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Preface

Since the publication of the first edition of the Handbook of Human Immunology in
1997, major scientific achievements have contributed directly to an increased under-
standing of the complexities of the human immune system in health and disease.
Whether directly as a result of the sequencing of the entire human genome or as a
result of the technological advancements in the completion of the latter, several new
components of the immune system have been revealed, and new technologies for
their measurement and evaluation have been developed. In the past decade, the num-
ber of recognized clusters of differentiation (CD) on the surface of leukocytes and
associated cells has more than doubled; an entire new chemokine and chemokine
receptor nomenclature system has been established; the number of “lymphokines”
(now greater than 30) and humanized monoclonal antibody therapy have become a
staple of our pharmacologic armamentarium (to mention only a few of the signifi-
cant immunological developments of the past decade). The discovery of all of these
immune system components has been accompanied by the development of new and
improved methods for their detection as well as the recognition of the roles that these
components play in health and disease. These major breakthroughs are reflected in
the present edition of the Handbook of Human Immunology.

There are six new chapters for a total of 20 (compared to 14 in the previous
edition) written by 12 new authors covering all the major components of the innate
and adaptive human immune system, descriptions of the specific human conditions
characterized by their assessment, the specific technologies and methods currently
used for their measurement, and finally the relevance and potential pitfalls involved
in the interpretation of their specific measurements.

As in the past, the book is introduced with an overview of the immune system,
whichis immediately followed by a new, practical, and fun-to-read chapter on “Statistics
of Immunological Testing” that is invaluable both in interpreting test results and also
in the validation of new tests and the development of reference ranges. Throughout
this edition, readers will find “normal ranges” including serum immunoglobulins,
complement components, cytokines, and new to this edition—age-associated normal
ranges for lymphocyte subsets. The first edition’s chapter on flow cytometry has been
expanded into six completely revised chapters including a thorough treatise on general
flow cytometry principles and practice, quality control and theory, leukemia and lym-
phoma immunophenotyping analyses along with cytogenetic abnormalities, an update
on CD4 measurement guidelines in HI V-infected persons and two new chapters cover-
ing (1) the flow cytometry—based diagnosis of primary immunodeficiency disease and
(2) a history of the human leukocyte differentiation antigen workshops (now renamed
the human cell differentiation antigen workshops) along with two comprehensive and
very informative tables on CD.

The chapters on clinical laboratory disease monitoring include laboratory meth-
ods for monitoring new biological therapies in the context of clinical trials and routine
practice, an entire chapter devoted specifically to the immunological assessment of
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gastrointestinal diseases, and a global review of the laboratory assessment of auto-
immune disease. Infectious disease monitoring is discussed from the serological
perspective, as well as the timely review of the technology and applications of new
and now well-established molecular techniques. Finally, the laboratory’s role in bone
marrow and solid organ transplant is presented from the perspectives of antibody
screening and crossmatching as well as molecular-based human leukocyte antigen
(HLA) typing, followed by Chapter 20, which presents novel methods for monitoring
functional immunosuppression of alloreactivity in patients posttransplant.

This edition of the handbook provides a practical reference of the important
immunological parameters along with up-to-date descriptions of the methods
used for their assessment and applications in health and disease. The text is par-
ticularly relevant to practicing clinicians, clinical laboratory professionals, and stu-
dents interested in human immunology both from laboratory and applied clinical
perspectives.
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1.1 INTRODUCTION

The events leading to the development of immunity directed against pathogens are
exceedingly complex. There are two distinct systems—innate and adaptive—that act
in concert as well as separately in the development of immunity. The innate system
provides a first line of defense against a foreign substance. It is nonspecific, rapid,
lacks immunologic memory, and is usually of short duration. The adaptive system
has exquisite specificity, is slower in development, exhibits immunological memory,
and is long lasting.

Innate and adaptive immune systems are distinct systems but interact at several
levels to develop a complete defense against invading pathogens. Both systems have
mechanisms for distinguishing self from nonself, therefore, under normal situations
they are not directed against the host’s tissues and cells.
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This chapter is intended to provide an introduction to the development of immunity.
The purpose is to provide an overview of the different cells involved in both systems
and the interactions occurring between the cells. The vigorous signaling mechanisms
and the regulatory cells and enhancer and suppressor substances will be discussed in
the context of developing immunity. This chapter serves as a broad overview.

1.2 OVERVIEW OF INNATE IMMUNITY

Elements of the innate immune system have been known for many years. However,
in the past few years there has been a greater focus on innate immunity and its role
in protection against infection and tissue injury [1] and its role in tolerance to self-
antigens. Innate immunity defines a collection of protective mechanisms the host
uses to prevent or minimize infection. The innate immune system operates in the
absence of the specific adaptive immune system but is tied to adaptive immunity in
many ways. The innate immune system is characterized by a rapid response to an
invading pathogen or foreign or effete cells. In addition to the rapid response, it is
also nonspecific and usually of a short duration. Innate immunity lacks immunologi-
cal memory and there is no clonal expansion of lymphocytes as seen in the adaptive
immune response. The innate immune response is also important in directing the
specific, long-lived adaptive immune response.

The host defense mechanisms associated with innate immunity consist of a num-
ber of physical barriers (intact skin) and secretions accompanied by a number of
serum factors such as complement, certain cytokines, and natural immunoglobulins
[2]. The cellular components of innate immunity include a number of cell types,
many of which are found at potential points of entry of pathogens [3]. Examples of
these cells include natural killer (NK) cells, polymorphonuclear neutrophils (PMNs),
macrophages, and dendritic cells (DCs).

The intact skin and mucosal tissues provide considerable protection against invad-
ing infectious agents. However, once the agents pass through the skin a number of
important events take place. This includes activation of the complement cascade that
triggers the development of a number of substances to attract phagocytes to the area.
A number of antimicrobial peptides are produced at epithelial cell surfaces. These
antimicrobial peptides play an important role in local defense mechanisms, disrupt
bacterial cell membranes, and probably play a role in preventing skin infections.

1.2.1 ANTIMICROBIAL PEPTIDES

Human S-defensins are produced by epithelial cells in the mucous membranes of
the airways and intestinal tract [4]. Defensins are small cationic peptides that have
broad antimicrobial activities against a number of microbial agents [4] including
Gram-positive and Gram-negative bacteria, fungi, and enveloped viruses. Defensins
are nonglycosylated peptides containing approximately 35 amino acid residues, and
[3-defensins have six cysteine residues that provide a distinct structure.

Stimulation of the epithelium by certain cytokines can induce defensin produc-
tion. The exact mode of action of defensins’ antimicrobial activity is unknown. It is
likely that defensins cause membrane disruption resulting from electrostatic interac-
tion with the polar head groups of membrane lipids [5].
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There are three defensin subfamilies: a-defensins, 5-defensins, and 8-defensins
[5]. The a- and 5-defensins are products of distinct gene families and are structurally
different from the -defensins. The 8-defensins are not seen in humans and probably
represent a mutated form of the a-defensins.

The a-defensins were first purified from azurophilic granules of PMNs [6].
Several species, including rabbits, humans, and some rodents have a-defensins in
their PMNs. Human monocytes and NK cells produce a-defensins that are similar to
the a-defensins of PMNs [6]. The a-defensins play a role in the oxygen-independent
killing of microorganisms after phagocytosis by PMNs [5].

The f3-defensins are expressed in epithelial cells and leukocytes throughout the
body. The S-defensins work in concert with a number of other components of the
innate system to provide an important defense against microorganisms. There are at
least four human S-defensins (HBD-1-HBD-4) [7]. Production of 5-defensins may
be constitutive or inducible. HBD-2, -3, and -4 are inducible. There is evidence that
certain epithelial cells can be stimulated to produce HBD-2 in response to activation
by bacterial products and toll-like receptors (TLRs) found on the epithelial cells [7].

Defensins also appear to have immunoregulatory properties in addition to their
antimicrobial properties [8]. Immunoregulatory properties include chemoattractants
for PMNs, immature DCs (iDCs), mast cells, and some memory T cells. Defensins
may also stimulate iDCs to undergo maturation [8].

Several other antimicrobial peptides have been described in epithelial cells
and PMNs. Lysozyme was described as an antimicrobial peptide found in human
neutrophils and is known to attack the peptidoglycan cell walls of bacteria.
Cathelicidin is expressed in human cells such as epithelial cells, PMNs, monocytes,
and T, B, and NK cells [9]. It is usually expressed by cells lining the respiratory
and gastrointestinal tracts. Cathelicidin is a well-known chemoattractant for vari-
ous cells including PMNs, mast cells, monocytes, and thymus-derived lymphocytes
(T lymphocytes). Cathelicidin has antimicrobial activity against most Gram-positive
and Gram-negative bacteria.

Histatins are a family of cationic peptides (MW = 3—4 kDa) that are present in
human saliva [6]. Histatins probably play an important role in oral health by pro-
viding potent antibacterial and antifungal actions. Of the several known histatins,
histatin 5 is the most potent antifungal agent and is secreted by human parotid and
submandibular glands [10].

The human skin, when intact, is refractory to most pathogens. This natural
resistance is reportedly due to the presence of constitutively produced and inducible
antimicrobial peptides. These peptides are cathelicidins, defensins, and dermicidins
[9,7,11]. These antimicrobial peptides appear to act by directly inhibiting pathogen
growth and enhancing other components of the immune responses. Psoriasin is
another antimicrobial peptide found in the skin, especially in areas where bacterial
invasion is likely to occur [12]. Psoriasin shows bactericidal activity preferentially
against Escherichia coli, and also shows activity against other organisms that may
colonize the skin.

Together, these antimicrobial peptides and proteins contribute significantly by
providing a “chemical barrier” to reenforce the physical barriers of the intact skin
and mucous membranes.
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1.2.2  THe COMPLEMENT SYSTEM

The complement system is another important component of innate immunity. The
system consists of 30 proteins found in serum or on the surface of certain cells [13].
Activation of the complement system results in a cascade of biochemical reactions
that ultimately ends in lysis and disruption of foreign or effete cells. Without activa-
tion, the components of the complement system exist as proenzymes in body fluids.
As a by-product of the activation of the cascade, a number of biologically reactive
complement fragments are generated. The complement fragments can modulate
other parts of the immune system by binding directly to T lymphocytes and bone
marrow—derived lymphocytes (B lymphocytes) of the adaptive immune system and
also stimulate the synthesis and release of cytokines.

As shown in Figure 1.1, there are three activation pathways for the complement
system. Although the activation pathways are different, they all act at the microbial
surface to assemble an enzyme convertase that cleaves C3 to form C3b that binds to
a microbial surface where it activates C5 and the other components of the cascade.

The three pathways are the classical, mannan-binding lectin (MBL), and the
alternative. Each of the pathways has its own recognition mechanism and is activated
through different mechanisms, but all result in the formation of a membrane attack
complex (MAC) and lysis of a target cell.

The classical pathway is activated by either IgM or IgG attached to a microbial
surface antigen. The recognition molecule for the classical pathway is complement
component Clqg. A conformational change occurs in Clq, which results in activation
of Clr and Cls, which, in turn, activates C4 and C2, which leads to the formation of
the C4b2a complex (C3 convertase). The C3 covertase acts on C3, which ultimately
leads to the formation of the MAC.

Activation of the MBL pathway begins after the recognition of mannose-binding
lectin on various carbohydrate ligands [14]. MBLs and ficolins are found in serum
and are structurally similar to Clq. MBLs and ficolins bind to mannose-containing
carbohydrates on the surface of microbes. The MBLs and ficolins are considered to
be typical pattern recognition molecules and as such attach to the MBL-associated
serine proteases. On activation, the MBL-associated serine proteases cleave C4 and C2
to generate the C3 convertase C4bC2a and activate the remainder of the cascade [15].

The alternative pathway is important in innate immunity because it does not
require specific antibodies for activation of C3. There are low levels of C3 present
in body fluids at all times. C3 undergoes hydrolysis to produce C3(H,0), which is an
activated form. C3(H,O) can bind to factor B that is then cleaved by the factor D to
form the fluid-phase C3 convertase C3(H,0)Bb. Small amounts of C3b are needed to
activate the alternative pathway at microbial surfaces [16]. C3b on the microbial sur-
face binds to factor B, which is cleaved by factor D to form C3bBb, the C3 convertase.
Properdin serves to stabilize the convertase whose role is to cleave C5, which activates
the remainder of the cascade. There are several agents that can activate the alternative
pathway: bacterial cells, tumor cells, enveloped viruses, and damaged mast cells.

The complement system and its by-products serve to facilitate opsonization and
may ultimately remove or destroy invading microorganisms. Tissue and circulating
PMNs and macrophages are the cells that are most often involved in the ingestion
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FIGURE 1.1 The three pathways of complement activation. (Modified from Seeleen, M.,
Roos, A., Daha, M.R., J. Nephrol., 18, 642—653.)

of intracellular pathogens and killing of the invading microbes. Surface-bound C3b
and iC3b (on the microbes) facilitate the attachment of the microbes to phagocyte
complement receptors, which activates the ingestion and intracellular killing by the
phagocytes [17].

In addition to enhancing opsonization in the presence or absence of antibod-
ies, complement components have other important biological functions [17]. For
example, free cleavage fragments of C3 and C5 are known to promote host inflam-
matory responses. C3a and C5a stimulate the bone marrow to release additional
PMNs (C3b) and to serve as strong chemoattractants (C3a) for PMNs, monocytes,
and eosinophils. Complement components C4a and C5a behave as anaphylotoxins
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to induce histamine release, which, in turn, causes increased vascular dilatation and
permeability.

As mentioned earlier, the complement system helps modulate the adaptive
immune response by enhancing antigen recognition and by stimulating the synthesis
and release of cytokines.

Together, the complement system is another important factor in defense against
invading microbes and it functions to provide a rapid response.

1.2.3 NATURAL ANTIBODIES (OR IMMUNOGLOBULINS)

Natural antibodies have been recognized for some time but recently they were
described as a component of the innate immune system [18]. Natural antibody is
defined as an antibody that is found in normal, healthy individuals who have no evi-
dence of exogenous antigenic stimulation. Natural antibodies are believed to develop
in a highly regulated manner; they are usually found in low titer in serum and are
low-affinity antibodies [17]. A high percentage of the natural antibodies found in
serum are of the IgM class. These antibodies are produced by a primitive B lympho-
cyte, called the B-1 lymphocytes [18]. B-1 cells are usually CD5" and considered to
be long-lived and self-replicating.

Natural antibodies play an important role as a first line of defense against patho-
gens and other types of cells, including precancerous, cancerous, cell debris, and
some self-antigens [19].

The cells of innate immunity apparently rely on an array of nonclonally
expressed “pattern-recognition receptors (PRRs)” found in the target cells [20].
This response does not recognize specific single antigenic structures or epitopes, as
in adaptive immunity, but respond to specific patterns, which are expressed inde-
pendent of mutational events. This recognition system allows the innate immune
mechanism to respond rapidly by focusing on structures most likely found in patho-
gens or effete cells.

The B-1 cells are positioned at possible sites of entry of pathogens, along with
monocytes, to mediate a rapid response to pathogens. The B-1 lymphocytes differ
from the usual B lymphocyte (B-2) in terms of phenotype, anatomic location, and
mechanisms of activation and signaling [21].

Thus, innate immunity uses an inherited set of receptors found on NK cells,
yé T cells, and CD5* B cells to recognize and interact with a broad spectrum of
different antigens.

1.2.4 Toui-Like RECEPTORS

TLRs are found on phagocytic cells, including mononuclear phagocytes, circulating
monocytes, tissue macrophages, and endothelial cells, and are important compo-
nents of the innate immune system [22]. TLRs make up a family of cell surface
protein receptors present on several cell types that function to recognize certain
conserved molecular components of microorganisms and signal that microbes have
breached the body’s barrier defenses [23]. TLRs serve as first responders in a mam-
malian host to recognize the presence of an invading pathogen. They also generate
an inflammatory response to attempt to remove the invading agent. There are at least
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TABLE 1.1

Toll-Like Receptors in Mammals

Receptors Functions and Ligands

TLR-1 Triacyl lipopeptides—from Mycobacteria TLR-1 is a coreceptor with TLR-2
TLR-2 Peptidoglycans, lipoproteins, lipoteichoic acids, Mycobacteria, and spirochetes
TLR-4 Lipopolysaccharide, heat shock protein

TLR-5 Bacterial flagellin

TLR-6 Lipoteichoic acid, zymosan diacyl lipopeptides TLR-6 is a coreceptor with TLR-2
TLR-7 Single-stranded RNA from viruses

TLR-8 Single-stranded RNA from viruses

TLR-9 Cytidine—phosphate—guanosine nucleotides (CpG)—natural or synthetic unmethylated
TLR-10 Unknown

Source: Adapted from Sigal, L.H., J. Clin. Rheumatol., 10, 353, 2004.

10 TLRs in humans and they are capable of detecting a broad range of microbial
ligands (see Table 1.1).

The primary role of TLRs, as mentioned earlier, is to recognize and control
bacterial infection. The mechanism of recognition is based on the receptor bind-
ing to a structurally conserved and unique pathogen-associated molecular pattern
(PAMP) [24]. PAMPs are structural components of microbes that are important to
them physiologically and are expressed on the pathogen but not on the host cells.
TLRs consist of a family of “PRRs,” which are inherited molecules that exist as
transmembrane proteins that detect the presence of pathogenic agents. The recogni-
tion mechanism between the TLRs and PAMPs provides an efficient method for self/
nonself discrimination. The interaction between the TLR and the microbial PAMPs
triggers host cell activation [24].

Despite intensive investigations, the molecular details of the interaction between
TLRs and pathogens is still unclear. Binding sites for the different PAMPs are known
to contain different extracellular leucine-rich repeat units. However, binding and
recognition of many diverse bacterial ligands is not understood.

After a TLR binds to a PAMP, the TLR dimerizes either with itself or, in other
cases, it binds with a different TLR to induce an intracellular conformational change,
resulting in the recruitment of certain other proteins (adaptor proteins) in the cyto-
plasm [25]. These adaptor proteins, such as MyD88, CD14, and others, transmit
the message that TLR activation has occurred and initiate an intracellular cascade
resulting in induction of an inflammatory response [26].

Activation of some TLRs induces the expression of a costimulatory molecule,
B7 (CD80), which is found on antigen-presenting cells (APCs) and is needed for
activation of naive T lymphocytes [27].

Table 1.1 gives a listing of the TLRs found in mammals. TLRs of humans pri-
marily recognize microbial structures and PAMPs and go on to trigger host cell
activation and inflammation.

In summary, TLRs function to curb an acute infection by activation and reg-
ulation of rapid effector responses in the innate immune system. TLR activation
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regulates a number of systems known to be important in innate immunity. These
include the release of inflammatory cytokines and chemokines, the oxidative burst
in phagocytic cells, as well as the activation of various cationic peptides. TLRs serve
to discriminate between self and nonself through the recognition and reactivity to
PAMPs that are not expressed on host cells. TLRs also impact and moderate the
adaptive immune response system through the induction of costimulatory molecular
and cytokines that are involved in T- and B-lymphocyte reactivity.

1.2.5 PHAGocYTOSIS

Polymorphonuclear neutrophilic leukocytes have been well-known components of
the innate immune system for many years. Detailed studies of PMN phagocyto-
sis and intracellular killing of microorganisms have led to a better understanding
of important defense mechanisms against invasion by pathogenic bacteria, fungi,
and enveloped viruses. PMNs are attracted to the site of microbial invasion, recog-
nize the microbe, become activated, kill the microorganisms, resolve the infection,
undergo apoptosis, and are then ingested and removed by either macrophages or
neighboring endothelial cells to resolve the inflammatory response.

PMNs arise as myeloid progenitors in the bone marrow. Specific growth factors
and cytokines mediate the differentiation of myeloid precursors into mature PMNs
[28]. After entering the circulation, the PMNs have a half-life of about 8—12 h before
undergoing a programmed cell death (apoptosis) and are reabsorbed through endo-
thelial walls. The PMN turnover is about 10" cells per day [29].

PMNss are actively recruited to the site of an infection by a complicated multistep
process whereby they are mobilized both from the circulation and bone marrow.
PMNs are constantly rolling along walls of the postcapillary venules where they
readily detect the presence of a chemoattractant signal generated either by endothe-
lial cells or the microbes themselves [30]. The chemokine, interleukin-8 (IL-8), is an
important chemoattractant produced by multiple host cell types during an inflam-
matory event [31]. Bacteria also produce substances that are chemoattractants for
PMNs. Once the PMNSs reach the site, they become primed and develop enhanced
functional capabilities [32].

Phagocytes are actively recruited to the site of microbial invasion as a response
to a number of lectin glycoproteins called selectins [33]. Selectins are found on the
surface of endothelial cells lining the blood vessels at the site of infection. P-selectin
(from activated platelets) is upregulated on the surface of the endothelial cells and
the selectins facilitate the “rolling and tethering” of PMNs [30]. PMNs secrete sev-
eral molecules to support their migration from the circulation through the endothe-
lium into the tissues. A number of neutrophil chemoattractants have been reported,
including C5a, N-formyl bacterial oligopeptides, and leukotriene B4 [34]. As PMNs
move toward the site, they become activated or primed to produce their antibacterial
substances [32].

Phagocytosis is the process whereby PMNs recognize, bind, and ingest the
microorganisms that stimulated the inflammatory reaction. Phagocytosis is greatly
enhanced by opsonization of the bacteria. Attachment of a specific IgG or comple-
ment fragment, C3, can greatly enhance the efficiency of phagocytosis, although
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phagocytosis can occur without opsonization [35]. Complement receptors, CR1 and
CR3, are the primary receptors for opsonization by the complement. The PMNs also
express receptors for IgG fragment Fc (FcyRs) facilitates phagocytosis [36]. The
two most prominently expressed Fcy receptors on circulating PMNs are known as
FcyRII (CD32) and FeylIII (CD16), and binding to these receptors triggers the oxida-
tive burst in PMNs. The binding of antibody and complement receptors at the PMNs
surface activates phagocytic process.

Activation of phagocytosis causes changes in the cytoskeletal contractile ele-
ments, which leads to an invagination of the cell membrane of the PMNs. This
occurs at the site of the attachment of the opsonized microorganism [37]. Pseudo-
pods extend from the PMNs and fuse around the invagination encasing the microor-
ganism inside the phagolysosomal vacuole [37].

The PMNs have two broad types of killing mechanisms. One is oxygen-
dependent and the other is oxygen-independent [38]. Phagocytosis of microbes
stimulates the production of superoxide radicals and other reactive oxygen species.
These are potent microbicidal agents and include, among others, hydrogen perox-
ide and chloramines. The enzyme NADPH oxidase is found in the cell membrane
of the PMNs and generates the superoxide (called the respiratory burst) [38]. The
superoxide is unstable and quickly dismutates to hydrogen peroxide and other sub-
stances that are microbicidal. These reactions take place inside the phagolysosome
(also called phagosome).

The PMNSs contain two types of cytoplasmic granules, azurophilic and specific
(also referred to as secondary and tertiary granules) [39]. Each type of granule houses
a number of proteins and peptides with microbicidal properties. Lysozyme is found
in both types of granules and cleaves peptidoglycans of bacterial cell walls to disrupt
the microbes [40]. The azurophilic granules contain a number of small cationic pro-
teins with microbicidal activity. Azurophilic granules also contain myeloperoxidase
(MPO), which during PMN activation is directed to phagosomes where it catalyzes a
reaction with chloride and hydrogen peroxide to form hypochlorous acid [37], which
is extremely microbicidal. The beta2 integrin CD11b/CD18 is present in the plasma
membrane and secondary granules of neutrophils, and functions as a major adhesion
molecule. On PMN activation, there is translocation of intracellular pools of CD11b/
CD18 to the plasma membrane in concert with enhanced cellular adhesion. Although
much is known about the function of CD11b/CD18, how this protein is transported
within the cell is less well defined.

a-Defensins are also found in azurophilic granules. These are small cationic
peptides that can interact with negatively charged molecules at the pathogen surface
to change the permeability of the bacterial cell membranes and cause death [41].
Lactoferrin is an iron-binding protein found in azurophilic granules and is capable
of binding iron, which is needed for bacterial growth [42]. Iron is also needed by the
PMN to form other antibacterial compounds.

After death of the invading microorganisms, the PMNs also die through a process
known as apoptosis. This process is affected by both proinflammatory host reactions
and microbes and is important in the resolution of the inflammatory process.

Phagocytosis is well known and extremely important to host defenses as noted
by the severe infections seen in patients with phagocytic defects.
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1.2.6 CYTOKINES AND CHEMOKINES

Cytokines and chemokines are small, secreted polypeptides that regulate essentially
all functions of the immune system. Cytokines participate in determining the nature
of the immune response by regulating or controlling cell growth, differentiation,
activation, immune cell trafficking, and the location of immune cells within the lym-
phoid organs [43].

Cytokines are a group of “intercellular messengers” that contribute to inflam-
matory responses through activation of the host’s immune cells. Cytokines are
host-derived products that enhance the recruitment of circulating leukocytes as a
response to the presence of pathogens [44]. Cytokines also play important roles in
leukocyte attraction by inducing the production of chemokines, which are known to
be potent mediators of chemoattractant activity for inflammatory cells. Chemokines
and cytokines provide a complex network of signals that can either activate or sup-
press inflammatory responses [44].

Cytokine secretions can alter the behavior or properties of that cell itself as well
as the behavior of surrounding tissue cells. Cytokines are produced by many differ-
ent cells. One cell type is capable of making many different cytokines and a particu-
lar cytokine may be secreted by multiple cell types. A particular cytokine may have
many different effects on different cells depending on the environment. In some
cases, the target cell itself may produce a cytokine that influences itself as well as the
neighboring cells of the target cell. Some cytokines require cell-to-cell interaction
to exert their effects [45].

Chemokines are another family of small structurally similar polypeptides that
can regulate the trafficking of subsets of leukocytes [46]. Chemokines differ from
other cytokines because all chemokines are ligands for the G-protein-coupled recep-
tors [44]. Chemokines are potent cell activators capable of inducing migration of
immune and inflammatory cells. Most cells in the immune system express receptors
for at least one chemokine. Inflammatory cells may release a variety of chemokines
and there is some evidence that infection with certain bacteria and viruses can stim-
ulate the host cells to produce characteristic sets of immune cells.

Cytokines have multiple, broad properties. For example, cytokines may work
effectively in concert with or in competition with both immune and nonimmune
cells [47]. In addition to their impact on innate immunity, cytokines support B- and
T-lymphocyte maturation and proliferation, differentiation of T helper cells into
Thl and Th2 subsets, maturation and polarization of DC subtypes and memory cell
development [48]. These are important facets of adaptive or acquired immunity.

