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Preface

Immunotherapy: Transforming Cancer Care

1986: “Cancer is a wound that never heals”; 2017: *“ The patient is both the host and the
treatment for their cancer.”

While connoting both the social as well as biological consequences of an entity that
has plagued mankind for millennia, this sentiment recognizes the central role of the
immune system in wound healing, or, in this context, tumor elimination. The critical
role that the immune system plays in tumor regression, and therapeutic strategies
harnessing the host immune response against tumor, have been recognized since the
advent of Coley’s toxin over a century ago—based on observations that patients with
severe postoperative skin infections after their sarcoma surgery would spontaneously
achieve cancer remission. Bacillus Calmette—-Guérin (BCG) vaccine has shown
durable efficacy in localized bladder cancer with reported responses in metastatic
cancers as well. Decades of innovation in medical science would be required to
further refine cancer immunotherapy for clinical use.

More recently, an improved understanding of the various immune cells within
the tumor microenvironment has revealed the importance of immunomodulatory
pathways in tumor control and rejection. Both the innate and adaptive arms of
the immune system are crucial to tumor control and rejection. The importance of
T cell-mediated rejection of tumor was first harnessed in the form of cytokine therapy,
in particular interleukin-2, as a therapeutic agent in metastatic melanoma and renal cell
carcinoma. Subsequently, advances in cell processing led to the advent of autologous
tumor-infiltrating lymphocyte therapy with initial responses in melanoma and
subsequently other tumor types. Similarly, immune checkpoint blockade targeting
inhibitory T cell axes such as CTLA-4 and PD-1/PD-L1 have revolutionized oncology
and can result in durable responses in tumor types ranging from melanoma to lung
cancer to Hodgkin lymphoma, among others.

The promise of immunotherapy in achieving long-lasting remissions in advanced
disease has unleashed a torrent of drug development, focusing in particular on novel
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combinatorial immunotherapeutic strategies. Distinct from chemotherapy and
targeted therapy in drug development, response kinetics, toxicity, and biomarker
science, early phase clinical trials of cancer immunotherapy have numerous unique
characteristics in trial design that are as paradigm shifting as the agents themselves.
For example, radiographic pseudoprogression can be seen due to initial immune
infiltration of tumor, which, if not appreciated, can result in premature discontinuation
of therapy and an incorrect assessment of therapeutic efficacy. Also of importance,
residual radiographic lesions may represent inactive cancer or immunologic scars
of phagocytosed tumor. Durable stable disease can also be observed resulting in
substantial clinical benefit to the patient. This data may not be sufficiently appreciated
in early phase clinical trials powered by response rates based on early assessments
of tumor shrinkage, relative to often major improvements in symptoms and
longer-term survival.

Classes of Cancer Immunotherapy

e Vaccines

Peptide/Protein/Tumor cell lysates
— Viral

Dendritic Cell

Oncolytics

* Small molecule agonists and inhibitors

— IDO
— TGF-beta

* Cytokines
- IL-2
e Immune checkpoint modulation

— CTLA-4
- PD-1, PD-L1
— TNFSRF agonists

e Cellular therapy

— CARs, TCRs
— NKcell
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Furthermore, conventional dose-limiting toxicities for early phase clinical trials of
cytotoxic chemotherapy based on relatively common cytopenias or end-organ toxicity
that are dose-dependent are exceeding rare with immunotherapy. Instead, rarer
immune-related adverse events with delayed toxicity kinetics or severe cytokine
release syndrome may be observed with the clinical utilization of immune checkpoint
blockade and cellular therapy, respectively. These rare and delayed phenomena
place heightened importance on pharmacokinetic and pharmacodynamics biomarkers
to determine safe dosing, and novel clinical trial designs to best ascertain safe
dosing schema for these novel agents. Nuances may exist even within similar
pathways—for example dose-dependent immune related adverse events based on
increased weight-based dosing of anti-CTLA-4 targeted agents, but similar efficacy
and toxicity across dose ranges of anti-PD-1/PD-L1 targeting therapies that result
in the latter being more amenable to fixed dosing schema. Dosing of cellular
therapeutics such as CAR T-cells may be dependent not only on antecedent
conditioning chemotherapy, but on nuances of co-stimulatory factors, individual
variances in cell harvest, and ratios of immune cell populations. Whether acting on
extant immune cells within the tumor microenvironment via immune checkpoint
blockade, or via exogenously engineered cellular therapeutics, novel clinical trial
designs to allow for the early investigation of these pharmacodynamically atypical
agents are needed.

The advent of next-generation sequencing has revolutionized genomically-based
precision medicine, currently utilized and integrated into clinical practice. To date, the
use of PD-L1 immunohistochemistry represents the state-of-the-art in clinically
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approved immunotherapeutic biomarker science. However, with an improved
understanding of novel immunotherapeutic targets affecting alternative immunologic
axes and cell types, as well as an improved understanding of the interplay between
cancer neoantigens and the adaptive immune system, next-generation immune
multiplex assays in development will foster drug discovery and development.
Diagnostics assaying tumor mutational burden and transcriptome as predictive
biomarkers of response to immune checkpoint blockade are in advanced development
and will add substantially to the clinical diagnostic armamentarium to ensure patients
are matched to their optimal immunotherapy. Novel blood-based biomarkers for
immunotherapeutic response based on cell-free DNA and multiparametric flow
cytometry represent active areas of research and an unmet clinical need to date.
Major biomarkers for immunotherapeutic response include:

e PD-L1 immunohistochemistry (IHC)

e Tumor mutational burden (including microsatellite instability, MSI-H)
e Immune infiltrate signature by RNA expression

e PD-L1/PD-L1/JAK2 genomic amplification

e Immune cell infiltrate (CD8+, Th1, memory)

Personalized medicine based on the targeting of important disease pathways has
reinvented the field. Cellular immunotherapeutics, based on tumor infiltrating
lymphocytes (TILs) expanded from the tumor or chimeric antigen receptor T cells
(CAR-T) targeting extracellular cancer targets represent personalized immunotherapy—a
form of therapy in which a patient’s own cells are mobilized in a manner to fight their
particular cancer, and can result in durable remissions. Novel therapeutic targets and
cellular engineering methods that maximize efficacy while ameliorating serious toxicities
are undergoing rapid clinical development, with the need for equally novel clinical trial
designs given the promise of the agents. Given the personalized nature of these cellular
therapeutics, paired with currently onerous costs, novel trial designs and regulatory
pathways will be needed to ensure continued innovation in this space.

Combinations of immunotherapy with existing cancer approaches has led to
novel observations on classical cancer therapeutics. Radiation, typically considered
aform of tumor ablative therapy, can be harnessed to modify a tumor microenvironment
and unleash cancer neoantigens in combination with immune checkpoint
blockade—effectively converting radiation into a cancer vaccination modality.
Similarly, cytotoxic chemotherapy can result in immunogenic cell death and
heightened efficacy in combinations with immune checkpoint blockade. Efforts to
combine these therapies while minimizing autoimmune toxicity and antagonistic
chemotherapeutic effects on immune cells are under active clinical investigation.
Finally, combinations of targeted therapy and immune checkpoint blockade can
result in tumor killing and neoantigen release, as well as cell signaling modulation
that can foster enhanced efficacy of immunotherapeutics. Such combinations can
harness the relatively rapid response kinetics of targeted therapeutics with the
potential for long-term durable benefit from the engendered immune response and
sustained with immune checkpoint blockade.
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Combinations of immunotherapeutics, in particular immune checkpoint blockade,
have resulted in durable responses in melanoma as well as in non-small cell lung cancer,
among other tumor types. An improved understanding of the tumor microenvironment
and mechanisms of immune tolerance have led to the mechanistic-based use of
immunotherapeutics in Hodgkin lymphoma and Merkel cell carcinoma. Further insights
and therapies targeting novel immune cell types and pathways will be required in order
to expand the promise of immunotherapy beyond the currently known histologies and
molecularly-defied cohorts.

With the advent of an ever-expanding cadre of immunotherapeutics, early phase
clinical trials investigating these agents will have to be as novel as the immunotherapeutics
themselves. Many of the unique challenges related to the investigation of cancer
immunotherapy are intertwined with their mechanism of action and inexorably
linked to their efficacy. Ultimately, immunotherapeutics are based on the premise
that the host immune system can successfully reject tumors—in other words, the
patient is both the host and the treatment for their cancer. With a growing arsenal
of promising immunotherapeutic agents, the inexorable goal of healing the wound
that is cancer seems ever closer and reinforces a message well-known to family,
friends, and caregivers of those fighting cancer—the most important aspect of any
cancer therapy is already within the patient.

La Jolla, CA, USA Sandip Pravin Patel
Razelle Kurzrock
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Chapter 1
Primer on Cancer Immunotherapy
and the Targeting of Native Proteins

Valentin Barsan and Paul C. Tumeh

Abstract Immunotherapy has notable potential for achieving durable clinical
responses in many cancer types. The ability to readily measure the genomic landscape
and infiltrating immune spectra of individual patient tumors offers mechanistic
insights for combination therapy selection. Immunotherapeutic approaches through
immune checkpoint blockade or stimulation, immune cell therapies, as well as
tumor vaccination are being studied as mono and combination therapy in multiple
cancer types. Uniquely, many immunotherapies target “native” self-proteins and
thus herald a paradigm shift in cancer management in which the drug target is no
longer an oncogenic protein but rather a normal signal that impacts the interactions
of myriad immune cell types with both cancerous and normal cells. Native proteins
in immunology are found in multiple isoforms with distinct interaction partners and
at heterotypic transient cellular interfaces. Methods for evaluating the presence and
function of native proteins for therapeutic targeting necessitates resolving for
tumor—immune cellular interactions to understand which cell type is expressing
which native protein isoform in the contextual (variably inflamed) tumor microen-
vironment. Just as tumor genomics has facilitated the selection of targeted thera-
pies, precision immuno-oncology necessitates a comprehensive understanding of
the immune system and the native proteins that govern its coordinated behavior.
This primer on the relevant immunobiology, its clinical assessment, and therapeutic
implications establishes a framework for conceptualizing the clinical advances in
cancer immunotherapy that are the focus of this volume.

Keywords Immuno-oncology * Immunogenomics ¢ Cancer immunotherapy e
Checkpoint blockade * Immunobiology ¢ Tumor biology * Adaptive immunity ®
Native proteins
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2 V. Barsan and P.C. Tumeh
1.1 An Intersection of Oncology and Immunology

The tissues that form human organs are composed primarily of two symbiotic cel-
lular components: the parenchyma and the stroma. The parenchyma establishes
unique tissue function whereas the stroma comprises an admixture of resident tissue
cells (fibroblasts, dendritic and mast cells), vascular and lymphatic endothelial cells,
inflammatory cells (lymphocytes, macrophages, myeloid cells), regenerative mes-
enchymal stem cells, as well as structural matrix proteins and proteoglycans [1].
Healthy tissues maintain a dynamic balance of these composite cellular and struc-
tural components across time and despite environmental stressors to achieve resil-
ient “youthful” organ function. However, genomic instability (germline and somatic
variants) in cells results in the development of cancer hallmarks [2] and the accom-
panying loss and compromise of normal tissue function at which time patients
present for clinical consultation. Beyond “driver” mutations [3] that establish key
mechanisms for neoplastic progression, nonsynonymous somatic mutations (that
alter the amino acid sequences of the proteins encoded by the altered genes) can
encode the aberrant translation of a diverse set of peptide “neoantigens” that, when
recognized as foreign, triggers tumor immunogenicity [4]. Rudolph Virchow first
proposed a link between inflammation and cancer in the 1860s when he observed
leukocytes infiltrating neoplastic tissues [5]. A century later, it was postulated that
lymphocytes can recognize and eliminate aberrant cells [6, 7]. More recently,
“immunoediting” has been proposed as an active process in which immune cells
both eliminate cancerous cells through immuno-recognition yet simultaneously
promote neoplastic progression secondary to collateral inflammation [8]. Each
patient’s cancer is therefore wholly unique — an evolutionary outcome of successive
neoplastic cellular divisions within distinct tumor microenvironments shaped
through time as much by the patient’s immune system as by successive therapeutic
interventions.

The presence, subtype, location, and density of infiltrating immune cells in the
tumor microenvironment characterize the degree of tumor inflammation. Diverse
immune cell subtypes of varying immune “fitness” within each tissue stroma [9]
and in the lymphatic system facilitate the intricate intercellular processes of dis-
criminating self from nonself. Feedback control through suppression of inflamma-
tion is equally important in tuning the nature of the immune response to counter
neoplastic cellular behaviors with sufficient, yet limited, on-target responses.
Cancer immunotherapy and autoimmunity are thus finely related and likely coexist
along a clinical spectrum in which the discriminate recognition of self from nonself
determines the efficacy and toxicity profile of immunotherapeutics. Cancer immu-
notherapy therefore entails harnessing the power of the immune system to eliminate
cancerous cells while preserving the integrity and function of otherwise healthy
tissue. Historically speaking, the cancer drug development paradigm has entailed
designing one drug to target one protein which is usually mutated and specific to a
tumor type. The paradigm shift in cancer immunotherapy extends beyond targeting
immune cells instead of cancerous cells. Rather, coordinating tumor immunity
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entails targeting native nonmutated proteins instead of oncogenes. These native pro-
teins are expressed by different immune cell types of varying fitness, in multiple
isoforms (with distinct interaction partners), across discrete tissue compartments,
and at heterotypic and transient cellular interfaces. Therapies that target the immune
system are thus fundamentally different in biologic mechanism, pharmacokinetics,
and clinical application than therapies that target key cancer pathways. Conversely,
therapies that target driver mutations in oncogene pathways of cancer cells can inad-
vertently dampen critical intracellular pathways in immune cell activation.

Targeting native proteins introduces a level of biologic and clinical complexity
with which we have limited experience in oncology. Methods for evaluating the
presence and function of native proteins necessitate resolving for tumor—immune
cellular interactions to understand which cell type is expressing which native pro-
tein isoform in what contextual (inflamed or noninflamed) tumor microenviron-
ment. Just as each cancer has a distinct mutational landscape so too each patient
presents with a unique immune system whose fitness is shaped by genetics, age,
vaccination and pathogen exposure history, as well as the environment. For exam-
ple, epidemiologic studies associate the development of mumps in childhood with
protection against ovarian cancer ostensibly due to primed immune surveillance
[10]. Important environmental influences on the immune system and cancer pro-
gression are intuitive yet complexly interrelated. These include diet and exercise
that can modulate gut/airway/skin microbiomes, UV/airborne/ingested carcinogens,
and infectious exposures. In health, the immune cells can recognize both pathogens
(i.e., viruses, bacteria, fungi, and parasites) as well as mutated cells to effectuate a
targeted cytotoxic response with limited collateral inflammatory damage to sur-
rounding tissues. When the immune system cannot effectively discriminate between
self and nonself, autoimmune diseases (such as rheumatoid arthritis, diabetes,
lupus) develop. The balance between self-tolerance and autoimmunity thus under-
pins the mechanisms by which immunotherapies have been applied to treat cancer.
Our deepening understanding of the immune system at a molecular level has led to
broad therapeutic advances in immunomodulatory monoclonal antibodies, cellular
therapies, and vaccination strategies that are now being studied in all cancer types
alongside conventional approaches of surgery, chemotherapy, and radiation.
Understanding when, where, and how the diverse cells of the immune system inter-
act to mount a coordinated cytotoxic immune response against cancer establishes
the foundation for implementing these insights in clinical settings.

1.2 Innate and Adaptive Immunity

An effective and specific cytotoxic immune response against a tumor is coordinated
by multiple cross-priming agonist and antagonist signals coordinated between varied
cells of the innate and adaptive immune systems [11, 12]. These systems are com-
prised of more than 200 immune cells types and more than 300 immune cell state
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Fig. 1.1 Immune cell growth and differentiation. Cells of the immune system differentiate across
myeloid or lymphoid lineages from hematopoietic stem cell precursors in the bone marrow.
Hundreds of additional cell types and intermediate states exist. Partial maturation of T cells in the
thymus and B cells in the bone marrow is followed by further differentiation in peripheral lym-
phoid tissues throughout development. Lymphocytes are commonly characterized by the surface
expression of cluster of differentiation (CD) markers as well as the types of cytokines or antibodies
produced

transitions [13]. All cells of the immune system differentiate (that is, increasingly
functionalize) across myeloid or lymphoid lineages from hematopoietic stem cell
precursors in the bone marrow (Fig. 1.1). Cells of the myeloid lineage include red
blood cells, platelets, granulocytes (eosinophils, neutrophils, basophils), mast cells,
and macrophages. Cells of the lymphoid lineage include natural killer (NK) cells, T
cells (8, NK, CD4* and CD8" subsets), and B cells. Antigen-presenting dendritic
cells may derive from either myeloid or lymphoid lineages. The myeloid and lym-
phoid lineages are functionally characterized by innate or adaptive cellular behav-
iors. The innate component includes most immune cells of the myeloid compartment
as well as NK cells whereas the adaptive component consists solely of lymphoid (B
and T) cells and their myriad subtypes. Partial maturation of T cells in the thymus
and B cells in the bone marrow in utero is followed by further differentiation in
peripheral lymphoid tissues after birth and attainment of immunocompetency under
antigenic stimulus. Immune cells and their degree of differentiation are commonly
characterized by expression of surface clusters of differentiation (CD) or the types
of cytokines they secrete. Adaptive immunity is defined by the ability to discern and
remember immunologic threats based on foreign, mutated, or atypically expressed
antigens. At baseline, both components of the immune system are “on alert” until a
threat has been identified at which time, rapid innate immune activation occurs and



1 Primer on Cancer Immunotherapy and the Targeting of Native Proteins 5

primes an adaptive response. Because each major immune cell type has an active
and a regulatory form, the balance between these states characterizes the quality of
an immune response.

Cells of the innate immune system use generic methods to recognize foreign
pathogens based on nonspecific and nonhuman molecular patterns such as single-
stranded RNA or lipopolysaccharide. Germline-encoded non-self-reactive receptors
on neutrophils, macrophages, natural killers, and mast cells respond to generalized
pathogen-associated molecular patterns (PAMPs) such as mannose receptors or toll-
like receptors shared by many classes of microbes [14]. Innate cells such as macro-
phages and neutrophils migrate into tissues though expression of high-affinity
integrin, kill microbes through phagocytosis and reactive oxygen species (triggered
by interferon-y), induce inflammation (through tumor necrosis factor, IL-1 and
IL-6), activate T cells and NK cells (through IL-12), and initiate tissue repair
(through secretion of immunosuppressive interleukins, TGF-B, and fibroblast
growth factors). Innate immunity defense mechanisms further include the comple-
ment cascade and inflammation. The complement system is comprised of nine
major factors (C1 to C9), most of which are pro-enzymes present in normal serum
and not increased by antigenic stimulation. The complement cascade facilitates
inflammation, leukocyte recruitment, anaphylatoxin production, mast cell degranu-
lation, opsonization for phagocytosis, secondary signals for B-cell activation, and
the formation of membrane attack complexes against pathogenic cells. Tissue
inflammation stimulates the adaptive immune response, enables the elimination of
invasive foreign pathogens through controlled passage of immune cells, and initi-
ates tissue repair.

Tissue inflammation also influences the resident cells within a tumor microenvi-
ronment. In an environment of chronic inflammation, myeloid cell differentiation
can be skewed [15] toward the expansion of myeloid-derived suppressor cells
(MDSCs). MDSCs are a heterogeneous subpopulation of immune cells (including
macrophages, neutrophils, and dendritic cells) with potent immunosuppressive
functions. Whereas M1 macrophages release interferon-y and are responsible for
phagocytosis, M2 macrophages release cytokines (IL-4, IL-10, TGF-8) that curtail
inflammatory responses and foster immune tolerance [16]. Macrophages also serve
as important regulators of tumor angiogenesis by producing various pro-angiogenic
molecules such as erythrocyte growth factor (EGF) and vascular endothelial growth
factor (VEGF). Tumors can foster immuno-tolerance in the microenvironment
through the manipulation of cytokines (increased secretion of IL-6, IL-10, and
TGF-8; consumption of IL-2) that encourage infiltration of inhibitory immune cells
such as MDSCs and regulatory T cells (Tregs). Several therapeutic approaches
(PDES inhibitors, COX-2 inhibitors, ARGI inhibitors, bisphosphonates, gem-
citabine, and paclitaxel, among others) play a complementary role in promoting
antitumor immune responses by inhibiting the function or proliferation of MDSCs
[17]. Immune cells also acquire distinct metabolic characteristics [18] that influence
the plasticity of their immunological phenotypes and functions.
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Fig. 1.2 Class I and Class II MHC Molecules. The maternal and paternal HLA haplotypes are
located at chromosome 6, on the short arm at position p21.3, and encode the genes for MHC. HLA
haplotypes are codominantly expressed. Both MHC Class I and MHC Class 2 consist of an alpha
(heavy) and a beta (light) chain. The class I HLA molecule contains an alpha chain anchored to the
cell membrane. The peptide antigen of 8 to 11-mer amino acids (red) is presented in a groove
formed from a pair of alpha-helicies on a floor of antiparallel beta strands. The class I alpha chains
are coded for by genes within the MHC (e.g., HLA-A, HLA-B), whereas the beta chain, beta-2
microglobulin, is encoded on chromosome 15, not in the MHC. The class II HLA molecule is
MHC-encoded by both alpha and beta chains each anchored to the cell membrane without beta2-
microglobulin. The peptide antigen of ~15-mer amino acids is presented in a groove formed from
a pair of alpha helices on a floor of antiparallel beta strands. Class II antigens are constitutively
expressed on B cells, dendritic cells, and monocytes and can be induced during inflammation
on many other cell types that normally have little or no expression. Genes within the MHC
(e.g., HLA-DP/Q/R) code for both chains

1.3 Orchestrating Adaptive Immunity

All human cells express a cell-surface major histocompatibility complex (MHC)
that is genetically encoded by the human leukocyte antigen (HLA) locus. HLAs are
inherited as haplotypes from both parents and expressed co-dominantly as MHC on
all cells (Fig. 1.2). The MHC thus functions as an authenticating cell surface com-
plex that physically presents peptides to adaptive immune cells [19] and enables the
immune system to distinguish between self and nonself. HLA typing has thus
enabled the matching of transplanted organs [20] and cells to minimize rejection.
The HLA locus contains more than half of the four to five million single nucleotide
polymorphisms (SNPs) in each individual genome [21]. This genomic variability
implies enormous diversity in any given patient’s relative immune fitness and
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susceptibility to immunologic disorders or infectious agents. MHC diversity
explains why tissue transplantation remains so challenging and perhaps as well why
autoimmune and infectious susceptibilities cluster by subtype. Proteins encoded by
the three key MHC class I genes (HLA-A, HLA-B, and HLA-C) are present on the
surface of most cells to present peptides that are internally processed and exported
from inside the cell. MHC class I thus facilitates immune surveillance of intracel-
lular pathogens or aberrant proteins. Cells that do not express MHC are indiscrimi-
nately attacked by NK cells of the innate immune system. Downregulation of MHC
by cancer cells suggests a therapeutic utility of NK cell therapy [22]. The six main
MHC class II genes (HLA-DPA, HLA-DPB, HLA-DQA, HLA-DQB, HLA-DRA,
and HLA-DRB) encode cell-surface proteins that display peptides derived from cir-
culating, extracellular proteins to the immune system. MHC class II molecules are
expressed only on antigen-presenting cells (APCs), such as dendritic cells.

APCs are activated by recognition of antigens that bind surface MHC which
induces downregulation of cell-adhesion molecules to facilitate migration from the
tissue of residence to a lymph node for antigen presentation to residing adaptive
immune T and B lymphocytes. APCs serve as the critical link for priming the adap-
tive immune cells. Dendritic cells and macrophages are “professional” APCs and
critically link the innate and adaptive immune systems. Since their discovery in
1973 [23], dendritic cells have been shown to develop from either myeloid or lym-
phoid hematopoietic lineages which thereby creates distinctive subsets of dendritic
cells that have discreet functions tuned by their tissue of residence and microenvi-
ronment (these nuances are especially relevant in vaccine development). The main
dendritic subtypes include plasmacytoid DCs (pDCs) and conventional DCs (cDCs).
Both pDCs and ¢DCs are comprised of additional subtypes that have discrete mor-
phology, tissue distribution, surface marker expression, and cytokine production
which consequently lead to distinct pathways to T-cell activation. Also, tumor-
associated macrophages are ontogenetically diverse [24] and specially tuned to the
function of their host tissue. APCs such as dendritic cells or macrophages phagocy-
tose (engulf) and process antigens released from tumor cells to present them to T
and B cells. Engagement of the T- or B-cell receptor with MHC peptide is a neces-
sary first step in lymphocyte cell activation. The complementarity determining
region (CDR) determines the specificity of a lymphocyte receptor to its cognate
antigen. T lymphocytes express clonal T-cell receptors (TCRs) on their surface that
recognize antigenic peptides presented by host cells whereas B-cell receptors
(BCRs) are secreted as soluble antibodies (immunoglobulins) upon antigen recogni-
tion. Lymphocyte receptors also exhibit tremendous genetic diversity to enable the
recognition of so many potential antigens presented by MHC. The generation of
diverse TCRs and BCRs begins with immature T and B lymphocytes through VDJ
recombination, a process in which germline DNA is spliced to recombine noncon-
tiguous variable (V), diversity (D), and joining (J) region gene segments and col-
lectively encode the complementarity determining region 3 (CDR3) [25] of a given
naive (antigen inexperienced) lymphocyte. Diversity of the CDR3 region is
increased by the deletion and template-independent insertion of nucleotides at
the V-D and D-J junctions and further through somatic hypermutation in the BCR.
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These receptors recognize residues of peptide antigens in MHC as well as polymorphic
residues of the MHC molecule itself. An estimated 100,000-750,000 peptide-MHC
class I complexes are expressed for each allelic product (HLA-A and HLA-B loci)
[26], and each individual carries ~107 different TCRs [27] each detecting up to 10°
variations of a given peptide sequence [28].

Immature T and B cells must subsequently demonstrate the ability to discern
between harmful and innocuous antigens through a tolerance process prior to their
release into circulation. B or T cells optimally recognize only one antigen.
Developing T cells undergo tolerance and maturation in the thymus whereas B cells
do so in the bone marrow. To establish immunologic tolerance in these organs,
immature T and B cells undergo positive selection (weak receptor interaction with
self-antigen allows for cell survival) and negative selection (lymphocytes that bind
too strongly to self-antigens are signaled to die). Randomly generated TCRs and
BCRs recognizing endogenously expressed self-epitopes (peptide/MHC “ligan-
domes”) are variably pruned in the thymus [29] and marrow [30], respectively,
during their development to limit immunological self-destruction. Mature lympho-
cytes continuously recirculate between blood and peripheral lymphoid tissues,
localizing and extravasating into tissues when guided by chemokine gradients from
tissue-resident sentinel innate immune cells. The patient’s adaptive immune cells
are thus finely tuned within a discrete range of binding affinities — a process that
when disrupted can result in autoimmunity or when engineered ex vivo enables
potent cellular therapies. Paradoxically, self-reactive adaptive immune cells theo-
retically comprise an autogenous source of potential anticancer activity.
Autoimmunity eliminates cancerous cells.

Through interaction with APCs, the lymphoid cells of the adaptive immune sys-
tem evolve with exquisite specificity to surface and soluble antigens through selec-
tive clonal expansion of T and B lymphocytes. The tumor draining lymph node is a
more immuno-active microenvironment in which high throughput antigen exposure
by APCs to standby lymphocytes occurs. In lymph nodes, naive T and B cells rec-
ognize tumor antigens and can become activated. The mode of cancer cell death
(apoptosis versus necrosis) influences the degree and quality of antigen spreading
[31], in which previously intracellular immunogenic antigens are released because
of cell lysis [32] thereby broadening antitumor responses to additional antigens. T
cells exert immune effects through cellular interactions whereas B cells become
activated upon antigen recognition to differentiate into antibody-producing plasma
cells. Secreted antibody subtypes (immunoglobulins) are frequently measured in
infectious diseases as titers and clinically indicate primary versus repeat/historical
antigen exposures. B-cell homing areas enable rapid antibody secretion and are
found primarily in the splenic follicles, marrow pulp, lymph nodes, and mucosal-
associated tissues. Mature B cells are educated (antigen-specific) APCs that present
to effector CD4 T cells via MHC-II, who will in turn activate B cells to undergo
“class switching” and “affinity maturation” to produce clonal circulating antibodies
of varying kinetics and increasing potency. A rapid adaptive immune response is
initiated by T and B cells if the presented antigen has been recognized previously.
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Both tumor and transplant rejection are mediated mainly by cytotoxic T lympho-
cytes. T-cell activity is controlled by a combination of antigen-specific signals from
the TCR as well as antigen-independent signals from myriad co-receptors [33]. The
TCR binds specific short stretches of amino acids (i.e., peptides) presented by MHC
molecules located on all host cells, and notably APCs (Fig. 1.3). VDJ recombination
produces a TCR that is composed of two different proteins chains (« and  whose
ratios change throughout cellular maturation as well as in diseased states) and CD3
which encodes an invariant transmembrane protein complex that relays surface sig-
nals for secretion of pro-inflammatory cytokines such as IL-12 and interferon
gamma. The MHC molecules expressed in the thymus restrict a mature T cell to a
predetermined spectrum of antigens. Each T cell expresses monoclonal membrane-
bound TCRs that all recognize the same specific peptide/MHC complex during
physical contact between the T cell and an APC (MHC class II) or any host cell
(MHC class I). T-cell subtypes are characterized broadly by their co-receptors: CD4
on helper and regulatory T cells is specific for MHC class II whereas CD8 on cyto-
toxic T cells is specific for MHC class I. The subtypes of effector CD4* and CD8" T
cells are often characterized by the specific cytokines (interleukins) produced upon
their activation. Activated CD8" (killer) T cells engage in direct cytotoxic activity
whereas activated CD4* (helper) T cells support other lymphocytes, for example, by
promoting the maturation of B cells into plasma cells and memory B cells and acti-
vating cytotoxic T cells and macrophages. To mount an effective immune response
beyond activation through MHC-peptide and TCR binding, T cells require addi-
tional costimulatory signals. A critical priming costimulatory signal in naive T cells
is CD28, which binds to B7-1 and B7-2 (CD80/86) on the APC [34]. Without
CD28:B7 interaction, the naive T cell remains anergic (refractory to activation or
unresponsive). The most differentiated effector and memory (antigen-experienced)
T cells [35] are least dependent on costimulatory signals due to avidity maturation
that reduces the activation threshold of these subtypes.

Once activated, T cells reduce expression of CD28 and upregulate surface
immune checkpoint molecules which are native proteins that facilitate feedback
inhibition and limit cytotoxic activity. Unrestrained T-cell activation would other-
wise lead to malignant proliferation or autoimmune disease. CTLA-4 is one such
inducible surface checkpoint molecule that is upregulated on T cells after activation,
has higher affinity for the ligands CD80 and CD86, and is also constitutively
expressed on a variety of Tregs [36]. CTLA acts as an “off switch” when bound to
CD80 or CD86 on the surface of APCs. CTLA-4 blockade hence produces both a
direct enhancement of T-cell effector function and a concomitant inhibition of regu-
latory T-cell activity [37]. Programmed cell death-1 (PD-1) is expressed later and
functions as an inhibitory homologue of CD28 following T-cell activation. A key
mechanism by which cancer cells diffuse the host immune response is the upregula-
tion of PD-1 that bind to PD-1 on tumor-specific CD8+ T cells [38] as well as NK
T cells and B cells. PD-1 is a member of the extended CD28/CTLA-4 family of
T-cell regulators that is highly expressed on activated T cells whose two ligands
PD-L1 and PD-L2 have been found to be expressed as immuno-escape behaviors of
several cancers. PD-L1 and PD-L2 are also expressed on cells of the immune system



10 V. Barsan and P.C. Tumeh

v

I e

DNA rearrangement T-cell receptor

mRNA splicing

B R |

SOHOHE LT
co3 .’7;.3; HE P
€ -:r € ]

[ I | B

Downstream signaling

Fig. 1.3 The T cell receptor. The mature T cell heterodimer consists of alpha- and beta-subunit
chains that are formed by rearranged germline DNA of variable (V), diversity (D), joining (J), and
constant (C) regions. The TCR alpha chain is generated by VI recombination, whereas the beta
chain is generated by VDJ recombination. Signalling is initiated by aggregation of TCR by MHC-
peptide complexes on APC. Costimulation is required from CD4 on helper-T cells or CD8 on
cytotoxic T cells. The intracytoplasmic region of the TCR is too short to transduce a signal from
the cell surface so CD3 facilitates signalling through the TCR. Once MHC-peptide binds the TCR,
lymphocyte cell-specific protein tyrosine kinase (Lck) is activated and phosphorylates tryosine
residues within the immunoreceptor tyrosine-based activation motifs (ITAMs) of the CD3 and zeta
chains, enabling zeta chain-associated protein kinase 70 (ZAP-70) recruitment to the TCR which
triggers downstream signaling events required for T cell activation

(upregulated on macrophages and DCs in response to bacterial lipopolysaccharide
as well as activated T, B, and NK cells). PD-L1 can also interact (like CTLA-4) with
the CD8O0 receptor on T cells, sending a further immunosuppressive signal. In addi-
tion, PD-L1 is also expressed constitutively on nonlymphoid tissues such as the
heart, lung, placenta, and skeletal muscle where it may serve to downregulate TCR
signaling in PD-1+ cytotoxic T-lymphocytes and therefore protect against autoimmune-
mediated tissue damage. Multiple additional co-receptors that modulate T-cell acti-
vation and inhibition have become the central focus of checkpoint blockade or
stimulation (Fig. 1.4). The activation of T-cell subtypes is dependent on the balance
of antagonist (e.g., CTLA-4, PD-1, LAG3, TIM3) and agonist native proteins (e.g.,
GITR, OX40, ICOS) on both the APC and T cells [33]. The therapeutic targeting
these native proteins implies modulating complex cellular interactions both within
the tumor bed and in lymphoid organs where APCs and T cells interact to amplify
immune responses. Antibodies that mimic or block the effect of these checkpoint or
agonist receptors or ligands aim to enhance the immune response against tumor
cells. Chronic recognition of an antigen (such as that present in a malignant clone or
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in a chronic viral infection) may lead to feedback inhibition on effector T-cell func-
tion, resulting in a phenotype termed “exhaustion” [39]. Several therapeutic strate-
gies aim to revitalize exhausted T cells. The plurality of inducible signaling
molecules that exist as native proteins across diverse immune cell subtypes under-
scores the challenge in developing a comprehensive understanding of tumor—
immune cell interactions.

1.4 Immunobiology of Cancer Immunotherapy

The cancer immunity cycle [40] and the cancer-immune set point [41] have estab-
lished the conceptual frameworks through which tumor-specific T cells amplify a
highly specific, cytotoxic, and clonal response to tumor neoantigens after priming
by APCs. In a dynamic multidirectional process, immune cells interact in three dis-
tinct tissue compartments: the tumor microenvironment (TME), the draining lymph
nodes, and the bloodstream. Each environment can be theorized to exhibit unique
biology of variable diagnostic and therapeutic utility. In the tumor bed, resident
APCs such as dendritic cells initiate an immune response through maturation to
present antigens from the TME, in the form of peptide-MHC molecule complexes,
to naive (antigen inexperienced) T cells in secondary lymphoid tissues [42] such as
the draining lymph node. There, T cells are activated when their surface TCRs rec-
ognize the cognate peptide-MHC-I on the APC. Now-primed effector and regula-
tory T cells traffic into the tumor by extravasation from blood vessels as triggered
by chemokine gradients of tissue inflammation and TME endothelial upregulation
of selectins. Cancer cells evade immune regulation by disrupting this cycle through
multiple mechanisms including downregulation of MHC/antigen presentation,
expression of inhibitory cell surface molecules that inhibit cytotoxic T cells (PD-
L1, FasL), and upregulation of inhibitors of apoptosis (Bcl-XL, FLIP). Checkpoint
inhibitors have been developed and approved for various tumor types with the
objective of reducing the effector T-cell threshold for activation and thereby facili-
tating more sensitive immunogenicity (i.e., autoimmunity) preferably towards neo-
plastic cells that appear more foreign [43]. PD-1 and CTLA-4 antibody-based
therapies appear to have broad spectrum antineoplastic activity and may well serve
as a backbone therapy [44, 45] in immuno-oncology. However, the spatiotemporal
differences between PD-1 and CTLA-4 checkpoints in the tumor microenvironment
and germinal lymph tissues imply variable downstream immunomodulatory conse-
quences that depend on the composition of differential immune cell infiltrates as
well as a plurality of local factors [46]. Because of their nuanced effector functions,
the same immune cell types and cytokines may promote or prevent tumor formation
depending on the biological (i.e., tissue and TME) context in which they act.
Inflamed tumors are characterized by the presence of tumor-infiltrating lympho-
cytes (TILs) whose differential and dynamic representations, relative densities, and
spatial distributions form the antitumor immune response [47, 48], and these factors
have predictive clinical value [49, 50]. Tumor infiltration with CD8" T cells and an
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Fig. 1.4 The summative effects of co-stimulatory and inhibitory interactions regulate T cell
responses. T cells activate downstream signaling to these ligand-receptor interactions only if they
first recognize the cognate MHC-antigen through the TCR. Ligands can bind multiple receptors
(with distinct kinetics of expression) giving rise to costimulatory or inhibitory signals amidst a
milieu of circulating chemokines, interferons, and interleukins. Costimulatory receptors are often
expressed on naive and resting T cells whereas inhibitory receptors are upregulated only after
T-cell activation to facilitate feedback inhibition. There are common pathways within both tumor
and immune cells that may have variably suppressive or inflammatory effects depending on
summative signals and tissue contexts

associated chemokine/interferon gene signature has been correlated with favorable
clinical outcomes to checkpoint blockade, and this phenotype can be influenced by
specific oncogene pathways activated within the TME as well as by host commensal
microbiota that synergistically activate the immune system. The tissue-specific
architecture of different cancer types reveals a range of somatic mutations [51, 52]
as well as inflammatory landscapes [53, 54] from very focal expansion of TILs
within tumor islets to diffuse inflammation throughout the tumor stroma. Spatial
relationships are key to understanding cellular interactions within unique TMEs.
Pleotropic stromal determinants further nuance tumor—immune cellular interactions
and intercommunications in the tumor microenvironment [41, 55, 56], and multiple
immunosuppressive factors may mediate intrinsic resistance to immunotherapy [57,
58]. T cells are inhibited in the TME by surface membrane native proteins (check-
points: PD1, CTLA4, LAG3, TIM3, BTLA, Adenosine A2AR), soluble factors, and
metabolic alterations (IL10, TGFbeta, adenosine, IDO, arginase) [59], as well as
inhibitory cells (cancer-associated fibroblasts, Tregs and Bregs, MDSCs, tumor-
associated macrophages). The milieu required for optimal functioning of the
immune system is thus defined by summative effects of antigen-presenting cells,
immuno-modulating cytokines, and optimal surface molecule expression by both
tumor cells and infiltrating lymphocytes.
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Cancer progression (immune escape) relies on the exhaustion or suppression of
antitumor immune activity which can be attributed to both sustained immune cell
presence as well as the presence of regulatory lymphocyte subtypes [60]. Certain
mutations in cancer cells are more strongly immunogenic (a subject of concerted
research), and some cancers attempt to discard those mutations, which renders them
resistant to therapies that boost the immune system [61]. Additional mechanisms of
evading immune recognition include loss or somatic mutations of HLA haplotypes
or JAK1/JAK?2 genes [62, 63] that disrupt antigen presentation as well as upregula-
tion of alternate immune checkpoints [64]. Clonal evolution of a primary cancer and
the epithelial-to-mesenchymal transition that coordinates metastasis [65] can be
promoted by immune cells [66] in inflammatory TMEs. Tumors can evolve to phys-
ically exclude immune cells as commonly seen in melanoma liver metastases and
colorectal cancers [67, 68]. Inclusion of some immune cells can even promote
tumor growth. For example, recruitment of macrophages via cytokines promotes
epidermal growth factor (EGF) production, which nurtures tumor growth while
macrophage digestion of the surrounding stroma enables tumor metastasis. Targeting
macrophages and/or other protumorigenic immune cells may thus alter the TME
and extend the cytotoxic properties of CD8* T cells. Epigenetic regulation of cel-
lular transcription is an additional mechanism for immune escape within the
TME. Histone deacetylation and methylation can inhibit both the expression of
T-cell stimulating ICAM1, CD80, CD86 as well as dampen neoantigen peptide-
MHC loading [69].

Fundamentally, a functional antitumor T-cell response results in the production
of IFNy which facilitates effector functions as well as induces PD-L1 that mediates
adaptive resistance [70]. Interferon and interleukin signaling convergence [71-73]
most proximately explains the summative functional orientation of lymphocyte
cytotoxicity within the TME. The summative quality of peptide-MHC-TCR inter-
actions and TCR signaling in multiple anticancer T-cell clones directed against can-
cer antigens is subject to dynamic regulation by native co-stimulatory and
co-inhibitory proteins. Cytokines dynamically regulate checkpoint expression [74]
at nodes of the cancer-immunity cycle and therefore further modulate T-cell
responses. Immunotherapies targeting native proteins such as molecular check-
points thus have variable effects within a patient’s primary tumor, across any meta-
static sites, throughout the lymphoid structures in which immune responses are
organized, and subsumed into the patient’s systemic immunity. The relationship
between tumor-specific antigens, the ratios of immune cell types targeting those
epitopes, and the native proteins that orchestrate their interfaces may best capture
the dynamisms of tumor evolution and immune response.

The intrinsic nature of many tumor antigens limits host antitumor responses
since such “neoantigens” are often aberrantly expressed self-proteins that are merely
subtle alterations of the normal protein. Mutations generate a range of immuno-
genic neoantigens. For example, insertions and deletions (indels) may make more
foreign-looking peptides than SN'Vs whereas silent mutations may go unnoticed by
the immune system since the encoded amino acid is not changed. Moreover, binding
affinity of neoantigens to MHC may not correlate as strongly to immunogenicity as
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binding stability [75] of peptide-MHC with the TCR. The net mutational load of a
tumor theoretically increases the probability that an antigenic peptide is presented,
recognized, and targeted by the adaptive immune system. Mutations are acquired
through either exogenous exposure to mutagens (i.e., radiation, carcinogens, or
oncogenic viruses) or endogenous mechanisms that abrogate the integrity of DNA
replication (i.e., mismatch repair deficiency) [76, 77]. Accordingly, different tumor
types have characteristic mutational frequencies and patterns [78, 79] whose anti-
genic load arises from viral or genomic variants that encode ostensibly immuno-
genic peptides for MHC presentation and variable T-cell binding avidity [80-82].
The mutational load across tumor types is highly variable. However, the quantity of
neoantigens may not directly correlate with their quality (i.e., immunogenicity) or
specificity. For example, pediatric and hematological cancers have the lowest muta-
tion rates (approximately one mutation per megabase for chronic lymphocytic leu-
kemia) compared with cancers exposed to environmental mutagens that randomly
increase the mutation burden, such as melanoma and lung cancer (~15 mutations
per megabase for melanoma). In more mutated tumors, immunosurveillance may be
especially prevalent. For example, a 200-fold increase in risk of nonmelanoma skin
cancers was demonstrated in renal transplant patients, highlighting a curious role
for cancer immunosurveillance at sites exposed to highly mutagenic UV radiation
[83]. Most tumor antigens are presumably weakly immunogenic as they often
appear related to host antigens and lack “danger signals” such as PAMPs. Virally
mediated cancers (up to 25% of human cancers) contain foreign pathogen antigens,
and therefore, have distinct mechanisms for inducing immune responses beyond
mutational load. Patients exhibit a spectrum of susceptibilities to infectious, autoim-
mune, and cancer-immune processes based on their immune fitness. Clinical mea-
surements of immune function inform disease pathogenesis and treatment
optimization.

1.5 Biomarkers and Diagnostics in Immuno-oncology

Biomarker methods help explain cellular functions and relationships in tumor
immunology and immuno-genomics [84, 85]. Immune monitoring is needed for
comprehensive assessment of the immune status in patients and to establish bio-
markers of diagnosis, prognosis, and response to therapy. The standard of care diag-
nostic workup in cancer has progressed from stage (radiographic imaging) and
grade (histology) to encompass myriad molecular features that are either pathogno-
monic for diagnosis or prognosticating for disease risk. Consensus guidelines (such
as those set forth by NCCN, CAP, ASCO, ESMO, etc.) are continuously updated to
broaden clinical utility of companion and complementary diagnostic biomarkers.
The pathologist’s assessment of a tumor specimen can involve a range of methods
that assay the biologic continuum from DNA to RNA to protein alongside comple-
mentary immunoassays that measure patient’s immune responses. Proteomic con-
siderations are uniquely important in immuno-oncology diagnostics since the
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targeting of native proteins implies understanding their cellular localization, splice
and isoform variations, signaling pathways, post-translational modifications, and
interaction networks and complexes. Tumor samples can be evaluated for clinical
biomarkers through multiparametric immunohistochemistry, fluorescence in situ
hybridization (FISH), gene expression profiling, polymerase chain reaction (PCR),
and next generation sequencing (NGS). The resident immune cells of tumor speci-
mens and lymph tissues may be studied through multiparameter flow cytometry to
ascertain the functional orientation of lymphocytes through surface CD markers.
Increased numbers of T-cell infiltrates within the tumor microenvironment have
been associated with improved survival in several tumors types, including colorec-
tal cancer and ovarian cancer [86, 87].

Multiple levels of post-transcriptional regulation imply that the relationship
between RNA expression and protein abundance are often not linear. The primary
(DNA), secondary (RNA), tertiary (peptide), and quaternary (cellular) levels of
structure imply emergent properties at each scale. Hence, the co-evaluation of bio-
markers in a sample helps elucidate functional relationships of gene and regulatory
networks. Proteomic data are generally obtained using “shotgun proteomics” in
which the combination of liquid chromatography (LC) and tandem mass spectrom-
etry (MS/MS) identifies peptides by matching MS/MS spectra against theoretical
spectra of all candidate peptides represented in a reference protein sequence data-
base. This approach is limited since all protein-coding sequences in the genome are
not known nor accurately annotated. Thus, distinct protein products of gene models
are uncharacterized in protein reference databases (such as Ensembl, RefSeq, or
UniProtKB) and, consequently, mutated native proteins and alternative splice forms
are not being routinely measured.

The large majority of mutations in human tumors are unique to the individual
tumor, necessitating the identification of mutations that can form neoantigens within
clinically actionable timeframes using NGS and bioinformatics [88]. The clinically
relevant types of genomic alterations (single nucleotide variants, insertions and
deletions, amplifications, and gene fusions) each pose different diagnostic chal-
lenges beyond variable tumor purity in most clinical specimens [89]. PCR amplifi-
cation and counting methods are limited by cost and throughput necessitating a
compromise between a limited number of genes assayed in a large cohort or all
coding genes sequenced in a small number of samples. Over the past decade, NGS
has dramatically scaled our ability to sensitively and comprehensively identify
mutations. The sensitivity of sequencing-based approaches is determined by the
sequencing methods (amplicon vs enrichment library preparation) and read depth
required to detect variants at clinically significant variant allele frequencies. Owing
to the high sensitivity of NGS, rigorous analytical and clinical validations have been
necessary to establish the accuracy and reproducibility of NGS panels that precedes
their routine clinical use. Whole exome and whole transcriptome sequencing meth-
ods have broadened the measurable content beyond gene panels to enable identifica-
tion of specific tumor neoantigens [90]. Detected neoantigens, when qualified by
host HLA allotype (i.e., are presented by host MHC) may reveal not only the tumor
“mutanome” but more specifically which mutated peptides are most immunogenic
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for focusing the immune response through various therapeutic strategies including
cellular therapies and tumor- or patient-specific cancer vaccines. Concordance
across neoantigen profiling methods has been limited by variations in exome cap-
ture methods, DNA and RNA target enrichment, sequencing depth, bioinformatics
for variant calling, intracellular neoantigen processing and MHC binding predic-
tors, filtering for expression, and ranking criteria of vaccine peptides based on myr-
iad criteria [85]. Large series of epitopes are being evaluated for their recognition by
T cells from multiple independent T-cell repertoires to methodically examine the
mechanisms of neoantigen presentation and T-cell recognition. Strong neoantigen-
MHC binding, however, does not necessarily equate to strong immunogenicity
since binding affinity and binding stability have different consequences on immune
cell responses. Validation of immunogenic neoantigens through functional assays
remains a limiting step for translating in silico predictions into the clinic. Functional
assays of immunogenicity include ELISPOT, flow cytometry, capillary chromatog-
raphy, tandem mass spectrometry workflows, and proteomics [91, 92].

Common methods for studying TME heterogeneity (IHC and flow cytometry)
rely on a limited repertoire of phenotypic markers. Deconvolution algorithms
applied to bulk tumor RNA-seq or methylation data can resolve aggregate tran-
scripts into their relative TIL constituents [93] to identify cell types involved in
immunoediting. These methods are beginning to demonstrate clinical relevance
since a priori knowledge of the densities and types of TILs [94] helps characterize
the TME per the degree of immune cell polarization towards inflammatory or immu-
nosuppressive cell types. RNA-seq deconvolution algorithms aim to enumerate
(immune and tissue) cell subsets from tissue expression profiles and are predicated
on applications of machine learning such as classification and regression, position-
specific scoring matrices, support vector machines, hidden Markov models, and
artificial neural networks. These methods still require extensive further validation in
mixed tissues and clinical samples. Myriad additional computational genomics
tools have been developed to mine tumor immunologic and genomic data effec-
tively and provide novel mechanistic insights, predictive biomarkers, and therapeu-
tic targets [95]. The clinical utility of gene signature-based methods, however,
strongly depends on the fidelity of reference profiles that deviate in cells undergoing
heterotypic interactions, phenotypic plasticity, or disease-induced dysregulation.
Transcriptional signatures reflective of T-cell orientation, exhaustion, and memory
differentiate activation states and proliferation of key subsets of exhausted T cells
defined by co-expression patterns such as T-bet or eomesodermin (eomes) in com-
bination with PD-1 [96-98]. Intra- and inter-patient sample variability in immune
cell subset composition, inter-patient genetic variability, as well as prior and con-
current treatment medications are all clinical parameters that confound our ability
to establish validated assays to generate biomarker data sets.

Longitudinal monitoring of response to immunotherapies presents additional
opportunities for understanding mechanisms. Immunotherapies such as checkpoint
blockade enable the mounting of a measurable antitumor immune response over
variable clinical timeframes. The conventional Response Evaluation Criteria In
Solid Tumors (RECIST) using radiographic methods (e.g., CT and MRI) must
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account for psuedoprogression in which tumors appear to grow radiographically
secondary to inflammation [99, 100]. Owing to the inter and intra-tumoral heteroge-
neity [101] in metastatic disease, serial or functional imaging [102] such as anti-
CDS8 immuno-PET of multiple discrete lesions may be necessary to represent
immunodynamics across multiple sites. Radiographic assessment thus contextual-
izes the relationships between circulating biomarkers and tumor inflammation
through the course of therapy. Pharmacodynamic biomarkers for dose selection and
toxicity anticipation are the basis of ongoing investigation. Unlike small-molecule-
targeted agents such as Raf/MEK/PI3K inhibitors that block detectable signals in
tumor cells, the targeting of native proteins does not infer an obvious signal for
measurement of response. Considerable research is underway to understand and
optimize proximal biomarkers unequivocally reflecting dose-dependent native pro-
tein target inhibition for immunotherapies. Immunodynamics measurement through
complementary and mechanistic approaches [103, 104] will enable the implementa-
tion of novel endpoints in efficacy, dose selection, treatment sequencing, and
toxicity.

Peripheral monitoring of tumor and immune biomarkers through blood draw is
desirable because of the relative ease and standardization of sample collection as
well as the ability to trend circulating tumor variants, immune cell subtypes, and
pharmacodynamics over time. Existing peripheral monitoring approaches include
flow cytometry for minimal residual disease, circulating tumor and exosomal DNA
and RNA sequencing to monitor variant allele frequencies, circulating tumor cell
isolation for expression analysis, tetramer assays for trending clonal evolution of
antigen-specific T cells, and measurement of plasma cytokines and chemokines
through ELISPOT assays. Circulating tumor DNA tests have been shown to provide
complementary information to that found in primary tissue biopsies [105]. Peripheral
evaluation of checkpoint blockade has revealed temporal variance in the differential
leukocyte composition and markers of T-cell functionality such as clonality and
expression of ICOS on sorted peripheral immune cell subtypes [106, 107]. Analysis
of the T-cell receptor repertoire (such as by deep sequencing of the V3 CDR3
region) has proven increasingly cost-effective and useful for clonality assessment
and minimal residual disease detection. T-cell clonality in immuno-oncology
enables the tracking of clonal expansion or contraction through serial sampling.
Blood sampling also helps establish biomarker baselines for trending key organ
function (kidney, liver, etc.) with vigilance towards inflammatory toxicity of immu-
notherapy such as cytokine release syndrome [108]. The differential immune mea-
surements through blood draw are further confounded by any systemic immune
response to opportunistic infections (viral, bacterial, fungal, parasitic) which are
more common and can go undetected in immunosuppressed patients. Evaluation of
the circulating microbiome through 16sRNA and metagenomic sequencing can
measure aggregate effects of therapies on commensal and infectious flora [109—
111]. Ongoing efforts are underway to establish the sampling timeframes and mech-
anistic relationships between circulating biomarkers as a proxy of dynamic
antitumor immune activity within the tumor stroma [112, 113].
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1.6 Targeting Native Proteins Within Cellular Networks

Treatment complexity is increasing as durable clinical responses require the use of
numerous therapies in combination and in sequence [114]. Checkpoint blockade
may appear to be the opposite of precision medicine as it can be applied broadly
because of the targeting of native proteins. However, we still need biomarkers to
understand when and why most patients do not respond while those who do may
do so profoundly. Clinical outcomes are influenced by differences in patients’
immune repertoires, their capacity to process and present antigens, the “quantity
and quality” of tumor antigens generated, as well as the ability of cancer to sup-
press antitumor immunity. T cells are key effectors [115] and it is hypothesized
that T cells can be genetically targeted to any antigen and enhanced to overcome
immune escape mechanisms to achieve tumor eradication. As reviewed in this
primer, T cells operate within a dynamic network of immune cell subtypes who are
systemically under tumor micro-environmental influences and paracrine signals
that continuously modulate their functional orientation. Beyond standard
approaches of surgery, radiation, and chemotherapy, a variety of approaches to
eliciting an antitumor immune response have been developed. These include anti-
tumor antibodies (mono-, bi-, and multispecific), immune checkpoint blockade,
T-cell costimulatory agonists, immunomodulators (cytokines, cyclic dinucleotides,
IDO inhibitors), toll-like receptor agonists, cancer vaccines and oncolytic viruses,
as well as adoptive T and NK cell therapies [116]. Conventional cytotoxic
approaches modulate the composition and functional bioactivity of TILs beyond
their intended effects on neoplastic cells [117].

The degree of nonlinear thinking required to first perceive and then influence
network interactions [118] between immune cells and cancerous ones is central to
advances in immuno-oncology. Combination immunotherapies that influence the
immune set point may prevent immune escape by targeting complementary mecha-
nisms through which tumor cells avoid elimination by the immune system.
Mechanistic synergy can be achieved in: (1) priming — via tumor antigen-expressing
dendritic cells or tumor cells transfected with genes that render them immunogenic;
(2) amplification — checkpoint blockade or agonistic monoclonal antibodies against
costimulatory molecules or immune-potentiating cytokines; and (3) removal of the
inhibitions — eliminating mechanisms that self-regulate the strength of the immune
response, such as inhibitory receptors or regulatory T cells.

Rational combination strategies must incorporate an understanding of pathway
implications in both tumor and immune cell subtypes. The number of therapeutic
combinations is exciting because the amount of antitumor activity is unprecedented.
Most combinations are currently two drugs, but when adding sequence and dose
(which are currently nearly guess work) the combinations become much more com-
plex. Since the receptor occupancy of pembrolizumab (anti-PD-1 monoclonal anti-
body) is 3—6 months, the concept of monotherapy and sequencing of combinations
becomes ever less well defined. Patients may therefore ultimately stratify into
checkpoint inhibitor experienced vs checkpoint inhibitor naive cohorts from a
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line-of-therapy standpoint. Because of pharmacokinetics and principles of immune
memory and regulation, the regimens that will best combine chemotherapy and
radiotherapy with immunotherapy are likely not conventional regimens. Improving
upon therapy doublets thus requires a comprehensive biomarker strategy.
Combination therapies across therapeutic modalities may mitigate toxicity while
adding mechanistic synergy. For example, the radiation “abscopal” (off-target)
effect is an immunologic-based phenomenon [119] where local treatment leads to a
systemic immune response through, presumably, massive neoantigen release, pro-
duction of IFN-gamma, upregulation of T cells, and immune sensitivity to radiated/
injured tissue. Chemotherapy reforms the immune profile since lymphocyte counts
decline, then revives through homeostatic proliferation [120], and this leads to a
restoration of T-cell responses.

Biomarker strategies must reconcile shared pathways across tumor and immune
cells. For example, MEK inhibition of tumor cells also blocks naive T-cell priming
(through interference of the RAS MAP kinase pathway) and causes an increase in
incompletely exhausted PD-1"° CD8* T cells in tumors and eventually depletes TILs
as tumors relapse. Alternatively, the MAP kinase pathway is only needed for naive
T-cell expansion and differentiation into memory cells, and thus MEK and PD-1L1
may act by preventing rather than reversing T-cell exhaustion [121]. It may there-
fore be necessary, in some cases, to withhold a MEK inhibitor as the patient responds
as this may inhibit immune priming while instead focusing on checkpoint blockade
plus monoclonal combination therapies in the BRAF pathway, -catenin pathway,
or PI3K pathway. The tumor microenvironment (tissue type, proximity to the exter-
nal world and associated microbiome, vascularity, etc.) will necessitate tissue-
specific understanding of how immunotherapies act within certain cancer types
beyond the likelihood for generation of immunogenic peptides (TMB) and expres-
sion of (inducible) checkpoint antigens. The immunoglobulin isotype of checkpoint
blockade monoclonal agents further influences therapeutic antibody function by
dictating their structural characteristics and specificity [122]. The type of immune
response towards monoclonal antibodies targeted against native proteins can there-
fore be fine-tuned. Incorporating relevant biologic correlative data will enhance our
ability to interpret complex and nuanced clinical responses to drug combinations
and can help reduce the likelihood of taking a neutral or antagonistic combination
through to phase III. Immune host-microbiota interactions also influence tissue-
specific immune fitness (i.e., through gastrointestinal and respiratory flora) and thus
systemic immunity. The composition of the microbiome is molded by environmen-
tal influences such as diet, exercise, hygiene, and sleep. As cancer patients are often
immunosuppressed through chemotherapy which alters the host microbiome [123],
antibiotics indiscriminately and broadly eradicate both pathogenic bacteria and
commensal flora that may act as an adjuvant to cancer immunotherapy. For exam-
ple, commensal bacteria have been shown to enhance PD-L1 blockade in murine
models [111, 124].

Many have foreseen that checkpoint modulation will supplement chemotherapy
as the cornerstone of cancer therapy either directly or after interventions targeting
inflammation, by vaccination to boost T-cell repertoires or by adoptive T-cell
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transfer [125]. Anticipating adaptive resistance followed by immune escape [126,
127], successive therapies must incorporate multiparametric biomarkers that cap-
ture the dynamic immunobiology within the tumor microenvironment. Linking
adaptive and innate immunity has become a key area of focus in drug development
[128]. Through leveraging complementary mechanisms of action, strategies may
be devised for rational therapeutic combinations that promote durable immune
responses [129]. For example, approaches that promote inflammation of an other-
wise noninflamed tumor present as scientifically rational options to be studied as
combination partners for checkpoint inhibitors that facilitate adaptive immunore-
sistance. Mechanistic-based approaches thereby increase the likelihood that effec-
tive combinations with acceptable toxicity profiles will progress into phase II/III
trials that are prolonged and costly. For example, the recognition that PD-1 and
PDL-1 have primary action in the tumor microenvironment whereas CTLA-4 acts
in the lymphoid system provides a strong mechanistic basis for testing the combi-
nation of nivolumab and ipilimumab for therapeutic synergy [130, 131]. Anti-
CTLA4 blockade expands T cells in all compartments of the body (not just those
relevant to the cancer), and such global considerations for targeting native proteins
are fundamental to understanding clinical responses. With so many therapeutic
combinations possible [132], methods to assess the additive benefits of each inter-
vention are needed.

Immunotherapy has catalyzed a change in the delivery of oncology care since the
increasing complexity of cancer treatment increases costs. Therefore, optimizing
personalized approaches to therapy will be critical to establishing and differentiat-
ing clinical value of both diagnostics and therapeutics. It remains to be determined
if immunotherapies can advance to even earlier stages of disease such as in the
neoadjuvant setting when tumor burden may facilitate enhanced immune system
“education.” Co-development programs are needed to build upon the historic one
drug one protein drug development paradigm. These considerations and their ratio-
nal implementation into clinical practice are will foster the next wave of advances
in cancer immunotherapy.
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Chapter 2
Pharmacokinetics and Pharmacodynamics
of Immunotherapy

Lisa H. Lam, Swan D. Lin, and Ji Sun

Abstract Over the last decade, there have been exciting advances in the develop-
ment of monoclonal antibodies (mAbs), adoptive cellular therapies, vaccines, and
viruses in eliciting immune responses against tumor cells with promising results in
patients. This chapter highlights some of the immunotherapies that are in late-stage
development or have received regulatory approval and summarizes their mecha-
nisms of action, pharmacokinetics (PK), and pharmacodynamics (PD). This chapter
summarizes the PK and PD of single-agent immunotherapies from publicly avail-
able sources through 2016. Advances in the field of immunotherapy have revolu-
tionized oncology practice. The field is rapidly changing, and at any given time,
there are hundreds of ongoing clinical trials with immunotherapies as single agents
or in various combinations with another immunotherapy, targeted therapy, radiation
therapy, or chemotherapy. Available data from new studies may provide additional
insight for clinical PK and PD for immunotherapies in new patient populations.
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2.1 Introduction

Immunology and oncology are two fields that have long been linked together when
it was first reported that an injection of an inactive bacteria into sarcoma cells could
lead to shrinkage of the tumor [1]. Imnmunotherapy is an approach to treating cancer
by activating the patients’ own immune defenses to fight malignant cells.
Immunotherapy has wide-ranging potential and has been studied and used in a
variety of solid and hematologic tumors [2]. Initial use of cancer immunotherapy
was through harnessing the downstream effects of cytokines with the use of
immune-modulating agents such as interleukin-2 (IL-2) and interferons (IFN) with
limited success. Over the last decade, there have been exciting advances in the
development of monoclonal antibodies (mAbs), adoptive cellular therapies, vac-
cines, and viruses in eliciting immune responses against tumor cells with promising
results in patients (Fig. 2.1).

The human monomeric immunoglobulin (Ig) antibody structure is comprised of
two light chains (two classes: k and A) and two heavy chains (five classes: L, 9, v, a,
€). There are five different human Ig subtypes comprised of different combinations
of light and heavy chain classes (IgA, IgD, IgE, IgG, and IgM). Each Ig isotype is
further divided into subclasses, such as IgG1, 1gG2, 1gG3, and 1gG4 for the IgG
isotype [3]. Each antibody has a fragment antigen-binding (Fab) and fragment con-
stant (Fc) region [4]. Furthermore, each subclass differs in sequence, structure, and
binding properties to cellular Fc receptors (FcR), which facilitate communication
between Ig antibodies and the immune system. Each of the isotypes, IgM, IgG, IgA,
and IgE, have receptors that bind exclusively to antibodies of that isotype: FcpuR,
FcyR, FcaR, and FceR, respectively [3].

The pharmacokinetic (PK) properties of mAbs differ from those of small chemi-
cal molecules. Parenteral administration is the most typical route of administration
for mAbs because of their instability in the gastrointestinal tract and poor mem-
brane permeability. Elimination occurs primarily through peptide and amino acid
catabolism. The pharmacological effect of mAbs depends on the type of target,
including whether it is soluble or membrane bound [4].

This chapter highlights some of the immunotherapies that are in late-stage
development or have received regulatory approval and summarizes their mecha-
nisms of action, PK and pharmacodynamics (PD). This chapter summarizes the
PK and PD of single-agent immunotherapies from publicly available sources
through 2016 (Table 2.1). Advances in the field of immunotherapy have revolu-
tionized oncology practice. The field is rapidly changing and at any given time
there are hundreds of ongoing clinical trials with immunotherapies as single
agents or in various combinations with another immunotherapy, targeted therapy,
radiation therapy, or chemotherapy. Available data from new studies may provide
additional insight for clinical PK and PD for immunotherapies in new patient
populations.
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Fig.2.1 Anoverview of the major targets and mechanisms of action of immunotherapies in oncol-
ogy. In tumor microenvironments, T-cell antitumor activity is suppressed by immune inhibitory
cell surface proteins expressed on tumor cells (such as programmed cell death ligands PD-L1 and
PD-L2) or cytokines (such as transforming growth factor beta [TGF-f] and interleukin [IL]-10).
Regulatory T cells also play a role in downregulating the immune system in tumor microenviron-
ments through binding of cell surface receptors (including cytotoxic T lymphocyte-associated anti-
gen 4 [CTLA-4] and programmed death-1 [PD-1]) to inhibitory ligands. Immune checkpoint
inhibitors directed against CTLA-4, PD-1, and PD-L1 can augment release of immune stimulating
cytokines and activate T-cell mediated antitumor activity. Immunostimulatory monoclonal anti-
bodies have also been developed to target cell surface receptors on tumor-infiltrating lymphocytes
(TILs) to activate stimulatory receptors and increase antitumor immunity. Targets for immunos-
timulatory agents include 4-1BB, glucocorticoid-induced tumor necrosis factor (TNF)-like recep-
tor (GITR), and OX40, among others (Figure adapted from Khalil [2])
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2.2 Immune Checkpoint Inhibitors

One mechanism by which immunotherapy works in cancer therapy is through the
blockage of negative regulatory receptors and inhibitory checkpoints in the tumor
microenvironment [5]. Antitumor T cells are naturally active against tumor antigens
in most cancers; however, T cells may be rendered ineffective in the tumor microen-
vironment due to immune checkpoints, which are the collective immune resistance
mechanisms that result in immune escape by the tumor [6]. Therefore, blocking of
immune checkpoints results in enhancement of antitumor T-cell activity and shifts
the balance from immune resistance to immune destruction of the tumor. Several
classes of mAb checkpoint inhibitors have been developed, including anti-CTLA-4,
anti-PD-1 and anti-PD-L1 antibodies.

2.2.1 Anti-CTLA-4 Antibodies

CTLA-4, also known as CD152, is a negative immune regulatory receptor expressed
on surface of T cells, which play an important role in central anticancer adaptive
immune response. Activation of CTLA-4 through binding to its ligands, CD80 and
CDS86, results in downregulation of T-cell activity against tumor cells. Blocking of
CD80 and CD86 to CTLA-4 receptor can restore the immune function of T cells.
Following blockage of CTLA-4, immune stimulating cytokines, such as IL-2 and
IFN-y, are released, resulting in T-cell activation and increased antitumor immunity
[2, 7]. In recent years, antibody therapeutics targeted against CTLA-4 have been
developed and tested in a number of cancers, most notably in metastatic or refrac-
tory melanoma, non-small cell lung cancer (NSCLC), and renal cell carcinoma
(RCC). Although immune activation through central T-cell blockage of CTLA-4 is
critical in eliciting antitumor response, greater T-cell activation may also lead to
autoimmunity, as evidenced in patients who develop immune-related adverse events
(irAEs) [8]. The most common irAEs are diarrhea, colitis, hepatitis, skin toxicities
(such as rash or pruritis), and endocrinopathies (such as thyroid or pituitary dys-
function). Of note, relative to the anti-CTLA-4 antibodies, the anti-PD-1 antibodies
have a different toxicity profile to ipilimumab with fewer high grade events [9, 10].

2.2.1.1 General ADME/Preclinical Pharmacokinetics

Ipilimumab and tremelimumab are two mAbs targeting CTLA-4. As with most
mAb therapeutics, the administration of these drugs is through the parenteral, intra-
venous (IV) route. In general, anti-CTLA-4 antibodies are well distributed in the
vascular system. The metabolism and elimination of large molecule therapeutics are
well characterized through catabolic processes with little involvement from renal or
hepatic organ systems.
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Both ipilimumab and tremelimumab are directed against human CTLA-4 receptors;
thus animal studies in various nonprimate species are limited. Preclinical PK studies
for ipilimumab and tremelimumab were conducted in cynomolgus monkeys because
both antibodies are cross reactive with cynomolgus monkeys with similar binding
affinity to human CTLA4. After IV administration in cynomolgus monkeys, plasma
clearance (CL) was low and the mean half-lives of anti-CTLA-4s were long, ranging
from 8.5 to 14 days for ipilimumab and 9.1 to 11 days for tremelimumab [11, 12].

2.2.1.2 Ipilimumab

Ipilimumab is the first therapeutic antibody targeting human CTLA-4 and is
approved in over 47 countries for the treatment of patients with unresectable or
metastatic melanoma as monotherapy or in combination with nivolumab and as
adjuvant treatment of patients with cutaneous melanoma [13].

Description and Human Dosing

Ipilimumab is a fully human mAb of IgG1-k class consisting of four polypeptide
chains with a molecular weight of 148 kDa. Ipilimumab has two identical heavy
chains consisting of 447 amino acids each linked through interchain disulfide bonds
to two identical k light chains of 215 amino acids each. The approved dose for treat-
ment of metastatic or refractory melanoma is 3 mg/kg administered IV every
3 weeks (Q3W) for a total of four doses. For the treatment of adjuvant melanoma,
the dose is 10 mg/kg IV Q3W for four doses followed by 10 mg/kg every 12 weeks
for up to 3 years [12, 14]. The dose selection of 3 mg/kg and 10 mg/kg was based
on a phase 2 dose-ranging study that showed improved overall response rates with
increasing doses from 0.3 to 10 mg/kg, but increased rates of Grade 3 and 4 adverse
events in the highest dose group of 10 mg/kg [15].

Human Pharmacokinetics

In clinical trials, ipilimumab has been studied in advanced melanoma patients at doses
ranging from 0.3 to 10 mg/kg IV Q3W for four doses. Ipilimumab exhibits linear PK
with steady-state concentrations reached by the third dose of the Q3W regimen and
mean half-life of approximately 15 days. The mean CL after 10 mg/kg IV administra-
tion was 18.3 mL/h and mean steady-state volume of distribution (V), was 5.75 L [12].

Population Pharmacokinetics
The population PK model for ipilimumab was developed using PK data from

patients with advanced melanoma from three phase 2 studies (CA184-007,
CA184-008, and CA184-002; N = 420) and was validated with PK data from the



2 Pharmacokinetics and Pharmacodynamics of Immunotherapy 35

CA184-004 phase 2 study (N = 79). Ipilimumab PK data were well described by a
linear two-compartment model with zero-order infusion and first-order elimination.
From population PK analysis, the PK of ipilimumab was determined to be linear
and dose proportional in the dose range of 0.3—10 mg/kg. The model parameters are
time independent and comparable to those estimated by noncompartmental analy-
ses from clinical studies. With multiple dosing, systemic accumulation was less
than 1.5 fold. Steady-state levels of ipilimumab were reached by the third dose with
a mean minimum concentration (C,;,) of 19.4 mcg/mL at the 3 mg/kg dose level or
58.1 mcg/mL at the 10 mg/kg dose level. The mean value of CL, V and half-life
were estimated at 16.8 mL/h, 7.47 L, and 15.4 days, respectively [12, 16].

Body weight was identified as a significant covariate for central volume (V) and
CL. The CL of ipilimumab increased with higher body weight, supporting the
weight-based dosing. There was no significant increase in exposure with increasing
body weight on an mg/kg basis. The steady-state C,;, was relatively uniform over
the body weight range of 40-140 kg in the model. Baseline lactate dehydrogenase
(LDH) level was also identified as a significant covariate for CL. Steady-state expo-
sure (area under the curve [AUC]) tends to decrease with increasing LDH, but this
is likely not clinically significant based on existing safety and efficacy data [12, 16].
Incorporation of body weight and log-transformed LDH into the final population
PK model explained approximately 24% and 52% of the base model variability of
CL and V,, respectively [16].

Exposure-Response Relationships

The PD response of anti-CLTA-4 antibodies in reducing tumor immunosuppression
can be evaluated by activation of circulating T cells and immune cytokines. In both
preclinical ex vivo studies and human clinical trials, elevated IL-2 and absolute
lymphocyte counts were observed following administration of an anti-CTLA-4
antibody [14]. In melanoma patients with low baseline absolute lymphocyte counts,
those treated with ipilimumab demonstrated longer overall survival (OS) compared
to patients not treated with ipilimumab.

Data from 498 PK-evaluable patients from studies CA184-004, CA184-007,
and CA184-002 were used for exposure-response (E-R) analyses for ipilimumab.
Increasing steady-state C,,;, was associated with increased OS with both 3 mg/kg
and 10 mg/kg doses. OS at the median steady-state C,;, or ipilimumab at 0.3 mg/
kg was estimated to be 0.85- and 0.58-fold lower relative to that at the median
Chinss for the 3 and 10 mg/kg doses, respectively. A stepwise Cox proportional
hazard model identified C,;, as a significant independent predictor of OS and pre-
dicted that for a 10 mcg/mL increase in exposure, the hazard ratio would decrease
by 10%. In terms of safety, grade 2 and higher immune-related AEs (irAEs) were
also associated with increased ipilimumab steady-state C,;,. The model predicted
that at median C,;, of 3 and 10 mg/kg doses, Grade 2 and higher irAEs were
approximately 33% and 51%, respectively, whereas Grade 3 and higher irAEs
were approximately 13% and 24%, respectively [14, 16].
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2.2.1.3 Tremelimumab

Tremelimumab is another anti-CTLA-4 antibody that is currently in development as
monotherapy and in combination with other targeted therapies or immunotherapies
for a number of advanced malignancies [17].

Description and Human Dosing

Tremelimumab is a humanized mAb of IgG2 class expressed and purified from NSO
murine myeloma cell lines. It has an overall molecular weight of approximately
149 kDa including oligosaccharides. The clinical dose of tremelimumab in phase
three trials is 15 mg/kg administered as a continuous IV infusion every 90 days for
a total of four doses [17].

Human Pharmacokinetics

Tremelimumab administered following a single IV infusion in clinical patients
exhibited a biphasic PK profile. Mean systemic exposure increased in a dose-
proportional manner for doses ranging from 1 to 15 mg/kg. The estimate of CL, V,
and terminal-phase half-life are consistent with those of natural IgG2 antibodies at
0.132 mL/h/kg, 81.2 mL/kg, and 22.1 days, respectively [11, 18, 19].

Population Pharmacokinetics

Population PK analysis of tremelimumab was performed on combined data from
phase 1 through 3 studies in a total of 654 metastatic melanoma patients [20]. The
base model was best described by a two-compartment model with log-transformed
concentrations. The population estimate for CL and volume of the central compart-
ment (V.) were 0.26 L/day and 3.97 L, respectively. CL was faster in males, patients
with higher values of creatinine CL (CrCl), patients with higher values of endoge-
nous Ig, and patients with relatively poor baseline prognostic factors. Central V was
higher in males and patients with higher body weight. In the final PK model, the
covariates were sex, ECOG performance status, CrCl, endogenous IgG, LDH, and
C-reactive protein (CRP) on CL and body weight and sex on V. [20]. CRP on CL
may have the most clinically important effect. There is 100% certainty that the CL
would be greater than 120% of the value for an individual with a median CRP in
patients with CRP levels greater than 16.5 times the upper normal limit.

Exposure-Response Relationships

Based on the population PK model for tremelimumab, slower CL was associated
with longer median OS. The median OS for 147 patients in the fast CL group was
9.6 months compared to 15.8 months for the 146 patients in the slow CL group. The
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hazard ratio for death was 0.54 (p < 0.001). Prognostic covariates favoring longer
survival in the slower clearance group included ECOG performance status, disease
metastatic stages, and endogenous levels of LDH and CRP [20].

2.2.2 Anti-PD-1 and PD-L1 Antibodies

PD-1 is an inhibitory receptor involved in immune checkpoint signaling and is
highly expressed on the surface of tumor-infiltrating lymphocytes (TILs), including
cytotoxic T cells, B cells, and macrophages [2, 21]. The ligands for the PD-1 recep-
tor, PD-L1 and PD-L2, are expressed on malignant tumor cells and antigen-
presenting cells [2, 22, 23]. Binding of PD-L1/PD-L2 on a tumor cell with the PD-1
receptor on TILs results in decreased T-cell activation, proliferation, and cytokine
production, ultimately contributing to inhibition of active T-cell immune surveil-
lance of tumors [24]. Upregulation of PD-1 ligands occurs in some tumors and can
contribute to inhibition of active T-cell immune surveillance [25]. MADbs act as
checkpoint inhibitors by blocking inhibitory receptors for T cells, such as blocking
the interaction between PD-1 and PD-L1/PD-L2. This blockage stimulates T-cell
function by reactivating the function of pre-existing tumor-specific cytotoxic T cells
in the tumor microenvironment [7, 26-28]. Nivolumab, pembrolizumab, and MEDI-
0680 (AMP-514) are mAbs directed toward PD-1 that have shown activity in vari-
ous types of cancers. Atezolizumab, durvalumab, avelumab, and BMS-936559 are
mAbs directed toward PD-L1 that have shown activity in various types of cancers
[29, 30]. This section mainly focuses on the publicly available data on nivolumab,
pembrolizumab, and atezolizumab, which have received regulatory approval in var-
ious countries for multiple oncology indications.

2.2.2.1 Nivolumab

Nivolumab is a fully human, IgG4 k isotype mAb that binds PD-1 (dissociation rate
constant, Kp = 3.06 nM) [31]. Nivolumab consists of four polypeptide chains and
contains an engineered hinge region mutation (S228P) designed to prevent the
exchange of IgG4 molecules [25]. The IgG4 isotype reduces binding to Fc receptors
and minimizes cellular and complement-mediated cytolytic functions [26].

