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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.”
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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
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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



44 Handbook of Human Immunology, Second Edition

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
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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.”

ACKNOWLEDGMENTS

This chapter is written from the perspective of a biologist, with data to analyze and
present, not a professional statistician. I am deeply indebted to my heroes of data anal-
ysis, John Tukey, Leland Wilkinson, and Edward Tufte, who are all statisticians.

REFERENCES

1. Tukey, JW. Exploratory Data Analysis. Addison-Wesley Publishing Company, Reading,
MA, 1977.

2. Student (Gosset, WS). The probable error of a mean. Biometrika 6: 1-25, 1908.

3. Ruxton, GD. The unequal variance t-test is an underused alternative to student’s #-test and
the Mann—Whitney U test. Behav. Ecol. 17(4): 688—690, 2006.

4. Popper, K. The Logic of Scientific Discovery. Routledge Classic, London, 2002.

5. Shaffer, JP. Multiple hypothesis testing. Annu. Rev. Psychol. 46: 561-584, 1995.

6. Hoffmann, TK, Donnenberg, AD, Finkelstein, SD, Donnenberg, VS, Friebe-Hoffmann, U,
Myers, EN, Appella, E, DeLeo, AB, Whiteside, TL. Frequencies of tetramer + T cells spe-
cific for the wild-type sequence p53(264—272) peptide in the circulation of patients with head
and neck cancer. Cancer Res. 5; 62(12): 3521-3529, 2002.

7. Triulzi, DJ, Meyer, EM, Donnenberg, AD. Leukocyte subset analysis of leukoreduced

platelet components. Transfusion 40: 771-780, 2000.

Wilkinson, L. SYSTAT, Version 9. SPSS Inc., Chicago, IL, 1999.

9. Tufte, ER. The Visual Display of Quantitative Information. Graphics Press, Cheshire, CT,
1983, 117p.

10. Schellekens, P, Eijsvoogel, VP. Lymphocyte transformation in vitro: Tissue culture condi-
tions and quantitative measurements. Clin. Exp. Immunol. 3: 571-584, 1968.

11. Robinson, MA. The human T cell receptor beta-chain gene complex contains at least
57 variable gene segments. Identification of six V beta genes in four new gene families.
J. Immunol. 46(12): 4392-4397, 1991.

12. To, LB, Haylock, DN, Simmons, PJ, Juttner, CA. The biology and clinical uses of blood
stem cells. Blood 89: 2233-2258, 1997.

*®



3 Human Immunoglobulins

Robert G. Hamilton

CONTENTS

3.1 INErOQUCHION ...euiiiiiiieiiieiteete ettt sttt s s 64
3.2 Properties of Human Immunoglobulins ............ccccecevinieninieninienciienenne 65
3.2.1 General Immunoglobulin Structural Properties ............c.cccecevveenennnens 65
3.2.1.1 Human Light Chains......c.ccoceeevenenenenieneiieieceneeeeee, 69
3.2.1.2 Human Heavy Chains.......c.ccoceevevienenienienieniiineeieeneneeneen 69
3.2.1.3 Secretory COMPONENL........cccieeuiiuieiiiiiiiiiiieieseeee e 69
32014 T CRAIN coeiiiieieicitctc et 69
3.2.2 Isotype-Unique Structural and Biological Properties............c..ccce..... 71
32201 Human IA. ...t 71
3222 Human IgD.....cocciiiiiiiiiieeeeee e 72
3223 Human IgE ..o 72
3224 Human IZG. ..o 73
3225 Human IgM.....ccoooiiiiiiiiiiieeeeeee e 74
3.3 Clinical APPLICALIONS .....ccueiuiiriiriietieientieieet ettt sttt sttt 74
3.4 Methods of QUANTItALION ........cccueiiiiieeeiiieeiiee et et eette et eeae e e eaeeeeeaeeeenes 77
341  SPECIMEN TYPES..couiriiriiiiiiiieieeiieieet ettt ettt sttt eiens 77
342 REAZENLS...c..eeiuieuiiiieie ittt ettt ettt et st ae st nae st e b eiaens 77
3.4.2.1 Polyclonal AntibOdies .........cccceeeererieneriienenienieeieeeeeene 77
3.4.2.2 Monoclonal Antibodies........c..ccevervevuenvenveieieeeieeneneenennen 78

3.4.2.3 International and National Reference Proteins
and Serum Standards ..........cocceeeverenenienienneneeeeeeee s 78
3.4.3  ASSAY DESIZNS....eiuiiiiiiiiiiiiiiiititieiese sttt 79
3.4.3.1 Immunodiffusion ........cccoceceivirinininenineneneseseseeenne 80
3.4.3.2 Nephelometric—Turbidimetric ASSays........ccecverveeruereeeruennenne 80
3.4.3.3 IMMUNOASSAY ...eoveeueeeieiiniienienieeniesitente et eete st eeeeseeenee e 81
3.5 Reference ValUes.........cccoivieiiiieniiiiiiiiieinenseseseeeeeeeeeetee e 81
3.5.1 Factors Influencing Immunoglobulin Levels ..........c.cccoceveenenienennnns 86
3.5.2 Immunoglobulin Reference Intervals...........ccccoveeviniininennenieennns 87
3.52.1 Serum IgG, IgA, IgM, and IgD........ccocooiiiiiiiiiiie 87
3.5.2.2 Serum IgG Subclasses.........ccoevevuerieienienieieieieieineneeeenen 90
3.5.2.3 Urinary IgG, IgA, and IgM........cocooivienininiiiicicieeeeenene, 92
3.5.24 Cerebral Spinal Fluid IgG, IgA, and IgM..........cccccoevenennenne. 92
3525 Serum IE ..o 94
3.5.2.6 Immunoglobulins in Other Fluids.........c.ccocevenenenienencnnne. 94



64 Handbook of Human Immunology, Second Edition

3.5.3 Human Light-Chain Reference Intervals........c..ccccceevieriiininninneennne. 95

3.54 Total Serum IgG Levels during Gammaglobulin Therapy.................. 95
3.6 External ProfiCiency SUIVEYS .......ccceviiiiieniiiiiiienieeiee ettt 97
37 INEEITEIENCES. . .coiiieiiiieiieiicicreeec ettt ettt st s 99
3.8 SUIMIMATY .eutieiiiiiieiieeite ettt sttt sttt s bbbt be e sabeesaeesateas 100
ACKNOWIBAGMENLS......eiiuiiiiiiiiiiiieeieeite ettt ettt sttt st e s e s 100
ADDIEVIALIONS ...c..eeveieeniieieeieeeeteeeete ettt sttt st eb e esaeeanene 100
RELEIENCES ...t e 101

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.



Handbook of Human Immunology, Second Edition

66

‘SAMIA Qrewrxoxddy .
"9[qR[IBAR JOU = YN :2J0N

I VN S I S VN £ 0 0 SOPLIBYOOESOSIIO JO "ON

8 91 S ¢ 81 81 01-8 0 0 9 o8e1one dyeIpAYoqIe)

— - AI-THA AI-THA AI-THA AI'THA AI'THA IATIA AI'DIA sdnoi3qns uor3or-A

000°ST 000°0L 000°0L €8 = 000°09-000°0S 000°0L 00029 000°SS 000°€T 000°€T o(@) WSToM B[O

— — — (SO-(Muo — — @Dy — (©—~(Dury sadfroqry

— — -1 1 — — 1 1 — sadAiqns 10 sasse[oqng

INSI-V3I ALl NI D31 481 ast ALl nv nv $9d£10s1 parEIoOssy

( s & A 2 Q » v X uoneudisagq

urey) ( jusuodwo) sureyD AAeaH sureyD 317 Ayadoayg
JSTUETRETN

sa1siid)deIRY)) UlRYD) UlNgojSounwiw| uewny
1'€ 319V1L




N
O

Human Immunoglobulins

(ponuiuod)

£e
88
01-¢

08

QuoN
S

QuoN

do00°0s6

e
Y pue
n

W3I

€e

(Y

97

(Hapwo
‘(Mepwn
‘wyn
ON
80TL

Cl

wooo‘0ST

08
Y pue
A

O3

23

LT
8L

Sy

(82)$3 “(L)A “(90)n
‘F0)$d ‘(118 (911
“(SDs ‘(PP (€Dgq

‘(Toa ‘(o1)sa

(9)€2 (9)19 'wenH

ON
Loes

Il
9
14

wop0‘091

Pl
1 pue
cA

£€09]

213

ye-1¢

Sy

(€Q)u rwgH
ON
QoL

4!

wopo“0ST

'l
1 pue
U

DY

€€

Ye-1¢

Sy

LDz (€3
‘(Ox (De wo
ON
098

Sl

wopo“0sT

¥'C
1 pue
4

193]