There have been more than 30 cytokines described [49]. Most cells of the immune
system and many other host cells release cytokines. In some cases, the same cell type
may respond to cytokines through specific cytokine receptors and may release and
respond to the same cytokines it just produced.

Two cytokines, IL-1 and tumor necrosis factor-a (TNF-a) play important roles
in responses to bacterial infection [49,50]. They are both small polypeptides that
exert a broad range of effects on multiple host reactions, including immunologic
responses, inflammation, and hematopoiesis. Experimentally, IL-1 and TNF-« if
injected into mice may produce many of the features of Gram-negative sepsis in the
absence of infection with the microorganisms [49]. In endotoxic shock caused by
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Gram-negative organism, the cytokines, IL-1 and TNF-a are secreted by mononu-
clear phagocytes in response to activation by TLRs by the bacterial lipopolysaccha-
rides [49]. This reaction results in the secretion of other cytokines and chemokines,
which exacerbate the reaction.

Other cytokines have important roles in cell development, for example, they
impact myeloid cell progenitor cell development, enhance IgG4 subclass devel-
opment, regulate Th2 responses, cause mast cell proliferation in vitro, stimulate
B-cell production, activate and stimulate growth of eosinophils, stimulate survival
and expansion of immature precursors that are committed to T- and B-cell lineages,
stimulate endothelial cells to produce adhesion molecules, enhance PMN recruit-
ment, and many other functions. For review, see Refs. 44 and 51 and Figure 1.1.

1.2.7 NATURAL KiLLER CELLS

NK cells were first reported in the 1970s. Initially, NK cells were referred to as
nonspecific lymphocytes because NK cells could kill certain virally infected and
malignant cells without known prior sensitization. NK cells were known to resemble
large lymphocytes morphologically and were referred to as large granular lympho-
cytes. Approximately, 10—-15% of the lymphocytes circulating in peripheral blood
are NK cells. NK cells are distinct from T- and B lymphocytes because they express
neither immunoglobulin receptors nor T-cell antigen receptors. There are other dis-
tinctions including phenotype and function. NK cells have receptors that recognize
major histocompatibility complex (MHC) class I antigens. Because NK cells have
cytotoxic properties, their function is highly regulated in their interactions in both
the innate and adaptive immune systems [52,53].

NK cells develop from a common lymphoid progenitor cell in the bone mar-
row. The NK cells diverge from other lymphocyte lineages and acquire specific cell
surface markers to guide them through their developmental stages. After developing
and maturing in the bone marrow, the NK cells migrate and circulate in the periph-
eral blood and may be found in various organs including the lung, liver, spleen, and
uterus. On antigenic stimulation, NK cells rapidly “home” to the lymph nodes and
lymphatics.

NK cells play important roles in innate immune responses and immune regula-
tion. They communicate with other cells through a complex of both activation and
inhibitory signals through cell surface receptors.

There are many recognizable NK cell subsets [40-50] found in peripheral
blood [54]. NK cells were first defined by a lack of B- and T-cell surface markers
but the NK cells are now identified into subsets based on the expression of certain
phenotypic surface markers. Most NK cells express a neural cell adhesion marker
called CD56. Staining with a monoclonal antibody to CD56 permits division into
two major subsets, CD56ight and CD564™ . CD56Prieht NK cells are characterized
by having an expression of many CD56 surface molecules [55]. These cells have
lower levels of some of the cytotoxic molecules such as perforin and express high
levels of cytokines. CD56 et NK cells are thought to be important in inflamma-
tory responses and probably play a role in immune regulation. NK cells are distinct
from NKT cells that express CD3, and rearrange their germline DNA T-cell receptor
(TCR) genes [55].
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In contrast, CD56%™ NK cells are the most effective killer lymphocytes. The
CD564%™ NK cells make up about 90-95% of NK cells in peripheral blood and they
also express CD16 (Fcy receptor) on their surface. In contrast to CD56ie NK cells,
these NK cells express large amounts of perforin that mediates cytoxicity. Perforin-
dependent cytoxicity is the major mechanism of NK cell lysis of target cells [55].

NK cells are programmed to kill target cells and they are inherently capable
of killing autologous cells. They are actively inhibited from killing “self” cells by
inhibitory receptors and signals. The MHC defines “self” and it has been suggested
that “self-MHC” surface receptors engage the inhibitory receptors on the NK cell
and prevent lysis of “self” cells [56]. Viral infection of a cell causes a change in the
MHC class I expression, which in turn removes the normal inhibitory signal and NK
cell activation occurs, resulting in cytotoxicity and death of the viral-infected cells.

There are two families of inhibitory receptors affecting NK cells [57]. The best-
described inhibitory signals are those transduced by HLA-specific receptors and are
members of the inhibitory killer immunoglobulin-like receptor family (KIR). There
is another family of inhibitors that are lectinlike receptors identified as NKG2A/3.
It is believed that the net sum of activation and inhibition signals tightly regulates the
function of NK cells [55].

NK cells recognize and lyse pathogen-infected cells and malignant cells [58].
They also play an important immunoregulatory role. There are several mechanisms
used by NK cells to remove cells. NK cells are effective killers by releasing large
number of cytolytic granules at the site of interaction with the target. A major com-
ponent of the NK cell lysosomal granules is perforin, which, as mentioned earlier, is
the major cytolytic substance [58].

The cytokine and chemokine secretions of NK cells are involved in the death of
target cells [52]. NK cells produce IFN-y, TNF-a, GM-CSF, IL-5, and IL-13 among
other active substances. Some antiviral activity can be attributed to cytokine produc-
tion by NK cells.

NK cells are known to express costimulatory molecules for T- and B-lympho-
cytes and activate the adaptive immune system [59]. TLRs are also expressed on
NK cells and these receptors participate in the early detection of an impending
infection. NK cells are activated by cytokines produced by virally infected APCs,
which may result in cell lysis. At the same time, NK cells may interact with DCs to
participate in generating an adaptive immune response. NK cells and DCs interact to
induce DCs maturation through cytokines produced by NK cells [52].

NK cell biology is very complex and appears to be directly or indirectly involved
in establishing and maintaining immunity. By expression of cell surface receptors,
NK cells may go through several stages of maturation and the by-products of matu-
ration affect most components of immunity. The balance between activation and
inhibition is closely regulated in the environment where NK cells and other types of
immune cells exist.

Patients have been described with various NK cell abnormalities. The most
prevalent observation is unusual susceptibility to certain types of viral infections
primarily (herpes) [60,61]. In any case, NK cell deficiency must be rigorously docu-
mented. Most NK cell enumeration studies are performed using peripheral blood,
which may not give an accurate reflection of the numbers of functional NK cells
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available. Functional assays are difficult to perform and quantify but it is possible to
determine cytolytic function and cytokine secretory properties of peripheral blood
NK cells. Patients have been reported with normal numbers of peripheral blood NK
cells but with a deficiency of perforin, which would impact cytoxicity.

1.2.7.1 Natural Killer T Cells

Natural killer T (NKT) cells are a subset of T lymphocytes that share some proper-
ties of NK cells and conventional T cells. Classical NKT (or type 1) cells are CD1d-
restricted T cells that express a semi-invariant TCR Va24-Ja18, which distinguishes
them from CDIld-dependent T cells that do not express this semi-invariant TCR
(type 2 NKT cells) [62]. Most NKT cells express both an invariant TCR and the NK
receptor NK1.1 type 1; CDI1d-restricted NKT cells are found primarily in the liver,
thymus, spleen, and bone marrow [63]. Cells with type 1 TCR can be activated by a
synthetic ligand a-galactosylceramide (a-GalCer) presented on CD1d [64]. Type 2 or
nonclassical NKT cells fail to be activated by a-GalCer [65]. An endogenous ligand
for type 1 NKT cells was identified as a lysosomal glycosphingolipid [66].

There are distinct subsets of CD1d-restricted T cells. NK cell associated markers
were expressed primarily within the CD4~ CD8~ Va 24 NKT subset. However, both
CD4*- and CD4~ CD8~ Va 24 NKT cells were capable of Thl cytokine production.
This includes IFNy and TNF-a. The Th2 cytokines, such as IL-4 and IL-13, were
secreted by the CD4* subset [67]. Both the CD4* and the CD4~ CD8~ Va 24 NKT
exist wherever other T lymphocytes are found.

The fact that NKT cells recognize glycolipid antigens in association with CDId
(a nonclassical antigen-presenting molecule) sets the NKT cells apart from con-
ventional T cells. Type 1 NKT cells recognize both foreign and self-glycolipids.
Recently, it has been shown that type 1 NKT cells recognize various types of gly-
colipids and related compounds found in a number of parasites and bacteria but the
specific ligands have not been identified. This suggests that the classical NK cells
focus activity on viruses and viral infection while NKT cells, however, are primarily
involved in detection of parasite and bacterial pathogens [68].

On activation, NK cells respond within a few hours with vigorous production of
cytokines [69]. NKT cells release Thl-type cytokines including IFNy and TNF-a as
well as the Th2-type cytokines IL-4 and IL-13 [70]. Individual NKT cells are able
to produce both Thl- and Th2-type cytokines at the same time following stimulation
in vivo [71]. This is unusual because it is possible that Thl and Th2 antagonize each
other. The implications of this observation and mechanisms are unknown.

NKT cells appear to be involved in immediate immune responses, tumor rejection,
control of autoimmune disease, and immune surveillance [63]. NKT cells may act as
effector cells as seen with their cytotoxic activity; they may also act as regulators. The
important question concerns how they determine which way to go. The NKT cells may
produce either pro- or anti-inflammatory cytokines. This depends on the type of signal
they receive. This is probably related to cytokine profiles produced. The cytokine pro-
file is dependent on the type of TCR stimulation the NKT cells receive.

The study of NKT cells is an important topic of investigation today and prob-
ably will be for some time. It is clear that NKT cells are involved in a number of
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pathological conditions and they appear to regulate a number of others. NKT cells
appear to have both protective and harmful roles in disease progression of certain
allergic and autoimmune disorders and they may modulate viral infections and have
arole in tumor growth and progression.

1.2.8 GaAMMA/DELTA T LYMPHOCYTES

Gamma/delta T lymphocytes (yd T cells) are a relatively recent discovery within
the T-cell population. It is difficult to categorize them but it is becoming clear they
are an important component of host defense and may represent a different parallel
immune system component [72]. It is likely that y§ T-cell functions fall somewhere
“in-between” the innate and adaptive immune systems. A major characteristic of the
yd T-cell population is that they have a TCR consisting of a yd heterodimer rather
than the more prevalent a8 TCR [73].

yd T cells make up a small percentage of T cells (1-5%) in peripheral blood and
other lymphoid organs. However, they are found in higher concentrations in the skin,
gastrointestinal tract, and the genitourinary system [73]. These locations may be
related to the types of antigens they encounter and the immunological responses they
deliver. y§ T cells may be important in preventing infection with organisms such
as Mycoplasma penetrans, an organism capable of causing urethritis and respira-
tory diseases in immunocompromised individuals [74]. In addition, Mycobacterium
tuberculosis has been shown to elicit a yd T-cell response [75].

yd T cells may also recognize and express cytoxic activity against certain types
of tumors, including both hematopoietic and solid tumors [73].

It has been suggested that y§ T cells recognize ligands, which are different from the
short peptides that are detected by a5 T cells in the context of MHC class I or I mol-
ecules [76]. At least one subclass of yd T cells recognizes lipidlike antigens from patho-
gens. Another functional subtype recognizes stress-inducible MHC-related molecules
and a number of other ligands [76]. yd T cells are active producers of cytokines, which
are cytotoxic for many tumor cells. Activated yd T cells, through cytokine production,
may modulate conventional immune responses by acting on macrophages and DCs.

It has been shown that yd T cells function as both activators and inhibitors of
immune reactions through surface-bound receptors [73]. Most yd T cells possess the
NKG2D receptor, which may provide a costimulatory signal that is essential for the
yd T-cell response against certain types of tumor cells.

Through their interactions, both directly and indirectly, y§ T cells appear to
supplement the cellular immune response by recognizing and responding to anti-
gens that may not be detected by the more prevalent a8 T cells. These yd T cells
appear to have an influence on both innate and adaptive responses through patternlike
recognition systems, cytoxicity against tumor cells, and providing protection against
intracellular pathogens.

1.2.9 DenpriTiC CELLS

DCs have been known since 1973; however, the importance of DCs in both innate
and adaptive immunity has been defined more clearly in the past few years. The
DCs develop in the bone marrow and are found in the circulating blood and tissues
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such as the spleen, lungs, gut mucosa, and other places where they may play a role
in immunosurveillance. The DCs develop in the bone marrow from hematopoietic
pluripotential stem cells [77]. Precursor DCs are constantly generated in the bone
marrow and are released into the peripheral blood. After leaving the bone marrow,
the precursor DCs “home” to a number of different tissues where they reside as sen-
tinels waiting to interact with antigen. The precursor DCs express low-density MHC
class II antigens and after encountering a proper stimulus differentiate into highly
endocytic and phagocytic iDCs [78].

DCs probably make up a heterogeneous population of cells. However, precursor
DCs, iDCs, and mature DCs play different roles in the immune system. Precursor
DCs circulate in the environment and on contacting a pathogen produce cytokines,
that is, y-interferon, and undergo maturation to iDCs. The iDCs acquire new proper-
ties, that is, markedly increased phagocytic and endocytic capabilities that lead to
binding antigen by the iDCs and then maturation to mature DCs [78]. The mature
DCs have specialized properties (receptors) to bind foreign or effete cells through
lectin and Fcy receptors. Once the antigens enter the mature DCs, they are processed
for antigen presentation and the mature DCs become an APC and lose their phago-
cytic properties. The mature DCs are the only cells capable of activation of naive
T cells and are defined by this characteristic [79]. A variety of different stimuli can
initiate DCs maturation including pathogens, damaged tissue-derived antigens, and
ultraviolet light. The mature DCs, carrying the antigen, then migrates to the second-
ary lymphoid tissues [78].

1.2.9.1 Immature Dendritic Cells

iDCs are activated upon exposure to the so called danger signals, including PAMPs
and become actively phagocytic for the infectious agent. As a part of their matura-
tion to mature DCs, the iDCs become less phagocytic but more mobile once the DC
has taken up the antigen and begun processing it. Activation and maturation of DCs
occur through the NF-«xB signaling pathway [80]. The iDC neither provides T-cell
stimulation nor cosignaling.

1.2.9.2 Mature Dendritic Cells

After maturation from iDC, the mature DC migrates to the secondary lymphoid tis-
sues where it begins processing the antigenic material. This migration occurs because
of the expression of specific chemokine receptors, especially CCR-7. Mature DCs
have highly developed antigen-processing cell capabilities and are capable of loading
endocytosed antigenic peptides on both MHC class I and II molecules thereby per-
mitting presentation to both CD8" and CD4* T lymphocytes [81]. Mature DCs have
high-density costimulatory molecules for presenting processed antigen to T cells
[79]. Maturation of DCs is associated with the up-regulation of the costimulatory
molecules. Costimulatory molecules CD40, CD80, and CD86 enhance the stability
of DCs interactions with naive antigen-specific CD4" and CD8* T lymphocytes and
the secretion of cytokines such as INFa, IL6, IL-10, and IL-12. The mature DCs are
potent activators of T-cell responses. The DCs transmit information about the danger
signals to the T cell and help define the T-cell responses [82].
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There are two subsets of DCs in the blood based on the expression of CDl11c
(3, integrin). The subsets named, myeloid DCs (M-DCs) and lymphoid DCs or plas-
macytoid DCs (P-DCs), differ in morphology and expression of markers and func-
tion [83]. They do, however, share some surface markers for adhesion, activation,
costimulation, and coinhibition.

M-DCs express myeloid surface markers, that is, CD13, CD33, and CDlIc. The
M-DCs also express large numbers of mannose receptors and rapidly take up poly-
saccharide antigens [84]. The M-DCs readily capture antigen in peripheral tissues
by phagocytosis and migrate as immature M-DCs to lymph nodes where stimulation
with CD40L (CD40 ligand) induces maturation to mature M-DCs. The M-DCs are
potent inducers of both Thl and Th2 cytokines in naive CD4* T lymphocytes. The
local microenvironments bias the development of either Thl or Th2 types of reac-
tions [84].

The P-DCs have morphology similar to plasma cells and are derived from a lym-
phoid lineage. Instead of myeloid markers, the P-DCs express high levels of CD123
and MHC molecules. CD40L (ligand) causes stimulation of P-DCs and results in
DCs maturation. These DCs support Th2 cytokines (primarily). The P-DCs populate
T-cell areas of lymph nodes and may have a special ability to recognize self-antigens
or viruses [85].

The cell surface receptor CD40 plays an important role in humoral and cell-
mediated immune responses. CD40 is expressed on many cell types including B cells,
epithelial and endothelial cells, and all APC. The ligand for CD40 is CD40L and is a
trimeric TNF-a-like molecule. CD40L is expressed primarily on T helper cells [86].

Ligation of CD40 on the surface of the DCs induces maturation that is detected
by markedly enhanced T-cell stimulatory capacity. This maturation of the DCs
causes it to activate naive CD8" cytotoxic T-cells (CTL) that are important in devel-
oping immunity against certain pathogens and tumors [86].

The types of T-cell subsets induced by DCs is dependent on several factors
including the DCs subset involved, the nature and dose of the antigen, and the types
of cytokines present in the microenvironment where the interaction between DCs
and pathogen occurs. DCs play an important role in how a host responds to foreign
antigens, effete, or other cells that have initiated its maturation. The DCs help direct
the T cell to respond—how it should respond, and where to go to respond. The DC
provides a number of sequential signals to the responding T cells. The first signal
consists of the interaction of the TCR with the specific antigen in the context of the
MHC protein on the surface of the DC. This determines the antigenic specificity of
the response and triggers the differentiation of naive CD4* and CD8* T cells into
T helper and CTL, respectively. This antigen-specific T-cell activation requires the
engagement of the TCR/CD3 complex. The antigenic peptide is presented by the
MHC and the engagement of appropriate costimulatory reception by costimulatory
ligands on the DCs [87].

The DCs also provide the costimulatory signaling that T cells require to respond
to antigen. The cosignaling can be either positive or negative. Cosignaling may be
provided by a number of different molecules including CD80, CD86, and CD28.
The activation and maturation signals may be diverse, but all involve activation of the
NF-«B signaling pathway [88]. In the presence of a negative cosignal (coinhibitory) or
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in the absence of a positive costimulatory signal, T cells will fail to respond and may
not be capable of reacting to that specific antigen in the future. Some pathogens have
evolved mechanisms to help evade this component of the innate immune response.
These pathogens possess compounds capable of arresting DCs in their immature
state where they cannot produce costimulating molecules. Without costimulatory
activity, the DCs are unable to completely stimulate T cells to respond [89] and the
pathogens to avoid an immune response directed against them.

DCs also direct the functional polarization of CD4* T cells into Thl, Th2,
and Treg cells [90]. The nature of the “danger signal” or PAMP defines the DCs
response as Thl-, Th2-, or Treg-type responses, which result in the DCs produc-
ing certain cytokines to induce T-cell differentiation into Thl, Th2, or Treg CD4*
T lymphocytes [90]. It is unclear whether or not the DCs are restricted to one polar-
ization type or if they are flexible depending on the nature of the stimulus and this
microenvironment.

The nature of the binding of the stimulating agent (type of PAMP) to certain
types of TLRs induces the DC maturation, which results in the development of Thl
T cells [91]. For example, binding of microbial double strand RNA (ds RNA) to
TLR3 triggers the formation of the Thl T cells. Other TLRs associated binding sig-
nals produce either Thl or Th2 types of responses depending on the TLR type and
the danger signal. It appears that the nature of the PAMP is important in defining the
T-cell response. In general, Thl-type responses are directed to cell-mediated types
of responses and the nature of the cytokines produced drives these responses.

A Th2 T-cell response may result from antigens of a parasites-inducing type
2 DCs, which go on to produce a Th2 type of response. Th2 responses are usually
antibody or humoral immune responses [89,92].

Treg-type T cells are CD4* T cells that can suppress responses of other T cells
and probably play an important role in regulating self-tolerance. Multiple subtypes
of Treg cells have been identified and each has its own specific phenotype, cytokine
profile, and mechanism of activation for suppressing immune responses. The most
frequently described phenotype includes CD25 as a surface marker [93,94]. The
Treg cells have been shown to interfere with tumor immunity and a number of para-
sites are known to induce regulatory DCs that induce Treg responses. For example, a
hemagglutin from Bordetella pertusis serves as a ligand for TLR2 and this induces
the development of regulatory DCs and ultimately Treg T cells.

It is important that immune responses are initiated against foreign substances
but immune responses should not be directed at self-antigens. DCs are responsible
for the induction of peripheral and central tolerance. A major role of the DCs is to
recognize “danger signals” and activate the appropriate response by passing infor-
mation to T cells through cytokines and chemokines to direct the T-cell response.
As expected, cytokines production by DCs is tightly regulated. The DCs possess
PRRs that can detect concerned motifs on invading pathogens and distinguish them
from self-antigens. There is constant communication between DCs and T cells with
information being shared in both directions. The exact mechanisms involved in how
DCs and T cells combine to distinguish self from non-self are not understood com-
pletely. However, iDCs are involved in the maintenance of tolerance to self-antigens
by constantly defining self in the periphery. The iDCs constantly sample different
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self-antigens and present them to T cells under noninflammatory conditions permit-
ting the detection of autoreactive T cells. The iDCs may also induce tolerance to
self by stimulating naive CD4* and CD8* T cells to differentiate into Treg cells that
produce IL-10, which in turn causes these cells to inhibit Thl T-cell differentiation
and suppress CD8* memory cell responses. Figure 1.2 summarizes the pivotal role
of DCs in immunity.

1.2.10 OvVervIEW OF ADAPTIVE IMMUNITY

In contrast to innate immunity, adaptive immunity is flexible, specific, and has immu-
nological memory, that is, it can respond more rapidly and vigorously on a second
exposure to an antigen. Immunologic memory provides a more powerful response
to a repeated exposure to the same foreign substance or antigen. Adaptive immunity
is more complex because it provides the ability to respond very specifically. Innate
and adaptive immunity responses interact effectively to enhance the body’s defense
mechanisms against foreign or damaged host cells. Inherent in both innate and adap-
tive immune responses are the mechanisms to distinguish self from nonself.

The primary blood cell elements of the adaptive immune system are T lympho-
cytes and B lymphocytes. These T- and B-cells provide the unique specificity for their
target antigens by virtue of the antigen-specific receptors expressed on their surfaces.
The B- and T-lymphocyte antigen-specific receptors develop by somatic rearrange-
ment of germline gene elements to form the TCR genes and the immunoglobulin
receptor genes. This recombination mechanism provides unique antigen receptors
capable of recognizing almost any antigen encountered, and provides the specific
immunological memory for a rapid, vigorous, and specific response to a later expo-
sure to the same antigen. It is estimated that millions of different antigen receptors
may be formed from a collection of a few hundred germline-encoded gene elements.

For many years, innate and adaptive immune responses were studied as separate
systems because of their different mechanisms of action. However, it is now under-
stood that synergy between the two systems is required to provide adequate immune
reactivity against invading pathogens. Innate immune responses, through their barrier
and relatively broad types of actions, represent the first line of defense against patho-
gens. At the time the innate system is getting activated, the adaptive system becomes
activated also. The adaptive response becomes evident a few days later because it
requires time for sufficient antigen-specific receptors to be generated through clonal
expansion/proliferation. There are multiple interactions occurring between the two
systems, which results in the coamplification of each respective response and leads
to the ultimate destruction and elimination of the invading pathogen.

1.2.11 B LYMPHOCYTES

The primary function of B lymphocytes is the production of antibodies that are
specific for a given antigenic component of an invading pathogen. Antibodies are
encoded by the heavy (H)- and light (L)-chain immunoglobulin genes. Antibodies
may be secreted or cell surface—bound on B lymphocytes. There are five classes
of immunoglobulins: IgM, IgG, IgA, IgD, and IgE; and the classification is based
on the isotypes of the H chain. B lymphocytes represent roughly 10-15% of the
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peripheral blood lymphocyte population and free immunoglobulins make up a con-
siderable proportion of serum proteins. After an encounter with a specific pathogen
and an antibody response is generated, the level of specific antibodies to that antigen
decreases in serum over a relatively short period of time. However, immunological
memory persists in the B-cell population, which is capable of rapid clonal expansion
upon reexposure to that same antigen [95].

Protective immunity for a specific antigen requires cooperation between B and
T lymphocytes. In many instances, helper T-cell interaction is required for the devel-
opment of high-affinity antibodies and complete protection. For naive B lympho-
cytes to undergo proliferation and differentiation in response to most antigens, they
require stimulation by a CD4* T helper cell with the same antigenic specificity.
B lymphocytes are capable of antigen presentation to T cells through their surface
MHC class II proteins [96].

Antibodies recognize the tertiary structure of proteins and react with specific
epitopes in the antigen structure [97]. During an immune response, immunoglobulin
formation may undergo switching from one isotype of immunoglobulin to another,
usually from IgM to IgG and IgA or IgE. This switching requires additional genetic
recombination between the same variable region genes and new H-chain isotope
genes. As the humoral immune response continues, antibodies with higher affinity
for the antigen develops. Competition for antigen provides a selective advantage to
B lymphocytes with the highest affinity for antigen.

1.2.12 T LYMPHOCYTES

Whereas B lymphocyte products recognize extracellular pathogens, T lympho-
cytes are adept at identifying and destroying cells that have been infected by intra-
cellular pathogens. For T cells to recognize antigenic peptides, the peptide must
be presented in the context of cell surface MHC class I or class II proteins [98].
In other words, T cells can only recognize molecular complexes consisting of the
antigenic peptide and a self-structure, that is, the MHC. Depending on whether the
antigenic peptide has been synthesized within the host cell or ingested by the cell
and modified by proteolytic digestion, either MHC class I or class II proteins are
required [99].

Proteins of the MHC are intimately tied to T-lymphocyte responses and recogni-
tion of antigenic peptides. The MHC class I proteins consist of three HLA classes:
HLA-A, HLA-B, and HLA-C with hundreds of allelic variants of each. Structural
studies have shown that class I molecules exist as cell surface heterodimers with a
polytransmembrane a-chain associated (noncovalently) with a nonpolymorphic 3,
microglobulin protein [99]. The protein chains are folded in such a way as to form a
physical groove capable of binding up to an 11 amino acid long peptide. Antigenic
proteins are degraded by proteolytic enzymes to about this size for binding to the
MHC class I proteins for antigenic presentation. Antigenic peptides are bound in the
groove of the HLA molecule and expressed to the cell surface for presentation to
initiate a T-cell response [99].

The large number of HLA class I alleles reflects structural polymorphism, which
adds to the number of antigenic peptides that can be recognized. Most humans are
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heterozygous for HLA, further increasing the numbers of antigenic polypeptides
bound and capable of activating T cells [100].