Description and Human Dosing

The initial dose chosen for phase 1 studies of 0.3 mg/kg is over 200-fold lower than
the dose level suggested by the “no observable adverse effect level” considerations
from preclinical toxicology studies [25]. In the dose-escalation/dose-expansion
study in patients with melanoma, NSCLC, or other solid tumors (MDX1106-03;
N = 306) with doses from 0.1 to 10 mg/kg every 2 weeks (Q2W), the maximum
tolerable dose was not reached [32]. In the MDX1106-03 study, the trough
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concentration of the first dose was >16 mcg/mL for the 3 mg/kg Q2W dose, which
was >160 times of the binding EC50 of 0.1 mcg/mL [31, 33].

The 3 mg/kg Q2W was selected as the clinical dose based on the safety and effi-
cacy in the MDX1106-03 study, which included patients with melanoma and
NSCLC [25, 33, 34]. In addition, data from in vitro, preclinical, and the clinical
analysis of E-R in CheckMate-037 and CheckMate-063 support the dose selection.
Therefore, the 3 mg/kg Q2W dose was considered appropriate for late-stage clinical
development across tumor types, including melanoma and NSCLC [33-36].
However, based on E-R analyses for nivolumab, a flat 240 mg dose replaced the
weight-based dosing regimen as described below.

Population Pharmacokinetics

Based on the data from three phase 1, three phase 2, and five phase 3 clinical studies
in 1895 patients with solid tumors treated with nivolumab, the PK profile of
nivolumab was characterized by noncompartment analysis and population PK anal-
ysis. The population PK analysis demonstrated that the PK of nivolumab is linear in
the dose range of 0.1-20 mg/kg with time-varying CL. CL is independent of dose
within the dose range of 0.1-20 mg/kg. It is hypothesized that the decrease in
nivolumab CL over the course of treatment may be associated with improvement in
disease status and the corresponding decrease in the rate of cancer-related cachexia.

Based on the population PK model for single-agent nivolumab dosed 0.1-20 mg/
kg as single or multiple doses Q2W or Q3 W, nivolumab Vis 6.8 L, CL is 8.2 mL/h,
terminal t,, were estimated to be 25 days, and steady state was achieved by 12 weeks
of 3 mg/kg Q2W repeated dosing, with an accumulation index (AI) estimated to be
approximately 3.7-fold [33, 34, 37].

Nivolumab population PK was described with a two-compartment model with
zero-order I'V infusion and first-order elimination. The effects of various covariates
on nivolumab PK were assessed. Nivolumab CL and V increase with body weight.
The final model included the effects of baseline performance status, baseline body
weight, and baseline estimated glomerular filtration rate (¢eGFR), sex, and race on
CL, and effects of baseline body weight and sex on volume of distribution in the
central compartment. Sex, performance status, baseline eGFR, age, race, baseline
lactate dehydrogenase, mild hepatic impairment, tumor type, tumor burden, and
PD-L1 expression had a significant but not clinically relevant (<20%) effect on
nivolumab CL [33, 34, 38].

Exposure-Response Relationships

No exposure-efficacy relationship has been identified for nivolumab in mela-
noma or NSCLC patients based on the primary endpoint of overall response rate
(ORR)in MDX1106-03, CheckMate-037, and CheckMate-063. In the MDX1106-
03 dose-escalation and dose-expansion study, in patients with malignant
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melanoma, a flat exposure-ORR relationship was identified over the dose range
of 0.1-10 mg/kg [33]. Similarly, for NSCLC patients in MDX1106-03, a flat E-R
for ORR was identified over the dose range of 3 to 10 mg/kg, with ORR of 3%
(n=33),24.3% (n =37), and 20.3% (n = 59) for doses of 1, 3, and 10 mg/kg
doses Q2W, respectively [34].

Data from MDX1106-03, CheckMate-037, and CheckMate-063 were used to
characterize the relationship between average concentration at steady state (average
C,s) and the time to first Grade 3 or higher drug-related AEs or AEs leading to dis-
continuation. In general, there appeared to be no exposure-safety relationship
between exposure (as measured by average Cg) and time to first Grade 3+ drug-
related AEs, AEs leading to discontinuation, and all grade 3 + AEs for nivolumab at
3 mg/kg Q2W based on the currently available clinical safety data.

On September 13, 2016, the Food and Drug Administration (FDA) modified
the dosage regimen for nivolumab from 3 mg/kg Q2W to a flat dose of 240 mg
Q2W for RCC, metastatic melanoma, and NSCLC. A flat dose of 240 mg was
selected based on equivalence to the approved 3 mg/kg dose at the median body
weight of approximately 80 kg in patients with solid tumors. Demographic data
from patients with RCC (n = 603), melanoma (n = 826), or NSCLC (n = 648)
across nine CheckMate studies were included in the pooled data set. Based on
model-predicted simulations, the overall exposure at the 240 mg Q2W flat dose
is similar (less than 6% difference) to 3 mg/kg Q2W. The predicted OS benefit
and risk of AEs leading to discontinuation or death were similar across tumor
types for both dosing regimens. Subgroup safety analyses did not demonstrate a
clinically meaningful relationship between nivolumab exposure or BW and fre-
quency or severity of AEs. Similarly, there was no clinically meaningful relation-
ship between nivolumab exposure or body weight and frequency or severity of
AEs [37, 39, 40].

2.2.2.2 Pembrolizumab

Pembrolizumab is a humanized IgG4 « isotype mAb that binds to PD-1 with high
affinity (Kp = 29 pM), antagonizing the interaction of PD-1 with PD-L1 and PD-L2,
with a half maximal inhibitory concentration (IC50) between 0.1 and 0.3 nM [41,
42]. It was generated by grafting the variable region sequences of a mouse anti-
human PD-1 antibody onto a human IgG4 « isotype framework containing a stabi-
lizing S228P Fc mutation [24].

Description and Human Dosing

KEYNOTE-001 was an open-label phase 1 dose-escalation and dose-expansion study
in multiple tumor types. In the dose-escalation portion of KEYNOTE-001 (Part A,
n = 10), pembrolizumab was dosed at 1, 3, and 10 mg/kg on days 1 and 28 and Q2W
thereafter; maximum tolerated dose was not reached [24]. In Part A1 (n = 7), patients
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were administered pembrolizumab 10 mg/kg Q2W, which was a predetermined maxi-
mum administered dose. In Part A2 (n = 13), 13 patients were randomly assigned to
one of three parallel, 3-week, intrapatient dose-escalation schedules (dose range
0.005-10 mg/kg), followed by treatment with 2 or 10 mg/kg Q3W.

The clinical dose of 2 mg/kg Q2W was supported by translational PK/PD analy-
ses based on clinical IL-2 biomarker data and preclinical data in mice, which relied
on interspecies extrapolation. These two PK/PD analysis methods converged on a
similar dose regimen of 1-2 mg/kg Q3W as the lowest dose with high optimal like-
lihood of maximizing clinical efficacy. The potential for lesser efficacy was pre-
dicted at doses below 1 mg/kg. Thus, a dosage regimen of 2 mg/kg Q3W was
proposed for the pivotal cohorts of the KEYNOTE-001 trial, along with the previ-
ously planned higher dose of 10 mg/kg Q2W to inform the dose selection for regis-
tration [43].

Population Pharmacokinetics

The original melanoma filing submission of pembrolizumab relied on the data from
a single clinical study, KEYNOTE-001. Therefore, the focus of clinical pharmacol-
ogy characterization was on model-based approaches that could leverage sparse PK,
safety, and efficacy data. For the original melanoma filing, the PK profile of pem-
brolizumab was described using population PK analysis based on data collected
from 476 patients enrolled in Parts A, B1, B2, C, and D of the KEYNOTE-001
study. Part A had intensive PK sampling and Parts B1, B2, C, and D had sparse
sampling. In this initial population PK analysis (n = 476), none of the covariates
tested appeared to have a clinically meaningful effect on pembrolizumab CL (no
covariate changed clearance by more than 30%). Body weight-based dosing was
deemed acceptable based on the exposure variation.

The most recently published population PK analysis for pembrolizumab used
data from 2841 patients with various cancers who received pembrolizumab doses of
1-10 mg/kg Q2W or 2-10 mg/kg Q3W. Pembrolizumab PK were described ade-
quately by a two-compartment model with linear CL; nonlinearity was observed at
doses well below 1 mg/kg [44]. CL was found to depend on body weight allometri-
cally. Sex, eGFR, albumin, tumor burden, and prior ipilimumab treatment had sta-
tistically significant effects on pembrolizumab CL. Sex, albumin, and prior
ipilimumab treatment had statistically significant effects on pembrolizumab central
volume. However, these covariates lacked clinical significance [45]. Clearance was
found to be lower by 17% in female patients (P < 0.0001), translating into a 20%
increase in AUC in female subjects (N = 900), which is small in relation to the expo-
sure margins and, therefore, did not have clinical relevance. Because therapeutic
antibodies are too large to pass through the glomerular membrane of the kidney,
renal insufficiency was not expected to significantly impact pembrolizumab expo-
sure, therefore, eGFR was not considered a clinically significant covariate. Relative
to an ECOG performance status of 1, an ECOG performance status of 0 was associ-
ated with a 7.3% increase in CL. Similarly, cancer type (14.5% increase for patients
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with NSCLC) and ipilimumab status (13.9% increase in clearance for patients pre-
treated with ipilimumab) had a statistically significant effect on clearance. At the
90th percentile of baseline tumor burden distribution, clearance was increased by
8.79% relative to a typical subject, translating to a9.17% reduction in AUC. However,
because of the limited volume of distribution for pembrolizumab, the total level of
pembrolizumab outside the blood is expected to be low. Tumor volume represents
only a fraction of total body volume, therefore, tumors have a limited potential to
contribute to total body CL of pembrolizumab [45].

Pembrolizumab CL at steady state was estimated as 212 mL/day, volume of dis-
tribution at steady state is 6.1 L, and t, is 23 days. Steady-state concentrations were
reached by 19 weeks of repeated Q3W dosing and the systemic accumulation was
2.2-fold. The PK of pembrolizumab is dose proportional in the dose range of
2-10 mg/kg Q3W [46]. The latest and most mature version of the population PK
model will be continuously refined with more data with the expanding pembroli-
zumab clinical programs [43].

Exposure-Response Relationships

Data for E-R analyses for clinical activity (n = 365) and E-R analyses for adverse
events (n = 409) were collected from Parts B1, B2, and D [47]. There was a flat E-R
relationship between steady-state exposure and ORR for patients in Part B2 of
KEYNOTE-001 (n = 173), which supports the 2 mg/kg dosing as opposed to the
10 mg/kg dosing regimen. In addition, the mean time to response was 15 weeks for
the 2 mg/kg arm compared to 12 weeks for the 10 mg/kg arm, with median duration
of response not reached for either arm; the proportion of nonprogressing patients
was the same for each arm (90%). The E-R relationship for safety in terms of both
adverse events of grade 35 or serious AE and adverse events of special interest of
pembrolizumab is flat across the exposure range observed with doses ranging from
1 to 10 mg/kg [47].

In an integrated population PK analysis using efficacy and safety data from the
final NSCLC expansion cohort of KEYNOTE-001, in which patients received either
pembrolizumab 2 mg/kg Q3W, 10 mg/kg Q3W, or 10 mg/kg Q2W, the final model
showed a flat E-R relationship for efficacy and safety [42].

For all melanoma submissions to date (November 2016), OS data were not suffi-
ciently mature to establish robust E-R relationships. Therefore, exposure-efficacy eval-
uations supporting pembrolizumab dose selection centered on tumor size kinetics. The
E-R relationship for tumor size (sum of longest dimension of tumor lesions) and pem-
brolizumab exposure in melanoma (n = 897) and NSCLC (n = 496) patients showed a
flat E-R relationship for tumor size response across the 2 mg/kg Q3W to 10 mg/kg
Q2W dosage range, indicating that a near-maximal response was achieved at 2 mg/kg
Q3W. This approach will also be extended across other solid tumors [43, 48].

Using a population PK model developed with data from KEYNOTE-001,
KEYNOTE-002, and KEYNOTE-006, simulations indicate that the fixed 200 mg
Q3W dose of pembrolizumab would provide exposure similar to weight-based
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dosing regimens used in previous pembrolizumab studies. Therefore, both dosing
regimens of 200 mg and 2 mg/kg are appropriate for pembrolizumab, as both pro-
vide similar exposure distributions, with no advantage to either dosing approach
[49, 50]. The FDA has approved the fixed 200 mg Q3W dosing regimen in NSCLC
and head and neck squamous cell carcinoma [46].

2.2.2.3 Atezolizumab

Atezolizumab is an Fc-engineered, humanized, nonglycosylated IgG1 « isotype
mADb that directly binds to PD-L1 (Kp = 0.4 nM) and blocks interactions with the
PD-1 (IC50 82.8 pM) and B7.1/CD80 (IC50 48.5 pM) receptors [51, 52]. It is com-
posed of two light chains consisting of 214 amino acid residues and two heavy
chains consisting of 448 amino acid residues [53, 54]. The Fc region was engineered
with a modification to eliminate antibody-dependent cell-mediated cytotoxicity
(ADCC) at clinical doses, preventing depletion of activated T cells [52].
Atezolizumab is currently FDA approved for treatment of NSCLC and urothelial
carcinoma [54].

Description and Human Dosing

The dose-escalation portion of the phase 1 PCD4989¢g study included atezolizumab
doses ranging from 0.01 to 20 mg/kg Q3W and included patients receiving 1200 mg
Q3W, which is the fixed dose equivalent of 15 mg/kg [55]. A maximum tolerated
dose was not achieved and no dose-limiting toxicities were observed at any dose
level. The 15 mg/kg Q3W dose level was sufficient to maintain a trough concentra-
tion of 6 mcg/mL [56, 57]. In the dose-expansion portion of the study, atezolizumab
was dosed by weight at 15 mg/kg, as well as a fixed, nonweight-based dose of
1200 mg Q3W. In the phase 1 JO28944 study, atezolizumab was dosed at either 10
or 20 mg/kg Q3W [53, 55]. The current FDA-approved dose for atezolizumab is
1200 mg Q3W [54].

Population Pharmacokinetics

A population PK analysis using a two-compartment linear model with first-order
elimination from the central compartment described serum atezolizumab PK in the
dose range of 1-20 mg/kg, including the fixed dose 1200 mg Q3W. This model was
built based on pooled PK data from 472 cancer patients in the PCD4989g (N = 466)
and JO28944 (N = 6) studies and was validated using PK data from the phase 2
IMvigor 210 study (GO29293) in patients with metastatic urothelial bladder cancer
[55]. Atezolizumab patient exposure increased dose proportionally over the dose
range of 1-20 mg/kg, including the fixed dose 1200 mg Q3W. At atezolizumab
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doses <1.0 mg/kg, atezolizumab exposure was less than dose proportional [54]. The
population PK model predicted V,is 6.9 L, CL is 0.2 L/day, t;, was estimated to be
27 days, and steady state was achieved after 6-9 weeks of repeated dosing, with an
Al estimated to be approximately 1.91-fold for exposure (AUC) [53, 54].

Patients with body weight lower than 54 kg would have up to a 32% increase in
steady-state AUC (AUC;,) than the typical patient. However, the population PK
analysis did not show any other clinically meaningful differences in atezolizumab
exposure (less than 28% change in exposure from the typical patient) following a
fixed dose (1200 mg Q3W) or a dose adjusted for weight (15 mg/kg Q3W) [55].
Because of the lack of safety concern in addition to an assessment of the PK char-
acteristics of atezolizumab (target serum concentration of 6 mcg/mL), a 1200 mg
fixed dosage (equivalent to an average body weight-based dose of 15 mg/kg) Q3W
was adopted for later clinical trials. No covariate was identified to have a clinically
relevant effect on atezolizumab PK. In the population PK analysis, a typical patient
is a male without positive postbaseline antidrug antibody (ADA), weighing 77 kg,
with an albumin level of 40 g/L, and a tumor burden of 63 mm. Patients with meta-
static urothelial carcinoma did not show any trend of having different PK parame-
ters than patients with other tumor types [53].

Exposure-Response Relationships

PK data from 306 patients receiving atezolizumab 1200 mg Q3W as second-line or
greater treatment in cohort 2 of the IMvigor 210 study was used to establish the E-R
relationship for ORR. A univariate analysis using a logistic model showed that there
is no correlation between ORR and trough concentration of atezolizumab in the first
cycle. In addition, analysis of the E-R relationship for progression-free survival
(PES) showed no clear differences in PFS among the atezolizumab exposure quar-
tiles. The difference in atezolizumab exposure when evaluated at extreme values of
weight compared to the typical patient following administration of the flat dose of
1200 mg Q3W would not be expected to be clinically meaningful or require dose
adjustment by body size. These results suggest no improved efficacy would be
expected with atezolizumab doses higher than 1200 mg Q3W. Additionally, the E-R
relationship is flat for all three IC score groups (ICO, ICI1, and I1C2/3). Based on
multivariate analysis, the statistically significant covariates identified for ORR were
higher baseline ECOG score or greater number of metastatic sites, which are associ-
ated with lower probability to respond, whereas higher IC score is associated with
higher probability to respond.

PK data from both cohorts of IMvigor 210 (423 out of 429 patients) in combina-
tion with PK data from PCD4989¢g (90 out of 92 patients) were used to establish the
E-R relationship for safety. There appeared to be no significant exposure-safety
relationship between adverse events and exposure within the range following
atezolizumab administration of 1200 mg Q3W. The relationship between the AUC;;
and incidence of AEs appears to be flat [53].
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2.2.2.4 Durvalumab

Durvalumab (MEDI4736) is a selective, high-affinity, engineered human IgG1 «
isotype mAb that blocks PD-L1 binding to PD-1 (IC50 0.1 nM) and B7.1/CD80
(IC50 0.04 nM). Durvalumab does not bind to PD-L2, which plays a role in control-
ling inflammation in normal lung tissue. An engineered triple mutation in the Fc
antibody domain is designed to reduce ADCC and complement-dependent cytotox-
icity. Durvalumab is currently in development as monotherapy and in combination
with other targeted therapies or immunotherapies for a number of advanced malig-
nancies [58, 59].

Description and Human Dosing

In the CD-ON-MEDI4736-1108 phase 1 dose-escalation and dose-expansion study,
PK data were collected from 292 PK-evaluable patients following 0.1, 0.3, 1.0, 3.0,
and 10 mg/kg Q2W and 15 mg/kg Q3W doses of durvalumab (1954 serum concen-
trations). Durvalumab PK was best described using a two-compartment population
PK model with both linear and nonlinear (target-mediated) CL. Durvalumab exhib-
ited nonlinear (dose-dependent) PK. No covariates were identified to have a clini-
cally relevant impact on PK parameters. The population estimate for linear CL was
0.25 L/day, V in the central compartment was 3.3 L, and concentration at half maxi-
mal elimination (Ky) was 0.4 mcg/L. Greater than 99% target saturation (soluble
and membrane bound) is expected at durvalumab concentrations >40 mcg/mL. PK
simulations indicate that following 10 mg/kg Q2W, over 90% patients are expected
to maintain PK exposure >40 mcg/mL throughout the dosing interval. Based on
preclinical/clinical PK, PD, and safety data, a dose of 10 mg/kg Q2W was selected
for the dose-expansion phase of the study and for further clinical development in
phase 2 and 3 studies [60, 61].

2.2.2.5 Avelumab

Avelumab (MSB0010718C) is a fully human IgG1 mAb targeting PD-L1, which
can mediate ADCC of tumor cells [62, 63]. Avelumab is currently in development
as monotherapy and in combination with other targeted therapies or immunothera-
pies for several advanced malignancies [64—66].

Description and Human Dosing

In a phase 1 trial in patients with advanced solid tumors, dose-escalation and dose-
expansion trial (3 + 3 design) was performed four dose levels of 1, 3, 10, or 20 mg/
kg Q2W. PK parameters were evaluated on 53 patients in the dose-escalation por-
tion and 600 patients in the dose-expansion portion. The mean half-life of avelumab
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at 10 mg/kg was 102 h, mean Cmax was 301 mcg/mL, and mean C,;, was 22 mcg/
mL. The PK profile was linear over the dose range and the population PK model
was best described by a two-compartment model. One immune-related dose-
limiting toxicity was reported at the 20 mg/kg dose level. Target occupancy was
>95% over the biweekly dosing interval at 10 mg/kg, therefore, the 10 mg/kg dose
was selected for dose expansion and further clinical trials [65, 66].

2.3 Immunostimulatory Antibody Therapies

Although immune checkpoint inhibitors can indirectly enhance antitumor T-cell
activity, newer antibody therapeutics have been developed that can directly stimu-
late and elicit an immune response against malignant cells. High dose IL-2 is well
known to promote cytotoxic T-cell and natural killer (NK) cell cytolytic activity and
IFN alpha 2-b stimulates IL-12 secretion that also promotes T-cell activity. These
traditional immunomodulating cytokines have now largely fallen out of favor in
cancer immunotherapy due to the development of more efficacious immunostimula-
tory therapies.

The mechanism of action for immunostimulatory antibodies can vary based on
the costimulatory receptor targeted. Currently, several antibody therapeutics are
underdevelopment, including antibody targets for OX40 (CD134), 4-1BB (CD137
or TNFRSF9), GITR (CD357), and several others [7]. OX40 is expressed on CD4+
and CD8+ T cells and can be activated through binding to its ligand, OX40L from
antigen-presenting cells (APCs). MEDI-6469 is an agonist antibody of OX40 cur-
rently under development in phase 1 clinical trials in patients with advanced solid
tumors [67]. 4-1BB is another costimulatory receptor that is expressed on acti-
vated T cells, activated NK cells and constitutively on dendritic and regulatory T
cells. When 4-1BBB is activated by its natural ligand, 4-1BBL, it promotes activ-
ity of T cells, dendritic cells, monocytes, and neutrophils. Two agonist antibodies
for 4-1BB are currently under development, including urelumab and utomilumab
(PF-05082566) [68-70]. In clinical studies with 4-1BB antibody agonists, high-
dose regimens resulted in severe liver toxicities. Currently, lower doses of urelumab
and utomilumab are being studied in monotherapy and combination therapy for
a number of solid malignancies [71, 72]. GITR is another costimulatory target.
GITR expression increases after stimulation of CD4+ and CD8+ T cells result-
ing in increased proliferation and effector function. GITR may also play a role in
reverse suppression by regulatory T cells and leucocyte adhesion. Currently several
GITR targeted antibodies are being studied in phase 1 clinical trials in advanced
melanoma or other advanced solid tumors [73, 74]. Although agonist antibodies for
0X40, 4-1BB, and GITR are currently under development in solid tumor malignan-
cies, elotuzumab and blinatumomab are two other immunostimulatory antibodies
with different targets and mechanisms of actions that have been FDA approved
for hematologic malignancies. Elotuzumab and blinatumomab PK and PD will be
described in more detail in this section.
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2.3.1 Elotuzumab

Elotuzumab is a mAb directed against signaling lymphocyte activation molecule
family 7 (SLAMF7) that is FDA approved for use in combination therapy with
lenalidomide and dexamethasone in second-line treatment of patients with multiple
myeloma. The immunostimulatory effect of elotuzumab is a result of direct activa-
tion of NK cells through signaling of SLAMF7. Additionally, elotuzumab can also
elicit indirect tumor cell death via traditional ADCC. Elotuzumab mediates dose-
dependent, ADCC against SLAMF7 expressing multiple myeloma cells. Elotuzumab
binds to SLAMF7, which is a glycoprotein expressed on NK cells and myeloma
cells, resulting in their direct activation. Elotuzumab bound to myeloma cells fur-
ther activates NK cells via a cluster of differentiation 16 (CD16) mediated pathway,
thereby enabling selective killing of myeloma cells with minimal effects on normal
tissue cells [75, 76].

Elotuzumab is a 148 kDa humanized recombinant IgG1 mAb consisting of the
complementarity determining regions of the mouse antibody, MuLuc63, grafted
onto human IgG1 heavy and k light chain framework regions. The recommended
dose for elotuzumab in multiple myeloma is 10 mg/kg IV every week for the first
two cycles followed by every 2 weeks thereafter [77].

2.3.1.1 General ADME/Preclinical Pharmacokinetics

Preclinical studies of elotuzumab consist of primarily in vitro safety assessments
and in vivo biological activity assessment of elotuzumab target selectivity and tox-
icity. Based on nonclinical studies, SLAMF7 is expressed by >95% of multiple
myeloma cells and its expression is independent of cytogenetic abnormalities. In
xenographed mice with human myeloma, elotuzumab was found to inhibit tumor
growth and the effect was enhanced in further xenographed models with coadmin-
istration with bortezomib and lenalidomide. PK properties have not been character-
ized in animal studies for elotuzumab due to its lack of cross reactivity to other
species [77].

2.3.1.2 Human Pharmacokinetics

Several clinical trials were conducted in multiple myeloma patients using elotu-
zomab as a single agent and in combination. One single agent and two combination
dose-escalation studies were conducted to assess the dose-response characteristics
and dose-limiting toxicities of elotuzumab. Following a single IV administration of
elotuzumab, the maximum drug concentration increased in a dose-proportional
manner across the dose range of 0.5-20 mg/kg. AUC increased greater than propor-
tionally with dose (nonlinear), indicative of target-mediated clearance. Geometric
mean clearance of elotuzumab ranged from 15.5 to 69.3 mL/h and decreased with
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an increase in dose, suggesting a saturation of target-mediated CL. Elotuzumab V
was approximately 3—6 L, which is similar to serum volume [75, 77]. Following
administration of elotuzumab every 7 days for the first 2 cycles and every 14 days
for all subsequent cycles in combination with lenalidomide and dexamethasone, the
steady-state C,;, concentrations associated with the 10 and 20 mg/kg doses were
above the anticipated therapeutic trough concentration of 70 mcg/mL [77, 78].

2.3.1.3 Population Pharmacokinetics

Population PK analyses for elotuzumab were conducted using data from four clini-
cal studies, including the pivotal phase 3 trial in combination with lenolidamide and
dexamethasone in multiple myeloma patients [79]. The analysis included a total of
6958 elotuzumab serum concentration values from 375 patients. Elotuzumab PK
was best characterized by a two-compartment model with zero-order IV infusion,
parallel linear and Michaelis-Menten elimination from the central compartment,
and additional target-mediated elimination from the peripheral compartment [80].

Baseline body weight influenced the linear component of clearance, the distribu-
tional clearance, and volume of distribution of elotuzumab. Both CL and V.
increased with weight; weight-based dosing generated uniform exposures across
the range of weights and minimized interindividual variability of elotuzumab expo-
sure. M (myeloma) protein, a measure of myeloma disease burden, was also identi-
fied as a major covariate of elotuzumab clearance. There was also a correlation seen
between high baseline M-protein and lower exposure. Coadministration of lenalido-
mide/dexamethasone was estimated to reduce elotuzumab CL by 35%. The target-
mediated CL increased with increasing serum M-protein at baseline. There was
almost a three-fold increase in target-mediated CL in patients with baseline serum
M-protein of 8 g/dL. compared with patients with a value of 0 g/dL. Furthermore,
steady-state AUC was 45% lower for patients win the top quartile of serum M-protein
values compared to patients in the lowest quartile. As M-protein is secreted by
tumor cells, elevated serum M-protein reflects higher tumor burden, and higher
target-mediated elimination at higher levels of serum M-protein is consistent with
target-mediated elimination of elotuzumab by binding to tumor cells. All other
covariates tested had an effect <20% on model parameters and are unlikely to have
clinically meaningful effects [76, 80].

2.3.1.4 Exposure-Response Relationships

The E-R analysis for PFS was conducted using data from multiple myeloma patients
for elotuzumab. E-R analyses and the target-mediated clearance of the drug suggest
that patients with lower exposure of the drug may benefit from an increased dose.
This was supported by evaluating baseline disease burden using M-protein,
B2-microglobulin, and LDH. There was no difference in median PFS between
patients with elotuzumab average C in the lowest quartile of elotuzumab exposure
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(average Cy < 209 mcg/mL) and patients on active control of lenalidomide and
dexamethasone, after controlling for potential confounding factors such as high
M-protein, higher 2-microglobulin, ECOG score, and higher LDH levels. Patients
with elotuzumab concentrations in the higher three quartiles of exposure showed
treatment benefit with longer PFS compared to active control. Further analysis of
patients with high tumor burden (high baseline M-protein) and lower exposure are
needed to conclude dose optimization in this population [76].

2.3.2 Blinatumomab

Other immunostimulatory agents activate costimulatory targets to activate adaptive
antitumor immunity or directly stimulate NK cells, such as elotuzumab. In contrast,
blinatumomab utilizes a cell directed therapy with through binding of two targets.
The therapeutic action of blinatumomab is a result of activation and redirection of
cytotoxic T lymphocytes to malignant cells. Blinatumomab is a bispecific CD19-
directed CD3 T-cell engager (BiTE) indicated for the treatment of Philadelphia
chromosome-negative relapsed or refractory B-cell precursor acute lymphoblastic
leukemia (ALL). Blinatumomab binds to CD19, an antigen expressed on the surface
of B cells, and CD3 expressed on the surface of T cells. It activates and engages T
cells through formation of the CD3 T-cell receptor complex and directs the cyto-
toxic T lymphocyte to CD19-positive benign and malignant B cells. In in vitro stud-
ies, blinatumomab binding to CD3-positive T cells and CD19-positive target B cells
resulted in the release of cytokines, including IL-2, TNF-a, and IFN-y, which aid in
the activation of T cells [81].

Blinatumomab is a recombinant nonglycosylated protein (504 amino acids,
55 kDa) that was developed by genetic engineering from two distinct murine mAbs
directed against CD19 and CD3. The amino terminus of blinatumomab contains the
CD3-binding region, whereas the carboxy terminus contains the CD19-binding
region. A single cycle of treatment consists of 28 days of continuous blinatumomab
IV infusion, followed by a 2-week treatment-free interval. Dosing is weight based
and begins at 9 mcg/day on days 1-7 and 28 mcg/day on subsequent days and cycles
for patients greater than or equal to 45 kg. For patients under 45 kg, dosing begins
at 5 mcg/m?*/day on days 1-7 and increases to 15 mcg/m*/day on subsequent days
and cycles [82].

2.3.2.1 General ADME/Preclinical Pharmacokinetics

Blinatumomab binds with similar potency to human and chimpanzee B and T cells
and animal studies have been conducted in nonprimate and primate species.
Following single or multiple doses through IV, subcutaneous (SC) or intraperitoneal
(IP) administration, blinatumomab exposure increased dose dependently.
Blinatumomab exhibited a fast elimination with a half-life of 1.8 h in chimpanzees.
There was no apparent drug accumulation following multiple dosing [83].
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2.3.2.2 Human Pharmacokinetics

In humans, blinatumomab PK appear linear over a dose range of 5-90 mcg/m?/day
following continuous IV infusion in patients with ALL and non-Hodgkin’s lym-
phoma (NHL) [81]. Steady state was achieved within 1 day of continuous IV infu-
sion and remained stable over time during the infusion period and mean C values
increased dose proportionally. At the clinical doses of 9 mcg/day and 28 mcg/day
for the treatment of relapsed/refractory ALL, the mean (standard deviation; SD) C,
was 211 (258) pg/mL and 621 (502) pg/mL, respectively [82]. Unlike other anti-
body therapeutics, the mean elimination half-life of blinatumomab is short, at
approximately 2.1 h and the estimated mean systemic CL was 2.92 L/h. Like other
therapeutic antibodies, mean V is close to serum V at 4.52 L [83, 84].

2.3.2.3 Population Pharmacokinetics

A population PK model for blinatumomab was developed from four adult clinical
trials with a total of 322 subjects and 2587 serum samples. A one-compartment
linear model with a mixture model to identify two subpopulations with different CL
was used. The model described the time course of blinatumomab concentrations
after continuous IV infusion of different doses in several hematological malignan-
cies. The geometric mean of V was 3.40 L. For 90% of the population, the geomet-
ric mean for CL was 1.36 L/h, but 10% of the population had typical CL of 5.49 L/h.
Renal function was identified as a significant factor on CL with 50% reduction in
CrCL associated with a 20% reduction in systemic CL. The reason for the 10%
population with a four-fold higher systemic CL is unknown. Other tested covariates,
including body size, age, sex, and creatinine CL, did not have clinically meaningful
effects on blinatumomab exposure. The effect of race on PK could not be evaluated
as >90% of study subjects were Caucasians [83].

2.3.2.4 Exposure-Response Relationships

The pharmacodynamics of blinatumomab can be characterized by T-cell activation
and initial redistribution, reduction in peripheral B-cells, and transient cytokine
elevation. Following continuous infusion with blinatumomab, peripheral T-cell
counts initially declined within the first 6 h due to the initial redistribution from
periphery to tissues. Baseline or above baseline levels were recovered and seen dur-
ing subsequent 27 days of treatment. Redistribution of NK cells and monocytes
exhibited kinetics similar to those observed for T cells. B-cell counts in the periph-
ery decreased rapidly and become undetectable during treatment at doses >5 mcg/
m?*day (or 9 mcg/day) in most patients. No recovery of B-cell counts was observed
during the 14-day drug free period between cycles. Transient increases in cytokines
were observed 2 days after blinatumomab administration. The elevated cytokines
returned to baseline levels within 24—48 h during the first infusion period. The mag-
nitude of cytokine elevation trended with the dose level received. In subsequent
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cycles, the cytokine elevation occurred in fewer patients and with lesser intensity
compared to the initial 48 h of the first treatment cycle [83].

The E-R relationship for blinatumomab was studied using data from the pivotal
phase 2 clinical trial, MT103-211 in relapsed/refractory ALL patients. Patients
received 28 mcg/day infusion of blinatumomab and steady-state concentrations
were measured. As a result of the analysis, there was an increase in remission rate
in correlation to an increase in exposures. Baseline characteristics and disease risk
factors were major confounders to this analysis. It was found that patients with
lower exposure who exhibited lower remission rate were also patients with higher
blast cells and CD19-positive B cells but lower CD3-postive T cells. Thus, it is dif-
ficult to differentiate the true contribution of exposure on efficacy due to variability
in baseline disease severity and B- and T-cell counts [83].

2.4 Immunogenicity

As with any antibody drug therapy, there is a potential for patients to develop ADAs.
The likelihood of developing antidrug antibodies with humanized antibodies such
as the checkpoint inhibitors and elotuzumab is low [77]. In clinical trials, 1.1% of
patients treated with ipilimumab had measurable anti-ipilimumab antibodies,
although no patients tested positive for neutralizing antibodies [14]. In phase 1
through 3 studies with tremelimumab evaluating immunogenicity, the incidence of
developing ADA was <6% overall [11].

Among 1086 nivolumab-treated patients, 138 patients (12.7%) were ADA posi-
tive, only three (0.3%) of whom were persistently positive for ADA (positive at two
consecutive time points at least 8 weeks apart), and nine (0.8%) were positive for
neutralizing antibodies (NAbs) at one time point. The presence of ADAs was not
associated with hypersensitivity, infusion reactions, or loss of efficacy and had min-
imal impact on nivolumab CL. Additionally, the presence of NAbs was not associ-
ated with loss of efficacy [85]. In the 153 patients treated with pembrolizumab with
the dosage regimen of 2 mg/kg Q3W, 97 of them had a concentration of pembroli-
zumab in the last postdose sample below the drug tolerance level of the antiproduct
antibody assay. None of these 97 patients tested positive for treatment-emergent
anti-pembrolizumab antibodies [47]. The ADA incidence to atezolizumab was
31.7%, 16.7%, and 41.9% in the studies PCD4989¢g, J028944, and IMvigor 210,
respectively. Overall, ADA positivity did not seem to impact efficacy or safety of
atezolizumab. The incidence of adverse events of special interest (AESI) for atezoli-
zumab was similar irrespective of postbaseline ADAS status [53, 55].

Of 390 patients across four clinical studies who were treated with elotuzumab
and evaluable for the presence of antiproduct antibodies, 72 patients (18.5%) tested
positive for treatment-emergent antiproduct antibodies by an electrochemilumines-
cent assay. In 63 (88%) of these 72 patients, antiproduct antibodies occurred within
the first 2 months of the initiation of treatment. Antiproduct antibodies resolved by
2—4 months in 49 (78%) of these 63 patients. Neutralizing antibodies were detected
in 19 of 299 patients in the randomized trial in multiple myeloma [76-78].
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Less information regarding immunogenicity of durvalumab, avelumab, and blin-
atumomab is available. As of February 2015, eight of 388 patients treated with
durvalumab were ADA positive [61]. In clinical studies, <1% of treated patients
produced anti-blinotumomab antibodies [82]. Of 79 patients treated with avelumab
in a phase 3 trial, three patients were ADA positive [64]. To date, no infusion related
reactions occurred in patients who tested positive for antidrug antibodies and no
effect was seen on HLA status and immunogenicity.

2.5 Studies in Special Populations

In general, the use and evaluation of cancer immunotherapy in special populations
is limited. To date, there are no published studies for cancer immunotherapy anti-
bodies in patients with hepatic or renal impairment. However, the impact of varying
degrees of hepatic or renal impairment on PK parameters was assessed in popula-
tion PK analyses. Patients with moderate to severe hepatic impairment were gener-
ally not included in the clinical trials of mAbs [76, 77, 82, 83].

Studies in other special populations, such as pregnant women are also lacking, as
most trials excluded pregnant or lactating women. It is well known that antibodies
may be transferred from the mother to the infants through breastfeeding; therefore,
breastfeeding while on treatment with checkpoint inhibitors or immunostimulatory
antibodies is generally not recommended [14, 37, 46, 54, 77, 82]. Limited informa-
tion regarding pregnancy and lactation is available from animal studies.

See Table 2.2 for a summary of FDA-approved immunotherapy dosing recom-
mendations in special populations.

2.6 Adoptive Cellular Therapy

2.6.1 Description and Human Dosing

Advances in the use of adoptive cellular therapy to treat cancer have yielded unprec-
edented results in hematological malignancies and are being tested in solid tumors.
The purpose of adoptive cellular therapy is to elicit a robust immune-mediated anti-
tumor response. Adoptive cellular therapy is based on ex vivo manipulation of
homologous or heterologous T cells through selection and expansion of TILs, gene
transfer of a synthetic T-cell receptors, or insertion of a chimeric antigen receptor
(CAR) into T cells. This section mainly discusses the PK/PD of CAR T cells.
CAR T cells are engineered to express synthetic receptors that direct T cells to
specific antigens for tumor elimination [86]. CARs consist of an intracellular sig-
naling domain of a T-cell receptor linked by a spacer with an extracellular antigen-
recognition domain (single chain fragment of variable region), which permits
recognition of a specific antigen by a T cell. This stimulates T-cell proliferation,
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cytolysis, and cytokine secretion to eliminate the target T cell. The patient’s own
T cells or those from an allogenic donor are isolated via leukapheresis, activated,
and genetically modified with CARs to generate CAR T cells, which are then
infused into the patient. This approach carries low risk for graft versus host disease
[87-89]. Targets for CAR T extracellular antigen-binding domain include CD19,
CD20, CD22, CD33, RORI, Ig «k isotype, B-cell maturation antigen, CD138,
CD123, and Lewis Y antigen for hematological malignancies and prostate-specific
membrane antigen, fibroblast activation protein alpha, CEA, CD171, GD2, glypi-
can-3, HER2, IL-13R alpha for solid tumors [2, 89]. CAR T cells can identify
unprocessed antigens without the expression of major histocompatibility antigens,
including proteins, carbohydrate and lipids, thus increasing the range of potential
targets [89]. Once infused and the CAR T cells engage with tumor associated anti-
gens, intracellular activation domains and costimulatory domains initiate CAR
T-cell proliferation, activation, release of proinflammatory cytokines, and cytoly-
sis of target tumor cells. Four generations of CAR T cells have been developed and
are being tested in more than 100 clinical trials to treat hematological and solid
malignancies [87, 88].

First-generation CAR T cells contain one signaling domain, whereas second,
third, and fourth generations contain additional one, two, or three, costimulatory
domains, respectively [88]. First-generation CAR T cells have only one intracellular
activation signal (CD3-{) [90-92]. To achieve immediate expansion and long term
persistence of therapeutic T cells, costimulatory signaling domains are combined
with the primary signaling domains. Second-generation CARs have an additional
costimulatory signal (CD28 or 4-1BB) [93, 94]. Third generation of CARs have two
additional costimulatory signals (CD28 and 4-1BB) [95, 96]. Fourth generation of
CARs (armored CAR or TRUCK CAR) are genetically engineered to produce pro-
inflammatory cytokines (IL-12) or immunostimulatory molecules such as 4-1BBL
or CD40L [97-100]. To sustain long term cell persistence and corresponding effi-
cacy, procedures have been established that include different gene transfer tech-
niques (retroviral or lentiviral), supplementation with IL-2, IL-7, IL-15, IL-21 for
better ex vivo expansion [101] and preconditioning of the host with nonmyeloabla-
tive chemotherapy (cyclophosphamide and fludarabine) [102, 103] (Fig. 2.2).

Several distinguishing factors affect the clinical outcomes of CAR T cells,
including CAR composition, ex vivo expansion techniques, cytokine support, for-
mulation variation (cell origin (autologous/allogeneic), cell type, cell design, phar-
macological properties, excipients, preservation method and packaging), dose
calculation, administration method (systemic infusion vs. local administration) and
usage of preconditioning chemotherapy. Thus, it is difficult to generalize the thera-
peutic class’” PK and PD behavior. This section outlines the PK/PD of second-
generation anti-CD19 CAR T cells.

One of the first successes of CAR T cells is the treatment of relapsed and/or
refractory pediatric and adult B-ALL using CD19-targeted CAR T cells. Up to now,
over 40 trials are targeting CD19 to treat hematologic malignancies, including NHL,
chronic lymphocytic leukemia, and ALL [87, 104—-107].
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Fig. 2.2 An overview of the basic structure of four generations of CARs. The basic CAR structure
(first generation) includes an extracellular domain, a transmembrane domain, and an intracellular
domain. The extracellular domain includes an antigen-binding region of both heavy and light
chains of a monoclonal antibody that is usually derived from a single-chain variable fragment
(scFv). The intracellular domain generally includes a cell-signaling component derived from the
endogenous T-cell receptor that can overcome immunosuppression associated with the tumor
microenvironment. Subsequent generations of CARs have added one (second generation) or more
(third and fourth generations) costimulatory signaling components on the intracellular domain to
improve T-cell activation and promote antitumor immunity. Costimulatory signaling components
may include: CD28, 4-1BB, or OX40, among others. Fourth-generation CAR T cells (armored
CAR T cells) combine an earlier generation CAR with the addition of various genes, including
cytokine and costimulatory ligand transgenes (Figure adapted from Khalil et al. [2] and Batlevi
et al. [129])

2.6.2 Pharmacokinetics

T cells engineered with a “second-generation” CAR with combined 4-1BB-CD3¢&
signaling underwent extensive amplification upon administration to the patients,
eliminated high tumor burdens and persisted for at least 3 years, with retention of
antitumor activity. With respect to the eliminated tumor mass, it was calculated that
one CAR T cell is capable of killing as many as 1000 leukemic cells [87].

In an open-label phase 1 dose-escalation study of CD19-CAR T cells in children
and young adults with ALL or NHL (N = 21), peak circulating blood CAR T-cell
numbers were measured by flow cytometry or quantitative polymerase chain reac-
tion (QPCR). Patients received either 1 x 10° or 3 x 10° CAR-transduced T cells/kg.
The expansion cohort was treated at the maximum tolerated dose of 1 x 10° cells/
kg. Of 17 ALL patients with available cerebrospinal fluid (CSF) specimens, 11 had
detectable CAR T cells in CSF. Eighteen of 21 patients had detectable circulating
CAR T cells by flow cytometry. Peak expansion occurred within 14 days.

In a study of 15 patients with advanced B-cell malignancies, patients received
fludarabine followed by a single infusion of anti-CD19 CAR T cells. The number
of CAR T cells infused ranged from 1 x 10° to 5 x 10 cells/kg. The peak levels of
CAR T cells were detected in the blood at a peak levels ranging from 9 to 777
cells/mcL, with peak levels between 7 and 17 days after infusion, then decreased
rapidly [105]. The CAR T cells were detected in blood of patients for up to
181 days after infusion [105]. A few clinical trials have shown that CAR T-cell
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persistence can be increased by lymphodepleting conditioning chemotherapy that
include cyclophosphamide and fludarabine. This also led to enhanced clinical
response rate and toxicity [88].

CAR T-cell persistence is likely an important factor in determining the efficacy
of the antitumor response, although the optimal time of survival of CAR T cells
required to eradicate disease in patients is not known, and likely highly variable
between tumor types and individual patients. Most clinical trials conducted to date
have not routinely detected, as might have been expected, the occurrence of lifelong
memory against the target antigen. CAR T cells seem to have superior persistence
in pediatric patients and 4-1BB has been shown to be a superior costimulatory sig-
nal to increase persistence [108]. Because CAR T cells are able to expand exponen-
tially in vivo post-infusion in response to antigen stimulus, the number of CAR T
cells following expansion is expected to vary between individuals.

2.6.3 Pharmacodynamics

In a phase 1 dose-escalation study of CD19-CAR T cells in children and young
adults with ALL or NHL, peak circulating blood CAR T-cell numbers were
higher in patients obtaining lymphoma responses of complete response or partial
response compared to patients obtaining responses of stable disease or progres-
sive disease [94].

Biomarker analyses are typically performed on blood and tumor samples to eval-
uate predictive and PD markers for anti-CD19 CAR T cells, such as induction of
cytokine and chemokine production. Preliminary data from earlier trials demon-
strate that infusion of anti-CD19 CAR T cells in subjects with B-cell malignancies
results in increased cytokine concentration in peripheral blood, with the concomi-
tant expected aplasia of normal B cells. PD parameter levels followed a similar
pattern (rapid increase immediately after product infusion followed by a return to
baseline levels) as observed for the anti-CD19 CAR T cells themselves. Exploratory
analyses may explore biomarkers for cytokine and chemokine production, such as
immune homeostatic cytokines IL-2 and IL-15; inflammatory cytokines IL-6, IL-1,
SAA, GM-CSF, CRP, and TNF-alpha; immune-modulating cytokines IL-5, IL-10,
and IFN-r; chemokines IP-10, IL-8, MCP-1, MIP-1 beta, and Eotaxin; and immune
effector molecules Granzyme A, B, perforin, and sFasL.

2.6.4 Discussion and Future Direction

Due to the unique immunobiology of CAR T cells, the relationships between dose,
efficacy, and toxicity may not follow relationships expected from noncell therapeu-
tics. Though dose-escalation schemes are still employed for these agents in phase 1
safety and dose finding trials, caution should be taken when using PK/PD results to
guide the selection of dosage and infusion frequency.
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Though there are not yet any FDA-approved cellular and gene therapies (CGT)
on the market, the FDA has provided detailed recommendations regarding the
design of early phase clinical trials of these products [109]. CGT products are dif-
ferent from traditional small molecule therapeutic agents with distinct features
such as extended persistence and biological activities even after one administra-
tion, and tendency to induce immunogenicity. Additionally, it may not feasible to
perform traditional preclinical PK studies, as extrapolation from animal dose to a
clinical dose may not be reliable or informative. Very importantly, CGT products
are affected by the manufacturing process. These autologous and allogeneic cell
products are manufactured for individual subjects and therefore there may be sig-
nificant individual variability attributed to characteristics of the donor or recipi-
ent. The cell viability and potency of CGT products may decline rapidly following
time of formulation, therefore cryopreservation should be considered if these cells
are not administered shortly after manufacturing.

To design early phase clinical trials for CGT products, considerations should be
given to address the unique features discussed above. Though half-log increments
can be used for dose escalation, single dose administration should also be explored
because CGT products can persist in vivo for extended period. For CGT products
with less tolerance risk, larger cohort size (as opposed to the traditional 3 + 3 design)
may be needed to ensure the safety before dose escalation.

Investigational pharmacy services supporting clinical research institutions have
been at a unique position to handle patient-derived CGT products such as CAR T
cells. Each batch is manufactured separately and each lot sis tracked (product
accountability). The source (allogeneic and autologous donors) typically receive a
treatment prior to harvest of cells. Recipients also receive myeloablative chemotherapy
conditioning before the CGT engraftment administration. Due to the uncertainty of
the severity and frequency of adverse reactions of CGT products, extended safety
monitoring, subject follow-up and symptom controls with pharmaceuticals justified
the involvement of research pharmacists’ role in this new type of multi-modality
therapeutics.

2.7 Oncolytic Viruses

2.7.1 Description and Human Dosing

Talimogene laherparepvec (T-vec, Imlygic) is oncolytic immunotherapy based on a
modified herpes simplex virus type-1 (HSV-1) that is designed to selectively repli-
cate in tumor tissue and to stimulate a systemic antitumor immune response [110-
113]. Other oncolytic viruses in clinical development include vaccinia virus JX-594
(Pexa-vec, pexastimogene devacirepvec) for hepatocellular carcinoma, adenovirus
CGO0070 for bladder cancer, reovirus Reolysin (pelareorep) for head and neck can-
cer, and G47A, a third-generation oncolytic HSV-1, for glioblastoma. This review
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mainly focuses on talimogene laherparepvec which has received regulatory approval
in the US and Europe for melanoma [114].

In talimogene laherparepvec, the HSV-1 viral genes ICP34.5 and ICP47 have
been deleted and replaced by the coding sequence to produce human granulocyte
macrophage colony stimulating factor (GM-CSF) [113]. ICP47 blocks antigen
presentation by major histocompatibility complex molecules of infected cells.
ICP34.5 is known as the “neurovirulence factor” that promotes viral replication
in normal cells with an intact anti-viral response. In normal cells, deletion of
ICP34.5 renders HSV-1 unable to replicate. However, because cancer cells are in
defect of the shut-off response, ICP34.5-deficient HSV-1 can still replicate in
cancer cells [114-120].

Intralesional administration of talimogene laherparepvec results in oncolysis of
cells within injected tumors. Iterative viral replication within permissive tumor
tissue results in lytic cell destruction and local release of progeny virus and tumor
cell antigens. GM-CSF, the product of the viral transgene, is also produced locally
to recruit and stimulate cellular immune responses and antigen-presenting cells
which, in addition to relevant tumor-derived antigens, are required for the initia-
tion of a systemic antitumor immune response. Overall, this strategy is expected
to result in the destruction of injected tumors via oncolysis and also uninjected
sites of disease (including micrometastases) via a systemic antitumor immune
response [121].

In the single dose group of a phase 1 clinical trial of 30 patients with solid tumors
(breast, head and neck, colorectal, melanoma), patients were exposed to a single
dose of 10°, 107, or 10® plaque-forming units (PFU)/mL [122]. In the multidose
group, seronegative patients were given an initial dose of 10° PFU/mL 3 weeks
before escalation to higher viral concentrations up to 103 PFU/mL, which was then
repeated every 2 weeks. Approximately one third of patients were seronegative for
HSV with all seroconverting 3—4 weeks after the first dose. No dose-limiting toxici-
ties were observed when the initial dose was 10° PFU/mL. Therefore, this dose was
selected as the starting dose, followed 3 weeks later by a higher dose of 10 PFU/
mL, which is then dosed q2w until maximum clinical response, toxicity or con-
firmed disease progression. This regimen was adopted for subsequent clinical devel-
opment [123].

In the OPTiM phase 3 randomized trial in patients with unresected stage I1IB—
IV melanoma, 436 patients were randomly assigned in a 2:1 ratio to intralesional
T-Vec or subcutaneous GM-CSF treatment arms [124]. T-Vec was administered at
a concentration of 108 PFU/mL injected into 1 or more skin or subcutaneous
tumors on Days 1 and 15 of each 28-day cycle for up to 12 months, whereas
GM-CSF was administered at a dose of 125 mcg/m?/day subcutaneously for 14
consecutive days followed by 14 days of rest, in 28-day treatment cycles for up to
12 months.

The FDA-approved recommended starting dose is up to a maximum of 4 mL at
a concentration of 10° (1 million) PFU/mL. Subsequent doses should be adminis-
tered up to 4 mL at a concentration of 10® (100 million) PFU/mL [125].
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2.7.2 Pharmacokinetics

Typical human PK studies are not relevant for the oncolytic virus talimogene laher-
parepvec. The pharmacology of talimogene laherparepvec is defined by the analysis
of the biodistribution in the blood and urine and live virus shedding at time points
post-injection [126].

Talimogene laherparepvec is administered by intralesional injection. The Amgen
20 120 324 study evaluates the biodistribution and shedding of tamilogene laher-
parepvec in melanoma patients who received intralesional talimogene laherparepvec
at a dose and schedule similar to the current FDA-approved dose. In the initial 20
patients analyzed, talimogene laherparepvec DNA was present in the blood in 85%
of patients, and in the urine of 20% of patients during the study. Peak levels of
tamilogene laherparepvec DNA were detected in urine on the day of treatment.
Most of the positive samples were from blood or urine samples collected at time
points within the first 24 h after the injection of talimogene laherparepvec. Viral
DNA was generally observed to clear from the blood prior to the next injection.
Infectious talimogene laherparepvec virus was detected at the injection site of three
patients (15%) at a single time point each, all within the first week after the initial
injection. Additionally, the exterior of the occlusive dressings was positive for tali-
mogene laherparepvec DNA, but not for infectious virus, in 70% of patients during
the study. The number of patients with measurable DNA on the exterior of the
occlusive dressings declined over time with no measurable DNA by the third treat-
ment in the 13 patients tested [127].

2.7.3 Pharmacodynamics: Immune Profiling and Tumor
Immunogenicity

To date, there has been no reported E-R correlation between antibody titers and
therapeutic responses or adverse events [123].

In an analysis of 11 patients treated at the Rush University Medical Center site
for the Amgen study 002/003, samples from injected and uninjected melanoma
lesions from 11 subjects enrolled were analyzed for the changes in populations of
effector (CD8 + perforin+), regulatory (CD4 + FoxP3+), and suppressor T cells
(CD8 + FoxP3+), as well as for the generation of melanoma-derived antigen-
specific T lymphocytes after talimogene laherparepvec administration; these sam-
ples were compared to melanoma tumor samples from untreated individuals.
Results from this study demonstrated that treatment with talimogene laherparepvec
increased the appearance of CD4+ and CD8+ T lymphocytes with both memory
(CD45RO) and activation markers (CD25 and HLA-DR) in injected lesions. In
addition, the treatment resulted in generation of CD8+ T cells capable of recogniz-
ing melanoma-derived peptides, such as MART-1, in peripheral blood and in
regressing uninjected tumors, consistent with the priming of systemic immunity
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against defined melanoma antigens. Additionally, it was found that treatment with
talimogene laherparepvec resulted in decreased levels of regulatory and suppressor
T cells compared to uninjected melanoma lesions, suggesting local and systemic
changes in otherwise inhibitory tumor microenvironment were initiated by admin-
istration of talimogene laherparepvec. Based on these results, it is evident that treat-
ment with talimogene laherparepvec results in the generation of anti-melanoma
immune response, both locally and systemically [128].

2.8 Conclusion

This chapter highlighted the mechanisms of action, PK and PD of some of the more
recently approved cancer immunotherapies. For the monoclonal antibody-based
therapeutics, population PK estimates of CL and V were consistent across most of
the agents discussed here. V is typically around the volume of plasma, indicating
high distribution in the central compartment with minimal tissue distribution.
Elimination of monoclonal antibodies occurs through catabolic degradation with
minimal hepatic and renal contributions. Half-lives are generally long, on the order
of days versus hours with small molecule drugs.

The PK for cellular therapies and viruses are difficult to characterize. Dosing of
adoptive cellular therapy and viruses are dependent on yield and the PK is related to
T-cell lifespan postadministration. Typical PK parameters for small molecules and
antibody therapeutics generally cannot be used to describe the PK for cellular thera-
pies or viruses.

Although the focus of this chapter was on checkpoint inhibitors, adoptive cel-
lular therapy, and oncolytic viruses, many more exciting therapies are currently
under development. These agents under development utilize diverse mechanisms
of action to modulate antitumor immunity. In particular, immunostimulatory agents
with novel costimulatory targets, cellular therapy, oncolytic viruses and vaccines,
and even immunomodulating small molecules are on the horizon. It is anticipated
that these innovative developments, along with personalization of clinical use of
cancer immunotherapy, will improve efficacy and safety in patients with various
cancer types.
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Chapter 3
Immunotherapeutic Biomarkers and Selection
Strategies

Young Kwang Chae, Timothy J. Taxter, Ludimila L. Cavalcante,
and Francis J. Giles

Abstract Immunotherapy has been one of the recent major breakthroughs in
cancer therapy. The basic mechanism of immunotherapy agents is to facilitate the
immune system to view cancer cells as a foreign presence. The recent success dem-
onstrated by immune checkpoint inhibition in melanoma has launched a boom in
immune checkpoint inhibitor trials in several different histologies, but these unfor-
tunately have not shown the same outcome as melanoma. There still exists a signifi-
cant gap to bridge in therapeutic improvement of these therapies, with patient
selection still a major unresolved issue.

Advancements in preclinical modeling and tumor and immune cell sequencing
technology have had a significant impact on the types of immune-related biomark-
ers that can be evaluated. These advancements are both a blessing and challenge for
clinicians attempting to make sense of rapidly changing landscape of immunother-
apy. This is both true in community practice using immunotherapy treatment for
their patients and for academic clinicians involved in designing and conducting
immunotherapy clinical trials who are essential in developing correlative studies to
evaluate potential biomarkers. Here in this chapter, we aim to discuss the immuno-
therapeutic biomarkers and the overall selection strategies.

Keywords Predictive biomarkers * Immunotherapy ® PD-L1 ¢ Tumor mutational
burden

Y.K. Chae (>4) » L.L. Cavalcante * F.J. Giles

Division of Hematology Oncology, Department of Medicine, Northwestern University
Feinberg School of Medicine, Chicago, IL, USA

e-mail: young.chae @northwestern.edu; ludimila.cavalcante @northwestern.edu; francis.
giles@northwestern.edu

T.J. Taxter

Department of Pathology, Northwestern University Feinberg School of Medicine,
Chicago, IL, USA

e-mail: timothy.taxter@northwestern.edu

© Springer International Publishing AG 2018 69
S.P. Patel, R. Kurzrock (eds.), Early Phase Cancer Immunotherapy,
Current Cancer Research, DOI 10.1007/978-3-319-63757-0_3


mailto:young.chae@northwestern.edu
mailto:ludimila.cavalcante@northwestern.edu
mailto:francis.giles@northwestern.edu
mailto:francis.giles@northwestern.edu
mailto:timothy.taxter@northwestern.edu

70 Y.K. Chae et al.
3.1 Introduction

Immunotherapies in their short existence have already revolutionized the treatment
of some forms of cancer with non-small cell lung cancer being at the forefront of
success stories. On the surface, their different mechanisms of action seem relatively
simple. Whether its checkpoint inhibitors leading to T-cell activation or tumor vac-
cines priming immunity in a similar fashion as infectious disease vaccines, the uni-
fying concept is clear; facilitate the immune system to view cancer cells as a foreign
presence. The translation of that concept into reality, however, is far from clear. The
recent success demonstrated by immune checkpoint inhibition in melanoma has
launched a boom in immune checkpoint inhibitor trials in several different histolo-
gies, but these unfortunately have not shown the same response rates as melanoma
and renal cell carcinoma. Altogether, these response rates average only about 20%
[1], leaving a significant gap to bridge in therapeutic improvement of these thera-
pies, with patient selection still a major unresolved issue.

Just as targeted therapies are affected by histologic variations in molecular path-
ways, immunotherapeutic efficacy is determined by numerous variables intrinsic to
a patient’s tumor and the exquisite heterogeneity of the immune system.
Understanding this complexity has been an evolving process. The conceptual frame-
works put forth by Schreiber et al. introducing “cancer immune surveillance” and
then later “cancer immunoediting” highlight this ongoing investigation into how the
immune system interacts with cancer cells and how it can be modulated by immu-
notherapeutics. A key component in this process has been improved experimental
models. Specifically, advancements in mouse models, which had hampered immu-
nology research for much of the twentieth century, are allowing for a more in-depth
understanding of tumor immunology. In the clinical realm, advancements in
sequencing technology have had a significant impact on the types of immune-related
biomarkers that can be evaluated. These advancements are both a blessing and chal-
lenge for clinicians attempting to make sense of rapidly changing landscape of
immunotherapy. This is both true in community practice and for clinicians involved
in immunotherapy clinical trial development who are essential in developing cor-
relative studies to evaluate potential biomarkers. Here in this chapter, we aim to
discuss the immunotherapeutic biomarkers and selection strategies.

3.2 Biomarkers: Definition and Clinical Utility

Biomarkers have a variety of clinical uses in oncology, ranging anywhere from
screening for malignancies, estimating risk of developing cancer, determining prog-
nosis of disease, predicting or monitoring response to therapy and monitoring for
disease recurrence [2]. According to the National Cancer Institute (NCI), a bio-
marker is “a biological molecule found in blood, other body fluids, or tissues that is
a sign of a normal or abnormal process, or of a condition or disease,” such as cancer
[3]. These can include proteins such as an enzyme or receptor, nucleic acid, antibod-
ies, peptides, or even gene expression and proteomic signatures, among a very wide
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gamut of categories. Biomarkers can be found in easily accessible sites such as the
peripheral blood or other fluids (e.g., urine, sputum, stool, etc.) or can be derived
invasively from biopsied tissue or aspirated fluid (e.g., pleural, abdominal, etc.).
Genetic biomarkers can be inherited, in which case they would be detectable in
germ line DNA isolated from peripheral blood, sputum, or buccal cells, or they can
be somatic, and identified as mutations in DNA derived directly from the tumor.

Prognostic biomarkers help patients with an oncologic diagnosis to determine
the likelihood of disease recurrence, regardless of treatment. This speaks of the
natural history of the disease as it pertains to that individual. Traditionally, the
tumor’s clinicopathologic features were considered the determinants of prognosis,
but more recently, new technologies like gene expression signatures are being
developed based on individual tumor assessment [4, 5]. As an example, circulating
tumor cells were found to be prognostic of overall survival (OS) in several tumor
types, including breast, colorectal, and prostate cancers, among others [6—8].

Predictive biomarkers are used as modifiers of response to specific therapies and
useful in determining which treatments have the likelihood of being most effective.
For instance, in colorectal tumors, somatic mutations in the KRAS protein are asso-
ciated with a poor response to antiepithelial growth factor receptor (EGFR) thera-
pies such as panitumumab and cetuximab [9]. Another example would be the
presence of HER2 overexpression or amplification in breast or gastric tumors which
predict response for anti-HER?2 therapies like trastuzumab [10-12].

As mentioned above, the advent of immune checkpoint inhibitor therapies has
drastically changed the therapeutic scenario of solid tumor oncology and even of
some hematologic malignancies, but defining which patients derive the most benefit
from these treatments is of crucial importance and currently under active investiga-
tion. Therefore, defining the appropriate predictive biomarkers will be the key to the
advancement of these therapies in the future. In this chapter, we will focus on pre-
dictive biomarkers currently under investigation for the evaluation of response to
immunotherapies; these include immune cell markers (such as PD-L1, CTLA-4,
tumor-infiltrating lymphocytes (TILs), and T-cell receptor sequencing), immune
transcriptomic profiling, mismatch repair (MMR) status, tumor mutational burden,
neoantigen expression, germline biomarkers, and finally host-related biomarkers.
We will analyze the advantages and limitations of each of these biomarker modali-
ties and their applications in clinical context and ultimately propose a potential
paradigm toward personalized cancer immunotherapy in the future.

3.3 Immune Cell Markers

3.3.1 PD-LI

3.3.1.1 PD-L1 Expression

The immune anticancer response is regulated by an array of molecules and steps

ultimately leading to effective killing of cancer cells in what is now termed the
“cancer-immunity cycle” [13]. This can be achieved in part by the regulation of
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T-cell activation, which requires two signals. The first is through the T-cell receptor
(TCR), by recognition of antigens presented via the major histocompatibility com-
plex (MHC) on antigen-presenting cells (APCs). The second is through the binding
of costimulatory and coinhibitory molecules expressed on T cells and APCs [14,
15]. PD-L1 expression has been identified in a variety of cell types, including benign
tissue cells such as hepatocytes, endothelial, pancreatic, and muscle cells, as well as
peripheral blood cells like B cells, dendritic cells, T cells, macrophages, and mast
cells [16]. PD-L2 is another ligand for PD-1 and can be found in dendritic cells,
macrophages, and mast cells [17].

PD-L1 has also been identified in 20-50% of human cancers, with a wide vari-
ability reported for any given solid tumor histology [18]. The PD-1-PD-L1/PD-L2
interaction between T cell and tumor cell/APC, respectively, has been recognized as
a negative immune modulating interaction causing T-cell inhibition and conse-
quently leading to shutting down of the immune response and cancer survival [18].
In other words, PD-1, a molecule on the T cell, is involved in diminishing T-cell
activation of cells expressing PD-L1 and PD-L2 (the tumor and APCs), leading to
T-cell immunologic tolerance [19].

This discovery has led to the development of several cancer immunotherapy
agents targeting the PD-1-PD-L1/PD-L2 interaction, with anti-PD-1 and anti-PD-
L1 monoclonal antibodies demonstrating overall response rates ranging from 13 to
38% as single agents, but with unprecedented duration of responses in a broad range
of tumor types, and now leading the way in transforming cancer treatment para-
digms in several solid tumors [1]. These agents include the anti-PD-1 antibodies
nivolumab and pembrolizumab, both IgG4 antibodies which have been FDA
approved in the treatment of several cancer histologies, and more recently the anti-
PD-L1 agents atezolizumab, durvalumab, and avelumab [18, 20-56]. With a similar
side effect profile, as well as overall response rates recently found to be comparable
among these therapies, along with our knowledge of the benefit to a limited subset
of patients and elevated cost of these treatments, the selection of candidate subjects
most likely to benefit from these immune checkpoint therapies is crucial [57].

3.3.1.2 PD-L1 Assays

PD-L1 expression in tumor cells has emerged as an important diagnostic marker
and currently is used to guide therapy decisions with several agents. PD-L1 expres-
sion is measured using a combination of specific PD-L1 detection antibodies and
immunohistochemistry (IHC) [58]. Unfortunately, there is considerable variability
in testing, with each drug manufacturer developing their own assay which differs in
PD-L1 detection antibodies, cutoff values for PD-L1 positivity, tissue preparation,
and other processing differences. In addition, some stain strictly tumor membrane,
while others incorporate both membrane and immune cells to form complex scoring
systems, making the task of comparing data across histologies and even clinical tri-
als a daunting one [18, 22, 24, 30, 35, 45, 50, 59]. Table 3.1 lists the currently avail-
able assays stratified by immune checkpoint agent.
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This inconsistency in PD-L1 testing methods has contributed significantly to the
wide variability in results demonstrated throughout clinical trials with immunotherapy
drugs to date [18, 20-56] and rendered the clinical utility of PD-L1 as a predictive
marker a subject of much debate. Currently, PD-L1 testing has been approved by the
FDA as either a complementary assay, not affecting the decision to start treatment
(applicable to nivolumab, atezolizumab, and pembrolizumab in NSCLC histologies),
or as a companion diagnostic assay, whereby a negative result would preclude patients
from receiving therapy (i.e., pembrolizumab in NSCLC). In the case of NSCLC, when
considering therapy with pembrolizumab, PD-L1 testing by the approved companion
assay is required prior to starting therapy. Of note, the cutoffs used for positivity of the
Dako 22C3 assay have undergone several adjustments since the initial FDA approval
of pembrolizumab in October 2015, with an initial cutoff of >50% for positivity, and
just recently modified to >1% PD-L1 expression of tumor cells [28, 34] (Table 3.1).

Clinical Applications: Trial Data of PD-L1 Expression in Several Tumor
Histologies

Determining predictive biomarkers for immunotherapy treatment has become increas-
ingly pressing, as the decision to give immune checkpoint drugs, the choice between
single agent or combination immune checkpoint inhibition and timing of therapy (1st
line vs. >2 lines), needs to be balanced with considerations on known overall limited
response rates (~20% across histologies) [1] with single agent, the significantly higher
risk of severe autoimmune adverse events from combination therapy, and financial
burden from this therapy vs. an alternative treatment, respectively.

Current data indicates that overexpression of PD-L1 on the tumor surface corre-
lates with better responses to anti-PD-1 therapies; however, notable responses have
been observed in tumors with low levels of PD-L1 expression, making the predic-
tive value of this biomarker clinically challenging [60]. We will present the current
clinical data on the validity of PD-L1 testing as a predictive marker of response in
FDA-approved histologies of melanoma, lung cancer, bladder cancer, renal cell car-
cinoma (RCC), Hodgkin lymphoma, and head and neck cancers.

Specific details on PD-L1 testing in different histologies and ORR in clinical tri-
als are described in Table 3.2 [55]. A cutoff of 5% for expression of PD-L1 in tumor
cells was used to define positivity and performed in 42 of the 296 patients enrolled
on this trial. After 1 year of follow-up, 9 of 25, or 36% of PD-L1 positive patients,
showed objective responses to treatment, while none of the 17 patients with PD-L1-
negative disease responded to therapy.

Clinical Trial Data of PD-L1 Expression as a Predictive Marker in FDA-
Approved Histologies

The number of clinical trials testing immune checkpoint inhibitors in oncology has
rapidly expanded in the last couple of years, with several histologies now receiving
FDA approval for routine clinical use of these agents. Moreover, the current trend is
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to move these therapies earlier in the sequence of regimens, with numerous studies
currently testing different approaches thus making the need for a predictive bio-
marker essential in these treatment decisions. We will discuss here the PD-L1 bio-
marker data available in advanced phase studies of the currently FDA approved
histologies, these being melanoma, NSCLC, RCC, Hodgkin lymphoma, bladder
cancer, and head and neck cancer.

3.3.1.3 PD-L1 Expression in Melanoma

Melanoma is known for its highly immunogenic qualities and was the first histology
to have immune checkpoint inhibitors FDA approved for wide use. The first drug
was the anti-CTLA-4 inhibitor ipilimumab, followed by the anti-PD-1 inhibitors
nivolumab and pembrolizumab and more recently the combination of nivolumab
and ipilimumab

There are a plethora of phase III trials demonstrating the benefit of nivolumab as
monotherapy and in combination with ipilimumab, compared to chemotherapy for
the treatment of melanoma [56, 61-63]. PD-L1 cutoffs have not yet been estab-
lished for melanoma patients, and current phase III data have not been definitive in
demonstrating a clear benefit for any specific threshold. For instance, CheckMate
037 and 066 both looked at nivolumab vs. chemotherapy, in the second- and first-
line settings, respectively, both demonstrating survival benefits for the nivolumab-
treated patients compared to chemotherapy, regardless of PD-L1 status, with a
threshold of >5% for positivity [56, 63]. In the groundbreaking phase III study of
ipilimumab and nivolumab combination compared to nivolumab or ipilimumab
alone, CheckMate 067, which interestingly at cutoffs of either >1 or >5%, did not
show significant differences in PFS in PD-L1-positive patients receiving nivolumab
vs. the combination, although there were differences in response rates (72.1% vs.
57.5% for the combination vs. nivolumab alone for PD-L1 positive (>5%) patients
and 21.3% for ipilimumab [61]. However, for those patients negative for PD-L1
(<5%), both response rates and PFS were improved with the combination vs. single
agent nivolumab and even more pronounced than ipilimumab. These important
results suggested that the combination of nivolumab and ipilimumab could be more
beneficial for those patients with PD-L1 negative melanomas, although clear cutoffs
remain a subject of debate.

In KEYNOTE-006, pembrolizumab monotherapy was compared to ipilimumab
regardless of PD-L1 status, although 80% had PD-L1-positive tumors (>1%) [64].
Both a significantly higher response rate and PFS were noted for pembrolizumab
compared to ipilimumab, across all groups, regardless of PD-L1 status. However,
the number of PD-L1-negative patients was relatively small and confidence inter-
vals were large for that group. ORR were reported at 33.7% for pembrolizumab
given every 2 weeks (P <0.001 vs. ipilimumab), 32.9% for pembrolizumab every
3 weeks (P <0.001), and 11.9% for ipilimumab [64]. A later analysis of the trial
showed the best benefit of pembrolizumab in PD-L1+ and treatment naive patients
than their previously treated counterparts [27]. There was also a relationship
between increasing PD-L1 expression and improved outcomes when PD-L1 was
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scored as IHC 0 (0% staining), 1 (<1%), 2 (1-9%), 3 (10-32%), 4 (33—65%), and 5
(= 66%). Thus, in melanoma, all patients are eligible for pembrolizumab regardless
of PD-LI status.

3.3.1.4 PD-L1 Expression in NSCLC

There is an overwhelming body of evidence demonstrating the superiority of PD-1
drugs compared to chemotherapy in producing superior PES and OS in the second-
line treatment setting of NSCLC. This is illustrated by four important trials,
CheckMate 017 and 057 testing nivolumab and KEYNOTE-001 and KEYNOTE-010
using pembrolizumab [25, 26, 32, 34]. Confirming this notion, the updated 2-year
survival for these studies shows a maintenance of survival superiority for both squa-
mous and non-squamous histologies with an average of about 30% OS at 2 years,
which is unprecedented in this cancer type, although overall response rates still
range in the 20% [60]. The task of identifying these long-term responders therefore
becomes crucial, and the PD-L1 biomarker has been looked at in this setting, show-
ing again varying results depending on the drug and assay used.

3.3.1.5 PD-L1 Expression in the > Second-Line Setting

More data are known of the PD-L1 biomarker in the second and later lines of ther-
apy for lung cancer and have shown some compelling results.

Nivolumab

In the case of nivolumab, in non-squamous cell carcinoma, the phase III trial
CheckMate 057 reported significant differences in overall response rates by
PD-L1 expression cutoffs of >1%, >5% and >10% [25]. In addition, significant
benefit was reported for OS and PFS at each PD-L1 expression cohort level on
this trial, suggesting a positive correlation between this biomarker and response
to therapy.

In contrast, the phase III trial in squamous cell carcinoma of the lung,
CheckMate 017, did not show a correlation between response to nivolumab and
PD-L1 expression at any of the thresholds (>1%, >5%, and >10%), and patients
all benefitted to some degree more from nivolumab than docetaxel, regardless of
PD-L1 expression [26]. This was further exemplified in the phase II trial in
squamous cell histology, CheckMate 063, which did show consistently better
rates of partial response (PR) and stable disease (SD) across all three threshold
levels (>1%, >5%, and >10%), but ORR were not statistically different for any
level [48].
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Pembrolizumab

The KEYNOTE-001 phase I trial (described in detail above) set the stage for FDA
approval of pembrolizumab in NSCLC in the second-line setting based on a positiv-
ity cutoff of >50% for the companion diagnostic assay 22C3 assessed by IHC [32].
Further results from the phase II/III study KEYNOTE-010, which selected patients
with at least 1% PD-L1 tumor positivity for treatment with either pembrolizumab
(at different doses) or docetaxel, showed a significant benefit in OS and PFS rates
for immunotherapy in those patients with at least 50% of tumor cells expressing
PD-L1 [34].

This data confirms the utility of the 22C3 assay as a biomarker for patient selec-
tion for treatment with pembrolizumab. Furthermore, additional results from the
591 (57.2%) of patients with 1-49% PD-L1 expression in KEYNOTE-010 were
recently reported, showing a PFS and ORR benefit for pembrolizumab compared to
docetaxel and suggesting a role for broadening the selection of patients for therapy
to a lower cutoff for positivity [28]. In this recent report, HR for OS was reported at
0.79 (95% C10.61-1.04) or 9.4 months and 0.71 (95% CI1 0.53-0.94) or 10.8 months
for pembrolizumab, 2 mg/kg and 10 mg/kg, respectively, compared to docetaxel,
without significant differences between the two doses. This subsequently led to
FDA approval of pembrolizumab for those patients with advanced NSCLC whose
tumors express >1% PD-L1 after one line of systemic chemotherapy [28, 34].

Atezolizumab

There are currently a number of phase II studies demonstrating a correlation with
the THC SP142 assay and response to atezolizumab in NSCLC patients after first-
line therapy. The phase II FIR trial, which selected patients with TC 2 or 3 and/or IC
2 or 3 for PD-L1 positivity and treatment with atezolizumab, enrolled 138 patients
[54]. The study demonstrated the highest ORR in patients with high PD-L1 expres-
sion (those with TC 3 or IC 3), ranging from 27 to 29%. This would correspond with
PD-L1 expression of >50% for TCs and >10% for ICs. In addition to the FIR trial
results, the POPLAR trial, a randomized phase II study of atezolizumab vs.
docetaxel, also demonstrated increased efficacy with higher levels of PD-L1 expres-
sion on TCs and/or ICs [30].

Durvalumab

Although this drug is not yet FDA approved for lung cancer and no phase III data is
yet available, the phase II, ATLANTIC trial recently reported results in two out of
its three cohorts [31]. This study initially enrolled all-comers but then restricted
enrollment to patients with PD-L1 high tumors determined by membrane staining.
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Cohort 2, with 265 patients, was divided into PD-L1 low expressers (<25% PD-L1
expression on tumor cells) and PD-L1 high expressers (>25% tumoral PD-L1
expression), and patients in cohort 3, containing 68 patients, were PD-L1 high
expressers with >90% on tumor cells. The ORR with durvalumab increased in line
with PD-LI expression. In PD-L1 low or negative patients with PD-L1 expression
on <25% of tumor cells, the ORR was 7.5% (95% CI, 3.1-14.5), and ORR was
16.4% (95% CI, 10.8-23.5) in patients with PD-L1 expression >25%. But the high-
est ORR of 30.9% (95% CI, 20.2-43.3) was observed in patients with tumoral
PD-L1 expression on >90% of tumor cells. In addition, the 1-year OS rates were
48% in patients for PD-L1 > 25% and 51% in patients with PD-L1 > 90%. This
would suggest a role for the SP263 assay in the selection of patients but still needs
further prospective confirmation. A phase Ib combination study with 102 patients of
durvalumab and the anti-CTLA-4 tremelimumab was recently published, demon-
strating no superiority in ORR or PES for PD-L1-positive patients, based on a previ-
ously validated cutoff of at least 25% PD-L1 tumoral expression [21]. Although
these numbers were small for definitive conclusions to be made, further studies are
needed to confirm these findings and the data remains inconclusive.