2000
1L
1

0s

Ty
ON

QuUON

wopo“061

¥ pue
El

19

70

LE

SL

QUON
SOx

Sox

woo0‘081

Y pue x
e

asi

(Quey
‘(Nugy
SOX

S

¥y
P000°0S€
woo0‘091

91
Y pue x
w

AT

QUON
SOX

81

14
P000°00€
woo0‘091

LA
Y pue x
10

(A%]|

or(Kep/3y/8ur) orex onaypuAs
(Aep 1od pazijoqered
[00d re[noseaenur o)
el d1]0qeILd [RUONORI]
sr(84ep) AJ1[-J[eY [eO1S0[0Ig
o (Te[NOSeARIIUL 94)
uonnqrnsiq

sadKjony

2o0aid rey,

(@s) uesw oSuer [d
Jowouowr rod

SpUOq ApY[NSIpP UreyoIANU]

(sproe ourwe) a3ury

"OU UTBWOP Ureyd-AABIH
ULI0J PIJAIOAS

Jo (Q) WS1om Ie[NIJ[ON
gonel

>t ureyo-1ysi| 31 paSeroay

2d£y ureyo-y3rp

SSB[O ureyo-AAeoH

sulinqojSounwiwi| uewnH jo sansadoid |edidojolg pue [ean}oni)g

ceIiavi




Handbook of Human Immunology, Second Edition

68

‘uorssturrdd I “€06-168 "dd ‘[L6T IOX MON

‘$$Q1d OIWAPRIY “pH ‘g ‘sowy ‘Cojounuiu] ur ssa18o4g ul ‘surnqo[Sountuwil Jo WSIOqeIRN “TAY ‘9SeB[g “AA ‘TOQONS V'L ‘UUBWIP[EAA WO} PAIOBIIXS QI9M WSI|
-0QeIoW JO sajel SuI[nqo[3ounuui] ‘s[oA9] 19318} JO UONEIIPUI [BI9US € St papIaoid ore sa3uer 9say [, *1X9) Q) UI [[e)op Ul POULLIEXd QT8 WINIAS Ul sul[nqo[Sountuwul Jo sauey
‘(rowreyuad = d ‘poonpoid are y3[ Jo Jow = ) IOWIp = p ‘Jowouow = w) PN Sewrxorddy

yjed [eo1sse[o

+++ 0 +++ + ++ 0 0 0 0 uoneAnoe Juewedwo)

0 B ++ + ++ $[[00 on4oogeyd 0) Sutpurg

0 ++ ++ + ++ 0 0 0 0 JToysuen [ejuade[dsuery,

01-¢ 1 4 4 4 T 4 ¥'C ¥'C Kouayea Teuonoung
o(1/8) wnias

1'€-6T°0 -0 1-$°0 9-¢ T1-S 70 181 ur 09-9[ 33e :e8ue1 JNpy
(95) WIS

01 S¥0°0-S10°0 90°0-€0°0 SI-11 £6-6¥ £00°0 70 1 PI-T1 ynpe ur 51 [e30) dpewrxorddy

WSl D8I £€03] 7081 108 EE] asi A ]|

suijnqojdounww| uewnH jo sanuddoud [edidojolg pue [einjoniis
(panunuod)  7°¢ 319V1L




Human Immunoglobulins 69

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].
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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.



Human Immunoglobulins 93

Total IgG
10—_°
- -
E 87
D 6
e 4
4 5
—“—ttt 4ttt %'
>
8~ IgG1 =
-
£
()]
€
-
o
D
:E' £
()]
€

104 Me N

] \ Al
: : ‘\;:’f : L
0.54 5+ \ o
F—— A+ - £ b
Birth3 6 9 24 7 1013 16 19 Adult Birth3 6 9 24 7 10 13 16 19 Adult
FMonths 4 —— Years ——— F—Months | — Years ——
Age Age

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
prevents its further use as a cofactor for C3 convertase.

inhibitor, getting trapped and thus inactivated by the inhibitor. The inhibitor—enzyme
complexes are internalized and degraded by cells bearing the low-density lipopro-
tein receptor-related protein (LRP).?

C4ais released when Cls cleaves C4. Serum carboxypeptidase-N rapidly cleaves
the C-terminal arginine from the molecule. It used to be thought that C4a had mild
anaphylatoxin activity, however more recent experiments with highly purified or
recombinant C4a failed to verified this activity, nor has a receptor for C4a been iden-
tified. C4a can be used as a good plasma marker for complement activation, provided
that precautions are taken to prevent in vitro complement activation during sample
acquisition, processing, and storage.

The next step in the control of the CP is the C3 convertase. C4b2a is inherently
unstable, but there are additional proteins available to accelerate the process. In the
fluid phase, C4b binding protein (C4bp), one of the RCA, binds to C4b and displaces
the C2a, which becomes inactive C2i.3° C4bp, a member of the RCA family of con-
trol proteins, has seven identical alpha chains (each with eight SCRs and binding
sites for C4b), and one beta chain (with three SCRs and a binding site for the antico-
agulant protein S). The intact C4bp molecule resembles a spider and can serve as a
cofactor for factor I. Once the C2 is displaced, C4bp facilitates factor I cleavage of
C4b in several sites on the alpha chain on either side of the thioester binding site. The
result is that the fragment (C4d) that was bound to the activator remains bound and
the remainder of the molecule (C4c) is shed from the activator surface. The activator
carries the C4d fragment and can interact with CR2 receptors that recognize C4b as
well as C3b. It is possible that these bound C4d fragments on various cell types can
serve as useful markers of complement activation.?"*? In addition to C4bp, other RCA
proteins are active in the control of the CP C3 convertase. Decay-accelerating factor
(DAF,; CD55) is a small RCA protein (four SCRs) that is linked to almost all cell sur-
faces by a glycophosphoinositol anchor. As its name implies, it accelerates the decay
of the C4b2a enzyme complexes, but it lacks cofactor activity. Membrane cofactor
protein (MCP; CD46) is another RCA protein similar in structure to DAF, but with
cofactor activity. Complement receptor 1 (CR1; CD35) is another membrane-linked
RCA protein with 30 SCRs. It has both decay-accelerating and cofactor activities.
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The net result of all of the controls for the CP is that unless the AP-amplification
loop is triggered by the C3b generated in the early stages of CP activation, the reac-
tion generally burns out before it reaches the TP, and C3 depletion by this pathway
alone is rare.’

4.3.2 CoNTROL OF THE LECTIN PATHWAY

Specific LP controls are still unknown, but Cl-Inh does inactivate the MASPs, and
the same controls that take care of the C4b2a regulation also apply to any C3 conver-
tase derived from LP activation.

4.3.3 CONTROL OF THE ALTERNATIVE PATHWAY

The AP differs from the other pathways in that it contains both positive and negative
regulators. The negative side of the control pathway (Figure 4.4) is similar to the CP
mechanisms that regulate C4b2a. C3bBb can be dissociated through the action of
factor H in the fluid phase.* H is an RCA protein with 20 tandem SCRs. There are
multiple binding sites for C3b as well as sites for binding numerous other polyanion
molecules such as heparin. In terms of controlling AP activation, H acts like C4bp
does in the CP: it binds to C3bBb, displaces the Bb, and allows factor I to cleave the
C3b alpha chain in two places on either side of the thioester site. The resulting frag-
ments of C3 include iC3b from the first cleavage by I, then C3d (bound by the thioes-
ter site to the activator surface) and C3c in the fluid phase after the second cleavage
occurs. As with the CP control of the convertase, the same molecules control the AP.
DAF, MCP, and CR1 also dissociate the C3bBb, and except for DAF, have cofactor
activity that enables factor I to degrade the C3b.3>-36

The positive control of the AP discussed earlier, relies on the property of P to
circumvent the negative mechanisms provided by factor I and the RCA proteins, and
enhance the stability of the C3bBb complex so that more C3b can be generated.

Positive control: C3 amplification loop
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FIGURE 4.4 Control of the alternative pathway includes both the positive action of proper-
din, allowing the amplification loop to proceed, and the negative effects of C3b inactivation
by factor I and its various cofactors.
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4.3.4 CoNTROL OF THE TERMINAL PATHWAY

Figure 4.5 shows the control mechanisms associated with the TP. The C5 conver-
tases are under the same controls as the C3 convertase of the AP. Dissociation of
the enzyme complex and degradation of the C3b occurs as described earlier. Inac-
tivation of the potent anaphylatoxins, C3a and C5a, is accomplished by cleavage
of the C-terminal arginine from the peptides. This prevents interaction with their
receptors (C3aR, C5aR [CD83]) and expression of activity. CSaye,,, does retain a
percentage of its chemotactic activity and this may be enhanced by interaction with
Gc-globulin as a cochemotaxin.3”38

The MAC is controlled through two mechanisms. First, its completion on the
membrane surface is prevented by cell surface receptor CD59 binding to C8, which
interferes with the binding and polymerization of C9. Second, the newly formed C5b-7
and other intermediates that form in the fluid phase are prevented from binding to cell
surfaces by two inhibitors. Clusterin (SP40,40) and S Protein (vitronectin) can bind to
the C5b-7 complexes and keep them soluble although C8 and C9 can continue to bind
to the complex. This is important in controlling the phenomenon known as reactive
lysis or bystander lysis that would occur to cells in the vicinity of complement activa-
tion. The resulting soluble C5b-9 (SC5b-9) complexes are known as terminal comple-
ment complexes (TCC). These complexes can be found in the circulation for hours
following the activation event, and can serve as markers of complement activation.