There are three major groups of MHC class II proteins, HLA-DR, HLA-DQ,
and HLA-DP, each with large numbers of alleles. Class II proteins are also folded
in such a way as to form a groove for binding peptides for presentation as a complex
consisting of the protein fragment—HILA structure. Class II proteins consist of two
polypeptide chains, which are MHC-encoded transmembrane proteins [101].

As mentioned earlier, the antigenic peptides bound to class I proteins are derived
from exogenous antigens taken up by APCs and are degraded into peptides of a size
appropriate for loading in the class II protein groove. The phagocytosed antigens
were degraded by proteolytic enzymes found in the lysosomes of the APC and fur-
ther processed by specialized proteins in the cytoplasm to generate peptides of the
correct length for binding [101].

As with the MHC class I proteins, the large repertoire of the peptide-binding
class IT molecule is generated through polymorphisms of the class II proteins where
there are multiple alleles of each HLA type.

Once again, class I and class I HLA proteins differ in the types of peptides rec-
ognized and where and how the antigenic peptides are generated.

The thymus is an organ dedicated to T-cell development. T cells originate in
the bone marrow as progenitors and circulate in the blood stream before eventually
homing to the thymus. The particular environment in the thymus provides the opti-
mal milieu for thymic lineage development [102]. It is likely that interaction with
the thymic stroma provides the signals required for the thymic progenitor cells to
undergo proliferation and differentiation into mature naive T cells [102]. This pro-
cess is tightly regulated and is mediated by various transcription factors, cytokines,
chemokines, and one or more selectins.

T lymphocytes make up the majority of lymphocytes in peripheral blood and are
most readily defined by the expression of TCR molecules on their surface. The afs
TCR molecules recognize specific peptide antigens that are presented in the context
of the MHC class I or class II proteins (in the form of a complex). T cells express-
ing a3 molecules differentiate into different subsets including the CD4* T cells and
the CD8" T cells. The CD4* T-cell subsets are active as regulators of cellular and
humoral immune responses. The other subset, CD8" T cells, is cytotoxic for cells
infected with intracellular pathogens.

T-lymphocyte receptors are different from the B-lymphocyte immunoglobulin
receptors in that they are never secreted and are able to recognize peptides produced
after proteolytic breakdown of antigens as opposed to B-cell receptors that react to
native proteins [103]. TCRs recognize the primary amino acid structure of the protein
antigen. TCRs recognize antigenic peptides only when they are presented as cell sur-
face—bound complexes with MHC class I or II proteins. Each T cell bears a TCR with
a single antigenic specificity and these cells provide recognition for a very large num-
ber of possible pathogens. T-lymphocyte activation through the TCR is an important
step in the initiation of an adaptive immune response. TCR activation requires two
interactions [99]. One is the interaction between the TCR and the peptide MHC com-
plex, which gives a partial signal for T-cell activation. Full activation requires both
the TCR-peptide-MHC binding and the interaction with a costimulatory molecule,
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CD28, on the T cell and CD80 or CD86 present on the APC [99]. This second signal
stimulates proliferation and differentiation of the T cell. If T cells do not receive the
second signal they may become unresponsive and possibly anergic.

There is considerable cross talk between T- and B-cells in an adaptive immune
response. For proliferation and differentiation to occur, naive B cells must be stimu-
lated by a particular type of helper T cell, the CD4* T cell. Moreover, the B and the
CD4* helper T cells must have receptors that are specific for epitopes present on the
same antigenic molecule. The complex interaction between T helper cells and B cells
(with matching specificities for a pathogen-specific antigen) and a second signal to
the T cell (possibly provided by the B cell) results in the proliferation and differentia-
tion of both B- and T-cells and ultimately in an adaptive immune response.

T cells are divided into a number of subsets based on their migration patterns
and functional abilities. The naive T lymphocytes tend to circulate between the blood
and lymph nodes in response to the homing receptor L-selectin [104]. Recirculation of
naive T cells allow them to move in and out of areas of the body where they have the
best chance of detecting a pathogen bearing their specific antigen receptor [104]. At
least two types of memory T cells are active in adaptive immunity. One subtype, the
effector memory cell, is short-lived and aggressively migrates to the site of the target
tissue to destroy the pathogen. The second subset, called central memory cells, serves
arole in immunologic memory and has migratory patterns that place them in environ-
ments where pathogens may enter [104]. Antigenic stimulation of these memory cells
leads to a rapid proliferative response leading to the production of both effector and
central memory T cells. There appears to be a tendency for memory T cells to migrate
back to the tissue where they first encountered a specific antigen. This appears to be
controlled by specific homing receptors on the surface of memory T cells.

As mentioned earlier, a8 T cells, while in the thymus, differentiate into T-cell
subpopulations expressing CD4 or CDS cell surface markers. These cell populations
were described first as phenotypic markers and their functions were described later.
Originally, these T cells were considered to be helper cells (CD4) and suppressor cells
(CD8) but later the CD8 cells were identified as cytotoxic T cells [105]. These associa-
tions are not absolute, since some CD4* T cells may also have cytotoxic properties.

CD4* molecules and CD8" molecules serve as coreceptors in the interaction
between the T cells and APC. The CD4 molecules expressed on the surface of
T cells bind to class II molecules expressed on the surface of APCs and serve to
stabilize the interaction between that particular T cell and the APC. CD8 molecules,
however, bind to class I molecules expressed on the surface of APCs and serve to
stabilize the interaction between CD8 T cells and APCs.

When naive CD4* or CD8* T cells are activated by APC, they undergo differ-
entiation into distinct subsets with different functions. The effector functions of the
T-cell subsets are determined by the nature of the costimulatory signals given and
the cytokines secreted [106].

There are two main subsets of CD4* T cells generated or determined by the
cytokines secreted by the APC, Thl, and Th2.

The Thl subsets are generated by APCs secreting IL-2. The T cells differentiate
into effector cells producing high levels of IFN-y and IL-2. This subset, Thl, gener-
ally supports cell-mediated immunity by producing cytokines INF-y and TNF-j
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that are efficient in activating macrophages and cytotoxic T cells [107]. In contrast,
naive CD4* T cells activated by IL-4 stimulated DCs differentiate into effector
T cells designated Th2. The Th2 subset actively supports the development of humoral
or antibody responses [107]. Th2 lymphocytes secrete IL-4, IL-5, IL-9, and IL-13,
which in turn are efficient at stimulating B lymphocytes to differentiate into anti-
body-forming cells (particularly IgE) and actively secrete antibody.

Generally, most immune responses show a combination of both features of Thl
and Th2 pathways and a prolonged immunization process may lead to one pathway
becoming the most dominant. To a certain extent, Thl and Th2 subsets secrete cyto-
kines that can suppress one another, that is, Thl secrete cytokines that can suppress
Th2 responses and Th2 cells produce cytokines that can suppress Thl responses.

Another family of CD4* T cells called Treg was recently shown to suppress the
responses of other T cells [93]. It is likely the Treg cells play a role in regulating
self-tolerance but may have a harmful effect on tumor immunity. Several subsets of
Treg cells have been reported and each has a distinct surface phenotype, cytokine
profile, and mechanism of action for suppressing immune responses. Initially, high
CD25 expression was used to identify the majority of human Treg cells. The CD4*
cells with the greatest regulatory activity had high levels of CD25 (i.e., CD4* CD25
high T cells). A considerable number of other surface markers have been shown
on Treg cells but expression is not as great or as consistent as CD25 [108]. More
recently, the intracellular protein FOXP3 has been identified as a key molecule
involved in driving the activity of Treg and now serves as a marker to enumerate
these cells.

1.2.13 COMMENTS

This chapter serves as a background and provides a broad overview for the remain-
der of the chapters.
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2.1 OVERVIEW

Lord Kelvin* famously said, “Until you can measure something and express it in
numbers, you have only the beginning of understanding.” With few exceptions, inter-
preting immunological assays are all about interpreting numbers, and this can be
aided (or not) by the application of statistical methods. This chapter is intended to help
students of immunology, who have already had some exposure to statistics, navigate
the most common statistical methods that are applied to tests of immunity. To quote
the humorist Evan Esar, a statistician is one “who believes figures don’t lie, but admits
than under analysis some of them won’t stand up either.” By understanding a few basic
statistical methods and avoiding the most common pitfalls of data analysis, the stu-
dent of immunology increases the odds that his or her figures will, in fact, stand up.

Jim Deacon of the University of Edinburgh cites an unnamed Cambridge
professor’s take on statistics in Biology:

In our Department we have a long corridor with a notice board at one end. I draw a
histogram of my results, pin it to the notice board, then walk to the other end of the
corridor. If I can still see a difference between the treatments then it’s significant.

The don was advocating a rudimentary form of something that the great statistician
and teacher John Tukey called exploratory data analysis (EDA) [1]. In our quest to
understand our data, EDA is only a beginning, a method to discern trends and sniff
out possible sources of variability without making prior assumptions about the data.
Tukey drew a distinction between exploratory and confirmatory data analyses. The
latter draws on a rich body of statistical methodology, which in the words of Tukey
“[are] principles and procedures to look at a sample, and at what the sample has told
us about the population from which it came, and assess the precision with which our
inference from sample to population is made.” Tukey advocated that exploratory and
confirmatory data analyses proceed side by side.

2.2 EXPLORATORY DATA ANALYSIS IN THE COMPUTER AGE

The desktop computer did not exist when John Tukey wrote his seminal tract on EDA.
Most of the methods that he invented or promoted were designed to be performed with
a pencil, a ruler, and graph paper. Although this must have been somewhat cumber-
some, EDA techniques are now implemented in most statistical packages. SYSTAT
(Systat Software, Inc., San Jose, California), which I have used for the graphics and
analyses in this chapter, has a powerful suite of EDA and graphic tools.

2.2.1 THe Box PLot

Figure 2.1 is just what the don ordered. It is a dot plot of reciprocal antibody titers in nine
healthy subjects before and one week after booster immunization with tetanus toxoid.

* William Thomson (1824-1907), First Baron Kelvin, who among other notable achievements gave us
the concept of absolute zero, was fond of such pronouncements. He also said, “In science there is only
physics, all the rest is only stamp collecting” and “Large increases in cost with questionable increases
in performance can only be tolerated in race horses and women.”



Statistics of Immunological Testing 31

150,000 T
O
&
= 100,000 =
>
©
o
2
IS
[\]
©
3
<t ©)
g 50,000 — —
14 O
O
@)
@] O
0 8 e
Pre Post

Immunization status

FIGURE 2.1 Dot plot of reciprocal antibody titers in nine subjects before and one week
after immunization with tetanus toxoid vaccine.

It does not pass the don’s test when I step to the back of my less than commodious
office and look at the data on my computer screen. What I see is a lot of overlapping
dots and a single dot in the pregroup and several dots in the poszgroup that are larger
than the rest of the values. Did the immunization work? Perhaps not. Figure 2.2 shows
the same data displayed using one of the most powerful tools of EDA, the box plot. Box
plots display the sample range, median, and the spread of the central 50% of the data
surrounding the median. Tukey saw the box as a hinge turned on its side. The outer
bounds of the hinge give the location of the central 50% of the data (known as the
hinge spread); where the two leaves of the hinge join (the wais?) is the sample median
(visible in the postgroup). The whiskers (another Tukey coinage) show the range (loca-
tion of the smallest and largest values), exclusive of outliers, which are indicated by
circles (explained in the figure legend). What one sees in the box plot is quite different
from the raw dot plot. The median value of the postgroup is higher than that of the pre-
group, which on this scale appears to be near the origin. We also notice that the data is
not symmetrically distributed, but is quite skewed toward high values. In the pregroup,
the first and second quartile are smashed against the origin, and the postgroup has
a short whisker below the second quartile, and a long whisker above the third. Both
the pre- and postgroups have one high outlier. I might be changing my opinion about
whether the immunization worked, or at least formulating some confirmatory tests that
might be used to shed light on the question.

2.2.2  TRANSFORMATIONS IN EXPLORATORY DATA ANALYSIS

Tukey advocated transformation (the most common being logarithmic and square
root) as the next logical step in EDA when one has skewed data. Figure 2.3 shows the
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FIGURE 2.2 Classic Tukey box plots display nonparametric (distribution-free) descriptive
statistics. Individual data points are marked by Xs. The waist indicates the group median
and the hinges (upper and lower boundaries of the box) indicate interquartile distances. The
whiskers (bars) give the ranges, exclusive of outliers. Outliers (more than 1.5 times the hinge
spread from the median) are shown by asterisks (there are none in this illustration) and far
outliers (more than three times the hinge spread from the median) are shown by circled Xs.
The lower hinge cannot be seen in the pre group, because more than five of the nine data
points lie close to the origin.

data of Figure 2.2, log transformed to the base 10. Now we can clearly see what was
not apparent at all in Figure 2.1, and was only hinted in Figure 2.2. From the location
of the median bars, we see that immunization led to a more than 10-fold increase in
median antibody titer (<103 versus >10%). Further, the data in both groups are more
or less symmetrically distributed, one of the key requirements for the legitimate use
of a variety of confirmatory statistical tests (explained in Section 2.6). The two far
outlying values seen in Figure 2.2, now fit neatly into the distribution.

2.3 ESTIMATES OF DATA LOCATION AND DISPERSION

2.3.1 Dar1a LocAaTioN

The median (the midpoint of a series of ordered numbers, where half the values are
above and half below) is the first data-location summary statistic to be evaluated
in EDA because it does not require any assumptions about the distribution of the
data. Additional summary statistics of data location are the arithmetic mean (the
numerical average) and the mode (the most prevalent value within a distribution).
Although the arithmetic mean is the most widely used statistic, we will see that



Statistics of Immunological Testing 33

6
5 |- |
g T |
>
8
Qo 4 X —
c
© X
©
[}
: o
o
S 3 —
1
o
S
o
-
2 = |
1 | |
Pre Post

Immunization status

FIGURE 2.3 Box plot of log-transformed antibody data. The base 10 logarithm of the
reciprocal titers shown in Figures 2.1 and 2.2 are plotted. Note that the distributions are
fairly symmetrical about the waists (medians), and the two values that appeared as outliers in
Figure 2.2 are now within 1.5 hinge spreads of the median.

this is not always to the best effect. When data are approximately symmetrically
distributed, the median, mean, and mode are very close. As we saw in our EDA
example of antibody titers, biological data, and especially immunological testing
data, are often highly skewed. To continue with antibodies as an example, titers in a
population may consist of individuals with no detectable antibodies, those with low
titers, and a very small proportion with extremely high titers. If one were to accept
the mode as a summary statistic to characterize the human immunodeficiency virus
Enzyme-Linked ImmunoSorbent Assay (HIV ELISA) titers of university students,
one would entirely discount the infrequent HIV positive subjects, because the most
common result would be zero (or undetectable). The median would also be zero
because more than half of the students are seronegative. Likewise, the arithmetic
mean would barely register above zero, influenced as it is by the high proportion
of subjects without detectable antibody. Although all these summary statistics are
technically correct, they may not capture the biology that we seek to explain. Even
if one confined the analysis to “positive” subjects, as is the case with tetanus toxoid
because all individuals have been immunized some time in the past (Figure 2.4), the
left-skewed distribution would result in mean and median values that differ mark-
edly (the mean is higher than the median because the data distribution contains a tail
of very high values). Thus, as in our EDA example, the choice of the most informa-
tive statistic to summarize data location is dependent on the data distribution. This
will be discussed more in Section 2.3.2.
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FIGURE 2.4 Distribution of antitetanus antibodies in 1000 subjects. Antibody titer was
measured in serial dilutions of serum by ELISA and is expressed as a reciprocal titer (i.e., a
value of 32 means that the serum the dilution curve crossed the threshold defining a positive
result at a 1/32 dilution). The distributions of values is shown as a bar density histogram. Like
many measures of immunity, antibody titer is not symmetrically distributed, but rather is
left-skewed. Here, the median and modal values are seen to provide a better summary of the
data, the mean being influenced by a few, very high values.

2.3.2 DATA DISPERSION

Although it is easy to find graphs in the scientific literature in which group means
are compared without recourse to error bars, statistics of location alone do not pro-
vide an adequate summary of a set of observations, and certainly do not provide
all the information required to compare results from different groups. In addition
to location, we need an indication of the spread of individual observations within
the group. In EDA, we chose the hinge spread (distance between the beginning of
the second quartile and the end of the third) as a statistic that, along with the loca-
tion of the median, provided useful information about the shape of the data dis-
tribution. In confirmatory data analysis, the sample standard deviation (SD) (see
Technical Definition 1) is the most widely used and forms the basis for the many
statistical tests based on the assumption of a normal or Gaussian distribution. In
general, statistical tests, which assume that the data fit a particular distribution are
called parametric tests.
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Technical Definition 1

Sample Standard Deviation. Experimental data sets are collected to make
generalizations about the population from which test data are drawn. The
standard deviation is a measure of average absolute difference in individual
measurements (x;), compared to the sample average (x bar).

| &
s = \/—N— 1 Z(x,-— X)?
i=1

The standard deviation tells us about the relative homogeneity or spread of
a sample. It can be used, for example, to compute sample percentiles, or it can
be normalized by dividing it by the sample mean to create a scale-independent
measure of variability, the coefficient of variation.

Before we are ready to use parametric statistical tests (e.g., Student’s  test*), there
is something you must know about all tests relying on the normal distribution:

The normal model uses only two parameters (mean and standard deviation) to
describe your entire data set.

As discussed, these are measures of location and dispersion, respectively. The
validity of tests that assume normality depends entirely on how well the data can
be described by these two parameters. Figure 2.4 shows more antibody data, this
time from a group of more than 1000 subjects. As we have begun to appreci-
ate from Figures 2.1-2.3, antibody distributions are usually left-skewed, and
the data in Figure 2.4 are no exception. In particular, notice how the high outly-
ing values cause the mean to be higher than the median or mode. Since the nor-
mal distribution is a family of bell-shaped curves that can be described by the
mean and SD, we can create such a curve by plugging our sample mean and SD
into an equation. Figure 2.5 shows what happens when we do this for the data in
Figure 2.4. By definition, the resulting bell-shaped curve has its peak located at
the sample mean, and its points of inflection at one SD below and above the mean.
At this point, we have to question whether we want to entrust our data analysis to
these two statistics. Considering the skewed nature of the distribution and the
absence of zero or negative values, a logarithmic transformation looks promising.
In practice, a great deal of quantitative, continuous data from immunologic test-
ing is lognormally distributed, so this is the first transformation that one would try.
Figure 2.6 shows the resulting distribution of the log-transformed data (bars) and
the predicted normal distribution (curve) (see Technical Definifion 2). What an

* Student was the pseudonym of William Sealy Gosset, an industrial chemist for the Guinness Brewery
in Dublin, Ireland. After discussions with the statistical pioneer Karl Pearson, he developed the 7 test
to monitor the quality of batches of beer. Although he published the test in Pearson’s statistical journal
Biometrika [2], he was required by his employer to use a pseudonym, because they considered their
monitoring process a trade secret.
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FIGURE 2.5 Application of the normal model to antibody data. The bars show the actual
distribution of the data. The bell-shaped curve shows the normal distribution calculated from
the sample mean and SD. One can see that the actual peak of the distribution is of a much
lower value than the peak of the curve. It is also disturbing that the lower end of the distribution
extrapolates to negative titers, and the upper end does not account for the highest values.

Technical Definition 2

Normal Distribution. The normal distribution forms the basis of many paramet-
ric statistics, such as Student’s ¢ test. It is specified by the equation

1 otwiree)
oN2m

This equation has only two parameters, the population mean, y, and the
population standard deviation, o. The entire family of normal curves is gener-
ated by varying 4 and o. If you plug # = 0, ¢ = 1, and x values of —3 through 3
into this equation, you will get the standard normal curve (which we will see in
Section 2.5) spanning three standard deviations above and below a mean of 0.
This curve forms the basis of all standard statistical tables.

improvement—the mean, median, and mode are virtually identical (3.26, 3.31, and
3.30, respectively). The data themselves appear to be symmetrically distributed about
the mean, and even the extreme values are fairly well modeled. However, this is real-
world data and there is also a degree of positive Kurtosis (sharper peak with fatter tails,
compared to the normal distribution). This is not a disease, but rather a way to quantify
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FIGURE 2.6 Distribution of log-transformed reciprocal titers. The mean, median, and
mode are virtually identical and the superimposed normal distribution fits the data reason-
ably well. Although the data are in log,, units, you can get back to the original reciprocal titers
by raising the numbers on the x-axis to the 10th power. Alternatively, one could simply plot
the x-axis on a log scale and achieve the same effect.

(along with skewness) a departure from the normal distribution. Practically, experience
tells that with antibody data, this is just about as good as it gets, and the assumption
of normality is a reasonable one. We could then proceed to compare log-transformed
titers. Going back to the data in Figures 2.1-2.3, which are naturally paired values
(each subject was measured before and after immunization), Student’s paired ¢ test is
the most appropriate confirmatory test (Figure 2.7). This test looks at the difference
between the pre- and postimmunization values of the individual subjects. In our exam-
ple, the average subject had a 7.9-fold rise in antibody titer following immunization
(Student’s two-tailed test, p = 0.014). This is as good a time as any for a discussion of
one- and two-tailed p values. A p value can be put into words as the probability that a
difference this great (i.e., 7.9-fold) would occur by chance alone (given the magnitude
of the SD between individual differences and the number of paired observations). In
the present case, a chance difference of 7.9-fold could be expected only 1 in 71 times
(p = 0.014), well below the conventional probability traditionally considered sta-
tistically significant (1 in 20, or p = 0.05). Because this is a two-tailed value, we
are considering the probability of a 7.9-fold increase or decrease in antibody titer.
Some would favor a one-tailed ¢ test (which would yield exactly half the probability,
p = 0.007) arguing that we have a prior hypothesis that the only two expected outcomes
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FIGURE 2.7 A line graph showing paired pre- and postimmunization log-transformed
reciprocal titers. Student’s paired ¢ test calculates the difference between pre- and postvalues
for each individual data pair. The mean difference is then tested to determine whether it is sig-
nificantly different from zero (the famous null hypothesis). In this example, the mean differ-
ence was 0.896 = 0.303 (SEM). Because these log units are not terribly intuitive, it is best to
transform them back into something more intelligible. Taking the base 10 antilog of the mean
difference (i.e., converting the number from the log domain, back into the linear domain), we
get 1008% = 7.87. This means that the subjects had, on average, a 7.9-fold increase in antibody
titer. The ¢ value associated with this value is 3.314, with a two-tailed p value of 0.014.

of immunization are that either the antibody titer remains the same or increases. I find
such arguments to be an annoying example of p-value inflation. Although we do not
expect immunization to result in a decrease in titer, this is certainly an intelligible pos-
sibility, and as such, deserves to be factored into our analysis by the two-tailed test.

2.3.3 DATA SAMPLING

Sampling has a special meaning in statistics. One of the tenets of the scientific
method is that we can make inferences about an entire population by examining
a sample drawn from that population. It is lost to history whether Student had a
more convivial definition of sampling in mind when he invented his famous ¢ test
for the Guinness brewery [2]. To bring the subject back to immunology, the notion
of sampling means that you do not have to measure the CD4 count of every living
person to get a very good estimate of the distribution of CD4 counts in the popu-
lation. Statisticians make a useful distinction between means and SDs calculated
for entire populations, and those estimated from population samples. In educational
testing, for example, it is possible to know the mean (location) and SD (dispersion) of
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the test scores for the entire population of students taking the examination. In
clinical testing, a population can only be sampled to infer normal ranges (i.e., the
distribution of scores in subjects without known pathology). In experimental test-
ing, replicate experiments are thought of as representing a sample from an infinite
population of identical experiments that could have theoretically been performed.
Although this sounds quite incredible, we will see how, by increasing the number of
experimental replicates, our estimated mean and SD converge on the mean and SD
of this fictitious population of all possible experiments.

2.4 EFFECT OF SAMPLE SIZE ON PARAMETRIC
SUMMARY STATISTICS

The effect of sampling can easily be seen if we start with a data set in which, like our
educational testing example discussed earlier, the results can be known for the entire
population. Figure 2.8 shows data for white blood cell (WBC) counts measured on
all patients who underwent peripheral stem cell mobilization at the University of
Pittsburgh Medical Center between January 1999 and December 2006. To move
hematopoietic stem cells from the bone marrow into the blood, these patients are
treated with the growth factor granulocyte colony stimulating factor (G-CSF), and
their WBCs are monitored for an increase that usually coincides with the peripheral-
ization of hematopoietic stem and progenitor cells. Thus, the counts have much more
variability than those of normal subjects. Results from the entire population (1224
determinations) were randomly sampled using increasingly large samples, until the
entire population was included. Up to an n of 300, the sample mean oscillates between
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FIGURE 2.8 The figure depicts how the mean, sample SD, CV, and SEM change as a func-
tion of the number of observations (). The data are peripheral WBCs (per microliter in
1000s) from patients receiving the hematopoietic growth factor G-CSF for mobilization of
stem cells into their peripheral blood. Data were chosen at random from a set of 1224 obser-
vations. Mean, SD, CV, and SEM were calculated with an = of 3, 10, 30, 100, 300, 1000, and
the full data set of 1224. The data points are connected by a spline fit. The statistics for the
entire population are shown as a dashed line.
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10.0 and 18.1, after which the mean stabilizes at about 16.5. The large SD indicates
that there is a great deal of patient-to-patient variability. When expressed relative
to the mean (in the coefficient of variation [CV]), the SD stabilizes at about 50%.
Unlike the mean, SD, and CV, the estimates of which become more precise (not
smaller) with an increasing number of observations, the standard error of the mean
(SEM) is a measure of how precisely we have estimated the location of the popula-
tion mean. Accordingly, it decreases as the number of observations grows, and theo-
retically, would be 0 when the entire population has been sampled.

2.5 STANDARD DEVIATIONS, STANDARD ERRORS,
AND WHEN TO USE THEM

SDs and standard errors of the mean are the most commonly used statistics to sum-
marize data dispersion in the immunology literature. Now we have seen how the
sample mean, SD, and standard error change as the sample size increases, we can
apply these statistics to our data with confidence. Bar graphs, line graphs, and dot
plots are frequently shown with error bars to help us understand and compare data
dispersion. Similarly, we often see numerical data summarized as a value * another
value (e.g. 197 * 62). Most commonly, these errors are expressed as SDs or standard
errors. As seen, these two useful statistics have very different meanings. Despite
this, they are sometimes (incorrectly) used interchangeably. Equally incorrectly,
error bars or intervals are often used in technical publications without specifying
which statistic they represent.