3.3.1.6 PD-L1 Expression in the First-Line NSCLC Setting

Immune checkpoint inhibitor therapy is now moving into the first-line setting of the
lung cancer treatment arsenal, and discrimination of cutoffs for IHC positivity of
these different assays is increasingly more important in selecting patients for these
therapies.

KEYNOTE-024, a phase III study of 305 previously untreated NSCLC patients
selected for strong PD-L1 expression (>50%), showed superior PFS and OS com-
pared to investigator’s choice platinum-based chemotherapy [42]. Based on a PFS
benefit of 10.3 vs. 6 months for pembrolizumab (HR for disease progression or
death = 0.50; 95% CI 0.37-0.68; p <0.001) and ORR of 44.8% vs. 27.8% for
pembrolizumab and chemotherapy, respectively, pembrolizumab was approved in
the first-line treatment of NSCLC in those patients with PD-L1 expression >50%.

In contrast with the pembrolizumab data, the phase III study of nivolumab vs.
investigator’s choice chemotherapy in the first-line setting, CheckMate 026, did not
meet its primary PFS endpoint [53]. In this trial of 541 patients with PD-L1 expres-
sion >5%, single agent nivolumab did not improve PFS with a median PFS of 4.2
and 5.9 months for nivolumab and chemotherapy, respectively. A smaller cohort of
patients from the CheckMate 012 study treated with combination nivolumab/ipilim-
umab in the first-line setting had previously shown encouraging responses and PFS
compared to nivolumab monotherapy [65]. This early correlation with response was
observed for increasing PD-L1 expression levels (>1%, >5%, >25%, >50%), albeit
responses were observed in spite of PD-L1 expression. These disappointing results
in the phase III setting after encouraging phase I results highlight the need for deter-
mination of well-defined cutoffs for the continued clinical development of this drug
in other treatment lines and regimens.
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For the anti-PD-L1 drug atezolizumab, a recently reported phase II trial for
PD-L1 selected patients (TC 2/3 or IC 2/3) in the first-line setting, BIRCH, demon-
strated improved ORRs for higher cutoff levels of TC 3 or IC3, 24-27%, compared
to TC 2/3 or IC 2/3, 17-19% response [24]. This improved trend, however, was not
as pronounced for PES or OS, and from these results, the study concluded that
PD-L1 expression might be an effective marker.

3.3.1.7 PD-L1 Expression in Renal Cell Carcinoma

A randomized phase III study comparing nivolumab to everolimus in advanced
renal cell carcinoma after treatment with antiangiogenic therapy demonstrated
about a 5-month OS benefit for immunotherapy and led to the approval of nivolumab
in this histology [38]. For this trial, CheckMate 025, 181 of 756 (24%) of patients
had PD-L1 expression of at least 1%, and 46 of 756 (6%) had PD-L1 >5%. Among
those with PD-L1 >1%, OS was 21.8 months in the nivolumab-treated patients and
18.8 months in the everolimus group, with a hazard ratio (HR) of 0.79, (95% CI,
0.53-1.17). For those with <1% PD-L1 expression, OS was 27.4 vs. 21.2 months,
respectively, with a HR of 0.77 (95% CI 0.60-0.97). Therefore, this cutoff of >1%
was not predictive of response to therapy with nivolumab. Furthermore, when utiliz-
ing a threshold of >5%, similar results were noted, although this cohort was too
small for further interpretation.

3.3.1.8 PD-L1 Expression in Bladder Cancer

Atezolizumab, the anti-PD-L1 agent that uses the Ventana SP142 IHC assay com-
bining both tumor and immune cells in its scoring system, received the first FDA
approval for advanced bladder cancer. This was based on data from a single arm
phase II trial of 315 heavily pretreated bladder cancer patients [50]. The PD-L1
status on this study was defined by the percentage of PD-L1-positive immune cells
in the tumor microenvironment, where ICO (<1% immune cell staining), IC1 (>1%
but <5%), and 1C2/3 (>5%). The reported results demonstrated a significantly
improved ORR and overall survival (OS) rate for higher levels of PD-L1 IHC
expression on immune cells, but not on tumor cells, rendering the IC cutoffs clini-
cally relevant and highlighting the importance of adaptive immunity as a driver of
benefit to immune checkpoint inhibitors.

The original results demonstrated an ORR of 27% for the IC 2/3 group (95% CI
19-37, p <0.0001), 18% in the IC 1/2/3 group 95% (CI 13-24, p = 0.0004) and 15%
in all patients (95% CI 11-20, p = 0.0058). A significant difference in response was
also maintained for these prespecified cohorts with longer follow-up of 310 patients
[50]. Interestingly, although PD-L1 staining by tumor cells was not associated with
response to atezolizumab, mutational load was found to strongly correlate with
response to therapy. This finding was independent of the association between TCGA
subtype or PD-L1 immune cell score and response, supporting the importance of
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tumor mutational burden as an additional independent and complementary bio-
marker of response, discussed in detail in further sections.

In addition, nivolumab just received approval based on a phase I/II trial of 86
advanced urothelial cancer patients, CheckMate 032[52]. The study did not select
patients on the basis of PD-L1 status but reported an incidence of 32% PD-L1 posi-
tivity for cutoff >1% and 18% for >5% threshold, so small total numbers of patients.
Median OS was 16.2 months in those >1% and 9.9 months in those <1%. Median
PFS was 5.5 months (95% CI 1.4—11.2) in the >1% group and 2.8 months (1.4-6.5)
in <1% group. Similar results were noted in patients with at least 5% PD-L1 expres-
sion. Interestingly, ORR was not higher in the PD-L1-positive population 26.2 for
PD-L1 negative vs. 24% for PD-L1 positive (cutoff >1%), which might be related
to the smaller total number of patients in the trial.

Pembrolizumab has also been tested in bladder cancer in a large randomized
phase III trial of 542 patients, KEYNOTE-045, against chemotherapy in the second-
line setting, which demonstrated an expected improved survival for the pembroli-
zumab arm across all groups [23]. Median OS was reported at 10.3 months (95% CI
8.0-11.8) in the pembrolizumab group, compared with 7.4 months (6.1-8.3) in the
chemotherapy group (HR for death = 0.73; 95% CI 0.59-0.91; p = 0.002). In a fur-
ther break up of patients into groups with a PD-L1 combined positive score of
>10% or <10%, median OS was 8.0 months (95% CI 5.0-12.3) in the pembroli-
zumab group and 5.2 months (4.0-7.4) in the chemotherapy group (HR =0.57; 95%
CI0.37-0.88; p = 0.005). No significant PFS differences were noted in the different
groups stratified by PD-L1 status, however. In terms of response rates, superior
responses were noted in the immune checkpoint group (21.1%) vs. the chemother-
apy group (11.4%), p = 0.001, with similar results stratified by the 10% combined
PD-L1 score. Taken this data together, one can surmise the 10% threshold is a prog-
nostic one but still not a definitive cutoff point for this drug.

3.3.1.9 PD-L1 Expression in Hodgkin Lymphoma

In May 2016, the FDA-approved nivolumab for the treatment of classical Hodgkin
lymphoma relapsed after autologous stem cell transplant and brentuximab vedotin.
A small but impressive phase I study demonstrated an ORR of 87%, including 17%
complete responses (CR), albeit the study is still ongoing, and only 23 study partici-
pants were included in the initial reported analysis [20]. These unusually high
response rates noted in Hodgkin lymphoma to single agent nivolumab have been
explained in part by a constitutive overexpression of the PD-1 ligand (PD-L1) on
Reed-Sternberg cells. The rationale being that a high prevalence of 9p24.1 amplifi-
cations and increased JAK?2 activity, as well as Epstein-Barr infection, all poten-
tially contribute to induce higher transcription and expression of PD-L1 and PD-L.2
on Reed-Sternberg cells, respectively [66, 67]. In this phase I study, ten patients
were tested for PD-L1 and PD-L2 via FISH assay and confirmed the presence of 9p
amplification and active JAK-STAT signaling [20].

Following this approval, pembrolizumab has recently received approval based on
the phase Ib study KEYNOTE-013 of 31 heavily pretreated Hodgkin patients, with
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an ORR of 65% and an again impressive 16% CR rate [68]. The PFS rate was 69%
at 24 weeks and 46% at 52 weeks. Of the 31 patients on trial, 16 had tumor tissue
evaluable at baseline, with 15 of those (94%) demonstrating PD-L1 positivity based
on a >1% cutoff and 90% showing high levels of PD-L2 staining. Again, a small but
significant study demonstrating the biology of this tumor type in relation to its
immune makeup.

3.3.1.10 PD-L1 Expression in Head and Neck Cancer

Advanced squamous cell carcinoma of the head and neck is the most recent FDA
addition to the growing list of histologies for which immune checkpoint agents are
approved. The phase II trial of pembrolizumab in recurrent/metastatic head and
neck cancer after progression on platinum and cetuximab, KEYNOTE-055, has
reported preliminary results of the first 92 patients treated for >6 months [36]. Thus
far, PD-L1 positivity without reported cutoffs was found in 76/92 and, with 13/92
PD-L1 negative, and ORR of 13/76 (17%) in PD-L1 positive, and 1/13 (8%) in
PD-L1 negative have been reported. Although this data is premature and so far non-
conclusive with only a small number of patients reported, the phase Ib expansion
cohort of KEYNOTE-012 did demonstrate evidence of a statistically significant
predictive correlation [69]. With a PD-L1 cutoff for positivity of at least 1% of
tumor cells or stroma, they observed an ORR of 22% vs. 4% for PD-L1-positive and
PD-L1-negative tumors, respectively (p = 0.021). This demonstrates another posi-
tive correlation for the pembrolizumab assay.

3.3.1.11 PD-L1 IHC Discussion

Should clinicians rely solely on the tumor’s PD-L1 status for treatment decisions
regarding immunotherapy? One could argue that if only a minority of patients
respond to immune checkpoint inhibition (about 20% throughout most solid tumors)
[70], then it would be important to identify those patients most likely to respond,
and this is currently our most widely used tool to assess that. On the other hand, we
have also seen that some PD-L1-negative patients can still respond to these treat-
ments, which are better tolerated than systemic chemotherapy and cutoffs for posi-
tivity can vary widely; therefore those patients should not necessarily be excluded
from consideration of immunotherapy drugs. At this point in time many questions
remain, and understanding some of the technical and inherent challenges with
PD-L1 testing can shed some light as to the predictive utility of this biomarker.

3.3.1.12 Issues with Variability in PD-L1 IHC Assays

The lack of standardization among the different PD-L1 IHC assays has rendered
comparison of these different biomarkers throughout clinical trials which is quite
challenging; therefore, it is not clear how all the different assays compare with
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one another on a clinical level [58]. An important issue is that there is no clear
consensus on how to measure PD-L1 expression, and this has led to great vari-
ability among the different assays [71]. Proprietary companion assays are being
developed, and as can be seen in Table 3.1, they can differ in the cell type prefer-
entially being stained for PD-L1 (TC vs. IC), the location and distribution of
PD-L1 expression (tumor cell membrane vs. stroma vs. immune cells), and the
cutoffs for positivity (ranging anywhere from >1 to 50%) [18, 20, 22-31, 33,
36-41, 49, 50, 53, 54, 59, 61, 62, 65, 69, 71]. In addition, the assays also differ in
the tissue processing requirements from biopsies (fresh vs. archival) and all use
distinct IHC detection antibodies, those being 28-8 (DAKO), 22C3 (Merck),
SP142 (Roche/Genentech), and 73-10 (DAKO) [18, 20, 22-31, 33, 36-43, 46,
48-50, 53, 54, 59, 61, 62, 65, 69, 71, 72]. Furthermore, it is also known that due
to a paucity of binding sites for IHC detection antibodies on the PD-L1, these
antibodies will bind to different sites from the immune checkpoint antibodies on
the PD-L1 [73].

3.3.1.13 Inherent Challenges of PD-L1 Testing

There are also biologic limitations to the use of PDL-1 IHC. The first one being
the inter- and intratumoral heterogeneity of PD-L1 expression within tumors.
PD-L1 expression in tumors has been found preferentially at the tumor surface in
proximity to the immune interface and is regulated by both oncogenic and inflam-
matory signals, highlighting the variability and expression among different tumor
types [71]. An increasing number of oncogenic signaling pathways regulating
PD-L1 have been identified, such as AKT, PTEN, JAK/STAT, EGFR, MAPK,
transcriptional factors (i.e., NF-kB), and epigenetic factors, which are now having
an impact in the choice of combination therapies being tested to increase responses
to immune checkpoint agents [57, 74]. Another route is through the inflammatory
induction of PD-L1 via IFN-y, which can also vary during disease progression
and treatment [16]. Adding to this complexity is the knowledge that not only
tumor cells express PD-L1 on their surface but also immune cells, as well as stro-
mal cells, which can be inducible as well as transient, increasing the heterogeneity
of the tumor microenvironment [57]. Another factor to take into account is the
potential discordance of PD-L1 expression between primary and metastatic tumor
sites, which has been described previously [75], which along with the above data
highlights the inadequacy of a single temporal evaluation of PD-L1 status of a
tumor in making therapeutic decisions. Overall, the variability in expression of
PD-L1 makes a particular cutoff for positivity of the assay increasingly challeng-
ing and likely explains why no studies have reported a positive or negative predic-
tive value approaching 100% to date.

Although the PD-L1 assay can be useful and is of value in stratifying patients for
treatment with an immune checkpoint agent, especially in lung cancer, because of a
number of both technical and biologic issues with this assay it is still not a reliable
independent predictive biomarker of response to either monotherapy or combina-



3 Immunotherapeutic Biomarkers and Selection Strategies 91

tion immune checkpoint therapy. Further studies are needed to better understand its
intricacies and the addition of other biomarkers will be useful to shedding more
light on this issue.

3.3.1.14 Efforts at Harmonizing the Different PD-L1 Biomarkers

More recently, efforts from the scientific community are being made to harmonize
these different PD-L1 assays in an attempt at standardization of the biomarker. For
instance, the International Association for the Study of Lung Cancer has spear-
headed the “BluePrint PD-L1 IHC Assay Comparison Project” in order to shed
much needed light on how these assays compare with one another in NSCLC [76,
77]. A recent report of the first phase of this project assessed the clinical perfor-
mance of the PD-L1 assay by staining 39 NSCLC tumors with four PD-L1 THC
assays (22C3, 28-8, SP142, and SP263) after which independent interpretation of
the assays was done by 3 different experts and comparison of results was made [77].

These analytical comparisons showed that the percentage of PD-LI1-stained
tumor cells was similar in the 22C3, 28-8, and SP263, but not the SP142 assay,
which had fewer stained tumor cells overall. Although all assays expressed PD-L1 in
the immune cells, there was greater variability in immune cell staining of PD-L1
throughout all four assays, perhaps due to lack of training or alignment on scoring
of IC. In 19 of 38 cases or 50%, there was agreement with all four assays regardless
of which matched assay cutoff was employed, and these 50% were identified as
above the selected cutoffs. There were five cases or 13% identified as below the
selected cutoffs for all the assays, with various levels of overlapping agreement
between assays for the specified cutoff. Interestingly, for 37% of cases, another
PD-L1 classification would have been made depending on the assay or scoring sys-
tem which was used. The study concluded that in spite of the similarities in perfor-
mance among 3/4 assays, these were not interchangeable assays, and the appropriate
companion diagnostic assays must be used for each drug/company until there is
better understanding of these four assays.

3.3.2 The Tumor Immune Cell Landscape

3.3.2.1 TILS: Clinical Applications as a Prognostic and Predictive
Biomarker

Retrospective population studies of thousands of tumors have shown that a type I
immune response (or T helper 1, Th1) is essential for clinically successful antitumor
immunity against cancer [78]. This response involves a distinct immune infiltrate
consisting of a high density of infiltrating T cells (i.e., CD8 and memory cells) and
a low density of regulatory cells (i.e., Treg, Th2, myeloid-derived suppressor cell,
MDSC). The presence of these immune cells in or around the tumor milieu, or
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tumor-infiltrating lymphocytes (TILs), specifically the type I or Thl T cells, was
associated with improved survival in cancer patients across multiple tumor histolo-
gies, regardless of stage, burden of disease, populational risk factors, or even treat-
ments rendered [79-91]. In colorectal cancer, Pages et al. demonstrated that a high
density of CD45RO+ memory T cells was an independent predictor of increased
overall survival with a 5-year survival and disease-free survival of 46.3% and 43.1%
compared to 23.7% and 21.5% in the low density infiltrate group [92]. In this same
cohort of patients, Galon et al. showed that stratification by immune cell type, den-
sity, and location were a superior predictor of survival when compared to traditional
histologic tumor-node-metastasis (TNM) staging [93]. Additional studies also
showed the correlation between the immune profile, the primary tumor microenvi-
ronment, and decreased findings of metastatic disease for patients with increased
innate immune cells (macrophages, dendritic cells, and NK cells) and activated
CD4+ T cells [94].

Additional studies evaluating the location of TILs within or around a tumor are
also of prognostic significance. For instance, data from the BIG 02-98 clinical trial
in 2009 breast cancer patients which tested the addition of docetaxel to doxorubicin-
based adjuvant chemotherapy for lymph node-positive breast cancer showed that
TILs were prognostic of improved survival when found in the stromal compartment,
but not within the tumor of patients who were HER-2+ [85]. The study also found a
strong association with improved survival in triple-negative breast cancer (TNBC)
patients irrespective of location, but no prognostic association of ER+ breast cancer
and TILs, regardless of location. This evidence attests to what’s believed to be a
higher immunologic activity of TNBC compared to other subtypes of breast cancer
and has been explored in several trials of immune checkpoint inhibitors [40, 95].

Furthermore, studies on the clinical utility of specific TIL cutoffs in early stage
breast cancer have been done to hopefully identify a TIL cutoff that defines a node-
negative subgroup with an excellent outcome who could potentially be spared or
given shorter adjuvant chemotherapy [90]. In a retrospective study, for instance,
Kaplan-Meyer survival curves for the prognostic value of stromal TILs was reported
across three nodal categories of TNBC patients (node negative, N1-3 and >3), and
across all data sets, a value of stromal TILs > or 20% signified distinctly improved
outcomes in this population [96]. The best prognostic group, those who were node
negative with stromal TILs >20%, had an estimated 5-year survival of 92%.

The urgent need for clinical TIL criteria was the driving force behind the work of
Galon and Pages et al. in addition to several other contributing researchers to the
development of “Immunoscore” [97-100]. The goal of the Immunoscore was to
harmonize the two lymphocyte populations (CD3/CDS, or CD3/CD45RO, or CD8/
CD45RO0), both in the core of the tumor and the invasive margin of the tumor, to
establish prognosis of clinical outcome in patients. As previously discussed, this
scoring system had the potential to provide a prognostic value that may be superior
to the AJCC/UICC TNM-classification [98].

Unfortunately, not all data on the topic of TILs is fully consistent, and although
TILs can be prognostic of improved survival in breast cancer, they were found to be
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predictive of pathologic complete response to neoadjuvant chemotherapy only in
the HER-2 positive population [81]. In a multivariable analysis adjusted for clinico-
pathologic parameters, these lymphocyte predominant tumors (>50% intratumoral
TILs) was an independent predictor of pCR. Having a rich lymphocytic infiltrate in
the tumor leads to path CR in over 75% of patients receiving carboplatin in addition
to standard neoadjuvant chemotherapy in those with HER-2-positive disease only,
not TNBC. Similar results were found in the FinHER trial of 1010 early stage
TNBC and HER-2+ breast cancer patients, whereby higher levels of TILs at diag-
nosis were prognostic of improved outcomes in the TNBC group, but only in the
HER-2+ group was TILs predictive, with trastuzumab significantly associated with
decreased risk of recurrence in HER-2+ patients with high levels of TILs [84].
Analyzing this data together, we can see a strong correlation of baseline levels of
TILs as a prognostic marker in several subtypes of breast cancer, specifically
TNBC. These findings demonstrate how the clinical use of TILs may be extremely
context specific.

Additional concerns with TILs have been identified by Curtis et al. who point out
several areas of nonconsensus with TIL evaluation such as what parts of a tumor
should be assessed for TILs and if multiple sites would need to be performed to
compensate for tumor heterogeneity. They also bring up statistical analysis ques-
tions such as whether TIL criteria would be a product of considering TIL data as
ordinal data through the use of quantile categories which was employed by Nosho
et al. vs. TIL data as a continuous variable which was used by Laghi et al. in dem-
onstrating that higher CD3+ TIL density at the invasive tumor margin correlates
with decreased risk of metastasis [101, 102].

Although baseline TIL status has been validated as a prognostic marker of
improved survival and can be a valuable predictive biomarker for immune
checkpoint inhibitor therapy, it has not yet been prospectively validated as a pre-
dictive biomarker. Despite the efforts of groups such as the Society for
Immunotherapy of Cancer to promote consensus immune profiling in routine
histologic analysis, such methods have not entered pathologic practice. In the
future, this will likely change as additional studies demonstrate the utility of the
prognostic utility of TILs.

3.3.2.2 Dendritic Cells

Infiltrating DCs, which act as APCs, have been shown to be defective by several
mechanisms in cancer. Molecular mediators such as VEGF have been shown to
impair DC maturation in numerous experimental models which could potentially
affect response to immunotherapy [103]. Signaling mediators such as IL-6 and
colony-stimulating factor 1 affect monocyte maturation away from DCs in favor
of macrophages which theoretically dampen the adaptive immune response
[104]. The effect of these mechanisms on clinical outcomes in cancer is still
under investigation.
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3.3.2.3 Macrophages

Tumor-associated macrophages (TAMs) are among the most abundant immune
cells within the tumor core and surrounding the invasive margins. Macrophages are
typically classified as having the phenotypes M1 (pro-inflammatory) vs. M2 (anti-
inflammatory and tissue regeneration). In the case of TAMs, the molecular signa-
tures for both phenotypes can be displayed but typically skews toward an M2
phenotype for pro-tumoral effects and an M1 phenotype for antitumor [105]. In
general most clinical data supports TAMs as having a pro-tumor effect [106].
Correlation of increased TMA infiltration with poor prognosis or more aggressive
disease has been observed in almost all cancer types including NSCLC, gastric,
oral, ovarian, breast, prostate, and bladder [107-112]. However, studies also dem-
onstrate TAMs associated with a favorable prognosis in some of the same disease
types including NSCLC where M1-like TAMs show a positive effect on survival
[113]. For clinical utility, the nonspecificity of M1/M2 markers coupled with phe-
notypic overlap of TAMs is problematic. Therefore, although the association of
M2-like TAMs is well supported by studies, clinical adoption or guidelines will
require more definitive identification methods.

3.3.24 B Cells

Studies of B cells in tumor immunology have continuously shown conflicting results
supporting both pro and antitumor associations. In CRC, Barbera-Guillem et al.
demonstrated in a small group of patients that treatment with anti-CD20 (rituximab)
reduced tumor burden in half the patients treated [114]. Mouse model studies have
also demonstrated antitumor immune effects with B=cell depletion. Afffara et al.
treated a transgenic de novo SCC mouse model with rituximab and found synergis-
tic effects when combined with chemotherapy that resulted in tumor reduction,
increased T-cell infiltration, and macrophage phenotype switching [115]. However,
B-cell depletion has also been associated with pro-tumorigenic effects. Using a
mouse melanoma model treated with a mouse anti-CD20 antibody, DiLillo et al.
demonstrated that B-cell depletion resulted in impaired T-cell activation and
enhanced tumor growth [116]. There are many more studies supporting both effects
for B cells and clearly represent an area requiring further investigation.

3.3.2.5 NK Cells

NK cells recognize and kill tumor cells through a number of well-established mech-
anisms. Increased NK cell infiltration has been associated with improved clinical
outcomes in a number of different cancers including CRC, gastric, and NSCLC
[117-119]. NK cell studies, however, suffer from nonspecific markers and varying
phenotypic criteria used in clinical studies making conclusions difficult to interpret.
In NSCLC, NK cells have also been shown to have no association with clinical
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outcomes [120]. As is the case with B cells, such discrepancies highlight the need
for further investigation.

3.3.2.6 Myeloid-Derived Suppressor Cells

MDSCs produce an array of molecules capable of inhibiting CD8+ T cells, DCs,
and NKs, and stimulating Tregs creating a pro-tumor microenvironment [121, 122].
Despite their biologic importance, evaluating MDSCs in tumors is technically chal-
lenging due to their complex and diverse immunophenotype which has precluded
significant clinical evaluation.

3.4 Mismatch Repair Status, Mutation Burden,
and Neoantigens

Mismatch repair status, mutational burden, and neoantigenicity are all related ele-
ments that exist along a continuum leading to immune activation and response to
immunotherapy. The interconnection between these elements is shown in figure (x),
which shows the relation of MMR status to the frequency of mutations in a tumor,
and then finally to the translation of those mutations into antigens that can elicit an
immune response. In the next several sections, each of these elements will be dis-
cussed in detail in order to fully explain the underlying biology and potential func-
tion as immunotherapy biomarkers.

3.5 Mismatch Repair and Microsatellite Instability

Mismatch repair (MMR) genes function to eliminate base-base mismatches and
insertion-deletion loops that arise during DNA replication. Loss of function of these
genes, known as MMR deficiency (MMR-D), leads to single base substitutions in
non-repetitive DNA and insertion-deletion loops that affect repetitive DNA. The
former results in a high frequency of somatic variants leading to hypermutated
tumors with 10—100 variants/Mb, also referred to as a mutator phenotype [123]. The
latter involves gains and losses of short repeat units within microsatellites referred
to as microsatellite instability [124]. Germline mutations in the MMR genes MLHI1,
MSH2, MSH6, and PMS?2 followed by somatic inactivation of the remaining wild-
type allele result in Lynch syndrome (LS) or hereditary nonpolyposis colorectal
cancer (HNPCC) which accounts for 5% of all colorectal cancers and a significant
increased risk of ovarian and endometrial cancer [125-127]. LS is most commonly
caused by loss of MLH1 or MSH2 through deletion or point mutation and less com-
monly from mutation of MSH6 or PMS2. MSH2 function can also be effected
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through hypermethylation secondary to deletion of the EPCAM gene which is
immediately upstream on chromosome 2 and leads to transcriptional suppression.
Classical LS however with germline inheritance only explains a subset of patients
with both sporadic colon cancer and other cancers that show MMR deficiency and
subsequent development of MSI. In colon cancer, biallelic hypermethylation of the
promotor region of MLH1 leading to loss of MLHI transcription and MMR defi-
ciency accounts for 15% of all sporadic colorectal cancer [128]. This pathway is
linked to BRAFV600E mutations facilitating high levels of CpG island methylation
leading to the CpG island methylator phenotype (CIMP) [129]. Review of the
TCGA shows that 16% of colorectal cancers were hypermutated, and the majority
of which showed MSI positivity with MLH1 methylation CIMP occurring in the
majority of cases [130]. An additional subset of MMR-D/MSI+ patients exist which
do not carry MLH1 methylation; in these cases the majority had mutations in POLE/
POLDI1 genes [131]. POLE/POLD1 mutations can also occur in MSS tumors high-
lighting the importance of extended genetic testing in suspected patients.

3.6 MMR and MSI Testing Methods

Assessment of MMR and MSI status in the context of colorectal and endometrial
cancer has become a common practice given the role in screening for LS and the
prognostic value the tests have for chemotherapy and immunotherapy [132, 133].
For MMR assessment, testing can be done using immunohistochemistry during
routine pathologic workup with deficiency being classified as lack of expression of
any one of the MMR proteins MLH1, MSH2, MSH6, and PMS2 [134]. MSI testing
utilizes a multiplex PCR-based assay that amplifies microsatellite markers that
consist of mono- and dinucleotide repeats. The NCI/International Collaborative
Group-HNPCC has recommended a standard MSI panel that includes BAT?26,
BAT25, D2S123, D5S346, and D175250; however, investigators have developed
custom panels that may improve on sensitivity or are more applicable to certain
demographics [135]. Recently, bioinformatics methods have been developed to
identify MSI status from NGS data [136, 137]. Hall et al. in collaboration with
Foundation Medicine (FM) developed a novel method to accurately identify MSI
status utilizing FM’s targeted gene panel [138]. Given the increased use of target-
ing sequencing in the clinical setting, assessment of MSI status by these methods
will surely increase.

Interpretation of MSI is divided into three groups, MSI-high (MSI-H), MSI-low
(MSI-L), and MSI-stable (MSS). The importance of MSI-L however is not entirely
clear with observed mutations potentially representing background genetic instabil-
ity in normal and cancerous cells [139]. Therefore, the classification of MSI is rou-
tinely limited to MSI+ or MSI— [140]. In the meta-analysis of 7,642 CRC patients
that contained 1,277 MSI+ patients, Popat et al. demonstrated that MSI+ was asso-
ciated with a significant improvement in overall survival [141]. The combined HR
estimated associated with MSI was 0.65 (95% CI, 0.59-0.71). This benefit was
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maintained after restricting analyses to clinical trial patients (HR = 0.69; 95% CI,
0.56-0.85) and patients with locally advanced CRC (HR = 0.67; 95% CI, 0.58-
0.78). In patients treated with adjuvant fluorouracil (FU), CRCs with MSI had a
better prognosis (HR = 0.72; 95% CI, 0.61-0.84). CRC tumors that are MMR-D/
MSI+ show an increased number of tumor-infiltrating lymphocytes and a marked
shift in T-cell profile toward activated and cytotoxic phenotype [142]. Interestingly
in EC, MSI status did not correlate with a specific T-cell immune profile [143].
Additionally, the prognostic significance of MSI status in EC is not clear with
reports indicating a range of findings from increased survival, no difference, and
worse prognosis [143—146]. Other cancers known to have MS instability include
urogenital, cutaneous, sarcomas, and ovarian cancer although the clinical signifi-
cance, particularly in relation to tumor immune response, is unclear [147-150].

3.7 Effect of MMR and MSI on Immunotherapy

With the advent of immunotherapy agents such as checkpoint inhibitors, the clinical
implication of MMR-D and MSI+ has become increasingly important. In CRC
patients being treated with pembrolizumab, Le et al. found an immune-related
progression-free survival rate of 40% (four out of ten patients; 95% confidence
interval [CI 12-74) at 20 weeks in patients with MMR-D vs. 0% (95% CI, 0-20) at
20 weeks in patients with MMR-P [133]. Additionally, in non-CRC patients that
were MMR-D which included ampullary, endometrial, gastric, and biliary tumors,
immune-related progression-free survival at 20 weeks was 78% (CI, 40-97). CD8-
positive lymphoid infiltrate was increased in both the CRC and non-CRC MMR-D
patients compared to the MMR-P CRC patients consistent with immune cell find-
ings from previous mentioned studies.

3.7.1 Mutational Burden and Neoantigens

The concept that tumors of non-viral origin contain “neoantigens” recognizable by
the immune system dates back to the 1940s and 1950s. These initial studies showed
that inbred mice with carcinogen-induced tumors postsurgical resection were
immune to future challenges by those resected tumor cells but not by other tumor
cells created using the same carcinogenic model insinuating that the mice had
developed immunity to a specific tumor antigen [151, 152]. The second half the
century then focused on elucidating the specific mechanism for how neoantigens
are generated. Schieber et al. were one of the first to show a direct link that a tumor-
specific mutation could function as a tumor neoantigen [153]. During this same
period in time, Knuth and the Rosenberg group showed that ex-vivo peripheral blood
from patients with melanoma were reactive with melanoma cells in vitro but not
normal cells suggesting that cancers possessed tumor-specific antigens [154, 155].
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Subsequent work by Boon et al. and Sachin et al. in the development of methodolo-
gies for cloning and characterizing tumor antigens led to the understanding that
tumor antigens were created through multiple mechanisms including tumor-specific
mutant genes, alternative splicing, normal proteins with aberrant quantitative or
qualitative expression in tumor cells, and proteins only expressed in germ cells and
tumor cells [156—158]. Therefore, neoantigens or tumor-specific antigens (TSAs)
comprise a subset of total tumor antigens which includes tumor-associated antigens
(TAAs) and cancer germline/cancer-testis antigens (CTAS).

3.7.2 Neoantigens

The general understanding that tumors which contain a proportionally high number
of mutations or genomic instability demonstrate tissue-specific immune effects has
been empirically understood in the medical community for some time as discussed
in the MMR/MSI section. However, it wasn’t until the watershed work by the TCGA
demonstrating the mutational landscape across all cancers that the concept of muta-
tional burden and the cancer genome truly began to enter common medical knowl-
edge. Initial in silico studies by Allison and Vogelstein et al. demonstrated the ability
to predict tumor-specific mutant antigens [159]. Later work by Schumacher et al.
using exome sequencing and high-throughput MHC tetrameter screening of T cells
from patients with melanoma showed that checkpoint blockade immunotherapy
with anti-CTLA facilitated the expansion of preexisting T cells specific for tumor
neoantigens [160]. Recently, Rizvi and Chan demonstrated in lung cancer patients
treated with anti-PD1 therapy that a high non-synonymous mutational load based
on WES correlated with increased durable clinical benefit (DCB) and progression-
free survival (PFS) [161]. This relationship has also been demonstrated in patients
with melanoma being treated with anti-CTLA-4 therapy [162]. Interestingly though,
in both studies, there are patients with high mutational burdens who do not respond
to therapy along with patients who have low mutational burden that do respond to
therapy. The explanation for these findings, which has tangentially been discussed
so far, is that not all mutations create equivocally antigenic products.

The creation of a neoantigen occurs through a three-step process. The first step
is the actual point mutation, deletion, insertion, or rearrangement resulting in an
altered protein. Next, that protein must be processed into a peptide capable of bind-
ing to an MHC molecule, and finally that peptide must be presented to a T-cell
receptor (TCR) that binds to an epitope on the peptide. Because of the multiple
steps in this process, a cancer mutation can produce a neoantigen through several
mechanisms. The most well understood is that a cancer mutation can create a de
novo peptide capable of binding to an MHC molecule and TCR, but other mecha-
nisms include a mutation that results in a new TCR contact site for a peptide
already recognized by an MHC molecule and the introduction of a proteasomal
cleavage site enabling more efficient processing of a potential neoantigen peptide
[163]. The intracellular processing of peptides also occurs by different mecha-
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nisms depending on MHC class. Peptides processed through MHC class I interact
with CD8+ T cells vs. processing for MHC class II is coupled with CD4+ T cells
resulting in different neoantigen products from the same peptides [163, 164].
Additionally, since there are three to six HLA molecules for class I and class II in
each person, any given mutation can result in multiple epitopes capable of bind to
an HLA molecule. It’s also important to note that a genes function or impact on
oncogenic transformation appears to be unrelated to whether that gene will form a
neoantigen [165]. However, driver mutations capable of neoantigenicity have been
identified as CD8+ TILs in a colon cancer patient that were reactive against the
mutation KRAS G12D [166].

3.7.3 Neoantigenicity Prediction Methods

Computational models for neoantigen predication have been designed to assess
antigen processing, peptide transport, and peptide binding to MHC-I. Of these
approaches, prediction of peptide binding to MHC-I has received the most attention.
This method is accomplished by performing WES on a patient’s tumor followed by
mapping which potential —8 to —11 residue peptides will bind to the patient’s HLA
sequence [167, 168]. This type of analysis has been utilized in the clinical context
to predict response to checkpoint inhibitors [160, 161]. In general, however, these
approaches are still very much a technology in development [163]. Improvement in
these in silico methods will require overcoming confounding factors such as
sequencing errors along with the integration of other types of data including eluted
peptides from MHCs identified by mass spectrometry. The Tumor Neoantigen
Selection Alliance (TESLA) is currently addressing these challenges through large-
scale data sharing. Lastly, it is important to note that these methods are currently
designed to use WES data which is what Rizvi et al. utilized to demonstrate muta-
tional burden correlated with predicted tumor neoantigenicity [161]. In clinical
practice, tumors are almost always sequenced using targeted panels, which may
complicate the application of antigenicity methods. Although as sequencing costs
continue to fall, WES may become more common in the clinical setting.

3.7.4 Tumor Mutational Burden

The issue of translating WES clinical research data to panel sequencing was until
recently also a major question for the application of TMB for routine clinical use.
With WES, TMB can be calculated as an absolute number, but for panel sequencing,
it must be converted into the frequency metric mutations per megabase (mut/Mb).
Frampton et al. analyzed over 60,000 clinical cancer patients across all tumor types
using Foundation Medicines comprehensive genomic profiling assay (FM-CGP)
and created a mutational burden algorithm that removes germline polymorphisms



100 Y.K. Chae et al.

and functional variants in order to normalize the results. They then tested this pipe-
line against 7,000 WES patient samples in TCGA and demonstrated significant cor-
relation [169]. In the IMvigor trial, Hoffman-Censits et al. demonstrated similar
correlation of mutational load in bladder cancer when comparing FM-CGP to WES
[170]. They also showed, when stratifying mutational load by quartiles, patients
with the highest TMB had superior response to anti-PD1 therapy with atezolizumab
regardless of concurrent treatment with platinum-based chemo. Campesato et al.
reanalyzed WES data from melanoma patients’ [162] and NSCLC patients’ [161]
WES data using the genes listed in FM-CGP along with their in-house targeted
panel to assess how TMB extrapolation applies to therapeutic response [171]. For
the NSCLC patients who had received anti-PD1 therapy, both panel sequencing
predictions of TMB correlated with what was shown using WES. In the melanoma
patients who received anti-CTLA4, panel sequencing TMB did not show associa-
tion with response to therapy. In pancreatic cancer, George et al. using FM-CGP
demonstrated that TMB as opposed to MSI assessment alone significantly increased
the number of patients with metastatic CRC who could benefit from checkpoint
inhibitors [172].

Clearly, the use of TMB for therapeutic prediction is an area that requires further
investigation. Establishing numerical classifications for TMB will require signifi-
cant efforts to identify specific TMB criteria for a given tumor and associated
immunotherapy. This will become increasingly more difficult as immunotherapies
are given in combination such as in melanoma with anti-CTLA4 plus ant-PDI.
Another issue to consider related to the interpretation of TMB is the age of the
sample being sequenced in the context of when a treatment decision is made.
Because of the invasiveness and risk of biopsy procedures, CGP assays are not
infrequently performed on samples older than 1 year and posttreatment with DNA
damaging/promutagenic therapies. This difference in time means that for some
cases, TMB will be underestimated. However, given that the occurrence of a muta-
tion is a stochastic process rather than a linear relationship amendable to extrapola-
tion, attempting to adjust or estimate the effect of time on mutation burden would be
difficult and likely inherently flawed [173]. All of these variables together reinforce
the importance that clinicians utilize TMB and eventually neoantigenicity metrics
within a patient’s clinicopathologic context of disease and therapeutic options.

3.7.5 Tumor Microenvironment and Immune Pathway
Profiling

The complex molecular relationship between tumor cells and their surrounding
environment provides a wealth of potential biomarkers. Genomic, transcriptomic,
and proteomic analysis methods offer potential solutions to this complexity by
allowing a global assessment from a single assay that can be used to predict metrics
such as immune cell infiltration, tumor subtyping, pathway analysis for biologic
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signatures such as hypoxia or inflammation, and therapeutic prediction algorithms.
In the clinical context, all of these applications are in the early phase of development
but are worth discussing given their potential impact.

3.7.6 T-Cell Receptor Sequencing

In the context of immunotherapy and oncology, TCR sequencing can to some
degree be seen as a convergence of TIL and neoantigen assessment because it
provides further resolution into the immune profile while also providing sequence
specific information. TCRs consist of a heterodimer of two chains («f or y3)
which both undergo somatic recombination of the variable (V), diversity (D), and
joining (J) gene segments in addition to addition/subtraction of bases at recom-
bination junctions [174]. This process is analogous to the generation of antibody
diversity by somatic recombination of the B-cell receptor locus [175]. The most
variable region in the TCR is CDR3 which plays a critical role in antigen recog-
nition. The most abundant T cells in the immune system and the most relevant to
cancer immunology are the off subtype; therefore the common strategy for TCR
profiling involves amplification of the B chain CDR3 locus using predesigned
PCR primers followed by deep sequencing [176, 177]. This target TCR sequenc-
ing method has been utilized in several clinical applications through use of
Adaptive Biotechnologies InmunoSEQ assay (IS). Tumeh et al. demonstrated in
melanoma patients treated with anti-PD-1 therapy that responders showed sig-
nificant proliferation of preexisting clones posttreatment [178]. Another impor-
tant finding was that several responders demonstrated high TIL clonality but had
an overall low TIL infiltrate count. This finding highlights some of the ambiguity
surrounding the use of TIL counts especially if used in isolation. Prins et al. used
the assay in GBM patients being treated with a dendritic cell vaccine to show that
TCR increased overlap between the tumor and peripheral blood correlated with
improved survival [179]. The utility of peripheral blood for TCR sequencing
however is not clear. As Page et al. demonstrated in their evaluation of tumor
TILs and peripheral blood T cells in breast cancer patients post cryotherapy and
anti-CTLA4, the TCR repertoire landscape was independent for intratumoral and
peripheral T cells regardless of the degree of intratumoral expansion [180].
Therefore, the use of TCR sequencing from the periphal blood as potential
response markers is still unclear at this time. Another important conclusion from
their study was the demonstration that a T-cell density metric derived from TCR
sequencing of breast core biopsies correlated with TIL counts performed by
manual histologic assessment. This finding may be clinically significant because
TCR sequencing could provide the uniformity that can be difficult to achieve by
manual histologic evaluation. It also allows for TIL evaluation on biopsy samples
which given their small size makes histologic evaluation limited. A potential
logistical issue for TCR sequencing is that these types of specialized assays
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could be difficult to utilize in a clinical setting given that the most extensive type
of molecular testing typically performed is targeted DNA panel sequencing. This
situation is however ripe for change.

As NGS technologies improve, the feasibility and clinical potential of RNA
sequencing are rapidly emerging [181, 182]. For TCR sequencing, the clinical
adoption of RNA sequencing could be a significant development. The technical
limitation is that compared to TCR-seq assays, RNA-seq data results in a dispropor-
tionally large number of non-TCR transcripts making clonal identification poten-
tially problematic. Brown et al. compared conventional TCR-seq to RNA-seq data
using a novel informatics pipeline to identify unique CDR3f sequences [177]. They
found that all high-confidence CDR3f sequences by RNA-seq fell within the top
2.1% of CDR3ps detected by TCR-seq when ranked by abundance. This finding is
significant for demonstrating that RNA-seq has the potential to identify the most
abundant CDR3p transcripts. Whether or not any of these TCR analysis methods
will make it into routine clinical care is unclear. In the current state, they will pri-
marily be used in clinical trial research setting to assess effects of immunotherapies
on TILs and peripheral T cells but as sequencing costs continue to fall, the land-
scape could change.

3.8 Immune Pathway Alterations

Immune suppression can occur via tumor cell intrinsic mechanisms and through
interactions with the tumor microenvironment. Recently, Gao et al. demonstrated
that tumors lacking copies of interferon pathway-related genes were more likely to
not respond to treatment with aCTLA-4 [183]. Using this gene profile, they were
able to externally validate the findings in an independent melanoma data set demon-
strating the clinical potential of this approach. Relatedly, Shin et al. found that
homozygous alteration in JAK2 resulted in the lack of response to aPD-1 therapy.
The group demonstrated through in vitro models that the JAK2 alterations led to
decreased response to interferons. Currently, JAK2 is covered on most targeted
sequencing gene panels [184]. Tumor cell copy number alterations can also be used
in a more general capacity to assess antitumor immune response. Davoli et al. evalu-
ated tumor aneuploidy or somatic copy number alterations (SCNA) in TCGA
patients and found that tumors with high SCNA levels correlated with a decreased
immune signature and increased cell cycle proliferation signature. High SCNA lev-
els also correlated with poorer patient survival. Low SCNA levels demonstrated an
inverse effect. These results demonstrate the potential importance of understanding
aneuploidy in solid tumors. However, given that targeted panel sequencing is not
amenable for SCNA assessment, it is unclear what will be the clinical applicability
of these findings.
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3.8.1 Immune Cell Infiltrate Prediction Models

Computational methods to deconvolute cell fractions from gene expression profiles
(GEPs) have recently been demonstrated to predict cell type-specific contributions
from complex tissues [185, 186]. Building off of this concept, Newman et al.’s
method was called Cell-type Identification By Estimating Relative Subsets of RNA
Transcripts (CIBERSORT), which allows for the resolution of relative fractions of
diverse cell subsets in GEPs from complex tissue [187]. By applying CIBERSORT
to a GEP metadata set, they were able to demonstrate the ability to identify immune
cell subsets associated with prognosis in breast and lung cancer [188]. These
approaches may prove to be clinically useful if evidence continues to demonstrate
that immune infiltrate hold predictive value as discussed in the immune cell land-
scape section. Performing this type of profiling by traditional immunohistochemis-
try methods would create several potential challenges. It would require the use of
many tissue sections that could potentially exhaust the material for smaller tissue
biopsies. Additionally, quantitation of multiple types of immune cells would be
highly operator dependent and unreliable. GEP-based methods would also be prone
to sample variability, but the automated process has significant benefits.

3.8.2 Tumor Subtyping and Therapeutic Prediction

The use of expression profiling for tumor subtyping has demonstrated clinical util-
ity. In diffuse large B-cell lymphoma and breast cancer, such expression-related
profiles have developed into classification schema that can be used for prognostic
and therapeutic prediction [189]. In the context of immune-oncology, such classifi-
cation methods are in the first phases of development. Using metastatic urothelial
cancer subtypes derived from GEP data, Rosenberg et al. identified overlapping
microenvironment immune signatures [170, 190]. Coupling the urothelial subtypes
with the immune signatures, the group demonstrated that basal type mUC showed
an immune suppressed profile with limited response to anti-PD1 therapy. Luminal
subtypes showed differential results with type I papillary-like having a profile lack-
ing immune cells and having a limited response to therapy, while type II showed an
inflamed profile with good response to therapy.

GEP analysis of immune-related genes has been shown to be useful at identify-
ing markers predictive of response to immunotherapy [35]. Extending this concept,
Hugo et al. identified a transcriptional signature they refer to as the innate anti-PD-1
resistance signature (IPRES) which they validated across distinct cancer histologies
[191]. The IPRES signature was not predictive of response to anti-CTLA4 treatment
suggesting that the underlying biology for therapeutic response is different between
immunotherapies.
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Proteomic analysis with mass spectrometry (MS) is another method that can
provide a comprehensive view of various molecular features. Using a novel MS
method called “deep MALDI” on serum samples from NSCLC patients pre- and
posttreatment with anti-PD1 therapy, Weber et al. demonstrated that they could
stratify patients by response [192].

3.8.3 Host and Germline Biomarkers

The significance of host factors on immunotherapy response is a relatively new area
of research in immune-oncology. Environmental exposure to infectious disease can
modulate the immune system with downstream effects [193]. Chronic cytomegalo-
virus infection (CMV) can lead to consumption of memory T cells diminishing the
immune system’s ability to respond to new antigens [194]. Intestinal flora is another
factor that in systemic immune changes can affect antitumor immune responses.
Sivan et al. showed in a mouse model that the amount of the bacteria Bifidobacterium
was directly correlated with the efficacy of anti-PD1 therapy [195]. There are a
number of potential strategies for altering the microbiome: antibiotics, probiotics,
prebiotics (nondigestible compounds that modulate microbiome), and postbiotics
(nonviable products made by microbiome that alter host immune system) [196].
How such strategies can be implemented to optimize response to immune therapies
and chemotherapy or radiation will be an interesting area of research in the coming
year [150].

3.9 Conclusion

As immunotherapy moves farther into the twenty-first century, continued develop-
ment of predictive biomarkers will be imperative to ensure that the right patients are
selected or excluded to receive these therapies. At this moment, PD-L1 expression
seems to be the only FDA-approved biomarker for selection in the setting of first-
line therapy for NSCLC.

As evidence of hyperprogression after anti-PD1 therapy continues to emerge,
identifying nonresponders will likely become a more focused effort particularly
on the basic science front [197]. Key in this effort will be the integration of mul-
tiple testing methods relevant to understanding a patient’s immune landscape. As
has been detailed in the sections of this chapter, there are many different types of
immunologic data that can provide insight into how a patient may respond to
immunotherapy.
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Chapter 4
Radiographic Evaluation of Immunotherapy

Jennifer Feneis, Seth Kligerman, and Elizabeth Weihe

Abstract For many radiologists, the assessment of oncology patients’ response to
treatment represents a significant portion of their practice. It has been shown that
radiologic responses to immunotherapy can differ from traditional cytotoxic ther-
apy, as do the complications of treatment. Inflammatory response to immunother-
apy may mimic actual progression radiologically, an entity known as
pseudoprogression. As advances in immunotherapy continue, radiologists need to
evolve their practice in order to be able to discern between pseudoprogression and
progression. They also need to become familiar with the imaging appearance of
specific immune-related adverse events, in order to accurately diagnose these com-
plications so appropriate interventions may be expedited. This chapter will review
the standardized methods of radiologically assessing tumor response to traditional
cytotoxic chemotherapy as opposed to immunotherapy. It will review the entity and
imaging findings of pseudoprogression, and it will also depict the radiologic find-
ings of immune-related pneumonitis and colitis.

Keywords Imaging * Pseudoprogression ¢ RECIST e irAEs ¢ Pneumonitis ¢
Enterocolitis ¢ irRECIST « WHO

4.1 Radiology Technology

In the advent of this new arm of cancer immunotherapy, radiologists have to
develop new skills to interpret the changes seen following therapy. While advances
in technology continue to improve the tools they use, the imaging modalities used
to evaluate response to immunotherapy have not significantly changed over the
past decade. Computed tomography (CT) and positron emission tomography-CT
(PET-CT) remain primary modalities for the detection and evaluation of tumor

J. Feneis, MD ¢ S. Kligerman, MD ¢ E. Weihe, MD (<)
Department of Radiology, University of California-San Diego, San Diego, CA, USA
e-mail: jfeneis @ucsd.edu; skligerman@ucsd.edu; eweihe @ucsd.edu

© Springer International Publishing AG 2018 115
S.P. Patel, R. Kurzrock (eds.), Early Phase Cancer Immunotherapy,
Current Cancer Research, DOI 10.1007/978-3-319-63757-0_4


mailto:jfeneis@ucsd.edu
mailto:skligerman@ucsd.edu
mailto:eweihe@ucsd.edu

116 J. Feneis et al.

burden in the chest, abdomen, and pelvis (CAP). The Response Evaluation Criteria
in Solid Tumors (RECIST) criteria, discussed later, required a minimum CT slice
thickness of 5 mm. This is easily met with newer generation CT scanners, which
typically acquire submillimeter thick images, which are subsequently recon-
structed into thicker slices for interpretation. The American College of Radiology’s
published practice parameters state that CT scanners should acquire and recon-
struct CT scans of the CAP at a maximum of 2 mm and 5 mm, respectively [1, 2],
while additional 1-2 mm reconstructions of the thorax using a sharper reconstruc-
tion algorithm for bone or lung evaluation are recommended [2]. Having thinner
slice thickness allows for more accurate measurements of tumor lesions and
improved detection of small lesions [3]. When clinically feasible, intravenous
iodinated contrast material should be given to increase sensitivity of lesion detec-
tion and allow for better lesion characterization [3].

There is much active research exploring the potential use of immune-based
radiotracers that could be visualized with PET, known as InmunoPET [4]. Although
these tools might become routine technology in the future, they have not yet become
part of mainstream clinical practice, where F-18 fluorodeoxyglucose (FDG) PET is
still the gold standard.

There is a role for magnetic resonance imaging (MRI) in oncologic imaging,
particularly in the detection of metastatic disease in certain locations including
the liver, brain, and spine. However, this is usually performed to evaluate a spe-
cific organ instead of “whole-body” imaging. For example, if a single hepatic
metastasis is detected on CT and a partial hepatectomy or metastectomy is being
clinically considered, it is appropriate to obtain a liver MRI with a hepatobiliary
contrast agent such as gadoxetate disodium to ensure no additional lesions that
were occult on CT are in fact present [5]. This exam has greater sensitivity for
detection of liver lesions compared to CT due to its improved soft tissue con-
trast [6]. Similarly, MRI with gadolinium-based intravenous contrast is the
imaging gold standard to evaluate metastatic involvement in the brain and spine.
While rapid whole-body diffusion MRI is a promising technique for certain
malignancies, especially lymphomas, it is not often performed in routine clini-
cal practice [7].

The frequency of image acquisition is variable and may be governed by a spe-
cific clinical trial and/or insurance reimbursement. In general, the interval between
imaging studies to assess therapeutic response is typically between 8 and 16 weeks.
However, as we better understand the radiographic changes that go along with posi-
tive and negative responses, this will become more standardized. An important
exception to this time frame is if the patient develops new symptoms that suggest an
adverse effect of the therapy, in which a targeted CT may provide valuable diagnos-
tic information.

As immunotherapy has emerged as a new arm of cancer treatment, unique radio-
logic response patterns to immunotherapy and immune related side effects have
been observed. These findings are discussed in the rest of this chapter.
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4.2 Conventional Imaging Evaluation of Tumor Burden

4.2.1 RECIST

In order to standardize the anatomical assessment of tumor burden and its response
to conventional cytotoxic chemotherapies, a large, international group collaborated
to develop the RECIST, published in 2000 [8]. The criteria use objective measure-
ment of solid tumors, predominantly on CT studies, to determine a patient’s response
to therapy. They built on a prior classification scheme developed by the World Health
Organization (WHO). The criteria are applied to patients on clinical trials to ulti-
mately see if the therapeutic agent is effective, or if the patient needs to be pulled off
the clinical trial. We may now also translate this approach into clinical therapies.
A knowledge of these criteria and the ability to incorporate them into daily practice
is an essential part of a radiologists’ job, and will be summarized here based on the
second and most recent revision to the RECIST criteria, version 1.1, published in
2009 [9]. Note that these criteria do not apply to studies for patients with malignant
lymphoma or with primary brain tumors, as there are separate guidelines for response
assessment in these patient populations, known as the Lugano Classification [10] and
Response Assessment in Neuro-Oncology (RANO) criteria [11], respectively.

In order for the RECIST guidelines to be applicable in determining tumor
response, a patient has to have “measurable disease,” which necessitates at least one
solid tumor to meet a minimum size requirement when the longest diameter in the
axial plane is measured [9]. This minimum diameter for solid tumors on CT is
10 mm, when the CT slice thickness is 5 mm or less. Lymph nodes should be mea-
sured along their short axis, where a minimum diameter of 15 mm is needed to
consider it malignant and measureable, where as a short axis diameter of <10 mm is
considered normal. All other lesions are classified as “nonmeasurable,” and are fac-
tored separately into overall determination of patient response [9].

It is essential to estimate the overall tumor burden on baseline studies, which
should be acquired as close to initiation of treatment as possible, but no longer than
4 weeks prior to therapy initiation. When patients have multiple measureable
tumors, a maximum of five total target lesions should be used in the analysis, with
up to only two target lesions taken from the same organ [12]. The diameters of the
selected target lesions are summed and reported as the “baseline sum diameters,”
which are used for comparison to future studies. Additional measureable lesions
beyond the five target lesions and all nonmeasurable lesions are considered nontar-
get lesions. Their presence should still be reported on the baseline study, although
measurements do not have to be given [9].

Based on the analysis of the target lesions, RECIST 1.1 describes four possible
types of responses to therapy: complete response to therapy (CR), partial response
to therapy (PR), progressive disease (PD), and stable disease (SD). In order to qual-
ify as CR, all target lesions must completely disappear, and all pathological lymph
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nodes (whether target or nontarget) must normalize to <10 mm in short axis. In PR,
the baseline sum diameter of the target lesions must decrease by at least 30% [12].
PD can be diagnosed in two ways. In one scenario, the appearance of one or more
new lesions diagnoses PD. In the second, two specific criteria must be met. First,
there must be a 20% or greater increase in the sum diameter of the target lesions
compared to the smallest sum documented to that point. Second, there needs to be
an absolute increase in the sum diameter of at least 5 mm. If the sum diameter has
not decreased enough to qualify as PR, nor increased enough to qualify as PD, it is
classified as SD [9].

In patients with nontarget lesions, there are simplified response categories based on
qualitative, not quantitative, analysis of lesion growth/shrinkage, which also take into
consideration serum tumor marker levels, if applicable. There are only three catego-
ries of response for nontarget lesions: CR, PD, and non-CR/non-PD. To qualify as
CR, all nontarget solid organ lesions must disappear, all lymph nodes must measure
<10 mm in short axis and serum tumor marker levels must normalize. To be classified
as PD, there must be “unequivocal progression” of overall tumor burden, regardless of
the response of the target lesions, which would validate cessation of the current ther-
apy. If one or more nontarget lesion persists, and/or serum tumor marker levels remain
elevated above normal limits, this should be categorized as non-CR/non-PD [9].

For any given follow-up study, the overall response should take into consider-
ation the responses of target lesions, nontarget lesions (if present) and any new
lesions (if present).

4.3 Patterns of Response to Immunotherapy

Unlike traditional cytotoxic chemotherapy agents, immunotherapy agents act to
increase or activate the patient’s innate antitumor response system. As checkpoint
blockade immunotherapy became part of the oncologists’ armamentarium, an
atypical pattern of tumor response termed as pseudoprogression was observed
(Figs. 4.1 and 4.2).

Pseudoprogression is used to describe patients with increased tumor size or
radiologic progression after starting immunotherapy in the absence of the clinical
decline normally observed from tumor growth [13]. In several clinical trials, inves-
tigators have observed patients with an initial increase in total tumor volume after
immunotherapy initiation, which was subsequently followed by a long-term
decrease in total tumor volume. This subsequent decrease sometimes qualified as
either PR or CR by RECIST criteria [14, 15], even though the initial increase in
tumor burden would have been classified as PD and the therapeutic agent might
have otherwise been withdrawn.

The initial increase in size seen with pseudoprogression may either reflect a sur-
rounding inflammatory response, versus growth until the immune system is ade-
quately activated by the therapy [14, 16]. For example, in a study by Di Giacomo
et al., which evaluates the efficacy of the anticytotoxic T lymphocyte-associated
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Fig. 4.1 Pseudoprogression. Axial CT images of a patient initially nonresponsive to conventional
cytotoxic chemotherapy and subsequently started on immunotherapy. (a) 5 days prior to starting
immunotherapy, a subcentimeter pulmonary nodule was identified in the right upper lobe (arrow).
(b) 3 months after immunotherapy initiation, the nodule appeared to have enlarged and started to
cavitate. (¢) 5 months after immunotherapy initiation, the nodule shrunk to approximately its pre-
initiation size

Fig. 4.2 Pseudoprogression. Axial CT images from sequential studies of a patient with a spindle
cell tumor on immunotherapy. (a) Prior to starting immunotherapy, the patient had a destructive
left apical mass with destruction of the superior ribs (*) and associated left paratracheal lymphade-
nopathy (arrow). (b) Shortly after initiating immunotherapy, there was apparent marked progres-
sion of the primary tumor size. The left paratracheal lymphadenopathy also enlarged (arrow),
causing worsened left to right mediastinal shift. (¢) 6 weeks later there was marked response to
therapy, with decreased size of the primary tumor and left paratracheal lymphadenopathy. (d)
5 months later, the primary tumor and mediastinal lymphadenopathy had nearly completely
regressed. Additionally, the invaded ribs have become sclerotic, consistent with a healing response
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antigen-4 (CTLA-4) ipilimumab to treat unresectable metastatic melanoma, a
biopsy of a lesion that was increasing in size after treatment demonstrated extensive
lymphoid infiltrate without malignant cells, consistent with pseudoprogression [16].

Pseudoprogression can also be associated with mixed responses, where several
lesions may respond to immunotherapy while other lesions may increase in size or
new lesions may appear [14]. In this subset of patients, it is presumed that the
appearance of apparently new lesions actually represents T-cell infiltration in small
areas of malignancy that were too small to detect on CT before the activated immune
response [14, 17, 29].

The appropriate length of time needed to determine if an apparent increase in
tumor burden on imaging represents pseudoprogression or true progression is still
under evaluation, but many clinical trials use 12 weeks as the first follow-up scan
following initiation of therapy. In a study by Hodi et al. in 2016, which assessed
responses to the anti-PD-1 agent pembrolizumab in patients with advanced mela-
noma, 5% of enrolled patients who had at least 28 weeks of imaging follow-up (15
of 327 patients) demonstrated early pseudoprogression at 12 weeks after initiation
of therapy. Another 3% (9 of 327) demonstrated late pseudoprogression, which was
defined as pseudoprogression evident after 12 weeks following initiation of immu-
notherapy. Importantly, three of the patients with early pseudoprogression went on
to achieve a CR to immunotherapy [15].

The length of time needed between imaging studies during immunotherapy treat-
ment may also depend on the site of tumor involvement. Some current research has
shown that lesions within the liver may take longer to demonstrate a decrease in
tumor size compared to lesions within the adrenal glands and lymph nodes [18].
There is also emerging evidence that lesions within the adrenal glands, lymph
nodes, and then lungs demonstrate a greater overall size reduction with immuno-
therapy treatment as compared to lesions within the liver [18]. These differences
may be related to the specific microenvironments within the different organs but are
still undergoing investigation.

Although recognizing pseudoprogression as a pattern of response to immu-
notherapy is important, it is not frequently observed in clinical practice.
Pseudoprogression is seen in only 10-15% of melanoma patients [15] and is
much less common in epithelial cancers such as lung cancer and head and neck
squamous cell carcinomas where the rate is 2-3% [19, 20].

Two additional patterns of response to immunotherapy identified by Wolchok
et al. fit with conventional cytotoxic chemotherapy response patterns: a response in
baseline lesions with no new lesions by week 12 and SD [14].

4.4 Immune-Related Response Criteria

As these new patterns of response to immunotherapy became recognized, the
tumor response criteria had to be modified accordingly. In December of 2009,
new criteria were proposed and published in Clinical Cancer Research, termed
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Fig. 4.3 RECISTI.1 versus irRC measurements. Axial CT images from a patient with lung cancer
and hypoattenuating liver metastases. (a) According to RECIST1.1, only the longest measurement
is included, as demonstrated on the segment VII liver metastasis. (b) According to irRC, the lon-
gest measurement and the longest perpendicular measurement need to be included

immune-related response criteria (irRC) [14]. The irRC were based on data from
clinical trials using the anti-CTLA-4 antibody ipilimumab to treat patients with
advanced melanoma, and drew from former WHO guidelines, rather than the
RECISTI.1 criteria. As such, on baseline studies, up to 10 visceral lesions (with
up to 5 lesions per organ) and five cutaneous lesions may be chosen as index
lesions. The index lesions are measured as the product of the two largest perpen-
dicular diameters in the axial plane, instead of the single longest diameter used
in RECIST1.1. The sum of these products (SPD) is then used for comparison to
subsequent studies [14]. The difference between RECIST1.1 measurements and
irRC measurements is depicted in Fig. 4.3.

If new lesions arise during immunotherapy treatment, the SPD of the new mea-
surable lesions are summed with the baseline index lesions. A new lesion must
measure at least 5 x 5 mm to be considered measureable. Up to 10 new visceral
lesions (up to five per organ) and five cutaneous lesions may be added on follow-up
studies [14].

The irRC includes the same four types of overall responses, including CR
(irCR), PR (irPR), PD (irPD), and SD (irSD), however most definitions are modi-
fied. For an irCR, there must be complete disappearance of all lesions (lymph
nodes must decrease to <10 mm in short axis) with no new lesions, which is simi-
lar to the RECISTI.1 definition. In irPR, however, the decrease in tumor burden
must be 50% or greater when compared to baseline, instead of the 30% or greater
for RECISTI.1. In irPD, the increase in tumor burden must be at least 25% or
greater, instead of 20% or greater for RECIST1.1, and is compared to the nadir
recorded (minimum recorded SPD). Note that findings for irCR, irPR, and irPD
must first be confirmed by a repeat study at least 4 weeks after first documented.
In the absence of irPD, and when the criteria for irCR and irPR are not met, the
patient is noted to have irSD [14].
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It is important to recognize that under the RECISTI.1 criteria, new lesions
always equate to PD. However, under irRC, even with new lesions, the overall
response pattern could reflect irPR, irSD, or irPD. Similarly, utilizing the irRC also
allows for the diagnosis of pseudoprogression in patients who demonstrate an initial
response thought to represent PD, but then show a subsequent decrease in tumor
burden. By allowing the correct diagnosis of pseudoprogression to be made, the
effective therapy may be continued.

4.5 Immune-Related RECIST

While the irRC was a promising first step in characterizing immune-related tumor
response, it has several disadvantages. First, using bidirectional measurements is
more cumbersome for the radiologist and has been proven to be more variable than
using unidimensional measurements [21]. A study published by Nishino et al. in
2013 also demonstrated high concordance between the utilization of bidimensional
measurements compared to unidimensional measurements in 57 patients with
advanced melanoma treated with ipilimumab (K, = 0.881), with more reproduc-
ibility using unidimensional measurements (95% limits of agreement of (—16.1%,
5.8%) versus (—31.3%, 19.7%)) [22].

Another pitfall with irRC is the high number of target lesions included, which
can be double the number of lesions included at baseline as compared to RECIST1.1.
A separate study by Nishino et al. evaluated the impact of reducing the number of
target lesions from 10 to 5 lesions, evaluated in 90 patients with advanced mela-
noma also treated with ipilimumab. This study found high concordance between the
immune-related response assessment (K, for bestimmune-related response = 0.908).
They also demonstrated high interobserver agreement of measurements, with a con-
cordance correlation coefficient >0.98 [18].

Taking these and other studies into consideration, another set of response criteria
was proposed, which accounted for the new response patterns to immunotherapy
treatment initially incorporated into irRC, and also allowed for more direct com-
parison to the initial RECIST criteria. This was termed immune-related RECIST1.1
(irRECIST1.1) [17, 23, 29].

As in RECISTI.1, irRECISTI.1 again identifies up to five total target lesions at
baseline, with up to two lesions per organ. A single, unidimensional measurement
in axial plane should again be used to determine the size of target lesions. On fol-
low-up studies, up to five new measureable lesions (two per organ) could be added
to the sum of tumor measurements per time point. As in irRC, new lesions are incor-
porated into the sum of tumor measurements, rather than automatically qualifying
as PD as in RECISTI.1 [23].

The overall response categories in irRECIST1.1 use the original numbers described
in RECIST1.1, with immune-related PR requiring a >30% decrease from baseline,
and immune-related PD requiring an increase of >20% from the nadir [23].

In addition, there is early evidence suggesting that a change in CT attenuation
(measured in Hounsfield units) of a tumor may also aid in assessing treatment
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response and potentially overall survival [17, 29]. This may be incorporated into the
irRECIST criteria in the future, but has not been officially incorporated yet.

4.6 Immune-Related Adverse Effects

irAE encompass any unfavorable and unintended sign, symptom, or disease tem-
porally associated with immune therapy. Some of the more common systems
adversely affected by immune therapy include the dermatologic, gastrointestinal,
respiratory, and endocrine systems, with musculoskeletal, hematologic, renal,
neurologic, and others being reported infrequently [24]. Many of these irAEs can
be biochemically discovered as an abnormal laboratory finding or by dermato-
logic physical exam. However, radiology plays a critical role in diagnosing pneu-
monitis and colitis.

4.7 Pneumonitis

Pneumonitis is the focal or diffuse inflammation of lung parenchyma [25]. It is one
of the most concerning irAE, as it occurs in approximately 5% of patients receiving
immunotherapy [25, 26], and severe cases have been shown to lead to patient death
in several studies [25, 27].

The CT imaging appearance of pneumonitis can take several forms. A study by
Naidoo et al. investigated 915 patients who received either anti-PD-1/PD-L1 mono-
clonal antibodies as monotherapy or as combination immunotherapy with anti-
CTLA-4 monoclonal antibodies specifically for immune-related pneumonitis.
Forty-three of the 915 patients (5%) developed immune-related pneumonitis;
although most recovered, five of these patients died (one from pneumonitis, three
from infections associated with immunosuppression implemented to treat the pneu-
monitis, and 1 from progressive cancer). The group describes five radiographic pat-
terns of immune-related pneumonitis, including ground glass opacities, cryptogenic
organizing pneumonia-like (COP-like), interstitial, hypersensitivity, and pneumoni-
tis not otherwise specified (NOS) [25].

The most common pattern seen in patients with immune-related pneumonitis in
the Naidoo study is simply that of new ground-glass opacity (GGO, [25]). GGO is
an area of increased attenuation through which the underlying pulmonary architec-
ture may still be visualized (Fig. 4.4). If the opacity obscures the underlying lung
architecture, it is then referred to as a consolidation. However, GGO is a nonspe-
cific finding that occurs in a countless number of pathologic states and its presence
alone does not make the diagnosis of immune-related pneumonitis. Scattered
ground glass opacities usually are asymptomatic. However, ground glass in the
setting of the septal thickening and reticulation can signify a more severe form of
acute injury known diffuse alveolar damage (DAD) (Fig. 4.5, [28]), which can be
seen in the clinical entity of acute respiratory distress syndrome (ARDS). DAD/
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Fig. 4.4 Immune-related pneumonitis with ground glass opacities. Axial CT images (a, b) of an
asympotmatic patient with metastatic basal cell carcinoma on immunotherapy with development
of scattered bilateral ground glass opacities (arrows), consistent with subclinical pneumonitis

Fig. 4.5 Severe immune-related pneumonitis (diffuse alveolar damage). Axial CT images from
sequential CT scans of a patient with metastatic head and neck cancer, on immunotherapy. (a)
Initial CT images after development of clinical symptoms demonstrated scattered ground glass
opacities. (b) 4 days later, the patient developed worsening shortness of breath, with CT demon-
strating worsening patchy peribronchovascular and peripheral ground glass and consolidative
opacities. (¢) 2 weeks later, the patient required intubation due to fulminant pneumonitis despite
cessation of immunotherapy and IV steroid administration. CT demonstrated progressive, near
diffuse ground glass and consolidative opacities. (d) 10 days later, the patient had also developed
bilateral pneumothoraces (arrows) and an enlarging left pleural effusion (*)
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Fig. 4.6 COP-like immune-related pneumonitis. Axial CT images of a patient with mucosal mela-
noma on immunotherapy with grade 1 pneumonitis demonstrating (a, b) diffuse bilateral peribron-
chovascular ground glass nodularity with dense consolidations and bronchiectasis (arrows),
consistent with COP-like immune-related pneumonitis (¢, d). After holding immunotherapy and
completing a course of oral steroids, the opacities have nearly completely resolved, however the
bronchiectasis persists, consistent with the development of fibrosis (arrows)

ARDS patterned pneumonitis has a more rapid symptomatic onset with extensive
parenchymal involvement and can lead to significant fibrosis if the patient survives
[17, 28, 29].

Cryptogenic organizing pneumonia can have a varied appearance on CT but
most commonly presents as bilateral, peripheral, and peribronchovascular consoli-
dations or GGO. Other features including perilobular opacities, migratory opaci-
ties, and more discrete nodularity can be seen [28]. COP-like pneumonitis is
another pattern commonly seen in immune-related pneumonitis (Fig. 4.6, [25,
30]). Naidoo et al. noted that patients who developed this particular type of pneu-
monitis pattern were more likely to need treatment with corticosteroids compared
to the other patterns [25].

The “interstitial” subtype refers to a pattern that mimics nonspecific interstitial
pneumonia (NSIP), in which there are ground-glass opacities and interlobular septal
thickening in a peripheral distribution with possible subpleural reticulation [25, 26,
30]. The hypersensitivity pattern described by Naidoo refers to a pattern than mim-
ics hypersensitivity pneumonitis, with centrilobular nodules and/or tree-in-bud
micronodularity [25]. The pneumonitis NOS category includes patients with a com-
bination of nodular and other subtypes on CT, who do not clearly fit into the other
subtype categories [25].
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Although these described patterns of pneumonitis have been observed in patients
on immunotherapy, it is important to note that these patterns are not unique to
immunotherapy. Drug-induced interstitial lung disease/pneumonitis can be second-
ary to both cytotoxic and noncytotoxic drugs with the same wide range of radio-
logic/histologic patterns including nonspecific ground glass opacities, organizing
pneumonia, diffuse alveolar damage, nonspecific interstitial pneumonia, and hyper-
sensitivity pneumonitis [31].

The time of onset of immune-related pneumonitis has been shown to be variable.
In the Naidoo study, the mean time to onset was 2.8 months after initiation of
immune therapy, with a wide range of 9 days to 19.2 months [25]. The median time
of onset in the Tirumani study was 2.3 months, with a range 1.1-8.3 months.
Importantly, patients who developed immune-related pneumonitis may or may not
develop concomitant respiratory symptoms. In the study by Tirumani, only 50% of
patients who developed pneumonitis following therapy were symptomatic at all,
with a cough (4 of 8 patients) [26]. One-third of the patients with pneumonitis in the
Naidoo study were asymptomatic [25]. It is also important to note that chest radio-
graphs are not adequate to assess for pneumonitis, as they failed to detect a new
abnormality in almost 25% of patients with new pneumonitis in the Naidoo study
[25]. A chest CT should be obtained in order to better assess for parenchymal
changes suggestive of a developing drug-related pneumonitis.

One of the challenges radiologists face is that pneumonitis, particularly when
manifested as GGO, can mimic many other diagnoses, including pneumonia, pulmo-
nary edema, diffuse alveolar damage, and tumor progression. In patients, undergoing
immunotherapy where there is concern for immune-related pneumonitis, bronchos-
copy with lavage +/— biopsy may be undertaken to assist in the diagnosis [24].

Another pulmonic irAE found in a similar number of patients (5%) treated with
ipilimumab in the study by Tirumani et al. is that of sarcoid-like lymphadenopathy.
This is described as the development of new bilateral symmetric mediastinal and
hilar lymphadenopathy occurring in the setting of response to immunotherapy of
other sites and in the absence of infection or suspicion for nodal disease (Fig. 4.7).
These lymph nodes share a similar histologic appearance of the nonnecrotizing
granulomas seen in sarcoid. However, none of the patients develop the clinical man-
ifestations of sarcoidosis, nor do they have elevation of angiotensin converting
enzymes or hypercalcemia commonly seen in patients with sarcoid [32]. Note that
the findings of new lymph node enlargement in the setting of known cancer should
raise concern for worsened/new metastatic disease. However, all patients in this
study who had subsequent imaging showed resolution of all lymphadenopathy, sup-
porting but not pathognomonic for a diagnosis of this irAE [26].

4.8 Immune-Related Enterocolitis

As depicted in a systemic review published by Gupta et al. in 2015, studies have
shown that approximately one-third of patients who receive anti-CTLA-4 ther-
apy develop some form of gastrointestinal irAE, including esophagitis, gastritis,
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Fig. 4.7 Sarcoid-like pneumonitis. (a) Maximum intensity projection (MIP) F18-FDG PET image
of a patient with metastatic melanoma prior to starting immunotherapy demonstrating a lack of
abnormal mediastinal FDG activity. (b) Shortly after the initiation of immunotherapy, the patient
developed prominent bilateral, symmetric, FDG-avid mediastinal lymphadenopathy. Although
these findings could represent sarcoid-like pneumonitis, progressive metastatic disease should be
excluded

diarrhea, and colitis, with diarrhea being the most common and affecting up to
54% of treated patients [33]. Colitis affected between 5% and 33% of treated
patients, often proven by biopsy. The time of onset of colitis was variable, in one
study ranging from 0 to 59 days, with a median time of onset 11 days after initia-
tion of anti-CTLA4 therapy. In the study by Tirumani et al., the median time to
development following initiation of therapy was 1.9 months, with a range of
0.4—4.7 months [26].

It is important to note that diarrhea alone does not mandate the diagnosis of entero-
colitis. However, clinical symptoms of abdominal pain, fever, having mucus and/or
blood in stools, neutropenia or sepsis all suggest enterocolitis in the presence of diarrhea.
In these patients, infectious causes of enterocolitis should be ruled out with laboratory
testing of the stool before a diagnosis of immune-related colitis is made. Alternatively,
endoscopy/colonoscopy may be performed with mucosal biopsy of sites of visual
involvement, which is the gold standard for diagnosis of immune related colitis [33].

Severe cases of immune-related enterocolitis can have life-threatening conse-
quences, including bowel perforation, ischemic bowel, and toxic megacolon.
Incidences of these severe consequences are variable in the literature, ranging
from <1% of patients [33] to 15% of patients [34]. Dosing of the immunotherapy
agent may affect the frequency and severity of the enterocolitis; however, this is
still being explored.
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Fig. 4.8 Immune-related pancolitis. (a) Axial and (b) coronal CT images of a patient with meta-
static basal cell carcinoma on immunotherapy who developed immune-related pancolitis with
involvement of the terminal ileum (*), with hallmarks of wall thickening (arrows), mucosal hyper-
enhancement and vasorectal edema. (¢) Coronal CT image 2 months later, after withholding
immunotherapy and completing a course of oral steroids, demonstrating resolution of prior imag-
ing findings

Fig. 4.9 Immune-related pancolitis with acute diarrheal state. Patient with primary peritoneal
cancer with postsurgical changes of the abdomen on immunotherapy, with pancolitis also involv-
ing the distal ileum. (a) Axial and (b) coronal CT images demonstrating colonic dilation, colonic
wall thickening and mucosal enhancement (arrows), consistent with immune-related pancolitis.
Also note the fluid within the left hemicolon (*), consistent with an acute diarrheal state

On CT, colitis manifests as bowel wall thickening by more than 4 mm, mucosal
hyperenhancement on contrast-enhanced studies, and mesenteric vessel engorge-
ment/hyperemia, with or without free fluid in the abdomen or pelvis (Fig. 4.8).
Patients with colitis may or may not have associated diarrhea, which manifests as
fluid filling all or part of the colon (Fig. 4.9). There are two types of patterns of
involvement described with immune-related colitis: diffuse colonic involvement
(pancolitis) or segmental colitis associated with diverticulosis (SCAD), in which the
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findings of colitis are restricted to a segment of colon with underlying diverticulosis
[26, 33]. The pancolitis pattern is seen more commonly than SCAD [26]. Note that
the segmental pattern should not correlate to a vascular distribution, which would
suggest the presence of an ischemic colitis.