4.4 COMPLEMENT DEFICIENCIES AND THEIR DIAGNOSIS

Deficiencies or mutations in complement components, whether inherited or acquired,
predispose the individual to infections, autoimmune diseases, impaired immune
responses, and an increasingly long list of diverse conditions including fetal loss,

Serum CPB-N
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FIGURE 4.5 Control of the terminal pathway includes inactivation of the anaphylatoxins,
C3a and C5a, by carboxypeptidase-N. The C3 and C5 convertases are inactivated by factor I
and its cofactors, generating the fragments iC3b, C3d, and C3c. The membrane attack com-
plex is prevented from forming in the fluid phase by S Protein or clusterin, and on the cell
surface by CD46.
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renal disease, vasculitis, angioedema, and macular degeneration. Deficiency of any
one of the regulator proteins results in excessive complement consumption leading
to an inappropriate inflammatory response, destruction of self-tissue, and depletion
of C3 or other components downstream of the missing control protein.

Identifying a complement deficiency and determining whether it is due to a
genetic defect or an acquired process is one of the problems the practicing physicians
face. Several screening tests are available that make it easier to find the answers.
It is important to know as much as possible about the reason(s) for low or absent
complement so that decisions regarding appropriate treatment can be made, includ-
ing when to use antibiotics and immunizations as well as genetic counseling for
inherited deficiencies.

Indications for possible complement abnormalities include recurrent mild or
serious bacterial infections, angioedema, vasculitis, certain renal conditions, and
autoimmune disease. A family history of members having the same presentation
should increase the suspicion about a complement deficiency. The initial tests done
to evaluate a patient’s complement system are critical because they can rule out a
defect or indicate what further testing must be done if there is a problem. The aim
of the evaluation process is to rule out or clearly define complement component defi-
ciency with as few tests as possible.

4.4.1 Dericiencies oF CLassicAL PATHWAY COMPONENTS
4.4.1.1 Cilq, Clr, Cls, C2, C4

Deficiencies of the CP components are associated with immune complex diseases
such as systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA) as well
as recurrent infections. The incidence of SLE in patients with known Clq, C4, or
C2 deficiency is roughly 90, 75, and 15%, respectively.®® These patients present
with several characteristics that distinguish them from other patients: early age of
onset, prominent photosensitivity, and fewer renal symptoms.*® The ANA titers in
these patients are variable and often normal. The role of these complement compo-
nents in the clearance of apoptotic cells that contain many of the antigens against
which the autoimmune response is directed, and the impairment of this process in
the absence of Clq or C4 has been suggested as a possible mechanism leading to
autoimmunity.*+?

C4A and C4B, the two haplotypes of human C4, are coded by two different genes
that are present in the major histocompatability complex on human chromosome 6.
The two forms were named A and B because one was slightly more acidic and the
other more basic so they migrated differently on immunoelectrophoresis gels. Varia-
tion in C4 gene number in the population is not uncommon, and the variability of
mutations within the genes is high. Only 75% of the population has two C4A and two
C4B genes. The total sum of C4A and C4B genes in an individual can range from
none to eight or more copies, giving this protein a wide range of concentrations and
even wider range of functions in the general population.**** Most of the partial C4
deficiencies are without consequence, but some individuals have a total deficiency
of C4A or C4B or both. The differences between the two forms of C4 are minor—a
few amino acids near the thioester group. This difference only affects the ability of
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the C4b fragment to bind preferentially to protein (C4A) versus carbohydrate resi-
dues on cell surfaces (C4B). Generally, the C4A-derived C4b molecules are more
important in immune complex disease; C4b bound to antigen and antibody in CICs
is required for efficient clearance. Deficiency of C4A is associated with a 15%
incidence of SLE.** C4B-derived C4b molecules have higher hemolytic activity in
the CHS50 assay because the red cell surfaces are largely unposed of carbohydrate
residues. There is some evidence that C4B deficiency is associated with a higher
incidence of infection or with Henoch—Schénlein purpura.3:46

Standard assays for C4 do not distinguish between these forms since the minor
differences between C4A and C4B do not affect the reactivity of the C4 proteins
with the antibodies used in the measurement of C4. Close to 100 different polymor-
phisms in the genes make C4 one of the most variable proteins in the circulation.
C4 is also an acute-phase reactant, with levels that can double within 24 h after
trauma or acute inflammation. Another issue confounding the measurement of C4 in
serum is that the antibodies used by most diagnostic laboratories react with the C4
breakdown product C4c as well as native C4. The final report represents the mixture
of C4 and C4c that is present at the time of the measurement and is not an accurate
measure of the amount of native C4 that would be available for complement activa-
tion in the patient.

Recurrent infections with Streptococci, Staphylococci, and other common bac-
teria, but not usually with Neisseria are another signal for possible CP deficiencies.
Complement analysis in children with this presentation should not be overlooked in
the work-up for immune dysfunction. The best screens for these deficiencies are the
CHS50 and AHS0 assays. By doing both tests before ordering levels or functions, it
is possible to identify the pathway that is blocked and avoid tests and expense that
are not necessary. The absence of any one of the CP proteins (Clq, Clr, Cls, C4,
or C2) will block CP activity (CH50), the absence of an AP protein (D, B, P) will
block AP activity (AHS50), and the absence of a terminal protein (C3, C5, C6, C7,
C8, or C9) will block both assays.*” Deficiencies of Clr and Cls are rare and may be
partial or combined, and predispose the patient to recurrent pyogenic infections as
well as immune complex disease.*®

C2-deficient patients have increased susceptibility to infections, often present-
ing with streptococcal pneumonia. The link to autoimmunity in this group is not
as strong as it is with Clq or C4 deficiency, but Caucasian patients with rheuma-
tologic disorders have a higher incidence of homozygous C2 deficiency than the
general population, where incidence of homozygous deficiency is estimated to be
1/10,000.4°° There are two forms of C2 deficiency. Type I C2 deficiency, comprising
over 90% of patients, results from complete lack of synthesis, whereas type II C2
deficiency results from a secretion defect.’’ The former deficiency is characterized
by little or no detectable protein in the circulation, and the latter by up to 10% of
normal levels.>?3

4.4.1.2 C1-Inhibitor and C4bp

For the patient with recurrent angioedema and a family history consistent with
Cl-Inh deficiency, low C4 levels (or elevated C4a) and absent or dysfunctional
Cl-Ihn protein confirms the diagnosis of hereditary angioedema (HAE). CH50 and



120 Handbook of Human Immunology, Second Edition

C2 may also be low, but C3, Clq, and other complement proteins should be normal
in HAE unless an unrelated complement-activating process such as an infection or
injury occurs. In the latter case, the proteins should normalize when the activating
event has stopped.

HAE is predominantly a heterozygous deficiency state that is inherited in an
autosomal dominant fashion. There are two forms of HAE. Type I includes patients
who have one gene that produces a functional C1-Inh protein and one gene that pro-
duces no protein. These patients represent 75—-80% of HAE patients. Type II patients
have one normal gene and one gene with a defect that is due to minor change such
as a single nucleotide polymorphism (SNP). This defective gene produces a Cl-Inh
protein with little or no activity in the functional screening assays, but with enough
similarity to the normal protein to be recognized by the antibodies used to measure
the Cl-Inh levels. The amount of Cl-Inh protein in the circulation in these patients
is within the normal range or even elevated in some cases. There are many case
reports in the literature where an HAE patient had no family history and represented
a spontaneous mutation.>*> The first case on record of homozygous deficiency of
Cl-Inh was recently reported.’® Two members of eight were studied in the family of
the propositus, who had coding area mutations in both genes for Cl-Inh. The other
six family members were heterozygous for the deficiency.

When the family history is negative, then acquired angioedema (AAE) must be
ruled out.’” The same tests, C4 and C1-Inh level and function, should be done, but Clq
levels should be added to the list. As in HAE, type I AAE is characterized by low
levels of Cl-Inh and low C4, but unlike HAE, Clq is also low in the AAE patients.
The mechanism in this form of AAE is hypercatabolism of the inhibitor by an under-
lying disease process, often a lymphoproliferative disorder. Type II AAE patients may
have normal levels of Cl1-Inh, but it is inactive due to the presence of an autoantibody
against the inhibitor molecule.>* The presence of the autoantibody can be detected by
enzyme-linked immunosorbent assay (ELISA) methods™® or inferred from a lower-
molecular-weight form of the inhibitor when it is observed on polyacrylamide gel
electrophoresis. The onset of the acquired forms of AE is usually later in life.

