setting of hematopoietic stem
cell transplantation will be reviewed.

2. PHENOTYPIC CHARACTERISTICS OF IMMATURE DCS:
TISSUE LOCALIZATION, MIGRATORY PATTERNS,

AND FUNCTIONAL PROPERTIES

DCs pass through a complex life cycle, in which their phenotypic characteristics evolve with
maturation (Fig. 2) (27). DCs originate from marrow progenitors and subsequently migrate to
sites of exposure to foreign antigens. Upon antigen capture, DCs undergo maturation and
concurrently migrate to areas of lymphocyte traffic. DCs initiate primary immunity through
the selection and stimulation of antigen-specific CTL and activation of CD4+ helper cells that
further modulate cellular and humoral immune responses. DCs educate lymphocytes to home
towards sites of tissue injury and may subsequently undergo apoptosis following completion
of this interaction.

Chimeric murine transplant models have confirmed that DCs develop from bone marrow
progenitors (28). In murine studies, DCs have been shown to differentiate from myeloid and
lymphoid precursor populations. Lymphoid-derived DCs express CD8a and share a common
precursor with T cells, B cells, and natural killer (NK) cells (29–31,32). Myeloid DC progeni-
tors are defined by the absence of CD8a expression and exquisite sensitivity to granulocyte-
macrophage colony-stimulating factor (GM-CSF).

Fig. 2. DCs: immunobiology and potential use of cancer immunotherapy.
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In humans, DCs differentiate from marrow-derived CD34+ precursors and migrate to sites
of antigen uptake (6). DC are found in the epithelial surface of the skin, gastrointestinal tract,
and lung, as well as the interstium of all organs with the exception of the immunopriveleged
sites of the brain, testis, and eye (1,33). The precise mechanisms that are responsible for the
recruitment and localization of DCs in tissue has not been fully elucidated, but appears to be
related to intrinsic features of the progenitor cells, as well as the release of cytokine and
inflammatory signals. The presence of a “skin homing receptor” on a subset of CD34+ cells
is associated with their subsequent migration to the epidermis and their acquisition of pheno-
type of a Langerhans cell (LC) (34). Expression of E-cadherin by LCs facilitates the binding
of these cells into the epidermal layer (35). Intradermal injection of GM-CSF also results in
the increased numbers of immature DCs in the skin (36). The migration of DCs into the
brochoepithelium is induced by the presence of aerosolized lipopolysaccharide (LPS),
soluble protein, bacterial or viral products, or the release of GM-CSF secondary to local
inflammation or by pulmonary tumors. Systemic administration of LPS results in the localiza-
tion of DCs to the interstitium of the heart and kidney. The migration of DCs to the liver is
induced by the release of cytokines following the ingestion of colloidal carbon by hepatic
kupfer cells. In mouse models, accumulation of immature DCs in the liver and dermis has been
demonstrated following exposure to Flt3 ligand (Flt3L) (37,38). Animals treated with daily
injections of Flt3L had a dramatic increase in cells expressing class II, CD11c, DEC205, and
CD86. DCs were numerically increased in the bone marrow, gastrointestinal lymphoid tissue,
peripheral blood, peritoneal cavity, liver, lymph nodes, lung, spleen and thymus.

Migration of DCs precursors is partially mediated through a complex pattern of chemokine
signaling. CD34+ derived immature DC express the chemokine receptor, CCR6 (27,39,40). Its
associated ligand, MIP-3a, is released at sites of inflammation in the epithelium of the organs,
gut, and skin, and is thought to be the primary mediator responsible for the localization of
immature DCs at sites of antigen exposure. Expression of MIP-3a by malignant cells is asso-
ciated with the accumulation of immature DCs in the tumor bed (41). Migration of DCs is also
facilitated by the expression of proteins with elastase properties allowing for their penetration
through basement membranes (42).

LCs represent a well-characterized immature DC population found in the skin, which express
CD1a, Lag antigen, E-cadherin, and contains cytoplasmic inclusion bodies known as Birbeck
granules (Fig. 3) (6,13). DCs residing in other tissues do not share all of these morphologic
characteristics, but demonstrate similar properties with regard to antigen processing and pre-
sentation. The morphology of immature DCs is characterized by a highly organized
cytoskelatin, slow motility, and the absence of prominent dendrites. They express low levels
of co-stimulatory molecules and are poor stimulators of allogeneic T cell proliferation. Imma-
ture DCs demonstrate potent capacity to internalize exogenous antigens. Studies of freshly
isolated LCs and bone marrow-derived immature DCs demonstrate the ability to internalize
protein latex microspheres, bacille Calmette-Guerin (BCG), colloidal gold, apoptotic and
necrotic cell fragments, heat-shock proteins, viral and bacterial products as well as whole
bacteria (43–48).

Phagocytic properties of DCs are distinct from that seen with macrophages (43,49,50).
Macrophages are responsible for the scavenging and clearance of foreign material, which are
transferred to cytoplasmic lysosomal compartments for degradation. DCs are more selective,
demonstrating the uptake of smaller quantities of antigen, which are incorporated into MHC
class II compartments for subsequent antigen presentation. DC-mediated antigen uptake occurs
via both receptor mediated endocytosis as well as macropinocytosis. Immature DCs express
Fcγ, Fcε, complement, and mannose receptors thought to mediate internalization of exogenous
proteins (6). In contrast to macrophages, DCs express the αvβ5 integrin, which is crucial for
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the uptake of apoptotic bodies and the subsequent presentation of antigen along the class I
pathway (45). An essential component facilitating endocytosis is the presence of the DEC205,
a receptor homologous to the macrophage mannose receptor (51). Antigen bound to DEC 205
is transferred via coated pits into endosomal compartments for subsequent processing and
presentation in the context of MHC class II molecules. Endocytosis mediated by this pathway
has been demonstrated to be 100-fold more effective than bulk macropinocytosis (52).
Mannosylation of the ingested antigen markedly increases in immunogenicity with an increase
in levels of T cell responsiveness by 200- to 10,000-fold. Human LCs lack mannose receptors
and demonstrate poorer phagocytic capacity as compared to interstitial DC (53).

Immature DCs actively synthesize MHC class II molecules which are subsequently bound
to the invariant chain in the endoplasmic reticulum and transferred to specialized compart-
ments adjacent to the cell surface (Fig. 4) (50). Exogenous proteins are transferred to these
compartments following endocytosis and are separated from their plasma membrane receptor.
They subsequently undergo digestion into peptide components, and are bound to MHC class
II molecules that have been released from the invariant chain. Cytatstatin C inhibits degrada-
tion of the invariant chain and the associated integration of peptide antigens into class II
molecules (54). In the absence of maturation signals, undigested proteins may remain in
perinuclear lysosomal structures distinguished by the presence of lysosomal membrane pro-
teins (55). In the immature state, expression of MHC class II on the cell surface is limited and
is unstable in nature.

Endogenous proteins are degraded and loaded as peptides onto newly synthesized class I
molecules in the endoplasmic reticulum. DCs express ubiquitin and TAP proteins necessary
for the proteolytic digestion of proteins and transfer of peptides into the endoplasmic reticu-
lum, respectively (56). Alternatively, antigen derived from the uptake of whole cells, apoptotic
bodies, and viral infection may be presented along the class I pathway potentially directed by
CD1 molecules independent of TAP-mediated processing (57–59).

3. PHENOTYPIC CHARACTERISTICS OF MATURE DC

Upon maturation, DCs migrate as veiled cells via the afferent lymphatics to regional lymph
nodes, which serve as the site of antigen recognition and T cell activation (27). During this

Fig. 3. DCs: immunobiology and potential use of cancer immunotherapy.
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process, DCs undergo fundamental changes in their phenotypic and functional characteristics.
DCs injected into mouse footpads are subsequently found in the draining popliteal lymph
nodes. DCs derived from skin explants in animal and human models migrate through the
dermal lymphatics into regional lymph nodes (60). In contrast, DCs found in the interstitium
of the solid organs travel through the peripheral blood to designated areas of the spleen. Animal
models demonstrate that migration of DCs is dependent on the presence of intact immunity.
DCs do not recirculate in the efferent lymphatics, and it is thought that those cells that do not
present antigen undergo T cell-mediated apoptosis.