The sample SD tells you something about the spread of the data distribution. Use
it as a summary statistic (e.g., as an error bar in a graph) when the point is to show the
relative homogeneity or heterogeneity of the data. As already mentioned, when you
use the sample SD to describe the spread of your data, you are implicitly endorsing
the use of the normal distribution to model your data. You accept the premise that
your data are well described by a family of symmetrical bell-shaped curves that are
completely specified by the sample mean and SD. Your inferences about the location
and spread of the population from which your sample was drawn will be correct only
to the extent that the normal distribution fits this population. If the model does fit, you
can use the SD to infer the upper and lower bounds, which encompass a given propor-
tion of the population data. For example, 95th percentiles are calculated as the sample
mean *+1.96 SDs. Referring back to Figure 2.6, one can visualize how approximately
two SDs above and below the mean include 95% of the normal distribution, with the
remaining 5% lying outside as tails. In Section 2.7.2, we will provide an example
where the SD of a measurement sampled from a healthy population is used to infer
when an individual value from a patient is within normal limits. Remember that as
the sample size (n) increases, the sample SD becomes a more precise estimate of the
population SD. It does not become smaller. In this respect, it behaves something like
the sample mean.

The standard error of the sample mean can be interpreted as a SD describing
how means sampled from the entire population vary with respect to one another. Use
the SEM (e.g., as an error bar in a graph) when you want to express the precision with
which you know the location of the population mean or when comparing the means of
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two or more or experimental treatments or groups (to determine the probability that
they were drawn from the same population). As we saw in Figure 2.8, the greater the
number of observations, the more precise is our estimate of the population mean.

2.6 ASSUMPTIONS OF CONFIRMATORY TESTS

Some of the most useful statistical tests rely on the normal distribution. These include
Student’s ¢ test, analysis of variance (a generalization of Student’s 7 test for more than
two groups), linear regression analysis, and certain power calculations that are very
helpful for experimental design. In addition to the assumption of normality, there
are two other requirements that bear some explanation. The first is homogeneity of
variance. For comparison of groups, both groups must have approximately equal vari-
ance (or equal SDs, the square root of the variance). The sample variances are then
pooled to obtain the best estimate of the population variance. For linear regression,
the SD of the dependent variable must not change as a function of the independent
variable. In practice, a variant of Student’s ¢ test, the unequal variance ¢ test, does not
require this assumption, and can be used, provided the data are normally distributed
[3]. For linear regression, a dependent variable with a variance that grows as a func-
tion of the magnitude of the independent variable will probably behave better after
transformation, as we will see in one of our case studies (Section 2.7.3).

The second assumption, known as continuity, requires that the universe of
possible data values is continuous on the number line. That is, observations can be
given to many decimal places arbitrarily. This is never actually the case in the real
world where assay precision is limited by instrumentation and data are, in the strict-
est sense, discontinuous. To pick an extreme example, a hemagglutination assay may
call for serum to be serially diluted in twofold increments. The titer is the highest
dilution that causes the red blood cells to clump. Here, the only possible assay results
(given as reciprocal titer) are 2, 4, 8, 16, etc. Given the assumptions of normality
(hemagglutination titers are beautifully lognormally distributed) and homogeneity
of variance, can we use Student’s ¢ test to compare data from two groups? Here is
how John Tukey reconciled the “unrealism” of the assumption of continuity: “To the
man with the data, such unrealism hardly looks helpful, but to the worker with a the-
ory such an assumption turns out to make things simpler. Since all the man with the
data can hope for is an approximation, and since an approximation to a few decimal
places is often more than he deserves, he soon learns not to worry very often about
this particular sort of unrealism.” We may interpret this to mean that continuity is a
formal requirement, and for us, the women and men with the data; it is sufficient that
continuity of our measurement be intelligible, if not actual.

Why do I have to meet these requirements anyway?

* When you use a test like Student’s ¢ test to compare the data from groups
A and B you are not really comparing the data itself.

* When you apply Student’s ¢ test to compare the results of group A and B,
you are giving up the raw data in favor of a model that is completely speci-
fied by only three numbers: the mean of A, the mean of B, and a pooled SD
that is supposed to accurately represent the spread of both groups.
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* The testis invalid to the extent that the resulting normal distributions fail to
accurately describe the experimental results.

* Remember that when the assumptions of normality or homogeneity of
variance fail, transformations can often bring the data back into line.

2.6.1 A Worp aBout THE NuLL HYPOTHESIS

In confirmatory statistics, the interpretation of a test is often related in terms of the
null hypothesis. This elicits in most of us a mental cramp, since this double nega-
tive (trying to refute the hypothesis of no difference), seems at a first glance the
equivalent of trying to prove the hypothesis of a difference (what we students of
science usually think we should be doing). This is not the case, as disproving the
null hypothesis provides supporting evidence for, but does not prove an alterna-
tive hypothesis. Forcing ourselves to see our experimental problems in terms of
the null hypothesis, and formulating statistical tests to reject the null hypothesis
brings us into line, philosophically, with the falsifiability model of scientific discov-
ery proposed by the twentieth century philosopher Karl Popper [4]. Popper believed
that the closest science could come to truth is to provide theories with ample oppor-
tunity to be proven wrong by counterexamples. In other words, we gain confidence
in a scientific hypothesis by attempting to prove it wrong and failing. Let us return
to Figure 2.7 and our paired ¢ test of antibody titers of sera obtained before and after
immunization. Because this is a paired ¢ test, the null hypothesis states that there is
no difference between titers of individual subjects before and after immunization.
To perform the statistical test, we subtract the log of the pre titer from the log of
the posttiter. When we test the null hypothesis, we determine the probability that
the distribution of resulting post—pre differences could have been drawn from a
(hypothetical) population of individuals for whom the mean difference between pre-
and postvalues is zero, and the data dispersion, though unknown, can be estimated
from the SD of our sample. Because we have sampled only nine pairs of data from
this hypothetical population, the mean difference is very likely, by chance alone, to
be a nonzero value. But how different from zero does it have to be before we can
reject the idea that our data pairs were drawn from a population of subjects in whom
there is no difference before and after immunization? As we have already seen, the
mean difference of our sample was 0.896 (not 0) with a SEM of 0.303. A fast and
intuitive way of thinking about this problem is to approximate the least significant
difference (LSD) at p = 0.05. Just take the null hypothesis mean difference (0),
and add two times the SEM (0.606). Is the sample mean difference (0.896) greater?
Then we can reject the null hypothesis. Note that this does not formally prove that
the immunization worked. There could have been other factors responsible for the
rise in titers after immunization, or it could just be bad luck (in Figure 2.7, we found
that a difference this large could be expected by chance alone, 1 in 71 times, if the
nine data pairs were drawn from a population with a mean difference of 0). It does,
however, provide evidence consistent with the notion that immunization caused a
rise in titer. Further unsuccessful attempts to falsify our hypothesis (such attempts
may include performing similar experiments on additional subjects, or immunizing
subjects with a sham immunogen) will give us greater confidence in our conclusion
that the vaccine is efficacious.
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2.6.2 A WORD ABOUT STATISTICAL SIGNIFICANCE

The word significant does two jobs in the language of biomedical science. When
we are speaking of a statistically significant difference, we usually mean that we
have rejected the null hypothesis because, for example, the probability of two groups
of data drawn from the same population is less than 1 in 20 (p < 0.05). This is an
arbitrary cutoff, and we may wish to set a more rigorous criterion for statistical
significance (say, p < 0.01) if our problem demands that avoiding type I error (false
positives, see Technical Definition 3) is more important than avoiding type II error
(false negatives). Strictly speaking, this concept of statistical significance applies
to comparisons that are performed in isolation. If one were to perform 100 com-
parisons, then 5 (1 in 20) should turn up spuriously significant at a p value of 0.05,
even when no differences exist. In such cases, the Bonferroni correction for multiple
comparisons is used to adjust the required p value [5]. Finally, we have the semantic
problem of the word significance, and the double job that it does in the language of
science. Statistical significance in no way implies significance in the ordinary sense
of meaningfulness or importance. We have seen earlier how the SEM decreases
with sample size. Thus, with increasing sample size, even small and biologically
unimportant differences may grow to be statistically significant. In words attributed
to Gertrude Stein, author and Johns Hopkins School of Medicine dropout, “A differ-
ence, to be a difference, must make a difference.”

Technical Definition 3

A type I error (or alpha error) is a false positive. In other words, it is rejecting
the null hypothesis when it is actually true. The p value is the probability of
alpha error.

A type II error (or beta error) is a false negative. It means failing to observe
a difference when in fact a difference exists (or failing to reject a false null
hypothesis).

2.6.3  SENSITIVITY AND SPECIFICITY: POSITIVE AND NEGATIVE PREDICTIVE VALUES

When we are dealing with a test that provides dichotomous outcomes, such as a
test to detect a viral infection (positive or negative), we can evaluate it in terms of
sensitivity and specificity, which are defined in comparison to a reference or gold
standard. The gold standard may be an existing and accepted test, or it may be an
outcome that will eventually become known with time, such as the onset of clinical
symptoms (e.g., HIV infection). Table 2.1 shows the relationship between a hypo-
thetical-test result and the gold standard. We can see that sensitivity, the ability to
identify true positives, is defined as the ratio of true positives to the sum of true posi-
tives plus false negatives. Similarly, specificity, the ability to detect true negatives
is the ratio of true negatives to true negative plus false positives. Table 2.1 can also
be used to conceptualize two other important parameters that depend not only on
the test, but also on the prevalence of true positives in the population. These are the
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TABLE 2.1
Sensitivity and Specificity Are Defined in Relation
to a Gold Standard

Gold Standard

Test Result Positive Negative
Positive TP FP
Negative FN TN

Note: About the test—Sensitivity = TP/(TP + FN), ability to identify TP;
Specificity = TN/(FP + TN), ability to identify TN.
About the population—Positive predictive value = TP/(TP + FP),

will be low when prevalence of TP is low; Negative predictive value =
TN/(FN + TN), will be low if prevalence of TP is very high.

positive and negative predictive values of the test. For a test of a given sensitivity and
specificity, the positive predictive value will be low when the prevalence of true posi-
tives is low. Similarly, the negative predictive value is low when the prevalence of
true positives is high. This can be very important in the interpretation of test results.
For example, in a blood donor pool that has been prescreened to exclude subjects
with risk behavior the prevalence of HIV infection may be very low (say 1/10,000).
On screening a million blood products from this donor group, we would expect to
find 100 positive samples. Using an assay with 99.9% sensitivity and specificity, we
would correctly identify virtually all the 100 positive samples. Of the 999,900 prod-
ucts that are not infected, the test would also correctly identify 999,000 as negative,
but would incorrectly find 1000 samples to be HIV positive. Despite the excellent
sensitivity and specificity, the positive predictive value is only 9%.

We also sometimes use the term sensitivity in the context of quantitative test-
ing, for example, nephelometry is more sensitive than radial immunodiffusion for the
measurement of serum immunoglobulin. Here, the term is used to compare the lower
limit of detection of the assays. We mean that nephelometry can quantify immu-
noglobulins down to a lower concentration than immunodiffusion. This is usually
related to the signal-to-noise ratio, a term borrowed from electrical engineering. It is
based on the assumption that a measurement is an admixture of signal (the param-
eter that we wish to measure) and noise (a random or irrelevant contribution that
contaminates the signal). Sensitivity depends on the relative strengths of signal and
noise. In the context of assays of immunity, noise is the intensity of the background
or negative control measurement (e.g., optical density of the negative control in an
ELISA assay and fluorescence intensity of an isotype control in flow cytometry) and
the signal is inferred to be what remains when the background is subtracted from the
test result. Sensitivity in this sense can be increased both by strengthening the signal
(in flow cytometry using a fluorescent dye with a higher quantum efficiency) or reduc-
ing the noise (blocking nonspecific antibody binding). From a statistical perspective,
the lower limit of detection can be defined as an upper limit (e.g., 95th percentile) of
an appropriate negative control value. For example, the lower limit of detection of an
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MHC class I-tetramer assay was defined by determining the mean and SD of the
percent of log tetramer positive cells in an MHC mismatched setting (permitting only
nonspecific binding). The upper 95th percentile of this negative control, determined
to be about 1 in 10,000 cells, was considered to be the lower limit of detection [6].

2.6.4 PRECISION AND ACCURACY

Precision and accuracy are two additional terms that have a specialized meaning in
the context of assays of immunity. Precision is closely allied to reproducibility, and
reflects the closeness of replicate determinations. The CV (Figure 2.8) among repli-
cate determinations provides an estimate of precision. Like sensitivity and specific-
ity, accuracy relies on comparison to some gold standard. An intuitive example is a
pipetting device that may aliquot the same amount of liquid each time within a very
close tolerance, but is out of calibration. This device is precise but not accurate. It is
entirely possible to be accurate without being precise, and vice versa (Figure 2.9).

An example in which the precision of a new assay was determined is shown in
Figure 2.10, where a nuclear stain was used to quantify leukocytes contaminating
filtered platelet products [7]. Each assay was performed in triplicate and the CV was
determined and plotted as a function of the leukocyte count. The assay was very pre-
cise at high leukocyte concentrations, but the precision deteriorated rapidly at counts
less than 100 cells/mL. Accuracy of the same assay was determined by carefully
diluting leukocytes in a sample of known concentration (Figure 2.11). The cell count
calculated from the dilution (x-axis) was taken as a gold standard, and the observed
results (y-axis) were compared by linear regression analysis. The unexpected nonlin-
earity at the lower region of the curve may have come from the dilution error, but the
model assumes that it is from counting error. Despite this, an intercept near 0 and a
slope near 1, and small differences between observed and expected values indicate
the accuracy of this assay.

Accurate but not precise Precise but not accurate

FIGURE 2.9 Accuracy and precision are independent attributes. The target on the left-hand
side illustrates accuracy without precision (the position of the arrows average to a perfect
bull’s-eye), whereas, the arrows on the right-hand side form a tight cluster (high precision)
but fail to hit the mark.
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FIGURE 2.10 The precision of an assay that measures the leukocyte content of leukore-
duced platelet products decreases at lower cell concentrations, as determined by the CV of
triplicate determinations.
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Careful dilution of a sample of known concentration can be used to create a

gold standard (expected concentration) to judge the accuracy of an assay designed to count
cells at very low concentration. The sample was diluted in half-log,, increments and assayed
in triplicate. There is unexplained nonlinearity at some of the lower concentrations. The lines
represent the 95% confidence intervals about the linear regression line of best fit.
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2.6.5 StATISTICS AND EXPERIMENTAL DESIGN

The only complaint that statisticians have about experimentalists (and especially
immunologists) is that we think about statistics only after getting the results of
our experiments. Modern statistical packages contain tools to assist with experi-
mental design, the most important of which are for power analysis. For a two-way
comparison, power analysis forces one to think about one’s experiment in terms of
the smallest difference that one would care to detect between groups (remember
Gertrude Stein), and the degree of data dispersion expected within these groups.
In practice, it is like backing into a test of significance. For a real-world example, a
graduate student came to me with a data set comparing the expression of an immu-
nophenotypic marker in two groups. After doing a preliminary experiment with two
groups, each containing three subjects, he noticed a difference in the hypothesized
direction, but on performing a ¢ test, failed to reject the null hypothesis. He decided that
the minimal difference in marker expression that he wished to be powered to detect
was 25% (a smaller difference seemed to him unlikely to be biologically important).
In the example shown in Figure 2.12, his hypothesized results were a mean of 10%
in group 1 versus 35% in group 2. From his preliminary data, he estimated the SD

Power curve (alpha = 0.050)

Hypothesized 1.0
Mean, =10 0.9 —
Mean, = 35
SD=14.5 08
Confidence level p=0.05 0.7
5 0.6
s /
o 05
* /
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0 5 10 15
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FIGURE 2.12 This is a true example from the doctoral dissertation work of Dr. Aki Hoji,
an immunology graduate student at the University of Pittsburgh Graduate School of Public
Health. He was comparing phenotypic markers on two T-cell subsets, therefore the data is
expressed as percent positive for a given marker. He did a preliminary experiment with three
subjects per group. At that time the data looked promising, but had not reached statistical
significance. He decided that the minimal difference that he wished to be powered to detect
was 25%. That is, a difference of less than 25% expression for a given marker was not deemed
to be of biological importance. In the example shown, the hypothesized percent positive were
10 and 35% for the two subsets being compared. This is arbitrary and the same conclu-
sion would have been reached for hypothesized values of 0% versus 25% and 50% versus
75%. The SD (14.5%) was calculated from his preliminary data. The results were encour-
aging. They indicated that at his present group size (n = 3), he had only a 37% probability
of detecting a 25% difference between the groups (at p = 0.05), even if such a difference
actually existed. Further, the power calculation indicated that increasing the group size to
n = 7 would give him an 84% probability of detecting such a difference.
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at 14.5%, and he chose a conventional alpha value (significance level) of 0.05. The
results of the power curve, which examines the effect of sample size on power
(I—Dbeta error), showed that his preliminary data (n = 3) had only a 37% probability
of detecting a 25% difference between the groups, if any existed, at a p value of 0.05.
Increasing the sample size to n = 7 increased this probability to 84%. Knowing this,
he went back to the bench. To be kosher, the power calculation should have been
made before the experiment was initiated, or should have been made using data
from an independent set of experiments. Performing interim analyses (taking peeks
at the data) influences the meaning of a p value in much the same way that multiple
comparisons do.

How many mice/patients/samples do you need to complete your experiment?
All you need to know is

* The assay results conform to the requirements of the test

* The smallest between-group difference that you would call biologically
meaningful

* An estimate of the SD of the assay itself

* The alpha level. The p value you will call significant (conventionally at
p = 0.05 or less)

* How much power you need (usually 0.8, i.e., in 80% of such experiments you
would detect such a difference, if it exists, at the stated confidence level)?

2.6.6 A WoRD ABOUT NONPARAMETRIC STATISTICS

Nonparametric statistical tests, such as the Wilcoxon signed rank test, the Mann—
Whitney U test, the Kruskal Wallace test, and the Spearmen rank coefficient are
confirmatory tests based on the rank order of data points rather than their magni-
tude. They, therefore, do not require the data to conform to a particular distribution,
and are not sensitive to the magnitude of outlying values. They can also accom-
modate data points that are outside the dynamic range of the test (e.g., undetectable
and too numerous to count). These tests can be very useful when comparing data
that are drawn from a complex distribution, such as one with two or more peaks,
or small data sets, where it is difficult to determine the distribution from which the
data are drawn. As robust as nonparametric tests are, experience teaches that they
are rarely necessary for the vast majority of immunological testing data. Given a
data set that can legitimately be analyzed, raw, or in transformation, by tests that rely
on normality, an equivalent nonparametric test will often have less statistical power
(sensitivity).

2.6.7 GRAPHIC REPRESENTATION OF DATA
2.6.7.1 Words of Wisdom Concerning Data Graphics

A picture may be worth a thousand words. Here are a few hundred words about
pictures.

* Pictures based on exploration of data should force their messages upon us.
Pictures that emphasize what we already know—security blankets to reassure
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us—are frequently not worth the space they take. Pictures that have to be
gone over with a reading glass to see the main point are wasteful of time
and inadequate of effect. The greatest value of a picture is when it forces us
to notice what we never expected to see. John Tukey

Less is more. Ludwig Mies Van der Rohe
Pie charts are among the most abused graphics icons.

We cannot think of a single instance in which a perspective bar graph
should be used for any application.

A nasty relative of the perspective bar chart is the pseudo perspective bar
chart. Ilustrators frequently feel the need to make two dimensional bars
look like blocks or sky scrapers. Leland Wilkinson [8]
Forego chartjunk, including moiré vibration, the grid, and the duck.*

The task of the designer is to give visual access to the subtle and the
difficult—that is, the revelation of the complex. Edward Tufte [9]

2.6.7.2 Practical Advice on Data Presentation

Watch your proportions. In the olden days, presentation data were shown
using 35-mm slides that have an aspect ratio (width/height) of 1.55:1. Today,
most of our graphics end up in PowerPoint, which has an aspect ratio of
1.33:1. Therefore, graphs, tables, and word charts should be about 30%
wider than tall. A significant departure means wasted space and a graphic
that will read smaller when projected on a screen.

“Wider-than-tall shapes usually make it easier for the eye to follow from
left to right ... smoothly-changing curves can stand being taller than wide,
but a wiggly curve needs to be wider than tall” (John Tukey).

Choose backgrounds carefully. White is fine for print, but creates a terrible
glare when projected in a large auditorium. I personally prefer a light gray,
but deep blue with white letters can also be effective in a retro kind of way,
in imitation of diazo print photographic slides.

For publication graphics, anticipate the final size of the printed graphic.
Choose the type size and the line thickness accordingly. Letters should
not clot when they are reduced (e.g., as when the upper half of the lower
case “e” fills in). Likewise, lines should not become so thin that they
fade.

Choose fonts carefully. Sans serif fonts (e.g., Ariel and Helvetica) tend to
look cleaner, but words are more easily recognized by sight when seriffed
fonts (e.g., Times Roman and Georgia) are used.
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* Tufte defines chartjunk as ink that does not tell the viewer anything new. This includes all forms
of spurious or superfluous decoration and especially computer-generated grids and crosshatching
patterns that cause the Moiré effect: “designs [that] interact with the physiological tremor of the eye
to produce the distracting appearance of vibration and movement.” To know more about the duck,
see Ref. 8.
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2.7 THREE CASE STUDIES

2.7.1 Cask I: THYMIDINE UPTAKE DATA

Uptake of radiolabeled thymidine is a tried and true method for measuring the
proliferation of lymphocytes in response to mitogens or specific antigens [10]. Cells
are cultured for a sufficient duration to enter the log phase of proliferation, after
which they are given a short pulse (usually 4 h) with tritiated thymidine, which
is taken up specifically by proliferating cells. The cells are trapped on a filter,
washed, and the incorporated thymidine is measured by scintillation spectrom-
etry. The results involve a comparison of signal (label incorporation in cultures
exposed to a mitogenic stimulus) and noise (background incorporation of label in
the absence of stimulation). In the present example, the data are from an antigen-
specific lymphoproliferation test performed on peripheral blood from a series of
76 patients. The results are expressed as net counts per minute (net CPM), that is,
the CPM incorporated in the presence of antigen minus the CPM incorporated in
a no antigen control from the same sample (Figure 2.13). The net CPM were very
skewed, with a median of 1750 and a mean of 11,125, the mean being strongly
influenced by a tail of large values. The data were, therefore, log-transformed and
evaluated. Zero or negative values, resulting from background counts equal to or
greater than the experimental counts (n = 6) were assigned an arbitrary small value
of 1 prior to transformation, because logarithms are undefined for these values.
In this case, negative values represented less than 10% of the data. A preponder-
ance of negative values would have steered us away from log transformations and
assumptions of normality, and toward a nonparametric test. Log transformation
went a long way to make our data fit the normal distribution, with a mean of 3.023
(1054 when back-transformed to a geometric mean by taking the antilog, and much
closer to the median of 3.243). This can be appreciated in the horizontal notched
box plots shown in Figure 2.13. Figure 2.13 also introduces the normal probability
plot, another useful and commonly available tool for evaluating data distributions.
Here, the ordered data (x-axis) are plotted against the value predicted by the nor-
mal distribution (normalized to a mean of 0 and a SD of 1). A linear relationship
indicates that the data are well described by the normal distribution and is evidence
of the appropriateness of using tests requiring normality. The EDA tools applied
in Figure 2.13 point to the same conclusion. Although the log-transformed data are
not perfect (there is a hump on the left resulting from negative values and a result-
ing flattening of the curve [negative Kurtosis]), the transformed data are decidedly
better described by the normal distribution than are the raw data. This is about all
one can expect from real-world data.

As mentioned earlier, the use of 7 tests, analysis of variance (a generaliza-
tion of the ¢ test for multiple groups), linear regression analysis, and several other
statistical tests depend on the assumption that the data are normally distributed.
Often immunological data are not. When data are not normally distributed, the
mean and SD are poor summary statistics. The greater the departure from normal-
ity, the less sensitive the test is to detect real differences in the data. Many types of
immunological data are log-normally distributed. Examples include radionuclide
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FIGURE 2.13 Use of notched box plots, probability plots, and histograms to assess
the conformance of a data set to the normal distribution. In the top panels, net tritiated
thymidine uptake (net CPM) and the log transform of net CPM are displayed as normal
probability plots, where the x-axis shows ordered observed results, and the y-axis shows
results predicted by the normal distribution. The linearity of the resulting relationship
indicates the normality of the data. The probability plots are flanked by notched box plots,
a variation of the box plot in which the notches at the waist show the 95% confidence
interval about the median. The lower panels show histograms with superimposed normal
distributions calculated from the data means and standard deviations, comparable to those
shown in Figures 2.5 and 2.6. The CV of the raw data is 158% compared to a CV of 46%
for the log-transformed data.

uptake, antibody titers, absolute blood counts, MHC tetramer binding frequencies,
precursor frequencies, fluorescence intensity of cell surface immunophenotypic
markers, and frequencies of rare populations detected by flow cytometry. When
such data have been log transformed, the mean and SD better represent the data,
tests depending on these parameters are more sensitive, and summary statistics are
more appropriate.

Before we leave the effects of log transformation on radioactive thymidine uptake
data, let us consider a comparison of the lymphoproliferative responses of two groups
of 175 subjects each (Table 2.2). Samples of increasing size (n) were drawn from this
data set at random. The sampled data were compared by Student’s ¢ test using the raw
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TABLE 2.2
Student’s t Test Performed on CPM Data from Two Groups

Mean CPM (Groups 1 and 2) p Value (Two Tailed)
N Arithmetic Log Geometric Raw Data Logged
3 2960, 6293 3.465, 3.703 2951, 5045 0.221 0.369
10 1890, 3180 3.239, 3.445 1734, 2784 0.063 0.040
30 1980, 4675 3.262, 3.546 1827, 3512 0.001 7 X 1073
175 1949, 4826 3.248, 3.550 1772, 3547 4 X107+ 6 X 1072

Note: Samples of increasing size were drawn at random from a dataset containing 175 observa-
tions per group.

data (arithmetic means) or geometric means. The geometric mean is obtained by log
transforming the data, taking the average, and then back transforming the average to
the linear domain by taking the antilog. At n = 3 (three subjects per group), group
2 appears to have a higher mean than group 1, but the comparison is not statistically
significant. An independent sample of 10 subjects yields statistical significance using
both raw and log-transformed data, but the p value is somewhat smaller using logs.
In this data set, the superiority of log transformation is most evident when 7 is large.
This case study demonstrates both the practical advantages of transforming the data
to better to conform to normality, and the incredible robustness of Student’s ¢ test,
which manages to provide the correct answer, albeit with some loss of sensitivity,
even if the assumption of normality is flagrantly violated. It is worth noting here that
despite our insistence on the importance of transformation, the central limit theorem
states that no matter what the shape of the population distribution, the sampling dis-
tribution of the mean approaches normality as the sample size increases. However, a
very large sample size is required before a highly skewed distribution converges to
normality, and we rarely have this luxury with experimental data.