Deficiencies of C4bp are very rare and would logically be associated with exces-
sive activation of C3 through the CP. The only documented case was a patient with
an atypical form of Behget’s disease and angioedema.”® Circulating concentrations
of C4bp vary according to genetic determinants as well as fluctuations due to con-
sumption during disease states.50-62

4.4.2 DEFICIENCIES OF THE LECTIN PATHWAY

MBL serum concentrations vary widely, in part due to the presence of gene
variants that produce different amounts of the protein. Approximately 10% of
individualsstudiedtodateare MBLdeficient.* LPactivationof complementisantibody-
independent so it is thought to play an important role in innate immunity during
infancy at the time that maternal antibodies are clearing but before the infant’s
immune responses are mature.% Deficiency of MBL is associated with increased fre-
quency of pyogenic infections and sepsis, particularly in neonates and young children.%
MBL deficiency is increased in patients with autoimmune disease, often identified as
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those who have more frequent and severe infections and worse outcomes.®*” Like Clq,
MBL seems to be a target for autoantibodies in lupus patients, but the significance of
these antibodies was not evident from the disease characteristics of the patients.%®

The ficolins are a group of proteins containing a CLR, but they also have a
C-terminal fibrinogen domain that is thought to be the ligand-binding site for
N-acetylglucosamine.'® Ficolin-L and ficolin-H are found in the circulation, whereas
ficolin-M is a secretory protein of neutrophils, monocytes, and type II alveolar
epithelial cells. All forms have similar opsonizing capacity for pathogens, and are
associated with the MASP enzymes. Although the ficolins were first described as
opsonins in 1996, little is known of the prevalence of deficiencies.*

Mutations have been located in the genes for the MASP proteins, but mutations
in MBL that prevent the assembly of the complete complex are the major known
cause of functional deficiency of these proteins.”

4.4.3 DEFICIENCIES OF THE ALTERNATIVE PATHWAY
4.4.3.1 Factors D, B, and Properdin

Two families with FD deficiency have been described to date. In the first, the pro-
positus was a 23-year-old Dutch woman who presented with meningococcemia from
Neisseria meningitidis. Three relatives had FD deficiency with no health problems,
and a deceased family member had a history of meningitis in his twenties and died
from pneumonia and meningitis caused by Streptococcus pneumoniae at the age
of 817! The second family had two children with septic shock, one case was fatal.
Complement studies in the first family included normal C3, C4, and CHS50 in all
members, but AH50 was approximately 10% of normal in deficient members, normal
in all others including those heterozygous for the deficiency. When FD was analyzed,
it was slightly elevated in those members who were homozygous for the wild-type
FD gene, about half the normal level in those heterozygous for the mutation, and
undetectable in the four patients homozygous for the mutation. In the second family,
MBL, Clq, C4, C3, B, P, H, and I were all normal but D was not measurable.”

Factor B is an acute-phase protein and increases during inflammation. There
are two polymorphic forms: BF*F and BF*S, based on electrophoretic mobility.
The amount of B in the circulation is higher in BF*F homozygous individuals and
lower in the BF*S homozygous individuals, with heterozygous individuals being
intermediate.”

There has only been one unconfirmed report of a B deficiency in humans. No
naturally occurring deficiencies have been identified in animals, but Bf gene knock-
out mice survive in pathogen-free conditions.”

P is the only complement protein that is X-linked, with its gene at Xp11.3—Xp11.23.
The protein is synthesized by monocytes, granulocytic cells, and T cells. Several
mutant forms of the protein have been identified that result in decreased AP function.
P deficiency increases the susceptibility to bacterial infections including Neisseria.”

4.4.3.2 AP Control Proteins

Deficiencies of factor H are linked with a wide variety of symptoms. Complete
deficiency of H leads to uncontrolled ac tivation of AP, and depletion of C3 occurs.
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The first patient with factor H deficiency was initially thought to be C3-deficient. This
form of factor H deficiency is similar in presentation to the late component deficiencies
due to the low or absent levels of C3. Recent data has been published that demonstrates
how critical the role for this complement control protein is in maintaining health in a
number of tissues. In addition to pyogenic infections, deficiency or dysfunction of fac-
tor H is associated with type II membranoproliferative glomerulonephritis (MPGN-
IT),/677 atypical hemolytic uremic syndrome (aHUS),’®” and age-related macular
degeneration (AMD).89-82 It has become clear that these diseases are examples of con-
trol processes that have become impaired on the surfaces within the organs affected,
and that not only factor H but also other control proteins such as factor I and MCP
(CD46) are involved.?> Many of the defects in these proteins have been shown to be
due, not to gross deficiency of the protein, but to a subtle alteration in the amino acid
sequence that interferes with the normal function of the inhibitor. New studies con-
tinue to identify additional SNPs in the sequences of these control proteins.

4.4.4 DEFICIENCIES OF THE TERMINAL PATHWAY
44.41 C3,C4,C5,C6,C7 C8,C9

C3 deficiency is rare and generally associated with recurrent fulminant infections.
Deficiency of C3, the major opsonin, results in severe, recurrent pyogenic infec-
tions that begin shortly after birth, a clinical presentation and course similar to that
observed in hypogammaglobulinemia. Acquired C3 deficiency that occurs with fac-
tor H deficiency, factor I deficiency, or in the presence of C3 nephritic factor (C3NeF)
predisposes the patient to the same risks as congenital C3 deficiency. Deficiencies
of C3, C5, C6, C7, and C8 are strongly linked with susceptibility to pyogenic infec-
tions, particularly with Neisseria.®* These components are required for the forma-
tion of the MAC and lysis of the bacteria.

C8 is made up of three chains that are encoded by different genes.?> Because
C8 requires all three chains to be functional in the MAC, assays that measure only
the protein can be misleading, whereas the functional assay is diagnostic. Deficiency
of C9 is not strongly linked with infections.3*

4.5 LABORATORY EVALUATION OF COMPLEMENT

4.5.1 SPECIMEN PREPARATION AND HANDLING

Because complement is a very labile system, the way that specimens are collected
and processed can influence the result of testing. Tubes drawn for serum collection
should be allowed to clot for a minimal amount of time (either at room temperature or
at 37°C if possible). Once the clot has formed it should be removed by centrifugation
in the cold, if possible. The use of tubes with gel separators does not affect the qual-
ity of the specimen. Functional assays for complement (CH50, AH50, and individual
component functions) should be done with serum that was collected as described
and frozen at —70°C within an hour after it was separated from the clot. Ideally,
the tube containing the serum should be kept on ice once it has been separated, and
transferred to a —70°C freezer or placed on dry ice as quickly as possible.
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Many of complement tests require EDTA plasma as the specimen. The presence
of EDTA prevents activation of complement enzymes and reduces the likelihood that
additional activation will occur in the tube after it has been drawn. EDTA specimens
should be drawn, centrifuged, and the plasma separated and frozen at —70°C within
30 min.

If specimens are to be used to measure complement split products, an addi-
tional precaution can be taken to prevent noncomplement activation of the proteins.
Futhan, a broad spectrum serine protease inhibitor added to EDTA blood-collection
tubes, has been used successfully to prevent ex vivo complement activation.’-87

4.5.2 Tests FOR FUNCTIONAL AcCTIVITY

Functional tests measure the ability of complement to perform activities associated
with the system. These tests are designed to measure the activity of entire path-
ways (e.g., CH50 and AH50), individual components (e.g., C1-Inh function, factor B
hemolytic activity), complement fragments (e.g., C5a chemotactic activity), or auto-
antibodies (e.g., C3NeF activity). Functional tests are often more sensitive than mea-
sures of protein concentration, and have the advantage of measuring only the native
(active) components or pathways.

The CH50 was one of the earliest complement tests developed and is still in use
today.® It is based on a hemolytic assay in which an immune complex is formed
on the surface of SRBC by antibodies that react with a cell surface antigen. When
complement is activated by the antigen-fixed antibodies on the cell surface, the cell
is lysed and hemoglobin is released. The formation of the MAC on the cell requires
the sequential action of all nine components of the classical (C1, C4, and C2) and
terminal (C3, C5, C6, C7, C8, and C9) pathways. By titration of complement source
(serum in most cases), such that only a portion of the cells present are lysed, the
amount of active complement can be calculated. The results are expressed as the
reciprocal of the dilution of serum that causes lysis of 50% of the cells in the assay.
Although this assay served for years as the “gold standard” for complement analysis
and was the basis for many other tests developed later, many modern labs prefer new
methods that are not so labor intensive. Only a few clinical labs in the United States
still perform the hemolytic titration method of the CH50.

Two alternative methods analogous to the CH50 assay for measuring CP func-
tion are currently in use in clinical laboratories. In one assay, the activation of the
MAC by the CP induces the lysis of liposomes used as a substitute for SRBCs. The
end point is the release of an enzyme that can be read on an automated chemistry
analyzer of the sort used for other clinical lab tests (WAKO Clinical Diagnostic
Reagents, Richmond, Virginia). Several solid-phase assays (ELISAs) based on the
detection of the final C9 neoantigen that is formed when the complete pathway has
been activated are also available (Quidel, San Diego, California; Diasorin, Stillwater,
Minnesota). All these methods are adequate screens for CP complement deficiency
and make the CH50 the best single screen for complement abnormalities, since the
absence or decrease of activity in the CH50 implies that at least one of the necessary
complement components is missing, low, or functionally aberrant.