A variety of factors have been demonstrated to induce the maturation and migration of DCs.
Loss of E-cadherin and release of type IV collagenase by LCs is associated with their capacity
to migrate from skin epithelium and travel toward lymphocyte-rich areas (61). In contrast,
ligation of E-cadherin is associated with inhibition of DC maturation (62). Keratinocytes
secrete GM-CSF, which induces LC maturation (63). Receptors for GM-CSF are prominently
expressed by immature DCs and GM-CSF has been shown to support the differentiation,
viability, and long-term survival of DC (6,64). DC maturation is also mediated by inflamma-
tory stimuli, such as whole bacteria, LPS, interleukin (IL)-1, and tumor necrosis factor (TNF)α
(65). Ligation of CD40, a member of the TNF receptor family, also induces terminal differen-
tiation of DCs (66). Exposure to LPS results in increased levels of circulating TNFα, which
has been shown to upregulate expression of GM-CSF receptors on immature DCs. Exposure
to oligodeoxynucleotides containing CpG motifs augments DCs maturation as manifested by
a transient increase in antigen processing followed by loss of capacity to internalize and
process exogenous protein antigens (67). In contrast, IL-10 has been demonstrated to inhibit
the differentiation of DCs, limiting the capacity to stimulate T cell responses (68).

Upon antigen uptake or exposure to inflammatory signals, DCs downregulate CCR6 and
lose sensitivity toward macrophage inhibiting protein (MIP)-3α (27,39,69). Conversely,
maturing DCs upregulate expression of CCR7 and demonstrate increased sensitivity towards

Fig. 4. DCs: immunobiology and potential use of cancer immunotherapy.
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chemokines MIP-3β and 6Ckine (70). Expression of these chemokines is found in lymphatic
vessels and the T-cell rich paracortical areas of the draining lymph nodes and mediates migra-
tion of DCs through the afferent lymphatics (71–73). Mature DCs release MIP-3β and 6Ckine,
further amplifying the effect, as well as attracting naïve T cells to the site of antigen presen-
tation (74). Absence of MIP-3β and 6Ckine expression is associated with deficient homing of
DCs and T cells to lymphatic tissue (75,76). Adenoviral transfection of tumor cells with MIP-
3α resulted in the migration of DCs into the tumor bed and inhibition of tumor growth (77).

With the onset of maturation, there is a transient increase in the production of cytoplasmic
class II molecules and antigen loaded during this period is particularly immunogenic (50).
Cytostatin C is downregulated and cathepsin S is increased favoring the removal of the invari-
ant chain and the incorporation of peptide to the MHC class II complex (54,78,79). In addition,
human leukocyte antigen (HLA)-DM contained in these compartments promotes binding of
peptide with MHC class II molecules. Following exposure to an agent inducing differentiation,
such as LPS, peptide-MHC complexes segregate from lysosomal compartments and appear
in peripheral vesicles, known as CIIV (55). Terminal maturation is associated with a decrease
in the synthesis of MHC molecules, and MHC class II are thrust onto the cell surface
resulting in stable presentation of the incorporated antigen. Localization of co-stimulatory
molecules and peptide-MHC complexes in the CIIV compartments is subsequently translated to
clustering of these molecules on the membrane surface for antigen presentation. Exposure to IL-
10 inhibits the translocation of antigen expressing class II molecules onto the plasma membrane (80).

Mature DCs are distinguished morphologically by the presence of prominent dendrites that
facilitate motility and provide a large surface area for the simultaneous interaction with mul-
tiple T cells (1,13). Morphologic changes are mediated by the actin-bundling protein p55 fascin
(81). Fascin expression is augmented by cytokines that induce DC maturation and has been
associated with increased capacity to stimulate T cell proliferation (82). Mature DCs are
distinguished by low buoyant density, lack of adherant properties, absence of expression of
lineage specific surface markers characteristic of T, B, and NK cells, macrophages, and the
presence of CD83 in some populations (6,83). Expression of Fc receptors and nonspecific
esterase is downregulated and Birbeck granules are no longer detected.

Mature DCs lack phagocytic capacity and are incapable of processing and presenting exog-
enous protein. Mature cells are far more effective than macrophages and B cells in stimulating
mitogen or allogeneic T cell proliferation and induce significantly higher levels of IL-2 secre-
tion (84–87). A single DC is capable of maximally stimulating 100–3000 T cells, and DCs
pulsed with only minute concentrations of superantigen can generate significant lymphocyte
responses (88). Unlike other antigen-presenting cells, DCs are uniquely capable of inducing
CD8 proliferative and CTL responses in the absence of CD4 helper cells (89). DCs manipu-
lated to present antigen through loading with peptide, protein or RNA, transfection with DNA,
or viral infection results in the stimulation of powerful CD4 and CD8 responses (18,19,90–92).
CD83+ mature DCs induce TH1 responses following repetitive stimulation of T cells. In
contrast, co-culture of T cells with immature DCs resulted in upregulation of the inhibitory
molecule CTLA-4, lack of proliferation, and an inability for the T cells to subsequently respond
to stimulation with mature DCs (93).

DCs derive their potency as antigen-presenting cells from the prominent expression of MHC
class I, II, adhesion and co-stimulatory molecules including CD58 (lymphocyte function-
related antigen [LFA]-3), CD54 (intercellular adhesion molecule [ICAM]-1), CD50 (ICAM-3),
CD40, CD80 (B7-1), and CD86 (B7-2) (5,7,94). Ligation of corresponding molecules on T
cells, most notably CD28, provides the essential secondary signals for the initiation of primary
immune responses. Interference with this crucial dialogue through antibody blockade abro-
gates DC- mediated T cell stimulation. Although signaling occurs via the entire network of
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adhesion and co-stimulatory molecules, disruption of CD86 binding appears paramount, which
results in a 70% reduction in T cell stimulation.

DCs also impact on B cell development and function. DCs support the differentiation of
naïve and memory B cells toward antibody-secreting plasma cells, and promote class switch-
ing necessary for IgA secretion. DCs are thought to play a role in mediating the interaction
between CD4 helper cells and B cells (95,96).

4. DC–T CELL INTERACTIONS

DCs initially aggregate with T cells in an antigen-independent manner in an effort to survey
the repertoire for T cells with the capacity recognize the presented antigen (97). IL-15 induces
the release of chemokines which mediate the migration of T cells to the site of antigen presen-
tation, while IL-1α facilitates T cell clustering around the DC (98,99). Adhesion molecules
such as CD11a, CD54, and CD58 are responsible for DC–T cell binding, which is strengthened
by the presence of antigen recognition (100). T cell activation is significantly impaired by
antibody blockade of these interactions or genetic defects in which animals lack the full comple-
ment of adhesion molecules. Presentation of immunodominant epitopes and binding of T cells
results in competitive inhibition which suppresses recognition of subdominant epitopes (101).

The activation of T cells is mediated through the ligation of co-stimulatory molecules and
the subsequent release of a complex network of cytokines (Fig. 5). CD40L and IL-12 play an
important role in DC mediated stimulation of T cells. Upon binding to DCs, T cell expression
of CD40L is upregulated. This results in increased expression of MHC class II adhesion and
costimulatory molecules prolonged DC survival, and IL-12 secretion (102–105). Ligation of
the RANK, a member of the TNF receptor family, and release of IFNα in response to DC-T
cell binding also results in the secretion of IL-12 (106–108). IL-12 release is also stimulated
by the antigen-specific activation of T cells and exposure of the antigen-presenting cells to
inflammatory factors, such as, TNF, segmental allergen challenge (SAC), and LPS (109). IL-12
augments T and NK cell cytotoxicity and biases T cell development towards the TH1 pheno-
type that is associated with the release of IFNγ (110). IL-12 has been shown to be far more
potent than IL-2 in amplifying antigen-specific responses mediated by DCs activation of T
cells (111,112). Exogenous IL-12 has been demonstrated to replace the need for helper T cells
in generating effective immune responses directed against tumor lines of poor immunogenicity
(113). IL-12 enhances T cell proliferation following stimulation with DCs pulsed with tumor
peptide, and transfection of murine DCs with with IL-12 gene markedly upregulates their
capacity to induce tumor-specific CTL responses.

Mature DCs are immune to Fas-mediated apoptosis while immature DCs are partially
sensitive and may undergo apoptosis following interaction with T cells (114,115). Ligation of
Fas receptor may paradoxically induce differentiation in immature DCs, leading to upregulation
of co-stimulatory molecules (116).