2.7.2 CaAsk lI: T-CeLL RecepTorR HETEROGENEITY AS MEASURED
BY THE V-BETA DISTRIBUTION

The antigen receptors on T-cell clones acquire their incredible diversity by a process
involving gene rearrangement and mutation at splice sites (see details in Chapter 6).
One of the elements contributing to receptor diversity is the 57-member v-beta gene
family that codes for the variable portion of the T-cell receptor beta chain [11]. Only
one v-beta specificity is expressed on a given T cell or its clonal descendants. Since
24 of the 57 members account for more than 75% of all TCR v-beta usage, a panel
of 24 antibodies can be used to classify the majority of human T cells. v-beta usage
within these 24 families follows a characteristic distribution, with some members
representing a larger proportion of the T cell population than others. At most, a given
specificity will represent 10% of the total T cells, but most are much less prevalent.
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This is illustrated in Figure 2.14, which shows the v-beta distribution on CD4*
T cells from 21 healthy subjects. Applying a Gaussian model to our data (Figure 2.15),
we can determine normal ranges for each v-beta specificity, arbitrarily defin-
ing individual v-beta deletions and expansions as outside the bounds of the 2.5th
and 97.5th percentiles, respectively, of the normal distribution calculated from the
means and SDs of our data. For each v-beta specificity, we expect, by definition, a
frequency of 2.5% expansions and 2.5% deletions in our healthy population. We can
check this by applying the calculated cutpoints to our control data set. Given that
we have measured 24 v-beta specificities in 21 subjects, we would expect to find,
on average 12.6 deletions and 12.6 expansions (24 X 21 X 0.025 = 12.6). How-
ever, when we apply our cutpoints, we get 25 expansions and only three deletions.
What went wrong? To find out, let us examine our assumptions about normality.
Lest you begin to think that all immunological data require transformation, let us
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FIGURE 2.14 Distribution of v-beta specificities in peripheral blood CD4* T cells from
21 healthy subjects. Individual v-beta specificities are ordered by prevalence. The circles
show individual data points. The bars show the arithmetic mean values, and the error bars
represent 1.96 standard deviations about the mean.
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FIGURE 2.15 The Gaussian model can be used to define normal ranges of usage for each
v-beta specificity. Deletions and expansions were defined as lying ouside the central 95% of
the distribution.
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FIGURE 2.16 Distribution of CD4" cells among lymphocytes. The histogram shows the
distribution of the actual data; the superimposed normal curve is calculated from the sample
mean and standard deviation. The probability plot confirms the normality of the data.

begin by applying our EDA tools to the percent of CD4* cells in our 21 samples
(Figure 2.16). Visual inspection of a bar histogram of the data, the superimposed
normal distribution calculated from the sample mean and SD, and a probability
plot all confirm that CD4 expression is normally distributed among lymphocytes
of healthy subjects. In Figure 2.17, I have applied probability plots to both raw and
log-transformed frequencies of usage for two v-beta specificities, v-beta 1 and v-beta
7.2, demonstrating quite conclusively that v-beta usage is lognormally distributed. In
general, this appears to be the case for all measurements of rare events. Figure 2.18
is a reworking of Figure 2.14, using a logarithmic scale on the y-axis to reflect the
lognormal distribution of TCR v-beta. Defining deletions and expansions as lying
outside the central 95% of the log-transformed control data set, as we did previ-
ously on the raw data, we now calculate 12 expansions and 14 deletions among our
controls. This is remarkably close to the 12.6 deletions and expansions predicted on
the basis of the normal distribution. Unlike the thymidine uptake example, where
failure to log transform merely reduced our power to detect a difference, failure to
transform TCR v-beta usage data gave us completely erroneous normal ranges. Had
we blindly applied the normal range cutpoints calculated from the raw control data
to a set of patient data, we would have greatly overestimated the frequency of expan-
sions and underestimated the frequency of deletions, and therefore seriously misread
the underlying immunobiology.

The following happens if you fail to transform your data when

* The sample mean is greater than the sample median (lognormal data is
asymmetrical and has a tail of high values).

* The SD is larger than it would be for log-transformed values. The example
in Figure 2.13 shows that the CV was more than three times greater in the
untransformed data.
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FIGURE 2.17 v-Beta usage is lognormally distributed. The distribution of two v-beta speci-
ficities, v-beta 1 and v-beta 7.2, are shown for both raw (A) and log-transformed (B) results
from a larger dataset. The probability plots clearly demonstrate that v-beta usage is more
closely modeled by the normal distribution after log transformation.

* The SD does not represent the distance from the mean to the point of inflec-
tion of the sample distribution (this is not possible since the distribution is
asymmetrical). This greatly throws off percentile (probability) calculations
based on the number of SDs above and below the mean.

» It takes a greater difference between the means of two groups to attain
statistical significance, because the sample SDs are larger.

2.7.3 Case lll: LINEAR REGRESSION AND CORRELATION—PERIPHERAL BLOOD
CD34 Counts Prebict THE CD34 Dose HARVESTED BY LEUKAPHERESIS
Simple linear regression analysis is designed to test a particular hypothesis con-

cerning the relationship between two variables: The dependent variable increases
in proportion to the independent variable. The distinction between the independent
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FIGURE 2.18 Distribution of log-transformed v-beta specificities in peripheral blood CD4*
T cells from 21 healthy subjects. Individual v-beta specificities are ordered by prevalence.
The circles show individual data points. The bars show the geometric mean values, and the
error bars represent 1.96 standard deviations about the geometric mean.

variable, conventionally plotted on the x-axis, and the dependent variable, plotted
on the y-axis, is an important one. The independent variable is like a gold standard;
it is assumed to have no variance, whereas, the dependent variable is a measure-
ment that entails inherent variability. An example might be the relationship between
the measurement cell number (dependent variable) and time in culture (independent
variable), or a response predicted by theory (independent variable), and the actual
measured response (dependent variable). There is often the implicit assumption that
the independent variable causes changes in the dependent variable. Linear regression
assumes that the relationship is a straight line (Figure 2.19) which can be stated as

y=a+ bx

where

y = predicted value of the dependent variable
a = y intercept of the line

b = slope of the line

x = value of the independent variable

You may have learned the same equation in algebra class as y = mx + b. Simple
linear regression analysis uses the method of least squares to determine the line of
best fit through a series of data points (pairs of observations) by minimizing the
difference between the observed values and those predicted by the linear equation
(residuals). Unless the line of best fit passes exactly through each pair of expected
and observed values, the intercept (@) and the slope (b) will have variance. We
can express this variance in terms of the SDs of the intercept and slope, or by
calculating confidence intervals about these parameters. We can also determine
the coefficient of correlation (r?), a parameter that is estimated as 1—the sum of
the squared differences between predicted and observed y values (regression sum
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FIGURE 2.19 A linear relationship between the dependent variable (y-axis) and the inde-
pendent variable (x-axis) is modeled by an intercept parameter (a) and a slope parameter (b).

of squares), divided by the sum of the squared differences between the predicted y
values and the mean of the observed y values (total sum of squares). In other words,
it is the fraction of the total variance in the variable y that is explained by the regres-
sion of y against the variable x. r? is a fraction between 0 and 1, where 0 indicates no
correlation and 1 indicates that all the variance in y can be explained by the value
of x (i.e., a perfect fit). Unlike regression analysis, there is no assumption that one
variable is dependent and the other independent. The correlation coefficient 7 can be
computed between any two measurements, even if both have variance.

It is important to remember that a “line of best fit” with its intercept, slope, and
r? can be calculated for any set of paired values. Even a slope that is significantly
different from O does not guarantee that a linear relationship exists between x and y.
Figure 2.20 shows the line of best fit through a hyperbola, defined by the equation
y = l/x. Despite the high coefficient of correlation (> = 0.915) and a slope signifi-
cantly different from 0 (—0.301, p < 0.0005), a straight line does not make a very
compelling fit. The residual plot (a plot of the difference between observed and pre-
dicted values as a function of the estimated value) provides a very powerful EDA
tool with which to judge the appropriateness of the linear model. In Figure 2.20,
we can see that at increasing values of x, the linear model first underestimates, then
overestimates, then underestimates the observed values.

Linear regression also assumes that data are normally distributed, continuous,
and homoskedastic (here, this means that the variance of y does not change as a
function of x). The residual plot can help you assess the homoskedasticity of the
data, because the residuals should be evenly distributed across the estimated values
in both sign and magnitude.
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FIGURE 2.20 Fitting a linear model to hyperbolic data. The data points plotted on the left
were generated from the hyperbolic function y = 1/x. Despite the obvious departure of these
data from linearity, the coefficient of correlation was quite high (0.915). The nonrandom dis-
tribution of residuals (right-hand side), clearly show the shortcomings of the linear model.

Autologous or matched allogeneic hematopoietic stem cells can be used to rescue
the bone marrow of patients treated with high-dose chemotherapy for a variety of
hematologic malignancies. The hematopoietic stem cell graft is obtained by admin-
istering hematopoietic growth factors such as G-CSF [12]. This causes hematopoi-
etic stem cells to mobilize from the bone marrow into the peripheral circulation.
G-CSF is administered for several days after which leukapheresis, a technique that
captures WBCs, while returning red cells, platelets, and plasma to the donor, is per-
formed. The duration of treatment required to mobilize stem cells into the blood
is variable, especially in patients who have had extensive previous chemotherapy.
If you leukapherese the patient too soon, few stem cells are obtained necessitating
further leukapheresis. Leukapherese too late and the patient will have to be rested
and remobilized at a later time delaying the critical therapy. A biomarker predicting
the results of leukapheresis would be most helpful.

To determine whether the peripheral CD34 count predicts the cell dose obtained
on the same day by leukapheresis, we performed linear regression analysis of the
CD34" cell dose obtained by leukapheresis (measured in CD34" cells/kilogram of
patient body weight) as a function of the peripheral CD34 count (measured in CD34*
cells/uL). Our first order of business would be to determine whether these variables
are approximately normally distributed. As we have seen, there are many tools for
this, probability plots, box plots, and density histograms among them. For the pur-
pose of this exercise, we will blast ahead with the analysis at our peril, without EDA.
Figure 2.21 shows the poor results. The data are crammed against the y-axis. A few
very high values are dragging the regression downward (this is called leverage, and
is not a good thing). The residual plot tells the complete story. The leftward skewing
of the data is even more apparent (departure from normality), and the residuals are
small for low values and get larger for high values (heteroskedasticity). The residuals
seem pretty evenly distributed around O for low values, but are all negative and
large for the four highest values (leverage). Had we started with probability plots, we



Statistics of Immunological Testing 59

o 80,000,000 20,000,000 —T—T—T—T—T—T—
< 70,000,000 °o
8 60,000,000 10,000,000 - 6 . -
@ 50,000,000 T A
S 3 o %3008 o
< 40,000,000 > 0@3----5 --------------- -
a v ®
8 30,000,000 2 8 o
o
°
£ 20,000,000 10,000,000 |- o .
2 10,000,000
©
T 0 1 1 1 1 1 1 1 20,000,000 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 O PP OO P PO P
Peripheral blood CD34 count R N e e N A N

(cells/uL) Estimate

FIGURE 2.21 Linear regression of CD34 harvest dose as a function of peripheral CD34
count. The individual data points are shown as circles, the least squares line of best fit and its
95% confidence bounds are shown on the left-hand side. A plot of the residuals of regression
is shown on the right-hand side.
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FIGURE 2.22  Linear regression of log CD34 harvest dose as a function of log peripheral
CD34 count.

would have immediately recognized that both variables are log normal. Figure 2.22
shows what happens when we log transform the data and repeat the regression analy-
sis. The data are fairly evenly spread, and the residuals are much better behaved,
although now, at low values some negative residuals with high leverage have popped
up (these are after all data from the real world). Most importantly, we have a regres-
sion equation of the form as follows:

y= 105.1+l.03x’ r2 = 094

where y is the predicted CD34 harvest dose in cells per kilogram. This can be used to
predict the cell dose that can be expected for a patient with a given peripheral CD34
count. In practice, we were able to greatly improve on this regression equation, using a
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technique called multiple linear regression, by factoring in other variables that carried
independent information. These included how long the patient was on the leukapheresis
machine, how many times the patient had been previously leukapheresed, and the sex of
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the patient. This has provided a practical tool that is used everyday in the clinic.

2.8

29

CAVEATS AND HANDY FACTS

Look at the data first. Data analysis should always begin with EDA. You
can tell a lot about your data just by plotting them. This includes the shape
of the distributions, the presence of extreme values, and the nature of the
relationships between variables. EDA tools such as probability plots can
help you choose your models and your transformations.

The mean of differences. It is not the same thing as the difference of two
means. If data are naturally paired, you usually want to take the mean of
individual differences. For example, if you have the data from which you
subtract the “background,” the average of these differences is not math-
ematically equivalent to taking the mean of the data and subtracting the
mean background.

Beware of ratios. Ratios are sometimes essential to the analysis of immu-
nological data but they are rarely well behaved from a statistical standpoint.
Also, remember that, as mentioned earlier, the average of ratios is not com-
putationally equivalent to the ratio of averages.

Outliers. Victor McKusick, a pioneer of medical genetics, exhorted his stu-
dents “cherish your exceptions.” Outliers often provide a key to normal
biology. In contrast, if you know that technical problems encountered dur-
ing an experiment explain the outlying values, it is a disservice to leave
them in the analysis where they are a known source of noise. Let your
conscience be your guide.

SOME HANDY PROPERTIES OF LOGS
ADAPTED FROM TUKEY

Logs in different bases differ only by multiplicative constants. You can con-
vert a logarithm of base x to a logarithm of base y by dividing it by the base
x log of y. For example, to convert a natural logarithm to the base 10, divide
it by the natural log of 10. Because one base is as good as another, serial
fourfold dilutions of serum, for example, can be treated as arbitrary whole
number units: 0, 1, 2 for 1/8, 1/32, 1/128, respectively. After averaging these
arbitrary units, the mean can be “back-converted” to a reciprocal titer by
the formula: 4* X 8, where 4 is the fold-dilution, x is the titer in arbitrary
fourfold units, and 8 is the starting dilution. In the traditional serological
literature, this is known as a geometric mean. Another way to get to the
same place is to take the logs of the reciprocal titers, average them, and then
take the antilog of the average.

Engineers and mathematicians often express logarithms to the base e
because e (2.71828183) crops up naturally in a variety of situations involving
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derivatives and limits and simplifies calculations. Base e logarithms are
known as natural logarithms (In). In the biological sciences, base 10 loga-
rithms are more common (in fact, they are known as common logarithms)
because it is easier for most of us to think in powers of 10 rather than in
powers of 2.7: the log,, of 10 is 1, of 100 is 2, of 1000 is 3, etc.

* The log of 1 is O (any base).

* The log of 0 is undefined. This sometimes poses a problem in the case of
data such as CPM above background that can take on O or negative values.
Most data realists agree that it is acceptable to add an arbitrary small num-
ber to data values before taking the log. Thus, radioisotopic data might be
transformed as log,, (net CPM + 1).

* The log of a product is the sum of the logs of the factors: log (x X y) =
log x + log y.

* The difference of log values is a ratio. For example, in base 10 logs,
subtracting 3 from 6 is equal to 3. In the linear domain, this translates to
10%/10° = 10? or 1,000,000/1,000 = 1,000.

* The geometric mean is obtained by logging the values, taking their average,
and then taking the antilog of the average.

2.10 PRESENTING DATA THAT HAVE BEEN LOG TRANSFORMED

Although working in base 10 logarithms gets to be intuitive very quickly, it is always
a good idea to plot or tabulate data in the linear domain. This is accomplished by
taking the antilog of the logged values. Be aware of the properties of logarithms
mentioned. For example, if you need to calculate error bars, the lower limit of your
error bar should be 10™ean—SEM) apd the upper limit 10m™eantSEM) ot [Qmean + [(SEM,
You will know that your error bars are correct if they are symmetrical about the
mean when plotted on a log scale, but asymmetrical (with the lower bar being shorter)
when plotted on a linear scale.

2.11 CLOSING REMARKS

This chapter discusses how a handful of exploratory and confirmatory statistical
techniques can improve the design and interpretation of immunological experi-
ments. Although immunology has always been a quantitative science, improvements
in instrumentation and the direct interface of instruments to computers have allowed
us to design more complex experiments in which more parameters are measured with
higher resolution and greater dynamic range. Although this is certainly a blessing, it
is a mixed one, because the interpretation of experimental results is commensurately
more complex and, as we saw in the TCR v-beta example, the chance that rote appli-
cation of statistical methods will lead to erroneous interpretations is magnified. The
key to good data analysis then is to begin with techniques that allow one to visualize
the lay of the data before one chooses confirmatory tests that require assumptions
about it. One cannot overemphasize the importance of data transformation during
the exploratory phase of data analysis. Finally, the end of scientific investigation is
to communicate the findings as effectively as possible. In this regard, good graphic
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design is almost as critical as good data analysis. On recognizing the power and
beauty of EDA data transformation, confirmatory data analysis, and graphical data
display, we may find ourselves agreeing with George Bernard Shaw who said that,
“It is the mark of a truly intelligent person to be moved by statistics.”
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3.1 INTRODUCTION

The human immunoglobulins are a family of proteins that confer humoral immu-
nity and perform vital roles in promoting cellular immunity. Five distinct classes or
isotypes of immunoglobulins (IgG, IgA, IgM, IgD, and IgE) have been identified in
human serum on the basis of their structural, biological, and antigenic differences.'*
IgG and IgA have been further subdivided into subclasses IgGl, IgG2, 1gG3, and
IgG4 or subclasses IgA1 and IgA2 on the basis of unique antigenic determinants.>¢
Multiple allotypic determinants in the constant region domains of human IgG and
IgA molecules as well as kappa (k) light chains indicate inherited genetic markers.
Finally, there are several immunoglobulin-associated polypeptides such as secre-
tory component (SC) and J chain that have no structural homology with the immu-
noglobulins, but serve important functions in immunoglobulin polymerization and
transport across membranes into a variety of secretions (e.g., saliva, sweat, nasal
secretions, breast milk, and colostrum). This diversity of the immunoglobulin com-
ponents of the humoral immune system provides a complex network of protective
and surveillance functions (e.g., see the role of immunoglobulins in the gastrointes-
tinal tract in Chapter 13 by Guandalini).

From a clinical perspective, quantitative levels of these analytes in serum can aid
in the diagnosis and management of immunodeficiency, abnormal protein metabo-
lism, and malignant states (e.g., multiple myeloma). As such, they provide a differen-
tial diagnosis as to possible causes of recurrent infections and can indicate a strategy
for subsequent therapeutic intervention. However, the reported target ranges of each
immunoglobulin vary widely as a result of differences in the quantification methods,
reagents employed, and populations studied. To date, no compendium of informa-
tion is available that summarizes the levels of immunoglobulins in healthy pediatric
and adult populations in an attempt to provide a consensus for reference intervals on
which action levels can be based.

The goals of this chapter are threefold. First, primary structural and biological
properties of human immunoglobulins are overviewed to highlight their antigenic
diversity, which is the basis on which they are quantified. Second, the design and
performance of the clinical laboratory methods that are used in the quantification
of immunoglobulins are discussed within the context of available commercial and
research reagents and their performance in interlaboratory proficiency surveys. Finally,
a reference compendium has been prepared that summarizes the ranges of the immu-
noglobulins in the serum, urine, and cerebral spinal fluid (CSF) of healthy popula-
tions, where possible, as a function of age and sex and other demographic variables.



Human Immunoglobulins 65

3.2 PROPERTIES OF HUMAN IMMUNOGLOBULINS

3.2.1 GENERAL IMMUNOGLOBULIN STRUCTURAL PROPERTIES

Immunoglobulins are functionally defined as glycoproteins that possess the ability
to bind to substances (antigens) that have elicited their formation. Tables 3.1 and 3.2
summarize many of the known physical and biological properties of the human
immunoglobulin heavy and light chains, SC, J chain, and the five classes of intact
immunoglobulins. As a group, the immunoglobulins are composed of 82-96%
polypeptides and 4-18% carbohydrate, and they account for approximately 20% of
all proteins in plasma.>> When placed in porous agarose gels along with other serum
proteins under current and selected ionic conditions, most immunoglobulins along
with C-reactive proteins migrate toward the cathode, forming a broad band that has
been labeled the classical gamma-globulin region. Heterogeneity in their composition
and net charge causes some immunoglobulins to also migrate more toward the anode,
overlapping with hemopexin, transferrin, and a variety of other proteins in the beta-
globulin region.*

As a family, the human immunoglobulins share a basic structural unit that is
composed of four polypeptide chains, which are held together by both noncovalent
forces and covalent disulfide bonds among their heavy chains, and with the excep-
tion of IgA2, also between their heavy and light chains.3-> Each four-chain unit
is bilaterally symmetrical, containing two structurally identical heavy (H) chains
and two identical /ight (L) chains (e.g., H,L,). Each polypeptide chain is composed
of a number of domains comprising 100—-110 amino acid residues, each forming a
loop as a result of intrachain disulfide bonds. The N-terminal domain of each chain
contains the area designated as the variable or V region. The V region contains sev-
eral highly variable or hypervariable regions that together form the antigen-binding
pocket that confers the property of antigen specificity on the immunoglobulin mol-
ecule. The COOH-terminal domains (CHI, hinge, CH2, CH3, and CH4) have been
collectively defined as the constant region because the polypeptide backbone is gen-
erally invariant (with exception of allotypic differences) within a particular class of
immunoglobulin.

Human IgG4 appears to be unique in the human immunoglobulin family with
its apparent functional monovalency.® An in vivo exchange of IgG half-molecules
(one H plus one L chain) occurs that reportedly results in bispecific antibodies that
behave in vivo as functionally monovalent antibodies. The structural basis for this
abnormal monovalent behavior has been attributed to the substitution of serine in the
hinge region for a proline, which results in a marked shift in the equilibrium between
inter- and intrachain disulfide bridges. The consequence is that 25-75% of the
IgG4 molecules lack a covalent interaction among the heavy chains. Strong nonco-
valent interactions among the CH3 domains, however, cause IgG4 to remain stable
four-chain molecules that do not easily exchange half-molecules under standard
physiological conditions.’

From a clinical laboratory point of view, the constant region structure is vital to
the design of immunoglobulin quantification methods. Assays are constructed using
poly- and monoclonal antibody (MADb) reagents that bind to nonallotypic, invariant,
isotype-unique determinants in the immunoglobulin constant region domains.
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3.2.1.1 Human Light Chains

Human light chains are approximately 23,000 Da proteins that contain no oligo-
saccharides.* They have been classified into two types: kappa (k) and lambda (1)
based on their unique antigenic determinants that result from structural differences
in their constant region domains. Based on structural and antigenic differences A
light chains have been further subdivided into four subtypes. The combination of a
light chain with a heavy chain is a random process, and thus a complete repertoire
of light chains can be found bound to every immunoglobulin isotype heavy chain. It
is the heavy chain, therefore, that determines the isotype and the biological effector
functions of the immunoglobulin. The kappa to lambda (x/1) ratio in the serum of
healthy humans is approximately 2:1; however, it can reportedly vary from 1.1 to 8.0
depending on the human immunoglobulin isotype (Table 3.2).

3.2.1.2 Human Heavy Chains

The principal structural characteristics of the five major classes of heavy chains
are summarized in Table 3.1. Heavy chains vary in their molecular weight (MW)
(50,000-70,000 Da), the percentage of carbohydrates (4—18) and number of oligo-
saccharides (1-5), number of respective subclasses (IgG1-4 and IgA1-2) and allo-
types, number of constant region domains, and number of interchain disulfide bonds.
Further details about the structural aspects of the human heavy chains are beyond
the scope of this chapter and are presented elsewhere.>-> Most important to this dis-
cussion, the unique antigenic determinants on the heavy chain define the isotype
of an immunoglobulin, and thus form the basis on which the different classes of
immunoglobulins are differentiated and quantified in the immunoassays discussed
subsequently.

3.2.1.3 Secretory Component

Human SC is a 90,000-MW glycoprotein that is expressed as an integral protein on
the basolateral membrane of mucosal epithelial cells.>3® SC is either released into
mucosal secretions as a 70,000-MW soluble fragment or bound to polymers of IgA
through strong noncovalent interactions. Structurally, it shares no homology with
human heavy or light polypeptide chains or the human J chain. It contains a high
carbohydrate content and serves as a receptor to transport IgA across mucosal tis-
sues into various human secretions. Secreted human IgA is composed of two IgA
monomers, a J-chain linker, and a molecule of SC. Mucosal secretions contain a
mixture of secretory IgA and free SC.!° Highly specific murine MAbs are available
(Table 3.3) that bind to selected determinants on the SC and allow their quantifica-
tion in serum and mucosal secretions.!!1?

3.2.1.4 ) Chain

The J chain is an elongated glycoprotein of approximately 15,000 Da that can be dis-
tinguished by its unusually high quantity of glutamic and aspartic acid residues.>!?
It reportedly serves as a facilitator of polymeric immunoglobulin (e.g., IgM and
IgA) polymerization. A single J chain has been identified in each pentameric IgM
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TABLE 3.3

Human Immunoglobulin-Specific Murine MAbs

Clone Mouse Isotype Human Ig Specificity Epitope Specificity?
HP6017 IgG2a IgG-PAN Fc-CH2
HP6043 IgG2b IgG-PAN Fe-CH2
HP6046" IgG1 IgG-PAN Fd-CHI
HP6069® IgG1 IgG1 Fc-CH2
HP6070 IgG1 1gG1 Fc-CH2
HP6002 I¢G2b G2 Fe-CH2
HP6014 IgG1 1gG2 Fd-CHI
HP6047" IgG1 1gG3 Fd-hinge
HP6050 1gGl1 1gG3 Fd-hinge
HP6023 I1gG3 IgG4 Fc-CH3
HP6025° IgG1 IgG4 Fe-CH3
HP6019 IgG1 IgG1,3.4 Fc-CH2
HP6030° IG1 1gG2,3.4 Fe-CH2
HP6058° IgGl 1£G1,2,3 Fe-CH2
HP6029 IgG1 IgE Fc
HP6061 IeM IgE Fc
HP6081 IgG1 IgM Fc
HP6083 1gGl IgM Fc
HP6086 IgG1 IgM Fc
HP6111 IgG1 IgA-PAN Fc
HP6123 IgG1 IgA-PAN Fd
HP6054 1gG2a A Light chain —
HP6062 1gG3 x Light chain —
HP6130 IgGl sc —
HP6141 IgG1 Ne —

2 Designation of the domain to which the IgG-specific MAbs bind have been obtained from Matsson, P.,

Hamilton, R.G. and Diagnostic Allergy Techniques Working Group. Analytical Performance
Characteristics and Clinical Utility of Immunological Assays for Human IgE Antibody of Defined
Allergen Specificities: Guideline, Clinical and Laboratory Standards Institute (formally the National
Committee on Clinical Laboratory Standards), Wayne, PA, 2007; Jefferis, R., Reimer, C.B., Skvaril, F.,
De Lange, G., Ling, N.R., Lowe, J., Walker, M.R., Phillips, D.J., Aloiso, C.H., Wells, T.W., Vaerman,
J.P., Magnusson, C.G., Kubagawa, H., Cooper, M., Vartdal, F., Vandvik, B., Haaijnan, J.J., Makela, O.,
Sarnesto, A., Lando, Z., Gergely, J., Rajnavolgyi, E., Laszlo, G., Radl, J., Molinaro, G., Immunol. Lett.,
10, 223, 1985; Hamilton, R.G., The Human IgG Subclasses: Molecular Analysis of Structure, Function
and Regulation, Pergamon Press, New York, 1990; Reimer, C.B., Phillips, D.J., Aloisio, C.H., Moore,
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MADs specific for human IgG that were selected as components for the polymonoclonal antihuman
IgG reagent [43].