The analogous assay for AP activity, the AH50, is not as widely available as
the CHS50, but is useful as a screen for complement deficiency especially when used
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in conjunction with the CH50. The AH50 for human serum depends on the unique
properties of rabbit erythrocytes to activate the AP, with sequential activation of fac-
tors D, B, P, C3, C5, C6, C7, C8, and C9.%° P is required for the stabilization of the C3
convertase (C3bBb) and inefficient activation of the AH50 occurs if P is low or absent.
The buffer used for the AH50 contains ethylene glycol tetraacetic acid (EGTA) to
block activation of the calcium-dependent CP or LP, and magnesium that is required
for the formation of the C3 convertase. The AH50 measures the percentage of eryth-
rocytes lysed by a given amount of serum. The result is expressed in units that repre-
sent the reciprocal of the dilution that lyses 50% of the cells used in the assay.

If both CH50 and AHS50 are used to screen for complement deficiency, the num-
ber of additional tests required to pinpoint the defect can be minimized. Because
both assays include the same six terminal components (C3, C5, C6, C7, C8, and C9),
the results will be low or absent in both tests if one or more of these components
are missing. If a CP component is missing, the CH50 will be low or absent, but the
AHS50 will be normal, whereas if an AP component is low or missing, the reverse
will be true. A missing control protein such as H or I, will lead to a decrease in both
pathways due to uncontrolled activation of C3. C3NeF can also have this effect. To
determine whether the defect is in the TP or a control protein, it is necessary to look
at multiple components. A true deficiency of one of the terminal proteins will affect
only the level or function of that particular protein, whereas the lack of a control
protein such as H or I will cause the decrease predominantly of C3 and variably
decrease the late components.

Several assays for Cl-Inhibitor function have been developed. One that is com-
monly used is an ELISA that measures complexes formed between biotinylated Cls
(in its active form) and Cl-Inh that are captured on an avidin-coated plate (Quidel,
San Diego, California). Another test for Cl-Inh function relies on the observation
that binding of the inhibitor to Clr masks the site on Clr that is recognized by some
polyclonal antibodies.”® After activation of the test serum with aggregated immu-
noglobulins, the amount of detectable Clr decreases in proportion to the amount of
active Cl-Inh present.

Functional tests can be done for each of the individual components by utilizing
variations on the CH50 or AH50 assays in which an excess of all components except
the one being evaluated is added to the appropriate cells and then the patient’s serum
provides the only source of the particular component in question. Component-depleted
sera are available from several commercial sources. Alternatively, purified compo-
nents can be added to the patient’s serum to determine which one(s) restores activit.

The function of the MBL pathway can be determined by using an ELISA in
which the patient’s serum is placed into wells coated with mannan. After MBL binds
to the mannan-coated surface, the MASP enzymes cleave C4 and the resulting C4b
and C4d are deposited on the plate and can be measured using enzyme-conjugated
monoclonal antibodies.

4.5.2.1 Quantitative Tests for Component Concentrations

Like most other circulating proteins, complement components can be measured by
immunochemical methods common in most laboratories. These include technologies
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such as nephelometry, radial immunodiffusion (RID), radioimmunoassay (RIA), and
ELISA techniques. The critical points are the specificity of the antibodies used, and
the reliability of the standard and controls. There are as yet very few complement
assays that have been standardized and validated for FDA approval, and most labo-
ratories must rely on in-house methods and proven research technology to perform
diagnostic procedures for complement analysis.

The most definitive method for evaluating complement activation is by quan-
tification of the fragments formed during the enzymatic cleavage steps.”® Because
many of complement components are acute-phase reactants, decreases due to
activation may be masked by increases in the synthesis rates during an inflam-
matory episode. The split products can be used to determine if activation has
occurred because their increase occurs only when complement enzymes are
formed and active. An added bonus is that the pathway of activation can be deter-
mined: C4a and C4d are markers for CP or LP activation; Bb is a marker for AP
activation; and C3a, iC3b, C5a, and soluble C5b-9 can be used to determine TP
activation.

4.5.2.2 Tests for Complement Autoantibodies

Clq and Cl-Inh autoantibodies can be determined using ELISA methods. The anti-
bodies to Cl-Inh bind to the inhibitor molecule and prevent it from attaching to the
enzyme, but do not prevent the enzyme from cleaving the inhibitor. The resulting
lower molecular-weight inhibitor fragment can be detected by polyacrylamide gel
electrophoresis.’?> There are several assays available for C3 nephritic factor that
rely on its function and measure either lysis due to generation of C3b on a red cell
surface, or look directly at the amount of C3 that is cleaved when the patient’s serum
is mixed with normal serum.?3%*

4.6 CONCLUDING REMARKS

Complement deficiencies have been documented for almost all the known com-
ponents of complement system, including the cell-associated receptors and con-
trol proteins. These deficiencies manifest themselves in the form of recurrent
infections, edema, increased incidence of autoimmune disorders, urticaria, vas-
culitic syndromes, renal disease, and macular degeneration. At present, there is
little one can do for these patients, but it is hoped that in the near future recom-
binant proteins or targeted gene therapy will be available to help patients with
deficiencies.

Pharmaceutical companies are studying complement to discover how activation
can be blocked by specific compounds including monoclonal antibodies and new
inhibitors. These new compounds may be used to prevent autoimmune or trauma
sequellae. Complement is a powerful tool for the destruction of target cells and,
if controlled activation could be accomplished, could be directed against tumors.
There are many exciting possibilities on the horizon for the study, intervention, and
use of complement in treating a wide range of diseases (Table 4.1).
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5.1 INTRODUCTION

Cellular immunity, as opposed to humoral immunity, encompasses a broad spectrum
of immune phenomena mediated by several well-characterized cell populations. The
latter comprises various subsets of lymphocytes: T, B, and natural killer (NK) cells,
which are derived from a common lymphoid progenitor cell in the fetal liver and
bone marrow. Monocytes, dendritic cells (DCs), and granulocytes represent hema-
topoietic cells with lineages distinct from that of lymphocytes, but which also par-
ticipate in cellular immune reactions. They have the capability to mediate non-major
histocompatibility complex (MHC)-restricted cytotoxicity and to release a variety of
enzymes and cytokines. Lymphocytes interact with these other hematopoietic cells
in the peripheral blood as well as in tissues, and the immune response represents a
network of carefully balanced interactions responsible for maintaining homeostasis.
A diagram of cells mediating innate and adaptive immunity is presented in Figure
5.1. Any perturbation of the immune network leads to a response—a series of events
involving the immune effector cells—which is transient and which culminates in
restoration of the baseline level of immune activity.

Cellular immunity includes antigen-driven responses induced by the MHC-
restricted interactions of the antigen with the specific T-cell receptor (TCR)
expressed on a subset of presensitized T lymphocytes (specific immunity) as well
as responses that do not require previous sensitization and are largely not restricted
by the MHC (nonspecific or innate immunity). These two arms of the immune sys-
tem are reviewed in Chapter 1. Although T cells are required for the initiation and
are the main mediators of specific cellular immunity, all cells of the immune sys-
tem may participate in both types of responses. Soluble products of immune cells,
lymphokines, and chemokines serve as hormones of the immune system. Immune
effector cells express receptors for and are responsive to cytokines or chemokines
(see more on cytokines or chemokines in Chapter 16) released by cells found in the
microenvironment. Immune cells are able to extravasate and migrate from blood to
tissues. Consequently, they are found not only in the main lymphoid organs but are

Innate immune
system

11

Adaptive immune
system

NK cells Monocytes

or macrophages

Granulocytes

T lymphocytes

B lymphocytes

Cytokine, enzymes,
complement, acute-phase
proteins

Cytokines

Anitibodies

FIGURE 5.1 A diagram of components of the innate and adaptive immune systems. The
arrows indicate that considerable interactions exist between the two systems. In general, cells
of the innate immune system are nonspecific, whereas those of the adaptive immune system
are antigen-specific.
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also distributed throughout the body. Cellular immune responses can be either local
or systemic depending on the route and dose of the antigenic challenge.

Interactions among immune cells and those of immune cells with surrounding
tissue cells are highly complex and not yet completely understood. They are neces-
sary for health and when disturbed may be followed by disease. For this reason,
a great deal of effort has been invested in studying and monitoring these interac-
tions as well as phenotypic and functional characteristics of immune cells in blood
and tissues. Today, changes in the number or functions of immune cells can be
adequately monitored in health and disease. Furthermore, when immune therapies
are administered to patients who have immunologic abnormalities, it is possible to
accurately monitor effects of a drug or a biologic agent on various cellular compo-
nents of the immune system. This chapter, reviews the principles and guidelines of
immune monitoring during clinical trials with biologics and the usefulness of some
of the immunologic assays in such monitoring. The aspects of immune monitoring
that are discussed appear to be particularly appropriate in today’s context. With
increasing frequency, biologic agents such as vaccines, cytokines, or adoptively
transferred immune cells are being used for immunotherapy, and various diseases
are being treated with agents that either stimulate or suppress immune functions.
Thus, it has become necessary to assess the impact of these therapeutic interven-
tions on various subsets of immune cells and to define the mechanisms that are
involved in clinical responses. Furthermore, when immune effector cells are used
for therapy in conjunction with adjuvants or cytokines, adoptive transfer of these
cells to immunocompromised patients is dependent on successful in vitro genera-
tion and activity of the effector cells. Cellular products released for human therapy
have to be generated under current good manufacturing practice (¢cGMP) conditions
(21 CFR 211) and meet criteria establishing their safety.