A variety of factors inhibit DC maturation and blunt the capacity of DCs to generate T cell
responses. Tumor cells, TH2 clones, B cells, macrophages, and mast cells produce the TH2
cytokines, IL-10, and IL-4 that inhibit antigen-presentation through the downregulation of co-
stimulatory molecule expression, and the suppression of the release of inflammatory cytokines
such as IL-1, IL-6, IL-8, TNF, and GM-CSF (117,118). Immature DCs release IL-10 following
exposure to CD40L (119). IL-10 blunts the capacity of DC to stimulate allogeneic T cell
proliferation as well as the release of IL-2 by activated T cells.68 Culture of DC precursor
populations in the presence of IL-10 results in a bias toward differentiation along the monocyte
lineage. DCs generated in this setting demonstrate impaired capacity to secrete IL-12 and
stimulate TH1 responses. DCs generated in the presence of IL-10 induce anergy in potentially
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reactive T cell populations that is not reversed upon exposure to IL-10 naive DCs. In contrast,
DCs that mature in the absence of IL-10 are subsequently resistant to its inhibitory effects. IL-10
secretion has been demonstrated by a variety of malignancies including melanoma, renal cell,
and colon cancer, and may play an important role in the tumor evasion of host immunity (120).
Tumor cells transfected with IL-10 inhibit migration of DCs to the site of implantation and
therefore are rendered less immunogenic to the host. Conversely, expression of IL-4 by TH2
cells induces IL-12 activity as part of a negative feedback loop (121).

Subsets of DC populations demonstrate distinct profiles of cytokine secretion and T cell
stimulation (27). Myeloid DCs have been described as DC1, characteristically inducing a TH1-
type T cell response. In contrast, CD8α+ lymphoid-derived DCs (DC2) are characterized by
the expression of CD123 and favor the secretion of IL-4 and IL-10 by stimulated lymphocytes.
CD8α+ DCs were shown to inhibit the capacity of CD8α– DCs to induce responses directed
against the tumor/self peptide, P815AB (122). Priming of the CD8α– DCs with IL-12 or
CD40L reverses the inhibition while IFNγ enhances it.

5. DC HEMATOPOIESIS

In vitro studies demonstrate that differentiation of DCs may occur along several distinct
hematopoieitic pathways. Murine studies have shown that bone marrow progenitors cultured
with GM-CSF for 4 to 5 d generate a subpopulation of loosely adherent cells that richly express
co-stimulatory and adhesion molecules and potently stimulate allogeneic T cell proliferation
(123). Once fully mature, their phenotype is not reversible by the withdrawal of cytokine or
exposure to M-CSF. Clonogenic studies in semisolid media demonstrate that myeloid progeni-
tors cultured with GM-CSF generated mixed colonies containing granulocytes, macrophages,
and DCs, with the latter comprising approx 1% of the final population. DCs are not found in
colonies grown in the presence of G-CSF, IL-3 or M-CSF. Flt3L stimulates the expansion and
maturation of early DC progenitors in the bone marrow and results in the increased presence
in vivo and in vitro of lymphoid and myeloid DC subsets.124,125

Studies of DC hematopoiesis in humans suggest that DCs and monocytes share a common
early lineage but subsequently differentiate from distinct colony-forming units. CD34+ pro-
genitors cultured with GM-CSF alone give rise to mixed myeloid colonies of DCs and mac-
rophages (126). Stem cell factor (SCF) and FLt3L induces the recruitment and proliferation of
early progenitors, and their addition to the culture media does not alter the cell populations but
results in an increase in the number and size of the colonies (127,128). FLt3L also induces both
myeloid and lymphoid DC development.38 TNFα acts in concert with GM-CSF in promoting

Fig. 5. DCs: immunobiology and potential use of cancer immunotherapy.
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the differentiation of DCs through its inhibition of granulocyte colony formation and its
upregulation of GM-CSF receptor expression on the maturing cells. CD34+ progentors cul-
tured with TNFα and GM-CSF give rise to pure DCs as well as mixed myeloid colonies.

Large yields of DCs may be generated from CD34+ cells isolated from cord blood, bone
marrow, and mobilized peripheral blood stem cells that are cultured in the presence of GM-
CSF and TNFα (21,22,129). IL-4 suppresses monocyte maturation and improves the purity of
DCs in the resultant population. IL-3 and CD40L were found to enhance DCs maturation in
suspension cultures. The addition of SCF and Flt3L to suspension cultures results in the
expansion of early myeloid progenitors, increasing the total yield of DCs. Flt3L also promotes
the generation of CD1a+ and CD1a- immature DC from CD34+ progenitors (130,131). Cell
populations generated from CD34+ precursors may pass through distinct intermediate stages
of differentiation. In one study, CD34+ cells isolated from cord blood samples and cultured in
GM-CSF and TNFα generated two alternative populations of immature DC (22). CD1a+/
CD14- cells demonstrated characteristic LC phenotype with the presence of Birbeck granules,
lag antigen, and E-cadherin, and a lack of potential to mature toward the monocytic lineage.
A second population of CD1a-/CD14+ cells demonstrated greater phagocytic capacity, lack of
LC phenotype, and differentiated into monocytes when exposed to M-CSF. However, both
immature DC populations differentiated into DCs with a characteristic mature phenotype
following culture with GM-CSF and TNFα. These results suggest that DCs may evolve from
a unique precursor population or from a progenitor that is shared between the DCs and mono-
cyte lineages. Another study also demonstrated that intermediate DC precursors may mature
into DCs or macrophages dependent on the nature of cytokine exposure (132). CD34+ cells
cultured for 1 wk with SCF, GM-CSF, and IL-4 generated a small population of DRbright/CD14-
cells that richly expressed co-stimulatory molecules and were extremely potent stimulators of
allogeneic T cell proliferation. A larger number of CD14+ intermediate cells were also isolated
that irreversibly differentiated into mature DCs or monocytes when cultured with GM-CSF
and TNFα or M-CSF, respectively. In another study, CD34+ cells that had been cultured with
SCF, GM-CSF, and TNFα generated two populations of intermediate progeny that were
distinguished by levels of expression of the panmyeloid marker, CD13 (133). Upon further
culture, the CD13hi intermediates progressively expressed CD1a and subsequently adopted a
mature DC phenotype. In contrast, CD13lo populations matured more slowly, transiently dem-
onstrated a DC phenotype associated with potent allostimulatory activity and increased levels
of CD13 expression, but subsequently contained increasing numbers of macrophages with
poor antigen-presenting capacity.

DCs may also be generated in significant numbers in vitro from partially differentiated
precursors in peripheral blood (134). In one study, two precursor populations were identified
as defined by the expression of the integrin, CD11c (135). CD11c+ cells demonstrated greater
allostimulatory activity. When placed in culture, both populations developed a phenotype
consistent with a mature DC phenotype as defined by the expression of costimulatory mol-
ecules and function in assays of antigen presentation. Another study found the presence of
CD33bright and CD33dim populations in peripheral blood mononuclear cells (PBMC) from
which monocytes, NK, B, and T cells had been removed (136). CD33bright cells manifested
aspects of partially mature DC in that they expressed adhesion molecules, stimulated alloge-
neic T cell proliferation, and were capable of processing and presenting tetanus protein to
autologous T cells. In contrast, CD33dim cells initially functioned poorly as antigen-presenting
cells, but gradually evolved towards the phenotype of the CD33bright cells once in culture. Both
populations upregulated expression of co-stimulatory molecules after in vitro culture adopting
the phenotype of more mature DCs.
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Several investigators have demonstrated that DCs may be derived from more mature mono-
cyte populations (24). Plastic adherent CD14+ PBMC cultured with GM-CSF, TNFα, and IL-4
generate cell populations that are potent in allogeneic mixed leukocyte reaction (MLR) and
express CD83 and CD1a (83). Adherent PBMC cultured with GM-CSF and IL-4 yield DCs at
an intermediate level of differentiation, with the capacity to stimulate T cell responses. Expo-
sure to IL-4 results in maintaining the capacity of DCs to internalize and present exogenous
protein (137). In contrast, the presence of TNFα is associated with the loss of phagocytosis and
a more mature phenotype. Blood precursor populations may also evolve toward an LC pheno-
type under the influence of TGFβ (138).