Human Immunoglobulins 71

or polymeric IgA molecule, covalently bound to the penultimate cysteine residue of
mu or alpha heavy chains. From a clinical point of view, the J chain is rarely quanti-
fied unless a structural or functional abnormality of this protein is suspected or it is
required as a marker to distinguish multiple myeloma from benign gammopathy.'?

3.2.2 IsotyPE-UNIQUE STRUCTURAL AND BioLOGICAL PROPERTIES

Immunoglobulins are bifunctional molecules that bind antigen through their V region.
This binding process can elicit a variety of secondary effector functions (e.g., comple-
ment activation leading to bacteriolysis and augmentation of phagocyte chemotaxis
and opsonization, and histamine release from mast cells), which are independent
of the immunoglobulin’s antigen specificity and depend on C-region determinants
(Table 3.2). Although all the five major isotypes of human immunoglobulins share
the common structural features of the four-chain monomer subunits discussed earlier,
they vary in terms of minor structural aspects that confer some special biological
properties.

3.2.21 Human IgA

Polymeric secretory IgA is composed of two four-chain basic units and one molecule
each of SC and J chain (approximately 400,000 MW).34° It is the predominant immu-
noglobulin in colostrum, saliva, tears, bronchial secretions, nasal mucosa, prostatic
fluid, vaginal secretions, and mucous secretions of the small intestine.®° In contrast,
10% of the circulating serum IgA is polymeric, whereas 90% is monomeric (160,000
MW). Together, they constitute approximately 15% of the total serum immunoglob-
ulins. Trimers and higher polymeric forms can exist, but in small amounts. Two
subclasses of IgA have been identified (IgA1l and IgA2), which differ by 22 of the
365 amino acids."* Apart from the 13 amino acid deletion in the IgA2 hinge region,
IgAl and IgA2 constant region domains vary by 20 amino acid substitutions. The
IgAl hinge contains a carbohydrate attachment site, whereas the IgA2 hinge does
not. IgA2 is present in two allotypic forms: IgA2m(1) and IgA2m(2). The human
IgA PAN-specific murine MAbs listed in Table 3.3 react either to the crystalizable
fragment (Fc) or to the antigen binding fragment (Fab) fragment of both subclasses
of IgA and both allotypic forms of IgA2. Approximately 80% of the serum IgA is
IgAl. In secretions, however, IgA2 concentrations can approach 50% of the total
IgA. IgA2 lacks proteolytically sensitive epitopes that makes it particularly resistant
to cleavage by enzymes produced by a variety of bacteria (Clostridium spp., Strep-
tococcus pneumoniae, S. sanguis, Haemophilus influenzae, Neisseria gonorrhoeae,
and N. meningitidis) that otherwise readily cleave IgAl into Fab and Fc fragments.
The polymeric nature and presence of SC on IgA in secretions increases its resis-
tance to bacterial proteolysis. The IgA2m(1) allotype lacks inter-heavy-chain disul-
fide bonds. The light chains of IgA2m(2) are linked by disulfide bonds rather than to
their respective alpha heavy chain; however, no special biological function has been
associated with this unique structural difference.'*!>

In terms of complement activation, IgA poorly activates the classical pathway.?
This process has been hypothesized as a host mechanism for attenuating inflamma-
tory responses induced by IgG antibodies at the mucosal surface. In contrast, IgA
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reportedly activates the alternative pathway of complement to provide some direct
protective functions. IgA, once bound to a bacterial or parasitic surface antigen,
may bind CD89 (IgA receptor) on inflammatory cells (monocytes, macrophages,
neutrophils, and eosinophils), leading to their destruction by means of antibody-
dependent cell-mediated cytotoxicity (ADCC). Moreover, its binding to viral or
microbial surface antigens may restrict the mobility of microorganisms and prevent
their binding to mucosal epithelium. Finally, secretory IgA can play an important
first line of defense in antigen clearance by binding to antigens that leak across an
epithelium and transporting them back across to prevent their entry.’ To summarize,
IgA’s unique structure resists proteolysis and it functions to block uptake of anti-
gen, bacterial or viral attachment, limit inflammation induced by classical pathway
complement activation, and promote microbial destruction through ADCC by bind-
ing to leukocyte receptors.

3.2.2.2 Human IgD

IgD is a four-chain monomer of approximately 180,000 MW with a long hinge region
that increases its susceptibility for proteolytic cleavage. Although IgD is normally
present in serum in trace amounts (0.2% of total serum immunoglobulin), it pre-
dominantly serves as a membrane-bound antigen receptor on the surface of human
B lymphocytes.? Despite suggestions that IgD may be involved in B-cell differentia-
tion, its principal function is as yet unknown. As such, IgD is rarely quantified in
a general workup of an individual suspected of a humoral immune deficiency or a
B-cell dyscrasia. Hyperimmunoglobulinemia D with serum IgD levels >100 U/mL,
however, has been noted in conjunction with periodic fever syndrome.'® This condi-
tion is a rare, autosomal recessive disorder that is characterized by recurrent episodes
of fever accompanied by abdominal distress, lymphadenopathy, joint involvement,
and skin lesions. It appears to be particularly responsive to anti-tumor necrosis factor
(TNF) treatment. Mutations that lead to this disease occur in the mevalonate kinase
gene, which encodes an enzyme involved in cholesterol and nonsterol isoprenoid
biosynthesis.

3.2.2.3 Human IgE

IgE (190,000 MW) was identified in 1967 as a unique immunoglobulin that circulates
in serum as a four-chain monomer."”® Although IgE constitutes only 0.004% of the
total serum immunoglobulins, it possesses a clinically significant biological function
by binding through its Fc region to the alpha chain on high-affinity receptors (FceR1)
on mast cells and basophils.!” On subsequent exposure to relevant protein allergens
from trees, grasses, weeds, pet dander, molds, foods, or insect venoms, IgE anti-
bodies on mast cells become cross-linked. This process triggers the production and
release of vasoactive mediators (e.g., histamine, prostaglandins, and leukotrienes) that
can induce mild to severe immediate type I hypersensitivity reactions in sensitized
atopic individuals. Clinical diagnostic allergy laboratories focus on the quantitation
of total serum IgE and allergen-specific IgE to identify an individual’s propensity to
develop a spectrum of type I reactions on exposure to a defined panel of 400-500
known allergenic substances (see also Chapter 13 for a discussion on food allergy).?
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Total serum IgE is commonly expressed in international units per milliliter (IU/mL)
or converted to mass units using 1 IU = 2.44 ng of protein. Recently, International
System of Units have proposed units in which1 SI = 1 pg/L; however, these units have
not been widely adopted in clinical immunology laboratories that perform allergy
testing.

In 2003, omalizumab was licensed by the U.S. Food and Drug Administration
(FDA) for use in the management of asthma. Omalizumab is a humanized IgGl
antihuman IgE Fc MAb that binds to the region on the epsilon heavy chain that
interacts with the alpha chain of the FceR1. This interaction blocks IgE binding to
FceR1 and downregulates the number of FceR1 receptors on mast cells and baso-
phils. Important to this chapter on immunoglobulin quantification is the observa-
tion that the presence of exogenously administered anti-IgE (omalizumab) in serum
degrades the accuracy of some but not all total and allergen-specific IgE assays.?!
This issue is discussed in Section 3.7.

3.2.2.4 Human IgG

In healthy adults, the four polypeptide chain IgG monomer (150,000 MW) consti-
tutes approximately 75% of the total serum immunoglobulins.>* 1gG is approxi-
mately equally distributed between intra- and extravascular serum pools. Moreover,
IgG possesses the unique ability to cross the placenta, which provides protection
for the fetus and newborn. Human IgG has been subdivided into four subclasses on
the basis of unique antigenic determinants. Table 3.2 summarizes major structural
and biological differences among the IgG subclasses. Relative subclass percent-
ages of the total IgG in serum are IgGl, 60-70%; 1gG2, 14-20%; 1gG3, 4—8%; and
IgG4, 2-6%.>>22 1gGl, 1gG2, and IgG4 possess an MW of approximately 150,000,
whereas 1gG3 is heavier (160,000 MW) as a result of an extended 62-amino acid
hinge region that contains 11 interchain disulfide bonds. IgG3’s highly rigid hinge
region promotes accessibility of proteolytic enzymes to sensitive Fc cleavage sites,
which results in an increased fractional catabolic rate and a shorter biological half-
life (7-8 days) than has been observed for IgGl, IgG2, and IgG4 (21-24 days). In
terms of complement activation, IgG1 and IgG3 are the most effective, whereas IgG4
due to its compact structure does not readily activate the classical pathway of com-
plement. IgG4 antibodies are also unique in that they appear to be functionally mon-
ovalent due to in vivo exchange of IgG4 half-molecules.®” As such, this is believed
to lead to the formation of small IgG4 immune complexes that have a low potential
for inducing immune inflammation. Moreover, IgG4 antibodies have the ability to
interfere with immune inflammation caused by the interaction of complement-fixing
IgG subclasses with antigen. Researchers in the field of allergy have speculated that
IgG4 antibodies also scavenge antigen that prevents mast cell-bound IgE antibody
from being cross-linked by antigen, and thus blocking IgE-mediated hypersensi-
tivity reactions in atopic individuals who have undergone immunotherapy. Other
important structural and biological differences among the human IgG subclasses
relate to their Fc receptor binding, and the different binding sites on the constant
region domains for rheumatoid factors, complement components, and bacterial pro-
teins (protein A and protein G). The reader can refer to several reviews that discuss
these differences in detail.>22.23
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3.2.2.5 Human IgM

IgM is a pentameric immunoglobulin of approximately 900,000 MW that is com-
posed of a J chain and five IgM monomers. Pentameric IgM constitutes approx-
imately 10% of serum immunoglobulins in healthy individuals. Along with IgD,
monomeric IgM is also a major immunoglobulin that is expressed on the surface of
B cells where it serves as an antigen receptor. The C-terminal portion of pentameric
secreted IgM differs from that of its monomeric cell-bound form. Secreted IgM has
a mu chain with a 20-amino acid hydrophilic tail and a penultimate cysteine that
facilitates polymerization. Cell membrane-bound IgM has a 41-amino acid mem-
brane tail that contains a hydrophobic 26-amino acid segment that anchors the IgM
molecule in the B-cell membrane lipid bilayer. IgM antibodies are clinically impor-
tant because they predominate as an antigen receptor in early immune responses
to most antigens. With a theoretical functional valency of 10, IgM antibodies are
highly efficient in activating the classical complement pathway. IgM’s actual func-
tional valency, however, is only 5 due to steric hindrance among its many antigen-
binding sites.>?*

3.3 CLINICAL APPLICATIONS

An immunological workup of an individual who presents with the complaint of
chronic or recurrent infections, sometimes with unusual infecting agents, com-
monly involves the examination for one or more defects in the patient’s antibody-
mediated (B-cell), cell-mediated (T-cell), phagocytic, or complement segments of
their immune system. The level of serum immunoglobulins are commonly measured
to identify an underlying defect in the humoral immune system.?>26

There are a variety of primary immunodeficiency disorders (reviewed in Chap-
ter 9) that can produce immunoglobulin patterns ranging from a complete absence
of all isotypes of immunoglobulins (e.g., hypogammaglobulinemia) to a selective
decrease in a single isotype (selective IgA deficiency). Sometimes, a deficiency in
one or several isotypes (e.g., IgG and IgA) can be associated with an elevated level
of a third isotype (e.g., [gM). The immunoglobulin profiles of the major primary
immunodeficiency diseases are presented in Table 3.4. In the case of hyper-IgE syn-
drome, levels of IgE in excess of 12,000 ng/mL can be accompanied by a general
diminished antibody response following immunization. A spectrum of secondary
causes of decreased serum immunoglobulin levels may include malignant neoplastic
diseases (e.g., myeloma), protein-losing states (e.g., nephrotic syndrome and pro-
tein-losing enteropathy), and immunosuppressive treatment (e.g., transient decrease
from corticosteroids). A detailed description of the common symptoms, laboratory
findings, other immune markers used in the differential diagnosis of these, and other
immunodeficiency disorders is presented elsewhere.?6:27

At the other extreme from immunodeficiency are hematological diseases such
as plasma-cell dyscrasias that can lead to gross elevations in one or several immu-
noglobulin isotypes as a result of malignant proliferation of one or several clones of
B cells.?® As a group, these conditions are often referred to as paraproteinemias or
monoclonal gammopathies and they can be distinguished by the presence of a mono-
clonal immunoglobulin in the patient’s serum or urine. The laboratory investigation
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of paraproteinemias involves a variety hematologic (e.g., complete blood count with
differential), routine clinical chemistry (e.g., total protein, albumin, globulin, cal-
cium, phosphate, electrolytes, and uric acid), hemostatic (e.g., clotting time and
platelet count), serum viscosity, radiological examination and renal function tests.
Immunological tests are then performed, beginning with a total serum immuno-
globulin and ending with a serum protein electrophoresis with immunofixation
if a paraprotein is suspected.”® A quantitative measurement of the ratio of serum
x/A light-chain concentrations has been proposed as a simpler alternative method
to electrophoresis—immunofixation for identifying monoclonal proteins. In theory,
a serum x/A light-chain ratio that is above or below a reference range for healthy
adults may indicate the presence of a paraprotein.?® However, because serum lev-
els of immunoglobulins other than the myeloma isotype are highly variable and
commonly significantly lower in most myeloma patients than the adult reference
ranges, the observed serum x/A ratio may be decreased, normal, or increased in
individuals with known paraprotein. Thus, a normal serum x/A light-chain ratio does
not guarantee the absence of a paraprotein. Abnormal serum x/A ratios are gener-
ally followed by protein electrophoresis with immunofixation to confirm the pres-
ence and the type of the paraprotein(s).>® Bence Jones protein (light chains) can be
detected in the urine of about half of all patients with multiple myeloma. About 20%
of these myeloma patients have only Bence Jones proteinuria as the sole distinguish-
ing feature. Waldenstrom’s macroglobulinemia is a special disease state in which the
patients experience hyperviscosity of the blood as a result of excess monoclonal IgM
production. Although the monoclonal IgM is often a pentamer, monomeric IgM has
also been observed in this abnormal immunological state.

IgE is a special immunoglobulin isotype in terms of its clinical utility.?> A mod-
erately elevated total serum IgE positively reinforces the differential diagnosis of
atopic disorders such as allergic rhinitis, allergic asthma, and atopic dermatitis. Very
high serum IgE levels are necessary for the diagnosis of hyper-IgE syndrome in
patients with an increased susceptibility to infections and dermatitis. Many parasitic
infections can produce extremely elevated total serum IgE levels, and thus a high IgE
in the absence of other explanations strongly suggests the possibility of parasitism.
A normal IgE level makes the diagnosis of parasitism less likely as a cause of eosino-
philia, which is otherwise a common feature of nonallergic asthma. Normal total
serum IgE levels can identify nonallergic or intrinsic asthma and exclude allergic
bronchopulmonary aspergillosis.

Several notes of caution are warranted when measuring immunoglobulins in
clinical specimens from individuals with disease. First, clinical immunoglobu-
lin assays are designed to measure immunoglobulins at levels that are commonly
observed in healthy children and adults. Some clinical assays may not have the
analytical sensitivity required to detect low levels of immunoglobulins in pediat-
ric sera. Second, paraproteins are often structurally atypical immunoglobulins that
may produce inaccurate results in some clinically used immunoglobulin assays. This
can be a problem for polyclonal antibody-based immunodiffusion or nephelometric
assays where the size of the immunoglobulin (e.g., IgM pentamer or monomer) will
affect its rate of migration or extent of reflectance of light. The resultant diameter
of the immunoprecipitation ring or luminescence measured may not be an accurate
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reflection of the immunoglobulin’s concentration. There may also be a problem with
poly- or monoclonal antibody-based immunoassays that use antisera, which fail to
recognize altered structural determinants on an atypical paraprotein. Finally, an
individual may have an immunoglobulin level that varies about its norm for that
individual. When it varies significantly from the individual’s norm, it may still be
within the population reference intervals and thus considered “normal” when it is
actually abnormal for that individual. This has contributed to a heightened interest
in distinguishing an antibody deficiency as distinct from an immunoglobulin defi-
ciency in the identification of causes of recurrent infectious disease. In other words,
an individual with a serum immunoglobulin within the reference range for an age-
adjusted healthy population may be unable to mount a specific antibody response
against a panel of protein or carbohydrate antigens.

3.4 METHODS OF QUANTITATION

3.4.1 SpeciMEN Types

Human immunoglobulins have been detected in a variety of body fluids. The most
extensively studied and reproducible clinical specimen between individuals of differ-
ent sexes and races is serum (plasma).?> Urine is evaluated for the presence of heavy
or light chains and occasionally for intact immunoglobulins if kidney dysfunction
and plasma-cell dyscrasias are suspected. The level of IgG and the assessment of oli-
goclonal immunoglobulin bands in CSF is part of the workup for an individual sus-
pected of having multiple sclerosis. Finally, immunoglobulins (e.g., secretory IgA,
IgG, and IgE) are occasionally investigated on a research basis in other human body
fluids such as tears, sweat, peritoneal fluid, colostrum, saliva, bronchial secretions,
nasal mucosa, prostatic fluid, vaginal secretions, and mucous secretions of the small
intestine.*-33 The reference ranges presented in this chapter focus on immunoglobu-
lin levels that have been reported in serum, urine, and CSF.

3.4.2 REAGENTS

A variety of immunological reagents are used in clinical assays to quantify human
immunoglobulins. In the early years, polyclonal antibodies were extensively used
with both immunoprecipitation-based and two-site immunometric assays. More
recently, well-documented murine MAbs are used because of their exceptional
specificity for human immunoglobulins. MAbs have been especially useful in the
quantitation of the human IgG and IgA subclasses where maximal specificity and
high avidity are requirements.

3.4.2.1 Polyclonal Antibodies

Assays involving the formation of an immune complex that is subsequently detected
visually or by light-scatter techniques (e.g., immunodiffusion, nephelometry, and tur-
bidimetry) almost always require the use of highly avid polyclonal antibody reagents to
achieve sufficient analytical sensitivity. A majority of clinical laboratories measuring
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human immunoglobulins purchase an “FDA-cleared” assay that has been through
a lengthy documentation process overseen by the FDA (e.g., 510k). In these cases,
the specificity of antibody reagents used in the assay has been documented by cross-
reactivity analyses that have been performed by the manufacturer. Cross-reactivity for
heterologous immunoglobulin isotypes should be negligible (e.g., <0.001%) especially
when IgE, IgM, or IgA are being quantified in fluids containing high levels of IgG.3*

3.4.2.2 Monoclonal Antibodies

Clinical assays such as those that measure IgG and IgA subclass levels in serum
require the exceptional specificity that is provided by MAbs. International collab-
orative studies have documented available murine MAbs for their specificity and
utility in the detection of the human IgG and IgA subclasses and human SC.1235:36
Highly avid murine M Abs have become commercially available with specificity for
human IgG and its four individual subclasses,**-*® human IgA and its two individual
subclasses,'?*° human IgM, human IgE,*%0 human secretory piece,* and the human
x and A light chains.’> The mouse isotype, human immunoglobulin specificity, and
clone number of a selected panel of such MAbs are presented in Table 3.3 for illus-
tration. HP6014, for example, describes a mouse IgGl antihuman IgG2 Fab that is
the hybridoma product of clone 6014. The term PAN has been used in the documen-
tation studies to indicate that a particular MAb binds to all subclasses and allotypic
forms of that particular human immunoglobulin isotype. Thus, HP6043 is a human
IgG Fc PAN-reactive MAb that has been shown to react to the Fc region of all four
subclasses and known allotypic forms of human IgG. Most of these MAbs have
been purified from ascites by immunochemical techniques such as sequential anion
exchange resin and hydroxylapatite chromatography. Affinity chromatography using
protein G or another immunoglobulin-binding reagent is not encouraged since any
release of protein G and anti-IgG into the final preparation may cause a loss of the
purified MAD’s specificity. Occasionally, the purified MAbs are labeled with biotin
or an enzyme (horseradish peroxidase, alkaline phosphatase, and S-galactosidase)
and then quality controlled by enzyme immunoassay or electrophoretic-blotting
methods such as isoelectric focusing (IEF) immunoblot analysis.* The degree of
immuno- and cross-reactivity can be studied with human paraproteins to confirm
their consistency and restricted specificity.3>364! Of the antibodies listed in Table 3.3,
MAbs produced from clones HP6043 (antihuman IgG Fc PAN), HP6083 (antihuman
IgM Fc), and HP6123 (antihuman IgA Fd PAN) have been identified by investigators
in the United States as reference antibodies for the detection of human IgG, IgA, and
IgM antibodies in infectious disease serological immunoassays.

3.4.2.3 International and National Reference Proteins and Serum Standards

3.4.2.3.1 Reference Proteins for Specificity Analysis

International collaborative studies of human immunoglobulin-specific MAbs have
involved the use of well-characterized human reference immunoglobulins that are
supplied by agencies such as the World Health Organization (WHO). Their use has
been invaluable in documenting the restricted isotype specificity and lack of allotype
selectivity of human immunoglobulin-specific immunochemical reagents.'>*> The
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majority of these reference immunoglobulins are myeloma paraproteins that have
been isolated from human serum and characterized in terms of their light-chain
type and heavy-chain isotype and concentration. As such, they must be considered
atypical immunoglobulins. The use of multiple paraproteins of the same heavy- and
light-chain type and allotype can minimize biases that may result from possible
structural differences caused during transcription or translation of the paraprotein
from the myeloma cell line.

Molecular engineering techniques have been used to produce human—mouse
chimeric antibodies that possess human immunoglobulin constant region domains
and a defined V-region specificity for haptens such as nitrophenyl (NP) or dansyl.*>43
Although these are not internationally recognized reference proteins, they have
been successfully applied to the documention of the isotype-restricted specificity
of the panel of human immunoglobulin-specific murine MAbs in Table 3.3.4 In
some cases, their ability to bind to a defined insolubilized antigen and present their
C-region determinants in an orientation that would mimic human antibodies binding
to their insolubilized antigen has made them candidates as calibration proteins for
future human antibody standards.*

3.4.2.3.2 Human Serum Pools

A number of internationally recognized serum pools have been calibrated by value
transfer or consensus procedures for use as reference sera to calibrate clinical human
serum immunoglobulin assays. Historically, a number of primary reference sera
have been used to calibrate human IgG, IgA, and IgM assays. These have included
the WHO International Reference Preparation (WHO 67/86, WHO 67/97); the U.S.
National Reference Preparation (USNRP-IS1644); Netherlands Red Cross Reference
Preparation (NRCRP-H0002); International Federation of Clinical Chemistry (IFCC)
Immunoglobulin Standard 71/4; and College of American Pathologists (CAP) Refer-
ence Preparation for Serum Proteins (CAP-RPSP-4).46-4¢ The WHO International
Reference Preparation for human IgD (WHO 67/37) and IgE (WHO 75/502) have
been used to calibrate total serum IgD and IgE assays, respectively.*>>° Unfortunately,
most of these international reference preparations have exceeded their life span and
are no longer available for use.

By 1993, a new reference preparation (CRM-740/RPPHS lot 5) had been pre-
pared and the lengthy process began to establish it as a certified reference material
(CRM).5132 Collaborative studies involved extensive cross-validation with the earlier
reference preparations to verify the concentrations of 14 serum proteins in the CRM-
740. The CRM-740 has become the current internationally recognized serum protein
reference preparation for immunoglobulin assays.>*->> A portion of the CRM-740 is
maintained by the IFCC and the remainder by the CAP.

3.4.3 AssAy DESIGNS

Human IgG, IgA, IgM, IgD, IgE, and the light chains are routinely measured in the
clinical immunology laboratory. SC and J chain are considered as research analytes.
Three types of assays are currently used by clinical immunology laboratories to
quantify human IgG, IgA, IgM, IgD, IgE, and the x and A light chains. These are
immunodiffusion assays, nephelometric—turbidimetric assays, and immunoassays.>®
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3.4.3.1 Immunodiffusion

The radial immunodiffusion assay (RID) was originally described in 1965 by Mancini.*’
RID employs polyclonal antisera or in rare cases, a carefully constructed mixture
of MADs in a porous agarose gel into which a small quantity of serum (5—10 pL) is
pipetted. As the serum proteins migrate through the gel, immune-complexed proteins
form a visible white precipitin ring with a diameter that is proportional to the concen-
tration of the particular analyte specific for the antiserum in the gel. The ring diameter
is measured either at a defined time such as 18-20 h (Fahey—McKelvey technique)®® or
at maximal endpoint equivalence (Mancini technique), and interpolated from a dose—
response curve constructed with multiple dilutions of a reference serum. Immunodif-
fusion assays are used in smaller clinical laboratories that have fewer specimens and
can accept a 2-3 days turnaround time. In the 2006 Diagnostic Immunology Profi-
ciency Survey conducted by the CAP, approximately 20% of participating laboratories
measure human IgGl, IgG2, IgG3, and IgG4 using immunodiffusion assays.”® Some
laboratories also measure human IgD in serum by means of RID. Performance of these
laboratories in the CAP survey in terms of accuracy and variance was equivalent (e.g.,
interlaboratory variation <18% coefficient of variation [CV]) to laboratories using other
assay methods. Gel-based immunodiffusion methods tend to be limited in their analyti-
cal sensitivity (1 pg/mL),* and thus they are not clinically useful in the measurement of
immunoglobulins that are normally in low concentrations in serum (e.g., IgE). Variance
in the immunodiffusion assay is primarily dependent on the accuracy with which the
test and reference sera are pipetted and the precipitin ring diameters are measured.