5.2 CLINICAL TRIALS WITH BIOLOGIC AGENTS

Several categories of biologic agents available for therapies are (a) monoclonal anti-
bodies, (b) cytokines, (c) growth factors, (d) activated cells, (e) cellular by-products,
(f) immunotoxins, and (g) other targeting agents. The basic premise behind the selec-
tion of a biologic agent for therapy is that it can enhance the ability of the innate or
adaptive immune system to control the disease process. In general, such a selection
is preceded by extensive in vitro studies and in vivo experiments in animal models
of the disease to define the presumed mechanism of action of a biologic agent and
assess its potential toxicity.

Following in vitro and in vivo (in animals) preclinical evaluations, a new biologic
agent is introduced to the clinic as a phase I clinical trial protocol. The design of a
phase I study is based on its mechanism of action tentatively identified in preclini-
cal experiments. The developmental strategy involves determination of the optimal
biologic dose (OBD), that is, the dose that maximally activates the postulated mecha-
nism of action with tolerable toxicity. A clinical trial designed to determine the OBD
is referred to as phase Ib, in contrast to a phase Ia trial, in which only clinical toxicity
of the new agent is defined as a maximal tolerated dose (MTD).! It is important to
remember that biologic agents may exert optimal effects at lower rather than higher
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doses, resulting in a bell-shaped dose—response curve, and that the OBD may be
different from the MTD of the agent. Often the OBD is considerably smaller than
the MTD and, in general, adverse events are infrequent with biologic therapies. In
addition, the same biologic agents might have quite disparate OBDs for two different
immunologic characteristics. A systemically administered cytokine, interleukin-2
(IL-2), for example, which is currently approved for therapy of metastatic melanoma
and renal cell carcinoma (RCC), has a much lower OBD for the activation of circulat-
ing T and NK cells than that for supporting the generation of lymphokine-activated
killer (LAK) activity.?

Experience suggests that in phase Ib trials with biologic agents, various sur-
rogate immunologic endpoints, such as increased numbers or activity of immune
effector cells, are achieved more easily than clinical responses. In the case of IL-2
therapy in RCC, for example, nearly all patients achieved high levels of endogenous
LAK activity during therapy, whereas only a proportion of these patients experi-
enced objective antitumor responses.> The same trend is observed in the case of
therapeutic antitumor vaccines. This might reflect the fact that the choice of surro-
gate endpoints, which is usually based on limited preclinical data, may not reflect the
entire spectrum of physiologic mechanisms that are mediated by the biologic agent
used for therapy, including those responsible for its therapeutic effects.

It could be argued that in phase Ib trials, direct determinations of the dose of
a biologic agent that has the best therapeutic effects, for example, antitumor effects
in a patient with cancer, would be preferable to the use of surrogate measurements.
However, the use of surrogate measures remains the only reasonable alternative
because practical and ethical considerations rule out the possibility of directly deter-
mining the best therapeutic dose. Antitumor response rates for single agents gener-
ally range between 10% and 20% and, therefore, large-scale dose-finding studies
would require excessively large number of patients, while exposing many of them to
ineffective doses of the agent tested in an effort to establish the optimal therapeu-
tic dose. In the subsequent clinical trials, it may be possible to expand the earlier
clinical observations and begin to ask questions about the biology of the agent or
its mechanisms of antitumor response by gradually incorporating additional studies
designed to answer more mechanistic questions.

5.3 SELECTION OF IMMUNE ASSAYS FOR MONITORING

“Immunologic monitoring” is defined as serial measurements of selected immune
parameters over a period of time, generally weeks or months. Such serial measure-
ments are usually taken before, during, and after therapy, as part of a clinical trial.
However, they can also be taken during disease, during recovery from disease, or
simply to establish immune responses of an individual over time. A baseline mea-
surement (or better, two or three baseline assays) may be necessary because one of
the goals of monitoring is to define changes from the baseline that occurs within a
designated time period. Biologic fluctuations that are likely to occur in immunologic
responses during this period of time, for example, those associated with hormonal
changes, infections, stress, and exercise situations, have to be distinguished from
changes due to therapeutic interventions. This aspect of monitoring is most difficult,
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TABLE 5.1
Immunologic Assays Used in Monitoring of Early-Phase Clinical Trials
with Biologic Agents

Categories of Assays Sample Type

Soluble cellular products
Immunoglobulin levels Serum, plasma, body fluids
Cytokine or chemokine levels Serum, plasma, body fluids
Cytokine receptors and antagonists (soluble) Serum, plasma, body fluids
Ligands and growth factors Serum, plasma, body fluids
Enzymes (e.g., 2,5 -adenylate synthetase, Serum, plasma, body fluids

arginase, and metaloproteinases)

Neopterin Serum, plasma, body fluids
/32 Microglobulin, soluble MHC molecules Serum, plasma, body fluids

Phenotypic assays
Proportions of cells Whole blood, tissue biopsy, body fluids
Absolute numbers of cells Whole blood
Cellular subpopulations (e.g., Th1 or Th2 or Whole blood, body fluids, isolated

memory or naive T cells) lymphocytes

Treg quantification Isolated lymphocytes

Functional assays
In vivo DTH skin test Visual inspection of the site or biopsy
Cytotoxicity: ADCC, LAK, NK, T-cell specific MNC or subpopulations of MNC
Cytokine production MNC or subpopulations of MNC
Proliferation MNC or subpopulations of MNC
Chemotaxis MNC or subpopulations of MNC
Signal transduction MNC or subpopulations of MNC
Superoxide generation MNC or subpopulations of MNC
Apoptosis or necrosis MNC or subpopulations of MNC

and it requires selection of assays that can reliably measure immunologic changes
as well as the ability to accurately correlate physiologic or clinical observations with
immunologic results.

A list of assays more frequently used for monitoring are provided in Table 5.1.
Selection of assays for monitoring of immune parameters is best guided by a hypoth-
esis. The hypothesis to be tested in a clinical trial is formulated on the basis of pre-
liminary evidence that is considered by the investigators to be the best indication of
mechanisms that could lead to therapeutic effects. Obviously, because most biologic
agents have multiple biologic effects, more than a single hypothesis of action can be
postulated, and the choice of the hypothesis to test depends on individual insights
of the investigator. Testing of several hypotheses at once is discouraged, however,
because it complicates the design of a clinical trial and makes the accompanying
monitoring too extensive. There is no way to guarantee that a hypothesis selected for
testing in a clinical trial is a correct one and, thus, its selection represents a risk that
an investigator is obliged to undertake.
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Although the selection of one or a panel of immunologic assays for monitoring
of a clinical trial is primarily guided by the scientific hypothesis that is being tested,
a number of other factors might influence the decision to choose a particular assay
in preference of another. The frequency of immunologic monitoring is an important
component of the trial design. The time points selected for monitoring clearly need
to include the baseline (pretherapy) and final (posttherapy) measurements. Beyond
that, the schema for monitoring is usually determined by extrapolation from ani-
mal models or from previous clinical experience with the same or similar biologic
agents, and it may have to be modified depending on the frequency and dose of the
administered agent.

A decision to select cellular versus humoral immunologic assays for monitoring
(Table 5.1) is directly related to the proposed mechanism of action for a biologic
agent. Although it may be difficult to prioritize based on the current understanding
of such mechanisms, consideration of practical aspects of monitoring can help in
reaching a reasonable decision.? Limitations in the frequency or volume of samples
obtained from the peripheral blood as well as variability of cell yields restrict the use
of cellular assays. Cellular assays are more difficult and more costly to perform than
serum assays. Therefore, it is always advisable to consider serum or plasma assays
first. A variety of serum assays are available, which can substitute for cellular assays,
including those measuring levels of released cytokines or chemokines; enzymes
known to be induced by a particular biologic agent (e.g., interferon [IFN]-induced
2',5'-adenylate synthetase, arginase, or indoleamine 2,3 dioxygenase [IDO]); inhib-
itors or antagonists of biologic agents or immune cells (e.g., IL-10, transforming
growth factor 8 [TGF-f], and IL-1 receptor antagonist [IL-1ra]); or products of acti-
vated cell subsets (e.g., soluble cytokine receptors, 52 microglobulin, soluble MHC
molecules, and neopterin). From a practical point of view, it is preferable to use
serum or plasma instead of cells for monitoring whenever possible.

In many instances, monitoring of numbers or functions of mononuclear cells
(MNCs) in the peripheral blood during therapy does not adequately reflect immu-
nologic events that take place at the site of disease. Approximately 2% of total lym-
phocytes are in the peripheral circulation at any given time point, and monitoring
of these cells is not likely to reflect events occurring in tissue. Systemic effects of
cytokines and certain other soluble factors are often distinct from their locoregional
effects. Therefore, immunologic monitoring of lesions, tissues, or organs involved
in a disease is likely to yield more informative data than the same assays performed
with MNC obtained from the peripheral blood. The obvious difficulties with this
strategy are that blood is more readily available than tissues and that only superficial
lesions or sites accessible to repeated biopsies can be monitored. Nevertheless, dur-
ing a clinical trial, it might be feasible to obtain serial biopsies, and this opportunity
for in situ studies should be taken advantage of as often as possible. An alternative
possibility is to obtain body fluids (pleural fluids or ascites), in addition to the periph-
eral blood to be able to detect changes in the organ-associated immune cells or their
products relative to those in peripheral circulation.