A variety of agents have been shown to induce terminal differentiation in DCs generated
from peripheral blood precursors. Adherent PBMC sthat were first cultured in GM-CSF and
subsequently exposed to monocyte-conditioned medium generated large numbers of cells that
upregulated CD80, CD86, and CD83, and were particularly effective in stimulating allogeneic
T cell proliferation (139). Similarly, the addition of CD40L, TNFα, and LPS results in the
terminal differentiation that is not reversed upon removal of cytokines (27). In one study,
pulsing of monocyte-derived DCs with keyhole limpet hemocyanin (KLH) or human immu-
nodeficiency virus (HIV)1p24 gag and culture of the cells with TNFα resulted in the adoption
of a mature phenotype and the loss of phagocytic capacity (140).

6. DC-MEDIATED CTL RESPONSES

DCs expressing foreign antigens potently induce primary CTL responses. DCs loaded
with protein and injected into mouse footpads subsequently appear in draining popliteal
lymph nodes, where they activate antigen-specific T cell responses (60). DCs pulsed with
the HIV gag or envelope proteins induce primary T cell immunity that demonstrates lysis of
peptide-pulsed or virally infected targets (141). In a murine model, mice immunized with
DCs loaded with ovalbumin (OVA) peptide demonstrate OVA-specific primary immunity
(90). DCs infected in vivo or in vitro with the influenza virus generate potent immunity
directed against flu-infected targets (92). DCs infected with wild-type or heat-inactivated
influenza virus stimulate CD8+ responses that are effective in lysing flu targets in the
absence of T helper cells. Responses are considerably more potent than that generated by
DCs pulsed with influenza-derived nucleoprotein or that induced by virally infected mono-
cytes or bulk splenocytes.

A variety of other strategies have been developed to introduce foreign antigens into DCs.
The use of viral vectors have been pursued in an effort to induce expression of gene

products that are subsequently processed by endogenous mechanisms and presented along
the class I pathway. Adenoviral vectors have demonstrated remarkable efficiency in the
transference of genes into DCs, but antigen specific responses may be limited by background
reactions directed against viral proteins (91). Retroviral vectors do not induce prominent
anti-viral responses but require the presence of dividing cells (142,143). CD34+ cells that
have undergone retroviral transfection have been subsequently cultured in vitro with
cytokines and differentiated into DCs. Using this strategy, effective transfer of the marker
gene, β-galactosidase, has been seen in 35–67% of the target population with preservation
of the retroviral DNA in the cellular genome for up to 20 d. Introduction of foreign antigens
into DCs has also been accomplished by the use of liposomal RNA or DNA, although
subsequent surface expression was weak and less effective than adenoviral transfer (144).
Another strategy has been the in vivo loading of DCs following the inoculation with naked
DNA (145). Protein is expressed by cells at the site of injection, and antigen is then taken
up by DCs recruited to the site of inflammation.
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7. DC-BASED IMMUNOTHERAPY FOR CANCER

Strategies to introduce tumor antigens into DCs have been pursued in an effort to induce
tumor-specific CTL responses. One approach has been the in vivo loading of tumor antigens
by DCs recruited to the site of malignancy. The presence of DCs in the tumor bed has been
shown to directly inhibit tumor growth (146). Tumor cells genetically engineered to express
GM-CSF or co-administered with GM-CSF-secreting cells induce tumor-specific immunity
through the recruitment of DCs to the site of inoculation with subsequent internalization and
presentation of tumor antigens (147). Inoculation of animals with C-26 colon carcinoma cells
that were transduced with GM-CSF and CD40L resulted in the heavy infiltration of DC at the
tumor site and spontaneous regressions of disease (148). Infiltrating DCs expressed the murine
leukemia virus antigen that was taken up in vivo from the C-26 cells. In another study, DCs
genetically engineered to express IL-12 inhibited growth of established tumors through the
presentation of in vivo-acquired tumor antigens and the resultant infiltration of tumor-specific
CD4 and CD8 T cells (149).

Systemic administration of Flt3L results in the tissue accumulation of DCs and the potential
internalization, processing, and presentation of tumor antigens at the site of malignant disease.
Therapy with Flt3L has been shown to induce tumor regression in animal models. A significant
proportion of mice challenged with a syngeneic methylchlorine-induced fibrosarcoma were
rendered disease-free following treatment with Flt3L (150). Tumor-specific immunity was
transferred to irradiated naïve animals by the transfer of CD8+ splenocytes. In another study,
animals treated with Flt3L were protected from challenge with a murine mammary carcinoma
line. Eighty percent of animals treated for 10 d were protected from tumor challenge at d 1 or
4 of therapy (151). However, the protection was transient and all animals that were subse-
quently re-challenged developed tumors. Transfection of the tumor cells with a gene express-
ing human or murine Flt3L resulted in more durable protection against challenge with wild-type
tumor. Flt3L has also been shown to induce regression of liver metastases in a murine model
(152). In another study, animals treated with the combination of radiation and Flt3L experi-
enced a decrease in pulmonary metastases and improved survival as compared to those treated
with FLt3L alone (153). The investigators postulated that radiation facilitated the loading of
tumor antigens onto infiltrating DCs.

A variety of in vitro strategies to introduce tumor antigens into DCs have also been examined
in animal models. (Fig. 6). Exogenous loading of DCs with tumor peptides bearing the appropri-
ate HLA restriction results in their incorporation into empty MHC complexes located on the cell
surface. This approach allows for the use of DCs with a mature phenotype, which lack the
capacity for phagocytosis but are potent stimulators of T cell proliferation. Response to individual
peptides is governed by their affinity to MHC binding and their capacity to induce responses
against variant epitopes (154). In one study, vaccination with DCs loaded with OVA peptide
generated CTL responses that demonstrated in vitro lysis of syngeneic tumor cells pulsed with
OVA peptide or transfected with the OVA gene (90). In another model, animals vaccinated with
DC pulsed with an immunogenic OVA peptide were subsequently protected from an otherwise
lethal challenge with tumor cells manipulated to express the OVA gene (15). More significantly,
animals were subsequently resistant to challenge with the wild-type parent tumor line. These
results suggest that the recognition of OVA peptide on the tumor cells following DCs vaccination
secondarily resulted in heightened recognition of other tumor antigens.

In another study, animals were immunized with DCs loaded with one of three tumor-
associated peptides, mut1 (lewis lung carcinoma), human papillomavirus (HPV) peptide
(virally induced sarcoma line), or OVA peptide (melanoma cell line transfected with the OVA
gene) (155). Vaccination with peptide-pulsed DCs resulted in protection from subsequent
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challenge with the antigen-expressing tumor line. DCs generated from precursor populations
cultured with GM-CSF and IL-4 were more effective in generating tumor specific immunity
than those cultured with GM-CSF and TNFα or GM-CSF alone. In a treatment model, animals
were rendered disease free when inoculated with tumor and subsequently immunized with
peptide-pulsed DCs within 7–14 d. The therapeutic efficacy was lost if the tumor cells were given
more time to establish themselves, suggesting that DC-based immunotherapy is most potent in
the absence of bulky disease. Another study demonstrated that tumor immunity generated by
vaccination with DCs pulsed with HPV peptide was abrogated by treatment of animals with
antibody directed against CD8+ cells (156). A murine model examined the immunogenicity of
DCs pulsed with a peptide generated from a mutant p53 gene product that was derived from a
sarcoma cell line (157). Immunized animals were protected from tumor challenge and inhibition
of tumor growth was seen in animals treated within 7 d following tumor inoculation. DCs
genetically manipulated to express B7-1, intercellular adhesion molecule-1, and LFA-3 demon-
strated heightened capacity to present peptide antigens to autologous T cells (158).