3.4.3.2 Nephelometric-Turbidimetric Assays

Both nephelometric and turbidimetric assays function on a similar principle in which
serum (containing variable amounts of the analyte) is added to a reaction chamber
containing a constant amount of optically clear, IgG-, IgGl-, 1gG2-, IgG3-, IgG4-,
IgA-, or IgM-specific antiserum. The extent of immune-complex formation varies as
a function of the quantity of the particular immunoglobulin being measured. The rate
or extent of immunoglobulin—anti-immunglobulin complex formation is then mea-
sured by the extent of light incident on the reaction chamber that is (a) scattered or
reflected toward a detector that is not in the direct path of the transmitted light (neph-
elometry), or (b) attenuated (decreased) in intensity as measured by a detector in the
direct path of the transmitted light as a result of scattering, reflectance, and absorption
(turbidimetry).5° Light scatter or turbidity increases immediately following the mix-
ture of antigen and antibody to a maximum value (equivalence) and then decreases.
The extent of scatter or absorption obtained with dilutions of a reference serum con-
taining known quantities of IgG, IgGl, IgG2, 1gG3, 1gG4, IgA, IgD, or IgM allow
construction of a reference serum from which response results obtained with test sera
are interpolated. Earlier nephelometric assays generally exhibited a lower analytical
sensitivity than turbidimetric assays due to difficulty in accurately and precisely mea-
suring small changes in light absorbance in the forward direction.®! However, stable,
high-resolution photometric systems have insured that the two methods are competi-
tive. Both assays suffer from inaccuracies caused when the immunoglobulin (anti-
gen) is in a molar excess relative to the anti-immunoglobulin (antiserum); however,
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computer algorithms are designed to flag antigen excess automatically. Finally, any
particle or solvent as well as serum macromolecules, can scatter light causing inac-
curacies. The advantages of these two methods reside in their speed and relative sim-
plicity. High levels of lipoproteins in lipemic serum, hemoglobulin concentrations
>5.0 g/L in hemolyzed blood and bilirubin levels >0.15 g/L in icteric serum may
cause interference in both nephelometric and turbidimetric assays.®> Of the participat-
ing clinical laboratories in 2006 CAP Diagnostic Immunology Proficiency Survey,
33% used one of the six commercially available turbidimetric assays, whereas 67%
used one of three commercially available nephelometric assays for the measurement
of human IgG, IgA, and IgM in serum.”

3.4.3.3 Immunoassay

The human immunoglobulins in low concentrations in serum, urine, and other body
fluids were measured by immunoassay that can achieve analytical sensitivities of
1 ng/mL.36 More specifically, human IgGl1, 1gG2, IgG3, and 1gG4,%%4 human IgAl
and IgA2, SC,'* J chain,!® and IgE® can be effectively measured by MAb-based
two-site immunometric assays. These assays use an insolubilized capture antibody
to bind the immunoglobulin isotype of interest from serum, urine, or other body
fluids and a biotin-, enzyme-, fluorophor-, or radio-labeled polyclonal, polymono-
clonal, or monoclonal antibody specific for different immunoglobulin epitopes to
detect bound immunoglobulin. Analysis of multiple dilutions of a reference serum
permits the construction of a reference curve from which response values obtained
with test specimens can be interpolated in mass per volume units of immunoglobu-
lin. Owing to the assay’s sensitivity, serum specimens are normally diluted 1:10
(IgE) to over 1:10,000 (IgG1-4) and thus hemolysis, bilirubin, and lipemia rarely
cause interference. Immunoassays are technically more complex than immuno-
diffusion and immunoprecipitation (nephelometric and turbidimetric) assays and
they generally require more replicates and dilutions of the unknown specimen to
obtain accurate results. Nephelometric and turbidimetric assays have thus become
the clinical laboratory methods of choice for quantifying immunoglobulins in
human serum. This trend has relegated immunoassay methods primarily to the
measurement of immunoglobulins in atypical research specimens where analytical
sensitivity is critical.

3.5 REFERENCE VALUES

In an ideal world, laboratory personnel would select an immunoglobulin quantitation
method, and then establish reference ranges for a population whose demographics
closely resemble the expected patient population that will be tested. This, however,
can be difficult to accomplish for clinical immunology laboratories that perform
interstate commerce, and thus receive specimens from large geographical areas
that contain a spectrum of individuals with varying ages and ethnic backgrounds.
The alternative strategy has been to adopt published reference intervals, some of
which are recommended by the manufacturer. A compendium of reported human
immunoglobulin mean and 95 percentile reference intervals is thus presented in
Tables 3.5 and 3.6 to aid the laboratorian in the interpretation of immunoglobulin
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measurements. One common denominator among these published studies has been
the use of specimens from healthy individuals to establish the reference range.
A healthy individual may be defined as one with “‘a state of complete physical, mental,
and social well being and not merely the absence of disease or infirmity.” Individuals
satisfying this definition can be difficult to find because even blood bank donors may
not meet this criterion. Thus, with all their potential flaws, the published reference
intervals that are summarized in Tables 3.5 through 3.9 may be the best information
available on which action levels can be assigned for immunoglobulin concentrations
in serum, urine, and CSF for those laboratories that have not determined their own
reference ranges.

3.5.1 FacTtORS INFLUENCING IMMUNOGLOBULIN LEVELS

Multiple factors influence immunoglobulin levels in humans. Age is possibly the
most important personal attribute that determines serum immunoglobulin levels.
Other suggested factors include the subject’s sex, ethnic background, history of
allergies and recurrent infections, and whether the individual lives in a geographic
region where parasites are endemic. For purposes of this report, the reference ranges
extracted from the literature have been partitioned based on the study population’s
age, sex, and specimen type. In one earlier study using immunodiffusion methods
to measure immunoglobulin levels in approximately 300 healthy individuals (1/3
black, 2/3 Caucausian/Hispanic), no racial differences were suggested by the data
and thus results were grouped only according to age and sex.®® In a similar manner,
subsequently reported reference immunoglobulin ranges have also been grouped

TABLE 3.7
Human IgG Subclass Levels as a Function of Age

Human Human Human Human
Age Group 1gG1 (g/L) 18G2 (g/L) 18G3 (g/L) 18G4 (g/L)
Cord blood 4.35-10.84 1.43-4.53 0.27-1.46 <0.01-0.47
0-2 months 2.18-4.96 0.40-1.67 0.04-0.23 <0.01-0.33
3-5 months 1.43-3.94 0.23-1.47 0.04-1.00 <0.01-0.14
6-8 months 1.90-3.88 0.37-0.60 0.12-0.62 <0.01
9-24 months 2.86-6.80 0.30-3.27 0.13-0.82 <0.01-0.65
3—4 years 3.81-8.84 0.70-4.43 0.17-0.90 <0.01-1.16
5-6 years 2.92-8.16 0.83-5.13 0.08-1.11 <0.01-1.21
7-8 years 4.22-8.02 1.13-4.80 0.15-1.33 <0.01-0.84
9-10 years 4.56-9.38 1.63-5.13 0.26-1.13 <0.01-1.21
11-12 years 4.56-9.52 1.47-4.93 0.12-1.79 <0.01-1.68
13-14 years 3.47-9.93 1.17-4.40 0.23-1.17 <0.01-0.83
Adult 3.10-9.10 0.72-4.10 0.17-0.72 0.02-0.65

Source: Data extracted from Hutson, D.K., DuPont Company Technical Bulletin E-61050.
With permission.
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TABLE 3.8
Human Urine and CSF Immunoglobulin G/A/M Reference Intervals

Total Urinary  Total Urinary

Total Urinary Human IgA Human IgM
Human IgG (mg/24 h (mg/24 h Reference
Assay Name (mg/24 h volume) volume) volume) and Author
LC-Partigen 1.2-6.5 1.3-5.0 Undetectable  Ritzmann®?
Total CSF Total CSF
Total CSF Human Human Human Reference
Assay Name 18G G/L 1gG G/L IgM G/L and Author
LC-Partigen UD-0.055 0.0015-0.006 <0.001 Ritzmann®
RID-Behring
RIA 0.035-0.058 <0.002 <0.002 Tietz*!
15-60 years
RIDN =93 0.017£0.004-17-30 ND ND Tibbling
(17-60) M=1SD 0.021%+0.007-31-40 yr et al.8
M=1SD 0.024+0.008-41-50 yr
M=1SD 0.027%0.009-51-60 yr
M=1SD 0.026%0.009-61-77 yr
M=1SD yr
Quanticlone UD-0.086 ND ND Sanofi
RID Sanofi Technical
Pasteur Bulletin®

Note: UD = undetectable, ND = not done.

according to the study population’s age and occasionally sex. The impact of genetic
factors (race or ethnic origin, blood groups, and histocompatibility antigens); physi-
ological factors (stage in menstrual cycle or pregnancy and physical condition);
or socioeconomic and environmental factors on the level of immunoglobulins in
healthy study populations has not been definitively determined.

3.5.2 IMMUNOGLOBULIN REFERENCE INTERVALS
3.5.2.1 Serum IgG, IgA, IgM, and IgD

B cells are reportedly produced by the eighth week of gestation. At full term
(38 weeks), the healthy newborn has a complete complement of B cells containing
surface immunoglobulin of all isotypes. In 1965, Stiehm and Fudenberg® reported
the first quantitative study of serum IgG, IgA, and IgM levels in humans as a func-
tion of age that were measured in mass per volume units (g/L) rather than in pre-
viously used arbitrary units or titers. These quantitative immunoglobulin levels
were measured by immunodiffusion using polyclonal antiserum produced in their
own facility and sera collected from 296 children and 30 adults who were clini-
cally healthy at the time of their study. In 1982, Jolliff et al.®” used nephelometric
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TABLE 3.9
Human Serum IgE Nonatopic Reference Ranges

Total Human IgE

Total Human Upper 95%

IgE Geometric  Confidence Limit Reference
Total N Sex (M/F) Age Range Mean (kU/L) (kU/L) and Author
26 M (15),F (11) Cord blood 0.22 1.28 Saarinen

et al.¥’

21 M (7), F (14) 6 weeks 0.69 6.12 Scandinavian
20 M (14), F (6) 3 months 0.82 3.76 children®
20 M (10), F(10) 6 months 2.68 16.3
20 M (14), F (6) 9 months 2.36 7.3
18 M (14),F (4) 1 year 349 15.2
20 M (13), F (7) 2 years 3.03 29.5
11 M (6), F (5) 3 years 1.80 16.9
9 M (6), F (3) 4 years 8.58 68.9
19 M (10), F (9) 7 years 12.9 161
20 M 11),F () 10 years 23.7 570
22 M(15),F(7) 14 years 20.1 195
175 Not specified 17-85 years 132 114 Swedish adults
72 M 6-14 years 42.7 527 Barbee et al %
73 F 6-14 years 43.3 344 White adults in
109 M 15-24 years 33.6 447 the United
121 F 15-24 years 18.6 262 States
108 M 25-34 years 16.8 275
89 F 25-34 years 16.6 216
62 M 35-44 years 21.7 242
67 F 35-44 years 19.3 206
88 M 45-54 years 19.2 254
97 F 45-54 years 13.3 177
105 M 55-64 years 21.3 354
172 F 55-64 years 11.7° 148
145 M 65-74 years 21.2 248
199 F 65-74 years 11.5° 122
69 M 75+ years 18.4 219
87 F 75+ years 9.2b 124
758 M 6-75 years 229 317
905 F 6-75 years 14.7° 189

Note: M = male, F = female: all total serum IgE levels reported in this table were measured with a
noncompetitive paper disk radioimmunosorbent test marked by Kabi-Pharmacia Diagnostics (now
known as Phadia).

2 Study performed with sera from children with no history of atopic disease or first-degree atopic

relatives.

b Mean serum IgE for females is significantly lower than for males.
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FIGURE 3.1 Mean total serum IgG (closed circles), IgA (open inverted triangles), IgM
(closed inverted triangles), and immunoglobulin (open boxes) concentrations as mea-
sured by immunodiffusion® or nephelometry®’ from birth (cord blood) to adult levels
(>192 months). IgE and IgD are not presented as they comprise a <1% of the total immu-
noglobulin in serum. Levels of almost exclusively maternal IgG in cord serum decrease to
a minimum by 3-5 months and then progressively increase to adult levels by age 16 for IgG
and IgM or early adulthood for IgA. Table 3.5 presents the associated 95 percentile inter-
vals associated with these mean estimates. (Data extracted with permission from References
66 and 67.)

methods to measure IgG, IgA, and IgM in the serum of 25 boys and 25 girls who
were bled at defined intervals from birth to 10 years of age. The mean serum IgG,
IgA, and IgM concentrations for both of these studies are depicted in Figure 3.1 and
presented together with their 95 percentile reference intervals in Table 3.5. Both stud-
ies reported that the mean umbilical cord serum IgG level was 10.3—11.2 g/L, which
constituted approximately 90% of the total immunoglobulins measurable in the
cord blood. Moreover, cord serum contained trace quantities of IgM (0.11-0.13 g/L)
and IgA (0.02 g/L), which could be elevated by in utero infections. Transplacen-
tally transferred IgG in the serum of healthy newborns decreased to a minimum by
3-5 months as neonatal IgM production began to increase (Figure 3.1). No difference
in immunoglobulin levels was detected between male and female infants during the
first year of life in the Stiehm study and thus they combined these values for clini-
cal use. Adult IgG and IgM levels are achieved by the age of 16, whereas levels of
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Total serum IgG (g/L)
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FIGURE 3.2 Mean and 95 percentile reference intervals (mean = 2 SD) for total serum IgG
in adults as reported by eight groups using the available commercial assays. See Table 3.6 for
actual data. Despite the use of different assay procedures and unique sets of immunochemi-
cal reagents, the mean IgG level determined in adult sera was 11.0 g/L with an acceptable
variance of 8.7% CV. The group’s total serum IgG maximum was 17.65 g/L and minimum
was 5.60 g/L.

IgA increased into early adulthood.® Table 3.6 and Figures 3.2 through 3.4 pres-
ent the mean and 95 percentile reference intervals for IgG, IgA, and IgM that have
been reported for healthy adults in these and five additional studies.®®7?> The demo-
graphics of the study populations (number, sex, age range, race, clinical testing, and
environment), assay type, and statistical methods employed are summarized where
available. These reports cover the principal commercial assays that are employed
clinically for human IgG, IgA, and IgM measurements. Although several immuno-
assays for total human serum IgG are available, none are presently used in clinical
testing, possibly because they are more technically complex and labor-intensive and
they have narrower working ranges than nephelometric and turbidimetric assays.

3.5.2.2 Serum IgG Subclasses

Of the five human immunoglobulin isotypes, IgG has achieved special importance
because it is the principal immunoglobulin that is transported across the placenta,
and thus confers humoral immunity on the neonate. Concentrations of the individual
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Total serum IgA (g/L)
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FIGURE 3.3 Mean and 95 percentile reference intervals (mean = 2 SD) for total serum IgA
in adults as reported by eight groups using the available commercial assays. See Table 3.6 for
actual data. Despite the use of different assay procedures and unique sets of immunochemi-
cal reagents, the mean IgA level determined in adult sera was 1.95 g/L with an acceptable
variance of 13.8% CV. The group’s total serum IgA maximum was 4.90 g/L and minimum
was 0.57 g/L.

IgG subclasses in human serum have been extensively studied as a function of age
using a variety of assays. Figure 3.5 presents a composite of the age-dependent pro-
files of human and the mean IgGl, IgG2, IgG3, and IgG4 levels in the serum of
children and adults as measured by eight groups®73-7° using a variety of poly- and
monoclonal antibody reagents. Trends in the mean levels of I1gGl, IgG2, IgG3, and
IgG4 are in general agreement, with a characteristic valley in all four subclasses
occurring at 3—6 months as maternally derived IgG is replaced by immunoglobulin
synthesized by the infant. IgG1 and IgG3 synthesis occurs earlier and is more rapid
in early childhood than IgG2 and IgG4. IgGl1 concentrations increase to adult levels
at 5-7 years, in contrast to IgG3 at 7-9, IgG2 at 8-10, and IgG4 at 9-11 years.3%8!
Differential exposure to environmental antigens is thought to combine with natural
biological variation in the rate of achieving immunological maturity and inherited
genetic factors to produce the variation observed in adult IgG subclass concentra-
tions in serum. The 95 percentile reference intervals for human IgG as defined using
an MAb-based immunoassay are presented in Table 3.7 as an illustration of repre-
sentative target ranges.
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FIGURE 3.4 Mean and 95 percentile reference intervals (mean = 2 SD) for total serum IgM
in adults as reported by eight groups using the available commercial assays. See Table 3.6 for
actual data. Despite the use of different assay procedures and unique sets of immunochemical
reagents, the mean IgM level determined in adult sera was 1.30 g/L with a variance of
18.6% CV. The group total serum IgM maximum was 3.70 g/L and minimum was 0.20 g/L.

3.5.2.3 Urinary IgG, IgA, and IgM

The glomeruli of the kidney function as ultrafilters for plasma proteins and normally
exclude high-MW proteins such as IgM from reaching the glomerular filtrate, except
in trace amounts. The passage of high-MW proteins into the urine (proteinuria) can
occur as a result of (a) increased glomerular permeability, (b) defective tubular reab-
sorption, (c) overload of a particular serum protein (e.g., Bence Jones light chains),
or (d) postrenal protein secretion.®? Urine can be clinically evaluated by electropho-
resis—immunofixation for light chains when a plasma-cell dyscrasia is suspected as a
result of condition (c). Both immunoglobulins (IgG and IgA) and light chains may also
be quantitatively measured as evidence of kidney damage. IgG and IgA are normally
present in urine at total levels from 1.2 to 6.5 mg (IgG) and 1.3-5.0 mg (IgA) in a
24-h urine specimen (Table 3.8).82% Levels above this range are considered evidence
of kidney dysfunction.

3.5.2.4 Cerebral Spinal Fluid IgG, IgA, and IgM

CSF is secreted by the choroid plexuses around the cerebral vessels and along the
walls of the ventricles of the brain. It fills the ventricles and bathes the spinal cord.
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FIGURE 3.5 Mean total IgG, IgGl, IgG2, IgG3, and IgG4 concentrations as measured by
immunodiffusion or immunoassay in serum collected from children at birth (cord blood)
through adulthood (>16). Table 3.7 presents the associated 95 percentile intervals associ-
ated with one of these mean estimates from Ref. 73. Data for figure extracted from Refs. 73
(Schur et al., open circles [----]); 74 (Allansmith et al., closed circles [- - - - ]); 66 (Stiehm
and Fudenberg, open triangles [......], total IgG only); 75,76 (Zegers et al. and Van der Giessen
et al.; closed inverted triangles [-- -- --]); 77 (Shakelford et al., closed diamonds [...---...---]);
78 (Oxelius and Svenningsen, open boxes [.-.-.-.]); 79 (Morell et al., closed boxes [.--..--..--]);
and 80 (Lee et al., closed circles [..--..--..]). All studies demonstrate a decrease in all four
subclasses of IgG during the 3—5 month period of life. (Reproduced from Reference 80 with
permission.)

Eventually, CSF is reabsorbed into the blood through the arachnoid villi. Because
CSF is principally an ultrafiltrate of plasma, its protein (typically 0.15-0.45 g/L in
lumbar fluid) is primarily composed of low-MW prealbumin, albumin, and transfer-
rin. CSF from healthy adults also normally contains low IgG concentrations that
range from undetectable to 0.086 g/L depending on the report, method of mea-
surement, and study group’s age (Table 3.7). In one study, a gradual age-dependent
increase was observed by Tibbling et al.3 up to 40 years of age. IgA concentrations
in the CSF of healthy adults range from undetectable to 0.006 g/L. IgG and IgA can
be detected in the CSF presumably as a result of immunoglobulin synthesis by B cells
that infiltrate demyelinated lesions within the central nervous system. An elevation
in CSF IgG concentrations and the presence of oligoclonal immunoglobulin bands
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by electrophoresis—immunofixation are clinically used markers of increased perme-
ability of the blood—brain barrier (capillary endothelium of vessels of the central
nervous system) that may occur in patients with active multiple sclerosis, subacute
sclerosing panencephalitis, and acute aseptic meningitis. The CSF IgG/albumin ratio
or immunoglobulin index is used to determine whether there is an increased per-
meability or increased local IgG production, or both. Decreased CSF IgG levels
have been seen in individuals with active systemic lupus erythematosus with central
nervous system involvement. In the few studies where IgM was measured in CSF
from healthy adults, it was undetectable (<0.002 g/L). Thus, IgM is not routinely
measured in CSF.

3.5.2.5 Serum IgE

As with the other immunoglobulin isotypes, the concentration in IgE in the serum
is highly age-dependent. The concentration of IgE in cord serum is low, usually
<2 kU/L (<4.8 pg/L), because it does not cross the placental barrier in significant
amounts.®-3 Mean serum IgE levels progressively increase in healthy children up
to 1015 years of age. The rise in serum IgE toward adult levels is slower than that
of IgG but comparable to that of IgA. Atopic infants have an earlier and steeper
rise in serum IgE levels during their early years of life as compared with nonatopic
controls.®® An age-dependent decline in total serum IgE may occur from the second
through eighth decades of life. In contrast to IgG, IgA, IgM, and IgD levels that are
routinely compared against 95 percentile reference intervals obtained with serum
from healthy individuals, serum IgE levels must be judged against intervals estab-
lished with serum from age-adjusted healthy, nonatopic individuals.

Representative serum IgE concentrations as measured in the serum of nonatopic
children and adults are presented in Table 3.9. After 14 years of age, serum IgE levels
>333 kU/L (800 pg/L) are considered abnormally elevated and strongly associated
with atopic disorders such as allergic rhinitis, extrinsic asthma, and atopic derma-
titis. The overlap between IgE levels in atopic and nonatopic populations, however,
is considerable.®-%° One study of adults with allergic asthma demonstrated a mean
serum IgE level of 1589 ug/L (range 55-12,750 pg/L), with only about one-half
of them having IgE concentrations above the 800-pg/L upper limit for nonatopic
individuals. In a different study, very high levels of serum IgE (mean: 978 kU/L,
range 1.3-65,208 kU/L) were observed in approximately 90% of patients with atopic
dermatitis.

3.5.2.6 Immunoglobulins in Other Fluids

Of the gut-associated lymphoid tissue, bronchus-associated lymphoid tissue, and
human small intestinal lamina propria-associated B cells, approximately 85%
contain surface IgA, whereas only 5 and 10%, respectively, contain surface IgG
and IgM. Because the surface immunoglobulin reflects the isotype of plasma cells
derived from B-cell precursors, secretory IgA is the predominant immunoglobu-
lin produced in these tissues and associated secretions. Moreover, secretory IgA
is the predominant immunoglobulin in secretions emanating from mucosal tissues
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in middle ear, urogenital tract, mammary gland, conjunctiva, and salivary glands.
IgA in saliva, for instance, appears to reach adult levels (approximately 0.11 g/L)
by about 6 weeks of development.®®! Reports of immunoglobulins other than IgA
are rare in body fluids such as tears, sweat and peritoneal fluid, colostrum, saliva,
bronchial secretions, nasal mucosa, prostatic fluid, vaginal secretions, and mucous
secretions of the small intestine.

Total IgE has been measured in tears by ophthalmologists. An MAb-based solid-
phase immunoassay has been designed to analyze IgE levels in tears that have been
collected from the inferior marginal tear duct using a 2-pL capillary tube. Tear IgE
levels are reportedly increased in individuals with giant papillary conjunctivitis, sec-
ondary to wearing contact lenses.”? The mean total IgE levels in the tears of allergic
symptomatic patients has also been shown to be statistically elevated as compared to
tears of nonallergic symptomatic and asymptomatic subjects.”

3.5.3 HuMAN LIGHT-CHAIN REFERENCE INTERVALS

As indicated earlier, an alternation in the x/A light-chain ratio in serum has been
proposed as a marker of monoclonal or M-component-related immunoglobulin
abnormalities. The x chain containing immunoglobulins normally predomi-
nate in healthy individuals with an average reported x/A light-chain ratio of
1.8-1.9.3070.83.94-96 Taple 3.10 presents the patient demographics, methods, and
published x and A levels in serum for selected studies that compute the serum
k/A ratio. The mean immunoglobulin x/A ratios among these studies of healthy
subjects varied from 1.8 to 1.9: 1.84,2° 1.83 = 0.3,%° 1.86,° 1.87 + 0.23,%
1.9 = 0.3,% and 1.83.% Ford et al.** examined 10 sequential sera from 12 healthy
subjects to study intraindividual biological variation as distinct from methodo-
logic analytical variation. They concluded that high interindividual variability in
the light-chain ratios makes their measurement more well suited for monitoring
changes rather than as a replacement for serum protein electrophoresis in the
early detection of monoclonal gammopathies.

3.5.4 TotAL SERUM IGG LEVELS DURING GAMMAGLOBULIN THERAPY

As indicated earlier, a total IgG <<2.5 g/L with nondetectable IgA and IgM in serum
can aid in the identification of a patient with primary hypo- or agammaglobulinemia
(Table 3.4). Once identified, the patient, especially a child, may be put on exogenous
immunoglobulin replacement therapy. The total serum IgG can be useful to deter-
mine the optimal dose required for administration and to document the biological
half-life and total achieved level of IgG in the particular patient. Figure 3.6 illustrates
one such evaluation in which total IgG was measured in sequential sera collected
from a 2-year-old male with Bruton’s disease, who had a total IgG of 0.7 g/L. and
nondetectable IgA and IgM before therapy. Following administration of 200 mg/kg
of IV immunoglobulin (IVIg), the total IgG increased to 5 g/L but rapidly declined
with a biological half-life of 10-11 days. The decision was made based on these
results to increase the dose to 400 mg/kg, which in four subsequent administrations
was able to maintain the total serum IgG level between the 2.5 and 97.5 percentile
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FIGURE 3.6 Changes in total serum IgG levels measured by immunoassay in sequen-
tial sera collected from a single 2-year-old male with primary immunodeficiency (Bruton’s
agammaglobulinemia). Specimens were collected before and during a period when monthly
injections of IVIg were administered. Low IgG levels (<1 g/L) were detected before admin-
istration of 200 mg/kg of IV gammaglobulin. IgG levels increased to 5 g/L and then dimin-
ished with a biological half-life of 10—11 days. Higher doses of IVIg were (400 mg/kg) then
administered in the second through fourth doses depicted to achieve an average IgG level
around the mean for 2-year-old infants. The biological half-life appeared to decrease to
5-6 days on these subsequent doses.

interval for a 2-year-old child. The biological half-life decreased to 5—6 days with
the increased level of administered IgG. This study serves to illustrate the utility
of repetitive total serum IgG measurements for monitoring IVIg therapy and for
making adjustments in dose to optimize circulating levels of IgG into the range
appropriate for the age of the patient.