4.9 Conclusion

In summary, immunotherapy is now an established standard of care for many differ-
ent disease types. Radiologists should be aware of the unique features and imaging
characteristics associated with immunotherapy, including the rare incidence of
pseudoprogression as well as the unique inflammatory side effects that can progress
rapidly. A better understanding of the response characteristics could lead to more
accurate reporting of patient responses on immunotherapy.
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Chapter 5
Cellular Therapy

Aaron M. Goodman, Tiffany N. Tanaka, and Dan S. Kaufman

Abstract Adoptive cellular therapy includes chimeric antigen receptor (CAR) T
cells, natural killer (NK) cells, and tumor-infiltrating lymphocytes. Cellular therapy
can be “designed” to target almost any specific tumor antigen to mediate an immune
response. This strategy has the ability to overcome or complement some limitations
of other immunotherapies such as antibody-mediated checkpoint blockade. Unlike
endogenous T cells, CAR T cells recognize tumor-specific antigens independent of
HLA-mediated antigen presentation. While CAR T cells have generated excitement
to induce long-term remissions or cures in patients with refractory leukemia and
lymphoma, the use of CAR-based therapies to effectively treat solid tumors remains
in earlier stages. Unlike T cells that must be collected from patients, NK cell-based
therapies can function as allogeneic cells. To date, adoptive therapy of allogeneic
NK cells have been used most successfully to treat patients with acute myelogenous
leukemia. However, many trials and strategies are being developed to engineer NK
cells to better target solid tumors. For cell-based therapies to gain widespread clini-
cal utility, optimization of their manufacturing, administration, and characterization
of their unique toxicity profiles remain necessary.
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5.1 Introduction

Immune cell reactivity against tumors has been well established and studied for
decades. In some cases, spontaneous immune responses can lead to tumor regres-
sion, though these are rare in occurrence [1]. Seminal work done by Rosenberg and
colleagues at the National Institute of Health (NIH) demonstrates that infusion of
autologous tumor infiltrating lymphocytes (TILs), expanded ex vivo, can be suc-
cessfully utilized to eradicate tumor cells [2, 3]. Allogeneic T cells can result in a
graft-versus-tumor effect with the ability to eradicate chemotherapy resistant cells
in patients who have undergone allogeneic stem cell transplantation [4, 5]. In addi-
tion, the ability of a donor lymphocyte infusion (DLI) to induce long-lasting remis-
sions and cures in patients with hematologic malignancies that have relapsed
following allogeneic stem cell transplantation provides further proof of the ability
of T cells to eradicate tumor [6].

However, there are inherent limitations to adaptive T-cell transfer. Patients must
be able to generate CD8+ cytotoxic T lymphocytes (CTLs) with the ability to rec-
ognize tumor antigen presented by major histocompatibility complex (MHC) class
L. Furthermore, transferred T cells must have sufficient specificity and numbers to
effectively eradicate a tumor [7—10]. Chimeric antigen receptor (CAR) T cells have
the ability to overcome these limitations as they can be designed to recognize almost
any tumor antigen. Unlike endogenous CTLs, CAR T cells are not restricted to
binding antigen bound to MHC class I. The remarkable success of CAR T cells in
treating patients with refractory leukemia and lymphoma has generated excitement
to use CAR-based therapies to treat a wide variety of cancers [11, 12]. While many
studies are ongoing using CAR T cells to treat solid tumors, the challenges seem
greater than for treatment of hematological malignancies [10].

Natural killer (NK) cell-based immunotherapy has also been increasingly used in
the past few years. Unlike T cells, NK cells do not require self-HLA molecules to
recognize tumor targets. Therefore, NK cell-based immunotherapies can work as
allogeneic treatments, without risk of graft-versus-host disease. Additionally, NK
cells can be engineered to express CARs or other molecules to enhance antitumor
activity. Several strategies are being pursued to make NK cell-based immunothera-
pies suitable for a universal “off-the-shelf” approach capable of treatment of hun-
dreds or thousands of patients from a standardized cell source.

5.2 T-Cell Inmunology

Endogenous T-cell receptors (TCRs) consist of an a- and f-chain non-covalently
associated with the CD3 complex on the T-cell surface (Fig. 5.1) [13]. Activation of
T cells occurs when the TCR recognizes peptides non-covalently bound to MHC on
the surface of antigen-presenting cells (APCs) [14] within lymph tissue (lymph
nodes). This results in activation of intracellular signaling pathways such as
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Fig. 5.1 Endogenous TCR versus CAR. Abbreviation: APC antigen-presenting cell, CAR chime-
ric antigen receptor, CTL cytotoxic T lymphocyte, scFv single-chain variable fragment, 7CR T-cell
receptor, ZAP70 {-associated protein 70 (Adapted from Fesnak et al. Nature Review Cancer. 2016
[10D

phosphorylation of immunoreceptor tyrosine-based activation motifs (ITAMs) on
the CD3( chains. Phosphorylation of CD3 ITAMs results in localization of the
C-chain associated protein kinase (ZAP70) to the TCR-CD3 complex. ZAP70 is
then phosphorylated and activated by LCK resulting in activation of numerous
downstream signaling molecules culminating in T-cell activation and proliferation.

Activated effector CTLs are able to leave the lymph tissue and survey the envi-
ronment for target antigen. Upon recognition and binding to a target peptide bound
to MHC I, CTLs are able to initiate target cell lysis using perforin and granzymes
(Fig. 5.1) [15]. This entire process is highly regulated by both central and peripheral
checkpoints. The central checkpoint occurs in the lymph tissue and is mediated by
the interaction between cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) on
the surface of T cells and B7-1 and/or B7-2 on APCs. Expression of CTLA-4 on the
surface of naive T cells is upregulated upon strong antigen stimulation, and this
protein competes with CD28 for binding to B7-1/B7-2 on APCs, thereby inducing
peripheral tolerance/anergy [16]. The peripheral checkpoint regulates CTL activa-
tion upon TCR binding to MHC-bound peptide presented on the target cell. It
involves programmed cell-death protein 1 (PD-1) expressed on T cells and its
ligands programmed cell-death 1 ligand 1 (PD-L1) and/or PD-L2, which can be
expressed on target cells.
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5.3 Neoantigen-Specific CTLs

The central hypothesis of neoantigen-directed adoptive T-cell therapy is that cancer
genomes possess mutations that result in abnormally expressed tumor-specific pro-
teins capable of eliciting selective responses from T cells. During cancer initiation,
neoplastic cells acquire transformative genetic mutations that give rise to altered
proteins. This genomic instability persists as the cancer progresses and additional
passenger mutations are acquired. These neoantigens are presented in MHC on can-
cer cells and are capable of being recognized by an adaptive immune response [17].
Increasing evidence has shown that tumor-reactive lymphocytes pre-exist in the
T-cell repertoire of cancer patients, but that they are either held in check or do not
cause enough of an effect to lead to clinically meaningful responses. However,
recent advancements in next-generation sequencing and bioinformatics techniques
have enabled the genomic identification of expressed cancer mutations, allowing
the isolation and expansion of tumor-reactive T cells in vitro, leading to new, per-
sonalized treatment approaches with potentially less off-tumor toxicities. Several
phase 1 and 2 human studies have demonstrated that adoptively transferred,
neoantigen-reactive T cells can generate objective and durable clinical responses in
a range of malignancies, with the majority of human experience in metastatic mela-
noma [18].

5.3.1 Tumor Antigen Classification

Genomic instability is one of the cornerstones of oncogenesis. Tumor-specific
antigens (TSAs) are abnormally expressed proteins that are not encoded by the
host’s normal genome, and are the result of mutations acquired by cancer cells.
These mutated proteins are perceived as non-self by the immune system and are
targets for immune-mediated tumor control or elimination [19]. For virally medi-
ated malignancies, such as cervical cancer and a subpopulation of head and neck
cancers, peptide epitopes are derived from viral open reading frames and also give
rise to TSAs.

In contrast to TSAs, tumor-associated antigens (TAAs) include proteins encoded
by the normal host genome but may be aberrantly expressed or have undergone
abnormal posttranslational modifications. For example, Her-2/neu is an overex-
pressed normal protein in a range of solid malignancies that is associated with
enhanced proliferative and survival properties [20]. Since TAAs are normal pro-
teins, their immunogenic potential is dependent on their degree of aberrant
expression.

Lastly, cancer germ line or cancer testis antigens (CTAs) are similarly encoded
by the normal host genome and are expressed in the testis, fetal ovaries, and tropho-
blasts but may also be expressed in malignant cells. Although present in normal
tissue, CTAs are also potential therapy targets as their tissue expression is relatively
restricted [21].
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5.3.2 Predicting Neoantigen from Tumor-Specific Mutations

Using massively parallel sequencing, tumor-specific mutations can be identified
from millions of protein-encoding genomic fragments (whole exome sequencing)
and confirmed to be expressed antigens (RNA sequencing). Since a large proportion
of mutations in human malignancies are not shared between patients, these genomic
variants are considered to be patient-specific, and thus T-cell reactivity against
mutation-derived neoantigens is currently based off of sequencing data on an indi-
vidual basis. This method of analysis has revealed that tens to thousands of nonsyn-
onymous somatic mutations exist in tumor tissue and are potentially targetable [22].
The set of tumor mutations within expressed genes is a starting point, and tumor
mutation calling is achieved by aligning the patient’s exome sequencing reads to the
reference genome. Tumor variant calls are then obtained by comparing these results
to data from a matched normal tissue DNA to identify tumor-specific mutations.
Variations in amino acid sequence are then determined from identified changes in
nucleic acid sequence, providing the framework to predict the immunogenicity
potential of these putative neoantigens. RNA sequencing of tumor tissue not only
confirms that the mutated proteins are expressed but may also identify and/or con-
firm structural variants (e.g., insertions or deletions, or fusion genes that result from
chromosomal translocations or inversions) that may be more challenging to charac-
terize with exome sequencing alone.

There are multiple in silico prediction algorithms that have been validated to
identify putative neoantigens and predict their immunogenicity based on MHC-
binding affinity, which is known to correlate with immunogenicity [23]. Using arti-
ficial neural networks and affinity measurements in the Immune Epitope Database
and Analysis Resource, these algorithms predict MHC-peptide binding [24]. Once
this initial list of candidate neoantigens is generated, further investigation on anti-
gen abundance, antigen processing, and TCR affinity should be completed to priori-
tize neoepitopes that have the highest ability to elicit an immunogenic, and therefore
cytotoxic, response from effector T cells. The neoantigens with the highest immu-
nogenic potential should then be assessed with immunologic assays such as cyto-
kine release assays or enzyme-linked immunosorbent assays (ELISPOT), where
peptides are co-cultured with autologous lymphocytes, and mutant epitope recogni-
tion and effector function is quantified. Wild-type epitopes should serve as a nega-
tive control and be tested concurrently to assure that the T-cell response is specific
to the tumor epitope.

5.3.3 Clinical Studies of Neoantigen-Specific T Cells

There is a significant amount of phase 1 or 2, non-controlled human experience with
adoptive cell therapy (ACT) using neoantigen-specific T cells, with the most exten-
sive experience in patients with metastatic melanoma [18]. The majority of these
trials involved the infusion of T cells generated by isolation of TILs that are
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subsequently expanded several thousand-fold by ex vivo culture with cytokines.
The T-cell infusion is typically followed by administration of IL-2 to enhance T-cell
persistence in vivo. There are several practical advantages of ACT: in vitro testing
can specifically identify T cells that have antitumor cytotoxicity, T cells can be acti-
vated in the laboratory without endogenous inhibitory factors, a small number of
tumor-reactive cells are sufficient to expand to quantities sufficient for treatment,
and the host can be conditioned prior to ACT. Most of all, neoantigen-specific T
cells has proven safe and tolerable by human subjects, with minimal off-tumor tox-
icity as neoantigen targets are specifically expressed by tumor cells and not by nor-
mal tissue.

ACT-based immunotherapy was first described in humans in 1988, when 20
patients with metastatic melanoma were treated with adoptive transfer of tumor-
infiltrating lymphocytes (TILs) followed by IL-2 [25]. A follow-up report in 1994
discussed the results of a total of 86 patients with metastatic melanoma treated with
TIL followed by IL-2, with 57 patients also receiving a one-time dose of cyclophos-
phamide 25 mg/m? prior to ACT. An objective response rate (ORR) was seen in 29
of 86 patients (34%), and there was no significant difference in ORR between
patients who did and did not receive cyclophosphamide conditioning [26]. TIL were
administered to patients in this trial regardless of in vitro activity, although a retro-
spective analysis showed a significant correlation between clinical response and
specific in vitro lysis of fresh autologous tumor by TIL (p = 0.0008).

A significant improvement in efficacy was seen in 2002 with the introduction of
a non-myeloablative preparative regimen prior to ACT, with a proportion of patients
also receiving total body irradiation (TBI) [2, 27]. Lymphodepletion prior to ACT
helps to eliminate T regulatory cells and lymphocytes that compete with the infused
cells for homeostatic cytokines such as IL-7 and IL-15. Patients in these studies
were refractory to other available treatments, yet objective responses were seen in
21 of 43 patients (49%) who did not receive TBI, 13 of 25 patients (53%) who
received 2 Gy, and 18 of 25 patients (72%) who received 12 Gy. Among these
patients, 10 achieved complete response by response evaluation criteria in solid
tumors (RECIST), and the 3-year survival of patients who received the lymphode-
pleting regimen alone or with 2 Gy TBI was 25% and 42%, respectively. In contrast,
patients who did not receive a lymphodepleting regimen prior to ACT had a signifi-
cantly lower 3-year survival rate of 14% (p = 0.007), although it should be noted
that this was not a randomized comparison.

In a recent review of TIL therapy, which included 194 metastatic melanoma sub-
jects at the National Cancer Institute, the response rate exceeded 50%, with 20-40%
complete remissions and 20% durable responses [18]. While acute T-cell infusion
related adverse events (AEs) are reported in most of these trials, neoantigen-specific
T-cell therapy is overall well tolerated and safe. Several groups noted that acute
infusion reactions were not correlated with cell dose or other T cell related factors,
such as T-cell phenotype. The most notable non-acute AEs included autoimmune
vitiligo and uveitis, an effect thought to be mediated by autoimmune melanocyte
destruction, but fortunately, most patients responded well to topical or intraocular
corticosteroids.
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Outside of the melanoma experience, there have been a few notable studies that
have utilized ACT to target tumor-specific peptides. One of the most commonly
mutated genes in acute myeloid leukemia (AML) is nucleophosmin (NPM1), for
which 50 variants have been characterized. In a study of 27 AML patients, a total of
33% showed immune responses against mutated NPM1 proteins [28]. A recent
report on three patients with relapsed Philadelphia chromosome-positive acute lym-
phoblastic leukemia described the feasibility of generating BCR-ABL-specific
CTLs that demonstrated specific antileukemic activity in vitro that translated into
molecular or hematologic CR, without significant toxicity [29].

Overall, a few conclusions can be drawn from the human experience with ACT
using autologous, neoantigen-reactive, non-engineered T cells: (1) objective, dura-
ble clinical responses lasting from a few months to several years are obtainable, (2)
high doses of autologous T cells is safe and well tolerated, and (3) T-cell persistence
has varied from days to years in vivo, sometimes correlating with the induction and
duration of a clinical response.

5.4 CAR T-Cell Design

5.4.1 Structural Differences Between Endogenous T-Cell
Receptors and CARs

Unlike CTLs, CAR T cells are highly specific for antigen in an MHC-independent
fashion. CARs consist of an extracellular single-chain variable fragment (scFv) of
an antibody connected, by a hinge region, to the intracellular signaling components
of a TCR [30]. The initial CAR constructs consisted of the variable binding region
of a monoclonal antibody and the constant region of the TCR «a and p chains [31,
32]. This was later modified to consist of a scFv from both heavy and light chains of
an antibody, a hinge region, a transmembrane domain, and a signaling endodomain
derived from CD3( [33].

Like therapeutic monoclonal antibodies, CARs can be engineered to target a
wide range of protein epitopes. The extracellular portion of a CAR (ectodomain)
consists of an scFv that determines the CARs specificity and affinity for antigen.
Increasing the scFv affinity for antigen results in more potent CAR T-cell activation.
Furthermore, CARs with higher affinity immunoreceptors are more easily activated
in the presence of lower exposure to target surface antigen [34].

The position of the target antigen epitope within the target protein dictates the
efficiency of CAR T-cell activation. Like endogenous TCRs, CARs exhibit decreased
signaling proficiency and activation as the distance of the epitope from the target
cell membrane increases [35]. For example, CARs targeting an epitope of CD22
proximal to the cell membrane demonstrated superior anti-leukemic activity com-
pared to those targeting a more distal epitope [36]. Modulation of CAR specificity
and affinity can be achieved by introducing a flexible serine or glycine linker
sequence between the variable heave and light chain of the scFV ectodomain [37].
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The hinge domain, based on the constant region of either IgG1 or IgG4, connects
the antigen-binding ectodomain to a membrane-spanning domain. Although the
hinge region lacks signaling function, its characteristics are crucial in determining a
CAR’s efficacy [38]. For example, membrane distal epitopes do not require a hinge
region within the CAR to successfully activate CAR T cells, while membrane proxi-
mal epitopes generally require a long hinge region to be reached [39]. In addition, it
has been demonstrated that the IgG4-Fc hinge of CAR T cells can bind to off-target
Fcy receptors, which results in increased clearance of the transferred CAR [40].
CARs with mutations introduced into the hinge region are able to avoid this clear-
ance and demonstrate improved persistence and antitumor response [40].

The transmembrane domain links the extracellular portion of the CAR to the
T-cell intracellular signaling machinery. This linker peptide can be derived from
either CD3(, CD4, or CD28 molecules [31]. Most CAR have been designed using a
CD3( transmembrane sequence as this enables the CAR to bind endogenous TCR
CD3( allowing enhanced T-cell signaling activation [41].

5.4.2 CAR T-Cell Generations

T cells require two signals to become “primed” and carry out their effector func-
tions: “signal 1” is activated upon interaction of the TCR with MHC-bound antigen
presented on the surface of APCs, giving specificity to the immune response; “sig-
nal 2” is a co-stimulatory signal mediated by the binding of B7-1 (CD80) or B7-2
(CD86) on the surface of the APC to CD28 on the surface of the T cell. Without this
second stimulus, the T cell will become anergic [42]. First-generation CARs
(Fig. 5.2) consist solely of CD3( without any co-stimulatory molecules designed
into the construct. Trials evaluating first-generation CARs in renal cell carcinoma,
ovarian carcinoma, neuroblastoma, as well as other advanced tumors were uni-
formly disappointing with minimal in vivo expansion and persistence of CAR T
cells resulting in minimal antitumor activity [44—48].

To improve CAR T-cell persistence and efficacy, second-generation CARs
(Fig. 5.2) were constructed to include co-stimulator molecules in addition to CD3(
within the endodomain. The initial second-generation CARs developed utilized
CD28 or 41BB (CD137) as co-stimulators; however, multiple different co-
stimulatory molecules, including OX40 (CD134) and CD27 have been incorporated
into second-generation CARs [49-53]. Second-generation CARs have demonstrated
superior in vivo expansion and persistence compared to first-generation CARs [54].
Furthermore, the introduction of co-stimulatory molecules to CARs has proven
critical for their clinical efficacy. Numerous studies have now been reported describ-
ing the efficacy of second-generation CARs across multiple malignancy types
including B-cell acute lymphoblastic leukemia (ALL), chronic lymphocytic leuke-
mia (CLL), and B-cell non-Hodgkin lymphoma (NHL) [11, 55].

CARs that incorporate two co-stimulatory molecules into their endodomain are
termed third-generation CARs. Third-generation CARs have been developed using
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Fig. 5.2 CAR T-cell design (Adapted from Jackson et al. Nature Review Clinical Oncology.
2016 [43])

both CD28 and 41BB co-stimulator domains and are beginning to be tested in
clinical trials [56, 57]. CARs designed to constitutively express CD40L (CD154)
have demonstrated increased proliferation and secretion of pro-inflammatory cyto-
kines with increased cytotoxicity against CD40+ tumors [58]. At this point in time,
it is still unclear whether the addition of a second (or more) co-stimulatory domain
will improve CAR persistence and efficacy.

5.5 CAR T-Cell Manufacturing and Administration

5.5.1 CAR T-Cell Manufacturing

Manufacturing of clinical grade CAR T cells is an involved multistep process
(Fig. 5.3) [59, 60]. Autologous or allogeneic leukocytes are first collected by leuka-
pheresis and enriched for lymphocytes by centrifugal elutriation [61]. T cells, within
the pool of collected lymphocytes, are then activated and expanded ex vivo. Multiple
methods can be used for T-cell expansion including dendritic cell-based activation,
artificial antigen-presenting cell (aAPC)-based activation, bead-based activation,
anti-CD3 antibodies, and other technologies. Dendritic cell potency differs among
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Patient

Fig. 5.3 Engineered T-cell manufacturing. Abbreviations: CAR chimeric antigen receptor
(Adapted from Fesnak et al. Nature Review Cancer. 2016 [10])

patients, and this has limited the use of dendritic cell-based T-cell activation in clinical
grade CAR manufacturing. aAPCs can overcome this problem; however, they are
difficult to use. Their generation requires numerous resources, and it can be chal-
lenging to select HLA-matched aAPC lines [62]. Bead-based activation involves
placing the patient’s collected T cells in culture and incubating with beads coated
with CD3 and CD28 (or monoclonal antibodies to CD3 and CD28). CD3- and
CD28-coated beads act as aAPCs resulting in activation and expansion of the col-
lected T cells, and this technology is being used in many CAR protocols [63, 64].

Following activation and expansion of the product, the T cells are genetically
modified to express CARs. This can be achieved by using Y-retroviral or lentiviral
transfection, a transposon/transposase system, or messenger RNA (mRNA) transfer
via electroporation. Currently, Y-retroviral and lentiviral transfection is the most
widely used method. However, uncontrolled viral integration into host genomes
resulting in insertional mutagenesis and upregulation of proto-oncogenes leading to
malignant transformation of the transfected cells is a potential complication of this
technology [65, 66]. In addition, Y-retrovirus and lentivirus are biological agents
that require strict and expensive biosafety testing and monitoring [60].

Given the complexity and risks of viral transfection, other options for genetically
modifying T cells are being explored. mRNA transfer involves introducing mRNA
into cells by either electroporation or endocytosis. Electroporation involves the use
of high voltage electrical shocks allowing cell membranes to become permeable to
DNA and RNA [67]. Unlike viral transfection, which yields permanent expression
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of the transgene, mRNA transfer only results in temporary expression of the coded
protein. Furthermore, no genomic integration occurs, which would eliminate the
possibility of malignant transformation of the T cells. A limitation of this method is
that it would only allow for temporary expression of the transgene (approximately a
week) [68].

After the cells have been genetically modified to express CARs, the product is
expanded in a bioreactor for a few days. This is followed by cell washing, concentra-
tion, and quality control testing [10]. The entire process takes approximately 2—4 weeks
from cell collection to patient infusion. However, there are considerable research efforts
to shorten this interval and potentially provide “on-site” CAR T-cell production.

5.5.2 Lymphodepletion

Most CAR T-cell protocols use some form of lymphodepleting conditioning regi-
men prior to CAR T-cell infusion (Table 5.1). No standard regimen exists, and it
currently remains unclear if there is an optimal regimen to improve CAR T-cell
persistence and efficacy [31]. Lymphodepletion involves administrating one or mul-
tiple chemotherapeutics prior to administration of the CAR T cells (Fig. 5.4).

Table 5.1 Examples of lymphodepleting conditioning regimens used in B-cell malignancies

Malignancy | Conditioning Reference

B-ALL Cyclophosphamide 1000 mg/m? daily x 1 day [11]

B-ALL Cyclophosphamide 300 mg/m? every 12 h x 3 days [11]

B-ALL Etoposide 150 mg/m? daily x 1 day [11]
Cytarabine 300 mg/m? x 1 day

B-ALL Cyclophosphamide 440 mg/m?* x 2 days [11]
Etoposide 100 mg/m? x 2 days

B-ALL Fludarabine 30 mg/m? x 4 days [11]
Cyclophosphamide 300 mg/m? x 3 days

B-ALL Methotrexate 1000 mg/m? day 1 [11]
Cytarabine 1000 mg/m? every 12 hours days 2,3

B-ALL Cyclophosphamide 300 mg/m? every 12 hours days 1-3 [11]

Vincristine 2 mg day 3
Adriamycin 50 mg/m?* x day 3

B-ALL Clofarabine 30 mg/m? daily x 5 days [11]

B-ALL Cyclophosphamide 1500-3000 mg/m? daily x 1 day [69]

B-ALL Cyclophosphamide 2000-4000 mg/m? x 1 day [70]

B-ALL Cyclophosphamide 2000-3000 mg/m? day 1 [70]
Etoposide 100 mg/m? days 1-3

B-ALL Cyclophosphamide 60 mg/kg day 1 [70]
Fludarabine 25 mg/m? days 2—4

B-ALL Fludarabine 25 mg/m? days 1-3 [71,72]

Cyclophosphamide 900 mg/m?* day 3

(continued)
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Table 5.1 (continued)

Malignancy | Conditioning Reference

B-ALL Fludarabine 30 mg/m? days 1-3 [73]
Cyclophosphamide 250 mg/m? days 1-3

CLL Pentostatin 4 mg/m?* x 1 day [12]
Cyclophosphamide 600 mg/m? x 1 day

CLL Cyclophosphamide 30-60 mg/kg day 1 [74]
Fludarabine 25 mg/m? days 1-3

CLL Fludarabine 25 mg/m? daily x 3 days [74]

NHL Cyclophosphamide 1000 mg/m? daily x 1 day [57]

NHL Cyclophosphamide 60 mg/kg days 1-2 [75]
Fludarabine 25 mg/m? days 3-8

NHL Cyclophosphamide 60-120 mg/kg day 1 [55]
Fludarabine 25 mg/m? days 2-7

NHL Cyclophosphamide 500 mg/m? days 1-3 [76]
Fludarabine 30 mg/m? days 1-3

Abbreviations: ALL acute lymphoblastic leukemia, CLL chronic lymphocytic leukemia, NHL non-

Hodgkin lymphoma

Initial anti-CD3
of PBMC (day 0)

v

Expansion
protocol (day 10)

\ 4

(L

Transduction #1 (day 2)
Transduction #2 (day 3)

]

Anti-CD19 CAR T-cells
ready for infusion (day 24)

Day -5 and Day -2 fludarabine Day 0 to 5 administration of IL2
administration

12252 —

11

Day -7 and -6 cyclophoshamide

administration

.
>

L]

Day 0 infusion of CD19
targeted CAR T-cells

Fig. 5.4 Example of CAR T-cell production and clinical treatment protocol (Adapted from the
NCI protocol published by Kochenderfer et al. in Blood, March 2012 [75])

Hypothesized benefits of lymphodepletion include transient elimination of
CD4 + FOXp3 + T regulatory cells and, possibly, enhanced activity of APCs [77—
79]. In fact, preclinical models have demonstrated that lymphodepletion increases
cytotoxic T-cell functionality by removing lymphocytes competing for stimulatory
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cytokines [80]. Studies have also shown an inverse correlation between the likelihood
of responding to autologous T-cell transfer and the return T regulatory cells [81].
Finally, lymphodepletion with fludarabine and cyclophosphamide has been shown
to downregulate indoleamine 2,3-dioxygenase (IDO), an intracellular enzyme that
converts tryptophan into metabolites that inhibit T-cell activity [82].

Clinical evidence does exist that lymphodepletion is necessary for CAR efficacy.
Initial studies using the second-generation 19-28z CAR (CD28/CD3{) without
prior lymphodepletion failed to produce any responses in three patients with CLL
[83]. However, among four subsequent patients who received lymphodepletion with
cyclophosphamide, one patient achieved a partial response and two others had sta-
ble disease [84]. Poor results were also attributed to inadequate lymphodepletion in
one study of CD19-targeted CAR T cells in patients with B-cell malignancies fol-
lowing allogeneic stem cell transplantation [85]. At the University of Washington,
higher CAR T-cell numbers were seen 28 days after infusion in adults with B-cell
acute lymphoblastic leukemia (ALL) who received fludarabine in addition to cyclo-
phosphamide, as opposed to cyclophosphamide alone. A trend toward increased
disease-free survival was also observed in the group of patients who received
fludarabine in addition to cyclophosphamide [86, 87]. However, in contrast to the
above data, responses were seen in 8 of 20 patients with relapsed/refractory B-cell
malignancies who received a single infusion of allogeneic anti-CD19 CAR T cells
without prior lymphodepletion. In this study, patients had previously received an
allogeneic hematopoietic cell transplant, and the CAR T cells were produced from
the same allogeneic donor [88]. Interestingly, no cases of graft-versus-host disease
were seen despite the administration of allogeneic T cells. Further research remains
necessary to better define the optimal agent(s), dose, and timing of lymphodepletion
prior to CAR administration.

5.5.3 CAR T-Cell Dose

No standard dose exists among published trials CAR T-cell trials, and it is currently
unclear whether higher CAR doses results in increased efficacy [86, 87, 89, 90].
However, a direct correlation between CAR T-cell dose and the rates of cytokine
release syndrome (CRS) has been observed across several trials [69, 83, 89]. Doses
vary across studies but generally range from 1 x 10°to 11 x 108 cells per kilogram
[ 83]. Interestingly, less vigorous expansion of CARs has been observed in patients
with B-ALL who were minimally residual disease (MRD)-positive as opposed to
having more overt morphologically positive disease at the time of CAR infusion
[69, 91]. These findings suggests that MRD+ patients may be receiving an effec-
tively lower dose of CAR T cells per fixed infused dose due to fewer tumor cells
enabling antigenic stimulation of the CAR T cells. This had led some investigators
to reserve higher doses of CARs for patients with MRD+ disease while using lower
doses for those with morphologically positive disease [83].
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5.6 CAR T-Cell Use in Hematologic Malignancies

5.6.1 B-Acute Lymphoblastic Leukemia (B-ALL)

To date, CAR T cells have been most successfully used in the clinic for the treat-
ment of patients with B-ALL. ALL represents approximately 2% of lymphoid neo-
plasms diagnosed annually in the United States. It most frequently occurs in
children, but can also be seen in adults with a median age of 39. With aggressive
treatment, many patients with ALL can be cured. However, treatment outcomes for
relapsed/refractory disease remain dismal. Allogeneic hematopoietic cell transplan-
tation (HCT) can effectively treat and cure some patients with high-risk B-ALL or
those that have relapsed disease [92]. Additionally, blinatumomab, a bi-specific
T-cell engager (BiTE), has been demonstrated to induce durable remissions in
patients with CD19+ B-ALL [93-95], though cures remain relatively rare. However,
there remain few good options, other than further chemotherapy, for those who
progress after HCT or blinatumomab.

CAR T cells have now been shown by multiple groups to induce durable remis-
sions in patients with B-ALL (Table 5.2), including those who were refractory to
blinatumomab and allogeneic HCT. Current targets being explored in clinical trials
include CD19 and CD22 [43]. CD19 is expressed on nearly all B cells (excluding
plasma cells), including the earliest precursor B cells that are transformed in ALL
[102, 103]. CD19 expression is crucial in B-cell development and facilitates the
transition from the pro-B to pre-B-cell phase [104]. CD22 is a cell surface glycopro-
tein that is expressed on over 90% of patients with B-ALL and is not shed into the
extracellular matrix [105]. CD22 has been successfully targeted by the anti-CD22
antibody conjugated to calicheamicin, inotuzumab ozogamicin, in patients with
relapsed/refractory B-ALL [105].

Two adults were treated in an initial phase I trial evaluating the second-generation
19-28¢ CD19-targeted CAR (CD28/CD3() developed at Memorial Sloan Kettering
(MSK). Neither patient received lymphodepleting conditioning prior to CAR infu-
sion; however, one of the patients was in complete remission when treated with the
CAR. The patient in remission developed persistent B-cell aplasia, while the other
patient progressed. In a larger study using the same 19-28( construct, patients with
relapsed/refractory B-ALL were first treated with cyclophosphamide followed by
infusion of the CAR [91]. All five patients achieved a complete response (CR).
Furthermore, all patients with persistent morphological disease or MRD-positive
disease upon CAR infusion achieved MRD-negative CRs as assessed by deep
sequencing. In a follow-up study using the same 19-28( CAR construct, involving
16 patients with relapsed/refractory B-ALL, 88% of patients achieved a CR [69].
There were no incidences of graft-versus-host disease in the four patients treated for
relapse after allogeneic stem cell transplantation. Long-term follow-up of 32 adults
with B-ALL treated with the 19-28( CAR has demonstrated a CR rate of 91% [98].
With a median follow-up of 5.1 months, the 6-month overall survival (OS) rate was
58%. Among patients who achieved a CR, the 6-month OS was 70% for those
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receiving allogeneic stem cell transplant and 61% for those who did not. Notably,
severe CRS requiring vasopressor or mechanical ventilator support occurred in
seven patients.

The second-generation CTL019 CD19-targeted CAR (41bb/CD3(), developed
at the University of Pennsylvania (UPENN), was originally demonstrated to be
effective in two children with relapsed/refractory B-ALL [96]. CRS and B-cell apla-
sia developed in both patients. In one patient, CRS was severe, requiring cytokine
blockade with etanercept and tocilizumab, which effectively reversed the syndrome
without effecting CAR T-cell expansion. One patient sustained a CR ongoing at
11 months, while the other patient relapsed with CD19-negative blasts 2 months
after treatment. A follow-up study reported the results of 30 children and adults with
relapsed/refractory B-ALL treated with CTLO19 [11]. A CR was achieved in 97%
of patients, and at 6 months, the probability of CTL019 persistence was 68%. CRS
was seen in all responding patients and was severe in 27% of patients.

The University of Washington (UW) has developed a second-generation CD19-
targeted CAR (41bb/CD3{) which has been tested in patients with relapsed/refrac-
tory B-ALL. These CARs were manufactured from both CD4+ and CD8+ memory
T cells distinguishing it from other second-generation CARs. Twenty-seven of 29
patients (93%) achieved a CR after lymphodepleting chemotherapy and infusion of
the CAR. Of note, severe neurotoxicity developed in 50% of patients, which was
irreversible in one patient resulting in death.

Finally, the National Cancer Institute (NCI) has produced a CD19-targeted second-
generation CAR (CD28/ CD3() which resulted in a response rate of 70% of 21 chil-
dren and young adults with relapsed/refractory B-ALL. CRS was reported and was
severe in three patients. Long-term follow-up of this study included 51 patients treated
with various lymphodepleting regimens. The overall response rate for the cohort was
61%. Twenty-eight of 31 responders became MRD-negative after treatment with
CAR. CRS was seen; however, there were no cases of grade 4 neurotoxicity.

CD19-negative escape has been seen in patients with B-ALL who relapse fol-
lowing CD19-directed CAR T-cell therapy. To overcome this, the NCI recently
tested a second-generation CAR (CD28/CD3() directed against the CD22 antigen
[71]. Nine heavily pretreated patients who had all received prior allogeneic HCT
were enrolled in this study. Seven of these patients had been treated with a CD19-
directed CAR T cell of which six had CD19-negative escape. Four patients (44%)
attained a MRD-negative CR. This approach appears to be a promising treatment
for those who relapse following CD19-directed CAR T-cell therapy, and accrual is
ongoing.

5.6.2 Chronic Lymphocytic Leukemia (CLL)

Over the last few years, new promising therapies have been developed including the
anti-CD20 monoclonal antibodies ofatumumab [106—-108] and obinutuzumab [109],
Bruton’s tyrosine kinase inhibitor (BTK) ibrutinib [110, 111], and the PI3K&



152 A.M. Goodman et al.

inhibitor idelalisib [112, 113]. These therapies have dramatically improved outcomes
in all patients with CLL, especially in the elderly and those with 17p deletions.
However, despite the recent successes, many patients will likely acquire resistance
to therapy [114, 115] resulting in relapse and require lifelong therapy. Patients with
CLL who progress after receiving ibrutinib can have few good treatment options.
Recently, the FDA approved the BCL-2 inhibitor venetoclax for patients who have
17p mutations and have progressed on ibrutinib [116]. However, further treatment
options are limited.

Current CAR targets being explored in CLL include CD19, CD20, RORI1, and
Igk. RORI1 is an orphan-receptor tyrosine kinase-like antigen that is predominately
expressed on tissue during embryogenesis [117]. Expression of ROR1 has also been
identified in numerous tissue histologies including non-Hodgkin lymphoma (NHL)
and uterine, lung, ovarian, pancreatic, and bladder cancer [117]. However, ROR1
expression has been identified on a subset of normal B-cell hematopoietic precur-
sors and pancreatic and lung tissues [118, 119]. A ROR1-targeted CAR has been
demonstrated to be highly effective in a preclinical study [119].

B cells express surface immunoglobulin composed of a heavy chain and either a
k or A light chain. At any given time, approximately 20-80% of B cells will express
either a x or A light chain [10]. Clonal processes involving B lymphocytes are light
chain restricted and express either a k or A light chain. CARs targeting either the x
or A light chain will therefore spare some normal B lymphocytes. Furthermore, Igk
deficiency does not result in an increased susceptibility to infection [120]. Igk is
emerging as an attractive target, and a CAR targeting Igk has demonstrated activity
against CLL in a preclinical study [121].

In one early study, eight patients with CLL were treated with a 19-28z CD19-
targeted CAR (CD28/CD3() resulting in one patient having a partial response
(PR) that persisted for 6 months and two patients having stable disease for greater
than 2 months. Minimal toxicity was observed [121]. Studies at University of
Pennsylvania using CTLO19 CAR first demonstrated efficacy in a single patient
with CLL who sustained a CR greater than 10 months in duration. This was fol-
lowed by a larger study using 14 patients with relapsed/refractory CLL [100]. The
overall response rate was 57% with four CRs and four PRs. All responding
patients experienced CRS. In two patients who achieved a CR, the CAR T cells
persisted and remained functional for over 4 years. No patients who achieved a
CR relapsed. Finally, follow-up of 49 adults with CLL who received CTLO19 has
recently been reported [90]. Forty-one patients were evaluable for response
assessment with 15 patients achieving a response. Five patients remain in CR with
a median follow-up of 26 months. Response did not correlate with typical prog-
nostic factors including age, prior therapies, or mutated 7P53; however, responses
did correlate with CTLO19 in vivo expansion. Results have also been reported
using the University of Washington’s second-generation CD19-targeted CAR
(4-1BB/CD3{) in 18 adults with heavily pretreated CLL who had been previously
treated with ibrutinib. The median number of treatments prior to CAR infusion
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was five, and three patients had progressed after allogeneic stem cell transplanta-
tion. Seventy-six percent of patients achieved a response, with 5 CRs. In addition,
two of four patients who had received prior venetoclax had a PR. CRS and severe
neurotoxicity was reported.

5.6.3 Indolent B-Cell Non-Hodgkin Lymphoma (NHL)

Follicular lymphoma is the most common indolent NHL in countries of the Western
hemisphere [122]. Approximately 85% of follicular lymphoma harbor the t(14;18)
chromosomal rearrangement, which results in overexpression of the antiapoptotic
protein B-cell lymphoma-2 (BCL-2) [123] and thus B-cell immortalization. Most
patients with FL have advanced-stage disease at presentation, which is generally
incurable with convention therapy [122]. Frontline therapy often consists of combi-
nation chemotherapy followed by maintenance treatment with rituximab for those
who present with a high tumor burden [124]. Unless treated with allogeneic HCT,
relapse is almost inevitable. Novel therapies, including lenalidomide [125] and the
PI3KS$ inhibitor idelalisib [126], have been shown to induce durable responses in
patients with relapsed and/or refractory disease, although remissions are often not
durable. FL is predominately a disease of the elderly, in whom aggressive chemo-
therapy followed by allogeneic HCT, although potentially curative [127], is usually
not feasible; thus, novel treatments are needed.

CARs targeting both CD19 and CD20 have been studied in patients with B-cell
NHLs. CD20 is a cell surface glycoprotein expressed on B cells at the beginning of
the pro-B-cell phase and is expressed up until the plasma cell stage. CD20 is well
known to be expressed on numerous B-cell lymphomas and has been successfully
targeted by the antibody rituximab [57, 128].

In a proof of concept trial, seven patients with follicular lymphoma were treated
with a first-generation CD20-directed CAR T cell [101]. After infusion of the prod-
uct, all patients received 14 days of subcutaneous low-dose interleukin-2 (IL2). Two
of the seven patients achieved a CR to cytoreductive chemotherapy prior to CAR
T-cell infusion. One patient achieved a PR lasting 3 months after CAR infusion,
while four patients had stable disease lasting 3, 5, 6, and 12 months. Another study
performed by the same group using a third-generation (CD28/41BB/CD3() CD20-
directed CAR resulted in a PR in one patient [57].

The National Cancer Institute first reported on successfully treating one adult
with follicular lymphoma with a second-generation (CD28/CD3() CD19-
targeted CAR T cell [130]. This was followed by a larger study in eight adults
with indolent B-cell NHLs using the same second-generation CAR [75].
Responses were seen in six of seven patients evaluable for response. Responses
were durable with one response ongoing at 18 months. Toxicity included CRS
and B-cell aplasia.
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5.6.4 Diffuse Large B-Cell Lymphoma

DLBCL is the most common histological subtype of NHL, accounting for approxi-
mately 30% of all NHL cases [131]. Chemotherapy with rituximab, cyclophospha-
mide, doxorubicin, vincristine, and prednisone (R-CHOP) regimen is the current
standard-of-care treatment for patients with this disease [132]. In the rituximab era,
3-year survival is approximately 90% and 60% for patients with low-risk and high-
risk disease, respectively, and many patients are in fact cured of the disease [133].
Outcomes in the relapsed and/or refractory setting, however, are generally poor,
with approximately 30% of patients experiencing a 3-year event free survival (EFS).
Relapsed patients are often treated with a salvage chemotherapy regimen followed
by autologous HCT [134]. Almost all patients receive rituximab as part of their
initial treatment regimen, and patients in this group have poorer outcomes after
relapse, with a 3-year EFS rate of only 20% with salvage therapy followed by autol-
ogous HCT.

The National Cancer Institute has reported on the treatment of 15 patients with
B-cell NHLs with their second-generation (CD28/CD3() CD19-targeted CAR [55].
Twelve patients (80%) had a response to treatment with eight patients having CRs.
Six of 9 patients with DLBCL had a response. CRS was observed and one patient
died 16 days after infusion of the CARs from an unknown cause. A follow-up of this
study reporting on 27 evaluable patients demonstrated responses in 22 of 27 (81%)
patients treated with ongoing CRs of 1-37 months duration [135]. Another follow-
up study using this CAR reported results in six patients with either primary medias-
tinal B-cell lymphoma or transformed follicular lymphoma [76]. The objective
response rate was 100% with all patients obtaining ongoing CRs. Toxicity included
CRS and neurotoxicity that was reversible.

Studies at Memorial Sloan Kettering evaluated the use of a 19-28z CAR T cell
as consolidation after BCNU, etoposide, cytarabine, and melphalan (BEAM) autol-
ogous HCT [136]. Eight patients with either DLBCL, transformed lymphoma, or
Burkitt lymphoma were enrolled. Five of eight patients remain progression-free at
the time of data analysis. Severe CRS was seen in 50% of patients and all patients
engrafted their neutrophils.

Finally, studies at University of Pennsylvania evaluated the second-generation
CTLO19 CAR in 29 patients with B-cell NHLs (DLBCL, follicular lymphoma,
and mantle cell lymphoma). Twelve of the 18 patients evaluable for response
have responded, and at a median follow-up of 6 months, progression-free sur-
vival was 59%.

5.6.5 Multiple Myeloma

Multiple myeloma, a plasma cell neoplasm, represents approximately 1% of all
malignancies and 10% of all hematologic malignancies. Over 20,000 cases are
diagnosed annually in the United States with a median age of diagnosis of 65 [137].
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Treatment for multiple myeloma is complex and tailored toward patient’s
comorbidities and risk status. Therapy usually involves combining multiple agents
including immunomodulators, proteasome inhibitors, and chemotherapy with
administration of high-dose chemotherapy followed by autologous HCT for those
eligible [137-139]. Almost all patients will relapse as multiple myeloma is incur-
able unless allogeneic stem cell transplantation is employed [140]. With each sub-
sequent relapse, the disease gets more difficult to treat, resulting in shorter remissions
and eventually refractory disease [141, 142].

Current CAR targets being explored in multiple myeloma include CD19, CD38,
CD138, NY-ESO-1, and B-cell maturation antigen (BCMA) [43]. CD38 is a type II
transmembrane glycoprotein that regulates calcium efflux and signaling in B lym-
phocytes and is widely expressed on malignant plasmacells [ 143, 144]. Daratumumab,
amonoclonal antibody that targets CD38, has proven successful as a single agent and
in combination with lenalidomide and bortezomib in patients with relapsed/refrac-
tory multiple myeloma [144—146]. Furthermore, CD38 is expressed on T regulatory
cells and treatment with daratumumab results in depletion of T regulatory cells and
increased cytotoxic T-cell number and activity [147, 148]. A second-generation CAR
T-cell (41BB/CD3() targeting CD38 successfully lysed primary multidrug-resistant
malignant plasma cells in preclinical models [149].

BCMA is expressed on both malignant plasma cells and also a subset of mature
B cells [150]. In a preclinical study, BCMA was expressed on primary multiple
myeloma plasma cells from five of five patients, and a second-generation (CD28/
CD3¢) CAR T cell targeting this antigen has been developed [151]. CD138 (syn-
decan-1) is expressed highly on malignant plasma cells; however, it has also been
identified on differentiated bronchial epithelial cells. A trial using a second-
generation (41BB/CD3() CAR-targeting CD138 resulted in stable disease in four of
five patients treated [152].

Although CD19 is not expressed on the malignant plasma cells, several reports
have suggested that CD19 is expressed on drug-resistant disease-propagating clones
[153]. A case report demonstrated the efficacy of the CD19-directed CTLO19 CAR
in a patient with heavily pretreated multiple myeloma [154]. In this report, the
patient was treated high-dose chemotherapy and autologous stem cell transplanta-
tion followed by infusion of CTLO19. The patient achieved a CR that is ongoing at
12 months. Supplementary data from this publication presented an additional eight
patients, of which four achieved PRs.

NY-ESO-1 is an immunogenic cancer testis antigen that has been associated with
both spontaneous and vaccine induced cancer eradication [155, 156]. Approximately
60% plasma cells from patients with advanced multiple myeloma express NY-ESO-1
[157]. A study using an NY-ESO-1-targeted CAR in patients with relapsed/refrac-
tory multiple myeloma has been performed by the University of Pennsylvania group
[158]. Twenty patients underwent autologous HCT with melphalan conditioning
followed by CAR infusion. Sixteen of 20 patients had a response. Surprisingly,
three patients experienced autologous graft-versus-host disease of the gut, which
has been previously observed after the transfer of activated, but non-gene-modified,
T cells [159].
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5.6.6 Acute Myeloid Leukemia (AML)

In the United States, approximately 12,000 individuals are diagnosed with acute
myeloid leukemia (AML) annually, and the majority of them will die from their
disease [160]. The median age for individuals with AML is 70, and treatment out-
comes become progressively dismal with increasing age [161]. Risk stratification
is incredibly important in determining treatment decisions in AML and is based on
patient related factors, including age [162] and comorbidities, and disease related
factors such as cytogenetics [163], molecular features [164—168], and AML sub-
type [169].

Standard therapy for AML has not changed substantially for over the last 30 years
and consists of intensive induction chemotherapy with cytarabine and an anthracy-
cline [170, 171]. Approximately 60-80% of patients treated with intensive therapy
obtain a CR; however, almost all will relapse without further chemotherapy [172].
Depending on risk status, consolidation therapy consists of high-dose cytarabine or
allogeneic HCT [173, 174]. Many patients with AML are either elderly and/or
comorbid and are unable to tolerate intensive induction therapy, have primary
refractory disease, or relapse following induction. Outcomes for these populations
are poor. Treatment options for these groups consist of re-induction with intensive
salvage therapy [175-179], hypomethylating agents [180-183], and/or best sup-
portive care. Those who relapse following allogeneic HCT generally have dismal
outcomes unless relapse was 1 or more years after transplantation [184]. Limited
treatment options exist for this group of patients including donor lymphocyte infu-
sion (DLI) [185] to maximize the graft-versus-leukemia effect, re-induction, and,
for a minority, a second allogeneic HCT.

CAR T-cell development has proven more difficult in AML then in B-cell malig-
nancies as many antigens found on myeloid blasts are also found on healthy tissue.
Targets currently being explored include IL-3R (CD123), CD33, and LeY. Limited
data on the safety and efficacy of CAR therapy for patients with AML has been
published.

CD33 is expressed in close to 90% of all AML cases [186]. Preclinical data has
demonstrated the efficacy of CD33-directed CAR T cells against both cell lines and
xenografts [187-190]. However, CD33 is present on normal tissue and hematopoi-
etic precursors. For example, CD33 is expressed on Kupffer cells in the liver and
hepatotoxicity has been observed with the use of an antibody-drug conjugate
directed against CDD33 [191, 192]. A case report has been published using an anti-
CD33 second generation (41BB/TCR-{) in a patient with relapsed AML [193]. The
CAR T cells were administered without any prior conditioning chemotherapy.
Grade 4 chills and fevers occurred within 1 h of CAR T-cell infusion and required
administration of etanercept, which ameliorated the fevers. A marked decrease in
the patient’s bone marrow blasts was seen after 2 weeks of therapy; however, marked
progression occurred 9 weeks after CAR infusion.

CARs targeting CD123 have also been developed. CD123, also known as IL-3
receptor, together with CD131 forms the high-affinity IL-3Ra complex [194].
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In contrast to CD33, CD123 is expressed at low to negligible levels on normal
hematopoietic stem cells [195]. Antibodies targeting CD123 have already proven
safe and possibly effective in clinical trials [196, 197]. CARs targeting CD123 have
demonstrated efficacy in preclinical models both in vitro and in vivo [198, 199].
However, a study using xenograft models demonstrated that CD123 directed CARs
markedly impaired human hematopoiesis resulting in myeloablation. This suggests
that targeting CD123 with CAR T cells may only be feasible if followed by alloge-
neic stem cell transplantation [200].

LeY is a difucosylated carbohydrate antigen with unknown function and is
expressed on a wide range of malignancies including AML [201-204]. An anti-LeY
second-generation (CD28/CD3() CAR was evaluated in a small phase I study [204].
Five patients with relapsed AML were enrolled with one patient dying of sepsis
prior to receiving the CAR. Of the four patients treated, one achieved a cytogenetic
remission, another had a reduction in peripheral blood blasts, and a third had a pro-
tracted remission of approximately 23 months. Toxicity was minimal. Interestingly,
blasts continued to express LeY in three of the five patients who relapsed, suggest-
ing antigenic escape was not the mechanism of relapse.

CD7, an antigen normally expressed on T and NK cells, is found in approxi-
mately 30% of AML cases. A CD7-directed CAR cell has shown efficacy against
AML cell lines and spared normal hematopoietic precursors [205]. The hyaluronate
receptor (CD44) is expressed ubiquitously on normal tissue [206]. However, the
CD44v6 isoform is expressed in AML and multiple myeloma. CARs directed
toward this isoform effectively targeted AML blasts in a preclinical model [207].
Other receptors currently being explored as potential targets include folate receptor
B [208, 209] and FLT3 [210].

5.7 CAR T-Cell Therapy for Solid Tumors

5.7.1 Introduction

Solid tumors have proven much more difficult to target with CARs than hemato-
logic malignancies. On-target/off-tumor toxicity has been a major obstacle in devel-
oping safe and effective CARs in the treatment of solid tumors due to the lower limit
of target sensitivity for CARs compared with antibody based therapies [211].

5.7.2 Carcinoembryonic Antigen (CEA)

CEA is a 180 kDa glycoprotein belonging to the immunoglobulin superfamily and
is expressed in both normal epithelial cells and malignant epithelial-derived
tumors, most notably colorectal cancer [212, 213]. At the National Cancer
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Institute, three patients with metastatic colorectal cancer refractory to standard
treatments were treated with lymphodepleting chemotherapy followed by admin-
istration of a first-generation anti-CEA CAR [213]. All three patients experienced
adecrease in the serum CEA, and one patient had regression of their disease in the
lung and liver. However, biopsy confirmed inflammatory colitis occurred in all
three patients and was dose limiting in two of the patients. A phase I trial has
tested a second-generation (CD28/C) anti-CEA CAR administered via hepatic
arterial infusion in six patients with advanced gastrointestinal cancers with metas-
tases to the liver [214]. Only one patient remained alive at 23 months with stable
disease while the rest died of progressive disease. However, biopsies demon-
strated an increase in liver metastasis necrosis in four of six patients. Grade 3
colitis only occurred in one patient.

5.7.3 Disialoganglioside (GD2)

GD2 is found normally on neurons, skin melanocytes, and peripheral sensory nerve
fibers. It is also overexpressed on numerous malignancies including neuroblastoma,
gliomas, retinoblastoma, and sarcomas [215, 216]. Dinutuximab, an anti-GD2
monoclonal antibody, has proven effective in treating children with high-risk neuro-
blastoma [216]. A first-generation CAR was evaluated in 19 patients with high-risk
neuroblastoma (eight in remission and 11 with active disease at the time of CAR
infusion) [47, 48]. No dose-limiting toxicity was observed. The persistence of low-
level CAR T cells at or beyond 6 weeks was associated with a significant longer
time until disease progression. Three of the 11 patients with active disease at the
time of CAR infusion achieved a CR. Two of these patients have achieved sustained
remissions greater than 21 and 60 months, respectively.

5.7.4 Epidermal Growth Factor Receptor (EGFR)

EGFR is a receptor tyrosine kinase present on many cell types. EGFRVIII, a
tumor-specific mutation, is overexpressed on glioblastoma (GBM) and is not
present on normal tissues making it an ideal target [217, 218]. EGFRvIII-specific
CARs have been shown to cure mice of intracerebral glioma in both mouse-
derived and xenografted gliomas [218-221]. A pilot study has evaluated the
safety and efficacy of an anti-EGFRvVIII CAR T cell in nine patients with
EGFRVIII-positive glioblastoma [222]. No CRS was observed; however, one
patient developed nonconvulsive status epilepticus 9 days after CAR infusion.
All patients showed expansion of the CARs. Pathological specimens obtained
from five patients who underwent surgical resection after CAR infusion demon-
strated infiltration of the activated CARs.
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5.7.5 Interleukin-13 Receptor a2 (IL-13Ra2)

IL-13 is a T-cell-derived cytokine that regulates human monocyte and B-cell function
[223]. Pheochromocytomas and paragangliomas and over 50% of glioblastomas
(GBMs) overexpress IL-13R [224, 225]. Cytotoxins targeted to the IL-13R have
been shown to result in resolution of tumors in GBM animal xenograft models [225].
At City of Hope, intracranial delivery of IL13/C “zetakine” (with the IL13 molecule
binding the IL13R to give tumor specificity) engineered T cells into three patients
with GBM was well tolerated with anti-glioma responses observed in two of the
patients [226]. No high-grade therapy side effects were observed. Building on their
initial results, an anti-IL-13Ra2 CAR was modified to include a 41BB stimulatory
domain and a mutated IgG4-Fc linker receptor to improve potency and reduce off-
target Fc-receptor interactions [40, 227]. Results from one patient with GBM treated
with this second-generation CAR have been reported [227]. Prior to CAR infusion,
the patient underwent resection of three of five intracranial tumors. Regression of all
intracranial and spinal tumors was observed, and the response continued for
7.5 months after initiation of therapy. No grade 3 or higher toxicity was observed.

5.7.6 Mesothelin

Mesothelin is overexpressed in numerous tumor types including malignant pleural
mesothelioma, pancreatic adenocarcinoma, ovarian cancer, and some lung cancers
[228, 229]. Mesothelin has limited expression in normal tissue; however, it is
expressed at low levels in the peritoneal, pleural, and pericardial mesothelial surfaces
[230]. In a preclinical model, administration of a second-generation anti-mesothelin
CAR (CD28/CD3{) was found to be more efficacious when injected directly into the
pleural as opposed to the intravenous route [231]. Another second-generation CAR
(41BB/ CD3()-targeting mesothelin has been evaluated in two patients with advanced
cancer (advanced pleural mesothelioma and metastatic pancreatic adenocarcinoma)
[230]. The patient with mesothelioma achieved a PR that persisted for 6 months
while stable disease was seen in the patient with pancreatic cancer. Biopsy speci-
mens obtained 35 days after infusion of the CARS demonstrated trafficking of cells
into the tumor specimens. This CAR has now been evaluated in six patients with
metastatic pancreatic adenocarcinoma [232]. Two of the six patients treated experi-
enced stable disease with one patient off therapy for greater than 4 months.

5.7.7 Fibroblast Activation Protein (FAP)

FAP is expressed by activated fibroblasts in approximately 90% of all epithelial
cancers including all malignant pleural mesothelioma subtypes (MPM) [233, 234].
A FAP-specific second-generation (CD28/CD3{) CAR has been found to lyse
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FAP-positive mesothelioma cells and inflammatory fibroblasts in vitro and inhibit
the growth of mesothelioma in a xenograft model [234].

5.7.8 HER-2/Neu (ERRB2)

HER-2 is a receptor tyrosine kinase that mediates signaling in normal and malig-
nant breast epithelial cells [235]. Expression has also been identified on epithelial
cells in the gastrointestinal, respiratory, reproductive, and urinary tract [236].
Overexpression and amplification of HER-2 is present in approximately 20-25% of
breast cancers, and HER-2-directed monoclonal antibodies have proven successful
in the treatment of HER-2-positive breast cancers [237]. In addition, HER-2 gene
amplification and protein overexpression has been identified in colon, ovarian, and
gastric cancer. CARs against HER-2 have been studied extensively and tested
in vitro and in animal models [33, 238-240].

A first-generation HER-2-targeted CAR was studied in 14 patients with meta-
static ovarian cancer [46]. No responses were seen, and the CARs did not persist in
large numbers long term. In an effort to improve responses, the CAR was modified
into a third-generation CAR including both 41 BB and CD28 co-stimulatory domains
[241]. Unfortunately, the first patient treated with this construct died 5 days after
cell infusion. Post-mortem analysis revealed high levels of the transfected vector in
the patient’s lungs. It was hypothesized that the death of this patient was the result
of the CAR T cells recognizing low-level expression of HER-2 in normal lung epi-
thelial cells. This case dramatically demonstrated the increased potency and poten-
tial risks of CARs compared to monoclonal antibodies.

Finally, a second-generation HER-2-directed CAR (CD28/CD3() was evaluated
in 19 patients with HER-2-positive sarcomas (16 osteosarcomas, 1 Ewing sarcoma,
1 primitive neuroectodermal tumor, and 1 desmoplastic small round cell tumor)
[242]. CARs persisted for at least 6 weeks in seven of nine evaluable patients; CARs
were identified in tumor specimens from two of two patients examined. Four
patients had stable disease ranging from 3 to 14 months.

5.7.9 Prostate-Specific Antigen (PSA)

PSA is a type Il membrane-bound protein that is expressed normally in the prostate
tissue. In addition, it is found in nearly all forms of prostate cancer and in some
cases of gastric and colorectal cancers [243, 244]. Reports from two trials suggest
that CARs directed toward PSA are safe and have clinical efficacy in advanced
prostate cancer [245, 246]. A second-generation CAR (CD28/CD3()-targeting PSA
resulted in stable disease in two of three patients treated [246]. Another study using
a second-generation CAR (CD28/CD3() reported that two of five patients treated
had a decrease in their PSA [245].



5 Cellular Therapy 161
5.8 Markers of Response

Currently, there is little information regarding the use of biomarkers to predict effi-
cacy of CAR T-cell therapy. However, it is clear that in vivo expansion and persis-
tence of CARs are attributes of patients who have achieved durable remissions
[247]. Furthermore, transcription signatures from patients with durable remissions
are associated with early memory T cells. Nonresponders have transcription signa-
tures of terminally differentiated and exhausted T cells [248]. It has been recently
demonstrated that high serum levels of IL.15 are associated with the effectiveness of
CD19-directed CARs in advanced-stage lymphoma patients, and preclinical studies
have found that both IL-7 and IL-15 increase the frequency of CD8+, CD45EA+,
and CCR7+ T cells during ex vivo expansion of T cells [248, 249].

5.9 Mechanisms of Resistance

5.9.1 Antigen Escape

Antigen escape refers to a relapsed disease that no longer expresses the target anti-
gen and, therefore, remains “invisible” to the antigen-targeted CAR. This phenom-
enon has been observed in patients with CD19+ B-ALL treated with CD19 targeted
CARs [250]. For example, 13 of 20 patients with relapsed/refractory CD19+ B-ALL
treated in one study with a second-generation CD19-targeted CAR (41bb/CD3()
had CD19-negative disease at the time of relapse [11]. CD19-negative relapse in
B-ALL has been seen at all major centers treating patients with CD19 directed
CARs [250].

CD19 has conserved extracellular domains critical for mature B-cell function;
however, it is unclear what roles these domains play in B-cell differentiation and
proliferation [251]. Recently, frameshift mutations and missense mutations in exon
2 of CD19 have been identified in patients with B-ALL who relapsed after receiving
CD19-targeted CARs. Furthermore, alternatively spliced CD19 mRNA sequences
lacking exon 2 were identified. Loss of exon 2, either by mutations or alternative
splicing, leads to the disappearance of a CD19 epitope that is recognized by the
FMC63-based antigen-binding moiety of the second-generation CD19-targeted
CART19 [250]. Loss of this extracellular epitope appears to result in a truncated
CD19 that is no longer susceptible to CART19 and detection by flow cytometry.
Recent analysis of six patients with B-ALL suggests that CD19-negative clones
exists as a minor subpopulation and may be selected for treatment of CD19-targeted
CARs [252].

An alternative mechanism of CD19 escape was identified in patients treated with
the BiTE blinatumomab [253]. Molecular analysis of the leukemic blasts from one
patient revealed blasts that lacked expression of both CD81 and CD21, two mole-
cules that form the B-cell co-receptor complex with CD19 and CD225 [254]. CD81
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belongs to the transmembrane 4 superfamily of proteins and plays an important
function in receptor signaling and intracellular protein trafficking [255, 256].
Western blot analysis demonstrated hypoglycosylated immature CD19 precursors;
it was hypothesized that lack of CD81 prevented CD19 processing and maturation
in the Golgi [253].

5.9.2 Leukemia Phenotype Switching

Rarely, ALL may switch phenotypes when treated with chemotherapy and relapse
as AML. However, treatment with CD19-targeted immunotherapies may increase
frequency of this phenomenon. A study has reported on two patients with MLL-
rearranged B-ALL treated with a CD19-targeted second-generation CAR who
relapsed with a CD19-negative myeloid phenotype [257]. After achieving a CR,
within 1 month, the two patients relapsed with AML that was clonally related to
their B-ALL. Lineage switch was also seen in an infant with MLL-rearranged
B-ALL who relapsed with AML 15 days after treatment with blinatumomab [258].
Finally, another study has described a patient with CLL with large cell lymphoma
transformation who relapsed with CD19-negative plasmablastic lymphoma follow-
ing CD19-targeted CAR therapy [259]. Strategies currently being employed and
tested to avoid this include co-targeting of multiple tumor antigens, allogeneic HCT
following CAR therapy, and a combination therapy with other immunotherapeutics
[252, 260, 261].

5.10 Toxicities

CAR T-cell therapy can result in severe and life-threatening toxicities [262, 263].
Toxicity is caused by numerous mechanisms including the gene delivery system,
pheresis collection, lymphodepleting chemotherapy, and either on or off-target
immune phenomenon [31]. Two severe, common, and potentially fatal toxicities
include the cytokine release syndrome (CRS) and neurotoxicity.

5.10.1 On-Target Toxicities

On-target toxicity can be broadly separated into either on-organ or off-organ toxic-
ity [31]. On-target, on-organ toxicity refers to adverse events directly attributable to
the CAR T cells engaging their target antigen [31]. The most common example of
this is in the treatment of B-cell malignancies with CD19-targeted CARs, which
results in B-cell aplasia [264]. Nearly all trials using CD19-targeted CARs report
this phenomenon (Table 5.2). CAR induced B-cell aplasia is a highly accurate
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marker for the pharmacodynamics CAR function [30]. Treatment with immuno-
globulin replacement (IVIG) appears to mitigate most infectious complications.

On-target, off-organ toxicity refers to the CAR engaging their target antigen;
however, the antigen being engaged is “off organ.” [31] For example, targeting
CD33 in myeloid malignancies can result in severe hepatotoxicity as CD33 is
expressed on the Kupffer cells in the liver [43].

5.10.2 Cytokine Release Syndrome (CRS)

CRS is a non-antigen-specific toxicity that results from overwhelming activation of
the immune system [262]. Activation of B and T cells, NK cells, myeloid-derived
cells (macrophages, dendritic cells, and monocytes) results in large-scale secretion
of numerous inflammatory cytokines including INFy, IL6, TNFa, IL-2, GM-CSF,
IL10, IL8, and IL5 [69, 75, 96, 99]. CRS is not unique to CAR T-cell therapy and
has been reported after the administration of alemtuzumab [265], the CD28 super-
agonist TGN1412 [266], BiTEs [102], and haploidentical mononuclear cells [267].
CRS can occur within minutes to days following drug administration. For example,
CRS usually occurs within minutes following administration of the anti-CD20
monoclonal antibody rituximab [268]. However, CRS following CAR T-cell infu-
sions usually occurs days to weeks after product administration, which coincides
with maximal in vivo T-cell expansion [262]. Numerous reports indicate that inci-
dence and severity of CRS following CAR T-cell infusion directly correlates with
the degree of tumor burden [75, 91, 96, 99].

IL6 has been identified to be a central mediator in the pathogenesis of CRS
[262]. IL6 is a pleotropic cytokine that regulates the immune response during
inflammation and hematopoiesis [269, 270]. IL6 requires the broadly expressed
cell-associated protein gp130 (CD130) for signaling [269]. When IL 6 levels are
low, IL6 binds to the IL6 receptor (CD126) present on macrophages, neutrophils,
and hepatocytes. However, when levels of IL6 are high, soluble IL6 receptor signal-
ing predominates and initiates frans signaling on numerous additional cell types
[271]. Two monoclonal antibodies are currently available that block IL6-mediated
signaling, the anti-IL6 receptor antibody tocilizumab [272] and the anti-IL6 anti-
body siltuximab [273].

Symptoms of CRS can range from fevers, chills, and myalgias to frank shock
with refractory hypotension and multi-organ failure (Table 5.3). Fevers frequently
exceed 40.0 °C [262]. A commonly used grading system for CRS is shown in
Table 5.4. In addition to rigorous supportive care, it is now recommended that
severe (typically grade 3 or higher) CRS be treated with tocilizumab. Experience
at numerous institutions has demonstrated that administration of tocilizumab is an
effective therapy for severe and life-threatening CRS [69, 75, 96, 99]. Patients
typically respond rapidly to tocilizumab administration. However, for patients
who do not respond within 24 h, a second dose of tocilizumab or alternative
immunosuppressive agent can be administered [262]. Corticosteroids can be con-
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Table 5.3 Symptoms and laboratory findings in CRS [263]

A.M. Goodman et al.

Organ system Clinical findings

Constitutional Fevers
Rigors
Malaise
Fatigue
Anorexia

Neurologic Headaches
Changes in level of consciousness
Delirium

Aphasia

Apraxia

Ataxia
Hallucinations
Tremor
Dysmetria
Myoclonus

Facial nerve palsy
Seizures

Hepatic Transaminitis
Hyperbilirubinemia

Hematologic Anemia

Thrombocytopenia

Neutropenia

Lymphopenia

Elevated D-dimer

Prolonged prothrombin time

Prolonged activated partial thromboplastin time
Hypofibrinogenemia

Disseminated intravascular coagulation

Cardiovascular Tachycardia

Hypotension

Arrhythmias

Decreased left ventricular ejection fraction
Troponinemia

GT prolongation

Pulmonary Tachypnea
Hypoxia

Renal Acute kidney injury
Hyponatremia
Hypokalemia
Hypophosphatemia
Tumor lysis syndrome

Gastrointestinal Nausea
Emesis
Diarrhea

Musculoskeletal Myalgias
Elevated creatine kinase
Weakness

Abbreviations: CRS cytokine release syndrome
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Table 5.4 Cytokine release storm grading system and management [262]

Grade Toxicity Management

1 Symptoms are not life threatening and require Vigilant supportive care
symptomatic treatment only (fever, nausea, Assess for infection
fatigue, headache, myalgias, malaise)

2 Symptoms require and respond to moderate No extensive comorbidities
intervention Vigilant supportive care
Oxygen requirement of 40% Extensive comorbidities:
Hypotension responsive to fluids or low dose of Vigilant supportive care
one vasopressor Tocilizumab
Grade 2 organ toxicity +/— steroids

3 Symptoms require and respond to aggressive Vigilant supportive care
intervention Tocilizumab
Oxygen requirement of 40% +/— steroids
Hypotension requiring high-dose or multiple
Vasopressors
Grade 3 organ toxicity or grade 4 transaminitis

4 Life-threatening symptoms Vigilant supportive care
Requirement for ventilator support Tocilizumab
Grade 4 organ toxicity (excluding transaminitis) +/— steroids

5 Death

sidered for refractory cases; however, there is emerging evidence that suggests
steroids may mediate a greater adverse effect on the antitumor activity of CAR T
cells [69, 91].

5.10.3 Neurotoxicity

The neurotoxicity seen in CAR T-cell therapy is similar to what has been reported
in patients receiving the BiTE blinatumomab [102]. Reported toxicities include
somnolence, global encephalopathy, cranial nerve palsies, seizures, hallucina-
tions, dysphasia, ataxia, and apraxia [11, 69, 89, 91, 96, 263]. Severe neurotoxic-
ity may necessitate mechanical ventilation for airway protection [263]. Several
groups have reported anti-CD19-targeted CARs in the cerebrospinal fluid (CSF)
of patients [11, 69, 89, 96], and in one study, higher levels of anti-CD19-targeted
CARs in the CSF was identified in patients experiencing neurotoxicity versus
those who were not [89].

Tocilizumab is generally not recommended for treatment of neurotoxicity as it
does not cross the blood-brain barrier [263]. However, IL6 is known to cross the
blood-brain barrier and has been shown to mediate neurotoxicity [274].
Administration of tocilizumab can raise serum IL6 levels by saturating IL6 recep-
tors [275]. This theoretically could increase CSF levels of IL6 and worsen toxicity
[263]. Many groups currently recommend the CSF-penetrating steroid, dexametha-
sone, for the treatment of severe neurotoxicity (REF).
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5.11 NK Cells for Cancer Therapy

NK cells are CD3'CD56* large granular lymphocytes of the innate immune system
that were identified in the 1970s based on their ability to kill virally infected cells
and tumor cells without prior sensitization and without HLA restriction [276, 277].
Therefore, NK cells are fundamentally different from T cells that are restricted to
recognizing self-HLA molecules. This enables use of NK cells as allogeneic anti-
cancer cells, in contrast to CAR T cells, are genetically modified autologous cells
that must be produced on a patient-specific fashion. While one recent trial has used
genetically modified allogeneic CAR-expressing T cells [278], this experience is
still limited, and it is unclear whether alloreactive T cells were effectively removed
in this system to prevent complications such as graft-versus-host disease. Indeed, as
noted, complications such as cytokine release syndrome and neurotoxicity in
patients receiving CAR T cells have led to significant morbidity and some deaths
[263, 279]. Notably, clinical trials with NK cells from peripheral blood and umbili-
cal cord blood do not show similar toxicities [280-286].

A balance of activating and inhibitory signaling receptors regulate normal NK
cell function, allowing for self-tolerance as well as the NK cell effector function
including cytotoxicity, cytokine production, and cell proliferation [276]. Inhibitory
receptors are utilized to prevent the killing of healthy cells, whereas strong activating
signals prompt an immune response against infected or malignant cells. Activating
receptors on NK cells that prompt cytotoxicity against tumor cells include NKG2D
(or CD314), the natural cytotoxicity receptors (NCRs), DNAMI (or CD2226), and
CD16. When activated by target cell interactions or cytokines in the microenviron-
ment, NK cells produce and secrete interferon-y (IFNy), numerous interleukins,
tumor necrosis factor (TNF) and growth factors, and chemokines. Secretion of these
cytokines activates other components of the immune system, such as MHC class 11
presentation on antigen-presenting cells, T helper 1 (Ty1) cells, myeloid cells, and
angiogenesis. In contrast, inhibitory NK cell receptors detect self-MHC class 1
ligands on healthy cells and include members of the killer immunoglobulin recep-
tors (KIRs) and the CD94 (or KLRD1)-NKG?2 receptor system.

Another important mechanism of NK cell function is antibody-dependent cell-
mediated cytotoxicity. This mechanism is activated by CD16 (or FcyRIIIA), which
recognizes the constant region (Fc) of IgG antibodies and is responsible for
ADCC. Interestingly, CD16 is also expressed by macrophages, and thus both NK
cells and macrophages provide therapeutic opportunities that take advantage of their
ADCC properties.

5.12 Tumor Immunosurveillance by NK Cells

NK cell deficiencies, marked either by the absence of NK cells or aberrant func-
tion, have been implicated in the development of malignancies. For example,
patients afflicted by diseases marked by NK cell dysfunction—such as
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Chediak-Higashi and X-linked lymphoproliferative syndrome—have a higher risk
of developing malignancies, particularly AML (REF).

5.13 NK Cell Clinical Trials

In the past decade, multiple clinical trials have demonstrated that NK cells have the
potent ability to treat AML that is refractory or resistant to standard chemotherapy
[280-282]. Many recent advances have led to a dramatic increase in NK cell-based
clinical trials for AML and other malignancies. Indeed, clinicaltrials.gov currently
lists at least 50 different NK cell-based clinical trials recruiting patients for a variety
of both hematological malignancies and solid tumors.

While NK cells are known to be a component of TILs used for autologous anti-
tumor therapies as described above, one of the first studies to clearly demonstrate
that allogeneic NK cells have direct antitumor activity came from an analysis in
patients undergoing allogeneic HCT for AML and ALL [281]. This study demon-
strated that a haploidentical HCT that was KIR mismatched in the GVH direction
(meaning donor NK cells would not be inhibited by patient HLA class I molecules)
lead to long-term CRs in all patients treated for AML. Specifically, KIR- and
HLA-C-mismatched NK cells were found to mediate elimination of AML without
causing concomitant GVHD. Interestingly, ALL patients did not see good responses
by this therapy.

A subsequent study in 2005 augmented this strategy by using adoptive transfer
of haploidentical NK cells combined with lymphodepleting regimen prior to NK
cell infusion followed by infusions of IL-2. The authors noted a significant rise in
endogenous IL-15, a cytokine required for final differentiation of CD34-positive
progenitors to NK cells in vitro, among patients who received the more intensive
conditioning regimen (high-dose fludarabine and cyclophosphamide). Of note, 5 of
19 of these poor-risk AML patients obtained hematologic remission with this
approach [283]. Outside of AML, NK cellular therapy followed by in vivo IL-2
expansion has also been studied in ovarian cancer, breast cancer, and refractory
non-Hodgkin lymphoma [287, 288]. In these clinical trials, the persistence and
increase in regulatory T cells (Tregs) likely interfered with NK cell expansion and
survival. Tregs not only persisted following cytotoxic therapy but also rapidly
expanded after the IL-2 course was administered. Tregs directly limit NK cell
expansion by competing for IL-2, as Tregs express the high-affinity IL-2 receptor
a chain (CD25) and IL-2 provides the strongest proliferative signal for Tregs. An
update of this approach used an anti-IL2 diphtheria toxin (IL-2DT)-linked fusion
protein to deplete IL2-receptor expressing T regulatory cells. In this study, patients
treated with IL2-DT as part of a cyclophosphamide/fludarabine conditioning regi-
men had increased NK cell expansion and improved rate of remissions [284].
Specifically, 53% (8 of 15) patients whose conditioning included IL2-DT had CRs
compared to 21% of patients who did not receive IL2-DT. Several patients who
achieved CRs went on to allogeneic hematopoietic cell transplantation to extend
the curative potential of this approach.
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A recent study describes how novel cytokine-induced memory-like (CIML)
NK cells that are pre-activated by IL-12, IL-15, and IL-18 were found to have
increased cell proliferation and expression of high-affinity IL-2 receptor afy and
increased production of interferon-y, translating to augmented anti-AML activity
[285]. A phase 1 clinical trial using the CIML NK cells for patients with relapsed/
refractory AML demonstrated responses (either CR or morphologic leukemia-
free state) in 5 of 9 (55%) patients, with at least 2 patients remaining in remission
over | year post-treatment. Again, no GVHD was demonstrated by this NK cell
therapy [285].

Umbilical cord blood (UCB) has also been a source of NK cells used for clinical
trials against relapsed refractory AML and other hematologic malignancies. One
recent study treated older (median age 72) AML patients with lymphodepleting
(cyclophosphamide and fludarabine) chemotherapy and UCB-NK cells, though no
cytokines were given post-NK cell infusion, as was done in other studies. Here, 4 of
10 patients remained in remission 1-5 years post-NK cell treatment, with at least 2
patients converting from MRD-positive to MRD-negative disease [286]. Another
recent trial used UCB-NK cells to treat patients with high-risk or relapsed multiple
myeloma [289]. After conditioning with lenalidomide and melphalan, patients
received the UCB-NK cells combined with autologous HCT. While difficult to
determine the specific role of NK cells in this regimen, 10 of 12 patients did achieve
a very good partial response, near CR or CR.

Other NK populations have also been characterized in preclinical and clinical
studies. The so-called “adaptive” NK cell has been characterized as CD56%™
CD57*NKG2C* cells obtained only from CMV+ individuals [290]. These adaptive
NK cell have more potent antitumor activity and will soon be used in clinical trials.
An NK cell line termed NK-92 has also been used in clinical trials against diverse
refractory malignancies. However, as NK-92 is an aneuploid cell line with malig-
nant potential, these cells must be irradiated before administering to patients, limit-
ing the in vivo expansion potential [291].

5.14 Derivation of NK Cells from Human Pluripotent
Stem Cells

These trials of NK cell-based therapy using NK cells isolated from peripheral blood
(typically using haploidentical donors) or UCB have generated great interest in
expanding the use of NK cells to treat relapsed or refractory cancers. One strategy
to increase the supply and access to NK cell-based therapies is to derive NK cells
from human pluripotent stem cells. Human pluripotent stem cells consist of both
human embryonic stem cells (hESCs) and induced pluripotent stem cells (iPSCs).
These cells have the potential to make all the cells in the body, including blood and
immune cells [292-294]. Clinical trials using both hESC- and iPSC-derived cells
are underway for diseases such as spinal cord injury, diabetes, retinal disease, and
cardiac disease [294].
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Studies over the past decade demonstrate efficient production of NK cells from
human pluripotent stem cells (both hESCs and iPSCs) [295-298]. These hESC- and
iPSC-derived NK cells have similar phenotype as PB-NK cells and UCB-NK cells.
Moreover, the anti-AML activity of hESC- and iPSC-NK cells is at least as good, if
not better, than PB-NK cells and UCB-NK cells [296, 297].