The capacity of peptide-pulsed DCs to generate effective immunity directed against human
tumors has also been examined. DCs loaded with the melanoma-associated antigens tyrosi-
nase, gp100, and Melan A were capable of inducing CTL responses in vitro following the
repetitive stimulation of naïve T cell populations (159). Lysis was demonstrated of peptide-
loaded targets as well as HLA-matched melanoma cell lines expressing the appropriate anti-
gens. Similarly, DCs loaded with a carcinoembryonic antigen (CEA) peptide potently
stimulated mediated lysis of antigen-expressing tumor cell lines in an HLA-restricted fashion
(160). Peptides derived from the BCR/ABL fusion region have also been shown to be immu-
nogenic when presented by antigen-loaded DCs. CD4-mediated responses were generated that
lysed CML cells containing the associated breakpoint region (161). T cells stimulated with
DCs pulsed with a bcr-abl peptide lyse patient-derived chronic myeloid leukemia (CML) cells
containing the same breakpoint, but not autologous monocytes (162,163). In one study, pulsing
of DCs with a Her2neu peptide, which was altered to augment binding to the MHC complex
resulted in higher levels of CTL activity (164). Of note, weekly immunization resulted in

Fig. 6. DCs: immunobiology and potential use of cancer immunotherapy.
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decreased levels of response, while animals vaccinated every 3 wk did not experience dimi-
nution in CTL immunity.

Although effective in animal models, the efficacy of peptide-pulsed DCs in generating
tumor specific immunity is limited. The immunogenecity of identified antigens is variable, the
stability of antigen presentation following exogenous pulsing is uncertain, and the clinical
efficacy of an immune response directed against a single epitope may be muted. Of note,
patient-derived CTL induced by DCs pulsed with p53-derived peptides were unable to lyse
autologous squamous cell carcinoma cells due to the downregulation of expression of this
epitope.165 In addition, there is a lack of defined tumor-specific peptides in many malignan-
cies, and treatment is limited to patients of a particular HLA genotype.

Another approach to designing DC-based tumor vaccines is through the exogenous loading
of whole proteins. In this way, multiple epitopes may be presented in the appropriate HLA
context. In one study, DCs pulsed with the β-galactosidase protein stimulated CTL-mediated
lysis of tumor cells manipulated to present this antigen (19). In an animal model, vaccination
with DCs pulsed with lymphoma-derived idiotype protein, resulted in protection from chal-
lenge with tumor cells and the generation of an anti-idiotype response (166). CD14+ moncytes
cultured with GM-CSF and IL-4 internalized and processed patient-derived idiotype protein,
and effectively stimulated T cell responses following exposure to TNFα, LPS, or CD40L as
a maturational signal (167,168). In another study, idiotype protein was shown to be transferred
to DCs located at the tumor site, which subsequently presented the antigen to CD4+ T cells
(169). DCs presenting idiotype antigen declined in number with tumor progression. The effi-
cacy of protein loading may also be limited in that it is dependent on the use of DCs with the
capacity to internalize and process antigen, and the ability of T cell repertoire to recognize
presented epitopes is less easily defined. The processing of exogenous proteins also results in
their presentation along a class II pathway, producing a primary helper as compared to cyto-
toxic T cell response.

Another approach to introducing tumor antigens into DCs has been the use of viral vectors
to insert genes encoding for tumor-specific proteins. In this way, tumor antigens are processed
through endogenous mechanisms and presented along a class I pathway, resulting in a cyto-
toxic T cell response. Vaccination with DCs that had undergone transduction with an adenoviral
vector expressing the MART1 gene resulted in protective immunity against a MART1-express-
ing fibrosarcoma cell line (170). In another study, animals were vaccinated with DCs that had
been infected with a replication-deficient adenoviral vector expressing the β-galactosidase
gene (171). Immunized animals demonstrated resistance to challenge with a β-galactosidase-
expressing colon cancer line, and those with established disease experienced inhibition of
tumor growth. DCs transduced with adenovirus expressing gp100 induced CD4-mediated
CTL responses resulting in tumor rejection (172). In this model, tumor protection was inde-
pendent of CD8 T cells and did not require the presence of IL-12.

DCs infected with recombinant fowlpox virus bearing the OVA gene successfully stimu-
lated antigen-specific T cell responses (173). DCs infected with vaccinia virus bearing mela-
noma-derived gp100 stimulated CTL responses that lysed HLA-matched targets that had been
pulsed with a variety of gp100-derived peptides (174). A potential concern regarding the use
of viral vectors is their generation of potent immunologic responses directed against viral
proteins. These antigens are potentially far more immunogenic and may overwhelm the
response against the designated tumor antigens and prevent repetitive dosing from being
effective. Another potential limitation of this approach is the demonstration that viral infection
may be associated with decreased DC function (175).

Another strategy for the introduction of tumor-specific genes into DCs has been through the
use of retroviral vectors (142,143). Investigators have explored the feasibility of the retroviral
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insertion of tumor genes into CD34+ cells that are subsequently differentiated into DCs in the
presence of cytokines. Using this approach, stable expression of the MUC-1 tumor antigen was
generated in DCs derived from retrovirally transfected precursor cells (176). Similarly, the
MART1 gene was expressed in approx 25% of DC following its retroviral insertion into
CD34+ cells that were then cultured with SCF, TNFα, and GM-CSF (177). In another study,
retroviral transduction of DC with the β-galactosidase gene resulted in signficant CTL
responses against a β-galactosidase-expressing tumor in excess of that seen with DC-pulsed
with peptide (178). Vaccination of animals resulted in regression of established pulmonary
metastases. Vaccination with DCs transduced with an adenoviral vector bearing the MAGE-
1 gene resulted in suppression of tumor growth in a subcutaneous melanoma model, with 10%
of animals experiencing long-term survival. In contrast, vaccination with tumor cells express-
ing IL-12, GM-CSF, or CD40L were unable to contain tumor progression (179). Paradoxically,
levels of MAGE-1 expression were significantly higher in tumor cells as compared to DCs.

Transfer of tumor-specific genes into DCs has also been accomplished through the use of
tumor-derived RNA. This strategy is facilitated by established methods to isolate and amplify
RNA from biopsy specimens, allowing for its potential general applicability in the clinical
setting. DCs pulsed with RNA encoding OVA protein or with whole RNA from OVA express-
ing tumor cells stimulated OVA-specific CTL (180). Mice vaccinated with RNA-loaded DCs
were protected from challenge with OVA-expressing tumors, and resulted in the reduction in
lung metastases when used therapeutically. DCs transfected with RNA encoding for HPV E6
and E7 oncoproteins stimulate CTL responses that recognize antigen expressing human cer-
vical carcinoma cells (181). DCs pulsed with CEA-mRNA stimulate tumor specific CD8+
CTL (18). Similarly, DCs pulsed with RNA encoding for prostate-specific antigen (PSA)
induced CTL responses against cells expressing PSA but not kallikrein, a self antigen that
shares homology with PSA (182). In another study, DCs pulsed with either B16 cell extract or
whole tumor RNA were able to protect animals from challenge with tumor in the central
nervous system (CNS) and led to improved survival in animals with established disease (14).
DCs transfected with RNA encoding for the MUC-1 tumor antigen induced tumor-specific
responses in immunized animals resulting in protection from tumor challenge and regression
of established disease (183). Vaccination with DCs cotransfected with MUC-1 RNA and IL-12
resulted in MUC-1-specific responses in a transgenic murine model.

All of the above mentioned strategies involve the targeting of known tumor associated
antigens. The use of single gene products for DC-based immune strategies limits one to a small
group of potential antigens of uncertain immunogenicity. Immunotherapeutic approaches that
rely on induction of immunity against a particular antigen are also potentially subject to tumor
cell resistance mediated by the downregulation of expression of that single gene product. One
approach to circumvent this limitation is the pulsing of DCs with antigens extracted from
whole tumor cells. Mice vaccinated with DCs pulsed with acid-eluted peptides from tumor
cells were protected from challenge with immunogenic tumors (184). Of note, this strategy was
less efficacious in setting poorly immunogenic tumors with immunized animals experiencing
only a delay in tumor growth. Similarly, in a melanoma and fibrosarcoma model, immuniza-
tion of animals with DCs pulsed with tumor lysate resulted in regression of established disease
(185). DCs loaded with lysate generated by freeze-thawing of an Epstein-Barr virus (EBV)
transformed lymphoblastoid cell lines (LCL) line stimulated tumor-specific CD4+ and CD8+
responses with a TH1 phenotype (186). Lysates generated by membrane extraction affinity-
purified MHC class I and II peptides and acid-eluted peptides were less immunogenic and did
not generate significant responses. Loading of DCs with lysate prior to terminal maturation
with TNFα, IL-1β, and prstaglandin E (PGE)2 was the most effective approach in generating
tumor immunity. Another study examined the capacity of monocyte-derived immature DCs to
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process and present tumor antigens from tumor cells that had undergone lethal γ irradiation or
exposure to anti-Fas antibody (187).