3.6 EXTERNAL PROFICIENCY SURVEYS

In the United States, the most widely subscribed external proficiency survey for human
immunoglobulins and light chains is conducted by the CAP. The design (e.g., number
of participating laboratories, cycles per year, sera per cycle, and reporting specimen)
for the three surveys of relevance to the diagnostic immunology laboratory are sum-
marized in Table 3.11. The Diagnostic Immunology Series 1 (SM; code S1) and Series 2
(S; code S2) surveys provide 15 specimens per year for the evaluation of laboratory
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TABLE 3.11
External Proficiency Surveys for Inmunoglobulins and Light Chains
Variable 1gG 1gG1-4 IgA IgsM IgE IgD x/A Ratio
Survey code IG, LN7, S2, 54 IG,LN7, IG,LN7, 1IG,K, 82,54 IG,S2,54
M, S2, SPE SPE SE
S4, SPE
Provider CAP? CAP, CAP CAP CAP CAP  CAP
agency UKNEQAS
No. of cycles 3,3 3,6 3 3 3,3 3 3
per year
No. of sera 5,1 1,2 5 5 55 1 1
per cycle

Note: 1G = immunology general, LN7 = immunology calibration verification/linearity, S2 = immunol-
ogy special, S4 = immunology limited, SPE = serum protein electrophoresis, K = endocrinology
(ligand assay general), M = CSF chemistry.

2 CAP = College of American Pathologists.

methods that are used to measure serum IgG, IgG subclasses 1-4, IgA, IgM, IgE, IgD,
and human x/A light-chain ratios. There is no available survey for human IgA subclasses.
In addition to the immunoglobulins, these surveys also provide external proficiency
testing for assays that measure other immunological analytes such as complement com-
ponents 3 and 4, rheumatoid factor, C-reactive protein, serum hCG, alpha-1 antitrypsin,
ceruloplasmin, haptoglobin, prealbumin, and a panel of antibodies against bacterial,
viral, and autoantigens. Discussion of these nonimmunoglobulin analytes is beyond
the scope of this chapter. The Diagnostic Allergy CAP Survey called “SE” provides
15 sera per year to laboratories performing total serum IgE and allergen-specific IgE
antibody assays. The SE Survey has been favorably contrasted to the proficiency pro-
gram conducted by the U.K. External Quality Assessment Scheme for Autoimmune
Serology (UKEQAS).” The CAP surveys are generally designed to include three cycles
per year and five specimens per cycle, which fulfills the requirements for regulated
analytes that are measured by highly complex tests as specified by U.S. Public Law
100-578 and the Clinical Laboratory Improvement Amendments of 1988 (CLIA’88).
For the CAP surveys, a 1-2 week turnaround time from receipt of the specimens to
submission of results is expected for all participants. Once compiled, a summary of the
mean, standard deviation, CV, median, low and high values for each assay method, and
a pass/fail designation for regulated analytes is returned to the participating laboratory
and state licensing agencies. Laboratories that produce measurements outside the 95
percentile (mean * 2 SD) of the group data can be considered out of control, provided
the number of laboratories is sufficiently large to make statistical inferences. Owing to
the availability of excellent, stable primary reference sera, the interlaboratory agree-
ment for total serum IgG, IgA, IgM, and IgE measurements between laboratories using
the same assay method and reagents is generally within acceptable levels (<10% CV).
Differences in immunoglobulin assignments that occur among laboratories that use
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different methods can generally be traced to the use of an inappropriate calibration
serum by the manufacturer or laboratory.

3.7 INTERFERENCES

Despite the excellent interlaboratory and interassay agreement of immunoglobulin
measurements performed in clinical laboratories using FDA-cleared commercial
products, there are occasionally outlier results that cannot be traced to hemolysis,
lipemia, or high levels of bilirubin. An overview of published work linking human
rheumatoid factors to spuriously high or low immunoglobulin levels as a result of
immunological method interference is presented elsewhere.’® This problem can only
become more commonplace as murine and engineered chimeric (human—mouse)
antibodies are increasingly used to diagnose and treat human diseases.”>!%° In addi-
tion to exogenously administered heterologous, chimeric, or humanized antibodies
that may elicit human rheumatoid factors, the presence of naturally occurring anti-
immunoglobulin autoantibodies are also known to exist.!”! These autoantibodies are
thought to play a role in regulating the level of total serum immunoglobulins. They
can also be considered as potential interfering factors in immunological assays that
are employed by clinical laboratories to quantify human immunoglobulins. Difficulty
in documenting the role of these autoantibodies in assay interference in part stems
from the fact that human immunoglobulin-specific autoantibodies are heterogeneous
and they are difficult to quantify when circulating in a complexed form, bound to
their respective immunoglobulin. The use of purified human immunoglobulins
and engineered chimeric autoantibodies (e.g., human IgG1 antihuman IgE Fc) are
being used as research tools to construct families of dose—response curves by vary-
ing either the autoantibody (IgG anti-IgE) or ligand (IgE) concentration in a serum
protein matrix.!? By doing so, reference calibration curves may be established from
which the concentration of human immunoglobulin-specific autoantibodies can be
estimated. The use of these calibration curves should allow more definitive identi-
fication of their presence and role in altering the accuracy of immunological assays
that measure total immunoglobulin concentrations in human serum.

In 2003, humanized IgGl antihuman IgE Fc MAb (omalizumab [also called
xolair]) was licensed for use in the management of asthma.!%? Sera from patients who
have received omalizumab contain small anti-IgE:IgE complexes and a percentage
that is “free IgE” or unbound with omalizumab.!* Complex formation of anti-IgE
with IgE was suspected of causing sufficient interference in IgE assay reagent bind-
ing that might reduce the accuracy of results generated by FDA-cleared IgE assays.
To examine this potential interference, serum from four atopic adults containing
omalizumab at 50 or 200 molar excess to IgE or buffer (sham control) were analyzed
by 159 clinical immunology laboratories, using all available IgE antibody assays.?!
The study results showed that two total serum IgE from one manufacturer were
minimally impacted (2.4-9.0% reduction in measured IgE) by the presence of omal-
izumab, whereas five other total IgE assays showed marked reductions (p < 0.001)
from 13 to 67%. This study confirms that therapeutically administered humanized
antibody can interfere sufficiently to markedly reduce the accuracy of some quanti-
tative immunoglobulin assays.
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3.8 SUMMARY

The immunoglobulins are among the most important human serum proteins as they
confer humoral immunity, promote cellular immunity, and facilitate complement
activation. By these actions, immunoglobulins play a key role in the immunolog-
ical defense of the human against infectious agents. This chapter has examined
structural details of immunoglobulins that serve as determinants for immunologi-
cal reagents that are used in clinical assays for their measurement in human body
fluids. The trend in the clinical immunology laboratory has been toward the use of
more automated assay platforms that employ increasingly stable and better-char-
acterized reference sera as calibrators and ultraspecific immunological reagents.
These improved assay methods will continue to allow accurate analytical measure-
ments of immunoglobulin levels in serum, urine, CSF, and other body fluids by
hospital and reference laboratories as well as in research environments throughout
the world.
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ABBREVIATIONS

ADCC Antibody-dependent cell-mediated cytotoxicity

CAP  College of American Pathologists

CH Immunoglobulin heavy-chain constant region domains (e.g., CHI, hinge,
CH2, CH3, and CH4)

CSF Cerebral spinal fluid

Fc Immunoglobulin fragment that binds complement
Fd Immunoglobulin heavy chain of the F(ab’), fragment
IEF Isoelectric focusing

IgA Immunoglobulin A

Igbh Immunoglobulin D

IgE Immunoglobulin E

IgG Immunoglobulin G

IgM Immunoglobulin M

K/A Kappa to lambda light-chain ratio

MADb  Monoclonal antibody

PAN  An antibody that binds to a/l allotypic forms and subclasses of a particular
isotype of human immunoglobulin (e.g., IgG PAN-reactive MA,b = anti-
body that binds to all allotypic forms of human IgGl, IgG2, IgG3, and IgG4
molecules).
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4.1 INTRODUCTION

Complement is a complex system of enzymes, regulatory proteins, and cell surface
receptors that are involved in host defense, inflammation, and modulation of immune
responses. The system provides a fast-acting mechanism for the identification and
removal of foreign substances, providing protection before the adaptive immune
system can come into play. It is also involved in a wide variety of homeostatic pro-
cesses including the clearance of immune complexes, effete cells, and cellular debris
from damaged tissues. Complement system contributes to inflammation by inducing
local changes in blood flow and the influx of inflammatory cells into the affected
area. The fragments of complement also induce the release of additional mediators,
cytokines, and enzymes from cells near the site of activation. It is a tightly regulated
system designed to produce minimum “collateral damage” that might result in tissue
damage and loss of function. The pathology that accompanies uncontrolled activa-
tion or incomplete performance of complement’s functions is often the result of a
deficiency or impairment of one of the components.

Complement system comprises major initiation pathways: classical, alternative,
and lectin, as well as a terminal pathway (TP) common to all. Each initiating path-
way is triggered by a different type of activator, usually a cell, microbe, or molecu-
lar aggregate that presents charge patterns that are “recognized” by components of
the individual initiating pathway, making complement one of the innate immune
system’s primary pattern-recognition mechanisms for detecting nonself.! The initiat-
ing pathways have several things in common. They are triggered by (1) the binding
of one of their components to the activator, (2) a cascade of enzyme activation, and
(3) generation of biological effects. Although complement is often referred to as a
constituent of plasma, the components are also found in other body fluids and tis-
sues. Not only does diffusion of the molecules takes place between the intravascular
and extravascular compartments, but local synthesis also occurs. There are physical
and chemical mechanisms as well as specific regulators that prevent uncontrolled
activation and damage to local cells and tissues. A network of fluid-phase and cell-
associated regulatory proteins and specific receptors interact with the components
of complement and their split products, and are involved in controlling complement
activation at the cell surface, as well as a wide variety of cell-signaling events. This
chapter will address the structure of the complement components and its pathways,
their activation and control processes, and the diseases that are associated with defi-
ciencies or improper regulation of complement system.

4.2 THE PATHWAYS OF COMPLEMENT ACTIVATION

Each complement pathway has unique proteins for the initiating step, but shares the
same or related proteins for the intermediate steps, and uses the same components
in the last step, culminating in the same activities. Complement activation repre-
sents the dynamic interplay among the different pathways, the control processes, and
other protein systems and cells in the local environment. The outcome of an activa-
tion event is modulated by all these participants.

Figure 4.1 depicts the major pathways of complement activation. It can be seen
that the classical and lectin pathways (LPs) follow parallel routes and share several
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FIGURE 4.1 Schematic of the complement activation pathways. The three initiation path-
ways (CP, LP, and AP) generate C3 convertases that cleave C3 and allow activation of the
terminal components.

components. The alternative pathway (AP) is a separate branch with its own set of
proteins and all three pathways converge at the step where C3 is cleaved and the TP
begins. The individual proteins involved in activation are depicted in black under
each pathway heading, whereas the control proteins for each pathway are listed in
gray. The proteins of the TP are listed to the left-hand side of the arrow and its con-
trol proteins are to the right-hand side.

4.2.1 CrassicAL PATHWAY

The first pathway discovered, the classical pathway (CP), was described in the late
1890s and early 1900s as an “activity” of fresh serum that was capable of killing
bacteria. By fractionating the serum using increasingly complex methods, inves-
tigators found multiple activities that could be separated and then recombined to
restore activity. One of the first assays of complement’s activity was the lysis of sheep
red blood cells (SRBC). Serum from animals that had been immunized with SRBC
membranes lysed SRBC efficiently, but if the serum was first heat-inactivated (56°C,
30 min), it had no activity. Likewise, fresh serum from a nonimmunized animal
had little or no activity, but if the two sera were combined, the lytic activity was
restored. The fresh serum was said to “complement” the activity of the heat-inacti-
vated immune serum. Both the immune factor (antibody) and the heat labile factor
(complement) were required for maximum activity. This assay, the CH50, formed
the basis for much of the testing in complement field, and is still in use today.

The original components of the CP were given names that included C” and a
number, the latter corresponding to the order in which they were discovered and
characterized. The “prime” symbol from C” was dropped in the 1970s but the num-
bering system is still used. The first component, C1, is really a macromolecular com-
plex: one Clq, two Clr, and two Cls molecules. Rearranging the components of the
pathway in the order in which they act gives the sequence: Clq, Clr, Cls, C4, C2,
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C3, C5, C6, C7, C8, and C9. Technically, only C1, C4, and C2 constitute the CP and
the final six make up the TP.

Initiation of the CP occurs through the binding of Clq to various compounds,
cells, and protein complexes. Small circulating immune complexes (CIC) are common
activators of the CP. Other substances that may bind and activate Clq include the lipid
A portion of bacterial lipopolysaccharide,? subcellular membranes such as mitochon-
dria released from damaged cells,? and some of the enveloped viruses.* C-reactive pro-
tein complexes are also good activators of the CP through binding Clq.> Many of these
antibody-independent activators play a role in the pathology of certain diseases, but the
best-characterized activators of Cl1 in vivo are antigen—antibody complexes, attached
either to cells or particulate antigen surfaces, or as parts of an immune complex.

Clq is a complex macromolecule made up of 18 protein strands: six A, six B, and
six C, arranged to make up six three-chain (one each of A, B, and C) subunits. Disul-
fide bonds link the A and B chains within each subunit, and the C chains between
the subunits.® In the intact Clq molecule, the six subunits are aligned so that their
collagenlike regions (CLR; approximately one-third of the length of each subunit)
are linked together, forming a “tail” on the molecule. The next portion of each of
the subunits is flexible and branches away from the tail. At the end opposite to CLR,
globular heads on the ends of flexible stalks are present. From electron micrographs,
the resulting molecule resembles a bunch of six tulips branching from the more
compact CLR stalk.” The six globular regions recognize and bind to antigen-bound
immunoglobulins and other activators. The CLR region interacts with Clq receptors,
and is the target for autoantibodies in some patients to be discussed later.

Free Clq can bind to activator substances, but without calcium and Clr,s,,
no activation occurs. The proenzymes, Clr and Cls, are linked in tandem:
Cls—CIr—Cl1r—Cls, and bound ionically to the Clq molecule in the presence of
calcium. Clr and Cls are similar proteins, with serine protease domains that are
active only after the cleavage of a single bond in the proenzyme. Clr has an intrinsic
property to rapidly autoactivate when the Clqr,s, complex binds to an activating sub-
stance.?® Activated Clr cleaves Cls, the active form of which is the enzyme described
in the early literature as Cl-esterase. Active Cls is a serine protease that cleaves two
substrate molecules, C4 and C2, to generate the fragments C4a, C4b, C2a, and C2b.

C4 is synthesized as a single-polypeptide chain, but is posttranslationally con-
verted to three chains in its plasma form: alpha, beta, and gamma. A conformational
change in C4 occurs due to its cleavage by Cls or other enzymes and results in
the exposure of a highly reactive thioester group that is present in the alpha chain.
This thioester gives the resulting C4b fragment, a highly reactive ester link that can
bind covalently to amino or hydroxyl groups on nearby molecules or surfaces.!%!!
Although cleavage of the alpha chain, releasing C4a peptide, is the usual method of
activating the thioester bond, other forces such as heat or high pH can also cause the
thioester to react. The resulting covalently bound C4b plays several important roles
in the progression of the activation process:

1. It forms covalent complexes with the activating antigen, antibody, particle,
or other proteins or carbohydrates near it.

2. The ester-linked portion of the alpha chain remains attached to the original
protein or surface although most of the rest of C4b molecule is removed.
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3. It provides a binding site for C3b receptors on phagocytes and other cells to
promote removal of microbes or antigen—antibody complexes to which the
C4b is bound.

4. It provides a binding site for C2a to form the CP C3 convertase (C4b2a) in
which the enzyme site is in the C2a fragment and the C4b acts as a cofactor.

The description of the thioester bond provided also applies to C3 and its activa-
tion. The CP C3 convertase, C4b2a, is formed when C2 binds to C4b. Cls can then
cleave the C2, releasing C2b and leaving C2a bound to the C4b. C2a is a serine
protease like other proenzymes of complement system, and contains the enzyme
site that cleaves C3. The half-life of the C4b2a enzyme is about 5 min under physi-
ological conditions.'? Control of this pathway will be discussed later.

Note that the term C3 convertase, applied to the enzymes that cleave C3, is
derived from the observation that cleavage of C3 results in “conversion” of the C3 to
a form that migrates faster on immunoelectrophoresis. This was a commonly used
assay to study complement activation in the early days of complementology.

4.2.2 LectIN PATHWAY

The LP, a primitive innate immune mechanism, is similar to the CP.* It utilizes sev-
eral proteins of the collectin family of carbohydrate-binding proteins, including the
Clg-like prototype, mannan-binding lectin (MBL), as well as several forms of ficolin.
The latter are lectins with CLR and fibrinogenlike domains that recognize sugars on
bacterial and other surfaces. The lectins contain carbohydrate recognition domains
that bind with high affinity to sugar residues primarily hexoses, commonly found on
microbial surfaces. There is evidence that these proteins and other collectins (pul-
monary surfactant proteins A and D) also bind free DNA and DNA on apoptotic cells,
possibly through the repeating arrays of pentoses that are part of the helix.

The four (MBL associated serine proteases [MASPs]) MASP proteins, MASP-1,
MASP-2, MASP-3, and MApl9, are encoded by two genes'. They bear homology to
Clr and Cls, having a serine protease domain in the B chain. MASP-1 and MASP-3 are
alternative splice products of a single gene, MASP1/3. They have the same A chain but
different B chains. Another gene encodes MASP-2 and MAp19, the latter of which has
only the first two domains of MASP-2 plus an additional four amino acids. MASP-2 is
responsible for the cleavage of C4 and C2, generating C4b2a, making it analogous to Cls
in function. Like Clr and Cls, the serine proteases associated with the LP become active
when binding of the lectin occurs.!® Selander et al."” have recently described a mecha-
nism whereby the LP directly activates C3, leading to AP activation in the absence of C2.
This mechanism could explain the relative lack of infections in many C2-deficient
patients compared with other component deficiencies.!® In addition to activating comple-
ment, MBL may also be able to act as an opsonin by interacting directly with cell sur-
face receptors. The latter property is also shared with the surfactant proteins A and D.!

4.2.3  ALTERNATIVE PATHWAY

Discovered after the CP, the AP, as its name suggests, was proposed as an “alterna-
tive” way for complement activation to occur. Because one of the first components of
the AP to be identified was properdin (P), the AP was also known as the properdin
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pathway. The AP proteins include factor D (FD), factor B, C3b or C3<H,0, and P. Like
the other pathways, the AP includes the late components, C3 and CS5 through CO.

4.2.3.1 Initiation

Unlike the CP or the LP, the AP-initiating step depends on preexisting C3b that
has been covalently linked to a surface, a protein, or other molecule. Lutz and
Jelezarova!'®?° recently showed that another source of this bound C3b was provided
by C3b2-IgG complexes formed when C3 activation occurs in the serum. This bound
C3b provides a binding site for factor B so that it can be cleaved by FD, a unique
serine protease, in that it does not require enzymatic cleavage for activation, nor
inhibitors to control its activity. D is able to change conformation from an inactive
state to an active one when it encounters its substrate C3bB and then return to the
inactive form after B has been cleaved.?! D is, in a sense, a renewable resource, and
although its low concentration in plasma may be rate limiting, it is adequate for its
participation in initiating the AP-activation process.??

4.2.3.2 Amplification Loop

Another unique feature of the AP is the amplification loop, or C3 feedback loop, in
which P plays the role of a stabilizer to enhance activity of the AP C3 convertase.??
P not only stabilizes the preformed C3bBb, but also acts as a coordinator of the
binding of B to C3b on a surface.?* Normal control of C3bBb is through dissociation
of the enzyme complex, but with the binding of P, the resulting C3bBbP is resistant
to dissociation and its half-life as an active enzyme increases from 1.5 to 18 min
at 37°C. This makes the AP more efficient at producing large amounts of C3b that
deposit on cell or antigen surfaces. Each new C3 that is cleaved provides another C3b
to feed back into the amplification loop or deposit on the surface of the activating
particle or other nearby residue.

4.2.4 NONCOMPLEMENT AcCTIVATION OF C3

Complement activation seldom involves only one pathway. If C3b is deposited on
the activating surface or other surfaces or molecules in the area by the CP or LP, the
AP can also become involved. The binding of one of the pattern-recognition lectins,
MBL or ficolin, to the appropriate sugar residues on microbial surfaces leads to the
activation of the LP. Complex polysaccharides such as yeast cell walls (zymosan),
high-molecular-weight inulin, sephadex, cellulose acetate, and bacterial cell walls
provide appropriate surfaces for AP activation.

Many noncomplement enzymes can cleave C3, C4, C5, and factor B. For exam-
ple, enzymes of the contact coagulation system (XIla and Kallikrein), proteases
from inflammatory cells (elastase and cathepsin G), or from bacteria can produce
active C3a and C5a, and presumably deposit C3b, which could initiate the amplifica-
tion loop of the AP.2>-28

A special word about C3—-critical! Because C3 occupies the central position
where the three initiating pathways merge (Figure 4.1), it is critical in the func-
tioning of the system as a whole (Figure 4.2). Cleavage of C3 is accomplished by
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FIGURE 4.2 Cleavage of C3 is the central act of complement activation. Although the
complement pathways are predominant in this reaction, enzymes from other sources no doubt
play a role in creating C3b that can initiate the amplification (feedback) loop of the AP.

complement and noncomplement enzymes, and the C3 tickover mechanism generates
C3b-like C3 (C3+H,0), assuring that some C3b will be available to the AP at all times.
C3 activation is necessary for the production of biological activities associated with
complement: anaphylatoxin, chemotaxis, enhanced phagocytosis, clearance of CICs,
killing of bacteria and other target cells, removal of apoptotic cells and debris from
damaged tissues, modulation of the immune response and memory cells, and so on.

4.2.5 THE TERMINAL PATHWAY

The late components of complement include C3 as well as C5 through C9. C3, as
seen from Figure 4.1, is the central component of complement activation mecha-
nisms. All of the activation processes are aimed at producing more C3 cleavage.
The biological activities associated with this protein include anaphylatoxin activity,
chemotactic activity for eosinophils and induction of mediator release (C3a), opso-
nization of particles for enhanced uptake by phagocytes and clearance of immune
complexes (C3b), and modulation of the immune response (C3d). In addition, C3b is
the cofactor for factor Bb enzyme cleavage of C3 (C3bBb) and C5 (C3bBbC3b).

Initiation of the TP leads to two main events: cleavage of C5 to release C5a, the
most potent of the anaphylatoxins and a major chemotactic factor for inflammatory
cells, and C5b that leads to the formation of the membrane attack complex (MAC).
The former activity is accomplished when an additional C3b is cleaved and binds to
one of the C3 convertases, C3bBb or C4b2a, to form the C5 convertases, C3bBbC3b,
or C4b2a3b. The addition of C3b to the convertase provides a binding site for C5b so
that it can efficiently be cleaved by the Bb enzyme. C5 is similar in structure to C3
and C4, but does not contain a thioester bond so it cannot form covalent complexes
with other molecules or surfaces.

Cleavage of C5 is the final enzymatic step in complement pathway. Once C5b has
been formed, it forms a complex with C6 and C7 (C5b-7) that expresses a transient
binding site for membrane surfaces. If a nearby membrane is available, the C5b-7
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binds to it. Next, C8, which has a C5b binding site in its beta chain, binds to the C5b-7
complex and the C8 alpha chain provides a site for the binding and polymerization
of C9 to form the lytic MAC lesion on the membrane. There have been many argu-
ments in the past about the exact nature of this lesion, but there is no question as to
its lethality on an unprotected membrane such as a red blood cell. Lysis occurs when
ions are allowed to leak out of the cell and water leaks in, rupturing the cell.

4.3 CONTROL OF COMPLEMENT ACTIVATION

Because activation of complement is potentially harmful to host cells and disrupts
homeostasis, complement activation must be very tightly controlled. Passive control
of complement activation occurs because the half-life of the thioester sites on C4b
and C3b is very short and limits the distance that the molecules can diffuse away
from the activation site before becoming inactive (C4bi, C3bi). A positive result of
this is that the C3b or C4b is deposited in clusters around the enzyme activating
enzyme site, giving the binding of phagocytes and other C3b receptor-bearing cells
with higher avidity. Another control is that the multimolecular complexes that form
complement enzymes (C4b2a, C3bBb) are inherently unstable. Once dissociation
occurs, the enzyme portions of the complex (C2a, Bb) become inactive, but the cofac-
tor parts (C4b, C3b) remain bound to the activator surface and can accept another C2
or B to repeat the enzyme formation.

Active control occurs through specific complement fluid-phase and cell-bound
inhibitors and inactivators whose functions include blocking the initiation of the
cascade, preventing formation and stabilization of the C3 and C5 convertases, and
preventing the formation of the biologically active split products such as the ana-
phylatoxins and the MAC. In particular, the regulators of complement activation
(RCA) are a group of proteins that share genetic and structural motifs. Derived from
a gene cluster on human chromosome 1q32, these control proteins are made from
2 to 30 short consensus repeats (SCRs) that are similar but not identical. They share
a common ability to bind to C4b and C3b as well, and are active in many phases of
controlling of complement activity.

Another control protein that is very important for the CP is the serpin, Cl-inhibitor,
described in Section 4.3.1 that acts quickly to stop C1 activity. Finally, the coup de
grace is delivered to the C3 and C5 convertases by a protease present in the circula-
tion in an active state, but requiring a cofactor for the expression of its activity. Factor
I has been known by several other names over the years, including conglutinogen
activating factor (KAF) and C3b inactivator. Its primary purpose is to degrade C4b
and C3b so that they cannot participate in the formation of a new enzyme complex.

4.3.1 CoNTrOL OF THE CLASSICAL PATHWAY

Figure 4.3 depicts the control of the CP, beginning with C1 inhibitor (C1-Inh) act-
ing as soon as Clr and Cls are activated.!> C1-Inh is a member of the serpin family
of serine protease inhibitors. C1-Inh is the only inhibitor that controls Clr and Cls,
but it contributes to the control of other enzymes including the MASP enzymes of
the LP, and coagulation factors XIa, XIIa, plasmin, and plasma kallikrein. When
an enzyme and an inhibitor interact, the enzyme cleaves a “bait-sequence” on the
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FIGURE 4.3 Control of the CP initiation is effected through the inactivation of Clr and
Cls by Cl-Inh. Once C4 has been cleaved, the removal of the C-terminal arginine from C4a
by serum carboxypeptidase-N occurs, and the inactivation of C4b to iC4b, C4d, and C4c
preve