5.15 hESC/iPSC-Based NK Cell Therapy Offers Several
Potential Advantages Over Existing Immune Therapies

1. hESC/iPSC-derived NK cells can provide a standardized, “off-the-shelf” homo-
geneous therapy that is advantageous compared to current patient-specific thera-
pies. As noted, NK cells currently used for clinical trials [193, 296, 299] are
typically isolated from peripheral blood of haploidentical donors. Again, this
involves significant time and expense. Additionally, the PB-NK cell product is a
very heterogeneous cell population that markedly differs between donors. Also,
as described, different strategies are used to isolate the NK cells from peripheral
blood, making it difficult to compare between products and trials [283-285]. In
contrast, hESC/iPSC-derived NK cells provide a standardized cell product that is
>97% NK cells [297], and production of hESC-/iPSC-derived NK cells can pro-
vide a homogeneous cellular immunotherapy product that can be scaled to
potentially treat hundreds, or thousands, of patients [297].

2. Production of a standardized bank of hESC-/iPSC-derived NK cells enables
multiple treatments of the same patient. The ready availability of hESC-/iPSC-
derived NK cells will allow these cells to become part of the standard-of-care
treatment for AML. Again, this is in contrast to NK cells isolated from peripheral
blood or cord blood that only contain enough NK cells for one treatment dose.

3. hESC-/iPSC-derived NK cells do not require collecting cells from the patient or
donors. This saves time and expense. Additionally, CAR T cells have been pro-
posed for the treatment of AML (e.g., with an anti-CD123 or anti-CD33
CAR(23). However, since these antigens are expressed on normal myeloid cells
as well as the leukemic cells, CAR T-cell-based therapy likely needs to be com-
bined with allogeneic hematopoietic cell transplant. This sharply limits patients
who would be able to receive CAR T cells for AML. Notably, one test of anti-
CD33-CAR T cells for AML did not demonstrate substantial benefit [193].

5.16 Engineering NK Cells for Improved Antitumor Activity

As with T cells, NK cells can be engineered to express CARs to enhance antitumor
activity. Much of this work has been done with the NK cell line, NK-92. These cells
have been used as they are relatively easy to genetically modify. Additionally, since
NK-92 cells have relatively little direct antitumor activity, addition of CARs can
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provide a significant improvement in the ability to directly kill cancer cells.
Preclinical studies have characterized NK-92 cells that target diverse tumor anti-
gens, including CD19 and CD20, ErbB2(HER2), and CD138 [300]. However, none
of these CAR-expressing NK-92 cells have yet entered clinical trials.

CARs can also be expressed in peripheral blood NK cells, though the efficiency
is typically significantly less than the derivation of CAR-expressing T cells. This
difference is likely due to innate immune mechanisms that make NK cells inher-
ently more resistant to foreign DNA. However, multiple studies have clearly dem-
onstrated expression of CAR constructs targeting different tumors and with different
intracellular signaling domains [300]. Notably, anti-CD19 CAR-expressing NK
cells from haploidentical donors have entered clinical trials for treatment of refrac-
tory ALL, though no results have yet been reported [301].

Human pluripotent stem cells (both hESCs and iPSCs) can also be used as a
platform for derivation of CAR-expressing NK cells. Here, the undifferentiated
hESCs/iPSCs can be genetically modified using viral or non-viral vectors [302].
Then, differentiation of the hESCs/iPSCs leads to the production of stable CAR
expression. This strategy offers the advantage of being able to specifically target the
insertion to genomic areas that maintain high-level expression, such as the AAVS
site. Additionally, the insertion sight can be defined to ensure no untoward effects
are likely from the gene modification. This strategy has been used to produce hESC/
iPSC-derived NK cells that target both tumor antigens and virally infected cells
[300, 303].

One additional strategy to improve NK-cell function is to optimize CD16 expres-
sion. CD16 is the Fcy-receptor that mediates ADCC. However, CD16 expression is
downregulated on activated NK cells by the metalloprotease, ADAM17. Notably,
the ADAMI17 cleavage site has been characterized and mutated to effectively pre-
vent loss of expression. Specifically, substitution of the serine at position 197 in the
middle of the CD16 cleavage region for a proline (S197P) effectively blocked
CDl16a and CD16b cleavage. Importantly, CD16a/S197P was resistant to cleavage
when expressed in NK-92 cells and in iPSC-derived NK cells [304]. Therefore,
expression of CD16 (S197P) in NK cells provides an important strategy to improve
antibody-mediated targeting of NK cells to solid tumors that may be more refrac-
tory to NK-cell-mediated killing.

5.17 Conclusion

This chapter highlights the exciting advances in T-cell- and NK-cell-based immuno-
therapies. However, these therapies remain at an early stage. Clinical trials using
HCT to treat hematologic malignancies and immunodeficiencies started in the
1950s and 1960. However, it took decades before HCT demonstrated efficacy and
became standard-of-care for many patients with otherwise refractory AML, multi-
ple myeloma, lymphoma, aplastic anemia, and other hematologic diseases so that
over 50,000 patients in the United States now receive an allogeneic or autologous
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HCT every year. We are at a similarly early stage for T-cell and NK cell-based
therapies. Continued advances will certainly make these therapies safer and more
effective—eventually leading cell-based therapies to become a routine component
of clinical care to better treat and cure otherwise lethal malignancies.
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Chapter 6
Combinatorial Checkpoint Blockade
Immunotherapy and Radiation

Sangwoo Shawn Kim and Andrew Sharabi

Abstract Radiation therapy plays a critical role in the treatment of a wide variety
of cancers. Recent studies have shown that radiation therapy (RT) can modify the
adaptive immune response and can work synergistically with checkpoint blockade
immunotherapy (CBI) to induce potent endogenous antitumor responses. Preclinical
models have demonstrated a potential ability of RT to prime the immune system and
augment the efficacy of CBI. Retrospective clinical data has reported a dramatic
improvement in overall survival and response rates when radiation is combined with
immunotherapy in patients with metastatic melanoma. Case reports have also docu-
mented evidence of enhanced responses outside of the radiation field, also termed
“abscopal effects.” The immunologic mechanism of the abscopal effect, however,
has not been fully characterized. Prospective clinical trials are currently ongoing to
uncover the details of the abscopal effect and demonstrate the clinical efficacy of
combined RT and CBI in treating cancer in both the definitive and metastatic
setting. Here we review select preclinical and clinical data on radiation checkpoint
blockade combinations.
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6.1 Radiation Therapy and the Abscopal Effect:
Preclinical Data

Radiation therapy (RT) remains one of the pillars of cancer therapy. Recently
advances in RT have made it possible to deliver focused radiation to tumor sites
within the body with millimeter accuracy by using advanced patient immobilization
systems, onboard real-time imaging, respiratory management, and stereotactic
patient localization. This technique is known as stereotactic body radiation therapy
(SBRT) for sites outside the CNS and stereotactic radiosurgery (SRS) for sites
within the CNS, although the overall techniques are fairly equivalent. SBRT has
given clinicians the ability to deliver high doses of radiation to a specific site in one
to five total treatments while minimizing radiation to surrounding tissues.
Furthermore, using the same technological advances, radiation oncologists can now
deliver image-guided intensity-modulated radiation therapy (IG-IMRT) with con-
ventional daily fractionation that allows for rapid dose gradients and the ability to
exquisitely control where dose is deposited to allow for dose escalation while spar-
ing nearby critical structures and limiting toxicity. These technological advances
call for a reevaluation of the use of radiation therapy in combination with novel
immunologic anticancer agents.

Traditionally, RT is known to kill cancer cells by inducing significant DNA
damage by directly breaking DNA strands and creating free radical induced oxida-
tion, leading to apoptosis or mitotic catastrophy [1]. However, RT has been shown
to elicit a wider, more systemic effect, as it can drastically alter the expression of
cell surface molecules and shape the adaptive immune response [2-7]. In a semi-
nal study, Reits et al. showed that high-dose RT increases not only the expression
of major histocompatibility complex (MHC) class I molecules but also the diver-
sity of peptides presented [2]. Burnette et al. then illustrated the importance of RT
in stimulating type I IFN production and its critical role in initiating a local anti-
tumor response [3]. Using CT26 and MC38 colon tumors, Filatenkov et al. addi-
tionally demonstrated the role high-dose radiation can play in shifting the
immunogenic landscape of the tumor microenvironment by increasing infiltration
of CD8+ T cells and decreasing the population of myeloid-derived suppressor
cells. This effect ultimately stimulated long-term remission in a type I IFN-
dependent manner [4]. However, T-regulatory cells (Treg) seem preferentially
resistant to RT and may induce other molecules that contribute to tumor-mediated
immunosuppression [5-7].

The role that RT plays in shifting the adaptive immune response has inspired
efforts to seek ways to combine RT with other methods that augment the endoge-
nous antitumor response. One such method is checkpoint blockade immunother-
apy (CBI), which targets molecules including CTLA-4 and PD-1/PD-L1. It has
been observed that RT combined with CBI can elicit an antitumor response within
and outside the field of radiation—this has been termed the “abscopal effect” [8,
9]. The immunologic mechanisms of this effect, however, have not been fully
elucidated.
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6.1.1 Combined Radiation Therapy and Anti-CTLA-4
Immunotherapy

Cytotoxic T-lymphocyte antigen-4 (CTLA-4) plays a key role in modulating the
adaptive immune response. For proper T-cell activation and proliferation, CD28 on
the T cell must bind the B7 ligands present on an antigen-presenting cell (APC), an
interaction that can be outcompeted by CTLA-4 due to its significantly increased
binding affinity [10, 11]. In fact, CTLA-4 has been shown to play a key role in
controlling Tregs’ abilities to suppress activity of other T cells [12, 13]. Therefore,
it represents an ideal drug target to study in combination with radiation therapy to
enhance antitumor responses.

Combined RT and anti-CTLA-4 IT has then been tested in various metastatic
cancer models. In a study by Demaria et al., a poorly immunogenic metastatic breast
carcinoma (4 T1 cell line) in mice was best controlled by a combination of RT and
anti-CTLA-4 IT—an effect that was mediated by CD8+ T cells [14]. The fraction-
ation pattern or total number of radiation treatments may also influence resultant
antitumor immune responses. Dewan et al. demonstrated that fractionated RT
(8 Gy x 3 fractions or 6 Gy x 5 fractions) combined with anti-CTLA-4 IT could
prompt an abscopal effect in both metastatic breast carcinoma and colon carcinoma
(MCA38 cell line), an effect that correlated with increased frequency of infiltration
by tumor-specific CD8+ T cells [15].

Filatenkov et al. further characterized the critical importance of dose and
sequencing on CD8+ T-cell infiltration [4]. Using a dose of 30 Gy, either in a single
fraction or ten fractions, the authors examined the mechanisms that contribute to
complete remissions in murine colorectal tumor models (CT26 and MC38). They
reported that high-dose radiation modified the tumor microenvironment and induced
arobust CD8+ T-cell infiltrate with a synchronous loss of myeloid-derived suppres-
sor cells (MDSC) [4]. These changes depend on dendritic cells as well as CD4+
T-helper cells. Interestingly the single-fraction radiation therapy was more effective
than the extended fractionated radiation therapy [4]. Furthermore, adding addi-
tional radiation doses after a single large fraction of radiation abrogated responses.
The time course of these events were also examined with absolute numbers of T
cells decreasing immediately within 1-2 days after radiation but then increasing
significantly above baseline at 7 and 14 days after radiation therapy [4]. These find-
ings support the concept that radiation can rapidly induce T-cell apoptosis, but that
the downstream immunologic effects of radiation can result in enhanced immune
responses.

Importantly, tumors have been demonstrated to activate resistance mechanisms
to single-agent anti-CTLA-4 IT. In a high-profile study in Nature by Twyman-Saint
Victor et al., the authors demonstrated that while melanoma mouse models can be
successfully treated using a combined RT and anti-CTLA-4 IT approach, resistance
is common with one mechanism operating via upregulation of PD-L1 and T-cell
exhaustion. These findings highlight the potential critical importance of combined
dual-agent checkpoint blockade [16]. Another fascinating finding the authors
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reported is that radiation and checkpoint blockade can increase the T-cell receptor
diversity [16], suggesting that radiation can induce a more broad array of tumor
antigen presentation by APCs and contribute to epitope spreading. Taken together,
this study characterized both preclinical and clinical immune correlates, and empha-
sized the importance of targeting resistance mechanisms with dual-agent check-
point blockade combined with radiation therapy. Along these lines, other
cell-mediated resistance mechanisms, including natural killer T cells, have been
implicated in modulating responses to RT and anti-CTLA-4 IT [17], highlighting
the importance of addressing both direct and indirect mechanisms by which tumors
can evade immune responses.

6.1.2 Combined Radiation Therapy and Anti-PD-1
Immunotherapy

The programmed death-1 (PD-1)/programmed death ligand-1 (PD-L1) axis is criti-
cally important in dampening and controlling the adaptive immune response [18].
PD-1 is highly expressed on activated T cells among other cell types, while PD-L1
is normally expressed at low levels on various cells but is upregulated by APCs and
various solid tumors, the latter of which may do so after exposure to RT [7, 19].
Tumor cells are able to hijack the PD-1/PD-L1 system to evade the endogenous
antitumor response by inactivating tumor-specific T cells and creating a subset of
Tregs and myeloid-derived suppressor cells (MDSC) [6, 20]. Preclinical models
have demonstrated that RT may serve to prime the immune system and, when used
in conjunction with anti-PD-1 IT, can generate endogenous antigen-specific immune
responses.

A study by Dovedi et al. illustrated that type I IFN produced by CD8+ T cells
was one key mechanism which causes tumor cells to upregulate PD-L1 expression.
However, by using concomitant anti-PD-1/PD-L1 IT, it was possible to circumvent
that checkpoint and induce a powerful antitumor response [21]. Additionally, tumors
that are resistant to earlier therapies and upregulate PD-1 can be successfully treated
with additional anti-PD-1 IT by preventing decreases in CD8+ T cells and further
promoting mature T-cell proliferation [16].

The combination of RT and anti-PD-1 IT has shown survival benefits in both
tumors that have widely metastasized and primary brain tumors [22—24]. In a study
by Zeng et al., mice with glioma had a nearly twofold increase in survival when
treated with both RT and anti-PD-1 IT, with control mice surviving 25 days, mice
with RT only and PD-1 IT only surviving 27 days and 28 days, respectively, and
mice with the combination therapy surviving 53 days. The survival benefit was
shown to correlate with an increase in CD8+ T cells and a concomitant decrease in
Treg cells [22]. Similarly, mice with melanoma that had metastasized to the brain
demonstrated a greater than threefold increase in survival (from 15 to 58 days) when
treated with high-dose RT and anti-PD-1 IT; interestingly, this combination
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treatment may additionally lengthen tumor dormancy [23]. These studies demon-
strate the ability for stereotactic radiation therapy to better reach tumors in locations
that were previously difficult to treat.

Recently a novel combination of dual-agent anti-PD-1 and anti-T-cell immu-
noglobulin mucin-3 (TIM-3) with radiation therapy was reported in a murine
glioma model [25]. TIM-3 is a negative immune regulator which the authors
demonstrate can be present in human glioblastoma multiforme. Using a murine
glioma model, the authors demonstrated that anti-TIM-3 combined with SRS or
dual-agent anti-TIM-3 and anti-PD-1 improved survival compared to anti-TIM-3
antibody alone. Furthermore the triple combination of SRS + anti-TIM-3 +
anti-PD-1 resulted in complete response and long-term survival which was asso-
ciated with immune cell infiltration and development of memory responses [25].
These findings provide additional evidence that dual-agent checkpoint blockade
combined with radiation therapy may be synergistic and help to improve locore-
gional and distant tumor control.

6.2 Combined Radiation Therapy and Checkpoint Blockade
Immunotherapy: Clinical Data

With the success of combined RT with CBI in preclinical models, clinical transla-
tion was rapidly initiated. While the use of combined RT and checkpoint blockade
IT to treat cancers has remained largely investigational, here, we will provide an
overview of select studies and case reports that have applied combination therapy in
treating melanoma, non-small cell lung cancer (NSCLC), prostate cancer, and head
and neck cancers.

6.2.1 Melanoma

A majority of published studies investigating the combined use of RT and check-
point blockade IT have featured metastatic melanoma, primarily as that disease was
the first histology to have an FDA-approved indication for checkpoint blockade
[26-32]. A case report published by Postow et al. first demonstrated the efficacy of
combined RT and anti-CTLA-4 IT in treating metastatic melanoma. This patient
received a total of 28.5 Gy RT over three fractions in 1 week along with 10 mg/kg
body weight anti-CTLA-4 IT every 3 weeks for three total doses and responded
with significant tumor regression [26]. An early study of combination therapy for
melanoma with brain metastases by Silk et al. demonstrated a significant increase in
the proportion of patients who responded to RT when previously receiving anti-
CTLA-4 IT (40% when given RT, 9.1% without RT) [27]. A retrospective analysis
by Kiess et al. then revealed that not only can RT and anti-CTLA-4 be safely
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administered to patients, but it is also correlated with improved tumor control and
longer survival, especially when radiation was given concurrently with anti-CTLA-4
[28]. Another analysis by Qian et al. of patients with melanoma that had metasta-
sized to the brain exhibited a significantly increased reduction in tumor volume
when treated with concurrent (as defined by administration within 4 weeks of each
other) RT and CBI. Seventy-five patients received both RT and CBI, and at 6 months,
these patients exhibited a 94.9% decrease in tumor volume, compared to a 66.2%
decrease for patients who received nonconcurrent therapy (P < 0.0001). This study
additionally demonstrated a superior efficacy of anti-PD-1 IT compared to anti-
CTLA-4 IT [30].

A recent retrospective analysis of 127 patients with metastatic melanoma by
Theurich et al. reported that combined local radiation therapy and anti-CTLA-4 IT
resulted in a significant increase in the proportion of patients who had either a com-
plete response, partial remission, or stable disease compared to anti-CTLA-4 alone
(from 38.8% in anti-CTLA-4 IT only to 57.7% in RT + anti-CTLA-4 IT; P = 0.05).
Furthermore, the combination therapy significantly increased patient survival com-
pared to anti-CTLA-4 alone irrespective of other clinical characteristics of the
tumor, such as BRAF status, stage, grade, and presence of metastases [29]. Although
retrospective, this is strong clinical evidence of the efficacy and benefit of radiation
combined with checkpoint blockade immunotherapy.

Recent data from a second group corroborates the findings by Theurich et al. In
an independent retrospective analysis by Koller, K. M. et al., 101 patients that
received anti-CTLA-4 alone or anti-CTLA-4 combined with radiation therapy were
analyzed. Median overall survival significantly increased from 10 to 19 months in
patients that received concurrent anti-CTLA-4 and radiation therapy. Similarly, the
rates of complete responses were significantly increased in the anti-CTLA-4 plus
radiation group (6.5% vs. 25.7%, P = 0.04) [33]. The overall response rates (19.4%
vs. 37.1%) were also increased in the combined treatment group compared to anti-
CTLA-4 alone group [33]. Importantly the authors reported no significant increase
in toxicities in the combined group, providing further safety data regarding radia-
tion combined with checkpoint blockade. These two studies on over 200 patients
with metastatic melanoma who received radiation combined with anti-CTLA-4 pro-
vide strong evidence for the clinical efficacy of this combined treatment in improv-
ing complete response rates and overall survival. Prospective studies are currently
underway to further address these findings.

6.2.2 Non-Small Cell Lung Cancer

A case report by Golden et al. featured a patient with metastatic NSCLC that con-
tinued to spread after treatment with traditional chemotherapy. The patient received
a total of 30 Gy RT over five fractions in 10 days followed by 3 mg/kg body weight
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anti-CTLA-4 IT every 3 weeks for four total doses. The patient responded with
significantly decreased tumor metabolic activity at sites both inside and outside the
radiation field, consistent with an abscopal effect [34]. There have been few other
published reports on using combined RT and CBI for treating NSCLC; however,
ongoing trials have indicated that there is likely no significant increase in additional
adverse effects associated with RT when given alongside anti-PD-1 IT [35].
Numerous trials are active in this space, and we eagerly await the results of the
ongoing studies.

6.2.3 Prostate Cancer

A large randomized double-blinded placebo-controlled phase III trial by Kwon
et al. compared anti-CTLA-4 IT with placebo after administration of RT to assess
both efficacy and safety of anti-CTLA-4 IT for treating metastatic castration-
resistant prostate cancer (nNCRPC). A total of 799 patients were enrolled and were
given a single dose (8 Gy) of RT followed by 10 mg/kg anti-CTLA-4 IT (399
patients) or placebo (400 patients) every 3 weeks. Patients who were given anti-
CTLA-4 IT experienced significantly more “immune-related” adverse effects—the
most common being diarrhea, fatigue, anemia, and colitis—and experienced a
modest increase in median overall survival from 10.0 months with placebo to
11.2 months with anti-CTLA-4 IT (hazard ratio = 0.85, P = 0.053) [36]. While this
study did not meet its primary endpoint, the P value of 0.053 was close to signifi-
cance, and in an exploratory subset analysis, patients with advanced visceral dis-
ease may have contributed to excess deaths in the treatment arms. However, further
studies must be done to further evaluate the efficacy of combination therapy in
treating prostate cancer.

One such ongoing phase I/II study by Slovin et al. explored the use of RT com-
bined with anti-CTLA-4 IT to treat mCRPC. Patients received either anti-CTLA-4
monotherapy every 3 weeks for four total doses or IT combined with 8 Gy/lesion
RT. The most common adverse effects were colitis and rash, which were managed
with a course of corticosteroids. While this trial is ongoing, RT in combination with
anti-CTLA-4 IT seems to demonstrate antitumor activity with a manageable side
effect profile [37].

While previous data did not show significant activity of anti-PD-1 agents in
mCRPC, recent early data has challenged that observation, with a number of
men with mCRPC experiencing a rapid drop in PSA on an anti-PD-1 agent, sug-
gesting that the activity of anti-PD-1/PD-L1 agents in mCRPC could be reexam-
ined [38].
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6.2.4 Head and Neck Cancer

While no large series of radiation checkpoint blockade combinations have been
reported in head and neck cancer at this time, a case report submitted by Nagasaka
et al. presented a patient with squamous cell carcinoma in the floor of her mouth that
advanced after successive treatments with carboplatin and paclitaxel, and then
methotrexate and cetuximab. Although the patient initially demonstrated a partial
response and stable disease for a few months, the disease ultimately progressed
locally, and the patient was started on anti-PD-1 IT. After six cycles of stable dis-
ease, the disease again progressed locally, and the patient was treated with 30 Gy
RT, after which the patient demonstrated a significant clinical response, demonstrat-
ing a potential role of checkpoint blockade IT as a radiosensitizer [39]. A number of
clinical trials combining radiation with checkpoint blockade in head and neck can-
cer have been proposed, and we will await the results of these studies to determine
the safety and efficacy of this combination in this disease site.

6.3 Select Clinical Trials Featuring Combined Radiation
Therapy and Checkpoint Blockade Immunotherapy

RT and checkpoint blockade IT can work synergistically to induce a potent antitu-
mor response. However, many details concerning the precise immunologic mecha-
nism of the abscopal effect have yet to be revealed. In sum, numerous clinical trials
seek to treat various cancers, both metastatic and nonmetastatic, with RT and CBI
with the goal of elucidating the mechanistic details of their synergistic relationship
(Table 6.1).

6.4 Conclusion

In summary, there is now an established body of preclinical evidence that radiation
therapy can synergize with single- and dual-agent checkpoint blockade immuno-
therapy in many different tumor types. Published clinical series including large
phase III studies have demonstrated the relative safety of this combination with low
palliative doses of radiation in the metastatic setting. Recent retrospective clinical
data has demonstrated striking increases in overall survival and complete responses
rates when radiation therapy is combined with checkpoint blockade in patients with
metastatic melanoma. This clinical data supports the safety and efficacy of radiation
combined with checkpoint blockade. Ongoing prospective clinical trials will further
elucidate and define the effect of radiation combined with checkpoint blockade in
both the metastatic and definitive setting.
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Chapter 7
Combinatorial Immunotherapy
and Chemotherapy

Christin B. DeStefano and Stephen V. Liu

Abstract Immunotherapy has emerged as an effective strategy in several cancer
types that, unlike most conventional therapies, can deliver durable disease control
with a favorable toxicity profile. In an unselected population, however, the majority
of patients will not respond. Combining immunotherapy with other treatment
modalities may increase the likelihood and potentially the depth of response. One
approach is to combine immunotherapy with cytotoxic chemotherapy. There are
both potential benefits and limitations to this approach, and while early data are
encouraging, more work is needed to optimize these combinations and clearly
define their role in the therapeutic landscape.

Keywords Chemotherapy ¢ Immunotherapy ¢ Combination ® Checkpoint inhibi-
tors ¢ Chemoimmunotherapy

7.1 Introduction

There have been few therapeutic advances in oncology that have garnered as much
attention as immunotherapy, specifically, the development of checkpoint inhibitors.
Their appeal is in large part tied to the potential for durable responses, an outcome
not characteristic of other systemic treatments. Initially, with immunotherapy agents
such as interleukin (IL)-2 and interferon (IFN)-gamma, the likelihood of durable
disease control was quite low and offset by an unfavorable toxicity profile [1]. With
the development of checkpoint inhibitors, both efficacy and safety improved, and
with experience, adverse effects could be better managed and anticipated.
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Immunotherapy has evolved from an academic pursuit for relatively uncommon
malignancies to the standard of care for a steadily increasing number of common
cancers. When compared to cytotoxic chemotherapy in the right populations, check-
point inhibitors have often proven better tolerated and more effective, offering some
patients an opportunity for long-lasting benefit. In their current form, however,
checkpoint inhibitors offer only a minority of patients this transformative benefit
and current efforts are focused on optimization of this treatment strategy.

Development of more potent immunotherapy agents is underway and the search
for predictive biomarkers to properly deliver these agents is a global priority.
Meanwhile, an inviting strategy is to combine checkpoint inhibitors with other
agents to improve the quantity and quality of responses. While the field is young,
there have been promising results when combining checkpoint inhibitors with che-
motherapy, radiation, surgery, targeted agents, biologics, and other molecules that
manipulate the immune response. This chapter will focus on combinations of
immune checkpoint inhibitors with cytotoxic chemotherapy in solid tumors, review-
ing the rationale of these combinations and summarizing selected studies.

7.2 Benefits of Combining Immunotherapy
and Chemotherapy

The relationship between cytotoxic chemotherapy and the immune system is com-
plex and despite many preconceptions, not necessarily antagonistic [2]. It has
become clear that chemotherapy has the potential to enhance an antitumor immune
response, though its immunomodulatory role is incompletely understood. Similarly,
an immune response can be critical to the efficacy of chemotherapy, previously
thought to exert its antitumor effects independently. For example, doxorubicin has
an antitumor effect in several cancer models including colorectal cancer and sar-
coma. In mice, the antitumor effect was seen in immunocompetent mice but not
seen in immunodeficient mice treated under the same conditions [3]. The nature of
the relationship between cytotoxic therapy and the immune system will vary with
each specific agent and circumstance, ensuring challenges in optimization of com-
binatorial strategies [4]. One preclinical study demonstrated in vivo synergy between
blockade of cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and use of vari-
ous cytotoxic agents including paclitaxel, ixabepilone, gemcitabine, and etoposide,
but the effect of each agent was slightly different [S]. There is scientific rationale to
combine cytotoxic agents with immunotherapy, and though much of the existing
evidence is preclinical, there are several potential mechanisms supporting the use of
combination strategies. Ongoing clinical studies exploring various combinations
will strengthen our understanding of the multifaceted and dynamic relationship
between cytotoxic chemotherapy, immunotherapy, the tumor, and the host.
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7.2.1 Depletion of Inmunosuppressive Cells

Myeloid-derived suppressor cells (MDSCs) play a critical role in the development
or prevention of an antitumor immune response. MDSCs include a variety of
myeloid-derived cells that suppress effector cells via cell-cell interactions and solu-
ble mediators [6]. MDSCs and T-regulatory cells (Tregs) have emerged as contribu-
tors to the pathogenesis of cancer, and with the development of immunotherapy,
they remain central to any discussion of primary or acquired resistance. Elimination
or reduction of these suppressor cells may facilitate a more robust response to
immunotherapy. While novel immunotherapy agents are in development to target
the immunosuppressive microenvironment, cytotoxic chemotherapy can also play a
role in the depletion of immunosuppressive cells.

Gemcitabine, a widely used cytotoxic agent, was found to potentiate responses
to a novel breast cancer vaccine in mice [7]. In these studies, tumor-bearing mice
were treated with adenoviral vaccination followed by an anti-GITR agonist anti-
body, and while treatment promoted cytotoxic T lymphocyte activity, it was insuf-
ficient to generate an antitumor response. Addition of gemcitabine promptly led to
an antitumor response and after a subsequent tumor rechallenge, mice remained
tumor free, suggesting establishment of memory. Gemcitabine significantly reduced
the number of splenic MDSCs, potentially explaining the observed benefit. This
reduction of splenic MDSCs was also seen following gemcitabine treatment in mice
bearing mesothelioma or non-small cell lung cancer (NSCLC) tumors [8]. While
not limited to gemcitabine, this effect is far from universal among cytotoxic agents.
In an illustrative experiment, mice bearing thymoma tumors were treated with gem-
citabine, cyclophosphamide, doxorubicin, oxaliplatin, paclitaxel, and 5-fluorouracil
(5-FU) [9]. In these mice, MDSCs were abundant within the spleen prior to therapy.
Following treatment, MDSCs were depleted only in the mice that received gem-
citabine or 5-FU. The effect was seen on both granulocytic and monocytic MDSCs
and was more pronounced with 5-FU than with gemcitabine. In these studies, the
MDSCs underwent apoptotic cell death and the low expression of thymidylate syn-
thase in MDSCs may have contributed to their selective sensitivity. Cisplatin has
also been associated with a reduction in MDSCs [10].

Other suppressive cells in the microenvironment can also be depleted with cyto-
toxic chemotherapy. Administration of paclitaxel can reduce the fraction of Treg
cells with no notable change in the T effector cell percentage [11]. Cyclophosphamide,
when given at a low dose or in a metronomic schedule, also selectively depletes
Treg cells in several models [12—14]. Gemcitabine can also affect differentiation,
promoting a shift from protumorigenic M2 macrophages to antitumorigenic M1
macrophages [15].
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7.2.2 Activation of Immune Effectors

Equally important is the effect of chemotherapy on effector cells, though the activa-
tion of effectors and inhibition of suppressors often occur together. Early observa-
tion of the cytotoxic agent melphalan showed that high doses induced cell death but
lower, subtherapeutic doses had a unique impact on the tumor microenvironment,
shifting the cytokine milieu by reducing suppressive T cells and promoting CD8+ T
cell immunity [16]. In murine models, administration of anti-CTLA-4 monoclonal
antibodies had no effect on growth of some tumors, but pretreatment with low doses
of melphalan led to a permissive environment and left the tumor susceptible to anti-
CTLA-4 therapy [17].

Cytotoxic T cells are often absent from tumors, which may limit efficacy of
immunotherapy efforts. In mice bearing AB1-HA mesothelioma tumors, tumor
growth was associated with a depletion of intratumoral CD8 T cells [18].
Gemcitabine treatment reversed this T cell depletion and increased intratumoral
infiltration of CD8+ T cells. In another study, gemcitabine reduced total lymphocyte
numbers, but the impact was far more pronounced on B-lymphocytes, as gem-
citabine administration actually enhanced CD8+ T cell recall responses [19]. In a
similar fashion, cisplatin also promotes intratumoral T cell infiltration in murine
models [20]. Tumor infiltration of antigen-presenting cells is also noted after treat-
ment with anthracyclines including mitoxantrone and doxorubicin [21].

In addition to migration and tumor infiltration, chemotherapy can promote effec-
tor cell function. Monocyte-derived dendritic cells exposed to carboplatin, cisplatin,
or oxaliplatin enhanced T cell proliferation in a dose-dependent manner [22]. These
T cells produced higher levels of IFN-y and IL-2 compared to untreated dendritic
cells. Treatment with paclitaxel, methotrexate, doxorubicin, or vinblastine leads to
upregulation of MHC class I antigen processing machinery. This facilitates antigen
presentation and tumor recognition [23]. MHC class I upregulation has also been
seen following treatment with cisplatin plus vinorelbine [24] and cisplatin plus
5-FU [25], as well as cisplatin alone [26].

7.2.3 Sensitization of Tumor Cells to Lysis

Immune-mediated cell apoptosis is regulated by many factors including members of
the tumor necrosis factor (TNF) receptor family such as Fas and DR4/DRS5. The
ligands for these receptors (Fas-L and TRAIL) are expressed by CD8+ T cells and
NK lymphocytes. Response to these cytokines can be enhanced with several cyto-
toxic agents including cisplatin, doxorubicin, mitomycin C, 5-FU, and camptothe-
cin [27].

Conventional chemotherapy may also increase sensitivity to cytotoxic T cell per-
forin and granzyme B mediated cell death [28]. This can occur through upregulation
of mannose-6-phosphate receptors on tumor surfaces, demonstrated in murine



7 Combinatorial Immunotherapy and Chemotherapy 203

models exposed to taxane, platinum, or anthracycline therapy [29]. Traditional che-
motherapy can also put stress on the endoplasmic reticulum in tumor cells, which
leads to exposure of its luminal protein, calreticulin, on the tumor cell surface.
Calreticulin serves as an engulfment signal for essential antigen-presenting cells,
thus further enhancing immune recognition [29].

7.2.4 Exploiting Chemosensitive Tumors

There is also a practical consideration, particularly in the treatment of aggressive
cancers where standard therapy is at least initially effective, such as small-cell lung
cancer (SCLC). If immunotherapy alone is administered, patients may be spared the
toxicity of chemotherapy and achieve a high-quality response. If, however, treat-
ment is ineffective, the natural history of some aggressive cancers may render a
patient ineligible for subsequent therapy. For immunotherapy agents with a rela-
tively low response rate, use of immunotherapy alone could come at the cost of
forfeiting potentially effective cytotoxic treatment. In these circumstances, combin-
ing cytotoxic chemotherapy with immunotherapy would ensure that all patients
receive the benefit of chemotherapy while a subset could also receive a more dura-
ble benefit from immunotherapy. Reduction of tumor burden with chemotherapy,
particularly in a symptomatic patient, is appealing and in many cases, more
reliable.

Cytotoxic chemotherapy has the potential to facilitate a favorable response to
immunotherapy and combination strategies may prove superior to either chemo-
therapy or immunotherapy alone. It is certainly possible, however, that combina-
tions may be ultimately prove to be detrimental, as outlined below.

7.3 Limitations of Combining Immunotherapy
and Chemotherapy

While the immunomodulatory properties of cytotoxic chemotherapy are intriguing,
cytotoxic therapy has the potential to be detrimental to inducing an immune
response. Many cytotoxic agents can induce lymphopenia and that effect of chemo-
therapy on T cells may limit immune responses. In fact, several cytotoxic agents are
used clinically for the treatment of autoimmune conditions, including cyclophos-
phamide and methotrexate, though the dosing schedules are different in this capac-
ity [30].

While both gemcitabine and 5-FU have been shown to reduce MDSCs, studies
have also shown the potential for an immunosuppressive effect [31]. Treatment of
MDSCs with gemcitabine or 5-FU led to activation of the Nlrp3-dependent cas-
pace-1 activation complex. This activation prompts release of IL-1f, a cytokine that
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promotes T cell immunoregulation and can suppress an immune response. In addi-
tion to possibly blunting an immune response, combinations of chemotherapy and
immunotherapy may be more toxic. Several early clinical studies have shown rela-
tively high rates of adverse events.

Clearly, the effect of cytotoxic chemotherapy on the immune system is highly
variable. While the potential for a positive partnership between chemotherapy and
immunotherapy exists, details regarding specific agents used, doses, schedule, and
sequence are likely to have dramatic consequences. Empiric combinations of che-
motherapy and immunotherapy must be properly studied before routine implemen-
tation. A relatively minor variable may make the difference between a beneficial and
a detrimental partnership.

7.4 Clinical Experience Combining Immunotherapy
and Chemotherapy

In light of the potential benefit, while acknowledging the potential limitations, stud-
ies combining cytotoxic chemotherapy and immunotherapy rapidly emerged. When
combined with vaccine therapy, chemotherapy was primarily given to target MDSCs
and Tregs. Though well tolerated, efficacy was modest. The most promising combi-
nations have involved checkpoint inhibitors targeting CTLA-4, anti-programmed
death receptor-1 (PD-1), and anti-programmed death receptor-1 ligand (anti-PD-
L1). While the experience is relatively limited, combinations between checkpoint
inhibitors and cytotoxic chemotherapy do appear to be tolerable and signals of effi-
cacy are intriguing. We will focus this chapter on some of the early experience with
these combinations. There are a large number of variables between these studies,
and direct comparisons between trials are not appropriate. With a growing body of
experience, it is likely that combination therapy will find a place in the management
of specific cancer types but the specific clinical circumstances are not yet defined.

74.1 NSCLC

Use of checkpoint inhibitors has become the standard of care for the treatment of
advanced NSCLC. The PD-1 inhibitors pembrolizumab and nivolumab and the
PD-L1 inhibitor atezolizumab were all shown in separate phase III studies to
improve outcomes compared to standard chemotherapy in the salvage setting [32—
35]. Pembrolizumab was also superior to chemotherapy in the first-line setting, for
tumors that have a high expression of PD-1 (at least 50% of cells positive using the
Dako 22C3 immunohistochemistry assay) [36]. Due to the clear activity of check-
point inhibitors in NSCLC and the consistent benefit with platinum-based chemo-
therapy, combinatorial chemotherapy and immunotherapy have been of particular
interest in this disease (Table 7.1).
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Table 7.1 Immunotherapy plus chemotherapy combination studies in NSCLC
Grade | Grade
Response 3or4 3or4
References | Immunotherapy | Chemotherapy |rate mPFS | mOS | AEs irAEs
Lynch etal. |Ipilimumab Carboplatin 32% 5.7 122 |15% 1 39%
[37] plus paclitaxel
phased
Ipilimumab Carboplatin 21% 55 9.7 20% |41%
plus paclitaxel
concurrent
Carboplatin 18% 4.6 8.3 6% 37%
plus paclitaxel
Gadgeel Pembrolizumab | Carboplatin 52% 10.3 NR 16% | 56%
et al. [38] plus paclitaxel
Pembrolizumab | Carboplatin 48% NR NR 38% 71%
plus paclitaxel
plus
bevacizumab
Pembrolizumab | Carboplatin 71% 10.2 NR 29% | 67%
plus
pemetrexed
Langer et al. | Pembrolizumab | Carboplatin 55% 13.0 |NR 22% | 40%
[39] plus paclitaxel
Carboplatin 29% 8.9 NR 12% 1 25%
plus paclitaxel
Rizvietal. | Nivolumab Cisplatin plus | 33% 5.7 11.6 |NR 25%
[40] gemcitabine
Nivolumab Cisplatin plus | 47% 6.8 19.2 |NR 47%
pemetrexed
Nivolumab Carboplatin 47% 4.8 149 |NR 73%
plus paclitaxel
Nivolumab*® Carboplatin 43% 7.1 NR |NR 29%
plus paclitaxel
Liu et al. Atezolizumab Carboplatin 50.% NR NR |NR 71%
[41] plus paclitaxel
Atezolizumab Carboplatin 77% NR NR NR 54%
plus
pemetrexed
Atezolizumab Carboplatin 56% NR NR |NR 85%

plus
nab-paclitaxel

Abbreviations: AE adverse event, irAE immune-related adverse event, mOS median overall sur-

vival, mPFS median progression-free survival, NR not reported

“Nivolumab was given at a lower dose in this arm

7.4.1.1 Ipilimumab plus Carboplatin and Paclitaxel

Ipilimumab is an anti-CTLA-4 antibody currently approved for the treatment of
advanced melanoma. An important phase II study combined ipilimumab with the
commonly used chemotherapy doublet of carboplatin plus paclitaxel in
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chemotherapy-naive NSCLC [37]. This trial randomized patients to one of three
arms. Patients in the control arm received carboplatin AUC 6 plus paclitaxel 175 mg/
m? with placebo every 3 weeks for six cycles. Patients in the concurrent arm received
carboplatin plus paclitaxel with ipilimumab 10 mg/kg for four cycles followed by
carboplatin plus paclitaxel with placebo for two cycles. Patients in the phased arm
received carboplatin plus paclitaxel with placebo for two cycles followed by carbo-
platin plus paclitaxel with ipilimumab for four cycles. Patients could then continue
to receive ipilimumab or placebo once every 12 weeks. The primary outcome was
immune-related progression-free survival (irPES).

This study randomized 204 patients with chemotherapy-naive NSCLC to one of
the three arms. As expected, the addition of ipilimumab increased the rate of
immune-related adverse events (control 6%, concurrent 20%, phased 15%), but the
overall incidence of treatment-related grade 3 and 4 adverse events was similar
across the arms (control 37%, concurrent 41%, phased 39%). There were two cases
of grade 3 colitis in the phased arm, one case of grade 3 hypophysitis in the concur-
rent arm and one case of grade 3 hypopituitarism in the concurrent arm. Grade 3
elevation in liver function tests was noted in one patient in each of the three arms.
Discontinuation due to drug-related toxicity occurred in 5% of patients in the con-
trol arm, 10% in the concurrent arm, and 6% in the phased arm. There were two
treatment-related deaths, one in the control arm and one in the concurrent arm.

The study met its primary endpoint of improved irPFS in the phased arm versus
the control arm (HR 0.72, p = 0.05) but not for the concurrent arm versus control
(HR 0.81, p=0.13). The median irPFS was 4.6 months in the control arm, 5.5 months
in the concurrent arm and 5.7 months in the phased arm. Median overall survival
(OS) numerically favored the phased arm though there was no statistically signifi-
cant difference noted (control 8.3 months, concurrent 9.7 months, phased
12.2 months).

While the absolute improvement was modest, this phase II trial did show supe-
rior outcomes with the addition of ipilimumab to chemotherapy. Importantly, the
benefit was dependent on the sequence. Concurrent administration did not improve
irPFS but when chemotherapy was given alone for two cycles before the addition of
ipilimumab, there was a significant improvement. The precise mechanism is not
clear, but carboplatin and paclitaxel may have facilitated subsequent T cell
activation.

7.4.1.2 Pembrolizumab plus Platinum-Based Chemotherapy

The KEYNOTE-021 study was a multicohort phase I/II trial that included several
cohorts of patients with treatment-naive NSCLC treated with pembrolizumab and
platinum-based chemotherapy [38]. Patients received pembrolizumab (randomized
1:1 to 2 or 10 mg/kg) with carboplatin AUC 6 plus paclitaxel 200 mg/m? (cohort A,
n = 25); carboplatin AUC 6, paclitaxel 200 mg/m?, and bevacizumab 15 mg/kg
(cohort B, n = 25); or carboplatin AUC 5 plus pemetrexed 500 mg/m? (cohort C,
n = 24). Immune-related adverse events were seen in 16% of patients in cohort A,
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38% of patients in cohort B, and 29% of patients in cohort C. There was one dose-
limiting toxicity of toxic epidermal necrolysis in cohort C (pembrolizumab 10 mg/
kg), accounting for the only treatment-related drug discontinuation in that cohort.
Discontinuation due to drug-related adverse event occurred in three patients in
cohort B (one grade 3 pneumonitis, one grade 3 drug hypersensitivity, and one grade
3 autoimmune colitis), while there were none in cohort A.

The objective response rate for the three cohorts was 52% in cohort A, 48% in
cohort B, and 71% in cohort C including one complete response. Median PFS was
10.3 months in cohort A, not reached in cohort B, and 10.2 months in cohort
C. Though the study was not designed to compare across arms, toxicity seemed to
be higher in cohort B.

Based on these data and the high response rate seen in cohort C, a randomized
cohort was opened to further explore the addition of pembrolizumab to first-line
carboplatin plus pemetrexed [39]. Patients with advanced non-squamous NSCLC
received carboplatin AUC 5 plus pemetrexed 500 mg/m? every 3 weeks for four
cycles followed by pemetrexed maintenance therapy every 3 weeks thereafter.
Patients randomized to the experimental arm (1:1) also received pembrolizumab
200 mg every 3 weeks for up to 24 months.

In this phase II cohort, 123 patients were randomized to treatment. Grade 3 or 4
treatment-related adverse events were seen in 26% of patients in the chemotherapy
arm and 39% of patients in the chemotherapy plus pembrolizumab arm. Among the
adverse events more common in the pembrolizumab combination arm were fatigue
(all grade, 64% vs. 40%), nausea (all grade, 58% vs. 44%), anemia (all grade, 53%
vs. 32%), rash (all grade, 27% vs. 15%), and immune-related adverse events (23%
vs. 12%). The most common immune-related adverse events in the pembrolizumab
arm were hypothyroidism (15%, all grade 1 or 2) and hyperthyroidism (8%, all
grade 1 or 2), with three cases of pneumonitis, including one grade 2 pneumonitis.
There were also two cases of infusion reaction, including one grade 4 event. Overall,
tolerability was similar in the two arms. Treatment discontinuation due to drug-
related toxicity occurred in 13% of patients in the chemotherapy arm and 10% of
patients in the chemotherapy plus pembrolizumab arm. There were two deaths in
the chemotherapy alone arm (one attributed to pancytopenia and one attributed to
sepsis) and one death in the chemotherapy plus pembrolizumab arm (attributed to
sepsis).

After a median follow-up of 10.6 months, progression-free survival (PFS)
favored the pembrolizumab combination (HR 0.53, p = 0.010) with a median PFS
of 13.0 months compared to 8.9 months with chemotherapy alone. The estimated
6 months PES rate was 77% with pembrolizumab and 63% with only chemotherapy.
The response rate was higher with pembrolizumab (55% vs. 29%) with a shorter
median time to best response of 1.5 months compared to 2.7 months. Duration of
response also favored the pembrolizumab arm (8.0 months vs. 4.9 months). There
was no difference in survival between the two groups, though there was a high rate
of censoring in this early analysis and 32% of patients in the chemotherapy alone
arm crossed over to receive pembrolizumab.
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Current use of pembrolizumab monotherapy in the front-line and salvage set-
tings is limited to patients whose tumors express PD-L1 by immunohistochemistry
using the Dako 22C3 assay. In this combination study, efficacy was seen regardless
of PD-L1 status. Among patients whose tumors had no PD-L1 expression (<1%),
the response rate was 57% (12 of 21); when PD-L1 expression was present (>1%),
the response rate was 54% (21 of 39), though it was highest among patients with the
highest expression (>50%), where responses were seen in 16 of 20 patients (80%).
While pembrolizumab monotherapy is standard for patients whose tumors highly
express PD-L1 (>50%), combination strategies are appealing for those with lower
or no PD-L1 expression and may be superior to monotherapy alone. Larger studies
are underway exploring carboplatin and paclitaxel with or without pembrolizumab
(KEYNOTE-407, NCT02775435) and carboplatin and pemetrexed with or without
pembrolizumab (KEYNOTE-189, NCT02578680).

7.4.1.3 Nivolumab plus Platinum-Based Chemotherapy

Checkmate 012 was a phase I multicohort trial that included 56 patients with
advanced, treatment-naive NSCLC treated with nivolumab and platinum-based che-
motherapy [40]. Patients received nivolumab concurrently with chemotherapy every
3 weeks for four cycles followed by nivolumab monotherapy until progression or
unacceptable toxicity. To reflect different practices, several platinum-based regi-
mens were explored. One arm, limited to squamous histology, combined gem-
citabine 1250 mg/m? plus cisplatin 75 mg/m? with nivolumab 10 mg/kg. One arm,
restricted to non-squamous NSCLC, combined pemetrexed 500 mg/m? plus cispla-
tin 75 mg/m? with nivolumab 10 mg/kg. One arm, open to any histology, combined
paclitaxel 200 mg/m? plus carboplatin AUC 6 with nivolumab 10 mg/kg. The final
arm, also open to any histology, combined paclitaxel 200 mg/m? plus carboplatin
AUC 6 with nivolumab 5 mg/kg. There was no randomization; each arm enrolled
independently and the study was not designed to compare across the arms.

Grade 3 and 4 treatment-related adverse events were observed in 45% of patients
and adverse events were much more likely during the combination treatment period
(95% all grade, 38% grade 3 and 4) than in the nivolumab monotherapy period
(61% and 16%, respectively). Hypersensitivity infusion reactions occurred in 23%
of patients. Colitis was seen in two patients with one case of grade 3 or 4 colitis.
Pneumonitis was seen in seven patients (13%) and four cases (7%) were grade 3 or
4. Endocrine adverse events were noted in four patients (7%), and there were no
cases of grade 3 or 4 liver function test elevation. Treatment discontinuation due to
drug toxicity occurred in 21% of patients, specifically 8% in the gemcitabine plus
cisplatin with nivolumab arm, 33% in the pemetrexed plus cisplatin with nivolumab
arm, 13% in the paclitaxel plus carboplatin with nivolumab 10 mg/kg arm, and 29%
in the paclitaxel plus carboplatin with nivolumab 5 mg/kg arm. The most common
reasons for discontinuation due to treatment-related adverse events were pneumoni-
tis and acute renal failure (three patients each). There were no treatment-related
deaths.
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Response rates were promising: 33% in the gemcitabine plus cisplatin with
nivolumab arm, 47% in the pemetrexed plus cisplatin with nivolumab arm, 47% in
the paclitaxel plus carboplatin with nivolumab 10 mg/kg arm, and 43% in the pacli-
taxel plus carboplatin with nivolumab 5 mg/kg arm. Median duration of response
was 10.3, 5.8, 5.5, and 19.6 months, respectively. Two-year survival rates were
25%, 33%, 27%, and 62%, respectively.

It is challenging to draw meaningful conclusions in a relatively small study with
no comparator arms. While the combinations were tolerable, toxicity was not insig-
nificant, and the rate of discontinuation due to treatment toxicity was higher than
that seen in ipilimumab studies. The efficacy also appeared to be greater, though,
with an impressive duration of response. A phase III trial is underway comparing
nivolumab with or without ipilimumab to carboplatin plus gemcitabine or peme-
trexed (Checkmate 227, NCT02477826).

7.4.1.4 Atezolizumab plus Platinum-Based Chemotherapy

GP28328 was a phase Ib multicohort trial exploring atezolizumab with chemother-
apy that included three cohorts of patients with treatment-naive NSCLC [41, 42].
Patients in Arm C received carboplatin AUC 6 with paclitaxel 200 mg/m? every
3 weeks. Patients in Arm D received carboplatin AUC 6 with pemetrexed 500 mg/
m? every 3 weeks and, at the investigator’s discretion, maintenance pemetrexed
every 3 weeks. Patients in Arm E received carboplatin AUC 6 with every 3 weeks
with nab-paclitaxel 100 mg/m? given weekly. Patients could receive four to six
cycles of chemotherapy. All patients received atezolizumab 15 mg/kg (later amended
to a flat dose of 1200 mg) given every 3 weeks with chemotherapy and continued
every 3 weeks thereafter.

The incidence of treatment-related grade 3 and 4 adverse events was 69% (71%
in Arm C, 54% in Arm D, and 85% in Arm E) including one treatment-related death
in Arm D due to prolonged neutropenia. Grade 3 or 4 elevation in the liver function
tests alanine aminotransferase (ALT) and aspartate aminotransferase (AST) was
uncommon, with two events in Arm D (ALT 4.2%, AST 4.2%) and four events in
Arm E (ALT 10.0%, AST 10.0%) but none in Arm C (overall ALT 5.2%, AST
5.2%). The rate of discontinuation due to adverse event was 3.4%. Early assessment
revealed promising response rates: 50% in Arm C, 76.5% in Arm D, and 56.3% in
Arm E, including a 25% complete response rate.

As above, more data is needed to draw conclusions regarding these combina-
tions. In the presented preliminary analyses, there was a low rate of discontinuation
due to toxicity with encouraging response rates including numerous complete
responses. While we await final results, randomized trials are already underway
assessing the benefit of adding atezolizumab to carboplatin plus nab-paclitaxel
(IMpower130, NCT02367781), atezolizumab to carboplatin plus paclitaxel or nab-
paclitaxel (IMpower131, NCT02367794), atezolizumab to carboplatin or cisplatin
plus pemetrexed (IMPower132, NCT02657434), and atezolizumab to carboplatin
and paclitaxel with or without bevacizumab (IMpower150, NCT02366143).
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74.2 SCLC

Early studies of immunotherapy in previously treated SCLC have been promising,
with responses seen in the phase I/II Checkmate 032 study of nivolumab alone or in
combination with ipilimumab [43]. SCLC is particularly responsive to chemother-
apy, though responses are transient. As a result, combination approaches have been
appealing in this disease.

7.4.2.1 Ipilimumab plus Carboplatin and Paclitaxel

A phase II study combined ipilimumab with carboplatin plus paclitaxel in
chemotherapy-naive SCLC [44]. As with the NSCLC study described above, this
study randomized patients to one of three arms: a control arm of carboplatin AUC 6
plus paclitaxel 175 mg/m? with placebo every 3 weeks for six cycles, a concurrent
arm with carboplatin plus paclitaxel with ipilimumab 10 mg/kg for four cycles fol-
lowed by carboplatin plus paclitaxel with placebo for two cycles, or a phased arm of
carboplatin plus paclitaxel with placebo for two cycles followed by carboplatin plus
paclitaxel with ipilimumab for four cycles. The primary outcome was irPFS.

This study randomized 130 patients with SCLC 1:1:1 to one of the three arms. In
this patient population, there was more toxicity seen with the addition of ipilim-
umab. The incidence of treatment-related grade 3 and 4 adverse events was 30% in
the control arm, 43% in the concurrent arm and 50% in the phased arm. The inci-
dence of grade 3 and 4 immune-related adverse events was higher with ipilimumab
(control 9%, concurrent 21%, phased 17%). Grade 3 or 4 elevation in liver function
tests was noted in the concurrent arm (ALT 18%, AST 13%) and the phased arm
(ALT 4%, AST 7%) but not in the control arm. The one treatment-related death was
in the concurrent arm and attributed to hepatotoxicity. There was one case of grade
3 colitis (in the phased arm) and four cases of grade 3 arthralgias (in the phased arm)
but no cases of hypophysitis reported. While the toxicity profile was different among
the three arms, the rate of discontinuation due to drug-related toxicity was similar
across the study (control 9%, concurrent 7%, phased 5%).

As with the NSCLC study, this trial met its primary endpoint of improved irPFS
versus control in the phased arm (HR 0.64, p = 0.03) but not in the concurrent arm
(HR 0.75, p = 0.11). Median irPFS was 5.3 months in the control arm, 5.7 months
in the concurrent arm, and 6.4 months in the phased arm, and the median OS was
9.9 months, 9.1 months, and 12.9 months, respectively.

7.4.2.2 Ipilimumab plus Carboplatin and Etoposide
Based on the encouraging phase II results of ipilimumab with carboplatin and pacli-

taxel, a phase III study combined ipilimumab with platinum plus etoposide, the
standard first-line regimen for chemotherapy-naive SCLC [45]. All patients received
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etoposide 100 mg/m? on days 1-3 with carboplatin AUC 5 or cisplatin 75 mg/m?
(investigator’s choice) on day 1 in a 3-week cycle for four cycles. Patients were
randomized to receive ipilimumab 10 mg/kg or placebo in a phased approach, with
chemotherapy alone for two cycles then the addition of ipilimumab or placebo every
3 weeks with cycle 3 and maintenance therapy every 12 weeks. The primary end-
point of this phase III trial was overall survival.

This trial randomized 1132 patients and 954 patients received at least one dose
of ipilimumab or placebo. This study did show a difference in tolerability. Grade 3
and 4 treatment-related adverse events were noted in 48% of patients in the ipilim-
umab arm and 44% in the control arm. Immune-related adverse events were more
common with ipilimumab and included diarrhea (25% in the ipilimumab arm vs.
10% in the control arm), rash (19% vs. 3%), colitis (6% vs. 1%), and endocrine
events (10% vs. 2%). The endocrine events included hypothyroidism (3%), hyper-
thyroidism (2%), hypophysitis (1%), and adrenal insufficiency (1%). There were
five treatment-related deaths in the ipilimumab arm, attributed to colitis (2), sepsis
(2), and hepatotoxicity (1). The two treatment-related deaths in the control arm were
attributed to sepsis (1) and bone marrow suppression (1). Drug-related treatment
discontinuation was higher in the ipilimumab arm (18% vs. 2%).

The study did not meet its primary endpoint. No difference in median OS was
observed: 10.9 months in the control arm and 11.0 months in the experimental arm
(HR 0.94, p = 0.3775). There was also no difference in PFS or response rate.

With activity seen in studies of PD-1 and PD-L1 inhibitors in SCLC, combina-
tion studies featuring these agents are underway. Studies of atezolizumab with car-
boplatin plus etoposide in treatment-naive, extensive stage SCLC are ongoing
(NCT02748889; IMpower 133, NCT02763579).

7.4.3 Breast Cancer

The role of immunotherapy in the treatment of advanced breast cancer remains
unclear, but modest success has been seen in triple negative breast cancer (TNBC).
Lymphocyte infiltration is highest in the TNBC subset of breast cancer, and high
degrees of lymphocyte infiltration have been associated with better response to
treatment and improved survival [46]. Much of the focus on immunotherapy com-
binations is in this subset.

7.4.3.1 Atezolizumab + nab-paclitaxel

The phase Ib GP28328 multicohort trial discussed above included a cohort of
patients with metastatic TNBC (Arm E) [47]. Patients received atezolizumab
800 mg every 2 weeks with nab-paclitaxel 125 mg/m? given on days 1, 8, and 5in a
4-week schedule. Treatment-related adverse events were seen in 34% of patients.
There was only one discontinuation due to atezolizumab-related toxicity (grade 2
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AST elevation), and there were no study treatment-related deaths. Responses were
seen in 46% of the 13 patients treated in the first-line setting, 22% of the 9 patients
treated in the second-line setting, and 40% of the 10 patients treated in the third-line
setting. A randomized phase III study comparing nab-paclitaxel with placebo or
with atezolizumab (IMpassion 130, NCT02425891) is underway.

7.4.4 Colorectal Cancer

Colorectal cancer remains one of the most common and lethal cancers for both men
and women. When microsatellite instability is present (MSI-H), immunotherapy
has proven to be very effective but this accounts for less than 5% of colorectal can-
cer [48]. New strategies are needed to expand the benefit of immunotherapy beyond
MSI-H cases.

7.4.4.1 Atezolizumab plus FOLFOX Chemotherapy

The phase Ib GP28328 multicohort trial discussed above also included a cohort of
patients (Arm B) with colorectal cancer who received FOLFOX plus bevacizumab
given with atezolizumab [49]. Patients received modified FOLFOX6 with bevaci-
zumab 10 mg/kg every 2 weeks and atezolizumab 14 mg/kg given with chemo-
therapy. The incidence of atezolizumab-related grade 3 or 4 adverse events was
20%. Preliminary results showed a response rate of 36% with an unconfirmed
response rate of 44% for treatment-naive patients.

7.4.5 Pancreatic Cancer

Immunotherapy strategies have been explored as a means to improve the poor out-
comes with standard therapy in pancreatic cancer. Vaccine studies have been ini-
tially encouraging but have failed to enter practice [50]. Early use of checkpoint
inhibitor monotherapy has not shown a strong signal of activity. Combinations may
be necessary to evoke an immune response in pancreatic cancer.

7.4.5.1 Tremelimumab plus Gemcitabine

A phase I study explored the combination of standard gemcitabine (given at a dose
of 1000 mg/m? on days 1, 8, and 15 of a 28-day cycle) with escalating doses of
tremelimumab, an anti-CTLA-4 antibody [51]. The study enrolled 34 patients and
escalated to the maximum planned dose of tremelimumab (15 mg/kg). No dose-
limiting toxicities were noted, and the most common grade 3 or 4 adverse events
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were asthenia (11.8%) and nausea (8.8%). Median survival was 7.4 months, and 2
of the 28 evaluable patients, both at the 15 mg/kg dose of tremelimumab, achieved
a partial response.

7.4.6 Gastric Cancer

PD-1 inhibition has shown some efficacy in gastric cancer [52] and the need for new
treatment options persists. Combination studies in this disease type are just
underway.

7.4.6.1 Pembrolizumab plus 5-FU and Cisplatin

KEYNOTE-059 was an open-label phase II study of pembrolizumab monotherapy
and combination therapy in gastric and gastroesophageal carcinoma [53]. Patients
received pembrolizumab 200 mg every 3 weeks either alone or with cisplatin 80 mg/
m? on day 1 plus 5-FU 800 mg/m? on days 1-5 given every 3 weeks for up to
2 years. In a preliminary analysis, the combination was tolerable with the most fre-
quent grade 3 or 4 treatment-related adverse events hematologic in nature (40%
decreased neutrophils) and only one case of pneumonitis (grade 1). There were
three treatment-related discontinuations (12%), all attributed to chemotherapy, and
no treatment-related deaths.

7.4.7 Melanoma

Malignant melanoma has been one of the most immunogenic cancers, consistently
showing the potential for durable response to cytokine therapy (IFN-a-2b, high dose
IL-2), vaccine therapy and more recently, checkpoint inhibitors [54, 55].
Combinations of chemotherapy and cytokine therapy have provided inconsistent
benefit and toxicity has been significant [56]. Combinations of chemotherapy and
checkpoint inhibitors are being explored but due to the high efficacy of immuno-
therapy combinations, the bar is much higher than that seen in other tumors [57].

7.4.7.1 Ipilimumab plus Dacarbazine

A phase II study randomized 72 patients with advanced melanoma to receive ipili-
mumab 3 mg/kg every 4 weeks for four doses as monotherapy or in combination
with dacarbazine (DTIC), an approved cytotoxic agent, at a dose of 250 mg/m?*/day
for 5 days every 3 weeks (up to six cycles) [58]. The response rate favored the



214 C.B. DeStefano and S.V. Liu

combination (14.3% vs. 5.4%) with a 36-month survival rate of 20% compared to
9% with monotherapy.

This prompted a larger randomized phase III study of 502 patients with advanced
melanoma in the untreated, first-line setting [59]. All patients received dacarbazine
850 mg/m? every 3 weeks for up to eight cycles and were randomized to receive
either ipilimumab or placebo. Ipilimumab was given at a dose of 10 mg/kg every
3 weeks for four doses followed by a maintenance phase, with dosing every
12 weeks starting at week 24. The addition of ipilimumab to dacarbazine increased
the rate of specific adverse events compared to dacarbazine alone including eleva-
tion of ALT (33.2% vs. 5.6%), elevation of AST (29.1% vs. 5.6%), diarrhea (36.4%
vs. 24.7%), and rash (24.7% vs. 6.8%). Grade 3 or 4 immune-mediated colitis was
seen in 4.9% of patients receiving the combination and none of the patients receiv-
ing only dacarbazine.

The increased toxicity was offset by superior outcomes in the combination arm.
The primary endpoint of overall survival was met, with a median OS of 11.2 months
in the dacarbazine-ipilimumab arm and 9.1 months in the dacarbazine-placebo arm
(p <0.001). Three-year survival rate was 20.8% with the combination, compared to
12.2% with monotherapy, and response rates also favored the combination arm
(15.2% vs. 10.3%).

7.4.7.2 Ipilimumab plus Temozolomide

Temozolomide is an oral alternative to dacarbazine often used in the treatment of
melanoma. A nonrandomized study explored the combination of ipilimumab 10 mg/
kg with temozolomide 200 mg/m? on days 1-4 every 3 weeks for four doses [60].
While final results have not been released, preliminary analysis revealed a response
rate of 22% with another 44% achieving stable disease, and in this early report, the
combination was well tolerated.

7.4.7.3 Ipilimumab plus Either Dacarbazine or Carboplatin
plus Paclitaxel

Designed primarily to explore pharmacokinetic consequences, a phase I study
explored ipilimumab monotherapy (10 mg/kg every 3 weeks for four doses), ipilim-
umab with dacarbazine 850 mg/m?* every 3 weeks for eight doses, or ipilimumab
with carboplatin AUC 6 plus paclitaxel 175 mg/m? every 3 weeks for eight doses in
patients with advanced melanoma [61]. The study randomized 99 patients in a 1:1:1
fashion to one of the three arms. There were no major pharmacokinetic interactions
observed.

Toxicity varied in the three arms. Elevation of liver function tests was more fre-
quent in the dacarbazine combination (ALT 47.4%, AST 42.6%) than the mono-
therapy arm (15.0%, 15.0%) or the carboplatin plus paclitaxel combination (25.0%,
25.0%). Treatment-related grade 3 or 4 adverse events were seen in 50% of patients
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receiving monotherapy, 73.7% of patients receiving dacarbazine, and 75% of
patients receiving carboplatin plus paclitaxel. Discontinuation due to toxicity was
noted in 25% of patients with monotherapy, 36.8% of patients with dacarbazine plus
ipilimumab, and 30% of patients receiving carboplatin, paclitaxel and ipilimumab.
Efficacy favored monotherapy over dacarbazine and carboplatin plus paclitaxel
combinations in this study, with response rates of 29.4%, 27.8%, and 11.1%, respec-
tively, though the study was not designed to compare efficacy of the three
regimens.

7.5 Conclusions

The addition of immunotherapy into our therapeutic arsenal is dramatically altering
cancer treatment, offering patients with incurable cancers the opportunity to achieve
meaningful, durable responses. In many studies of checkpoint inhibitors, the dura-
tion of response approaches or exceeds the median survival duration, suggesting
that these durable benefits are limited to a subset of patients. It is critical to identify
those patients that will achieve a durable response with immunotherapy alone.
Other patients may still derive benefit from checkpoint inhibitors, but they will
require an alternative approach. Combining chemotherapy with immunotherapy
will be an appropriate strategy for some of these patients. As we refine these com-
binations, it is important that we develop the necessary biomarkers that will help
implement these combinations for patients where the added toxicity and risk pro-
vides the greatest opportunity for added benefit.
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Chapter 8
Immune Checkpoint Combinations
with Inflammatory Pathway Modulators
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Abstract Immune checkpoint inhibition of program death protein-1 (PD-1) and its
ligands PD-L1 and PD-L2 is an established therapeutic modality in melanoma, non-
small cell lung cancer, renal cell carcinoma, and other tumor types. Unfortunately,
60 to 80% of all patients experience disease progression and become refractory to
immune checkpoint therapies. Broadly, mechanisms of immune checkpoint inhibi-
tor resistance can be categorized as presence of oncogenic driver mutations, severe
T cell exhaustion, neoantigen burden, epigenetic alterations, or mutations involved
in critical pathways including PTEN, JAK, or Wnt signaling. The dysregulation of
inflammatory signaling pathways (namely, genes involved in angiogenesis, chemo-
taxis, matrix remodeling, wound healing, and mesenchymal transition) is of critical
importance to response to immune checkpoint therapies. Inflammatory cytokine
signaling pathways exert downstream effects on immunosuppressive elements such
as regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs) which
inhibit the function of effector T cells, NK cells, and dendritic cells, promoting
immune tolerance and tumor growth. We herein review three targets for inflamma-
tory pathway modulation: indoleamine 2,3-dioxygenase (IDO), transforming
growth factor B (TGFf), and adenosine. Targeting these pathways may address the
unmet need to develop novel therapeutic approaches to increase response rates to
immune checkpoint inhibitors and improve clinical outcomes.
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8.1 Introduction

The targeted inhibition of program death protein-1 (PD-1) and its ligands PD-L1
and PD-L2 is an established modality of anticancer therapy. These proteins are
aberrantly expressed in the tumor microenvironment and mediate T cell exhaustion
and immune tolerance. Monoclonal antibody-mediated inhibition of their interac-
tion has demonstrated substantial clinical efficacy in a growing list of tumor types
including melanoma, non-small cell lung cancer, renal cell carcinoma, and head
and neck cancer among others [1-3]. While many patients derive durable clinical
benefit from these therapies, approximately 60 to 80% of all patients will experi-
ence disease progression and become refractory to immune checkpoint therapies.
Therefore, there is currently an urgent unmet need to develop novel therapeutic
approaches to increase response rates to immune therapy and augment current
clinical activity.

A variety of mechanisms have been described governing both primary and
acquired resistance to immune checkpoint therapies in human malignancy. Broadly,
these can be categorized by mechanisms such as the presence of oncogenic driver
mutations, severe T cell exhaustion, neoantigen burden, epigenetic alterations, or
mutations involved in critical pathways including PTEN, JAK, or Wnt signaling [4].
In particular, dysregulation of inflammatory signaling pathways in the tumor micro-
environment is of critical importance to mediating tumor immunity and ultimately
response to immune checkpoint therapies. For example, in metastatic melanoma
with innate resistance to anti-PD-1 therapy, compared with sensitive tumors, there
is upregulated gene expression of multiple key inflammatory genes involved in
angiogenesis, chemotaxis, matrix remodeling, wound healing, and mesenchymal
transition [5]. Additionally, PD-L1 is upregulated by multiple inflammatory cyto-
kines including IFN-y contributing to T cell dysfunction [6]. Inflammatory cytokine
signaling pathways exert broad downstream effects on various immunosuppressive
elements in cancer such as regulatory T cells (Tregs) and myeloid-derived suppres-
sor cells (MDSCs) among others. Intratumoral recruitment and expansion of Tregs
and MDSCs are known to inhibit differentiation and function of effector T cells, NK
cells, and dendritic cells, promoting immune tolerance and ultimately tumor growth
[7, 8]. Therefore, combinatorial approaches targeting tumor inflammation are
urgently needed to overcome both primary and acquired resistance mechanisms to
improve clinical outcomes with immune checkpoint agents.

We herein review three targets for inflammatory pathway modulation: indole-
amine 2,3-dioxygenase (IDO), transforming growth factor  (TGFp), and adenos-
ine. Other targets with a growing amount of evidence supporting combination with
immunotherapies include vascular endothelial growth factor inhibitors, which have
been recently reviewed by others [9]. Novel therapeutic strategies targeting IDO,
TGFp, and molecules involved in generating adenosine in the tumor microenviron-
ment such as CD73 have been developed in recent years and have compelling ratio-
nale for use in combination with immune checkpoint agents to improve clinical
outcomes.
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8.2 IDO

8.2.1 Overview

IDO is an evolutionarily conserved enzyme expressed predominantly in lymphoid
and placental tissues that converts the amino acid substrate tryptophan (Trp) into a
series of metabolic by-products known as the kynurenines via a catalytic reaction
that facilitates cleavage of the 2,3-double bond of the Trp indole ring [10, 11].
This 45 kDa enzyme expressed by the INDO gene located at human chromosome
8pl12 was initially identified in 1963 [12]. More recent biochemical structural
studies have revealed IDO to be comprised of two a-helical domains and a central
heme prosthetic group that serves as a superoxide anion donor capable of driving its
catalytic activity [13].

It was not until 1998 that the immunoregulatory role of IDO was recognized
when studies demonstrated this enzyme to prevent allogeneic rejection of the mouse
fetus by suppressing the maternal T cell response [14]. A variety of studies have
described several IDO-dependent mechanisms that contribute to the regulation of
effector T cell activity. The initial and more direct mechanism of T cell suppression
was demonstrated to be a local depletion of the essential amino acid Trp, leading to
inhibition of T cell proliferation. This inhibitory effect arrests T cells within the
mid-G1 phase of the cell cycle due to the phosphorylation of the stress response
kinase GCN2 which functionally inhibits the a-subunit of eukaryotic translation
initiation factor 2 (elF2«) [15]. Additional studies have shown IDO to also suppress
mTOR and subsequently promote T cell autophagy [16]. Perhaps the most critical
underlying mechanism of immune tolerance is the simultaneous generation of the
downstream kynurenine by-products that promote the differentiation of naive CD4*
T cells into the highly immunosuppressive CD4*FoxP3* regulatory Treg population
by signaling through the aryl hydrocarbon receptor [17, 18]. While genetic ablation
of IDO in mouse models does not have the widespread impact observed in CTLA-
4-deficient mice, studies have shown that the development of acquired peripheral
tolerance is significantly impaired in IDO null hosts and that IDO is critical for the
development of immune tolerance to apoptotic cells, including those generated by
dying tumor cells [19, 20].

8.2.2 IDO in Cancer

It is clear that tumors continue to develop despite expressing immunogenic anti-
gens, suggesting that these malignant tissues acquire a strategy for evading detec-
tion and destruction by the host immune system. IDO is thought to contribute
significantly to this process [21, 22]. Expression studies have documented IDO in
several tissues including various tumors, dendritic cells (DCs), macrophages, and
endothelial cells. A role for IDO in carcinogenesis began with early studies in the
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1950s noting elevated levels of kynurenine in the blood and urine specimens of
cancer patients relative to healthy control subjects [23, 24]. Additional reports dem-
onstrated an association between IDO expression levels and/or enzymatic activity
with inferior prognosis in a plethora of tumor types, including breast, colon, non-
small cell lung cancer, ovarian, and melanoma [25]. Overall, these studies have
implicated IDO as an important contributor to the phenomenon of tumor-mediated
immunosuppression [26].

Despite these growing insights into the biological role of IDO in cancer, our
understanding of the cell type of origin that exhibits the most potent and clinically
relevant IDO activity within the tumor microenvironment still remains elusive.
Certainly cell-specific posttranslational modulation of IDO could potentially lead to
differential function and disparate downstream immunologic effects. Early studies
utilizing an IDO1-selective inhibitor have shown persistent antitumor efficacy in
transplant tumor models in IDO1~/~ hosts suggesting that tumor expression of IDO1
is important. This has been supported by other bone marrow transplant experiments
demonstrating that non-hematopoietic cell IDO expression is essential for
inflammatory-related malignancies. However, there is also a large body of evidence
implicating DC expression of IDO within the tumor microenvironment as a particu-
larly potent contributor to the generation of local immune tolerance [27]. As opposed
to the PD-1 and CTLA-4 checkpoints that undergo upregulation following T cell
activation, the DC-expressed IDO enzyme is capable of suppressing several other
more proximal mechanisms important for the induction of cell-mediated immunity.
This includes the ability of IDO activity to inhibit DC expression of the pro-
inflammatory cytokines IL-12 and IL-6 which, in turn, promotes the stabilization
and prevents the proteosomal degradation of IDO [20, 28, 29]. This positive “feed-
forward loop” along with the intrinsic ability of each DC to interact with multiple T
cells and subsequently inhibit their proliferative expansion and/or drive their dif-
ferentiation into Tregs serves to generate a potent state of immune tolerance that
enables cancers to progress and metastasize [30]. Indeed, DC IDO expression
within tumor-draining lymph node tissues has been shown to correlate with inferior
survival in different forms of cancer [31]. Whether the cell type of origin or tissue
expressing IDO is a critical contributor to its modulation of the tumor immune
microenvironment remains unclear and is in need of further investigation.

Several transcriptional and posttranslational mechanisms that modulate the
expression and enzymatic activity of IDO have been previously described. These
regulatory mechanisms likely differ dependent upon the cellular origin of the IDO
enzyme. In DCs, several stimuli have been found to induce the upregulation of IDO
including Toll-like receptor agonists, CD40, CD200, and the type I and type II inter-
ferons (IFNs) [32]. One of the primary roles of IDO in the immune system is to
serve as a negative regulator of acute inflammation. As such, IDO expression is
upregulated both rapidly and transiently by IFN-y [33]. This is opposed to the
more durable stimulation of IDO expression by TGFf in DCs [34]. In this case, the
IDO enzyme can be converted into a phosphorylated signaling mediator that drives
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the expression of further IDO and TGFp and contributes to the establishment of
long-term immune tolerance [35]. More recent work has revealed that this alterna-
tive signaling function of IDO is dependent on arginase I-generated polyamines
which can be supplied in the tumor microenvironment by myeloid-derived suppressor
cells [36].

Other pathways that regulate IDO in a posttranslational manner also modulate its
catalytic activity and play an important role in driving IDO-dependent immune
tolerance. These pathways often regulate IDO activity by manipulating the heme
prosthetic group either by direct binding to this moiety by nitrous oxide or by
heme depletion via the enzyme, heme oxygenase-1 [37].

8.2.3 Preclinical IDO Inhibitor Studies

The realization that cancers hijack IDO to establish a site of immune privilege made
it clear that IDO activity was capable of compromising immunotherapy efficacy.
Indeed, recent studies have implicated IDO as a contributor to anti-CTLA-4 anti-
body immunotherapy resistance [38]. This has further supported the concept of IDO
inhibition as a strategy to stimulate tumor immunity. The absence of spontaneous
autoimmunity in the IDO”- mouse model as well as in mice treated for prolonged
periods with the 1-methyltryptophan (1-MT) IDO inhibitor also supported the
safety of IDO inhibition as a viable therapeutic strategy.

Early preclinical tumor model studies were utilized to demonstrate the ability of
the I-MT IDO inhibitor to promote the development of an effective antitumor T cell
response and suppress the progression of various in vivo tumor models [39]. These
studies demonstrated no evidence of antitumor activity when either the 1-MT inhib-
itor or more traditional therapies including chemotherapy were administered alone
in transplant models of both B16 melanoma and 4T1 breast cancer. However, the
addition of the 1-MT inhibitor to chemotherapy agents, such as cyclophosphamide
and paclitaxel, induced a synergistic antitumor response that was ablated in immu-
nodeficient hosts. These effects were also seen in the MMTV-neu autochthonous
breast cancer model and favored the D-1-MT stereoisomer for further phase I clini-
cal trial development that began in 2007.