Another strategy for generating tumor immunity involves the use of apoptotic bodies as a
means of introducing tumor antigens into DCs with subsequent cross-presentation along the class
I pathway (188,189). DCs were found to express a unique receptor αvβ5 integrin which facilitates
phagocytosis of apoptotic bodies and is downregulated upon maturation (45). Macrophages
ingest apoptotic bodies more readily, but do not express this receptor and lack the capacity to cross
present antigenic material from the apoptotic bodies. In one study, DCs demonstrated the capac-
ity to internalize necrotic as well as apoptotic tumor bodies, but only the latter induced DCs
maturation and resulted in potent CD8+ tumor-specific responses (190). In another study, DCs
internalized apoptotic bodies generated by the irradiation of vector-producing cell lines express-
ing the MAGE-3. DCs stimulated autologous T cells with resultant lysis of MAGE-3-expressing
tumor cells. In another study, DCs pulsed with melanoma cells that underwent apoptosis were
more effective in generating tumor responses than those loaded with live or necrotic cells (191).

One strategy that is currently being explored for the generation of DC-based immuno-
therapy for leukemia has been the differentiation in vitro of leukemic clones into DCs. In this
manner, tumor antigens retained from the malignant clone can be endogenously processed and
presented by a functionally active antigen-presenting cell. CML cells cultured with GM-CSF
and IL-4 developed phenotypic characterisitics of DCs that contained the bcr-abl translocation
(192,193). Stimulation of autologous T cells resulted in cytotoxic activity against CML cells
and bcr-abl-expressing targets as well asthe inhibition of growth in CML clonogenic precur-
sors in colony forming assays in vitro. Retroviral transduction with the gene encoding for IL-7
further increased the potency of bcr-abl-expressing DCs generated from CML patients (194).
Investigators have also demonstrated that functionally active DCs can be generated from acute
myeloid and leukemia cells (195,196). Leukemic blasts were cultured in cytokines and sub-
sequently found to express co-stimulatory molecules such as CD80, CD86, and CD40, DC-
specific markers such as CD83, and retained the chromosomal abnormalities of the original
leukemic clone. DCs stimulated autologous T cell-lysed leukemic targets. Of note, immature
CD34+/CD38- leukemia progenitors are resistant to differentiating toward DCs (197).

A potent strategy for designing DC-based tumor vaccines involves the fusion of DCs with
tumor cells. In this approach, multiple tumor antigens, including those yet unidentified, are
presented in the context of DC-mediated co-stimulation. The potential simultaneous presen-
tation of endogenously synthesized and internalized antigens along the class I and II pathways,
respectively, results in a highly potent immune response. In an animal model, murine MC38
adenocarcinoma cells were fused to syngeneic bone marrow-derived DC (16). The MC38 line
was transfected with the human mucin glycoprotein (MUC-1) gene to serve as a tumor-specific
marker. Fusion cells expressed MUC-1 , MHC class I, II, and the co-stimulatory molecules B7-1
and B7-2. Animals vaccinated with fusion cells were protected from an otherwise lethal chal-
lenge of MC38 cells but not a bladder carcinoma line. In a treatment model, animals vaccinated
with fusion cells up to 18 d following the infusion of MC38/MUC-1 cells were rendered
disease-free. In contrast, control animals were found to have widespread pulmonary metastases.
DC/tumor fusions were also found to break immunologic tolerance toward the MUC1 tumor
antigen in transgenic mouse models (198). In another study, vaccination with fusion cells
resulted in protection from tumor challenge as well as efficacy as therapy for metastatic disease
in melanoma and lung carcinoma models (199). Another investigator reported that 50% of
animals with disseminated plasmacytoma were rendered disease-free after inoculation with
DC/tumor fusions (200). Similar findings were observed in animals vaccinated with B16
melanoma cells fused to syngeneic DCs genetically engineered to express GM-CSF. Animals
with pulmonary metastases experienced regression of disease with prolonged survival (201).
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Subsequent studies have demonstrated that DC/tumor fusions are potent stimulators of
tumor-specific immunity in preclinical human studies in breast and ovarian cancer (17,202).
Fusion cells were generated from patient-derived tumor cells and autologous DCs, and were
found to co-express tumor antigens and DC-derived co-stimulatory molecules. Fusion cells
induced prominent tumor-specific CTL responses in vitro following a single stimulation.
CTLs did not lyse autologous monocytes and were inhibited by incubation with anti-class I
antibody. T cells stimulated by DCs, tumor cells, or DCs and tumor cells that had been co-
cultured but not fused, demonstrated minimal lysis of autologous tumor cells.

8. DC-BASED IMMUNOTHERAPY: CLINICAL STUDIES

DC-based tumor immunotherapy is now being pursued in the clinical setting. One strategy
involves the attempt to mobilize DCs in vivo in an effort to augment presentation of tumor
antigens. In one study, patients with colon cancer were treated with Flt3L prior to resection of
metastatic lesions in the lung or liver (203). Increased numbers of CD11c/CD14- DC were
noted in the peripheral blood as well as at the tumor margins of Flt3L treated patients. Clinical
responses have also been demonstrated in patients with melanoma and breast cancer undergo-
ing injection with autologous DCs directly into the tumor bed (204).

Vaccination of patients with DCs pulsed with tumor peptides has been studied in clinical
trials. Sixteen patients with melanoma were treated with DCs pulsed with melanoma peptides
or lysate as well as KLH to induce helper responses (20). Following vaccination, 11 out of 16
patients developed DTH responses to DCs pulsed with melanoma peptides, and associated
tumor-specific CTL responses were noted. Six out of 16 patients showed evidence of clinical
response. In another study, 14 melanoma patients were treated with DCs pulsed with several
melanoma peptides (205). Peptide-specific DTH responses were seen in four patients, and two
patients showed evidence of clinical regression. No significant toxicities were noted. In another
study, 17 previously untreated patients with prostate cancer underwent monthly intravenous
infusions with DCs pulsed with prostate-specific membrane antigen (PSMA) peptides (206).
Three partial responders and one complete response was noted. No significant treatment related
toxicity was reported. Immunological assessment revealed that clinical response was associ-
ated with skin test response to recall antigens, T cell responsiveness to cytokines, and, in some
patients, cytotoxicity against the immunizing peptides (207). A phase I trial was conducted in
which 10 patients with breast and ovarian cancer underwent vaccination with DCs pulsed with
Her2neu- or MUC1-derived peptides (208). In five out of 10 patients, peptide-specific CTL
responses were noted with immunodominance of two particular epitopes. Patients undergoing
vaccination with DC pulsed with peptides eluted from CNS tumors demonstrated cellular
immune responses and intratumoral T cell infiltration (209). In another study, 18 patients with
metastatic melanoma underwent vaccination with CD34+-derived DCs pulsed with several
melanoma peptides (210). Sixteen out of 18 patients demonstrated evidence of T cell response
to the control antigens, influenza, and KLH, and at least one of the melanoma peptides. Of note,
clinical response was associated with response to at least two melanoma peptides. Vaccination
of 21 prostate cancer patients with DCs pulsed with a xenogeneic PAP peptide resulted in antigen-
specific T cell responses and disease stabilization in 11 and six patients, respectively (211).

Another strategy that is examined in the clinical setting has been the vaccination of patients
with DCs pulsed with tumor-associated proteins. In one study, patients with low grade lym-
phoma underwent vaccination with DCs pulsed with idiotype protein. In an initial report, all
patients showed evidence of idiotype-specific cellular immunity, while humoral responses
were absent (212). In a follow-up report, eight out of 10 patients demonstrated idiotype-specific
cellular immunity. Disease response was seen in four patients, including two patients who expe-
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rienced a complete response. Of a cohort of lymphoma patients undergoing vaccination follow-
ing completion of chemotherapy, 70% remain without evidence of progression with a median
follow up of 43 mo (213). Titzer et al. reported on 11 patients with multiple myeloma who were
treated with CD34-derived DCs pulsed with idiotype protein (214). Four out of 10 patients
developed evidence of increase idiotype-specific cellular immunity as determined by ELIspot
analysis, and three patients showed evidence of anti-idiotype humoral response. One patient
demonstrated evidence of marrow regression of plasma cells. Another study examined the impact
of the infusion of DCs pulsed with idiotype protein following high0dose chemotherapy with stem
cell rescue in patients with multiple myeloma (215). Four out of 26 patients demonstrated evi-
dence of idiotype-specific T cell proliferative responses in the post-transplant period.