Whether immune cells, serum, or plasma are used for immunologic monitoring,
the samples have to be harvested from peripheral blood, body fluids, or tissues at
time points specified in a protocol schema. For studies of pharmacokinetics, a special
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effort has to be made to collect the specimens at precisely designated time intervals
and to process them in accordance with experimental protocol to avoid degradation,
inactivation, or loss of activity. While planning immunologic monitoring, not only
the timing of specimen collections but also the nature of anticoagulants used needs
to be considered. For example, to measure levels of cytokines in body fluids, plasma
rather than serum is preferable because cytokines tend to be trapped in the clot, with
subsequently low levels of cytokines measured in the serum.* Separation of serum
or plasma or MNC from the peripheral blood are routine laboratory procedures, but
recovery and fractionation of cells from tissues or body fluids containing tumor or
tissue cells is time-consuming, costly, and requires special expertise and consid-
erable effort.> The use of individual separated cell subsets of tissue infiltrating or
blood MNC is increasingly being adopted due to technical advances allowing a rapid
and effective recovery of desired subsets.® It should be remembered, however, that
large blood volumes are needed for cell separations. Also, unpredictable yields of
cells recoverable from tissues might hamper the use of cell-separation techniques for
monitoring of tissue samples. Nevertheless, the advantage of studies performed with
highly purified subsets of immune cells obtained from the site of disease is obvious,
and when it seems feasible to obtain a biopsy, even if it is only pre- and posttherapy,
investigators are encouraged to incorporate such procedures in their protocols. Two
approaches to immunologic monitoring are outlined in Figure 5.2.

(A)Pretherapy Posttherapy
— 58 BN | | | nn n
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1 7 14 21 Days of therapy
(B)
Biopsy Biopsy
J.IZI | l} B 5oodd
NEARARAR o
| 1 ! 2 l Weeks

FIGURE 5.2 Examples of protocol schemas that might be used for immunologic monitor-
ing. In (A), immunotherapy is administered systemically at weekly intervals for three suc-
cessive weeks. Blood draws for monitoring are obtained each week just before therapy to
monitor long-term effects on the immune cells and 24 h after therapy to monitor short-term
effects. Three pretherapy (baseline) and one posttherapy blood draws are obtained. In (B),
immunotherapy is administered locoregionally (e.g., around the tumor) on every working
day of the week (five successive daily treatments) for two successive weeks. Tumor biopsy is
obtained pre- and posttherapy for in situ monitoring, in addition to blood samples. Arrows
indicate days on which therapy is given.
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It is often unclear which immunologic assays can be reliably performed with
fresh versus cryopreserved cells. For longitudinal immunologic monitoring, it is
always more practical to use serially harvested frozen aliquots of serum or plasma,
or batched cryopreserved immune cells instead of freshly harvested specimens. The
ability to reliably cryopreserve immune effector cells for future use in retrospective
studies or for batching of serially collected specimens to eliminate the interassay
variability is highly desirable. However, some immunologic measurements are best
performed with fresh samples because the use of cryopreserved effector cells may
introduce artifacts in certain functional assays, specifically those measuring cyto-
toxicity. Many other functional assays, including proliferation or cytokine produc-
tion, can be reliably performed with frozen cells, and it may be preferable to select
these assays for monitoring rather than those requiring the use of fresh cells. In any
case, each monitoring laboratory is obliged to compare fresh versus frozen cells to
ascertain that a test can be reliably performed with either of them.?

In other words, the choice of a strategy for immune monitoring of clinical trials
with biologic agents is neither simple nor straightforward. No single assay or experi-
mental approach is appropriate for all biologic therapeutic interventions. The choice
requires familiarity with principles of immunologic assays; a great deal of judgment;
and considerable understanding of biologic, immunologic, and therapeutic effects
induced by biologics.

5.4 SERUM AND PLASMA ASSAYS

In Table 5.1, several serum and plasma assays are listed that are widely used in
immune monitoring. The list is representative rather than inclusive. These assays
measure levels of various cellular products in body fluids. Immunoglobulin quan-
tification, for example, has become a routine and highly accurate estimate of quan-
titative and qualitative changes in B-cell function. Recently, assays for levels of
cytokines, growth factors, and enzymes in body fluids have become an important
part of immunologic monitoring. Both bioassays and immunoassays are available
for assessments of soluble factor levels”? in body fluids, but only the latter (mainly in
the form of commercial immunoassays) are practical for monitoring of clinical trials.
Cytokine or growth factor bioassays depend on the use of cell lines, are difficult
to perform reliably, are less specific than immunoassays, require neutralization to
confirm cytokine identities, and are labor-intensive. For these reasons, bioassays are
only used in special circumstances as confirmatory rather than monitoring assays.
In contrast, immunoassays are less sensitive than bioassays, but are more specific and
easily performed using commercially available reagents. High-throughput, immuno-
bead multiplex assays are available allowing for detection of numerous cytokines or
other growth factors in 50 uL of body fluid.” Levels of cytokines or soluble factors
in body fluids of patients treated with biologic agents may change very rapidly dur-
ing therapy. Figure 5.3 illustrates the usefulness of an immunoassay in monitoring
plasma levels of sIL-2R (CD25) in a phase Ib trial, showing rapid and dramatic
changes during therapy with IL-2.

A number of problems exist with assessments of cytokines in sera, including
the ability of cytokines to bind to and form complexes with serum proteins or the
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FIGURE 5.3 An example of dramatic changes that may occur in plasma levels of sIL-2R
(CD25) during administration of IL-2. In phase Ib trial, a patient with metastatic melanoma
was treated with adoptively transferred autologous-activated natural killer (A-NK) cells and
with cycles of IL-2 (10° U/m?/day X 5) administered systemically as continuous infusions.
Note that plasma levels of sIL-2R peaked during the periods of IL-2 therapy and decreased to
a near-baseline level when IL-2 therapy was stopped.

presence of soluble cytokine receptors or antagonists, natural inhibitors, or anticy-
tokine antibodies.® Also, cytokines have a short half-life (minutes) in serum, and
their levels are generally low or undetectable by conventional immunoassays even
when substantial cytokine production occurs at a disease site. All of these factors
may contribute to difficulties in the interpretation of cytokine or growth factor
assays. Knowledge of cytokine biology is also important for accurate assessments
and interpretation of cytokine levels in biologic fluids.® The latter can be frozen
and batched for immunoassays. Profiling for soluble factors in body fluids based on
high-throughput platforms such as Luminex or by flow cytometry (discussed further
in Chapter 17) greatly facilitate monitoring, allowing simultaneous quantification of
many proteins and the establishment of functional profiles that might better correlate
with clinical endpoints than single cytokine levels.

5.5 PHENOTYPIC ASSAYS

In many trials using biologic agents for therapy, high priority is given to cell-surface
phenotype assays generally performed with fresh whole blood specimens and, less
frequently, with MNC separated from the peripheral blood, body fluids, or tissues.
As described in this volume, multiparameter flow cytometry assays are now easily
accessible and highly accurate. (See Chapter 6 for more details on flow cytometry.)
A broad array of labeled monoclonal antibodies suitable for multiparameter flow analy-
ses are commercially available, allowing the identification, sorting, and enumeration
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of various cell subsets. Changes in these subsets (proportions or absolute numbers)
as well as changes in activation levels (based on surface marker expression) can be
readily assessed during immunotherapy. Unfortunately, flow cytometry assays are
often selected without adequate justification and used in combinations that are not
optimally meaningful. For example, the popular use of the CD4/CD8 ratio is often
not informative, whereas the determination of the ratio of memory to naive lympho-
cytes or that of activated to nonactivated cells might be. Large panels of immuno-
logic markers are used indiscriminately to follow changes induced by biotherapy
without considering the hypothesis advanced as part of a clinical trial. Through
proper selection of marker panels, it is possible to focus on a single population of
effector cells, on several phenotypically distinct subsets, on cells expressing specific
activation markers, or on those that express a particular constellation of adhesion
molecules. A recent recognition of regulatory T cells (Treg), for example, and the
ability to phenotypically discriminate Treg (FOXP3") from CD25" activated CD4*
T cells has opened a way to testing the hypothesis that Treg accumulations are asso-
ciated with a poor prognosis in cancer,’ but with an improved clinical outcome in
patients with autoimmune diseases.!® Attempts at correlating phenotypic changes
with functional assays may be particularly informative. Various receptors on the cell
surface for growth factors and cytokines can further be used to subset the cells and
to relate their phenotypes to their functional potential. Thus, phenotypic analysis is
a powerful tool for monitoring the effects of therapy on immune cells, given that the
selection of markers to be monitored on T, B, NK cells, monocytes, or granulocytes
is based on the predicted mechanism of action of the agent being used for therapy.