A separate group of investigators conducted a high-throughput screen revealing a
hydroxyamidine small-molecule competitive inhibitor that bound to the heme active
site of IDO1 [40]. INCB024360 was found to increase the CD8* T cell/Treg ratio
while showing efficacy in both the CT26 colon cancer model and the PANO2 pancreatic
tumor model [41, 42]. This therapeutic effect correlated with diminished kynurenine
levels in the tumor and tumor-draining lymph node tissues of treated mice and was
absent in both immunodeficient and IDO17- hosts. After transitioning to phase I trials
in 2010, several clinical studies are now beginning to investigate the ability of
INCBO024360 to augment the efficacy of other checkpoint inhibitor therapies.
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8.2.4 Clinical Development of IDO Inhibitor Therapies

The two agents most advanced in the clinical development pipeline currently include
epacadostat (INCB024360, Incyte), an oral small-molecule selective inhibitor of
IDO1, and the oral D-1-MT inhibitor, indoximod (NLG-8189, NewLink Genetics),
which has been described as an IDO pathway modulator. GDC-0919, currently in
co-development by NewLink Genetics and Genentech, is also an oral selective
IDO1 inhibitor that recently entered phase I trials. A separate peptide vaccine
approach developed from fragments of the IDO1 protein remains in early stages of
development (IO Biotech and others).

As previously noted, early studies have shown that IDO inhibition is therapeuti-
cally relevant only in combination with other therapeutics, namely chemotherapy,
vaccines, or other forms of immunotherapy [43, 44]. Table 8.1 describes the select
active, combinatorial trials investigating solid tumor malignancies with available
IDO inhibitors.

While combinatorial immune checkpoint blockade with anti-CTLA-4 and anti-
PD-1 agents is highly effective in patients with metastatic melanoma and potentially
other malignancies, the propensity for side effects from the combination regimen is
significant. Although their efficacy has been limited, phase I IDO inhibitor mono-
therapy studies have demonstrated safety with relatively modest side effects, effec-
tively validating preclinical studies in IDO”- mice suggesting that these agents
would be well tolerated. Indeed, in the 52-patient phase I dose escalation study of
epacadostat (NCT01195311), grade 3/4 adverse events including abdominal pain,
hypokalemia, and fatigue occurred in 9.6% of participating patients [45]. In a trial
of epacadostat with ipilimumab in patients with stage IV melanoma (NCT01604889),
transaminitis leads to cessation of drug therapy in five of seven patients in the
300 mg BID cohort, triggering a dose reduction to 50 mg BID. This combination
then yielded a well-tolerated treatment regimen with only 4/18 patients experienc-
ing Grade 3/4 toxicity and an overall response rate of 31.3% along with a disease
control rate of 62.5% in immunotherapy-naive metastatic melanoma patients [46].

In the Keynote 037 trial (NCT02178722), which combined epacadostat dose
escalation with pembrolizumab, there were six grade 3 and no grade 4 AEs of the 56
patients treated. Of the 36 patients with metastatic melanoma, overall response rate
was 53% with a disease control rate of 74%, resembling response data from the
Checkmate 067 trial of nivolumab and ipilimumab but without the side effect profile
[1,47]. Whether these responses are similarly durable will likely be answered by the
phase III trial (NCT02752074).

Indoximod was also demonstrated to be safe without significant side effects in its
phase I study (NCT00567931), and five of the seven patients who received 200 mg
per day had either objective responses or disease stabilization. When combined with
docetaxel (NCT01191216), 4 of 22 evaluable patients had partial responses, and the
most frequent adverse events were fatigue, anemia, nausea, and infections. This will
be expanded into a phase II trial in breast cancer patients. A phase II of indoximod
with gemcitabine/nab-paclitaxel in treatment-naive metastatic pancreatic cancer
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Table 8.1 Select active, combinatorial trials investigating solid tumor malignancies with available

IDO inhibitors
Agent Indication(s) |Phase | Combination Status Identifier*
Indoximod NSCLC /11 Docetaxel and Enrolling NCT02460367
tergenpumatucel
Breast 1T Taxane Completed NCT01792050
Breast il Vaccine Ongoing, not | NCT01042535
recruiting
Melanoma i Ipilimumab, Enrolling NCT02073123
pembrolizumab,
nivolumab
Pancreatic il Gemcitabine and Enrolling NCT02077881
nab-paclitaxel
Prostate 1T Sipuleucel-T Ongoing, not | NCT01560923
recruiting
Advanced I Docetaxel Completed NCTO1191216
solid tumors
Epacadostat | Melanoma /11 Vaccine Ongoing, not | NCT01961115
recruiting
Melanoma il Ipilimumab Ongoing not | NCT01604889
recruiting
Advanced 1 PI3K-delta inhibitor | Recruiting NCT02559492
solid tumors
Advanced I Pembrolizumab and | Recruiting NCT02959437
solid tumors azacitidine
Pancreatic /11 Pembrolizumab, Recruiting NCT03006302
CRS-207, +/— CY
GVAX
Advanced i Chemotherapy or Not yet NCT03085914
solid tumors anti-PD-1 recruiting
GDC-099 Advanced 1 Atezolizumab Recruiting NCT02471846
solid tumors
Vaccine NSCLC 1 n/a Completed NCTO01219348
Melanoma /1L Nivolumab Not yet NCT03047928
recruiting
Melanoma 1 Vemurafenib or Completed NCT02077114

ipilimumab

Trials from clinicaltrials.gov as of 4/17/2017

(NCT02077881) has so far demonstrated 11 objective responses in 30 patients, with
1 event of colitis requiring study withdrawal [48]. Indoximod is currently being
evaluated in metastatic melanoma patients in combination with investigator’s choice
of immune checkpoint inhibitor (NCT02073123). As of March 2017, 94 patients
had received indoximod with pembrolizumab, and of 60 evaluable patients, 87% of
which had stage IV disease, there were 3 grade 3 adverse events, and the overall
response rate was 52% [49]. This trial will likely move into phase III given these
impressive results and safety profiles.
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Another approach to modulating IDO activity involves a synthetic HLA-A2-
restricted IDO peptide vaccine that was administered to 15 patients with metastatic
non-small cell lung cancer in phase I study (NCT01219348). This vaccine approach
was deemed to be safe with six patients exhibiting disease stabilization and one hav-
ing a significant response durable over 2 years. Median OS was 25.9 months in the
treated population compared to 7.7 months in the intention to treat group [50].
When an IDO peptide vaccine was combined with ipilimumab in ten metastatic
melanoma patients, it was well tolerated with one response and four patients with
stable disease [51].

8.2.5 IDO and Biomarker Development

One of the challenges sure to be faced in the field of IDO inhibitor therapies is the
lack of validated biomarkers capable of determining if a patient can benefit from
the addition of an IDO inhibitor. While many of the above trials have measured
serum tryptophan and kynurenine levels as a pharmacokinetic parameter of IDO
inhibition or examined IDO expression levels in tumor tissue, these have yet to
consistently determine patients that are responding or to predict those that will
respond to this treatment approach. Potentially measuring IDO in select immune
cell populations such as DCs within the tumor microenvironment, including the
tumor bed or perhaps the tumor-draining lymph node tissues may generate more
useful markers of response to IDO inhibition. In addition, an improved understand-
ing of the manner in which IDO is regulated within the tumor microenvironment is
also likely to lead to the development of improved predictive markers in future
clinical trial protocols.

Earlier studies showed that IL-10 within melanoma conditioned media results in
sustained IDO expression by local DCs [52]. More recently, the B-catenin signaling
pathway stimulated by melanoma-derived Wnt5a ligand has been shown to promote
the transcriptional expression of IDO in DCs [53]. Additional intrinsic and extrinsic
regulatory pathways of IDO have also been described in a series of different cancers
[54]. These have included enhanced IDO transcription by the downregulation of the
Bin tumor suppressor in several cancers as well as enhanced paracrine TGFf-
mediated upregulation of IDO by local plasmacytoid DCs following the downregu-
lation of the soluble type III TGFp receptor in models of both breast cancer and
melanoma [55, 56]. Finally, tumor cell apoptosis has been demonstrated to induce
IDO activity in tumor-draining lymph node DCs and whole tumor tissues via the
stimulator of interferon genes (STING) and type I IFN pathway [57, 58]. Each of
these mechanisms contribute to tumor progression and do not necessarily occur in
the setting of an inflamed tumor microenvironment, arguing against the perception
that the effectiveness of IDO inhibition would be restricted to those tumors exhibit-
ing an inflamed phenotype. Therefore, the inducers of each of these regulatory path-
ways may serve as superior markers of IDO inhibition. We can speculate that those
pathways capable of modulating both the expression of IDO as well as its enzymatic
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activity would be the most effective predictive markers of IDO inhibitor efficacy.
One candidate for this dual control mechanism would be the Wnt5a-f-catenin sig-
naling pathway in DCs which has recently been shown to not only induce DC
expression of IDO but also to regulate the enzymatic activity of DC IDO via a post-
translational mechanism [59]. Studies are currently underway to determine whether
the activation status of this pathway may indicate those tumors which would be
more susceptible to IDO inhibitor therapy. Additional studies are also needed to
determine the relative importance of these regulatory pathways and to decipher
which of these mechanisms may be dominating IDO control in any one tumor.

8.2.6 Novel IDO Targeting Strategies

Alternative upstream inhibitory pathways of IDO expression, including those that
involve JAK/STAT signaling, PGE2, and c-kit, have been studied as potential strate-
gies to manipulate IDO activity to a more limited degree [60, 61]. It has been pos-
tulated, however, that pharmacologically targeting the IDO enzyme itself is the
preferred therapeutic strategy due to its many upstream regulatory pathways [62].
This selective IDO targeting approach may, however, prove to be inferior if this
enzyme is found to be a component of a broader immunotolerization program in
DCs. Indeed, early findings in DC immunometabolism research suggest that this
may be the case, opening up specific metabolic pathways as targets capable of regu-
lating both DC IDO activity and pro-inflammatory cytokine expression [59]. In par-
ticular, findings linking paracrine Wnt signaling and the regulation of IDO activity
via DC metabolic alterations have implicated this pathway as a promising pharma-
cologic target worthy of further investigation [63].

8.3 TGFp

8.3.1 Overview

The targeted inhibition of TGFp in the tumor microenvironment is an appealing
strategy to modulate the effect of immune checkpoint therapy for human malignan-
cies. TGFp is upregulated in most human malignancies and has been shown to
correlate with worse clinical outcomes in multiple tumor types, including lung,
breast, colon, and pancreatic cancers [64]. TGFf has dual cancer growth-suppressing
and growth-promoting effects; however, later in the course of the disease, its dys-
regulation is intimately involved in tumor cell stemness, survival, invasion, and pro-
liferation, while modulating stroma formation and tumor angiogenesis [65]. While
the TGFp superfamily of cytokines exerts pleiotropic, context-dependent effects on
tumor cells and surrounding stroma, TGF promotes broad immunosuppression on
multiple immune and inflammatory cell subsets [66].
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The TGFp superfamily is composed of 33 proteins encompassing TGFp, activins,
and bone morphogenic proteins (BMP), NODAL, growth and differentiation factor,
and anti-Mullerian hormone [67]. TGFf signaling is primarily dependent on ligand
binding type I and type II serine kinase receptors, including activin receptor like
kinase 5 (ALKS, TGFBRI), TGFPRII, and TGFBRIII. Initial binding of TGFf ligand
by type Il receptors leads to heterotetrameric complex formation between type I and
type II receptors and results in subsequent serine/threonine kinase activation. The
serine/threonine kinase activity is responsible for downstream phosphorylation and
activation of the canonical pathway through SMAD2/3 [68]. SMAD2/3 proteins
complex with SMAD4 allowing for nuclear translocation and transcriptional regu-
lation. Noncanonical signaling can also occur through MAPK, PI3K, NF-«xB, and
other pathways upon binding of TGFp to the receptor complex. The pleiotropic
effects of TGFp are mediated by the relative promiscuity of receptor-ligand interac-
tions within TGFp superfamily, phosphorylation of other downstream SMAD pro-
teins (i.e., SMADS5/8, 6/7), noncanonical signaling pathways, and signaling pathway
cross talk, among other mechanisms [69].

8.3.2 TGFp and the Immune System in Malignancy

TGFp is recognized as among the most immunosuppressive cytokines and plays a
critical role in regulation of both innate and adaptive tumor immunity [70]. Deletion
of TGFPRII in mice, as an example, results in the development of lethal autoim-
mune inflammation of multiple organs as a result of overwhelming T cell activation,
maturation, and loss of T cell tolerance [71]. Furthermore, TGFp is known to pro-
mote Treg proliferation in the thymus while supporting maintenance of peripheral
Treg populations [71, 72]. The differentiation and function of multiple immune cell
subsets are inhibited by TGFp including tumor specific cytotoxic T cells and NK
cells. Additional immunosuppressive effects are mediated by promoting opposing
Th17 cells, Treg, and MDSC [66, 73-76]. The professional antigen presentation and
immunogenic function of dendritic cells are also altered by the presence of TGFf
resulting in a variety of important immunosuppressive effects [77]. Specifically,
TGFp inhibits the activation, differentiation, and migration of dendritic cells and
can decrease antigen presentation as well as promote presence of MDSC in the
tumor microenvironment [76, 78, 79]. Immature dendritic cells are known to result
in antigen tolerance of T cells and promote proliferation of Tregs [75, 80].
Collectively, these lines of evidence demonstrate the wide impact of TGF} on tumor
immunity through suppression of effector T cell subsets and support of immunosup-
pressive cells including MDSC and Tregs.

The natural role of TGFp in maintaining homeostasis by regulating inflammation
and reducing autoimmunity is exploited in malignancy resulting in immune evasion
and tumor growth. The downstream broad immunologic effects of TGFp are likely
driven by increased expression of certain transcriptional regulators, namely, inhibi-
tor of differentiation 1 (Id1), which promotes immunosuppression through affecting
dendritic cell maturation, T cell proliferation, and MDSC accumulation [81]. TGFp-
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mediated Id1 upregulation ultimately results in tumor growth and metastasis.
Importantly, TGFp also promotes antigen-induced expression of PD-1 on tumor-
infiltrating T cells in vivo through a SMAD3-dependent pathway, providing a
mechanism for T cell exhaustion and immunosuppression within the tumor micro-
environment [82]. Elevated intratumoral T cell expression of PD-1, reflecting
exhaustion, is known to mediate primary resistance to anti-PD-1 therapies in murine
tumor models [83]. Thus, combinational therapeutic strategies directed at blocking
PD-1 overexpression while reducing cellular immunosuppressive elements in the
tumor microenvironment through blockade of TGFp may improve the efficacy over
standard anti-PD-1/PD-L1 monotherapy approaches.

8.3.3 Inhibition of TGFp in Preclinical Models

Based on the compelling rationale that TGFf is intimately tied to multifaceted
mechanisms of immunosuppression in the tumor microenvironment, a variety of
targeted therapies have been developed and leveraged over the past decade to selec-
tively inhibit TGFp-mediated signaling. Several recent publications have reviewed
these therapies in detail [84, 85]. In general, over the past decade, these strategies
have included small-molecule kinase inhibitors, neutralizing monoclonal antibod-
ies, and antisense oligonucleotides targeting TGFp-related genes.

Preclinically, multiple strategies have been employed to assess the impact of
inhibition of TGFf on immune cell subsets and tumor biology. For example, use of
a TGFBR1-specific receptor kinase inhibitor (SM16) in conjunction with an adeno-
virus expressing interferon-f in LKR murine mouse tumor model resulted in
increased intratumoral leukocytes, activation of T cells, and increased tumor growth
and survival compared with either treatment alone [86]. When SM16 was used in
combination with an antibody targeting the OX40 receptor in murine models, there
was a synergistic effect on tumor regression of established tumors with increase
activated CD8+ T cells [87]. Other approaches, such as neutralization of TGFf iso-
forms in the tumor microenvironment by monoclonal antibodies (1D11), have been
demonstrated to synergistically improve tumor growth inhibition in combination
with an antitumor peptide vaccination [88, 89]. Furthermore, gene silencing with
anti-TGFp siRNA improves tumor growth delay in combination with TLR-activated
antigen-pulsed dendritic cell vaccine in a murine model using B16 melanoma cells,
while suppressing Tregs and enhancing tumor-infiltrating lymphocytes [90].
Monoclonal antibody blockade of TGFBRII also results in enhanced CTL and NK
antitumor activity, inhibition of Treg and MDSCs, and increased growth inhibition
in murine tumor models [91]. Finally, our group has demonstrated that loss of
expression of the type III TGFp receptor upregulated indoleamine 2,3-dioxygenase
(IDO) in plasmacytoid DCs and the CCL22 chemokine in myeloid DCs in animal
models, resulting in increased Treg recruitment and an immunotolerant tumor
microenvironment [56]. These strategies demonstrate that selective blockade of
TGFp promotes a favorable tumor microenvironment enabling antitumor immuno-
genicity and complement immune therapy activity.
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8.3.4 Clinical Strategies Targeting TGFf

Galunisertib (LY2157299) is a potent small-molecule inhibitor with a pyrazole
structure and specificity for ALKS (TGFp type I receptor) [92]. In murine tumor
models, galunisertib demonstrated inhibition of SMAD phosphorylation and reduc-
tion in tumor growth, as well as hepatocellular carcinoma cell SMAD?2 phosphory-
lation, migration, cell growth, and VEGF expression [92, 93]. Hanks et al. showed
that galunisertib in combination with an anti-CTLA-4 monoclonal antibody syner-
gistically inhibited tumor growth of both primary and metastatic melanoma in a
murine model and increased the ratio of intratumoral CD8+/Tregs [94]. Additionally,
the combination galunisertib plus anti-PD-L1 therapy was demonstrated to generate
stronger immune responses than either therapy alone in a CT26 murine carcinoma
model, resulting in a response rate of approximately 50% and improved growth
inhibition compared with controls [95]. Galunisertib monotherapy has been studied
in multiple early-phase clinical trials [96]. Combination approaches utilizing galu-
nisertib with immune checkpoint inhibitors are currently being evaluated in multi-
ple clinical trials. A phase I/Il study evaluating galunisertib with nivolumab is
currently enrolling patients and will include expansion cohorts evaluating activity in
hepatocellular carcinoma and non-small cell lung cancer (NCT02423343).
Galunisertib is also being combined with durvalumab in patients with metastatic
refractory pancreatic cancer in a phase Ib clinical trial (NCT02734160). These stud-
ies will be instrumental in determining proof of concept and effects of adding tar-
geted TGFp inhibition to standard immune checkpoint therapies.

TEW-7197 is another highly potent ALKS5-specific small-molecule serine/threo-
nine kinase inhibitor with oral bioavailability [97]. TEW-7197 has been shown to
effectively inhibit TGFf-induced SMAD signaling; inhibit cell migration, invasion,
and lung metastasis; and improve survival of 4T1 orthotopic breast tumor-bearing
mice [98]. Importantly, TEW-7197 has recently been shown to promote cytotoxic T
lymphocyte mediated immune responses and suppress progression of melanoma
in vivo [99]. TEW-7197 monotherapy is currently being evaluated in a multisite
phase I trial in patients with advanced-stage solid tumors (NCT02160106).

Fresolimumab (GC1008) is a fully human, monoclonal antibody which binds
TGFp isoforms with high affinity. Fresolimumab has been evaluated in a single
phase I clinical trial and found to be well tolerated without dose limiting toxicity up
to a dose of 15 mg/kg in patients with mesothelioma and renal cell carcinoma [100].
Treatment in patients with mesothelioma resulted in uniform, marked reduction in
circulating plasma TGFp levels. While no effects were seen on NK, CD4+, or CD8+
cell subsets, multiple patients developed new antibodies to mesothelioma tumor
lysates suggesting treatment with fresolimumab resulted in immunomodulation
[101]. Published data is currently limited regarding combination approaches utiliz-
ing TGFf-neutralizing antibodies with immune checkpoint agents; however, agents
such as fresolimumab may effectively modulate inflammation and ultimately
improve antitumor immunity.
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M7824 (MSB0011359C) is a novel, bifunctional fusion protein consisting of a
fully human IgGl, antibody targeting PD-L1 linked to the extracellular domain of
TGFpBRII [102]. The TGFBRII domain on M7824 functions as a ligand trap for
TGFp isoforms. Treatment with M7824 in preclinical murine models with breast
and colon carcinomas results in depletion of TGFf, improved tumor growth delay,
survival, and durable antitumor immunity. Interestingly, in treated tumor-bearing
mice, M7824 resulted in increased frequency of CD8+ T cells and NK cells with
decreased MDSCs and tumor-associated macrophages [103]. Preliminary data from
a phase I clinical trial demonstrates the agent to be well tolerated and results in sup-
pression of circulating all TGFp isoforms. Currently two phase I clinical trials are
ongoing in patients with advanced solid tumors (NCT02699515 and NCT02517398).

Finally, FANG (Vigil) is a unique autologous tumor cell vaccine which is elec-
troporated with a plasmid resulting in co-expression of granulocyte-macrophage
colony-stimulating factor and a bifunctional short hairpin RNAi (bi-shRNAI) target-
ing furin, a proprotein convertase responsible for activation of TGFp1 and 2 [104].
The furin bi-shRNAi/GMCSF DNA/autologous tumor cell vaccine is being studied
in multiple clinical trials in combination with immune checkpoint inhibitors. In the
initial phase I clinical trial, FANG monotherapy resulted in effective knockdown of
TGFp1 and 2 levels and generated T cell response in 50% of patients which corre-
lated with survival. FANG is currently being evaluated in multiple early-phase
clinical trials in combination with nivolumab for metastatic non-small cell lung
cancer (NCT02639234) and with pembrolizumab in patients with metastatic
melanoma (NCT02574533). FANG is also being studied in combination with dur-
valumab in patients with advanced breast cancer (NCT02725489) and atezolizumab
in gynecologic malignancies (NCT03073525).

8.4 Adenosine

8.4.1 Adenosine in the Tumor Microenvironment

Although well known as components of DNA and RNA and participants in intracel-
lular signaling, nucleosides and nucleotides have also been implicated in extracel-
lular signaling in processes such as inflammation and malignancy (recently reviewed
by di Virgilio) [105]. Hypoxic, metabolically stressed or inflamed tissues undergo-
ing immunogenic cell death release ATP, in addition to exposing calreticulin at the
cell membrane and secreting HMGB1 [106]. The released ATP acts as a danger
signal [107], recruiting innate immune cells and priming antitumor immune
responses; however, in the tumor microenvironment, extracellular ATP is rapidly
converted to adenosine by the ectonucleotidases CD39 (ENTPD1) and CD73 (ecto-
5’-nucleotidase) which act in tandem to convert ATP to AMP and then AMP to
adenosine, respectively [108]. Therefore, adenosine accumulates in the tumor
microenvironment in conditions associated with tissue damage such as hypoxia
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[109, 110]. The generated adenosine subsequently signals through the G-protein-
coupled cell surface receptors Al, A2A, A2B, and A3. Notably, signaling through
the A2A receptor stimulates adenylyl cyclase resulting in increased intracellular
cAMP, an immunosuppressive mediator [111]. Adenosine has widespread immuno-
suppressive effects because of the wide array of cell types expressing its receptors.
Adenosine reduces T helper cells and increases Tregs [112], increases myeloid-
derived suppressor cells and their immunosuppressive function [113], reduces dendritic
cell antigen presentation [114], causes macrophages to differentiate toward the M2
phenotype [115], and inhibits cytolytic function of NK cells [116]. In aggregate
these immunosuppressive activities of adenosine inhibit antitumor immunity.

8.4.1.1 Ectonucleotidases and Adenosine Receptors in Antitumor
Immune Response

As critical (and accessible) components of the adenosine generation and signaling
pathways, the CD39 and CD73 ectonucleotidases and the adenosine receptors have
been understandably the focus of studies seeking to document their expression in
murine and human tumors, their prognostic significance, and their utility as targets
for immune modulation strategies.

CD39, anchored to the cell membrane by two transmembrane domains, is
expressed widely in solid tumors, lymphomas, and some leukemias and tumor-
infiltrating immune and stromal cells including endothelium, activated and
exhausted T cells, FoxP3* Tregs, Trl, FoxP3~ memory T cells, Th17, y8 T cells, B
cells, NK and NKT cells, macrophages, neutrophils, and MDSC [117]. Its expression
is upregulated by hypoxia. Prognostic significance, in general a poor prognosis, has
been demonstrated for CD39 expression by tumor cells and the infiltrating cells of
human malignancies [118-123]. More rapid tumor growth has been observed in
CD39 expressing transgenic models, while CD39 knockout models demonstrate
greater immune-mediated antitumor responses [124] and treatment with the CD39
inhibitor POM1 limited tumor growth.

CD73, a glycosylphosphatidylinositol (GPI)-anchored cell surface enzyme, is
expressed on the endothelium and epithelium, stromal cells, naive/memory CD8" T
cells, ICOS* Tregs, Th17, y8 T cells, B cells, some NK cells, neutrophils, MDSC,
solid tumors, and certain leukemias [117]. Its expression is driven by hypoxia, Wnt
and TGFp signaling, and the process of epithelial to mesenchymal transformation
[110, 125-127]. CD73 expression has been related to poor clinical outcome in
diverse malignancies including triple negative breast cancer; head and neck cancers;
glioblastoma; pancreatic, colorectal, prostate, gastric, bladder, kidney, ovarian, and
endometrial cancer; and CLL (reviewed in Antonioli 2016) [128], although some
studies have paradoxically found a good prognosis with CD73 expression. CD73-
deficient mice experience slower tumor growth in several models [111, 129].
In addition to its role in the generation of adenosine, CD73 may also mediate signal-
ing pathways and tumor adhesion and invasion through non-adenosine mediated
pathways [130].
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The adenosine receptors A2a and A2b when stimulated lead to activation of
adenylyl cyclases which hydrolyze intracellular ATP into cyclic AMP (cAMP)
which in turn activates protein kinase A (PKA), which has a role in inhibiting T cell
receptor signaling [117]. Tumor rejection has been reported in A2a-deficient mice
[131, 132].

The forgoing suggests that CD39, CD73, and A2a and A2b receptors may be
targets for enhancing antitumor immunity. Indeed, in preclinical models, drugs and
antibodies targeting these molecules have demonstrated proof of principal. The A2a
antagonist SCH58261 enhanced the antitumor efficacy of adoptively transferred
tumor-antigen-specific T cells [133] and could potentiate the immunogenic cell
death induced by anthracyclines [134]. Similar enhancement of adoptively trans-
ferred T cells by the dual A2a and A2b receptor antagonist (ZM241,385) was
reported [112]. Because it was noted that A2A receptor expression on tumor-
infiltrating CD8+ T cells occurs with PD-1 blockade, it is gratifying to note that dual
blockade of PD-1 and A2A significantly enhanced the function of tumor-infiltrating
T cells and tumor growth inhibition in a preclinical model [135]. In murine colon,
prostate, and breast cancer and fibrosarcoma models, anti-CD73 mADbD significantly
enhanced the antitumor activity of both anti-CTLA-4 and anti-PD-1 mAbs, although
the effects were more prominent with anti-PD-1 mAb [136]. This was attributed to
the observation that A2a receptor activation upregulates PD-1 but not CTLA4 on T
cells, an important consideration for combinations in clinical trials.

8.4.2 Clinical Trials of Adenosine Signaling Inhibition

Clinical trials of strategies targeting the adenosine generation pathways have been
limited thus far. Although antibodies against CD39 have been developed [137], they
have not reached human clinical trials; however, an antibody against CD73
(MEDI9447) has entered phase I testing. This antibody noncompetitively inhibits
the enzymatic function of soluble and cell-bound CD73 by cross-linking CD73
dimers or otherwise limiting conformational changes necessary for enzymatic func-
tion [138]. Preclinical studies have demonstrated amelioration of AMP-mediated
immunosuppression and tumor growth inhibition in murine models [139]. In the
tumor microenvironment, increased CD8(+) effector cells and activated macro-
phages were observed following MEDI9447. When combined with anti-PD-1 anti-
bodies, greater antitumor activity was observed for MEDI9447. In the phase I study,
solid tumor patients who have progressed, are refractory, or are intolerant to stan-
dard therapy are being enrolled to received single agent MEDI9447 or MEDI9447
plus MEDI4736 (an anti-PD-L1 antibody) (NCT02503774). Other companies are
developing anti-CD73-based strategies including Bristol-Myers Squibb which also
demonstrated enhanced antitumor activity when combined with anti-PD-1 antibody
[140]. Innate Pharma, Corvus Pharmaceuticals, and Arcus Biosciences have also
recently disclosed CD73 inhibitor programs. No clinical trial data is available yet.
Regarding A2a antagonists, PBF-509 is in phase I study development to be
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combined with an anti-PD-1 antibody in a trial of PBF-509 and PDRO0O01 in patients
with advanced non-small cell lung cancer (NCT02403193). The A2a antagonist
CPI-444 is also in clinical trials combined with an anti-PD-L1 antibody in phase I/
Ib study to evaluate CPI-444 alone and in combination with atezolizumab in
advanced cancers (NCT02655822).

8.5 Conclusions

The targeted inhibition of inflammatory mediators to augment immunosuppressive
factors within the tumor microenvironment is a rational strategy to improve efficacy
of immune checkpoint agents. Disruption of inflammatory signaling pathways par-
ticularly involving IDO, TGFp, and adenosine has compelling evidence demonstrat-
ing effects such as inhibition of Tregs and MDSCs while promoting effector T cell
function and tumor immunity. Multiple early-phase clinical trials investigating
combinational strategies leveraging inflammatory modulators with immune check-
point therapies are ongoing in numerous malignancies. Importantly, as a substantial
portion of patients do not derive clinical benefit from standard immune checkpoint
therapies, there is also a critical need for biomarker development to guide therapeu-
tic application and optimize clinical outcomes. Additionally, particular tumor his-
tologies are intrinsically resistant to immune therapies, for example, as seen with
pancreatic and colorectal cancers. The mechanisms responsible for mediating these
resistant phenotypes are multifactorial; however, inflammatory cytokine dysregula-
tion influences co-localization of tumor-infiltrating lymphocytes (TILs) and PD-L1
expression [141]. Tumors with both TILs present and PD-L1 expressed are believed
to have a more favorable response to immune checkpoint therapy compared to
tumors with only one or neither present [6]. Targeting immunosuppressive cyto-
kines within the tumor microenvironment may enable induction of response by T
cell infiltration in seemingly non-inflamed tumors or overcome acquired resistance
mechanisms limiting T cell function. Predictive biomarkers, beyond PD-L1, are
needed to guide the clinical use of novel therapeutic combinations to determine
patients most likely to derive benefit.

References

1. Larkin J, Chiarion-Sileni V, Gonzalez R et al (2015) Combined nivolumab and Ipilimumab or
monotherapy in untreated melanoma. N Engl J Med 373(1):23-34

2. Reck M, Rodriguez-Abreu D, Robinson AG et al (2016) Pembrolizumab versus chemother-
apy for PD-L1-positive non-small-cell lung cancer. N Engl J Med 375(19):1823-1833

3. Motzer RJ, Escudier B, McDermott DF et al (2015) Nivolumab versus everolimus in
advanced renal-cell carcinoma. N Engl J Med 373(19):1803-1813

4. Wang Q, Wu X (2017) Primary and acquired resistance to PD-1/PD-L1 blockade in cancer
treatment. Int Immunopharmacol 46:210-219



8

e}

10.

11.

12.

13.

14.

15.

16.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Immune Checkpoint Combinations with Inflammatory Pathway Modulators 235

. Hugo W, Zaretsky JM, Sun L et al (2016) Genomic and transcriptomic features of response
to anti-PD-1 therapy in metastatic melanoma. Cell 165(1):35-44

. Teng MW, Ngiow SF, Ribas A, Smyth MJ (2015) Classifying cancers based on T-cell infiltra-
tion and PD-L1. Cancer Res 75(11):2139-2145

. Liu C, Workman CJ, Vignali DA (2016) Targeting regulatory T cells in tumors. FEBS
J283(14):2731-2748

. Gabrilovich DI (2017) Myeloid-derived suppressor cells. Cancer Immunol Res 5(1):3-8

. Manegold C, Dingemans AC, Gray JE et al (2017) The potential of combined immunother-

apy and antiangiogenesis for the synergistic treatment of advanced NSCLC. J Thorac Oncol

12(2):194-207

Mellor AL, Munn DH (2004) IDO expression by dendritic cells: tolerance and tryptophan

catabolism. Nat Rev Immunol 4(10):762-774

Grohmann U, Bronte V (2010) Control of immune response by amino acid metabolism.

Immunol Rev 236:243-264

Higuchi K, Hayaishi O (1967) Enzymic formation of D-kynurenine from D-tryptophan. Arch

Biochem Biophys 120(2):397-403

Shimizu T, Nomiyama S, Hirata F, Hayaishi O (1978) Indoleamine 2,3-dioxygenase.

Purification and some properties. J Biol Chem 253(13):4700-4706

Munn DH, Zhou M, Attwood JT et al (1998) Prevention of allogeneic fetal rejection by tryp-

tophan catabolism. Science 281(5380):1191-1193

Munn DH, Shafizadeh E, Attwood JT, Bondarev I, Pashine A, Mellor AL (1999) Inhibition of

T cell proliferation by macrophage tryptophan catabolism. J Exp Med 189(9):1363-1372

Metz R, Rust S, Duhadaway JB et al (2012) IDO inhibits a tryptophan sufficiency signal

that stimulates mTOR: a novel IDO effector pathway targeted by D-1-methyl-tryptophan.

Oncoimmunology. 1(9):1460—-1468

. Mezrich JD, Fechner JH, Zhang X, Johnson BP, Burlingham WJ, Bradfield CA (2010) An
interaction between kynurenine and the aryl hydrocarbon receptor can generate regulatory T
cells. J Immunol 185(6):3190-3198

. Fallarino F, Grohmann U, You S et al (2006) The combined effects of tryptophan starvation
and tryptophan catabolites down-regulate T cell receptor {zeta}-chain and induce a regula-
tory phenotype in naive T cells. J Immunol 176:6752-6761

. Baban B, Chandler P, McCool D, Marshall B, Munn DH, Mellor AL (2004) Indoleamine

2,3-dioxygenase expression is restricted to fetal trophoblast giant cells during murine gesta-

tion and is maternal genome specific. J Reprod Immunol 61(2):67-77

Munn DH, Mellor AL (2016) IDO in the tumor microenvironment: inflammation, counter-

regulation, and tolerance. Trends Immunol 37(3):193-207

Munn DH, Mellor AL (2007) Indoleamine 2,3-dioxygenase and tumor-induced tolerance.

J Clin Invest 117(5):1147-1154

Uyttenhove C, Pilotte L, Theate I et al (2003) Evidence of a tumoral immune resistance

mechanism based on tryptophan degradation by indoleamine 2,3-dioxygenase. Nat Med

9(10):1269-1274

Boyland E, Williams DC (1955) The estimation of tryptophan metabolites in the urine of

patients with cancer of the bladder. Biochem J 60(Annual General Meeting):v

Rose DP (1967) Tryptophan metabolism in carcinoma of the breast. Lancet 1(7484):239-241

Godin-Ethier J, Hanafi LA, Piccirillo CA, Lapointe R (2011) Indoleamine 2,3-dioxygenase

expression in human cancers: clinical and immunologic perspectives. Clin Cancer Res

17(22):6985-6991

Katz JB, Muller AJ, Prendergast GC (2008) Indoleamine 2,3-dioxygenase in T-cell tolerance

and tumoral immune escape. Immunol Rev 222:206-221

Munn DH, Sharma MD, Lee JR et al (2002) Potential regulatory function of human dendritic

cells expressing indoleamine 2,3-dioxygenase. Science 297(5588):1867-1870

Grohmann U, Fallarino F, Bianchi R et al (2001) IL-6 inhibits the tolerogenic function of CD8

alpha+ dendritic cells expressing indoleamine 2,3-dioxygenase. J Immunol 167(2):708-714



236

29

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

N. DeVito et al.

. Orabona C, Pallotta MT, Volpi C et al (2008) SOCS3 drives proteasomal degradation of
indoleamine 2,3-dioxygenase (IDO) and antagonizes IDO-dependent tolerogenesis. Proc
Natl Acad Sci U S A 105(52):20828-20833

Sharma MD, Baban B, Chandler PR et al (2007) Plasmacytoid dendritic cells from mouse
tumor-draining lymph nodes directly activate mature Tregs via indoleamine-2,3-dioxygenase.
J Clin Invest 117(9):2570-2582

Munn DH, Sharma MD, Hou D et al (2004) Expression of indoleamine 2,3-dioxygenase by
plasmacytoid dendritic cells in tumor-draining lymph nodes. J Clin Invest 114(2):280-290
Hwu P, Du MX, Lapointe R, Do M, Taylor MW, Young HA (2000) Indoleamine
2,3-dioxygenase production by human dendritic cells results in the inhibition of T cell prolif-
eration. J Immunol 164(7):3596-3599

Takikawa O, Kuroiwa T, Yamazaki F, Kido R (1988) Mechanism of interferon-gamma
action. Characterization of indoleamine 2,3-dioxygenase in cultured human cells induced
by interferon-gamma and evaluation of the enzyme-mediated tryptophan degradation in its
anticellular activity. J Biol Chem 263(4):2041-2048

Belladonna M, Volpi C, Bianchi R et al (2008) Cutting edge: autocrine TGFbeta sustains
default tolerogenesis by IDO-competent dendritic cells. J Immunol 181(8):5194-5198
Pallotta MT, Orabona C, Volpi C et al (2011) Indoleamine 2,3-dioxygenase is a signaling
protein in long-term tolerance by dendritic cells. Nat Immunol 12(9):870-878

Mondanelli G, Bianchi R, Pallotta MT et al (2017) A relay pathway between arginine and
tryptophan metabolism confers immunosuppressive properties on dendritic cells. Immunity
46(2):233-244

Thomas SR, Terentis AC, Cai H et al (2007) Post-translational regulation of human indole-
amine 2,3-dioxygenase activity by nitric oxide. J Biol Chem 282(33):23778-23787
Holmgaard RB, Zamarin D, Munn DH, Wolchok JD, Allison JP (2013) Indoleamine
2,3-dioxygenase is a critical resistance mechanism in antitumor T cell immunotherapy tar-
geting CTLA-4. J Exp Med 210(7):1389-1402

Hou D, Muller AJ, Sharma MD et al (2007) Inhibition of indoleamine 2,3-dioxygenase in
dendritic cells by stereoisomers of 1-methyl-tryptophan correlates with antitumor responses.
Cancer Res 67(2):792-801

Yue EW, Douty B, Wayland B et al (2009) Discovery of potent competitive inhibitors of
indoleamine 2,3-dioxygenase with in vivo pharmacodynamic activity and efficacy in a mouse
melanoma model. ] Med Chem 52(23):7364-7367

Koblish HK, Hansbury MJ, Bowman KJ et al (2010) Hydroxyamidine inhibitors of
indoleamine-2,3-dioxygenase potently suppress systemic tryptophan catabolism and the
growth of IDO-expressing tumors. Mol Cancer Ther 9(2):489-498

Liu X, Shin N, Koblish HK et al (2010) Selective inhibition of IDO1 effectively regulates
mediators of antitumor immunity. Blood 115(17):3520-3530

Soliman HH, Jackson E, Neuger T et al (2014) A first in man phase I trial of the oral immu-
nomodulator, indoximod, combined with docetaxel in patients with metastatic solid tumors.
Oncotarget 5(18):8136-8146

Soliman SA HH, Sullivan D, Vanahanian N, Link C (2009) Overcoming tumor antigen
anergy in human malignancies using the novel indeolamine 2,3-dioxygenase (IDO) enzyme
inhibitor, 1-methyl-D-tryptophan (1MT). J Clin Oncol 27(15s)

Beatty GL, O'Dwyer PJ, Clark J et al (2017) First-in-human phase I study of the oral inhibi-
tor of Indoleamine 2,3-Dioxygenase-1 Epacadostat (INCB024360) in patients with advanced
solid malignancies. Clin Cancer Res

Gibney GT, Hamid O, Gangadhar TC, Lutzky J, Olszanski AJ, Gajewski T, Chmielowski B,
Boasberg PD, Zhao Y, Newton RC, Scherle PA, Bowman J, Maleski J, Leopold L, Weber JS
(2014) Preliminary results from a phase 1/2 study of INCB024360 combined with ipilim-
umab (ipi) in patients (pts) with melanoma. J Clin Oncol 32(5s)

Gangadhar TC, Hamid O, Smith DC, Bauer TM, Wasser JS, Olszanski AJ, Luke JJ,
Balmanoukian AS, Kaufman DR, Zhao Y, Maleski J, Jones MJ, Leopold L, Gajewski TF



8

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.
66.

67.
68.

Immune Checkpoint Combinations with Inflammatory Pathway Modulators 237

(2016) Epacadostat plus pembrolizumab in patients with advanced melanoma and select solid
tumors: updated phase 1 results from ECHO-202/KEYNOTE-037. Ann Oncol 27(6):379—400
Nathan Bahary IG-L, Cinar P, O’Rourke MA, Somer BG, Nyak-Kapoor A, Lee JS, Munn D,
Kennedy EP, Vahanian NN, Link CJ, Wang-Gillam A (2016) Phase 2 trial of the indoleamine
2,3-dioxygenase pathway (IDO) inhibitor indoximod plus gemcitabine/nab-paclitaxel for the
treatment of metastatic pancreas cancer: interim analysis. J Clin Oncol 34:Abstract 3020
Zakharia Y, McWilliams R, Shaheen M et al (2017) Interim analysis of the Phase 2 clini-
cal trial of the IDO pathway inhibitor indoximod in combination with pembrolizumab for
patients with advanced melanoma. 2017 AACR Annual Meeting

Iversen TZ, Engell-Noerregaard L, Ellebaek E et al (2014) Long-lasting disease stabiliza-
tion in the absence of toxicity in metastatic lung cancer patients vaccinated with an epitope
derived from indoleamine 2,3 dioxygenase. Clin Cancer Res 20(1):221-232

Bjoern J, Iversen TZ, Nitschke NJ, Andersen MH, Svane IM (2016) Safety, immune and clin-
ical responses in metastatic melanoma patients vaccinated with a long peptide derived from
indoleamine 2,3-dioxygenase in combination with ipilimumab. Cytotherapy 18(8):1043-1055
Enk A, Jonuleit H, Saloga J, Knop J (1997) Dendritic cells as mediators of tumor-induced
tolerance in metastatic melanoma. Int J Cancer 73:309-316

Holtzhausen A, Zhao F, Evans K et al (2015) Melanoma-derived Wnt5a promotes local
dendritic-cell expression of IDO and Immunotolerance: opportunities for pharmacologic
enhancement of immunotherapy. Cancer Immunol Res 3(9):1082-1095

Holtzhausen A, Zhao F, Evans K, Hanks BA (2014) Early carcinogenesis involves the
establishment of immune privilege via intrinsic and extrinsic regulation of indoleamine
2,3-dioxygenase-1: translational implications in cancer immunotherapy. Front Immunol
5:1-9

Muller A, DuHadaway J, Donover P, Sutanto-Ward E, Prendergast G (2005) Inhibition of
indoleamine 2,3-dioxygenase, an immunoregulatory target of the cancer suppression gene
Binl, potentiates cancer chemotherapy. Nat Med. 11(3):312-319

Hanks BA, Holtzhausen A, Jamieson R et al (2013) Type III TGF-p receptor downregulation
generates an immunotolerant tumor microenvironment. J Clin Invest 123(9):3925-3940
Lemos H, Mohamed E, Huang L et al (2016) STING promotes the growth of tumors charac-
terized by low antigenicity via IDO activation. Cancer Res 76(8):2076-208 1

Huang L, Li L, Lemos H et al (2013) Cutting edge: DNA sensing via the STING adaptor in
myeloid dendritic cells induces potent tolerogenic responses. J Immunol 191(7):3509-3513
Zhao F, Xiao C, Evans K et al (2016) The Wnt5a-Beta-catenin signaling pathway triggers a
metabolic switch that drives dendritic cell tolerization in the melanoma microenvironment.
In preparation

Balachandran VP, Cavnar MJ, Zeng S et al (2011) Imatinib potentiates antitumor T
cell responses in gastrointestinal stromal tumor through the inhibition of Ido. Nat Med
17(9):1094-1100

Basu GD, Tinder TL, Bradley JM et al (2006) Cyclooxygenase-2 inhibitor enhances the effi-
cacy of a breast cancer vaccine: role of IDO. J Immunol 177(4):2391-2402

Zhai L, Spranger S, Binder DC et al (2015) Molecular pathways: targeting IDO1 and other
tryptophan dioxygenases for cancer immunotherapy. Clin Cancer Res 21(24):5427-5433
Zhao F, Evans K, Holtzhausen A, Tsutsui M, Tyler DS, Hanks BA (2015) Targeting the
Whnt5a-beta-catenin pathway in the melanoma microenvironment to augment checkpoint
inhibitor immunotherapy. J Clin Oncol 33(Suppl):abstr 3054

Levy L, Hill CS (2006) Alterations in components of the TGF-beta superfamily signaling
pathways in human cancer. Cytokine Growth Factor Rev 17(1-2):41-58

Pickup M, Novitskiy S, Moses HL (2013) The roles of TGFbeta in the tumour microenviron-
ment. Nat Rev Cancer 13(11):788-799

Oh SA, Li MO (2013) TGF-beta: guardian of T cell function. J Immunol 191(8):3973-3979
Massague J (2008) TGFbeta in cancer. Cell 134(2):215-230

Ikushima H, Miyazono K (2010) TGFbeta signalling: a complex web in cancer progression.
Nat Rev Cancer 10(6):415-424



238

69.
70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

N. DeVito et al.

Massague J (2012) TGFbeta signalling in context. Nat Rev Mol Cell Biol 13(10):616-630
Yang L, Pang Y, Moses HL (2010) TGF-beta and immune cells: an important regulatory axis
in the tumor microenvironment and progression. Trends Immunol 31(6):220-227

Li MO, Sanjabi S, Flavell RA (2006) Transforming growth factor-beta controls develop-
ment, homeostasis, and tolerance of T cells by regulatory T cell-dependent and -independent
mechanisms. Immunity 25(3):455-471

LiuY, Zhang P, Li J, Kulkarni AB, Perruche S, Chen W (2008) A critical function for TGF-
beta signaling in the development of natural CD4+CD25+Foxp3+ regulatory T cells. Nat
Immunol 9(6):632-640

Wrzesinski SH, Wan Y'Y, Flavell RA (2007) Transforming growth factor-beta and the immune
response: implications for anticancer therapy. Clin Cancer Res 13(18 Pt 1):5262-5270
Thomas DA, Massague J (2005) TGF-beta directly targets cytotoxic T cell functions during
tumor evasion of immune surveillance. Cancer Cell 8(5):369-380

Ghiringhelli F, Puig PE, Roux S et al (2005) Tumor cells convert immature myeloid dendritic
cells into TGF-beta-secreting cells inducing CD4+CD25+ regulatory T cell proliferation.
J Exp Med 202(7):919-929

Tu E, Chia PZ, Chen W (2014) TGFbeta in T cell biology and tumor immunity: angel or
devil? Cytokine Growth Factor Rev 25(4):423-435

Hargadon KM (2016) Dysregulation of TGFbetal activity in cancer and its influence on the
quality of anti-tumor immunity. J Clin Med 5(9):76

Weber F, Byrne SN, Le S et al (2005) Transforming growth factor-betal immobilises den-
dritic cells within skin tumours and facilitates tumour escape from the immune system.
Cancer Immunol Immunother 54(9):898-906

Geissmann F, Revy P, Regnault A et al (1999) TGF-beta 1 prevents the noncognate matura-
tion of human dendritic Langerhans cells. J Immunol 162(8):4567-4575

Flavell RA, Sanjabi S, Wrzesinski SH, Licona-Limon P (2010) The polarization of immune
cells in the tumour environment by TGFbeta. Nat Rev Immunol 10(8):554-567
Papaspyridonos M, Matei I, Huang Y et al (2015) Idl suppresses anti-tumour immune
responses and promotes tumour progression by impairing myeloid cell maturation. Nat
Commun 6:6840

Park BV, Freeman ZT, Ghasemzadeh A et al (2016) TGF-betal-mediated Smad3 enhances
PD-1 expression on antigen-specific T cells in cancer. Cancer Discov 6(12):1366—1381
Ngiow SF, Young A, Jacquelot N et al (2015) A threshold level of Intratumor CD8+ T-cell
PDI1 expression dictates therapeutic response to anti-PD1. Cancer Res 75(18):3800-3811
Herbertz S, Sawyer JS, Stauber AJ et al (2015) Clinical development of galunisertib
(LY2157299 monohydrate), a small molecule inhibitor of transforming growth factor-beta
signaling pathway. Drug Des Devel Ther 9:4479-4499

de Gramont A, Faivre S, Raymond E (2017) Novel TGF-beta inhibitors ready for prime time
in onco-immunology. Oncoimmunology. 6(1):e1257453

Kim S, Buchlis G, Fridlender ZG et al (2008) Systemic blockade of transforming
growth factor-beta signaling augments the efficacy of immunogene therapy. Cancer Res
68(24):10247-10256

Triplett TA, Tucker CG, Triplett KC et al (2015) STAT3 signaling is required for optimal
regression of large established tumors in mice treated with anti-OX40 and TGFbeta receptor
blockade. Cancer Immunol Res 3(5):526-535

Terabe M, Ambrosino E, Takaku S et al (2009) Synergistic enhancement of CD8+ T cell-
mediated tumor vaccine efficacy by an anti-transforming growth factor-beta monoclonal
antibody. Clin Cancer Res 15(21):6560-6569

Takaku S, Terabe M, Ambrosino E et al (2010) Blockade of TGF-beta enhances tumor
vaccine efficacy mediated by CD8(+) T cells. Int J Cancer 126(7):1666—1674

Conroy H, Galvin KC, Higgins SC, Mills KH (2012) Gene silencing of TGF-betal enhances
antitumor immunity induced with a dendritic cell vaccine by reducing tumor-associated regu-
latory T cells. Cancer Immunol Immunother 61(3):425-431



8

91

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Immune Checkpoint Combinations with Inflammatory Pathway Modulators 239

. Zhong Z, Carroll KD, Policarpio D et al (2010) Anti-transforming growth factor beta recep-
tor II antibody has therapeutic efficacy against primary tumor growth and metastasis through
multieffects on cancer, stroma, and immune cells. Clin Cancer Res 16(4):1191-1205

Bueno L, de Alwis DP, Pitou C et al (2008) Semi-mechanistic modelling of the tumour
growth inhibitory effects of LY2157299, a new type I receptor TGF-beta kinase antagonist,
in mice. Eur J Cancer 44(1):142—-150

Dituri F, Mazzocca A, Peidro FJ et al (2013) Differential inhibition of the TGF-beta signaling
pathway in HCC cells using the small molecule inhibitor LY2157299 and the D10 monoclo-
nal antibody against TGF-beta receptor type II. PLoS One 8(6):e67109

Hanks BA, Holtzhausen A, Evans K, Heid M, Blobe GC (2014) Combinatorial TGF-{beta}
signaling blockade and anti-CTLA-4 antibody immunotherapy in a murine BRAFV600E-
PTEN—/— transgenic model of melanoma. ASCO Meeting Abstracts 32(15 Suppl):3011
David Schaer YL, Castaneda S, Inigo I, Surguladze D, Xu X, Nugent D, Murphy M, Hall
G, Benhadji K, Guba S, Li T, Kalos M, Driscoll K (2015) Targeting the TGFb pathway with
galunisertib, a TGFbRI SMI, promotes anti-tumor immunity leading to durable, complete
responses, as monotherapy and in combination with checkpoint inhibition. Paper presented
at: 30th Annual Meeting and Associated Programs of the Society for Immunotherapy of
Cancer (SITC 2015); November 2015, National Harbor

Rodon J, Carducci MA, Sepulveda-Sanchez JM et al (2015) First-in-human dose study of the
novel transforming growth factor-beta receptor I kinase inhibitor LY2157299 monohydrate
in patients with advanced cancer and glioma. Clin Cancer Res 21(3):553-560

Jin CH, Krishnaiah M, Sreenu D et al (2014) Discovery of N-((4-([1,2,4]triazolo[1,5-a]
pyridin-6-yl)-5-(6-methylpyridin-2-yl)-1H-imidazol-2  -yl)methyl)-2-fluoroaniline  (EW-
7197): a highly potent, selective, and orally bioavailable inhibitor of TGF-beta type I receptor
kinase as cancer immunotherapeutic/antifibrotic agent. ] Med Chem 57(10):4213-4238

Son JY, Park SY, Kim SJ et al (2014) EW-7197, a novel ALK-5 kinase inhibitor, potently
inhibits breast to lung metastasis. Mol Cancer Ther 13(7):1704-1716

Yoon JH, Jung SM, Park SH et al (2013) Activin receptor-like kinaseS5 inhibition suppresses
mouse melanoma by ubiquitin degradation of Smad4, thereby derepressing eomesodermin in
cytotoxic T lymphocytes. EMBO Mol Med 5(11):1720-1739

Morris JC, Tan AR, Olencki TE et al (2014) Phase I study of GC1008 (fresolimumab): a
human anti-transforming growth factor-beta (TGFbeta) monoclonal antibody in patients with
advanced malignant melanoma or renal cell carcinoma. PLoS One 9(3):¢90353

Stevenson JP, Kindler HL, Papasavvas E et al (2013) Immunological effects of the TGFbeta-
blocking antibody GC1008 in malignant pleural mesothelioma patients. Oncoimmunology
2(8):e26218

Lan Y, Zhang D, Xu C, Marelli B, Qi J, Yu H, Qin G, Xu X, Wang H, Sircar A, Brunkhorst
B, Austin E, Radvanyi L, Lo K-M (2017) Preclinical evaluation of M7824 (MSB0011359C),
a novel bifunctional fusion protein targeting the PD-L1 and TGFf pathways. Presented at
Keystone Symposia: TGFp in Immunity, Inflammation and Cancer, Taos, 9-13 January, 2017
Lan Y, Zhang D, Xu C, Marelli B, Qi J, Yu H, Qin G, Xu X, Wang H, Sircar A, Brunkhorst
B, Austin E, Radvanyi L, Lo K-M. Preclinical evaluation and mechanistic characterization of
M7824 (MSB0011359C), a novel bifunctional fusion protein targeting the PD-L1 and TGF-
pathways. Presented at the American Association for Cancer Research (AACR) Annual
Meeting 2017; Washington, DC

Senzer N, Barve M, Kuhn J et al (2012) Phase I trial of “bi-shRNAifurin/GMCSF DNA/
autologous tumor cell” vaccine (FANG) in advanced cancer. Mol Ther 20(3):679-686

Di Virgilio F, Adinolfi E (2017) Extracellular purines, purinergic receptors and tumor growth.
Oncogene 36(3):293-303

Kroemer G, Galluzzi L, Kepp O, Zitvogel L (2013) Immunogenic cell death in cancer therapy.
Annu Rev Immunol 31:51-72

Trautmann A (2009) Extracellular ATP in the immune system: more than just a “danger
signal”. Sci Signal 2(56):pe6



240

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

N. DeVito et al.

Allard B, Longhi MS, Robson SC, Stagg J (2017) The ectonucleotidases CD39 and CD73:
novel checkpoint inhibitor targets. Immunol Rev 276(1):121-144

Stagg J, Smyth MJ (2010) Extracellular adenosine triphosphate and adenosine in cancer.
Oncogene 29(39):5346-5358

Vaupel P, Mayer A (2016) Hypoxia-driven adenosine accumulation: a crucial microenviron-
mental factor promoting tumor progression. Adv Exp Med Biol 876:177-183

Stagg J, Divisekera U, Duret H et al (2011) CD73-deficient mice have increased antitumor
immunity and are resistant to experimental metastasis. Cancer Res 71(8):2892-2900

Ohta A, Sitkovsky M (2014) Extracellular adenosine-mediated modulation of regulatory T
cells. Front Immunol 5:304

Ryzhov S, Novitskiy SV, Goldstein AE et al (2011) Adenosinergic regulation of the expan-
sion and immunosuppressive activity of CD11b+Gr1+ cells. J Immunol 187(11):6120-6129
Challier J, Bruniquel D, Sewell AK, Laugel B (2013) Adenosine and cAMP signalling skew
human dendritic cell differentiation towards a tolerogenic phenotype with defective CD8(+)
T-cell priming capacity. Immunology 138(4):402—410

Barbera-Cremades M, Baroja-Mazo A, Pelegrin P (2016) Purinergic signaling during mac-
rophage differentiation results in M2 alternative activated macrophages. J Leukoc Biol
99(2):289-299

Hoskin DW, Mader JS, Furlong SJ, Conrad DM, Blay J (2008) Inhibition of T cell and natu-
ral killer cell function by adenosine and its contribution to immune evasion by tumor cells
(Review). Int J Oncol 32(3):527-535

Allard D, Turcotte M, Stagg J (2017) Targeting A2 adenosine receptors in cancer. Immunol
Cell Biol 95(4):333-339

Kunzli BM, Bernlochner MI, Rath S et al (2011) Impact of CD39 and purinergic signalling
on the growth and metastasis of colorectal cancer. Purinergic Signal 7(2):231-241

Zhang B, Cheng B, Li FS et al (2015) High expression of CD39/ENTPDI in malignant
epithelial cells of human rectal adenocarcinoma. Tumour Biol: J Int Soc Oncodev Biol Med
36(12):9411-9419

Montalban Del Barrio I, Penski C, Schlahsa L et al (2016) Adenosine-generating ovarian
cancer cells attract myeloid cells which differentiate into adenosine-generating tumor associ-
ated macrophages — a self-amplifying, CD39- and CD73-dependent mechanism for tumor
immune escape. ] Immunother Cancer 4:49

Pulte D, Furman RR, Broekman MJ et al (2011) CD39 expression on T lymphocytes corre-
lates with severity of disease in patients with chronic lymphocytic leukemia. Clin Lymphoma
Myeloma Leuk 11(4):367-372

Perry C, Hazan-Halevy I, Kay S et al (2012) Increased CD39 expression on CD4(+) T
lymphocytes has clinical and prognostic significance in chronic lymphocytic leukemia. Ann
Hematol 91(8):1271-1279

Cai XY, Ni XC, YiY et al (2016) Overexpression of CD39 in hepatocellular carcinoma is
an independent indicator of poor outcome after radical resection. Medicine (Baltimore)
95(40):e4989

Sun X, Wu'Y, Gao W et al (2010) CD39/ENTPDI1 expression by CD4+Foxp3+ regulatory T
cells promotes hepatic metastatic tumor growth in mice. Gastroenterology 139(3):1030-1040
Sitkovsky MV, Hatfield S, Abbott R, Belikoff B, Lukashev D, Ohta A (2014) Hostile,
hypoxia-A2-adenosinergic tumor biology as the next barrier to overcome for tumor immu-
nologists. Cancer Immunol Res 2(7):598-605

Spychala J, Kitajewski J (2004) Wnt and beta-catenin signaling target the expression of ecto-
5’-nucleotidase and increase extracellular adenosine generation. Exp Cell Res 296(2):99-108
Xiong L, Wen Y, Miao X, Yang Z (2014) NTSE and FcGBP as key regulators of TGF-1-
induced epithelial-mesenchymal transition (EMT) are associated with tumor progression and
survival of patients with gallbladder cancer. Cell Tissue Res 355(2):365-374

Antonioli L, Yegutkin GG, Pacher P, Blandizzi C, Hasko G (2016) Anti-CD73 in cancer
immunotherapy: awakening new opportunities. Trends Cancer 2(2):95-109



8 Immune Checkpoint Combinations with Inflammatory Pathway Modulators 241

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Yegutkin GG, Marttila-Ichihara F, Karikoski M et al (2011) Altered purinergic signaling in
CD73-deficient mice inhibits tumor progression. Eur J Immunol 41(5):1231-1241

Ren ZH, Lin CZ, Cao W et al (2016) CD73 is associated with poor prognosis in
HNSCC. Oncotarget 7(38):61690-61702

Ohta A, Gorelik E, Prasad SJ et al (2006) A2A adenosine receptor protects tumors from anti-
tumor T cells. Proc Natl Acad Sci U S A 103(35):13132-13137

Beavis PA, Divisekera U, Paget C et al (2013) Blockade of A2A receptors potently sup-
presses the metastasis of CD73+ tumors. Proc Natl Acad Sci U S A 110(36):14711-14716
Jin D, Fan J, Wang L et al (2010) CD73 on tumor cells impairs antitumor T-cell responses: a
novel mechanism of tumor-induced immune suppression. Cancer Res 70(6):2245-2255

Loi S, Pommey S, Haibe-Kains B et al (2013) CD73 promotes anthracycline resistance and
poor prognosis in triple negative breast cancer. Proc Natl Acad SciU SA 110(27):11091-11096
Beavis PA, Milenkovski N, Henderson MA et al (2015) Adenosine receptor 2A blockade
increases the efficacy of anti-PD-1 through enhanced antitumor T-cell responses. Cancer
Immunol Res 3(5):506-517

Allard B, Pommey S, Smyth MJ, Stagg J (2013) Targeting CD73 enhances the antitumor
activity of anti-PD-1 and anti-CTLA-4 mAbs. Clin Cancer Res 19(20):5626-5635

Bastid J, Cottalorda-Regairaz A, Alberici G, Bonnefoy N, Eliaou JF, Bensussan A (2013)
ENTPD1/CD39 is a promising therapeutic target in oncology. Oncogene 32(14):1743-1751
Geoghegan JC, Diedrich G, Lu X et al (2016) Inhibition of CD73 AMP hydrolysis by a thera-
peutic antibody with a dual, non-competitive mechanism of action. MAbs 8(3):454—467
Hay CM, Sult E, Huang Q et al (2016) Targeting CD73 in the tumor microenvironment with
MEDI9447. Oncoimmunology. 5(8):¢1208875

Barnhart BC, Sega E, Yamniuk A et al (2016) Abstract 1476: a therapeutic antibody that
inhibits CD73 activity by dual mechanisms. Cancer Res 76(14 Supplement):1476-1476
Taube JM, Anders RA, Young GD et al (2012) Colocalization of inflammatory response with
B7-h1 expression in human melanocytic lesions supports an adaptive resistance mechanism
of immune escape. Sci Transl Med 4(127):127ral37



Chapter 9

Combinations of Genomically
and Immune-Targeted Therapies
in Early-Phase Clinical Trials

Maulik Patel, Sandip Pravin Patel, and Razelle Kurzrock

Abstract Advances in cancer treatment have evolved from relatively nonspecific
application of cytotoxic agents to mechanism-based therapies targeting oncogenic
signaling pathways and, more recently, to the development of immune-based thera-
pies that seek to activate patients’ own immune system in order to reinitiate the
antitumor immune response. Some genomically targeted therapies, in addition to
inhibiting molecular pathways driving tumor growth and maintenance, also possess
immune-modulatory effects such as increasing tumor immunogenicity, in part by
increasing T-cell trafficking into the tumor stroma and enhancing expression of
tumor antigens. These observations raise the intriguing possibility that some
genomically targeted therapies may be effectively combined with immunotherapies
to improve overall clinical outcomes. Here, we discuss the preclinical data that
serve as the foundation for testing genomically targeted therapies with immune
checkpoint inhibitors, such as monoclonal antibodies targeting cytotoxic
T-lymphocyte associated antigen 4, programmed cell death protein 1, and PD-1
ligand 1, as well as the clinical status of key combination trials.
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9.1 Introduction

Significant scientific insights over the past two decades have led to the devel-
opment/approval of targeted therapies that inhibit oncogenic drivers of cancer
cell growth, along with therapies that enhances host antitumor immunity.
Genomically targeted therapies provide objective clinical responses in an
important subset of treated patients. However, these responses are short lived
for most patients, with tumor progression occurring within months after initial
response [1]. This may be due to the application of these therapies as single
agents in late-stage, heavily pretreated patients who have multiple genomic
alterations, many of which can mediate resistance. In contrast, the objective
response rates (ORRs) with immunotherapy are observed at a much lower fre-
quency, although many of the patients who do respond achieve long-lasting
durable remission, including patients with advanced, refractory cancer [2].
Thus, a key question is how can the proportion of patients who respond to
immunotherapy be increased to give more patients a chance to achieve a dura-
ble clinical remission?

To address this question, many clinical trials (Table 9.1) are underway testing
combinations of targeted therapies with immune checkpoint inhibitors. The
rationale for combining the two treatment modalities extends beyond the non-
overlapping antitumor effects of these therapies on tumor biology and immune
biology. It is increasingly being accepted that oncogenic pathways operant in
cancer cells disrupt the “cancer-immunity cycle” as proposed by Chen and
Mellman [3, 4] (Fig. 9.1), by contributing to the development of immunosup-
pressive networks within the tumor microenvironment mediated by production
of immune-inhibitory soluble factors, upregulation of immune checkpoint
receptors, decreasing expression of antigen processing machinery (APM) with
resultant loss of expression of tumor-associated antigens (TAAs)/tumor neo-
antigens, and promoting recruitment and development of immunosuppressive
cell populations that collectively contribute to tumor-immune escape [5]. Here,
we examine the preclinical and emerging clinical evidence in support of utiliz-
ing these two treatment modalities together, the clinical trials that are planned/
underway to address key questions, and the feasibility of the combination treat-
ment from safety perspective.
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Fig. 9.1 The cancer-immunity cycle as proposed by Chen and Mellman. The development of an
antitumor immune response proceeds in a stepwise manner and is initiated by shedding and the
capture of tumor antigens by dendritic cells in the tumor microenvironment. These activated den-
dritic cells enter the tumor draining lymph node and present the tumor antigens to naive T cells and
prime them to become tumor-specific effector T cells. These activated effector T cells enter the
circulation, and when appropriate chemotactic signals are present, are effectively trafficked into
the tumor stroma where they recognize and carry out target cell lysis of the antigen-presenting
tumor cells leading to release of additional antigen to induce subsequent rounds of antitumor
immunity. Currently available immune checkpoint inhibitors function at two distinct locales, anti-
CTLAA4 is thought to promote T-cell priming in the lymph node, and anti-PD-1/PD-L1 are thought
to promote T-cell activation and effector T-cell responses at the tumor bed. MAPKi may comple-
ment immune checkpoint inhibitors in-part by promoting ICD, enhancing tumor antigen expres-
sion, and enhancing T-cell infiltration into the tumor in-part by shutting down expression of
immunosuppressive cytokines (e.g., VEGF). EGFRi and ALKi may compliment immune check-
point inhibitors in-part by promoting ICD, enhancing tumor antigen expression, and enhancing
T-cell infiltration. HDACi may compliment immune checkpoint inhibitors in part by promoting
ICD, enhancing tumor antigen expression, enhancing expression of ligands recognized by Natural
Killer (NK) cells leading to NK cell mediated cytotoxicity, and promoting T-cell infiltration into
the tumor bed. Not depicted here are the immune suppressive cells types located in the tumor
stroma and their negative impact on the cancer-immunity cycle (see text for details). Abbreviations:
ALKi Anaplastic lymphoma kinase inhibitor, APCs antigen-presenting cells, EGFRI epidermal
growth factor receptor inhibitor, HDACi histone deacetylase inhibitor, /CD immunologic cell
death, MAPKi mitogen-activated protein kinase pathway inhibitors

9.1.1 MAPK Signaling Pathway

The mitogen-activated protein kinase (MAPK) pathway is a well-characterized
oncogenic signaling pathway that has a central role in the regulation of cancer cell
proliferation, survival, differentiation, and invasion. Diverse array of cytokines and
growth factors signaling via G-protein coupled receptors or receptor tyrosine
kinases (RTKs) transduce their growth promoting signals through the initial activa-
tion of small G-protein Ras. The small G-protein Ras has three family members (H-,
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K-, and N-Ras) that function as bimolecular switches. Activated RAS (RAS bound
to GTP) interacts with its downstream effectors, of which the best characterized is
the RAF family of serine—threonine kinases, consisting of ARAF, BRAF, and
CRAF. RAF in-turn activates dual-specificity mitogen-activated protein kinase
(MEK1/MEK?2). MEK1/MEK2 phosphorylates and activates two closely related
extracellular signal-regulated kinases (ERK1 and ERK2). Activated ERK1/ERK2
phosphorylates and regulates the activity of a large roster of effector proteins, which
can be localized in cytoplasm and nucleus. Some of the most well-described effec-
tors of ERK1/ERK2 are transcription factors, such as ETS family of transcription
factors, which regulate cell proliferation and survival [6, 7].

9.1.1.1 Mutational Activation of MAPK Signaling Pathway in Cancer

The activation of Ras-RAF-MEK-ERK signaling cascade regulates cell prolifera-
tion, survival, invasiveness, and migration [6]. It is of no surprise then that many
malignancies have mutational oncogenic activation of this pathway (Fig. 9.2).
Activating point mutations in KRAS, NRAS, and HRAS are reported to occur in up
to 30% of all human malignancies [8, 9], most commonly in KRAS codon 12 and 13
resulting in change of glycine to aspartic acid, arginine, or valine. KRAS is
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Fig. 9.2 Oncogenic activation of the MAPK signaling pathway. The incidence of mutational
activation of the core components of the oncogenic MAPK signaling pathway in select solid
malignancies. MAPK pathway activation is well documented to contribute to tumor growth and in
promotion of tumor metastasis. In addition to classical oncogenic effects on tumor biology, it is
becoming increasingly clear that MAPK pathway activation in tumors (e.g., melanoma, pancreatic
cancer) also promotes cancer progression through impairment of antitumor immunity (see text for
details). “Mutated in the identified solid malignancies. Abbreviations: Grb2 growth factor receptor
bound-protein 2, SOS son of sevenless
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mutationally activated in >90% of pancreatic ductal adenocarcinoma [10]. KRAS
and NRAS mutations are found in up to 50% of sporadic colorectal cancers (CRCs),
with 40%—45% of tumors harboring KRAS mutations [11]. Oncogenic mutations of
BRAF, of which BRAFY®E_activating mutation is by far the most common, are
found in approximately 50% of advanced melanomas, up to 60% of thyroid cancer,
10% of colon cancer, and 6.2% of lung cancer [12]. In comparison to activating
mutations in RAS and RAF, similar gain-of-function mutations in MEK1/2 and
ERK1/2 are rare in cancer as a whole [7]. In addition to activating mutations in the
Ras-RAF-MEK-ERK signaling axis, other operant mechanisms in cancer that con-
tribute to constitutive MAPK activation include, but are not limited to, mutational
activation of RTKs, amplification of RTKs, and amplification of individual compo-
nents of the MAPK signaling cascade, and decreased expression of negative regula-
tors of the MAPK pathway (e.g., sprouty and dual-specificity phosphatases (DUSP5
and DUSP6) [12]. Evidence indicates that one or more of these combinations are
often implicated as mechanisms of resistance to targeted therapies [9, 12].

9.1.1.2 MAPK Activation in Tumors Leads to a Protumor
Microenvironment Through Production of Immune-Suppressive
Factors

Current evidence indicates that constitutive MAPK pathway activation promotes
cancer progression through impairment of antitumor immunity. Preclinical and
translational studies demonstrate that immune escape by solid malignancies is sup-
ported by constitutive MAPK pathway activation in both the tumors and the stroma.
One of the earliest studies demonstrated that treatment of BRAF-mutant melanoma
cell lines with a MEK inhibitor (MEKi) or RNAi against BRAF"*"F resulted in
decreased expression of immunosuppressive factors, such as interleukin-6 (IL-6),
IL-10, and vascular endothelial growth factor (VEGF) [13]. These observations
were corroborated in patient samples with metastatic melanoma treated with
BRAFi, where decreases in intratumoral IL-6 and IL-8 were observed [14].
Increased IL-1 expression has also been detected from BRAFY%F melanoma cell
lines. Increased IL-1 expression was found to partly mediate cyclooxygenase-2
(COX-2) expression and PD-1 expression by tumor-associated fibroblasts found in
the stroma, resulting in decreased proliferation and function of tumor-specific T
cells [15]. KRAS alterations in certain leukemic cell lines have also been implicated
in regulating signaling pathways, which result in an autocrine IL-1f production and
signaling [16]. Liu et al. demonstrated that BRAF"*"F melanoma tumors in mice
treated with BRAFi had decreased VEGF production, which was directly correlated
to increased T-cell infiltration. These preclinical observations were corroborated
with biopsies from patients on treatment with BRAFi. Patient biopsies revealed
decreased tumoral VEGF production and increased T-cell infiltration post-BRAFi
treatment in comparison to baseline samples [17]. C—C motif chemokine 2 (CCL2)
is another soluble factor that promotes immunosuppressive microenvironment and
whose expression is thought to be regulated by BRAF/MAPK pathway activation in
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melanoma. Studies demonstrate that BRAFYF melanoma cells and BRAFY6"F
mouse tumors treated with BRAFi exhibited decreased CCL2 expression. It is pos-
tulated that decreased expression of this tumor chemokine results in decreased
recruitment of CD4* regulatory T cells (Tregs) into the stroma, thus promoting
CD8" T-cell function [18]. Constitutive activation of the BRAF/MAPK pathway in
melanoma is also implicated to have deleterious effects on the function of dendritic
cells found in the tumor microenvironment mediated by immunosuppressive cyto-
kines [19].

Increased production of IL-6 has also been observed in oncogenic KRAS-driven
colon and pancreatic tumors, as well as from other cellular sources within the tumor
microenvironment [20-22]. IL-6 contributes to cancer cell proliferation and metas-
tasis. IL-6 also promotes development of myeloid-derived suppressor cells (MDSCs)
that downregulate antitumor immunity [22, 23]. KRAS/MAPK signaling also con-
tributes to expression of COX-2 leading to increased production of prostaglandin E,
(PGE,) by the tumor. PGE, acting in an autocrine and paracrine manner has a mul-
tiplicity of protumorigenic effects [24-26]. In pancreatic cancer, activation of the
MAPK pathway by oncogenic KRAS has a significant impact on tumor microenvi-
ronment and is recognized to promote pancreatic cancer progression. Oncogenic
KRAS has been implicated in promoting and maintaining protumorigenic stroma, in
part by production of IL-6, PGE,, and sonic hedgehog [21, 27-29]. Furthermore,
these tumors also express granulocyte macrophage-colony stimulating factor
(GM-CSF), which recruits MDSCs into the stroma, which negatively regulate anti-
tumor immune responses [30, 31].

9.1.1.3 MAPK Activation in Tumors Prevents Expression
of Tumor-Associated Antigens and Tumor Neoantigens

The immunogenicity of a tumor is, in part, regulated by expression and presentation
of TAAs and tumor neoantigens. The expression of these antigens by tumor cells is
often repressed or completely lost and is a proposed mechanism of immune escape.
The mechanism by which antigen expression, processing, and presentation are reg-
ulated in tumor cells is not yet completely understood. However, the idea that clas-
sical oncogenic pathways, such as the MAPK pathway, may regulate this complex
process is being investigated.

Current evidence supports the notion that constitutive MAPK signaling in solid
malignancies, such as melanoma, colon, esophageal, and gastric cancers, may
negatively regulate MHC Class-I (MHC-I) expression [14, 32-35]. The most abun-
dant evidence comes from preclinical and translational studies conducted with
human melanoma cell lines and patient biopsies. Boni and colleagues have demon-
strated that BRAFi in BRAF"*! -mutant cell lines and MEKi in wild-type mela-
noma cell lines resulted in increased expression of melanocyte differentiation
antigens MART-1, gp100, Tyrp-1, and Tyrp-2. Increased expression of MART-1
and gp100 on these cell lines enhanced their recognition by antigen-specific T cells
[36]. Others have similarly reported increased MHC-I expression, melanoma
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antigen presentation, and enhanced tumor recognition by antigen-specific T cells
when the BRAF/MAPK pathway is inhibited [14, 32, 37]. In addition to increased
antigen expression, BRAF/MAPK inhibition also has a positive effect on T-cell
recruitment and effector function, partly by modulating the tumor microenviron-
ment as discussed previously. Evidence from patients receiving BRAFi treatment
that underwent sequential biopsies taken prior to, during, and at progression of
melanoma clearly demonstrates increased infiltration of CD4*, CD8*, and PD-1*
lymphocytes into the tumor stroma over the course of BRAFi treatment [38]. Others
have also reported that BRAFi monotherapy in melanoma for 10—14 days increased
in totality not only the number of CD8* tumor-infiltrating lymphocytes (TILs) but
also increased clonality [15, 39]. Interestingly, the expression of programmed cell
death-ligand 1 (PD-L1) increased over the course of BRAFi treatment when com-
paring the baseline biopsy to the samples taken at the time of progression, thus
potentially implicating an immune-mediated mechanism of resistance to BRAFi
monotherapy [38].

In colon cancer, KRAS/MAPK signaling has also been implicated in downregu-
lation of MHC-I expression via negative regulation of the antigen processing
machinery [33]. It was demonstrated that MEKi in KRAS®/*P-mutant cells increased
expression of MHC-I, which was attributed to decreased DNA methyltransferase 1
(DNMT1) activity, suggesting that MHC-I expression in these cells may be epige-
netically regulated. The increased expression of MHC-1 was correlated with
enhanced recognition and lysis by HLA-A2 specific CD8" cytotoxic T cells (CTLs)
[40]. In another study, KRAS?"*P-positive tumors also had increased frequency of
MHC-I loss with decreased CD8* T-cell infiltration in comparison to wild-type
KRAS tumors [41]. Ebert et al. demonstrated that MEKi in KRAS¢’*P -mutant tumors
resulted not only in increased MHC-I expression but also promoted CD8* antigen-
specific T-cell infiltration. Furthermore, combinations of MEKi with anti-PD-L1
yielded durable tumor regression in this colon cancer model [42]. Similar results
have also been observed in a preclinical melanoma model with triple combination
therapy consisting of BRAFi/MEKi/anti-PD1 treatment [43].

9.1.1.4 MAPK Inhibition with Checkpoint Inhibitors—Clinical
Experience

Preclinical and translational evidence supports the testing of MAPK pathway inhi-
bition in combination with immunotherapies in solid malignancies such as meta-
static melanoma and colon cancer. However, testing these novel combinations
should be conducted with initial decreased doses as combinations with ipilimumab
are especially prone to toxicity. In a study reported by Ribas and colleagues that
tested the BRAFi vemurafenib in combination with the CTLA-4 blocking antibody,
ipilimumab, in patients with BRAF"*’E-metastatic melanoma, significant liver tox-
icity was observed. The dose was reduced to vemurafenib 720 mg BID (75% of the
full dose), but liver toxicity persisted [44]. This study was subsequently terminated.
It is unclear if further dose reduction would have abrogated toxicity.
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A second study was a Phase 1/2 trial evaluating the safe use of doublet therapy—
BRAFi-dabrafenib + ipilimumab—and triplet therapy—dabrafenib + MEKi-
trametinib + ipilimumab—in metastatic BRAF""P’X melanoma, which also had an
early termination of the triplet arm due to two of seven patients experiencing colitis
followed by intestinal perforation. It was proposed that there may be added toxicity
when utilizing these two targeted agents in addition to ipilimumab because the dab-
rafenib at 150 mg BID + ipilimumab cohort did not experience significant adverse
events (AEs) and the study continued enrollment. The added toxicity was proposed
to be a result of pharmacodynamic interaction, whereby MAPK pathway inhibition
increased immune cell function [45]. Most importantly, initial dose reduction may
not have been adequate and may be important when drug combinations are utilized
[46, 47].