Prominent clinical responses were reported in patients with metastatic renal cancer who
were treated with fusions generated from patient-derived tumor cells and allogeneic DCs
(216). Seven out of 17 patients experienced at least 50% regression of disease, with four
patients entering a complete remission. Disease response was noted in bone, soft tissue, and
visceral sites with little associated toxicity.

9. DC IMMUNOTHERAPY: POTENTIAL LIMITING FACTORS

One concern regarding DC immunotherapy is the potential induction of T cell responses
directed against self antigens. In a transgenic mouse model, animals vaccinated with DCs
pulsed with tumor peptides demonstrated regression of established disease (217). However,
when the antigen was co-expressed in pancreatic β islet cells, arterial smooth muscle cells, and
myocardial tissue, vaccination was associated with the development of diabetes, severe arteri-
tis, and myocarditis, respectively. Another potential limiting factor in developing DCs immu-
notherapy is that cancer patients demonstrate deficiencies in cellular immunity. Patient-derived
dendritic cells exhibit diminished functional capacity that potentially allows for the escape of
tumor cells from immunosurveillance (13,218). DCs isolated from tumor tissue are typically
poor stimulators of T cell proliferation. Tumor cells may secrete IL-6, IL-10, and M-CSF
which inhibit DC maturation. Tumor cells secrete high levels of MIP-3α, resulting in the
migration of immature DCs into the tumor bed. In contrast, the more functionally active mature
DCs are characteristically found in the peritumoral areas (41). Fewer DCs have been found in
primary sites of disease in patients with metastatic disease (219). The tumor-associated anti-
gens, MUC-1 and HER-2/neu, are internalized by DCs, but are not consistently transported to
late MHC class II endosomes thus abrogating their ability to undergo appropriate processing
and presentation (220). DCs isolated from peripheral blood and tumor-draining lymph nodes
were studied in 93 patients with breast, head and neck, and lung cancer (221). Decreased
numbers of circulating mature DCs was noted and impaired function was seen in DCs derived
from both lymph nodes and blood, suggesting a systemic effect of the tumor. Partial reversal
of these findings was noted after tumor resection. In contrast, functionally active DCs derived
from patients with malignancy can be generated from precursor populations cultured in vitro
with cytokines. DCs generated from patients with multiple myeloma, breast cancer, lym-
phoma, and renal cancer have been shown to prominently express co-stimulatory molecules
and stimulate autologous and allogeneic T cell responses (222–224).

10. CHARACTERIZATION OF DCS FOLLOWING AUTOLOGOUS
AND ALLOGENEIC HEMATOPOIETIC CELL TRANSPLANTATION

The role of dendritic cells in the recovery of cellular immunity following autologous stem cell
transplantation has been investigated. The nature of cytokine mobilization determines the char-
acter of DCs precursors in the graft and may have an impact on posttransplant immune reconsti-
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tution (225). DCs generated in vitro from precursor populations isolated following autologous
transplantation demonstrate normal phenotypical and functional characteristics (223,226).

The nature of DCs reconstitution following allogeneic transplantation is likely to have
profound implications for the development of donor/host tolerance with clinical implications
for the incidence of rejection, graft-vs-host disease (GVHD), infection, and disease relapse.
Levels of circulating DCs are suppressed following allogeneic transplant and in patients who
develop GVHD (227). In one study, DCs were found to be predominantly of donor origin in
the early post-transplant period (228). In a murine model, residual host DCs were uniquely
responsible for the induction of GVHD (229).

The nature of the recovering DCs subpopulations and their functional characteristics is
strongly associated with levels of alloreactivity and tolerance. In animal models of solid organ
transplants, treatment with immature DCs, lymphoid derived DCs, or DCs following blockade
of the CD40 pathway resulted in prolonged survival of the allograft tissue (230–232). Manipu-
lation of DC populations by extracorporeal photochemotherapy resulted in improvement in
chronic GVHD (233). DCs generated from patients treated with FK506 following allogeneic
transplantation demonstrate decreased functional capacity. Exposure to corticosteroids results in
inhibited maturation and the expression of costimulatory molecules (234,235). In animal model,
G-CSF mobilized stem cell donors demonstrate decreased production of TNFα and IL-12 by DCs
following exposure to LPS (236). Following G-CSF mobilization of allogeneic donors, increased
numbers of circulating lymphoid DCs (DC2) are found that are poor stimulators of T cell pro-
liferation and may mediate tolerance (237). This finding was thought to potentially explain the
lack of increase in acute GVHD associated with allogeneic peripheral blood stem cell grafts,
despite the increased numbers of T cells as compared to bone marrow. In patients undergoing
allogeneic peripheral blood stem cell transplantation, increased numbers of DC2 in the stem cell
graft was associated with decreased incidence of GVHD and increased risk of relapse (238).

The use of DC posttransplant to boost cellular immunity directed against infectious patho-
gens and tumor cells is now being explored. Preclinical transplant models have demonstrated
DC-mediated induction of T cell responses to cytomegalovirus (CMV), aspergillus, and can-
dida (239–241). In one report, a posttransplant patient demonstrated clinical response follow-
ing treatment with donor-derived DCs that had been pulsed with irradiated autologous leukemia
cells, as well as T cells that had been primed in vitro (242).

11. CONCLUSION

DCs are potent antigen-presenting cells that play a crucial role in the initiation of cellular
immunity and the maintenance of the delicate balance between tolerance and immune recog-
nition. DC function is intimately linked to hematopoietic development. The use of DC-based
immunotherapy has emerged as a major field of investigation and has yielded promising
preliminary findings. Its integration into hematopoietic stem cell transplantation offers a
potential avenue to modulate tumor-specific immunity and improve outcomes. Ongoing efforts
in this arena will hopefully bear fruit in the struggle to generate an effective means to generating
clinically meaningful immunotherapeutic strategies.
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1. INTRODUCTION

Allogeneic stem cell transplantation is without doubt a work in progress. As this text so well
illustrates, the field of allogeneic stem cell transplantation has evolved from a halting begin-
ning, poorly accepted by the medical profession a mere 35 yr ago, to an established therapy in
the management of a variety of malignant and non-malignant conditions. Indeed, in the process
of this evolution traditional, allogeneic bone marrow transplantation has become nearly extinct,
replaced by the use of peripheral blood stem cells and submyeloablative conditioning regi-
mens. We can now only speculate about the role of allogeneic stem cell transplantation over
the next few decades. It is likely that the diseases we currently treat by stem cell transplantation
will continue to be targets for this type of therapy and that more than incremental advances will
be made in their curability. Yet, it is likely that truly exciting advances in stem cell transplan-
tation will be in some totally new directions.