Despite these earlier challenges, other Phase I studies evaluating safety and effi-
cacy of PD-L1 blocking antibodies in combination with BRAFi and/or MEKi have
shown promise. Treatment of patients in a Phase 1 study (NCT02027961) with
Stage IIlc/IV melanoma with PD-L1 blocking antibody-MEDI4736 (dur-
valumab) + trametinib + dabrafenib (Cohort-A), without dabrafenib (Cohort-B), or
sequential therapy with trametinib followed by durvalumab (Cohort-C) in patients
with BRAFYSE and BRAF"T melanoma, demonstrated safety of the combined dur-
valumab with trametinib + dabrafenib at clinically approved doses (for the targeted
agents) with manageable safety profiles. Furthermore, an initial efficacy signal was
also observed in all cohorts, with 16/24 patient (67%) treated with triplet therapy
achieving complete response (CR) or partial response (PR). Of note, these are very
early results with duration of response currently unknown. One patient in cohort A
experienced dose-limiting toxicity (DLT) of grade 3 thrombocytopenia and one
patient in cohort B had reversible grade 3 choroidal effusion. No other serious addi-
tive side effects were observed [48]. A similar Phase 1 study testing anti-PD-1 anti-
body, pembrolizumab + dabrafenib + trametinib reported three patients experiencing
DLTs, which were grade 4 neutropenia, grade 4 ALT increase, and grade 3 Aspartate
transaminase (AST)/Alanine transaminase (ALT) and gamma-glutamyltransferase
increase. The study enrolled 15 patients with 10/15 (67%) experiencing grade 3 or
4 treatment-related AEs with five (33%) discontinuing treatment. A substantial effi-
cacy signal was observed in 9/15 (60%) patients achieving PR [49].

These initial data further support the idea that the constitutive activation of onco-
genic pathways, which contributes to development of an immunosuppressive stro-
mal environment and/or evolution of the tumor that allows for immune escape, can
be reversed with the addition of inhibitors of the oncogenic pathways in operation.
In addition, these results corroborate preclinical in vivo findings that MEK inhibi-
tion does not have a detrimental impact on T-cell function [43].

Initial data from Phase 1b study (NCT01988896) in 23 patients with metastatic
microsatellite stable (MSS) colorectal cancer, of which 22 harbored KRAS mutation,
are also encouraging. In this study, the MEKi cobimetinib was given at escalating
doses of 20 mg, 40 mg, and 60 mg once-daily, 21 days on, and 7 days off, along with
a fixed dose of anti-PD-L1 antibody atezolizumab at 800 mg IV g2weeks. Dose
expansion utilized cobimetinib 60 mg and fixed atezolizumab 800 mg. Data indicate
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that the combination is safe in this patient population, with 8/23 (35%) patients
experiencing grade 3 AEs of which the most common were fatigue, rash, and diar-
rhea. Initial efficacy signal was also observed with 4/23 (17%) patients achieving
PR [50]. This is an important initial finding as the vast majority (~95%) of sporadic
metastatic CRC are microsatellite stable [51]. A Phase 3 study has been launched to
compare the combination therapy with standard treatment in patients with refrac-
tory metastatic CRC.

9.1.1.5 Future Directions—Combination Targeted Therapies for MAPK
Pathway Inhibitors with Checkpoint Inhibitors

There is clear interest in combining targeted agents inhibiting MAPK pathway and
immune checkpoint inhibitors. Clinical trials listed in Table 9.1 will provide a rich
mechanistic understanding of how MAPK pathway inhibition impacts intratumoral
immunity (NCT01813214) and a deeper understanding of immunotherapy resis-
tance mechanisms and how combination of targeted therapy with immunotherapy
may overcome that resistant state (NCT01656642).

The Phase 2 trial NCT01813214 aims to provide prospective clinical data regard-
ing the kinetics of pharmacodynamic effects of vemurafenib + cobimetinib on intra-
tumoral and host immunity in patients with metastatic BRAFV®E melanoma. The
primary outcome is to assess the time course of CD8* T-cell infiltration into the
tumor stroma with vemurafenib + cobimetinib treatment. Other pharmacodynamic
endpoints assessed over time include activation state of the TILs, changes in expres-
sion of immunoinhibitory proteins, changes in the tumor and stromal gene expres-
sion patterns from “nonimmune” to “proimmune,” and determination of tumor cell
lysis. Serial biopsies will be collected over 4 weeks to provide rich data, which have
clear implications on combination of these targeted therapies with immunotherapies
such as check-point inhibitors and adoptive cell transfer therapy.

Several other clinical trials listed in Table 9.1 conducted in melanoma, colon
cancer, and NSCLC aim to answer the most pressing clinical questions. Phase 1
(NCT01940809), Phase 1/2 (NCT02130466), Phase 2 (NCT02625337), and Phase
3 (NCTO02788279) trials aim to address the question of added benefit of combina-
tion therapy over either therapy administered alone, in light of potential toxicity.
Phase 2 (NCT02631447), Phase 3 (NCT02224781) trials aim to address the ques-
tion of ideal sequencing of these agents. There is evidence that intermittent dosing
of BRAFi/MEK:i in patients with BRAF-mutant melanoma may provide superior
tumor control compared to continuous dosing and this is being assessed in a Phase
2 trial (NCT02196181) [52, 53]. In the setting of combination therapies, Phase 1b
(NCT01656642) and Phase 2 (NCT02631447) trials aim to address the question of which
regimen provides additional safety benefit and tumor control—a regimen consisting
of intermittent dosing for targeted therapies in combination with immunotherapy or
having a run-in period for targeted therapies followed by immunotherapy alone?
The results of these studies may have a significant impact on clinical management
for these tumor types.
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9.1.1.6 Treatment of NSCLC Molecular Subtypes—EGFR-Mutant (mt)
and ALK-Rearranged NSCLC

Over the past decade, our understanding of NSCLC has evolved from defining it as
a single disease entity and treating it with one-size-fits all approach to categorizing
it as a disease with multiple genomic subgroups. Approximately 85-90% of lung
cancer cases are characterized as NSCLC [54]. Two of the most well-defined molec-
ular subtypes of NSCLC are tumors harboring epidermal growth factor receptor
(EGFR) mutations and anaplastic lymphoma kinase (ALK) translocations [55, 56].
Targeted treatment with EGFR or ALK tyrosine kinase inhibitors (TKIs) has high-
response rates (60—70%) and very high disease control rates (85-95%) [57].
Furthermore, these targeted agents are associated with better median progression-
free survival (PFS; 9—14 months) in comparison to platinum-based chemotherapy
(57 months) [57]. Despite high response rates, most patients treated with these
targeted therapies will have disease progression on treatment. Resistance mecha-
nisms that have been identified include acquisition of secondary mutations in
targeted genes, gene amplification, and activation of alternate oncogenic pathways.
The latter mechanism of resistance has been demonstrated in both molecular
subtypes with activation of similar alternate oncogenic pathways contributing to
resistance to two different targeted therapies. As an example, resistance to ALKi
treatment has been attributed to acquisition of EGFR-activating mutations [58, 59].
For these and other reasons, treatment of these molecular subtypes of NSCLC with
combinations of targeted and immunotherapy will be discussed together.

9.1.1.7 EGFR Signaling in NSCLC

EGFR is one of four ErbB family members and often is presented as the prototypic
RTK. These receptors contain an extracellular ligand binding domain, a short trans-
membrane domain, and a cytoplasmic tyrosine kinase domain. Wild-type EGFR
signaling is regulated by its ligands EGF, transforming growth factor-a (TGF-a),
and amphiregulin [60]. A large body of evidence has demonstrated the oncogenic
potential of EGFR signaling in head and neck squamous cell carcinoma, colon, and
lung cancer. Overexpression of EGFR and its ligands via gene amplification along
with oncogenic activating mutations within the cytoplasmic tyrosine kinase domain
establishes signaling networks that regulate cancer cell proliferation, invasion, cell
survival, and evasion of immune response [60].

EGFR signaling is initiated as its cognate ligands bind to the extracellular domains
inducing homo- or hetero dimerization with other ErbB family members. This inter-
action promotes the activation of the tyrosine kinase activity and autophosphorylation
of various cytoplasmic tyrosine residues and activating the core constituent signal-
ing networks such as the MAPK pathway, phosphatidylinositol 3-kinase (PI3K)—
AKT, mammalian target of rapamycin (mTOR) pathway, and signal transducer and
activator of transcription (STAT) pathway (Fig. 9.3a). Transcriptional networks
regulated by EGFR signaling have also been implicated in regulating tumor micro-
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environment and the antigen processing machinery, contributing to tumor immune
evasion [60].

9.1.1.8 EGFR Aberrations in NSCLC

Wild-type EGFR is overexpressed in 30—75% of NSCLC tumors, and EGFR gene
amplification is observed in ~30—45% NSCLC tumors. However, studies addressing
the impact of EGFR overexpression or gene amplification as a predictor of survival
after treatment with EGFR TKIs have reported conflicting results [61]. In contrast,
clinical data clearly demonstrate improved PFS in patients with somatic mutations
in EGFR. Approximately 10-20% of all patients with advanced NSCLC harbor
activating mutations within the cytoplasmic kinase domain of EGFR [55]. This
number increases to 50% in certain subpopulations such as patients with East Asian
ancestry, never smokers, and women, with adenocarcinoma histology [55, 60, 62].

The majority of EGFR mutations occur within exons 18-21 in the tyrosine kinase
domain. Up to 45% of the mutations are due to a single nonsynonymous mutation
in exon 21, with substitution of arginine for leucine at codon 858--EGFR™*®, The
other most prevalent mutations, accounting for another 45% of alterations, are in-
frame deletions of exon 19, with deletion of E746-A750 (EGFRAF7#6-7%) being the
most common [60]. These two alterations have demonstrated to be sensitive to
EGFR inhibition with gefitinib, erlotinib, and afatinib [55, 62—-64]. As previously
discussed, mutation in the tyrosine kinase domain is one mechanism of resistance
observed in patients that progress on EGFR TKIs. In fact, the most common EGFR
mutation that is associated with first-generation EGFR TKI resistance, as observed
in 50% of treated patients, occurs within exon 20 at codon 790--EGFR™™ [61, 65].
Tumors with this mutation are sensitive to osimertinib. Recently, EGFR mutation
(EGFR®"7S) associated with resistance to second-generation EGFR TKI, osimer-
tinib, was reported [66].

9.1.1.9 ALK Translocation in NSCLC

Approximately 3—7% of all NSCLC cases harbor expression of a highly oncogenic
chimeric tyrosine kinase fusion protein—echinoderm microtubule-associated
protein-like 4-ALK (EML4-ALK). EML4-ALK is a product of chromosome 2p inver-
sion [67]. Patients with ALK-rearranged NSCLC are often younger men, with ade-
nocarcinoma histology, and never or former light smokers [68]. The most common
variant identified in NSCLC cases is the EML4-ALK fusion variant 1. Other fusion
variants of EML4-ALK are a product of different fusion breakpoints occurring at
exons 2, 6, 13, 14, 15, 18, or 20 of the EML4 gene [69]. The breakpoint within the
ALK gene is conserved and contains the entire ALK tyrosine kinase domain [68].
The transcription of the ALK fusion oncogene is under the control of the regulatory
elements in the promoter region of the fusion partner. The kinase activity is indepen-
dent of ligand but dependent upon the N-terminal fusion partners’ ability to undergo
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Fig. 9.3 (a) EGFR signaling in NSCLC. The major downstream pathways activated by EGFR
mutations are MAPK, PI3K-AKT-mTOR, and STAT signaling pathways. Of these, the activation
of STAT3 in EGFR mutant NSCLC is thought to be an indirect effect of EGFR signaling (as indi-
cated by dashed lines). The increased expression of IL-6, as a result of EGFR signaling, acting in
autocrine/paracrine manner contributes to constitutive STAT3 signaling in NSCLC. Transcriptional
networks regulated by EGFR signaling in NSCLC (e.g., STAT3) can increase the expression of
immunosuppressive cytokines which promotes accumulation and expansion of immune suppres-
sive cell types (e.g., Tregs), and decreases the trafficking of effector T cells. In addition, EGFR
signaling in NSCLC increases PD-L1 expression, and decreases NKG2DL expression contributing
to tumor-immune escape (see text for details). Abbreviation: BCL-X B-cell lymphoma-extra large,
Cyclin D1 Ccendl. (b) ALK signaling in NSCLC. EML4 is the most common fusion partner found
in ALK translocated NSCLC. EML4-ALK activity is regulated independent of ligand and is
dependent on the ability of the fusion partner to undergo dimerization (green band representing a
coiled-coil domain). The major signaling pathways activated downstream of ALK in NSCLC are
MAPK, PI3K-AKT-mTOR, and JAK-STAT pathways which in turn regulate transcription of the
indicated genes (e.g., MYCN, VEGF, PD-L1). Currently, the cancer secretome produced by tran-
scriptional networks regulated specifically by ALK signaling is unknown. Additionally, how these
soluble factors help establish a protumor microenvironment and promote tumor-immune escape is
also not known (see text for details)
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dimerization or oligomerization. EML4 contains a coiled-coil domain that mediates
EMIA4-ALK dimerization and constitutive ALK fusion protein activity [67, 68].

9.1.1.10 ALK Signaling in NSCLC

A complete picture of molecular signaling pathways activated by the ALK fusion
protein in NSCLC is complex. The N-terminal fusion partner not only regulates
kinase activity but also determines its subcellular distribution [56]. This can have a
direct impact on the pathways activated by the oncogene. In addition to EML4-ALK
fusion oncogene, other fusion partners have also been identified, although they are
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less frequent [70, 71]. The EML4-ALK fusion oncogene activates many of the same
signaling pathways as those observed in cell lines and clinical samples harboring
EGFR mutations. Preclinical and translational studies have demonstrated that
EMIA4-ALK in NSCLC cell lines and patient derived tumors activate the RAS-
MAPK pathway, PI3K-AKT-mTOR pathway, and Janus kinase (JAK)-STAT path-
way (Fig. 9.3b) [56, 72].

9.1.1.11 Oncogene-Driven NSCLC—Impact on Tumor Immunogenicity

EGFR and ALK Signaling in NSCLC Tumors Promote Production of Immune-
Inhibitory Soluble Factors Activation of oncogenic signaling pathways in tumors
has been implicated in triggering immunosuppressive networks, in part by increas-
ing expression of tumor-derived soluble factors that contribute to the establishment
of a protumor stroma [73, 74]. A number of cytokines are elevated in patients with
lung cancer and their possible role in promoting tumor progression is currently
under investigation [75]. However, studies addressing the cytokine profiles associ-
ated with EGFR- or ALK-aberrant molecular subtypes of NSCLC are lacking.
Furthermore, how the cytokine profiles change over the course of treatment with
targeted agents is still unclear.

Studies have demonstrated that EGFR-mutant NSCLC cell lines and patient-
derived tumors express IL-6, and this expression can partially be abrogated by
EGFR inhibition [76, 77]. At the same time, EGFR-mutant cancer cell lines resis-
tant to erlotinib have also demonstrated increase in IL-6 production when exposed
to erlotinib; the latter is proposed as a mechanism of resistance to erlotinib treatment
[78, 79]. The increase in IL-6 levels, functioning in an autocrine and paracrine man-
ner, has a direct impact on the tumor itself and on the stroma. Increased IL-6 signal-
ing via IL-6/gp-130/JAK/STAT3 pathway is implicated as a mechanism of resistance
for EGFR treatment. IL-6 signaling has a direct effect on tumor cells by increasing
phosphorylated STAT3 (pSTAT3) levels [77]. Persistent activation of STAT3 has
been noted in 50% of lung adenocarcinomas, and evidence indicates that it contrib-
utes to cell cycle progression, prevention of apoptosis, tumor invasion/metastasis,
and cell survival [74, 77, 80]. This is in part accomplished through STAT3-mediated
transcriptional upregulation of diverse soluble factors, such as VEGF, which can
inhibit dendritic cell maturation and promote stromal accumulation of immunosup-
pressive cells such as MDSCs [81, 82].

VEGF is a validated target in NSCLC and a well-characterized immune suppres-
sive factor in many solid malignancies [83, 84]. Expression of VEGF in NSCLC has
been documented in vitro in lung cancer cell lines and in patient tumor biopsies
[82]. VEGF expression in EGFR-mutant tumors has multiple layers of regulation.
In addition to EGFR directly regulating VEGF expression [85], autocrine signaling
of IL-6, as observed in EGFR-mutant tumors, can also increase VEGF expression
[77, 82]. The tumor stroma can also serve as a source of VEGF production, which
can also contribute to resistance to EGFR TKIs [86].
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IL-8 is another soluble factor that is a positive regulator of tumor cell prolifera-
tion, angiogenesis, and metastasis. In NSCLC cell lines, tumor xenografts, and
clinical samples, IL-8 production has been correlated with EGFR activity [87, 88].
A clinical biomarker study evaluating small cohort of patients with EGFR-mutant
NSCLC reported a decrease in IL-8 expression 30 days posttreatment initiation with
gefitinib or erlotinib, when compared to baseline [88]. In a more comprehensive
immune profiling study, Akbay and colleagues demonstrated in a murine EGFR-
driven lung cancer model an increase in multiple protumor cytokines such as VEGF,
IL-6, TGF-B1, CCL2, and GM-CSF in bronchoalveolar lavage (BAL) samples in
comparison to the BAL samples from nontumor-bearing mice [89].

In comparison to EGFR-mutant NSCLC subtype, very little is known concerning
the way in which ALK signaling in NSCLC may promote the establishment of a
protumor microenvironment, perhaps in part through the production of immune-
inhibitory soluble factors. One may speculate based on the knowledge that because
EGFR-mutant and ALK- aberrant NSCLC tumors share similar tissue type, share
similar core signaling networks leading to regulation of shared transcriptional net-
works, some of the immune-inhibitory soluble factors known to be produced by
EGFR-mutant NSCLC tumors may also be generated by ALK-aberrant NSCLC
tumors. As an example, STAT3 signaling is observed in both molecular subtypes. In
NSCLC cell lines and tumor tissues harboring EML4-ALK, increased phospho-
STATS3 levels are noted, which can be abrogated through pharmacological inhibition
of ALK with crizotinib or PF-06463922 [72, 90-92]. STAT3 signaling not only
contributes to “traditional oncogenesis” by activating prosurvival signaling path-
ways within tumor cells but also propagates cross-talk between the tumor microen-
vironment and the tumor itself through transcriptional regulation of wide range of
soluble factors (e.g., VEGEF, IL-6, IL-10). These factors signaling in a paracrine
manner through their cognate receptors activate STAT3 signaling in stromal
MDSCs, dendritic cells, and Tregs in order to further propagate the immunosup-
pressive tumor microenvironment [74, 81]. The extrapolation of the understanding
gained from EGFR-mutant tumor biology needs to be confirmed in ALK-aberrant
NSCLC tumors. A comprehensive understanding of the secretome produced as a
result of constitutive oncogenic signaling and the impact these soluble factors may
have on establishment of the protumor microenvironment may provide important
targets for cancer immunotherapy.

9.1.1.12 Regulation of the Antigen Processing Machinery
and Immune-Checkpoint Ligands in EGFR-Mutant and ALK-
Translocated NSCLC

EGFR signaling in NSCLC regulates expression of molecules, which in part deter-
mines tumor immunogenicity. In vitro studies utilizing EGFR-mutant and wild-type
NSCLC cell lines demonstrated that EGFR signaling inhibits expression of natural
killer group 2, member D ligands (NKG2DLs—e.g., ULBP1, ULBP2, MICA),
which are utilized by natural killer (NK) cells and CD8* T cells. Inhibition of EGFR
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signaling with EGFR TKIs in these cancer cell lines increased membrane expres-
sion of NKG2D ligand ULBP1 and promoted NK-cell-mediated cytotoxicity [93,
94]. Studies conducted in normal and malignant keratinocytes indicate that EGFR
inhibition promotes MHC-I expression. This finding was corroborated in skin biop-
sies from a limited number of patients who were being treated with erlotinib or
cetuximab (monoclonal antibody targeting EGFR) [95]. These findings have also
been observed in NSCLC cell lines harboring EGFR mutations. Brea and colleagues
demonstrated that treatment of the EGFR-mutant NSCLC cell line with afatinib
increased MHC-I expression. This was in part due to increases in expression of
individual components that make up the antigen-presenting machinery (e.g., TAP1,
TAP2, and ,M) [96]. Furthermore, EGFR signaling in NSCLC has also been impli-
cated in regulating PD-L1 expression and may represent a pathway of immune
escape [89, 96-99]. However, a consensus for the signaling pathway downstream of
EGFR regulating PD-L1 expression has not been reached, though MAPK pathway
and PI3K-AKT-mTOR signaling pathways have been implicated [96, 97].
Nonetheless, preclinical data demonstrated that pharmacological blockage of
PD-L1 in a murine EGFR-driven lung cancer model resulted in tumor reduction and
greater overall survival [89]. However, the prognostic value of PD-L1 expression in
EGFR-mutant NSCLC is currently debated [98, 99].

PD-L1 expression is also increased in ALK-aberrant NSCLC cell lines and in
tumor specimens [97, 98, 100, 101]. Both in vitro and in vivo studies have impli-
cated MEK-ERK and PI3K-AKT-mTOR signaling pathways in regulating PD-L1
expression in ALK-aberrant NSCLC [97, 100]. It is interesting to note that two dis-
tinct oncogenes, EGFR and ALK, occurring in the same tissue type share common
signaling pathways for regulation of PD-L1 expression. However, there is conflict-
ing data concerning which molecular subtype more strongly and frequently
expresses PD-L1, which may indicate accessory, as yet unidentified pathways oper-
ating in these tumors contributing to PD-L1 expression. It should be noted that other
reports have concluded that EGFR mutations and PD-L1 expression are not corre-
lated in NSCLC [102]. The high variability in the reported frequency of PD-L1
positivity in these molecular subtypes can in part be explained by the current lack of
standardization of PD-L1 testing. Currently, several factors add variability that con-
tributes to the inconsistencies in the reports with regards to PD-L1 positivity: a
number of different PD-L1 antibodies and PD-L1 scoring protocols and use of dif-
ferent platforms and different cut-off ranges [103, 104].

9.1.1.13 EGFR and ALK Inhibition in Combination
with Immunotherapy—Current Clinical Experience

EGFR- and ALK-driven NSCLC have operating signaling pathways that upregulate
PD-L1 expression. Current analysis indicates that increased PD-L1 expression is
associated with higher ORR to PD-1/PD-L1 inhibitors in NSCLC [105]. Based on
these observations, single-agent PD-1/PD-L1 inhibitors were tested in the clinic in
these two molecular subtypes. The results are discouraging as only ~10% of the
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patients with EGFR mutations had clinical response without any observed survival
benefit over chemotherapy [106, 107]. Currently, not much is known regarding
response rates in ALK-aberrant NSCLC. Retrospective analysis of EGFR- and ALK-
driven NSCLC conducted by Gainor and colleagues [101] further support these
results. In this analysis, objective responses to PD-1/PD-L1 inhibitors were observed
in only 1/28 (3.6%) of EGFR-mutant or ALK-aberrant NSCLC patient versus con-
firmed objective response in 7/30 patients (23.3%) with normal EGFR and ALK
genes. Furthermore, in an independent cohort, the tumor immune microenvironment
in EGFR-mutant (n = 68) and ALK-rearranged (n =27) NSCLC tumors was assessed.
The findings indicate that majority of EGFR-mutant tumors lacked concurrent
PD-L1 expression and high CD8* TILs. Similar results were seen in ALK-rearranged
lung cancers. Furthermore, analysis of paired, pre- and post-TKI resistant biopsies
revealed an increase in PD-L1 expression in 12/57 (21%) of EGFRi-resistant biop-
sies without an observed change in the presence of CD8" TILs. Analysis of ALKi-
resistant biopsies did not significantly differ from pretreatment in regards to PD-L1
expression and presence of CD8" TILs [101]. The lack of response reported may be
due to the innate immune resistance conferred by the constitutive oncogenic signal-
ing (EGFR and ALK) upregulating PD-L1, whereas in adaptive immune resistance,
the stimuli for tumoral upregulation of PD-L1 are the inflammatory signals (e.g.,
IFN-y) produced during an active antitumor immune response [108]. The former
mechanism of upregulating PD-L1 may confer resistance to single-agent checkpoint
inhibitors [108]. Additionally, the lack of response may also be related to the low
tumor nonsynonymous somatic mutational burden associated with these molecular
subtypes as these patients are often never smokers. The study by Rizvi and col-
leagues clearly demonstrated that the response to anti-PD-1 treatment in NSCLC
was associated with high nonsynonymous mutational burden resulting in higher
tumor neoantigen load [109-111]. Beyond resistance, a recent study suggests that
some patients with EGFR mutations may experience accelerated tumor growth—
hyperprogression—on anti-PD1/PD-L1 checkpoint inhibitors. Early studies suggest
that patients with MDM?2 amplification or EGFR alterations may be more vulnera-
ble to this problem. The etiology of hyperprogression is still under investigation.
However, it is plausible that combining checkpoint inhibitors with MDM?2 or EGFR
inhibitors could ameliorate the accelerated progression [112, 113].

From these data and other studies, the strategy of using combinations of PD-1/
PD-L1 inhibitors and targeted agents has emerged. Additional rationale for this
approach is based on the observation that the highly active targeted therapies, such
as EGFR and ALK TKIs, increase tumor cell apoptosis with resultant increase in
tumor antigen shedding, which may promote immune cell influx into the stroma,
with resultant increase in proinflammatory cytokine production. This may lead to
synergistic activity with PD-1/PD-L1 inhibitors as the targeted treatment may help
establish an antitumor microenvironment in part by shutting down oncogene -driven
expression of immunosuppressive factors and the use of PD-1/PD-L1 inhibitors
would overcome the adaptive immune resistance brought on by the production of
inflammatory cytokines in the stromal compartment [114]. Furthermore, it is
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suggested that inhibition of ALK in the tumor-infiltrating T cells located in the
tumor stromal compartment may promote an increase of antitumor T-cell prolifera-
tion [115]. Preliminary results from studies combining targeted therapies and
immunotherapy in these two molecular subtypes of NSCLC are discussed below.

Interim analysis from an ongoing Phase 1 study (NCT01454102) assessing the
safety and response of nivolumab 3 mg/kg IV q2weeks plus erlotinib 150 mg QD in
EGFR (mt) NSCLC revealed that the combination treatment may provide durable
clinical benefit with an acceptable safety profile. The study has enrolled 21 patients,
with only one patient that was TKI naive at enrollment. Grade 3 or 4 treatment-related
AEs were observed in 4/21 patients (19%): increase in AST (n=2) or ALT (n=1) and
weight loss and diarrhea (one patient each). Two patients discontinued the treatment
due to Grade 3 AST increase and Grade 2 nephritis. No pneumonitis of any grade was
observed. In this study ORR was reported in 4/21 (19%) of the patients and 24 week
PFS was 47%. The TKI-naive patient had achieved a PR with duration of response
(DOR) of 24.3 weeks and was ongoing at the time of data cut-off. The interim results
suggest that combination therapy may provide durable clinical benefit with accept-
able safety profile in TKI refractory advanced EGFR-mutant NSCLC [116].

Another Phase 1 study (NCT02088112) assessed the safety and efficacy of the
anti-PD-L1 antibody durvalumab 10 mg/kg IV q2weeks in combination with gefi-
tinib 250 mg QD in TKI-naive NSCLC patients with confirmed EGFRi-sensitizing
mutations. The study had two arms: in Arm 1, patients (n = 10) are treated with a
combination of durvalumab and gefitinib; in Arm 2, patients (n = 10) are first treated
with gefitinib for 4 weeks prior to starting the combination treatment. At the time of
data cut-off, follow up was >3 months for all patients. The combination treatment
was considered to be tolerable. Grade 3 or 4 treatment-related AEs that led to
discontinuation occurred in 4/20 (20%) patients, all in Arm 2, with three patients
experiencing increased AST and/or ALT, and one patient experiencing pneumonitis.
At > 8 weeks, out of 19 evaluable patients, 7/9 (77.8%) patients in Arm 1 and 8/10
(80%) patients in Arm 2 had documented responses. These initial findings of activ-
ity further support evaluation of combination treatment in TKI-naive, EGFR-mutant
NSCLC patients [117].

In contrast to the previous findings, two other clinical trials (NCT02143466 and
NCT02454933) both testing a next generation EGFR TKI osimertinib, targeting the
EGFR T790 M mutation, used in combination with durvalumab in patients with
EGFR-mutant NSCLC in both treatment- naive and EGFR TKI resistance due to
T790 M mutation, reported mixed results. Preliminary data from NCT02143466
indicate that the combination of osimertinib 80 mg QD, and durvalumab at 3 mg/kg
or 10 mg/kg IV qg2weeks is active, as 20/31 (65%) of patients had achieved
PR. However, the safety profile was not optimal. In this study, 13/34 (38%) of
treated patients had experienced pneumonitis with five of the patients experiencing
Grade 3 or 4 pneumonitis. The frequency of pneumonitis occurring with combina-
tion treatment was significantly greater than that reported for osimertinib (2.9%)
and durvalumab (2%) when used as single agents suggesting that there is synergistic
toxicity when these two specific agents are used together because current experi-
ence with erlotinib or gefitinib with PD-1/PD-L1 inhibitors seem not to result in this
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AE at this high rate. Based on these findings NCT02454933 trial was prematurely
halted with no future plans of pursing this combination [118]. It is, therefore, unclear
if dose reduction would have salvaged this study.

9.1.1.14 Future Directions—EGFR and ALK TKI with Immunotherapy

Although the data are premature, there are positive efficacy signals from limited
number of Phase 1 studies testing combinations of EGFR TKIs with checkpoint
inhibitors. Additionally, results from several of these studies also highlight the need
for careful monitoring for immune and other toxicities and also suggest that dose
reduction is in order, at least initially, when administering combinations. The poten-
tial safety concern with coadministration of EGFR TKIs and immunotherapy agents
is the occurrence of overlapping toxicities involving various organ systems such as
skin, gastrointestinal tract, liver, and lung. The safety data from some studies with
EGFR TKIs combined with anti-PD1/PD-L1 antibody demonstrate that these com-
binations can be safely administered together. Ultimately larger trials will be needed
to address if combination treatment in EGFR TKI-naive or -experienced patients
provides substantial benefits over the use of EGFR TKIs as monotherapy.

Similarly, combination treatment with crizotinib (or next generation ALK TKIs)
and immune check point inhibitors are currently being tested in multiple Phase 1
studies (Table 9.1). The potential safety concerns of interest for testing ALK TKIs
with immunotherapy are the overlapping toxicities effecting the gastrointestinal
tract, liver, and lung. All currently approved ALK TKIs (crizotinib, ceritinib, and
alectinib) have the potential to cause pneumonitis, hepatotoxicity, and
gastrointestinal-related AEs. Currently, we do not have adequate preliminary data
regarding the safety and tolerability of these two combinations for treatment of
ALK-aberrant NSCLC. These ongoing studies will provide the initial data to help
determine if patients with this molecular subtype can have their initial tumor
responses consolidated into long-lived durable responses.

9.1.1.15 Histone Deacetylase Inhibitors (HDACis) and Immunotherapy

Immunotherapy confers a durable response predominantly to “immunogenic”
tumors characterized as tumors with high somatic nonsynonymous mutational bur-
den, high pretreatment expression of PD-1/PD-L1 on tumor cells and infiltrating
immune cells, and high pretreatment levels of TILs [109, 119-122]. However, many
tumors are not characterized as “immunogenic,” hence the modest percentages of
patients treated with immunotherapy achieving durable clinical response. Thus, far,
we have discussed how oncogene regulated signaling pathways within tumors can
promote a protumor microenvironment. Additional mechanism by which tumor
immunogenicity may be regulated is by reversible epigenetic modifications.
Accumulating evidence suggests that pharmacological agents targeting one class of
epigenetic modifiers—histone deacetylases (HDACs)—can promote antitumor
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immune responses by increased expression of a variety of mediators and effectors
involved in immune system activation.

9.1.1.16 Epigenetic Modification Overview—HDAC in Cancer
Development and Progression

Cancer is a disease initiated and fueled by germline/somatic aberrations within the
genome. These aberrations often directly impact the epigenetic regulatory proteins
leading to the acquisition of a cancer epigenome that contributes to the induction
and maintenance of the cancer. Conrad Waddington in 1961 coined the term epi-
genetics to describe reversible, heritable genetic changes that impact cellular pheno-
type without incurring any changes in DNA sequences [123, 124]. Currently, the
term epigenetics is used to describe the dynamic processes that regulate chromatin
structure and how it impacts DNA-based processes of transcription, DNA replica-
tion, and repair [123].

Chromatin is a macromolecular complex consisting of DNA and histone proteins.
The basic functional subunit of chromatin is a nucleosome, which consists of an
octamer of four core histone proteins (H2A, H2B, H3, and H4), which serves as the
scaffold for the negatively charged DNA that is wrapped around the histone octamer
core. Covalent modifications made directly on the DNA and histones by epigenetic
regulators alter chromatin structure through noncovalent interactions within and
between nucleosomes; this process has a direct effect on gene transcription [123,
125]. The best-studied epigenetic modification is DNA methylation. However, the
most diverse epigenetic modifications occur on the N-terminal tails of histones and
include methylation, acetylation, phosphorylation, ubiquitination, sumoylation,
proline isomerization, and ADP ribosylation [123, 125].

Epigenetic modifications are dynamically controlled by epigenetic regulators
that can be divided into three distinct functional groups: (i) epigenetic writers, such
as DNA methyltransferases or histone acetyltransferases that lay down specific epi-
genetic marks on DNA or N-terminal tail of histones, respectively; (ii) epigenetic
readers, such as bromodomain containing BET (bromodomain and extraterminal)
family of proteins, which recognize specific epigenetic marks and help recruit other
chromatin modifiers or remodeling complexes to alter chromatin structure and func-
tion; and (iii) epigenetic erasers—such as HDACs—which are a family of enzymes
that reverse the covalent modification such as acetylation on N-terminal tails of
histones [125]. Pharmacological inhibitors for DNA methyltransferases and HDACs
are currently approved for treatment of range of malignancies, along with great
interest and progress made toward developing pharmacological inhibitors of BET
family of proteins [124]. Here, we focus primarily on HDACis.

There are three classical classes of HDACs (Class I, II (a and b), IV) that require
Zn?** for catalytic activity. Class IIl HDACs, also referred to as sirtuins, which differ
in structure and function from other deacetylases, require NAD* for activity. Class I
HDACs (HDAC 1-3 and 8) are primarily localized in the nucleus and are the major
mediators of histone deacetylation. Class Ila HDACs (HDAC 4, 5, 7, and 9), Class
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IIb HDACs (HDAC 6 and 10) are able to shuttle between nucleus and cytoplasm or
are restricted to the cytoplasm [125, 126]. With the ability to change subcellular
localization, the main protein substrates for Class II HDACs can be histone and
nonhistone proteins. HDAC 11 is the only identified HDAC in Class IV, which also
is able to shuttle between nucleus and cytoplasm [125, 127].

HDAC:s are one example of epigenetic enzymes that are often deregulated in
human tumors, primarily through altered expression or inappropriate recruitment to
certain gene loci via binding to oncogenic fusion proteins [125]. In fact, aberrant
recruitment of HDACs by oncogenic fusion proteins to certain gene loci leads to
HDAC-mediated gene silencing and contributes to leukemogenesis [125, 127]. As
an example, the oncogenic fusion protein acute myeloid leukemia 1-eight-twenty-
one (AMLI1-ETO) found in patients with t(8;21) AML recruits class I HDAC-
containing complexes to repress AMLI target genes, thus preventing myeloid
differentiation and resulting in cellular transformation [128]. As a consequence,
HDAC:s are potent inducers of terminal differentiation and apoptosis in AMLI1-
ETO expressing leukemia [125, 127, 129].

Somatic mutations in HDACs are not prominent in cancer [123, 130]. However,
overexpression of individual HDACs in several solid malignancies such as breast,
lung, colon, liver, and gastric cancers is correlated with a decrease in both disease-
free and overall survival [127, 131-135]. The overexpression of HDACs in these
cancers is correlated to key events in tumorigenesis such as cell cycle progression,
cell proliferation, and resistance to apoptosis [125, 127]. HDACs can contribute to
these key events through their actions on histone and nonhistone targets. As a prin-
ciple mechanism, overexpression of Class I HDACs has been linked to epigenetic
silencing of tumor suppressor genes such as cyclin-dependent kinase inhibitor
(CDKNIA), DNA repair genes—ataxia telangiectasia and Rad3 (ATR) and breast
cancer 1, early onset (BRCAI) [127, 136, 137]. In addition, HDAC:sS, either directly
or indirectly, regulate the activity of an ever-growing list of nonhistone proteins,
which include transcription factors (e.g., p53, STATS, Bcl6, FoxP3), DNA repair
proteins (e.g., Ku70), chaperones (e.g., heat-shock protein 90 HSP90), and cyto-
skeletal proteins (e.g., a-tubulin). Post-translational regulation of these nonhistone
proteins by HDACs can lead to altered transcription factor activity and changes in
gene transcription, dysregulation of cellular signaling pathways, and inhibition of
protein degradation contributing to key biological processes of apoptosis, cell cycle
regulation, and differentiation [127, 136, 138, 139].

9.1.1.17 HDACs—Epigenetic Regulators of Tumor Immunogenicity

The protumorigenic effects of HDACs via regulation of cell cycle progression,
resistance to apoptosis, and cell proliferation are well studied. In addition to these
effects, accumulating evidence implicates HDACs in promoting tumor immune
escape through various mechanisms resulting in tumor progression. These mecha-
nisms include regulating expression of immunosuppressive soluble factors by tumor
cells, increased resistance to immune cell-mediated apoptosis, and reduced immune
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recognition of tumor cells. Here, we will discuss the growing preclinical and clini-
cal evidence that supports the use of HDACis in combination with immune check-
point inhibitors, as a way to overcome tumor immune escape.

Cancer cells can promote immune escape through development of an immuno-
suppressive tumor microenvironment via production of cytokines and growth fac-
tors (e.g., VEGF, TGF-f, IL-6). Indeed, HDACs have been implicated in regulation
of VEGF production in cancer cells by both epigenetic and nonepigenetic-mediated
mechanisms [140]. In HepG2, a hepatocellular carcinoma cell line and Lewis lung
carcinoma tumor model, HDAC activity was demonstrated to be increased under
hypoxic conditions leading to upregulation of VEGF expression [141].
Overexpression of HDAC1 in HepG?2 cells also increased VEGF expression [141].
Mazumdar and colleagues demonstrated that VEGF production in basal-type breast
cancer cell lines is regulated by corepressor for element-1-silencing transcription
factor (CoREST1). HDACI1/2 dimer along with lysine-specific demethylase-1
(LSD1) make up the catalytic core of this large multiprotein transcriptional core-
pressor complex, CoREST! [142]. Downregulation of CoREST1 expression
decreased VEGF production in vitro and in vivo [143]. The increase in VEGF pro-
duction by these tumor cells promotes angiogenesis to fuel tumor growth. In addi-
tion to promoting angiogenesis, VEGF along with other angiogenic growth factors
produced by tumors have a direct impact on tumor vasculature by downregulating
endothelial adhesion molecules such as intercellular adhesion molecule-1 (ICAM-
1) and vascular cell adhesion molecule-1 (VCAM-1), which are critical for efficient
chemotaxis of leukocytes [144—146]. VEGF-mediated downregulation of ICAM-1
decreases leukocyte and tumor vessel interactions, ultimately limiting leukocyte
endothelial transmigration into the tumor stroma [144, 147]. In addition, immune
escape can also occur through inhibiting expression of chemokines responsible for
recruitment of effector T cells to the tumor site. Zheng and colleagues, clearly dem-
onstrated in lung cancer cell lines and multiple lung tumor models that expression
of CCL5, C-X-C motif chemokine 9 (CXCL9), and CXCLI10 is negatively regu-
lated by HDACs [148]. The use of pan-HDACis, romidepsin and vorinostat,
increased expression of these T-cell chemokines by the tumor and resulted in
recruitment of CD4* and CD8" T cells into the tumor stroma [148]. Romidepsin
treatment alone in syngeneic immune-competent tumor-bearing mice stabilized the
disease, which was dependent on the production of T-cell chemokines, and the sub-
sequent recruitment of the effector T cells into the tumor compartment [148].
Furthermore, romidepsin increased PD-L1 expression on tumor cells and that com-
bined treatment of anti-PD-1 antibody and romidepsin led to significant reduction
in tumor growth and, in the majority of the mice, complete rejection of the tumor,
which was not observed in mice treated with either single agent therapies [148].
These reports demonstrate the role of HDACs in regulating expression of soluble
factors, which prevents accumulation of effector T cells in the tumor compartment
as a mechanism of immune escape. Ongoing comprehensive studies addressing the
role of HDAC:S in regulating the cancer secretome, and how it impacts the commu-
nication networks between tumor, tumor stroma, and stromal resident immune cells
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will be critical in understanding the part played by HDACs in promoting tumor
immune escape and potentially providing new therapeutic targets.

9.1.1.18 HDACIi Mediated Regulation of Tumor-Immunogenicity—
Regulation of Antigen-Presenting Machinery and Immune-
Stimulatory and Immune-Inhibitory Molecule Expression

HDACis may regulate tumor immunogenicity through various mechanisms.
HDAC:s, such as vorinostat, induce immunogenic cell death. Immunogenic cell
death is a process by which cell death promotes an immune response, as the dying
cells present signals such as calreticulin translocation, ATP release, and high mobil-
ity group box-1 (HMGBJ1) protein release from the dying cells, which are sensed by
antigen-presenting cells (APCs) leading to APC infiltration, engulfment of dying
cell antigens, and ultimately MHC-dependent activation of T cells, thus promoting
activation, proliferation, and infiltration of cytotoxic T-lymphocytes and other
immune cells into the tumor stroma to mediate tumor destruction [149, 150].
Christiansen and colleagues demonstrated that vorinostat-induced apoptosis of a
colon cancer cell line increased surface expression of calreticulin and release of
HMGBI. It was suggested that HDACi-mediated apoptosis was found to be critical
for tumor eradication [151]. Indeed, the follow-up report confirmed that vorinostat
promoted calreticulin surface expression, ATP and HMGBI1 release in vivo in a
colon cancer mouse model [152]. Furthermore, even though vorinostat-induced
apoptosis in both immune-competent and immune-compromised tumor-bearing
mice, only the immune-competent mice treated with vorinostat had long-term anti-
cancer effects, indicating that an intact immune system is required for therapeutic
effects of vorinostat [152].

HDAC:s also improve tumor immunogenicity by transcriptional regulation of
NKG2DL [153]. Multiple reports now have clearly demonstrated that HDACis such
as, trichostatin A (TSA), sodium valproate, and vorinostat, increases the expression
of MICA, MICB, and ULBP1-ULBP3 in various epithelial tumor cell lines and in
Ewing sarcoma cell lines [154—157]. Importantly, valproate-induced increase in
MICA and MICB was not observed in primary nonmalignant human hepatocytes
[154]. Furthermore, the expression of these NKG2DLs enhanced NK cell-mediated
cytotoxicity [154, 156-159].

In addition to increasing expression of NKG2DLs, HDAC:is also increases tumor
cell recognition by immune cells by increasing expression of APM, MHC-I, and
MHC-II (Fig. 9.4) [160]. This is best exemplified in melanoma where several studies
support the role of HDACs in epigenetic regulation of APM expression. LAQ824, a
Class I and I HDACi, demonstrated an increase in MHC-I and TAA expression, and
promoted survival of gp100 melanoma antigen-specific T cells thus contributing to
tumor eradication in melanoma mouse model [161]. In another study, TSA-induced
expression of TAP-1 was also observed in murine prostate, lung, and melanoma
cancer cell lines. The increase in TAP-1 along with other APM components,
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Fig. 9.4 Role of HDACis in regulating antitumor immunity. HDACis can promote antitumor
immune response through direct effects on cancer cells through histone and nonhistone mediated
actions. HDACis can promote ICD, increase expression of tumor-associated antigens/neoantigens,
NKG2DLs, and chemokines thus enhancing various aspects of the cancer-immunity cycle and
promoting an effective antitumor immune response. In addition, HDACis decrease tumor expres-
sion of immunosuppressive cytokines which further promotes T cell/NK cell recruitment into the
tumor stroma and T cell/NK cell function. HDACis may also prevent an effective antitumor
immune response by increasing proliferation and function of immune regulatory cells (e.g., Tregs,
MDSCs). It should be noted that these effects are seen with use of pan-HDACis, and the effect of
class or isoform specific HDACis on the immune system is not completely understood (see text for
details). As an example, pharmacological inhibition or genetic abrogation of HDAC9 and HDAC11
has been implicated in positively regulating Treg and MDSCs functions, respectively

increased surface expression of MHC-I and enhanced CTL-mediated tumor cell kill-
ing [162]. Khan and colleagues reported that TSA and VPA not only increased the
expression of MHC-I, TAP1, TAP2, and Tapsin, along with other components of
APM in melanoma cell line but also increased the expression of costimulatory mol-
ecules CD40 and B7-2 [163]. The role of HDAC6 in regulating the expression of
MHC-I and TAAs in human and murine melanoma cell lines has also been investi-
gated. Pharmacological inhibition with specific HDACG6i or by genetic abrogation of
HDACG6 expression increased MHC-I expression along with melanoma-specific
antigens (e.g., gp100 and MART-1). Furthermore, it was demonstrated that inhibi-
tion of HDAC6 delayed tumor progression, which was dependent on an intact
immune system [164]. In addition to these findings in melanoma, pharmacological
inhibition of Class I HDACs with entinostat, along with genetic inhibition of
HDACI in human prostate and breast cancer cell lines, resulted in increased MHC-I
and TAA expression (e.g., CEA, brachyury, MUCI, and prostate specific antigen),
which contributed to efficient antigen-specific CTL-mediated tumor cell lysis [165].
In addition to the increase in expression of TAA, APM, MHC-I, and MHC-II in
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melanoma, HDACs have also been implicated in regulating the expression of PD-L1/
L2. Pan-HDAC: (belinostat) or Class  HDACis (LBH589, MS275, and MGCDO0103)
all increased PD-L1 expression on melanoma cell lines and human tumor samples
in vitro in a dose-dependent manner, with LBH589 promoting the greatest increase
in PD-L1 expression. Mechanistically, it was demonstrated that LBH589 increased
histone acetylation at the PD-LI promoter. The combination of PD-L1 blockade
with LBH589 resulted in significant delay in tumor progression and increase in OS
in this murine model, which was not observed when either agents were administered
alone [166]. Collectively, the current preclinical and translational evidence supports
the rationale for combining HDACis with immunotherapy.

9.1.1.19 HDAC:is Impact on Immune Cells

HDAC: have pleotropic effects with large body of evidence suggesting that HDACis
produce anti-inflammatory effects in immune cells by playing a role in regulation of
both innate and adaptive immunity [125, 153, 167]. The data suggest that HDACis
can promote or inhibit effector lymphocyte function. This is dependent on cell type,
activation status of the effector cells, and the use of pan-HDACi or Class-specific
HDAC:s [139, 153]. Furthermore, HDACs also have positive and negative effects
on development of regulatory immune cells (e.g., Tregs, MDSCs) [125, 153, 160].
As an example, HDAC9 knockout (KO) mice have elevated numbers of Tregs
potentially through its regulation of Foxp3 [168]. Indeed, TSA increased Foxp3
gene expression and regulated Foxp3 activity, leading to enhanced production and
function of Tregs in vivo, which was primarily attributed to HDACO. In addition to
increase in Foxp3 expression, TSA also increased expression of IL-10, CTLA-4,
and PD-1, while repressing expression of IL-2 by Tregs [169]. HDAC11 also nega-
tively regulates IL-10 expression in APCs and MDSCs [170, 171]. MDSC:s isolated
from HDAC11 KO tumor-bearing mice were more immune suppressive in compari-
son to the MDSCs isolated from wild-type tumor-bearing mice. This was translated
into higher tumor growth kinetics in HDAC11 KO mice in comparison to WT mice
[171]. Interestingly, the addition of entinostat (Class I HDACi) to anti-PD-1 and
anti-CTLA-4 antibody treatment for four T1 tumor-bearing mice led to a dramatic
reduction in circulating and tumor-infiltrating granulocytic-MDSCs (G-MDSCs),
which correlated with sustained tumor regression. Co-culture experiments with
G-MDSCs and CDS8* T cells, revealed that entinostat directly suppresses G-MDSCs
inhibitory function on CD8* T cells [172]. Thus, based on the current evidence it is
clear that the effects of HDACis on the immune system are diverse and context
specific (Fig. 9.4). More studies are required to further understand the role of specific
HDAC:S, along with the macromolecular chromatin remodeling complexes that they
are part of, in regulating effector T-cell function, development of immune suppres-
sive cell types, and the impact of these immune suppressive cell populations on
immunotherapy outcomes.
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9.1.1.20 HDAC: with Checkpoint Inhibitors—Current Clinical
Experience

Several HDACis have been approved by US FDA for treatment of hematological
malignancies either as single agent or as combination with other anticancer agents
[139]. However, the efficacy of HDACis as single agents in solid malignancies is
modest. As an example, pan-HDACI, panobinostat, is not active as a single agent in
treatment of patients with metastatic melanoma, even though posttreatment biopsies
from these patients did indicate increase in MHC-I expression and increased CD8*
T-cell infiltration [173]. As discussed above, a large body of evidence supports the
use of combination therapy of HDACi with anti-PD-1/PD-L1, anti-CTLA-4, and
adoptive cell transfer therapies. Adding to the evidence is a recent study, utilizing
HDACG6-specific inhibitor (ricolinostat). Combination of ricolinostat with anti-
CTLA-4 or anti-PD-1 treatments inhibited melanoma tumor growth in vivo [174].
Treatment of murine T cells with ricolinostat in vitro promoted enhanced central
memory T-cell formation and strong anti-melanoma activity in vivo [174]. This
observation was corroborated in a translational study, which demonstrated enhanced
proliferation and function of patient-derived CD8* T cells from patient TILs during
ex vivo expansion. In addition, ricolinostat promoted central memory CD4* and
CD8* T-cell formation during ex vivo expansion [175]. Based on the current evi-
dence multiple clinical trials testing the combination of HDACi with anti-PD-1/
PD-L1 and anti-CTLA-4 are underway to test if the observations made in the lab
can be translated into achieving higher rate of durable clinical responses (Table 9.1).

The three HDACis with most safety information currently being tested in the
clinic with checkpoint inhibitors include vorinostat, panobinostat, and entinostat.
The safety profile of these agents when utilized as single agent is known. The most
frequent toxicities with these HDACi are fatigue, nausea, and diarrhea [176].
Panobinostat product label carries two black-box warnings, (1) up to 25% of patients
have experienced severe diarrhea and (2) severe arrhythmias and fatal cardiac events
have occurred with panobinostat [177]. In addition, these agents also cause myelo-
suppression with thrombocytopenia, neutropenia, and anemia being the most com-
mon [176-178]. Vorinostat-specific toxicities include pulmonary embolism 4/86
(5%) and hyperglycemia [178]. Hyperglycemia of grade 2 or higher has also been
reported in a Phase 1 trial of entinostat [179].

Preliminary results from ENCORE 601, a Phase 1b/2 trial, of entinostat in com-
bination with pembrolizumab were reported with positive safety and tolerability
data. At the time of reporting, n = 9 patients with advanced NSCLC were enrolled
(n = 6 at the entinostat 3 mg qweekly and n = 3 at 5 mg qweekly) with pembroli-
zumab 200 mg IV q3weeks in 21-day cycles [180]. Only one of nine patients expe-
rienced a DLT, a grade 3 elevation of alkaline phosphatase and bilirubin, at entinostat
3 mg dose level. This was considered a manifestation of immune-related hepatitis
and was successfully managed by withholding study medications and administra-
tion of corticosteroids [180]. At the time of reporting, stable disease was observed
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in 3/6 patients evaluated thus far, with longest ongoing patient in cycle 8. Circulating
MDSCs were decreased from baseline in two of three patients. Based on this pre-
liminary data, additional subjects will be recruited for the dose confirmation phase
[180]. It will be important to observe the early safety and tolerability data and have
a clinical management plan available for some of the potential overlapping toxici-
ties between the two treatment modalities.

9.1.1.21 Future Directions—HDACis with Immune Checkpoint Inhibitors

We currently have very limited safety information regarding the use of HDACis
with immune checkpoint inhibitors for treatment of solid malignancies. The pre-
liminary safety data from the ongoing Phase 1/2 studies will be very important in
understanding the feasibility of utilizing these two pharmacotherapeutic modalities
together. The potential overlapping toxicities on the hematopoietic, gastrointestinal,
and hepatic organ systems should be monitored closely. Most of the studies listed in
Table 9.1 are designed to identify the optimal safe and tolerable dose of the HDACi
when given concomitantly with standardized dose of checkpoint inhibitors. The
question of whether sequencing the HDACis with checkpoint inhibitors may pro-
vide superior safety and potential therapeutic benefit will be addressed in the study
NCTO02437136 (entinostat + pembrolizumab), as it contains an additional cohort of
patients that will be pretreated with entinostat for 2 weeks prior to coadministration
of pembrolizumab with entinostat. An interesting feature of NCT02437136 and
NCT02638090 (vorinostat + pembrolizumab) is the inclusion of patients who previ-
ously failed checkpoint inhibitors. The rationale being that the failure of immuno-
therapy is perhaps in part due to lack of tumor immunogenicity, which may be
epigenetically silenced. Identification of biomarkers of response/resistance to com-
bination therapy will be important. Assessment of histone acetylation status and
changes in expression of immune-related genes as assessed in peripheral blood
mononuclear cells and in the tumor compartment in response to combination ther-
apy may provide valuable insight into predictors of response (NCT02635061).

Pan-HDAC:s and class-specific HDACis are being tested in multiple solid malig-
nancies without enriching for specific molecular subtypes. As an example, clinical
trials NCT02635061 (ACY-241 + nivolumab + ipilimumab), NCT02437136, and
NCTO02638090 are enrolling patients irrespective of NSCLC molecular subtype
(e.g., EGFR (mt) or ALK translocation (+)) as currently there is no information
regarding the role of oncogenic drivers in regulating the HDACi mediated tumor
immune-modulatory effects. If these initial studies prove positive and can be con-
firmed within larger clinical trials, the potential for making an impact in treatment
of NSCLC and other solid malignancies, irrespective of mutational status is tremen-
dous. In other words, many more patients potentially can benefit from positive out-
comes of these studies in comparison to other targeted and immune checkpoint
inhibitor modalities currently being tested.
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9.1.1.22 Conclusion

Here, we have reviewed the current preclinical and translational evidence, which
strongly supports that targeted therapies may synergize with checkpoint inhibitors
by enhancing various aspects of cancer-immunity cycle to promote immune-
mediated tumor control/elimination. Currently available clinical data, although pre-
liminary, yield positive efficacy signals with mixed safety signals as previously
discussed [44, 45, 118]. Thus, one of the key questions to be addressed by ongoing
clinical trial is the possibility of synergistic toxicities. Furthermore, these studies
will also help identify the appropriate dose, timing, and sequencing of the therapies
that would not only maximize the antitumor immune response, but also would iden-
tify the safe and tolerable regimen for the combination therapy which will hopefully
be tested in larger confirmatory trials. In addition, these studies will also help iden-
tify biomarkers of response/resistance, which may better enable patient selection
for combination therapies.

Beyond the combination therapies discussed here, several other combinations of
targeted therapies with immune checkpoint inhibitors are also being assessed in the
clinic. Combination of VEGF inhibitors with immune checkpoint inhibitors are also
being tested as large body of evidence indicates potential synergies with these two
combinations [4, 181, 182]. In addition, combination of checkpoint inhibitors with
other traditional therapeutic modalities, such as radiation therapy and chemother-
apy, are also being tested as these modalities too have demonstrated to enhance vari-
ous aspects of cancer immunity [160, 183—185]. Finally, novel molecular pathways
operating in immunologically “cold” tumors have been identified and preliminary
data indicates that targeting these pathways (e.g., WNT/B-catenin, PTEN/PI3K)
may promote conversion into immunologically “hot” tumors [186, 187]. Ultimately,
the hope is that these combination strategies will not only increase the response
rates, but also promote the consolidation of the responses into long-term durable
remission.
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Chapter 10
Thoracic Immunotherapy

Peter Vu and Lyudmila Bazhenova

Abstract Immunotherapies for lung cancer using tumor cell or antigen-based
vaccines to generate immune memory have been unsuccessful in all randomized,
phase 3 clinical trials. Therapeutics targeting PD-1/L1 interactions have been the
most efficacious immunotherapies to date and mark a paradigm shift in the treat-
ment of thoracic malignancies, although the benefits have been limited to a minority
of patients. Emerging immunotherapy strategies have involved combining pro-
grammed death blockade with agents that target T-cell activation (e.g., platinum-
based chemotherapy, radiotherapy, ipilimumab, and tremelimumab), T-cell
infiltration into tumors (e.g., erlotinib, ramucirumab, and bevacizumab), and effec-
tor T-cell killing (e.g., BMS-986016). Most early studies with these combinations
have been promising; however, some treatment regimens (e.g., durvalumab plus
osimertinib, nivolumab plus ipilimumab 3 mg/kg) have had unacceptable safety
profiles, and particular attention should be paid to the potential for new toxicities
with combination immunotherapies.

Keywords Non-small cell lung cancer (NSCLC) ¢ Small cell lung cancer (SCLC)
e Malignant pleural mesothelioma (MPM) e Thymic epithelial tumors (TET) ¢
Immune checkpoint inhibitors ® Programmed cell death protein 1 (PD-1) » Cytotoxic
T-lymphocyte antigen-4 (CTLA-4) ¢ Vascular endothelial growth factor (VEGF)
Lymphocyte-activation gene 3 protein (LAG-3) ¢ Abscopal effect « Pembrolizumab
* Nivolumab ¢ Atezolizumab ¢ Durvalumab ¢ Avelumab e Ipilimumab e Tremelimumab
* BMS-986016 ¢ Erlotinib ¢ Gefitinib * Osimertinib * Ramucirumab  Bevacizumab

10.1 Introduction

Thoracic malignancies are the leading cause of cancer-related deaths in the world
[1] and include non-small cell lung cancer (NSCLC), small cell lung cancer (SCLC),
malignant pleural mesothelioma (MPM), and thymic epithelial tumors (TET).
Historically, immunotherapies for lung cancer using tumor cell or antigen-based
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vaccines to generate immune memory have been unsuccessful in all randomized,
phase 3 clinical trials [2—4]. Patients who do not benefit from immunotherapies have
either immunologic ignorance (inability of the immune system to recognize tumor-
specific antigens) or have developed active immune escape mechanisms. Proposed
methods for immune escape involve failures in (1) T-cell activation and recruitment
(e.g., due to low nonsynonymous mutation burden, upregulation of cytotoxic
T-lymphocyte antigen-4 (CTLA-4)), (2) T-cell trafficking and infiltration into
tumors (e.g., high expression of vascular endothelial growth factor (VEGF), fibro-
blast growth factors), and (3) T-cell recognition and killing of tumor cells (e.g., high
expression of programmed cell death protein 1 (PD-1), lymphocyte-activation gene
3 protein (LAG-3), T-cell immunoglobulin mucin-3 (TIM-3), TIGIT) [5, 6].

Increased understanding of these cancer immune evasion mechanisms led to the
development of monoclonal antibodies (e.g., nivolumab, pembrolizumab) targeting
a co-inhibitory receptor, PD-1, on T cells. These agents became known as immune
checkpoint inhibitors and became the first FDA-approved immunotherapies in lung
cancer based on significant improvements in median overall survival (OS), objec-
tive response rate (ORR), and duration of response (DOR) compared to chemo-
therapy [7-12]. Current and future immunotherapy investigations are utilizing
checkpoint inhibitors as a backbone in combination with potentially synergistic
agents designed to address one or more immune escape mechanisms, with the aim
of increasing efficacy and response rates [13].

10.2 NSCLC

Management of patients with metastatic lung cancer relies on the presence or
absence of actionable mutations. Therapy targeting EGFR-sensitizing mutations
(10% prevalence among Caucasians and up to 50% prevalence among Asians) [14],
translocations in EML4-ALK (2-7% prevalence) [15], or ROS1 (1-2% prevalence)
[16] have led to significant improvements in outcomes. For patients without these
mutations, the standard of care for the first-line treatment of advanced NSCLC is
either a platinum-based chemotherapy doublet [17] or pembrolizumab [11].

10.2.1 FDA-Approved Immunotherapies
10.2.1.1 First Line

Pembrolizumab is a highly selective, humanized IgG4 monoclonal antibody against
PD-1 that is recommended as first-line therapy in patients with a high level of tumor-
programmed death-ligand 1 (PD-L1) expression whose EGFR, EML4-ALK, or
ROSTI status is negative or unknown [18]. This recommendation is based on the
results of KEYNOTE-024, a pivotal phase 3, randomized (1:1), multicenter,
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open-label, active-control trial in previously untreated metastatic NSCLC with a
tumor proportion score (TPS) of >50%. In this trial, PD-L1 expression was deter-
mined before randomization using PD-L1 antibody clone 22C3. A total of 305
patients were randomized to receive either pembrolizumab 200 mg every 3 weeks
(until progressive disease (PD), unacceptable toxicity, or a maximum of 35 cycles)
or the investigator’s choice of platinum-based chemotherapy for four to six cycles.
At a median follow-up of 11.2 months (range, 6.3—19.7), pembrolizumab demon-
strated significant improvements in OS (hazard ratio for death (HR), 0.60; 95% CI,
0.41-0.89; P = 0.005), progression-free survival (PFS) of 10.3 months (95% CI,
6.7—not reached) compared to 6.0 months (95% ClI, 4.2-6.2), and ORR of 45% (95%
CI, 37-53) compared to 28% (95% CI, 21-36) in the chemotherapy arm. In addition,
there were fewer severe (grades 3-5) treatment-related adverse events (TRAEs) in
the pembrolizumab arm compared to chemotherapy (26.6% vs. 53.3%) [11].

10.2.1.2 Subsequent Therapy

Pembrolizumab has also demonstrated efficacy in previously treated patients.
KEYNOTE-010 was a phase 2/3, multicenter, open-label, active-control trial in
which patients who had PD following platinum-based chemotherapy and a PD-L1
TPS of at least 1% were randomized (1:1:1) to receive pembrolizumab at 2 mg/kg
every 3 weeks (low dose), 10 mg/kg every 3 weeks (high dose), or docetaxel 75 mg/
m? every 3 weeks until unacceptable toxicity or PD. A total of 1033 patients were
randomized and stratified by PD-L1 expression (TPS > 50% vs. 1-49%), perfor-
mance status (PS), and geographic region. For all patients, median OS was 10.4 months
(HR,0.71;95% CI, 0.58-0.88; P =0.0008) for low-dose pembrolizumab, 12.7 months
(HR, 0.61; CI, 0.49-0.75; P <0.0001) for high-dose pembrolizumab, and 8.5 months
for docetaxel. For the subgroup of patients with TPS > 50%, median OS was signifi-
cantly longer with low-dose pembrolizumab (14.9 vs. 8.2 months; HR, 0.54; 95% CI,
0.38-0.77; P = 0.0002) and high-dose pembrolizumab (17.3 vs. 8.2 months; HR,
0.50; CI, 0.36-0.70; P <0.0001) compared to docetaxel [9].

Similarly, nivolumab is a fully humanized IgG4 antibody against PD-1. It has
been studied in the first-line setting in patients with PD-L1 expression >5%
(CheckMate 026), but failed to demonstrate any difference in PFS, ORR, or median
OS when compared to the investigator’s choice of platinum-based doublet chemo-
therapy [19]. On the other hand, positive results were seen when nivolumab was
administered after disease progression following one prior platinum-based chemo-
therapy doublet regimen. Two-phase 3 randomized (1:1), open-label, multicenter,
active-control trials in squamous cell (CheckMate 017) and non-squamous
(CheckMate 057) were conducted. The results of both studies were favorable for
median OS, ORR, and DOR compared to docetaxel. Specifically, CheckMate 017
randomized 272 squamous cell NSCLC patients to either nivolumab 3 mg/kg every
2 weeks or docetaxel 75 mg/m? every 3 weeks until unacceptable toxicity or
PD. Median OS was 9.2 months (95% CI, 7.3-13.3) with nivolumab compared with
6.0 months (95% CI, 5.1-7.3) for docetaxel (HR, 0.59; 95% CI, 0.44 to 0.79;
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Table 10.1 PD-L1 assays utilized in NSCLC clinical trials

Companion anti-PD-L1

Drug assay PD-L1-positive expression level cutoff

Pembrolizumab Dako/Agilent 22C3 >50% of tumor cells [11]

Nivolumab Dako/Agilent 28-8 >1, 5, or 10% of tumor cells [7]

Atezolizumab Ventana SP142 >1, 5, or 50% of tumor cells or >1, 5, or 10%
of immune cells [10]

Avelumab Dako/Merck 73-10 >1, 5, or 25% of tumor cells or >10% of
immune cells [21]

Durvalumab Ventana SP263 >25% of tumor cells [22]

Several studies have evaluated the staining characteristics and concordance between PD-L1 assays
and have concluded that most assays perform similarly except for Ventana SP142, which stains
fewer tumor cells and identifies fewer PD-L1-positive patients. For all assays, immune cell stain-
ing for PD-L1 is significantly less reliable than tumor cell staining [23-25]

P <0.001). Squamous cell patients benefited from nivolumab irrespective of PD-L1
expression level [7].

CheckMate 057 utilized the same trial design as CheckMate 017 in a non-
squamous NSCLC population. A total of 582 patients were randomized, with an
ORR of 19% in the nivolumab arm and 12% in the docetaxel arm. Median OS was
12.2 months (95% CI, 9.7-15.0) with nivolumab compared to 9.4 months (95% ClI,
8.1-10.7) with docetaxel (HR, 0.73; 96% CI, 0.59-0.89; P = 0.002). In contrast to
squamous cell tumors studied in CheckMate 017, PD-L1 expression levels of >1%,
>5%, and >10% in this non-squamous population were all associated with signifi-
cant improvements in median OS (range, 17.7-19.9 months vs. 9.8-10.5 months),
PFES (range, 4.2-5 months vs. 2.1 months), and ORR (range, 32-38% vs. 10-16%)
when treated with nivolumab [8]. One possible explanation for the discrepancy
between PD-L1 expression and benefit noted in squamous versus non-squamous
tumors is because PD-L1 expression was evaluated retrospectively using archival
tumor tissue, and the PD-L1 protein has been noted to deteriorate after 6 months,
leading to unreliable staining [20]. Table 10.1 summarizes the various PD-L1 assays
currently being used in clinical trials.

Atezolizumab is a humanized IgG1 monoclonal antibody targeting PD-L1 rather
than the PD-1 receptor (e.g., pembrolizumab and nivolumab), allowing inhibition of
both PD-1 and B7-1 interactions, which may lead to enhanced immune responses.
It is indicated for use in metastatic NSCLC patients with PD during or after
platinum-based chemotherapy, irrespective of PD-L1 expression or histologic sub-
type. It was studied in a phase 3 randomized (1:1), open-label, multicenter, active-
control trial with 850 patients assigned to receive atezolizumab 1200 mg every
3 weeks or docetaxel 75 mg/m? every 3 weeks until PD or unacceptable toxicity.
Median OS was longer for atezolizumab compared to docetaxel (13.8 vs. 9.6 months;
HR 0.74; 95% CI, 0.63-0.87, P = 0.0004). Notably, survival benefit increased with
higher PD-L1 expression but was still observed in PD-L1-negative tumors. Median
OS was 20.5 for atezolizumab vs. 8.9 months for docetaxel (HR, 0.41; 95% CI,
0.27-0.64) among tumors with high levels of PD-L1 expression, defined as >50%
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of tumor cells or >10% of tumor-infiltrating immune cells assessed using the
Ventana SP142 IHC assay [12]. As a result, atezolizumab monotherapy is currently
being evaluated in a randomized (1:1), phase 3 trial (IMpower 110, 111) against
standard first-line chemotherapy (cisplatin or carboplatin plus pemetrexed or gem-
citabine) in patients selected for high PD-L1 expression [26].

10.2.2 Emerging Immunotherapies
10.2.2.1 Other Checkpoint Inhibitors in Development

Durvalumab is a selective, high-affinity human IgG1 monoclonal antibody that blocks
PD-LI. As part of a phase 1/2 dose-escalation and expansion study in advanced solid
tumors, the treatment-naive NSCLC cohort consisted of 304 patients (47% non-squa-
mous, 53% squamous). About half (51%) had a high level of PD-L1 expression,
defined as >25% staining of tumor cells using the Ventana SP263 assay. Durvalumab
was administered every 2 weeks at a dose of 10 mg/kg for up to 12 months. Results
suggested that PD-L1-positive tumors had higher ORR (25 vs. 6%) and longer median
OS (17.8 vs. 8.2 months) compared to PD-L1-negative tumors when administered as
second-line therapy. Responses were not associated with histologic subtype. Grade
3-5 TRAEs were seen in 10% of patients, with one treatment-related death due to
pneumonia and a TRAE discontinuation rate of 5% [27].

This data led to the phase 2, single-arm ATLANTIC trial, where durvalumab was
administered as a single agent to patients who failed two or more prior systemic
therapies (at least one must have been platinum based). Patients were divided into
three subgroups by PD-L1 expression level (negative/low, was less than 25%; high,
was at least 25%; very high, was at least 90%). Preliminary data showed that dur-
valumab produced durable responses and that ORR and disease control rate (DCR,
defined as CR, PR, or SD for at least 24 weeks) correlated with tumor PD-L]1
expression level. The ORR was 7.5% (95% CI, 3.1-14.9) for PD-L1 negative/low
(n=93), 16.4% (95% CI, 10.8-23.5) for PD-L1 high (n = 146) and 30.9% (95% ClI,
20.2-43.3) for PD-L1 very high (n = 68), and DCR was 20.4%, 28.8%, and 38.2%,
respectively [28]. A randomized, phase 3 study comparing durvalumab monother-
apy to a platinum-based chemotherapy doublet in the first-line setting recently
started enrollment (NCT03003962).

Avelumab is a fully human IgG1 antibody against PD-L1. What makes avelumab
unique compared to other checkpoint inhibitors is that it maintains antibody-
dependent cell-mediated cytotoxicity (ADCC) function and therefore may be more
effective than other checkpoint inhibitors. Conversely, other PD-1/L1 inhibitors
have been purposely engineered to eliminate Fc-effector function to reduce the risk
of ADCC-mediated depletion of T cells expressing PD-L1 [29]. Currently, not
enough data is available to conclude whether avelumab’s ability to mediate ADCC
is beneficial, harmful, or has no effect compared to other checkpoint inhibitors.
Preliminary results of a phase 1b trial that enrolled 145 patients treated with
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avelumab 10 mg/kg every 2 weeks as monotherapy for first-line NSCLC showed it
was clinically active and tolerable. The most common AEs were infusion reactions
and fatigue. Grade 3—-5 TRAEs occurred in 9% of patients, and immune-related
adverse events (irAE) occurred in 2.8%. No deaths were attributed to treatment. The
DCR was 64% with an unconfirmed ORR of 18.7% [30]. Based on this data, a ran-
domized (1:1), multicenter, phase 3 trial JAVELIN Lung 100) comparing avelumab
to platinum-based doublet chemotherapy for treatment-naive PD-L1-positive
tumors was initiated and enrollment is ongoing [31].

An early trial using avelumab in patients who have progressed after platinum-
based chemotherapy has also demonstrated promising results. As part of a dose
expansion cohort in NSCLC, an open-label phase 1b study enrolled 184 unselected
patients to receive avelumab as subsequent therapy. ORR was 12% (22 of 184);
among these patients, 83% had a response lasting at least 24 weeks. The DCR was
50% (92 of 184). Median OS was 8.4 months (95% CI, 7.3—10.6) and median DOR
was not reached (95% CI, 48.1-not evaluable) [21]. TRAEs were similar to those
discussed above when avelumab was given as initial therapy.

Also, lymphocyte-activation gene-3 (Lag-3) is another immune checkpoint pro-
tein that is expressed at high levels in tumors that have progressed after treatment
with PD-1/L1 inhibitors [32]. It functions as an immune modulator by inhibiting
effector T cells and promoting regulatory T-cell activity [33]. A monoclonal anti-
body, BMS-986016, has been developed that binds and inhibits the activity of
LAG-3 on tumor-infiltrating lymphocytes (TILs). It is currently being tested in
combination with nivolumab and/or ipilimumab for patients with advanced lung
cancer in a phase 2 clinical trial (FRACTION-Lung, NCT02750514) in hopes of
improving ORR, DOR, and PFS.

10.2.2.2 Emerging Checkpoint Inhibitor Chemotherapy Combinations

In preclinical studies, platinum-based chemotherapy has demonstrated the ability to
stimulate higher levels of PD-L1 expression within tumor cells in a dose-dependent
fashion [34-36]. In addition, chemotherapy may be synergistic with immune check-
point inhibitors by inducing an immunogenic form of cell death, eliminating immu-
nosuppressive cells, or releasing tumor-specific antigens for T-cell activation
[37—40]. Thus, adding chemotherapy to checkpoint inhibition has the potential to
increase the antigen pool for T-cell recognition and thus improve response rates.
The first checkpoint inhibitor studied in combination with chemotherapy for
NSCLC was ipilimumab, a recombinant anti-CTLA-4 antibody. A randomized
(1:1:1), double-blind, multicenter phase 2 trial assigned 204 untreated patients to
receive either ipilimumab concurrently with carboplatin and paclitaxel, “phased”
ipilimumab to start after two cycles of carboplatin and paclitaxel, or chemotherapy
alone. Compared to chemotherapy alone, only the phased ipilimumab arm improved
ORR (32 vs. 18%) and PFS by 1.1 months (HR, 0.72; P = 0.05) when assessed
using the immune-related response criteria (irRC). Survival benefit was not observed
on either the concurrent or phased ipilimumab schedule. Of note, improvements in
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PFS with phased ipilimumab occurred primarily in lung tumors with squamous cell
histology [41]. As a result, a phase 3 trial was conducted comparing ipilimumab
given in a phased schedule vs. placebo in addition to paclitaxel and carboplatin for
the first-line treatment of squamous cell lung cancer. Enrollment is complete, but
results have not been published.

More recently, the combination of pembrolizumab with standard first-line che-
motherapy was tested in a randomized (1:1), open-label, multicenter phase 2 trial
(KEYNOTE-021). The primary outcome measure was ORR. PD-L1 expression was
not required for enrollment. A total of 123 patients were randomized to receive 4
cycles of pembrolizumab 200 mg plus standard carboplatin and pemetrexed fol-
lowed by up to 24 months of pembrolizumab or chemotherapy with carboplatin and
pemetrexed alone. The combination arm demonstrated improved ORR (55% vs.
29%, p = 0.0016) and median PFS (13.0 vs. 8.9 months; HR, 0.53, 95% CI, 0.31—
0.91, p = 0.0102) compared to chemotherapy alone. Severe TRAEs were more
frequent in those receiving combination therapy with pembrolizumab and chemo-
therapy (39% vs. 26%), but there was no difference in treatment discontinuation
related to AEs. Most importantly, more than half (12 of 21) of PD-LI1-negative
patients achieved a response to combination therapy (ORR, 57%; 95% CI, 34-79)
[42]. This data further supports the concept that chemotherapy may improve tumor
immunogenicity when given with PD-1 inhibitors and may become a first-line treat-
ment option for patients who have low or negative PD-L1 expression. Two phase 3
trials (KEYNOTE-189, KEYNOTE-407) comparing platinum plus pemetrexed
chemotherapy with or without pembrolizumab are ongoing.

Nivolumab has also been studied in combination with platinum-based doublet
chemotherapy in treatment-naive patients with similarly encouraging results [43,
44]. The FDA-approved monotherapy dosing regimen for nivolumab is 3 mg/kg
every 2 weeks; however, this phase 1 trial evaluated the safety and tolerability of
nivolumab 10 mg/kg every 3 weeks in combination with gemcitabine-cisplatin for
squamous tumors (n = 12), pemetrexed-cisplatin for non-squamous tumors (n = 15),
paclitaxel-carboplatin for all histologies (n = 15), or nivolumab 5 mg/kg every
3 weeks with paclitaxel-carboplatin (n = 14). No dose-limiting toxicities (DLTs)
were observed in the first 6 weeks of treatment. Grade 3—4 TRAEs occurred in 45%
of patients; however, treatment discontinuation related to AEs was 21% and mostly
occurred during nivolumab monotherapy. Although sample sizes were small, the
2-year OS rate for nivolumab 5 mg/kg plus paclitaxel-carboplatin was 62% com-
pared to 25-33% in the other cohorts. Consistent with results from the pembroli-
zumab trial (KEYNOTE-021) discussed above, patients with negative or low PD-L1
expression responded to combination treatment with similar ORR (43% vs. 48%,
respectively) and DOR (5.8 months vs. 6.3 months) to patients who were PD-L1
positive (defined as 21%) [43].

Atezolizumab in combination with chemotherapy for first-line therapy is cur-
rently being investigated in four global, phase 3, randomized, open-label trials
based on positive responses seen in early trials [45]. IMpower130 plans to enroll
650 patients with non-squamous histology to receive atezolizumab with carboplatin
plus nab-paclitaxel. IMpowerl31 is a three-arm study that plans to enroll 1025
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squamous cell patients randomized to receive atezolizumab with carboplatin plus
paclitaxel, atezolizumab with carboplatin plus nab-paclitaxel, or chemotherapy
alone. IMpower132 plans to enroll 568 non-squamous NSCLC patients to receive
atezolizumab with cisplatin or carboplatin plus pemetrexed. Lastly, IMpower150
plans to enroll 1200 patients to evaluate the benefit of adding bevacizumab to
atezolizumab with carboplatin plus paclitaxel in lung cancer patients with non-
squamous histology [46]. Overall, the addition of chemotherapy to checkpoint inhi-
bition appears to be a promising therapeutic strategy that will likely be of most
benefit to patients whose tumors have negative or low PD-L1 expression and were
less likely to respond to checkpoint inhibitor monotherapy.

10.2.2.3 Dual Checkpoint Inhibitor Combinations

Combining two immune checkpoint inhibitors (anti-PD-1/L1 and anti-CTLA-4)
aimed at different T-cell regulation steps to enhance the immune response has dem-
onstrated increased ORR and improved outcomes in metastatic melanoma and renal
cell carcinoma, albeit with increased frequency and severity of TRAEs [47, 48].

As part of a dose-finding cohort within the phase 1/2 KEYNOTE-021 trial,
reduced dose pembrolizumab 2 mg/kg every 3 weeks was studied in combination
with ipilimumab 1 mg/kg in NSCLC patients after PD on at least one prior regi-
men. Among 45 patients enrolled, 24% experienced grade 3—5 TRAESs that led to
treatment discontinuation in four patients. ORR was 24%, disease control rate was
64%, and median duration of response was 13.8 months. Efficacy was not associ-
ated with PD-L1 expression. The investigators determined the combination of
reduced dose pembrolizumab with ipilimumab was tolerable and had similar
response rates to standard dose pembrolizumab monotherapy [49]. Given the sig-
nificant response to pembrolizumab monotherapy in lung cancer [11], it is not
surprising that the addition of CTLA-4 inhibition did not enhance response rates
beyond pembrolizumab.

On the other hand, results from a phase 1 trial (CheckMate 012) in chemotherapy-
naive patients combining nivolumab with ipilimumab suggested that dual check-
point inhibition was synergistic in NSCLC. Six different dosing regimens were
tested and the two most tolerable regimens that demonstrated clinical activity were
standard dose nivolumab (3 mg/kg every 2 weeks) plus ipilimumab 1 mg/kg every
12 weeks (n = 38) or every 6 weeks (n = 39). Ipilimumab given more frequently
(every 3 weeks) or at higher doses (3 mg/kg) resulted in treatment-related discon-
tinuation AEs in 33% of patients and 6% treatment-related deaths. When ipilim-
umab was given every 12 weeks, ORR was 47% compared to 38% when given
every 6 weeks. Although responses were seen at all levels of PD-L1 expression,
there was a trend toward improved responses as expression level increased (ORR
was 57% for PD-L1 > 1% and 92% for PD-L1 > 50%). Serious (grade 3—4) TRAEs
(32 vs. 28%) and discontinuation rates (11 vs. 13%) were similar between the
12-week and 6-week cohorts, respectively [50]. As a result, this checkpoint inhibi-
tor combination is being investigated further in CheckMate 227, a randomized,
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open-label, multicenter phase 3 trial that compares nivolumab alone, nivolumab
plus ipilimumab every 6 weeks, nivolumab plus platinum-based doublet chemo-
therapy, and standard of care chemotherapy. Results are potentially practice chang-
ing and expected as early as the end of 2017. Unfortunately, this trial does not
include a treatment arm that combines dual checkpoint inhibition (e.g., nivolumab
plus ipilimumab) with chemotherapy.

Durvalumab has also been studied in combination with tremelimumab, a selec-
tive human IgG2 CTLA-4 inhibitor, in several trials. Results of a phase 1 open-
label dose-escalation study (n = 102) found that the maximally tolerated dose was
durvalumab 20 mg/kg every 4 weeks with tremelimumab 1 mg/kg every 4 weeks.
The most common AEs included diarrhea, fatigue, pruritus, colitis, and elevated
lipase. Grade 3—4 TRAESs occurred in 42% of patients and resulted in discontinua-
tion in 28% of patients. There were three treatment-related deaths. Toxicities were
mostly manageable and responses were seen in both PD-L1 positive (defined as
>25% using the Ventana SP263 assay) and PD-L1-negative/low patients (defined
as <25%) [22, 51, 52]. Several randomized, open-label, multicenter, phase 3 trials
are evaluating the combination of durvalumab plus tremelimumab against chemo-
therapy in the first-line setting (NEPTUNE, MYSTIC) or as subsequent therapy
(ARCTIC) [53-55].

In addition, a small cohort of 24 treatment-naive NSCLC patients were enrolled
in a phase 1 safety and tolerability study using platinum-based doublet chemother-
apy in combination with durvalumab 15 mg/kg every 3 weeks with or without
tremelimumab. Four checkpoint inhibitor regimens were assessed: durvalumab
without tremelimumab (n = 5), durvalumab plus a single dose of tremelimumab
1 mg/kg (n =35), durvalumab plus tremelimumab 1 mg/kg every 6 weeks (n =7), or
durvalumab plus tremelimumab 3 mg/kg every 6 weeks (n = 7). Preliminary results
were encouraging, with an ORR of 52.9% (95% CI, 28—77) and mostly non-severe
(grade 2 or less) AEs. Two patients in the tremelimumab 1 mg/kg every 6 weeks
cohort experienced DLTs (febrile neutropenia, pneumonitis) [56]. This combination
of dual checkpoint inhibition (i.e., durvalumab plus tremelimumab) with or without
platinum-based chemotherapy will be further evaluated in a randomized, phase 2
study (NCT03057106) by the Canadian Cancer Trials Group.

10.2.2.4 Checkpoint Inhibitors Combined with Targeted Therapies

The basis for combining immune checkpoint inhibition with targeted therapy is
based on the observation that BRAF and MEK inhibition in melanoma led to pro-
inflammatory changes in the tumor microenvironment that may improve T lympho-
cyte function [57]. In lung cancer, a meta-analysis of EGFR-mutated NSCLC
patients who received either nivolumab (Checkmate 057), pembrolizumab
(KEYNOTE 010), or atezolizumab (POPLAR) as subsequent therapy for NSCLC
demonstrated no improvement in OS (n = 186, HR = 1.05, 95% CI: 0.70-1.55,
p <0.81) [58]. A possible explanation for the observed lack of benefit may be that
patients with actionable mutations in EGFR, EML4-ALK, and ROS1 tend to have a



290 P. Vu and L. Bazhenova

significantly lower mutation burden [59]. In addition, patients with actionable muta-
tions in NSCLC rarely have high expression of PD-L1 (defined as TPS > 50% using
anti-PD-L1 clone 22C3 pharmDx kit) [60, 61].

A phase 1b study evaluated the combination of erlotinib 150 mg daily with
atezolizumab 1200 mg IV every 3 weeks following a 7-day run-in period with erlo-
tinib alone. The study enrolled 28 patients with EGFR-mutant NSCLC, regardless
of PD-L1 status. There were no DLT and no cases of pneumonitis; 39% of patients
experienced serious (grade 3—4) TRAEs and 5 patients stopped therapy due to AEs.
Notably, tumor biopsies obtained after erlotinib run-in showed an increase in intra-
tumoral CD8+ T cells compared to paired pretreatment biopsies in 8 of 13 patients.
The combination appeared safe, although ORR and PFS were similar to erlotinib
monotherapy [62].

Durvalumab was also studied in combination with gefitinib. Preliminary data
from an open-label, multicenter phase 1 trial that enrolled 20 patients with EGFR-
mutant NSCLC demonstrated the combination was tolerable and active. Durvalumab
10 mg/kg every 2 weeks was given either concurrently or after 4 weeks of treatment
with gefitinib 250 mg daily. The most common TRAEs were diarrhea and transami-
nase elevation. One patient developed pneumonitis, and four patients discontinued
treatment due to AEs [63].

The development of resistance to targeted therapy in most patients with EGFR-
mutant lung cancer after 9-13 months of treatment led to the development of
osimertinib, an irreversible EGFR-TKI selective for both sensitizing and T790 M
resistance mutations. Osimertinib significantly improved PFS and ORR compared
to chemotherapy in EGFR secondary-resistant patients [64]. One of the first studies
to examine checkpoint inhibition combined with targeted therapy in NSCLC uti-
lized durvalumab at either 3 mg/kg or 10 mg/kg every 2 weeks given concurrently
with osimertinib 80 mg daily. The phase 1b trial demonstrated positive response
rates (ORR, 43% in Part A and 70% in Part B); however, the study was stopped due
to the surprisingly high incidence of interstitial lung disease in 38% (13 of 34) of
patients [65]. As a result, several other studies evaluating PD-1/L1 inhibition in
combination with targeted therapies in lung cancer have been suspended.

10.2.2.5 Checkpoint Inhibitors Combined with Angiogenesis Inhibitors

In addition to promoting angiogenesis, preclinical studies have demonstrated that
VEGEF is immunosuppressive. VEGF can inhibit dendritic cell maturation, stimulate
expansion of suppressive immune cell subsets (e.g., regulatory T cells, myeloid-
derived suppressor cells), and can inhibit T-cell infiltration into the tumor microen-
vironment by interfering with adhesion molecules required for CD8+ T lymphocyte
migration [66-70].

Ramucirumab is a human IgG1 antibody that inhibits VEGF signaling by bind-
ing specifically to VEGF receptor-2. When ramucirumab was combined with
docetaxel in second-line therapy for NSCLC, there was an improvement in median
OS from 9.1 to 10.5 months [71]. Thus, ramucirumab is being investigated in
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combination with pembrolizumab in a phase la/b study in NSCLC, gastric, gastro-
esophageal junction, urothelial, and biliary tract cancers. Preliminary data with 91
patients enrolled (21 patients with NSCLC) showed the combination was tolerable
and active with a DCR of 85%. Grade 3—4 TRAE occurred in 7% of patients [72].
Similarly, ramucirumab is also being combined with durvalumab in a phase 1 study
in gastrointestinal and NSCLC (NCT02572687).

Nivolumab has also been studied in combination with bevacizumab, a human-
ized anti-VEGF monoclonal IgG1 antibody, for maintenance therapy in patients
who have not progressed on first-line chemotherapy. The phase 1 study assigned 12
non-squamous patients to nivolumab 5 mg/kg with bevacizumab 15 mg/kg every
3 weeks and 21 patients (8 squamous, 13 non-squamous) to nivolumab 3 mg/kg
every 2 weeks. Preliminary results demonstrated longer median PFS of 37.1 weeks
in the non-squamous combination cohort compared to 21.4 weeks in the non-
squamous nivolumab only cohort. Squamous patients who received nivolumab only
had a median PFS of 16 weeks. ORR was similar in the combination and mono-
therapy arms (8 vs. 10%, respectively). Four patients in each arm had treatment-
related discontinuation AEs [73]. Bevacizumab is also being studied in a phase 3
trial in combination with atezolizumab and carboplatin plus pemetrexed
(IMpower150) [46].

10.2.2.6 Checkpoint Inhibitors Combined with Radiotherapy

Radiation therapy (RT) has traditionally been used to treat local disease. However,
by adjusting the dose and fractionation schedule of ionizing radiation, the effect on
tumors can vary from mild inflammation to programmed cell death. This process of
tumor cell death can lead to the presentation of tumor-specific antigens on MHC
molecules and potentially T-cell recognition and activation of the innate and adap-
tive immune system. As a result, an abscopal effect (tumor regression outside of the
field of irradiation) may be seen [74].

Abscopal effects with RT alone are extremely rare, which has led to the success-
ful trial of combination strategies in preclinical models using anti-CTLA-4 antibod-
ies and a fractionated (6 Gy in 5 fractions on consecutive days) RT regimen [75].
The first case report of an abscopal response in a lung cancer patient treated with
ipilimumab while undergoing RT was published in 2013 [76]. This informed the
development of a phase 2 trial in metastatic NSCLC patients using ipilimumab
3 mg/kg every 3 weeks for 9 weeks plus RT (6 Gy x 5 daily fractions), with the first
dose of ipilimumab given within 24 h of starting RT. Preliminary results showed
abscopal responses in 9 of 12 patients [77]. The National Cancer Institute will begin
a randomized, phase 2 trial in NSCLC and colorectal cancer evaluating the safety
and efficacy of combination immunotherapy using durvalumab plus tremelimumab
with or without high- or low-dose RT. RT will start 2 weeks after the first dose of the
checkpoint inhibitor combination, with high-dose RT administered daily over
10 days for up to 3 fractions and low-dose RT given twice a day on weeks 2, 6, 10,
and 14 (NCT02888743).
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10.3 SCLC

Systemic chemotherapy with cisplatin or carboplatin plus etoposide has been the
mainstay of treatment in SCLC for decades. Platinum-based chemotherapy results
in excellent initial responses in 60 to 70% of patients [78]; however, the majority
develops recurrent disease within months. Topotecan has demonstrated ORR 16.9%
and is the only FDA-approved treatment in the second-line setting [79]. All other
cytotoxic agents have failed to demonstrate a meaningful improvement in outcomes
when evaluated in large, randomized trials. Multiple genomic profile studies have
shown that SCLC tumors are characterized by inactivating mutations in tumor sup-
pressor genes TP53 and RB1 with very few actionable driver mutations. In addition,
SCLC has a very high nonsynonymous mutational burden (approximately 7.4—8.6
per million base pairs) [80, 81], and therefore may be more responsive to immune
checkpoint inhibitors [82]. At this time, there are no FDA-approved immunothera-
pies for the treatment of SCLC.

10.3.1 First Line

Many are hopeful that immunotherapy in SCLC may be at least as successful as it
has been in NSCLC. Ipilimumab was first studied in SCLC in combination with
carboplatin plus paclitaxel as initial therapy for ES-SCLC in a phase 2 trial. A total
of 130 patients were randomized (1:1:1) to ipilimumab 10 mg/kg administered con-
currently with carboplatin plus paclitaxel every 3 weeks, to ipilimumab given in a
phased schedule to start after two doses of carboplatin plus paclitaxel, or to chemo-
therapy alone. Following completion of 18 weeks of chemotherapy, ipilimumab or
placebo was given every 12 weeks as maintenance therapy until PD. Interestingly,
only the phased dosing schedule of ipilimumab demonstrated an improvement in
PFS compared to chemotherapy alone (6.4 vs. 5.3 months; HR, 0.64; P = 0.03)
when assessed using irRC. There was no difference in PFS when evaluated using
modified WHO criteria and no difference in OS between groups [83].

Unfortunately, similar results were obtained when the phased dosing schedule
for ipilimumab was expanded to a phase 3 trial. A total of 1132 patients were ran-
domized (1:1) to either phased ipilimumab in combination with cisplatin or carbo-
platin plus etoposide or chemotherapy plus placebo. Among 954 patients who
received treatment, the addition of ipilimumab to standard chemotherapy for
ES-SCLC did not prolong survival (median OS 11.0 vs. 10.9 months; HR, 0.94;
95% CI, 0.81-1.09) or PFS (median PFS, 4.6 vs. 4.4 months; HR, 0.85; 95% CI,
0.75-0.97) [84]. Thus, anti-CTLA-4 therapy is likely ineffective in SCLC and con-
sistent with results from NSCLC trials with ipilimumab.

The first programmed death pathway inhibitor studied in SCLC with clinical
data in the first-line setting was atezolizumab. It was administered as a single agent
to 17 patients with ES-SCLC as part of the phase la portion of the phase 1/3
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IMpower133 trial. In this unselected population, treatment was tolerable and could
generate responses in 6% of patients. Two of 17 patients remained on treatment for
at least 12 months. These results informed the development of the randomized (1:1),
multicenter, double-blinded, placebo-controlled, phase 3 portion of the IMpower133
study examining the safety and efficacy of carboplatin plus etoposide with or with-
out atezolizumab as first-line therapy. Atezolizumab 1200 mg or placebo will be
given every 3 weeks with chemotherapy for four cycles and then as maintenance
therapy until PD. An enrollment of 400 patients is expected and PD-L1 expression
is not required [85].

10.3.2 Maintenance Therapy

Based on responses and tolerable AEs seen in the phase 1/2 CheckMate 032 trial
discussed earlier, a randomized phase 3 trial (CheckMate 451) evaluating the role of
nivolumab or nivolumab plus ipilimumab compared to placebo as maintenance
therapy for ES-SCLC is being conducted. Eligible patients have had stable disease
or better responses to first-line platinum-based doublet chemotherapy and are not
required to have positive PD-L1 expression [86]. In addition, a phase 2 study with a
planned recruitment of 54 patients evaluating pembrolizumab as maintenance ther-
apy following standard first-line chemotherapy for SCLC has recently completed
enrollment. The primary outcome measure will be PFS and secondary outcome
measure will be OS.

10.3.3 Subsequent Therapy

Pembrolizumab monotherapy was studied within a phase 1b trial that enrolled
PD-L1-positive (defined as TPS > 1%) ES-SCLC patients who had progressed on
platinum-based chemotherapy. Initially, 147 patients were screened and 42 (29%)
patients were found to be PD-L1 positive. A total of 24 PD-LI1-positive patients
received pembrolizumab 10 mg/kg every 2 weeks until PD or unacceptable toxicity.
Nine of 24 patients achieved a response (ORR, 37.5%; 95% CI, 18.8-59.4%) with
1 CR. Median PFS was 1.9 months; however, the median OS was 9.7 months and
12-month OS rate was 35.7%. There was one treatment-related death due to colitis
and only two grade 3—4 TRAEs [87-89]. This very encouraging data suggests that
pembrolizumab is effective in SCLC and can generate durable responses like what
has been observed in other tumor types. Furthermore, several new trials plan to
utilize pembrolizumab in treatment-naive SCLC, including pembrolizumab in com-
bination with cisplatin/carboplatin plus etoposide (NCT03066778), pembrolizumab
plus chemotherapy with or without RT (NCT02934503), and pembrolizumab
monotherapy (NCT02580994). These trials have the potential to be practice chang-
ing when results become available in the next several years.
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Nivolumab is another checkpoint inhibitor studied in SCLC that has reported
promising results. CheckMate-032 is an open-label, multicenter, phase 1/2 trial
conducted in patients with either LS-SCLC or ES-SCLC with PD after platinum-
based chemotherapy. At interim analysis, a total of 216 patients had been assigned
to receive nivolumab 3 mg/kg alone (n = 98) or nivolumab plus ipilimumab fol-
lowed by nivolumab maintenance (n = 118). Nivolumab plus ipilimumab was
evaluated at three dose levels: nivolumab 1 mg/kg plus ipilimumab 1 mg/kg
(n = 3), nivolumab 1 mg/kg plus ipilimumab 3 mg/kg (n = 61), or nivolumab
3 mg/kg plus ipilimumab 1 mg/kg (n = 54). ORR ranged from 19 to 33% in the
combination cohorts and 10% in the monotherapy cohort, with no difference in
PFS between groups (range, 1.4-2.6 months) or OS at | year (range, 33—43%).
Responses did not correlate with PD-L1 expression. Grade 3—4 TRAEs ranged
from 13% in patients receiving nivolumab alone up to 30% in patients treated with
nivolumab 1 mg/kg plus ipilimumab 3 mg/kg, with two treatment-related deaths
in the latter group [90]. Other checkpoint inhibitors being studied in SCLC
includes durvalumab plus tremelimumab in relapsed SCLC (NCT02937818) and
durvalumab plus tremelimumab in combination with chemotherapy for untreated
ES-SCLC (Caspian, NCT03043872).

10.4 Mesothelioma

Malignant pleural mesothelioma (MPM) is an aggressive neoplasm associated with
asbestos exposure with a poor prognosis and limited treatment options. It is often
diagnosed at a late stage, thus only 10-15% of cases are resectable [91]. The only
FDA-approved treatment option for unresectable, advanced MPM is cisplatin plus
pemetrexed as initial therapy [92]. In relapsed disease, the median OS is 6 months.
Histologically, it is categorized as predominantly epithelioid (associated with a
more favorable prognosis), sarcomatoid (more aggressive), or biphasic (a mixture
of both). Significant gene mutations in MPM include CDKN2A, NF2, BAPI, TP53,
SETD2, DDX3X, ULK2, RYR2, CFAP45, SETDBI1, and DDX51; however, the
overall frequency of protein-altering somatic mutations in MPM is low compared to
other cancers [93].

10.4.1 Checkpoint Inhibitors

Hypothesis generating data from single-arm, open-label trials with tremelimumab
monotherapy for MPM patients with PD after first-line treatment demonstrated that
anti-CTLA-4 therapy was safe and appeared effective [94, 95]. This led to develop-
ment of the DETERMINE study, a randomized (2:1), double-blind, phase 2b study
(n = 571) comparing tremelimumab (10 mg/kg every 4 weeks for 7 doses, then
every 12 weeks until PD) to placebo as second- or third-line therapy for
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MPM. Unfortunately, there was no significant difference in survival between treme-
limumab and placebo (median OS, 7.7 vs. 7.3 months; HR, 0.92; 95% CI, 0.76—
1.12, p = 0.408), indicating that single-agent CTLA-4 inhibition in previously
treated MPM is likely ineffective [96].

PD-L1 inhibition has recently been explored in MPM. As part of the phase 1
JAVELIN solid tumor trial, a cohort of 53 patients with relapsed MPM were treated
with avelumab 10 mg/kg every 2 weeks with promising results. Treatment was tol-
erable, with the most common minor TRAEs being infusion reactions, fatigue, and
chills. Only 4 of 53 patients experienced a grade 3—4 TRAE. Unconfirmed objective
responses were seen in 9.4% with a disease control rate of 56.6% for the entire
cohort. There was a statistically insignificant trend toward increased ORR (14.3 vs.
8.0%) and PES (17.1 vs. 7.4 weeks) in the 14 patients with PD-L1 expression of
>5% compared to PD-L1-negative tumors [97].

Likewise, PD-1 inhibition with pembrolizumab was studied as part of a multi-
cohort trial in patients with solid tumors expressing PD-1 in at least 1% of cells
(KEYNOTE-028). The phase 1b cohort consisted of 25 patients with MPM (72%
epithelioid, 8% sarcomatoid, 8% biphasic, 12% unknown) who received pembroli-
zumab 10 mg/kg every 2 weeks as first-, second-, or third-line treatment.
Pembrolizumab was tolerable, with grade 3—4 TRAEs reported in 20% of patients
and zero treatment-related discontinuations or deaths. An objective response was
seen in 20% of patients with a median DOR of 12 months (95% CI, 3.7-not reached).
The clinical benefit rate (defined as CR, PR, or SD for at least 6 months) was 40%
and median OS was 18.0 months (95% CI, 9.4-not reached). Of note, a total of 83
patients with MPM were initially screened and 45.8% were found to express PD-1
[98]. This study demonstrated that pembrolizumab is clinically active in PD-1-
positive MPM and can lead to durable responses. As a result, pembrolizumab will
be explored in a randomized, open-label, phase 3 trial (PROMISE-meso) in relapsed
MPM and compared to salvage chemotherapy using gemcitabine or vinorelbine
using a primary endpoint of PFS.

10.4.2 Combination Strategies

Clinical trial development in MPM has followed a similar trajectory to that of
NSCLC and SCLC, albeit at a slower pace likely due to fewer affected patients.
Thus, most combination strategies have involved adding immune checkpoint
inhibition to chemotherapy or combining CTLA-4 and PD-1/L1 inhibition.
These trials are in early stages of development and plan to begin enrolling
patients in 2017.

Two clinical trials are evaluating the utility of chemotherapy with cisplatin plus
pemetrexed in combination with a PD-1/L1 inhibitor. In the single-arm, phase 2
DREAM study, durvalumab 1125 mg will be given concurrently with cisplatin and
pemetrexed for six cycles and then continued as maintenance therapy. The trial will
enroll the first six participants as part of a safety run-in and then expand enrollment
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to a total of 54 patients. The primary endpoint will be PFS at 6 months and
ORR; other study outcomes include TRAEs, OS, and correlative biomarkers [99].
In addition, pembrolizumab is being evaluated in the front-line setting in a poten-
tially practice-changing phase 2, randomized, three-arm trial (NCT02784171). The
study will compare standard of care chemotherapy with cisplatin plus pemetrexed
to pembrolizumab plus chemotherapy or pembrolizumab alone and utilize PFS as
the primary outcome measure.

Although ineffective as a single-agent, tremelimumab is being combined with
durvalumab in an open-label, phase 2 study (NIBIT-MESO-1) for patients who have
failed chemotherapy. A planned 40 patients will be assigned to receive tremelim-
umab 1 mg/kg every 4 weeks for 4 doses and durvalumab 20 mg/kg every 4 weeks
for 12 doses. There is no requirement for PD-L1 expression for enrollment and the
primary outcome measure is ORR [100].

10.5 Thymic Epithelial Tumors

Thymic epithelial tumors (TETs) are rare neoplasms (1.3 cases per million) that
originate from the thymus and consist of thymomas and thymic carcinomas
[101]. Thymomas are classified by morphology (types A, AB, B1-B3) that
reflects different maturational stages of the thymic epithelial progenitor cell.
Types B2 and B3 tend to be more aggressive, with a 15% incidence of metastatic
disease [102]. In thymomas, dysplastic proliferation of thymic epithelial cells
frequently results in abnormal T-cell selection and autoimmune paraneoplastic
syndromes such as myasthenia gravis [103]. Thymic carcinomas make up about
12% of TETs, have lost thymus-like morphological features, and rarely present
with paraneoplastic syndromes. Thymic carcinomas are histologically subclassi-
fied into squamous cell (most common), undifferentiated, and others [102].
Overall, thymic carcinomas are more aggressive, more likely to metastasize, and
have a poorer prognosis than thymomas with 5-year survival rates of 55% com-
pared to 90% [104].

Optimal management of TETs involves evaluation for complete surgical
resection [105]. For unresectable disease or patients who have undergone an
incomplete surgical resection, radiation therapy and/or systemic chemotherapy
with a platinum-based regimen is often recommended. There is no consensus on
the optimal management for recurrence after systemic treatment [104]. Unlike
other thoracic malignancies, there are few actionable mutations and limited data
available for the treatment of TETs. In a DNA sequencing and immunohisto-
chemical analysis of 112 cases of TETs with various histologies, 4 of 112 (3.8%)
tumors harbored c-KIT mutations and all occurred in thymic carcinomas. There
were no ALK rearrangements or mutations in EGFR, BRAF, KRAS, HER2, or
PDGEFR [106].
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10.5.1 Checkpoint Inhibitors

Recently, the use of PD-1/L1 inhibitors for the treatment of TETSs has been reported
in a few small trials based on several clinicopathological studies demonstrating sig-
nificant PD-1/L1 expression in both thymic carcinomas and thymomas. In a sample
of 112 TETs, PD-L1 expression (defined as staining in at least 10% of tumor cells)
was seen in 65% (13 of 20) of thymic carcinomas and 18% (16 of 87) of thymomas.
There was no relationship between PD-L1 expression and survival [106]. These
results are consistent with findings by Katsuya et al. (2015), where PD-L1 expres-
sion was seen in 70% (26 of 37) thymic carcinomas and 23% (22 of 102) thymomas
[107]. Notably, both studies utilized the same PD-L1 antibody clone (E1L3N).
Other estimates for the frequency of PD-L1 expression range from 50-100% in
thymic carcinomas [108—112] and 54-92% in thymomas [108-110, 112, 113]. In
addition, Naidoo et al. (2015) has also demonstrated that other checkpoints, such as
TIM-3, are frequently expressed at a high level in TETs and may be the target of
future immunotherapy studies [114].

In a group of eight patients with TETSs (seven thymomas, one thymic carcinoma)
who failed one or more prior therapies, avelumab was given at either 10 mg/kg or
20 mg/kg every 2 weeks until PD or unacceptable toxicity. Patients with a history of
autoimmune disease were ineligible for the study. There were four PR, three SD,
and one PD. Treatment was tolerable, although a relatively high number of irAEs
occurred that included three patients with myositis and one with enteritis.
Interestingly, three patients treated at the higher dose of avelumab had pre- and
posttreatment biopsies performed. Posttreatment, one patient had necrotic tissue
without viable tumor, and the other two patients had diffuse, membranous PD-L1
staining in epithelial cells along with fewer regulatory immune cells [115]. The
clinical significance of these histologic differences remains to be seen.

Recently, a cohort of 30 patients (planned enrollment of 41 patients) with
advanced thymic carcinoma who failed one or more prior therapies were treated as
part of a phase 2 trial with pembrolizumab 200 mg given every 3 weeks. Patients
with thymomas were not included in this study. Results were reported for 24 patients
who demonstrated an ORR of 25% (1 CR, 5 PR) and a median PFS of 36 weeks.
The most common TRAESs were hepatic enzyme elevations in nearly all patients
(n = 24), asthenia (n = 7), enteritis (n = 5). Grade 3-4 TRAEs occurred in four
patients who developed severe asthenia, hepatitis, pancreatitis, myositis, and myo-
carditis requiring pacemaker placement. Other irAEs seen included polymyositis,
type 1 diabetes mellitus, and bullous pemphigoid [116]. Although PD-1 inhibition
appears efficacious in thymic carcinomas, significant attention should be paid to
irAE in future studies.

Notably, medullary thymic epithelial cells normally express tissue-specific anti-
gens to aid in the positive and negative selection of T cells to maintain immune
self-tolerance. However, this same selection mechanism may also lead to the dele-
tion of effector T cells capable of recognizing tumor-specific antigens and thus
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contribute to a tumor’s ability to escape immune surveillance [117, 118]. Khan et al.
(2014) have shown that inhibiting T-cell tolerance can increase the number of
tumor-specific effector T cells, which could potentially lead to enhanced antitumor
immune responses [118]. Since the thymus plays a large role in central immune
tolerance, it may be difficult to predict the safety and efficacy of cancer immuno-
therapies on TETS.

10.6 Conclusion

Although therapeutics targeting PD-1/L1 interactions have been the most effica-
cious immunotherapies to date and mark a paradigm shift in the treatment of
thoracic malignancies, the benefits have been limited to a minority of patients.
These patients tend to have a higher nonsynonymous mutational burden, higher
levels of PD-L1 expression on tumor cells, and preexisting TIL within the tumor
microenvironment. Patients who do not benefit from programmed death pathway
inhibitors have been theorized to possess one or more immune escape mecha-
nisms. Therefore, emerging immunotherapy strategies have involved combining
programmed death blockade with agents that target T-cell activation (e.g., plati-
num-based chemotherapy, radiotherapy, ipilimumab, and tremelimumab), T-cell
infiltration into tumors (e.g., erlotinib, ramucirumab, and bevacizumab), and
effector T-cell killing (e.g., BMS-986016). Most early studies with these combi-
nations have been promising; however, some treatment regimens (e.g., dur-
valumab plus osimertinib, nivolumab plus ipilimumab 3 mg/kg) have had
unacceptable safety profiles and attention should be paid to the potential for new
toxicities with combination immunotherapies.
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Chapter 11
Melanoma Immunotherapy

Gregory A. Daniels

Abstract Two therapeutic pathways have driven the improvement in clinical out-
comes for patients with melanoma, BRAF inhibition, and immune modulation. As
clinical progress continues, there is a convergence of these therapeutic approaches
as a dynamic interface between the tumor and the supporting environment. Immune
therapy drives adaptive changes in tumor oncogenic pathways just as oncogenic
pathways shape the tumor microenvironment. This chapter explores examples of
current and developing therapies at the synapse between intrinsic oncogene signal-
ing and the tumor microenvironment to improve patient outcomes.

Keywords Melanoma ¢ Interleukin-2 ¢ Aldesleukin * Proleukin ¢ Ipilimumab e
Pembrolizumab ¢ Nivolumab e Dabrafenib ¢ Vemurafenib ¢ Talimogene laher-
parepvec ¢ Coxsackievirus A21 ¢ CAVATAK ¢ CVA21 « NKTR214 ¢ Indoleamine
2,3-dioxygenase

11.1 Introduction

This past decade has witnessed dramatic improvements in clinical outcomes for
advanced cutaneous melanoma. The median overall survival for patients with meta-
static disease has changed from 8 to 10 months in 2010 to greater than 24 months in
current clinical trials [1, 2]. This improvement reflects advances in immune thera-
pies and targeted agents (MAPK [mitogen-activated protein kinase] inhibitors).
Appreciating opportunities for future immune therapeutics begins with understand-
ing what we have learned and the current clinical challenges. This chapter provides
a brief overview of current clinical care in immune therapy and highlights examples
of novel immune therapeutic strategies in melanoma.
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Melanoma, like other tumors, develops in the context of a functioning immune
system and utilizes mechanisms to both decrease an antitumor response and pro-
mote a protumor microenvironment [3]. While more than a century has passed since
Paget proposed his seed and soil hypothesis regarding the relationship between
intrinsic growth pathways and the extrinsic signals from the surrounding stroma, his
insights have only recently been effectively translated to the clinic [4]. Ultraviolet
light exposure not only drives melanomagenesis with a high mutation rate but likely
also promotes chronic inflammatory changes selecting a tumor that often thrives
within an immune response [5]. Understanding the dynamic synapse of intrinsic
cancer cell pathways and extrinsic stromal support (including immune editing) has
driven the development of more effective therapies [6].

The inflammatory state of primary melanoma lesions was recognized early as a
prognostic marker (Clark) by the quantitative presence of a natural immune response
to an antigenic tumor. Lymphocytic infiltration (inflamed or “brisk™) is associated
with better clinical outcomes and “nonbrisk” or “absent” infiltrated (noninflamed)
lesions correlate with worse prognosis [7, 8]. Similarly, patients with recurrent or
metastatic disease can be characterized as having inflamed and noninflamed tumors.
This subdivision only begins to address the details necessary to direct therapy. One
model groups melanomas into four categories—adaptive immune resistance (type 1),
immunological ignorance (type II), tolerance (type III) and intrinsic induction (type
IV)—based on tumor infiltrating lymphocytes and PD-L1 expression (Fig. 11.1)
[11]. Within these proposed functional categories will likely be multiple targetable
mechanisms of clinical importance including additional immune regulatory steps
and metabolic pathways.

Melanoma, like other malignancies, is subject to normal immune regulatory
mechanisms of central (thymus) and peripheral tolerance that govern an antitumor
response and shape a pro-tumor microenvironment. Current immune treatments
(checkpoint and cytokine) utilize and expand an already present natural T cell
response. A central challenge in following and understanding the T cell response is
the identification of which antigen-specific T cells drive tumor regression. Melanoma
antigen classes include differentiation-specific proteins involved in lineage specific
functions (i.e., MART1, melanin), tumor testes antigens (i.e., NY-ESO), and neoan-
tigens [12, 13]. Melanoma differentiation antigens and tumor testes antigens are
subject to both peripheral and central tolerance. The driver mutations (MAPK acti-
vating mutations) and the genetic instability allowing melanocytes to gain functions
necessary for the generation of tumors are often associated with novel mutations.
These neoantigens would not be subject to central tolerance, and they rely on
peripheral tolerance mechanisms and are likely the target of current checkpoint
inhibitor therapy [14-16]. Naturally present tumor infiltrating T cells (TILs) fail to
reject the melanoma tumors by the induction of several inhibitory pathways includ-
ing programmed death ligands (PD-L1), indoleamine 2,3-dioxygenase (IDO), and
regulatory T cells (Tregs). Understanding the T cell repertoire and these natural
regulatory loops that interface between the adaptive and innate immune response
will continue to improve the care of melanoma patients.
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Fig. 11.1 Types of tumor microenvironment for tailoring cancer immunotherapeutic modules.
Cancers have been categorized into four different tumor microenvironments based on the presence
of TILs and PD-L1 expression [9, 10]. They are type I (adaptive immune resistance), type II
(immunologic ignorance), type III (intrinsic induction), and type IV (tolerance). This proposed
framework of stratifying tumors is simplistic but allows a platform to discuss the immunotherapeu-
tic strategies best suited to targeting the four different tumor microenvironments. APC, antigen-
presenting cell, M2 M2 macrophage, TH!1 T helper 1

11.2 Current Immune Therapies in Melanoma

Interleukin-2 (aldesleukin, proleukin, IL-2) was the first cancer immunotherapy
approved following the publication of a series of phase 2 trials from the National
Cancer Institute (NCI) demonstrating durable drug free survival in a small percent-
age of patients [9]. Complete response occurs in approximately 5-10% of select
metastatic melanoma patients with the majority of responses lasting decades with-
out further treatment [10, 17]. High-dose IL-2 (600,000-720,000 U/kg every 8 h) is
limited to select patients expected to tolerate the acute toxicity and multiorgan dys-
function [18-20]. Responders to interleukin-2 (IL-2) appear to be distinct from
responders to cytotoxic T lymphocyte antigen 4 (CTLA-4) blocking antibody (ipili-
mumab) as response rates appear similar either following or preceding IL-2 [21, 22].
The position of IL-2 in the sequence of current therapeutic options is unclear.
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While sequence trials are possible with IL-2, the number of patients who could
tolerate standard dosing and single agent toxicity limits the combination options.
Both the combination of B-Raf inhibition (vemurafenib) and close sequencing with
ipilimumab were tested in larger clinical trials but failed to meet accrual goals and
closed early (NCT01683188 and NCT01856023). A small dose escalation and
expansion trial at the NCI combining IL-2 and ipilimumab did not support synergis-
tic activity although this remains unclear [23]. The combination of radiation and
IL-2 remains interesting and the subject of an ongoing clinical trial [24]. The further
use of IL-2 will likely be limited in melanoma unless an alternative dosing scheme
emerges, incorporation of treatments that limit toxicity (vascular leak syndrome), or
the precise mechanism of action is defined to help guide rational combinations and
sequencing.

Engagement of CTLA4 with B7.1 and B7.2 induces T cell tolerance. CLTA-4
blockade enhances the endogenous antitumor response and allows the recruitment
and expansion of tumor infiltrating T cells in both number and diversity (i.e., epit-
ope spreading) [25, 26]. The precise clinical mechanism of how blockade brings
this about remains unclear and may involve lowering the activation threshold of T
cells (allows continued engagement of CD28 with the ligands CD80 (B7.1) and
CDS86 (B7.2)), modulating Tregs, activating CD4+ cells, or enhancing antigen cross
presentation from dendritic cells [27, 28]. Ipilimumab (human IgGl) blocks
CTLA-4 binding to its ligands and was approved in 2011 as a single agent (3 mg/kg
every 3 weeks for 4 doses) in patients with metastatic melanoma after demonstrat-
ing improved overall survival compared to vaccination or chemotherapy in second-
and first-line therapy [29, 30]. Long-term follow-up demonstrates approximately
20% of the treated patients maintain responses with a survival plateau evident
around 3 years and extending beyond 10 years in the absence of continued therapy
[31]. The clinical benefit of ipilimumab reflects the expansion of an antigen-specific
immune response to tumor antigens. Interestingly, while the vaccines and chemo-
therapies utilized in the early clinical trials did not appear to improve response to
ipilimumab, radiation as well as other tumor ablation strategies may add to the clini-
cal benefit of ipilimumab therapy in melanoma (discussed later). Thus, strategies
that promote productive antigen exposure may enhance ipilimumab activity.

Interfering with a central mechanism of peripheral tolerance has consequences—
immune related adverse events (irAEs). These clinical events include inflammatory
colitis, dermatitis, hepatitis, and endocrinopathies among others [32]. Autoimmune
reactions reflect the breakdown of immune tolerance driven by the development of
broader immune reactivity.

Despite some correlation between immune adverse events and clinical benefit,
many more patients demonstrate enhanced tumor T cell infiltration without clinical
response upon blocking CTLA-4 [33]. We are beginning to understand some of the
innate and acquired limitations to an effective antitumor response in patients with
ipilimumab [34, 35]. While a high tumor mutation burden favors response, genome
analysis from responders and nonresponders to ipilimumab utilizing algorithms to
predict specific neoantigen signatures associated with response have been conflicting
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[15, 36]. One important step preventing clinical benefit appears to be mediated by a
second checkpoint molecule—programed death 1 [37, 38].

Programed death 1 (PD-1) is present on T cells and engagement with ligand
(PD-L1 or PD-L2) on tumor or stromal cells within the microenvironment decreases
the antitumor response. Use of anti-PD-1 monotherapy (either pembrolizumab or
nivolumab) demonstrates improved survival, overall response rates, and safety com-
pared with either chemotherapy or ipilimumab monotherapy [39—41]. The phase 3
Keynote 006 showed response rates to pembrolizumab monotherapy to be approxi-
mately 37% with 1- and 2-year progression free survival of 38% and 28% [42].
Long-term safety and survival data with pembrolizumab from Keynote 001 demon-
strated a grade 3—4 toxicity rate of about 17% with a 3-year progression free sur-
vival of 30% in previously untreated patients [43]. Of the patients who achieved a
complete response, a percentage of them stopped therapy after an average of about
23 months and were observed. Most patients (59 of the 61) observed off pembroli-
zumab maintained a complete response at 10 months (Robert ASCO 2016).
Continued follow up will better clarify the number of patients who ultimately transi-
tion to long-term disease-free and treatment-free survival with single agent PD-1
blocking therapy.

Predicting which melanoma patients will respond to PD-1 blockade monother-
apy remains a clinical challenge. The presence of PD-L1 correlates with interferon-y
producing infiltrating tumor specific T cells (TILs) with only a small number of
melanoma tumors that are PD-L1 positive and TIL negative [44]. Demonstrating
PD-L1 by immune histochemistry would be expected to mark patients who would
benefit from anti-PD-1 blocking therapy. However, while staining for PD-L1 does
enrich for patients more likely to respond to PD-1 blocking antibodies, current
assays show this to be neither sufficient nor necessary in melanoma [45]. Many fac-
tors likely contribute to poor assay predictability including the dynamic response of
PD-L1, heterogeneous expression, detecting antibody variation, and the presence of
additional immune checkpoints. As in other tumor types, high tumor mutation rates
correlate with PD-1 blockade response in melanoma. Additionally, flow cytometry
prior to and during therapy suggests patients with a high percentage of CD8+ TILs
co-expressing high levels of surface PD-1 and CTLA-4 respond to anti-PD-1 mono-
therapy [46]. The absence or presence of additional surface markers including
TIM-3 and LAG-3 divide lymphocytic populations into exhausted (but responsive
to PD-1 blockade) and super exhausted (no longer responsive to PD-1 blocking
therapy) [47]. Another approach uses the inflammatory signature focused upon
IFN-y signaling, T cell markers, and antigen presentation machinery to identify who
would likely respond to PD-1 blockade alone [48]. Lack or loss of IFN-y signaling
is associated with a lack of PD-1 blockade response. Lastly, clinical parameters
including LDH (lactate dehydrogenase), age, sex, extent of disease, and prior treat-
ment history also reflect the likelihood of response [49]. Continued refinement with
incorporation of other patient and tumor variables will improve the predictive power
of these assays to identify those patients most likely to benefit from monotherapy
PD-1 blockade.
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Talimogene laherparepvec (Imlygic or TVEC) is an engineered oncolytic herpes
simplex virus (HSV) type | expressing a transgene for human granulocyte macro-
phage colony-stimulating factor (GM-CSF) approved in 2015 for direct intralesional
injection into accessible skin and lymph node metastasis in patients with advanced
unresectable melanoma. Gene modifications promote selective tumor replication
(lower expression of neurovirulence factor gene (/CP34.5)), antigen expression
(deletion of /ICP47), and dendritic cell activity (GM-CSF transgene) locally to pro-
mote an inflammatory T cell response [50]. Interestingly, tumor cells that loose
IFN-y signaling are more susceptible to oncolytic viral destruction and thus may
partner well with immune check points (discussed later) [51].

Intralesional injections are associated with mild adverse events (AEs) with only
3% grade 3 or 4 events [52]. A randomized phase III trial of stage III and IV patients
established a single agent durable response rate (CR [complete response] or PR
[partial response] lasting >6 months) of 16% and an overall response rate of 26% [53].
Responses were observed in both injected and not injected lesions (15% of the
evaluable not injected lesions decreased by 50% or more). No significant overall
survival advantage was seen for patients with a median overall survival of
23.3 months for Talimogene laherparepvec and 18.9 months for GM-CSF. Unplanned
subgroup analysis suggested that patients who were treatment naive or had lower
burden of disease had a higher clinical benefit. Talimogene laherparepvec is an
option in patients with unresectable stage III or limited stage IV melanoma early in
the treatment course but appears to have low clinical value in patients with a high
burden of disease as a single agent.

11.3 Combination Checkpoint Therapy (CTLA-4 and PD-1)

The combination of ipilimumab plus nivolumab sets the current bar for treatment-
free, cancer-free survival. Wolchok et al. reported a landmark phase 1 dose escala-
tion study examining either sequenced or concurrent ipilimumab and nivolumab
followed with dose expansion in metastatic melanoma patients between December
2009 and February 2013 [54]. The majority of treated patients responded and a large
fraction achieved deep and durable responses. Toxicity was equally enhanced rela-
tive to sequential therapy or monotherapy with either ipilimumab or nivolumab. It
should be noted in this phase 1 trial that some patients had nivolumab continued
every 3 weeks for four doses after the combination was given and the combination
could be repeated every 12 weeks.

The largest combination study, CheckMate 067, randomized 945 treatment naive
metastatic melanoma patients to either monotherapy with ipilimumab (3 mg/kg) or
nivolumab (3 mg/kg) or concurrent ipilimumab (3 mg/kg) and nivolumab (1 mg/kg)
followed by maintenance nivolumab (3 mg/kg every 2 weeks until progression or
toxicity) [55]. Patients were stratified with respect to PD-L1 staining (Dako clone
28-8), BRAF mutation status, and extent of disease (M0, M1a, or M1b versus M1c).
Eighteen-month follow up at ASCO 2016 demonstrated improvement in
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progression-free survival in the intent-to-treat population (primary endpoint) for
ipilimumab plus nivolumab (46%) compared with nivolumab (39%) and ipilim-
umab (14%) monotherapy [56]. Similar progression-free survival was observed in
patients expressing >5% tumor PD-L1 staining in patients treated with ipilimumab
plus nivolumab or nivolumab monotherapy while the combination appeared superior
in the PD-L1 negative tumor staining population for the endpoint of progression-
free survival. As the toxicity of the combination treatment remains significantly
higher than that with either monotherapy, it will be critical to further define the popu-
lation of patients appropriate for combination therapy including which patients
would likely respond (additional markers beyond PD-L1 immune histochemistry),
the role of maintenance nivolumab, toxicity predictors, and the long-term outcomes.
A second large clinical trial, CheckMate 069, examined 142 treatment naive patients
randomized 2:1 to ipilimumab (3 mg/kg) plus either nivolumab (1 mg/kg) or placebo
followed by continued maintenance nivolumab (3 mg/kg) or placebo [2, 57]. The com-
bination again demonstrated improved response rate (64% versus 11%) and progres-
sion-free survival (Not Reached (NR) versus 4.4 months) over ipilimumab alone in
BRAF wild type patients at a follow up period of 11 months. Patients who experienced
a grade >3 drug-related adverse event and discontinued treatment had an overall sur-
vival in the ipilimumab plus nivolumab arm of 71% compared to 64% (total combina-
tion arm) or 54% with ipilimumab alone (Hodi ASCO 2016) [58]. Surprisingly, the
2-year progression-free survival was approximately 50% for combination therapy in
patients regardless of continued nivolumab monotherapy versus 12% in the ipilimumab
arm. These data suggest that up to half of patients who stop therapy due to significant
dose-limiting irAEs require no additional therapy beyond the initial 1 to 4 doses of
induction with the combination. This finding will need to be confirmed with the contin-
ued follow up of the larger data sets. The optimal dosing, schedule, and combinations of
currently available immune checkpoint therapies in melanoma remain unknown.

11.4 Sequencing of Therapies

Melanoma patients have multiple treatment options and often have exposure to both
targeted and immune therapies during the course of care. Targeted molecular agents
have transformed oncology as much as immune modulators. BRAF gene activating
mutations occur in roughly 50% of cutaneous melanoma patients and mitogen-
activated protein kinase (MAPK) inhibition by either B-Raf inhibitors (vemurafenib
or dabrafenib), Mek inhibitors (cobimetanib or trametanib), or a combination of
B-Raf and Mek has relatively high response rates, rapid improvement in cancer-
related symptoms and improvement in overall survival [59, 60]. Patients with high
volume or symptomatic melanoma may not be appropriate candidates for upfront
immune therapy and exposure to targeted agents is effective for providing clinical
benefit and lowering the tumor burden for possible subsequent immune modulation.
Choosing between therapies not only depends upon the clinical goals of the
patient but also that the order of therapies may influence outcomes to subsequent
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treatment. A brisk tumor lymphocytic infiltration occurs early in the treatment of
melanomas containing an activating BRAF mutation exposed to MAPK pathway
inhibitors [61]. The infiltration, predominantly T cells, decreases upon progres-
sion on MAPK inhibitor therapies. The dynamic changes in infiltration suggest
that the clinical benefit of B-Raf-directed therapy may have an immune compo-
nent and the development of resistance could alter response to subsequent immune
treatments that rely on immune cell infiltration. Several lines of research outlined
as follows support this concern.

Lo et al. evaluated the genomic, transcriptional, and phenotypic changes in mela-
noma patients undergoing MAPK directed therapy in two provocative studies [62, 63].
Patients who acquired MAPK inhibitor resistance experienced intratumoral T cell
exhaustion and depletion correlating with CSFIR and CD163 expression on macro-
phages with loss of IFN-y driven expression of CD8a+ T cells. In a second study,
the group demonstrated a transcriptional signature correlating with innate anti-PD-1
resistance (IPRES) involving genes in mesenchymal transition, angiogenesis,
hypoxia, and wound healing. These same signatures are induced in melanoma
tumors treated with MAPK inhibitors. The authors suggest that targeted therapies
could negatively impact sequential and concurrent immune therapy depending upon
the timing and length of exposure.

If resistance to MAPK inhibitors is associated with resistance to subsequent
immune modulation (at least PD-1 blockade), a possible solution would be to limit
exposure to MAPK inhibition rather than treatment until the development of resis-
tance. To this end, a phase 2 trial tested a 6-week induction with vemurafenib prior
to ipilimumab (10 mg/kg induction and subsequent maintenance) in 46 patients [64].
The toxicities were as expected for the single agents but a suggestion of an improve-
ment in response rate at the end of ipilimumab induction compared to historical
controls. The size and follow up presented is not sufficient to assess the clinical
value of this sequence. The sequential use of vemurafenib followed by ipilimumab
was better tolerated than the combination of vemurafenib and ipilimumab [65]. A
critically important study sponsored by the Eastern Cooperative Oncology Group
(NCT02224781) randomizes metastatic melanoma patients with activating BRAF
mutations to either dabrafenib plus trametanib followed by ipilimumab plus
nivolumab at progression or to ipilimumab plus nivolumab followed by dabrafenib
plus trametanib at progression. This trial will better define the clinical influence of
sequencing targeted MAPK inhibitors with existing immune therapies.

Equally unclear is the influence the sequence of current immune checkpoints and
cytokine therapy has upon patient outcomes. A randomized phase 2 trial suggested
improved outcomes in patients with the sequential exposure of nivolumab followed
by ipilimumab compared to the reverse with ipilimumab followed by nivolumab
(CheckMate 064) [66]. The reason for this difference is unclear as all patients
received subsequent nivolumab therapy and thus, the patients on the “nivolumab
first arm™ had two time points where they may have had significant exposure to both
ipilimumab and nivolumab in combination compared to once on the “ipilimumab
first arm.” Further data is needed to clarify the optimal sequence of PD-1 and
CTLA-4 blocking therapy.
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11.5 Strategies to Manage Toxicity

A challenge for current immune checkpoints and cytokines is the overlap between the
mechanism of antitumor response and immune related adverse events (irAEs). While
novel combinations and agents will likely increase the number of responding patients
with possibly improved toxicity profiles, a second strategy focuses upon current treat-
ments including alternative dosing and routes of delivery to improve tolerability. Early
recognition and management of irAEs limits toxicity and shortens the time of immune
suppression required [32, 67]. Current strategies used to attenuate immune activation
are broadly immune suppressive and rely on high doses of corticosteroids, mycophe-
nolate mofetil, and TGFp blocking antibodies (infliximab).

While immune suppression particularly with corticosteroids is effective in limiting
most irAEs to 4 to 8 weeks, these agents may attenuate the anticancer response. Several
strategies attempt to limit systemic immune suppression. The addition of the nonabsorb-
able steroid, budesonide, to ipilimumab treatment appears to have had little impact on
the rates or severity of autoimmune colitis [68]. However, just as in inflammatory bowel
management, earlier introduction of disease modifying steroid sparing agents may be a
valid strategy. A trial to examine infliximab and lower dose steroid exposure compared
to higher dose steroids is ongoing (NCT02763761). Hodi et al. reported a randomized
phase 1II trial of ipilimumab (10 mg/kg dosing with maintenance) with or without
systemic GM-CSF (sargramostim) in patients with metastatic melanoma enrolled
between December 2010 and July 2011 with results reported in December 2012 [69].
This time frame is prior to the availability of PD-1 therapies. Interestingly, the
investigators found that while overall progression-free survival was the same
(3.1 months), the addition of GM-CSF resulted in improved overall survival and lower
toxicity. This study raises several provocative questions regarding the mechanism of
improved outcomes ranging from improved antigen presentation to improved toxicity
driven survival. GM-CSF could limit toxicity due to the tolerizing impact on inducing
myeloid-derived suppressor cells [70]. A similar trial is ongoing examining ipilimumab
plus nivolumab combination therapy with GM-CSF (NCT02339571).

Other strategies to manage irAEs include examining agents used in allograft rejection
or autoimmune disease management that may have a more selective immune suppres-
sion. For example, toclilizumab (anti-IL6R antibody) is used to treat moderate to severe
rheumatoid arthritis and was used successfully to treat a patient with Crohn’s disease
exacerbation due to anti-PD-1 therapy [71]. While the changes in treatments and out-
comes in the last 10 years for melanoma patients is nothing short of revolutionary, more
needs to be done to understand and manage the toxicities associated with treatments.

11.6 Acquired and Innate Resistance to Immune Therapy

Identifying the mechanisms of both innate and acquired resistance will be critical to
improve patient outcomes. Long-term disease-free survival is achieved only in a
fraction of patients by adoptive cell therapy, high-dose interleukin-2, or checkpoint
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blockade. At least half of melanoma patients who initially achieve a response to
PD-1 monotherapy acquire resistance [43]. Resistance mechanisms include target
antigen loss, immune exclusion, and induction of other resistance pathways
(Fig. 11.1). Loss of interferon responsiveness occurs in some patients progressing
with either CTLA-4 or PD-1 blockade with changes observed in expression or
mutations in beta 2 microglobulin and JAK1 or JAK2 [47, 72, 73]. Analysis of ipili-
mumab (CTLA-4) responders and nonresponders samples identified genomic
changes in the IFN-y pathway genes including IFNGR1, IRF1, JAK2 and IFNGR?2.
Defects in the IFN-y pathway genes have been similarly observed in patients pro-
gressing after adoptive cellular therapy, high-dose interleukin-2 and PD-1 blockade
[74-76]. Interestingly, changes in JAK1 or JAK?2 are associated with primary resis-
tance to PD-1 treatment suggesting that selection occurred in the development of
the expanding tumor. Tumors that lack interferon receptor signaling may have a
selective advantage in avoiding activated T cells. Loss of JAK1 or JAK2 may also
decrease T cell migration to the tumor. T cell mediated tumor killing involves the
IFN-y pathway and defects in this pathway allows tumor progression. Strategies to
reverse interferon resistance (i.e., epigenetic, intralesional treatments) may over-
come primary and acquired resistance to immune therapy in some patients. An addi-
tional challenge will be the heterogeneous nature of solid tumors and ongoing
dynamic adaptive changes (immunoediting). While monitoring IFN-y pathway
signatures may function as a biomarker directing therapy choices; this will be chal-
lenging. Improved techniques to monitor the tumor adaptive responses to treatment
will ultimately guide rational combinations to improve the percentage of long-term
responders.

11.7 Novel Therapeutics

Novel agents provide an opportunity to expand the number of patients not addressed
by current therapies and improve outcomes with lower toxicity. A fraction of mela-
noma tumors are resistant to current checkpoints due to poor immunologic response
(innate resistance) or acquired resistance as outlined earlier (Fig. 11.1). Strategies to
enhance immune recognition of tumors lacking a natural immune response could
improve outcomes and provide additional partners with current checkpoints. Critical
to this will be the understanding of why some melanomas lack immune cell infiltra-
tion. This could be due to lack of tumor recognition or by active immune exclusion.
Tumors lack T cell recognition due to central and peripheral tolerance mechanisms.
Most current and developing immune treatments focus on interrupting peripheral
tolerance mechanisms employed by tumors [77]. Cell-based therapy including
chimeric antigen receptors, TCRs, bispecific antibodies, and neoantigen enriched
products may allow us to address central tolerance.

Adoptive T cell therapy (ACT) mediates tumor regression in melanoma that can be
durable and complete with up to 40% percent of patients achieving cancer control at
5 years. Current protocols pioneered at the NCI surgery branch by Rosenberg et al.
employ autologous TILs from surgical resections that are expanded ex vivo to generate
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a patient specific product. To date, the best activity has been with unselected bulk TILs
infused following lymphodepletion and subsequent high-dose bolus interleukin 2 [78].
However, several areas limit the number of patients appropriate for treatment including
efficient generation of cells and the intensity of therapy. Strategies to improve adop-
tive cell therapy include enrichment of tumor reactive cells and subsequent treatments.

Identification of antigens associated with tumor regression and particularly the
identification of the critical tumor reactive T cells has been elusive. Functional identifi-
cation may allow for improvement in cell product generation by enriching for naturally
occurring tumor reactive T cells. Characterization of CD8+ TILs expressing exhaus-
tion markers (PD-1, LAG-3, and TIM-3) identifies clones targeting mutated tumor
antigens [79]. A second approach relies upon reactivity selection by tumor sequencing
and identification of neoantigens to enrich for tumor reactive TILs [80]. Treatment of
patients prior to TIL harvest with therapies that promote an increase in TIL-engraftment
could improve the number of patients who have successful product or lower the amount
of material needed for TIL treatment. These could include intralesional treatments,
radiation, targeted agents, or checkpoint exposure.

Conditioning or subsequent therapy may improve adoptive cell therapy (ACT)
activity. Lymphodepletion with chemotherapy prior to cell infusion enhances adoptive
cell activity but the mechanism remains poorly understood [81, 82]. While many
mechanisms have been suggested, including elimination of a cytokine sink or provid-
ing space to allow for proliferation and activation of T cells, lymphodepletion likely
decreases the natural regulatory loops including regulatory cell populations and
checkpoint stimulation. As TILs represent a selected product dependent on the infil-
trating natural T cell immunity, the same adaptive checkpoints may ultimately limit T
cell product activity. To this end, blocking PD-1 (or IDO or Tregs) may allow for
further enhancement of autologous cell therapy. The surgery branch is examining the
safety and activity of PD-1 blockade following standard TIL (NCTO01174121). To
date, autologous ACT requires treatment with bolus HD IL2 following infusion.
Alternative IL2 dosing, formulations, or cell modification could improve tolerability.

11.8 Cytokines

Proinflammatory cytokines provide a “third” signal in the immune response and
may be an important tool to expand and activate the natural immune infiltrate (T and
NK cells) particularly in tumors with low infiltration. Optimal cytokine dosing,
alternative formulations, and combinations with checkpoints are being explored.

11.8.1 Interleukin-2

Recombinant high-dose interleukin-2 leads to durable immune mediated responses
likely by driving the development of effector T cells but at the cost of low response
rates and high acute toxicity. Several strategies have attempted to improve this nar-
row therapeutic window.
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The prodrug NKTR214 consists of interleukin-2 (aldesleukin) conjugated to
polyethylene glycol (PEG), which decreases the binding of IL-2 to the high-affinity
receptor IL2aR (CD25) [83]. Response to bolus IL-2 is associated with a relative
decrease in circulating Tregs [84]. NKTR214 undergoes hydrolysis of the PEG moi-
eties to generate an active single PEG-conjugated molecule that favors T effector
memory cell stimulation over Treg generation. As Tregs depend upon growth sig-
nals from IL-2 via the high-affinity IL-2 receptor, limiting the generation or survival
of Tregs by differential binding may be a strategy to increase the response to IL-2.

A phase 1 dose escalation study in a variety of solid tumors including melanoma
and renal cell carcinoma was presented at SITC 2016 by Bernatchez et al. [85]
While hypotension was observed, toxicities were modest relative to high-dose bolus
IL2. Biomarker evaluation demonstrated a transient increase in circulating but not
tumor Treg cells and an increase in infiltrating PD-1+, CD8+ T cells, and NK cells
at 3 weeks. The demonstration of increases in TILs and PD-1+ cells has prompted
clinical evaluation of NKTR214 in combination with the PD-1 blocking antibody
nivolumab (NCT02983045).

Ipilimumab may deplete Tregs and thus may be a rational partner for interleukin-
2. The NCI performed a dose escalation of ipilimumab with bolus IL-2 at 720,000 IU/
kg/dose [23]. Responses were observed in all cohorts and in 5 of 24 patients (21%)
in the ipilimumab 3 mg/kg group. The investigators concluded that the response rate
was similar to what one would expect for each of the single agents and toxicity was
moderate with an overlap of immune related adverse events. This small study how-
ever leaves open the question of alternative dosing in this combination. A larger
study examining the sequencing of ipilimumab and bolus interleukin-2 in mela-
noma was terminated due to lack of accrual (NCT01856023).

11.8.2 Interleukin-12

Interleukin-12 mediates antitumor response and stimulates T helper 1, NK, NKT,
and CDS8 T cells [86]. However, the toxicity of this proinflammatory cytokine has
limited its clinical development to intralesional approaches (see local therapy dis-
cussion with plasmid IL-12) and to activate cell products with gene transfection into
autologous TILs [87, 88]. While gene transfer effectively enhanced T cell activity,
transfected cells were difficult to produce, showed poor persistence, and patients
experienced systemic toxicities.

11.8.3 Interleukin-15

Interleukin-15 shares the f—chain (CD122) and y—chain (CD132) receptors with
IL-2 but has a unique a—receptor (CD215) [89]. Interleukin-15 has a similar proin-
flammatory profile as IL-2 without the induction of Treg cells. A phase 1 trial of
human recombinant IL-15 demonstrated redistribution and expansion of NK, y8 T
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cells and CD8+ effector memory cells with dosing of 3 mcg/kg/day bolus for
12 days [90]. Stable disease was the best response in this safety trial of metastatic
melanoma and renal cell cancer patients. However, toxicity was limiting and alter-
native dosing schemes are being pursued. In addition, the complex of IL-15 and
IL-150aR (hetIL-15) is in phase 1 trials (NCT02452268); so is IL-15 complex (ALT-
803) for melanoma and other solid tumors (NCT01946789) [91].

11.8.4 Interleukin-21

Similar to interleukin-2 and interleukin-15, interleukin-21 stimulates both innate and
adaptive immune cells mediating antitumor responses dependent on NK and CD8+
T cells [92]. Like interleukin-15, interleukin-21 lacks Treg stimulation and may
enhance the generation of T effector memory cells. Both phase I and II trials have
been completed utilizing an outpatient regimen of between 30 mcg and 50 mcg/day
bolus infusions three times per week [93, 94]. Toxicity was generally grade 2 or less
at these doses and included flu-like reactions, pruritus, and rash. Single agent activity
was modest with overall response rate in the 40 patients reported in phase II of 23%
and a duration of response around 5 months [94]. Unfortunately, interleukin-21
failed to show a benefit over dacarbazine in a randomized trial [95].

11.9 Local Ablative Techniques

Metastatic melanoma often affords the opportunity to access tumors in the skin or lymph
nodes for local therapy [96]. Intralesional therapy provides an opportunity to improve
antigen release by cell killing, increase innate stimulation, and promote a broader adap-
tive response. T cells recognize antigen in the context of MHC and co-stimulation.
Density, avidity, and context of antigen presentation influence T cell quantitative and
qualitative responses. Several strategies focus on shifting antigen release to generate or
enhance antitumor T cell response. Critical to this process is presenting antigen in the
correct context to promote priming and activation of T cells. Successful intralesional
strategies in melanoma promote antigen release in the context of “danger signals” and
promote acute inflammation.

Therapeutics for local unresectable melanoma have two goals: (1) control local
tumor spread and (2) generate or enhance systemic immunity as local and distant
recurrence is common. Clinical trials of local ablation in melanoma include infectious
agents, DNA-encoded immune stimulants, chemotherapy, cytokines, and other
danger signals including endogenous and pathogen-associated molecular patterns.
The examples highlighted include a few of the agents that utilize inflammatory
killing to activate innate pathways to promote an in situ adaptive immune response.
In situ vaccination can promote T cell expansion or trafficking of tumors that lack
sufficient natural immunity needed for checkpoint or cytokine agents due to low
antigenicity or immune exclusion.



320 G.A. Daniels
11.9.1 Rose Bengal

Intralesional injections of rose bengal (PV-10 = 10% solution in 0.9% saline) has
clinical activity in patients with injectable lesions leading to lysis of tumor cells and
induction of tumor-specific T cell response [97]. Used medically since the 1920s,
this xanthine dye appears to mediate tumor cell killing by generating reactive oxy-
gen species and inducing autolysis. Adverse events include local injection site reac-
tions as well as skin discoloration, vesicles, pruritus, pain, and edema. Like many
local injection strategies, injected and nearby lesions had a high rate of response but
distant disease control was modest [98]. PV-10 is being evaluated as a single agent
and in combination with checkpoint inhibitors (NCT02288897 and NCT02557321).
As a noninfectious, nonbiologic agent, rose bengal and other small molecule stimu-
lants (i.e., TLR agonist) have an ease of use and potential cost advantage relative to
biologic injectable agents.

11.9.2 Cytokines

Several cytokines (IL-2, IL-12, IL-15, and IL-21) enhance the activation and expan-
sion of naive T cells undergoing TCR binding and co-stimulation, and have been
examined as intralesional therapy. Intralesional cytokines have been used as either
direct protein injections or as intralesional gene therapy products. Intralesional
interleukin-2 promotes frequent regression of melanoma with injected lesion but
requires frequent injection and clinically significant impact on distant disease is
rare [99]. Plasmid encoded IL-2 injected in lipid nanoparticles was designed to
provide sustained IL-2 exposure with improved local control and possible systemic
disease benefit [100]. The lipid component likely also provided local innate immune
stimulation.

Intralesional IL-12 similarly utilized a plasmid construct but relied on electro-
poration for gene delivery [101]. Again, local tumor regression was observed cor-
relating with enhanced intratumoral immune response marked by IFN-y and CD8+
T cell infiltration. A phase 1 study found therapy well tolerated (transient pain at the
treated site) with increased lymphocytic infiltration associated with target lesion
necrosis. Both near and distant sites of melanoma were noted to respond. A subse-
quent trial combining IL-12 electroporation and pembrolizumab was associated
with increased IFN-y expression as well as T cell and NK cell trafficking to tumors
in responders [102]. Responders demonstrated an increase in T cell clonality rela-
tive to nonresponders with investigator assessed response in the 22 patients exam-
ined of 43% at 12 weeks. It is interesting to note that the study utilized pretreatment
biopsies to identify patients with a low percentage of CD8+ TILs coexpressing high
levels of surface PD-1 and CTLA-4, who were therefore unlikely to respond to
PD-1 blockade monotherapy.
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11.9.3 Intralesional Biologic Agents

Talimogene laherparepvec in combination with either ipilimumab or pembrolizumab
appears well tolerated in early clinical reports with toxicity similar to single agent
therapies [103]. A phase 1b/2 trial of TVEC combined with standard ipilimumab
(3 mg/kg for 4 infusions) reported preliminary data in 18 patients at ASCO 2015 with
responses in injected and uninjected lesions along with a progression-free survival of
greater than 50% at 18 months. The randomized phase 2 of combination therapy com-
pared to ipilimumab alone is ongoing (NCT01740297) with interim analysis reported
for 82 patients having an overall response rate of approximately 36% for combination
and 18% with ipilimumab alone. Similarly, the phase 1b portion of TVEC in combi-
nation with pembrolizumab in unresectable stage IIIB to IVM1c (MASTERKEY-265)
reported an overall response rate of 57% with 24% complete responders in the first 21
patients discussed at ASCO 2016. The phase III portion is ongoing with a planned 660
patients randomized to either TVEC and pembrolizumab or pembrolizumab alone
(NCT02263508). A second oncolytic herpes type 1 virus in clinical testing, HF-10, is
also undergoing phase 2 evaluation in combination with ipilimumab (NCT02272855)
with similar safety reports as the individual agents and response rates (43 patients
assessed at 24 weeks) of approximately 42%.

Coxsackievirus A21 (CAVATAK or CVA21) is a naturally occurring nongeneti-
cally modified bioselected virus with oncolytic activity [104, 105]. CVA21 has been
administered either intratumoral or intravenously in melanoma patients in several
phase 1 studies and a completed open label phase II trial involving 70 patients with
advanced unresectable or metastatic melanoma [106, 107]. Intratumoral injection
has been well tolerated with no grade 3 or higher toxicities. The primary endpoint
of progression-free survival at 6 months was 38.6% with complete and partial
responses of approximately 21%. Pre- and post-injection biopsies documented
increased intratumoral immune cell infiltration characteristic of an interferon driven
response with expression of PD-L1 and other checkpoint markers (LAG-3, TIM-3
and IDO). The induction of CD8+ infiltration along with chemokines and check-
points correlated with response [108]. Ongoing combination trials include a phase I
study examining intravenous CVA21 and pembrolizumab in solid tumors (including
melanoma) and a phase I/II study of intratumoral CVA21 and ipilimumab. Curti
et al., reported data on 22 patients at AACR 2017 with the combination of virus and
ipilimumab. Two patients experienced grade 3 adverse events of fatigue and liver
enzyme elevation consistent with ipilimumab induced irAEs while demonstrating a
best overall response rate of 50% including 4 responses in the 11 patients previously
treated with checkpoint blockade. The phase 2 study is ongoing (NCT02307149).

Generation of a robust T cell response depends upon the activity of the innate
immune cells. While many other intralesional agents are in clinical development not
discussed here, a fraction of patients with unresponsive non-T-cell-inflamed tumors
appear to lack innate cell activation due to low stimulation in the recently identified
stimulator of IFN genes (STING) pathway. Agonists of STING (cyclic dinucleo-
tides) have been identified and are entering clinical trials [109]. Intralesional STING
agonists would be expected to enhance an adaptive immune response but may also
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induce adaptive resistance. Thus, STING could offer a rational partner with check-
point inhibitors in patients lacking an adequate antitumor response due to low innate
immune engagement. Lack of innate stimulation may however be only one of many
barriers preventing tumor inflammation. Other mechanisms preventing the genera-
tion of a natural immune response may be more challenging to overcome and
include lack of unique tumor antigens and immune exclusion by the activation of
metabolic pathways including the WNT/B—catenin pathway [110]

11.9.4 Other Tumor Ablation Strategies

Not all lesions are amenable to intralesional injection and other ablative tech-
niques including external beam radiation, ultrasound and thermal ablation can be
utilized. External beam techniques are attractive, noninvasive strategies to induce
antigen release. As the context of antigen release is likely critical, the timing, dose,
and location of ablation need to be biologically optimized [111]. Radiation dosage
will influence the balance of apoptotic cell death (relatively immune tolerizing) and
necrosis (immune stimulatory). Stereotactic body radiotherapy (SBRT) or hypo-
fractioned radiation would be expected to promote more tumor necrosis than apop-
tosis. SBRT was applied to patients with metastatic melanoma and RCC immediately
prior to standard high-dose interleukin-2 therapy demonstrating safety and possible
improved clinical response rates [24]. A larger confirmatory study is ongoing
(NCTO02306954). Similarly, retrospective analysis suggests that combining radia-
tion with checkpoint therapy (particularly anti-CTLA-4) improves patient outcome
with many ongoing studies looking to confirm.

11.10 Combination Metabolic and Immune Modulation

The approval of vemurafenib and ipilimumab revolutionized melanoma care and
combination studies quickly evaluated the possible benefits of concurrent therapy
[112]. As mentioned earlier, treatment of BRAF mutated tumors with oral tyrosine
kinase inhibitors (vemurafenib or dabrafenib) alone or in combination with Mek
inhibitors (cobimetanib or trametanib) results in early clinical response, improve-
ment in symptoms, and extension of survival in patients whose melanoma tumors
poses an activating BRAF mutation. Activating mutations occur in B-Raf to drive
tumor growth via MAPK signaling in approximately half of all cutaneous melano-
mas. While some patients continue to benefit beyond 3 years of therapy, resistance
generally develops with a medium progression free survival of 7 to 11 months [59,
60]. Thus, the hope was to combine the early and robust response of targeted agents
with the durable benefits seen with immune therapies. Several combination studies
have been completed or are ongoing to explore the optimal use of these agents with
some early limiting toxicity combining vemurafenib with ipilimumab observed [65,
113]. Combining pembrolizumab (PD-1) with dabrafenib plus trametanib appears
tolerable and safe in phase 1. There are two ongoing phase 2 trials examining differ-
ent dose exposures to MAPK inhibition (NCT02130466 and NCT02625337).
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11.11 Developing Checkpoints

Indoleamine 2,3-dioxygenase (IDO) is a metabolic enzyme originally identified as
immune modulatory in fetal protection from maternal T cells and more recently as
a barrier to cancer immune therapy in a variety of tumors including melanoma
[114]. IDO expression in primary tumors, draining lymph nodes, and metastatic
deposits correlates with tumor progression and worse outcome in patients with mel-
anoma [115]. Depletion of tryptophan promotes the conversion of naive T cells to
Treg cells. However, treatment of metastatic melanoma patients with inhibitors of
IDO alone has shown little clinical activity [116]. IDO expression is induced in
tumor cells and antigen presenting cells (macrophages and dendritic cells) by
inflammatory signaling including IFN-y and appears to be induced with either anti-
CTLA-4 or anti-PD-1 therapy [117].

Indoximod (NewLink genetics) appears to be safe and have clinical activity when
combined with immune checkpoint inhibitors in a phase Ib/II trial (NCT02073123)
with indoximod 1200 mg twice daily concurrent with either CTLA-4 or PD-1 block-
ade. Interim data at the annual meeting of the American Association of Cancer
Research (AACR) 2017 showed an overall response rate of 52% (31/60) and 10%
complete responses. Most patients were treated with standard pembrolizumab 3 mg/
kg every 3 weeks and approximately doubled the monotherapy response rate previ-
ously reported in Keynote 006 of 33% [42].

As discussed in detail in other chapters, numerous other checkpoints mark the
presence of an antitumor immune response and are possible targets for modulation
[27, 118]. Both T cell immunoglobulin and mucin-3 (TIM-3) and lymphocyte acti-
vation gene 3 (LAG-3) appear co-expressed in tumor T cell samples with preclinical
support as targets to enhance an antitumor immune response particularly in combi-
nation with PD-1 blockade. TIM-3 is expressed on monocytes, activated T cells, and
NK cells and appears coincident with PD-1 to mark a more exhausted TIL popula-
tion [119]. Antibodies to TIM-3 promote autoimmunity and enhanced tumor rejec-
tion in preclinical models. Trials are ongoing (NCT02817633). Preclinical studies
suggest improved antitumor responses in combination with anti-PD-1 and anti-
LAG-3 compared to anti-PD-1 monotherapy [120]. Many other blocking antibodies
of checkpoints and stimulatory antibodies of proinflammatory signaling are just
entering trials but clinical data is not available.

11.12 Adjuvant Therapy

Adjuvant therapy treats microscopic disease to lower the risk of recurrence with the
goal of improving not just disease-specific but also overall survival of patients.
Systemic administration of IFN-a2b was approved after demonstrating both improved
disease-free and overall survival in high-risk patients although subsequent trials
have suggested that this clinical benefit modest [121]. Vaccines from a variety of
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sources and targets (peptide, glycoproteins, autologous cells, and allogeneic cells)
are well tolerated but to date lack significant clinical benefit in metastatic and adju-
vant therapy [122]. The inhibitory checkpoints in metastatic disease are now moving
into adjuvant care.

Ipilimumab was approved in 2015 for the adjuvant treatment of resected node
positive patients following lymphadenectomy at 10 mg/kg based on the European
Organisation for Research and Treatment of Cancer (EORTC) 18071 trial random-
izing between placebo and ipilimumab [123]. Ipilimumab improved both disease-
free and overall survival. However, the dose of 10 mg/kg is associated with higher
irAEs compared to the 3 mg/kg dosing and current trials are focused on optimal
dosing and the role of the other checkpoints in the adjuvant setting. The Eastern
Cooperative Oncology Group completed enrollment in a randomized three arm
trial examining IFN-o2b (1 year) or ipilimumab at 3 mg/kg or ipilimumab at
10 mg/kg in resected stage IIIB to IV melanoma patients (NCT01274338). The
study is ongoing. A second intergroup adjuvant trial examined IFN-a2b or ipilim-
umab 10 mg/kg compared to pembrolizumab 3 mg/mg in resected stage IITA (N2)
to IV melanoma patients and continues enrollment as of May 2017. A similar trial,
CheckMate 238, completed enrollment comparing resected stage IIIB to IV mela-
noma patients randomized between nivolumab 3 mg/kg every 2 weeks or ipilim-
umab 10 mg/kg every 3 weeks for 4 doses and then every 12 weeks starting at week
24 until disease recurrence, toxicity, or up to 1 year (NCT02388906). A 40 patient
study reported at ASCO 2016 evaluated two dosing cohorts of ipilimumab plus
nivolumab followed by nivolumab in resected stage IIIC to IV melanoma patients
[124]. Toxicities were lower in the lower dose ipilimumab arm, and overall similar
to those reported in the metastatic setting. A larger combination trial of ipilimumab
plus nivolumab in the adjuvant setting is ongoing (NCT03068455).

11.13 Conclusion

Targeted and immune based treatments have meaningfully changed the clinical out-
comes for many patients with melanoma. Melanoma remains a challenge as a het-
erogeneous group of tumors that have both interpatient variability and intrapatient
diversity. Tumor growth pathways both shape and respond to the extrinsic pressure
of the natural immune response. Some tumors depend upon the proinflammatory
reaction to drive tumor growth while others have little inflammation present.
Appreciating and monitoring the interface between intrinsic and extrinsic growth
pathways will be critical to personalizing therapy, lowering toxicity, and ultimately
benefiting more patients. Ongoing clinical trials will better define the dosing,
sequencing, and combination of existing agents as well as guide new agent discovery
to achieve cancer-free, treatment-free survival.
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