2. THE FUTURE OF HEMATOPOIETIC STEM CELL THERAPY

2.1. Submyeloablative Allogeneic Transplantation
Submyeloablative allogeneic transplantation provides us with one window of what the

future may hold. We now recognize, of course, that ablative doses of chemotherapy are not
necessary for hematopoietic stem cell engraftment. Indeed, recent trials have suggested that
extraordinarily low doses of chemotherapy or radiation therapy are sufficient to allow the
engraftment of hematopoietic cells from the donor. These cells then interact with the host to
produce a variety of effects, including reconstitution of the immune system and, most impor-
tantly, a graft-vs-malignancy effect. Currently the use of submyeloablative allogeneic trans-
plantation is primitive at best. Multiple centers throughout the world are attempting to optimize
the conditioning regimen, emphasizing ever less intense conditioning regimens, and making
the procedure safer and more tolerable for the elderly and for those with organ toxicities from
prior therapies or disease. At the same time ways to enhance the graft-vs-malignancy phenom-
enon are being explored.
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2.2. Donor Cells for Patients without HLA-Matched Family Donors
Despite these encouraging advances in hematopoietic and nonhematopoietic stem cell

therapy, one major obstacle remains: the availability of healthy donor stem cells. This is a
particularly acute problem for hematopoietic cell grafting, but perhaps for nonhematopoietic
grafting as well. Many of the patients who most need healthy donor mesenchymal or stem cells
cannot serve as the autologous hematopoietic donor because of their own inherent disease.
Several possible solutions may be considered. One is to rely on the traditional approach of
haploidentical transplantation but not limit donors to family members. With the expansion and
use of modern databases, potential donors exist for up to 90% of patients. To date, however,
results of transplantation from unrelated haploidentical donors have been disappointing; signifi-
cant rates of graft-vs-host disease occur and the need for very intensive chemotherapy regimens
results in significant patient morbidity. Another approach is the more effective treatment of graft-
vs-host disease. Although improvements have been made, the human leukocyte antigen (HLA)
barrier remains very much just that: a barrier. The use of other sources of stem cells has been
considered. It has been widely known for many years that there are sufficient stem cells in
umbilical cord blood to perform an allogeneic transplant. There are some limitations in cell
number related to the size of the recipient, but here again, the main problem is the HLA barrier.
Although lower in this case due to the inherent phenotype of the cord blood cells, it still remains
in place, and graft-vs-host disease, graft rejection, and other issues are still germane to this field.
Vigorous attempts have been made to set up national umbilical cord blood banks. However, these
banks are very still much in their infancy, and umbilical cord blood is seldom used for adult
transplantation in the United States. Fetal stem cells are another exciting potential source of
primitive pluri-potential cells. The ethical and social debate that is engendered by their use
continues, however, and has effectively hampered the development of this field.

2.3. The Universal Stem Cell
The holy grail of allogeneic stem cell research is the universal donor stem cell and devel-

opment of the bioreactor in which to produce it. Clearly, producing such cells should be one
of our major goals, for not until we are able to generate large numbers of HLA-compatible
allogeneic cells (whether they be hematopoietic or nonhematopoietic) will it be possible to
employ genetically engineered grafts for the benefit of all patients. This goal has not eluded
us for the want of trying. A great deal of effort has been expended to devise various “cocktails”
of cytokines known or hoped to stimulate the proliferation of the normally indolent stem cell.
While it has been possible to goad this cell into some proliferation (usually at the expense of
also causing maturation), we are far from being able to produce the very large numbers of stem
cells that are needed. Science moves forward through both empiricism and rational inquiry. In
our attempts to amplify stem cells, empiricism has failed us, and rational inquiry has not carried
us far enough to be able to apply our knowledge of the regulation of hematopoietic stem cells to
their culture in the laboratory. What we need to understand is how the division of stem cells is
regulated in nature. What triggers the division of a multipotential stem cell into two multipotential
stem cells? One can presume that it must be the proper balance between the various transcrip-
tional factors that activate the mechanism of cell division while, at the same time, the factors that
restrain the differentiation of the stem cell into a more mature differentiated hematopoietic cell
are inhibited. Unless some lucky break suddenly sheds light on this mysterious mechanism, the
answer will probably come only gradually through meticulous investigation of the cellular biol-
ogy of stem cells. Such an understanding may well come about within the next few years. This
optimistic assessment is based on nothing more or less than that the development of technologies
for studying gene expression in cells is moving ahead very rapidly.
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Even when we are able to amplify stem cells by many-fold, creating cells that can be given
to any recipient seems an even more difficult challenge: how are we to persuade the HLA-
incompatible host to accept them and, conversely, to persuade grafted cells to accept the host?
Better understanding of the mechanism by which the immune system distinguishes between
self and non-self could bring us the key for avoiding rejection of universal stem cells and
avoiding their rejection of the host. Many negative regulators of the immune response exist and
are being better understood. It is becoming increasingly apparent that the activation of T
lymphocytes is a complex phenomenon that requires numerous intercellular interactions.
Modulation of some of these interactions is being explored in an effort to selectively blunt the
immune response.

2.4. Regulating the Direction of Differentiation of Hematopoietic Stem Cells
With better understanding of regulatory mechanisms, it may be possible to direct their

differentiation by the administration of small molecules to the patient. This approach was
pioneered using the bacterial Tet promoter, which is the promoter that is regulated by tetracy-
cline (1). Genetic engineering allows it to be extended to other effectors. Cells can be engi-
neered to respond positively or negatively to a molecule such as tetracyline, thus turning on or
off the targeted gene. It is quite conceivable that a stem cell can be altered so that if drug A is
given it is driven to differentiate into platelet, while drug B will promote differentiation into
a granulocyte.

2.5. The Use of Autologous Nonhematopoietic Stem Cells
A major problem intrinsic to autologous transplantation is that the disease being treated

is usually the result of a somatic mutation in the hematopoietic lineage, and that harvesting
the abnormal cells from the patient and returning them to the marrow is not likely to effect
a cure. Surprisingly, some success has been achieved in acute leukemia and chronic granu-
locytic leukemia by infusing remission marrow that may be sufficiently free of mutant
cells so as to make possible a cure. In reality, the results of this now-standard approach are
far from satisfactory.

It had long been conventional wisdom that each tissue contains stem cells that will repopu-
late the cells of that lineage but not of other lineages. However, the seminal observations of
Friedenstein some 30 yr ago (2) had shown that this was not necessarily the case; fibroblastic
adherent cells that had been isolated from bone marrow could be induced to differentiate into
bone. We are only now seeing the possibilities for harvesting, growing, and differentiating
mesenchymal stem cells and other nonhematopoietic stem cells. Preliminary experiments (3)
suggest the ability to produce an ex vivo expansion of mesenchymal progenitor cells of up to
16,000-fold, and these are as yet the crudest of experiments at a time of only minimal under-
standing of the potential of the nonhematopoietic stem cell. Muscle and neural cells have been
shown in recent years to serve as hematopoietic precursors in mice, and if this proves to be the
case in man, it could solve this problem. One can envision that a muscle biopsy, for example,
could be a source of myoblasts that would be free of the disease-producing mutation of a patient
with acute leukemia and repopulate the marrow of the patient.

The concept that stem cells may have the capacity to replace tissues other than those of the
organ in which they originated can, of course, be carried far beyond the hematopoietic system.
One can easily imagine a time in the near future when nonhematopoietic or mesenchymal cells
extracted from peripheral blood by leukopheresis, or perhaps better yet, standard phlebotomy,
are expanded ex vivo many thousand-fold and genetically engineered to differentiate into
tissues needed for the ailing patient. Cells may be engineered to home to and target those tissues
in need of repair and then differentiate into their appropriate cellular structure.
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Better understanding of stem cells, their regulation, and their potential for forming or
repopulating many different tissues heralds a different type of future: a future in which surgery,
chemotherapy, and radiation therapy, currently the stalwarts of medical treatment, are viewed
as antiquated, and have instead been replaced by cellular therapy using genetically engineered
cells designed to repair tissues and organs to their original state.
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Allogeneic transplantation has dramatically grown in importance as a curative cellular therapy for patients with
hematologic malignancies and selected solid tumors, marrow failure disorders, and inherited metabolic diseases. In
Allogeneic Stem Cell Transplantation: Clinical Research and Practice, internationally recognized physicians and research-
ers review both the basics of allogeneic stem cell transplantation and recent advances in the field, particularly as they
relate to antitumor effects and graft-vs-host disease. They also provide unique decision-tree analyses to guide clinicians
in selecting and managing their allogeneic transplant patients. The innovations discussed cover a variety of areas,
ranging from stem cell mobilization in normal donors, to indications for allogeneic transplantation other than
hematologic malignancies, to the use of non-myeloablative conditioning regimens. The authors also explore new
developments in the optimal selection of unrelated allogeneic grafts (e.g., matched unrelated donor, partially mis-
matched family member, or umbilical cord blood), the use allogeneic peripheral blood stem cell vs marrow-derived
grafts for transplantation, and the kinetics of immune reconstitution after transplantation.

Comprehensive and up-to-date, Allogeneic Stem Cell Transplantation: Clinical Research and Practice offers both
clinicians and researchers concise advice on today’s best clinical practice, as well as insightful analysis of the promising
new lines of laboratory research that are leading to safer and more effective allogeneic transplant procedures.
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reconstruction after allogeneic transplantation
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• Evaluation of allogeneic peripheral blood stem cells
vs marrow-derived grafts
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