Four-color flow cytometry is most widely used for monitoring immune thera-
pies today, although multicolor flow (e.g., nine-color) can provide a more specific
analysis of cell subsets. The usefulness of multicolor flow cytometry in monitoring
is currently limited due to the complexities associated with the analysis of results.
From a practical point of view, it is difficult for an average laboratory to analyze a
large volume of multicolor flow data in a timely fashion. The alternatives are to limit
phenotyping to four-color analysis of a single cell type considered the most impor-
tant, or to send the specimens for phenotyping to a specialized laboratory equipped
to handle multicolor flow data. This alternative is recommended for monitoring of
multicenter or cooperative group trials, as whole blood specimens can be shipped by
overnight carriers for flow analysis without compromising their quality.

In addition to surface phenotyping, flow cytometry has been extensively used to
measure intracytoplasmic markers using permeabilized cells as well as to perform
certain functional assays. Recent technologic advances allow these approaches to be
applied in clinical trials. Because of the substantial advantages they offer, such as
the possibility of correlating expression of a receptor on the cell surface with signal-
ing events downstream, these methods are being incorporated in the roster of useful
monitoring assays.!! Intracytoplasmic proteins (including enzymes, cytokines, signal
transduction molecules, or transcription factors) measured in phenotypically defined
cells by flow cytometry can provide useful information about the activation state
and functional attributes of individual cells or a subset of cells. Proliferation using
carboxyfluorescein diacetate succinimidyl ester (CFSE)-labeled cells'? or flow-based
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cytotoxicity assays!® can be performed simply and more efficiently by flow than by
the familiar radiolabel assays, providing the identity of effector cells at the population
or even the single-cell level. Disadvantages of these methods include the requirement
for a flow cytometer, relatively complex preparation steps, including cell permeabili-
zation with combinations of surface and intracellular staining, and the current paucity
of comparative data confirming the validity of these techniques for monitoring.
Interpretation of flow cytometry data in serial monitoring requires stringent con-
trols for interassay variability. Some of the lymphocyte subsets (e.g., peptide- or
epitope-specific T cells detectable with the use of tetramers) encompass only a small
proportion of cells in the gate, and it is necessary to acquire sufficient number of
these T cells to reliably distinguish shifts induced by therapy (see Chapter 2 for labo-
ratory statistics). To enhance the quality of monitoring, changes in the phenotype
of effector cells during therapy should be interpreted in conjunction with changes
observed in cellular function. Specifically, it is important to consider whether
changes in function induced during therapy correlate with changes in the number
of effector cells or are due to the augmentation of effector cell function. It is also
possible that therapy alters both the number and function of effector cells, as indi-
cated in Table 5.2. During therapy, these changes can be dramatic or subtle, and they
can simultaneously occur in several subsets of cells. Analysis of these changes and
the correlation between their magnitude and frequency requires special statistical

TABLE 5.2

Changes in the Proportion of NK-Cell Subsets and NK and LAK Activities
in Response to Locoregional Administration of IL-2 in the Peripheral Blood
of Patients with Head and Neck Cancer

Pretherapy Posttherapy pValue
NK-cell subsets (%)
CD3-CD56" 16 =2 22 +2 0.003
CD167CD56™" 9+2 16 2 0.013
CD16"HLA-DR* 1.3 02 2.7 *0.6 0.003
Cytotoxicity (log LU)?
NK (versus K562) 2.0 = 0.07 2.2 =£0.07 0.005
LAK (versus Daudi) 2.9 = 0.08 33+0.12 0.006

Note: The data are mean values = SEM. Paired analysis (the signed rank test) was performed for pre-
and posttherapy measurements obtained in 26 patients with inoperable head and neck cancer who
were treated with perilesional IL-2.

@ Cytotoxicity data were obtained in 4-h 'Cr-release assays using the indicated targets. LAK cells were
generated by incubation of MNC in the presence of 6000 IU of IL-2 for 3 days. The data are log 10
LU,,/107 effector cells.

Source: Adapted from Whiteside, T. L., Letessier, E., Hiraayashi, H., Vitolo, D., Bryant, J., Barnes, L.,

Snyderman, C., Johnson, J. T., Myers, E., Herberman, R. B., Rubin, J., Kirkwood, J. M., Vlock,
D. R. Cancer Res., 53, 5654, 1993. With permission.
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approaches, as discussed elsewhere. Because entirely different mechanisms may
cause alterations in the proportion or absolute number of effector cells versus func-
tional changes (e.g., increased blood vessel permeability and up-regulation of NK
activity during therapy with IL-2, respectively), it should not be expected that pheno-
typic and functional data will necessarily correlate with one another. Furthermore, it
is possible that shifts in one, but not the other parameter, will correlate with clinical
response or, more likely, that no significant correlations will be detected, although
profound changes in immune cell numbers or function are registered during therapy.
For example, perilesional therapy with escalating doses of IL-2 in 36 patients with
advanced head and neck cancer resulted in highly significant increases in the num-
ber of CD3-CD56* cells and NK activity in the peripheral blood of most patients,
but no complete clinical response in a phase I trial at our institution.'* This reflects
the complexity of mechanisms that are involved in mediating therapeutic effects of
biologic agents administered to patients with cancer.

5.6 FUNCTIONAL ASSAYS

Functional assays that can be used for monitoring include a variety of technologies,
many of which are highly sensitive and adaptable to samples containing a small num-
ber of cells or even single cells. Many of these new technologies including genom-
ics and proteomics employ high-throughput platforms that are particularly suitable
for performance of serial monitoring. Their advantages are simplicity, substantially
lower cost, and elimination of radioactive labels. This section briefly describes the
functional assays that are currently available for monitoring. This overview is fol-
lowed by more detailed descriptions of functional monitoring of T and NK cells.

5.6.1 IN Vivo DeLAYED TyPE HYPERSENSITIVITY SKIN TEST

The skin test for delayed type hypersensitivity (DTH) is the only in vivo assay avail-
able for measurements of cellular immunity in man. This test is underutilized in
monitoring, largely because of rigorous requirements for recording its results. The
DTH assay is often misinterpreted because the results are not measured correctly
(induration not erythema should be measured) or at the proper time (at >24 h and not
more than 48 h after test application). Yet, when performed and read according to the
guidelines (Figure 5.4),'5 the DTH assay remains the best available measure of specific
cell-mediated immunity in patients with immunodeficiencies, particularly, when it is
combined with a biopsy to confirm the nature of cells infiltrating the skin Although
reagents for Merieux DTH testing devices are no longer available, it is possible to
obtain tetanus, candida, and purified protein derivative (PPD) of tuberculin from
commercial sources and construct the individual DTH panel for measurements of
recall responses. Other antigens, for example, tumor-derived purified or synthetic
peptides, which are not yet commercially available from vendors can also be used,
provided they have passed safety requirements. A change in the DTH skin test from
nonreactive to reactive as a result of biotherapy is a significant result. In some cases,
it may be advisable to biopsy the DTH sites to identify lymphocytes accumulating in
situ in response to an in vivo challenge with the epitope of interest.



Cellular Immunology: Monitoring of Immune Therapies 149

FIGURE 5.4 DTH skin test is the only available in vivo measure of immunocompetence.
The skin test is read 24—48 h after intradermal antigen application. Generally, swelling and
induration (IN) develop with accompanying redness (erythema [ER]). The figure shows how
to correctly read a DTH skin test: the area of IN has to be measured and recorded as the
cross product or the sum of two greatest perpendicular diameters. In general, IN >5 mm is
considered as a positive DTH reaction.

5.6.2 LocCAL VERSUS SYSTEMIC ASSAYS

Because measurements of phenotypic characteristics do not adequately convey the
functional capabilities of a cell or a population of cells, cellular assays for monitor-
ing the functions of immune effector cells are necessary. These assays are usually
performed with peripheral blood MNC and only rarely with effector cells obtained
from the site of disease. Thus, functions that are being monitored are not those of the
effector cells that may be directly involved in disease, but those of substitute cells that
are easily accessible for monitoring. This is by far the greatest limitation of monitor-
ing because systemic effects of biologic agents are likely to be different from local or
locoregional effects on the immune cells. It should not be expected that the “surro-
gate” results obtained with peripheral blood lymphocytes will closely reflect biologic
activity of the drug on functions of immune cells in situ. To overcome this limitation,
investigators are attempting to study serial tissue biopsies utilizing immunostaining
or in situ hybridization (ISH). Another approach utilizes the reverse transcriptase
polymerase chain reaction (RT-PCR) for messenger ribonucleic acid (mRNA) coding
for proteins involved in cytotoxicity (perforin, granzymes, and tumor necrosis factor
[TNF]), proliferation (growth factors and cytokines) or signal transduction (changes
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in the TCR zeta-chain expression and phosphorylation of a variety of substrates medi-
ated by protein tyrosine kinases). In some cases, it may be possible to recover a lim-
ited number of cells from serial biopsies to perform functional studies. Obviously,
these studies are very difficult to organize in humans and are not applicable when
the biopsy cannot be obtained. Nevertheless, they are extremely important because
they allow for a comparison between local and systemic effects of a biologic agent
on immune effector cells and eventually justify or discredit the common practice of
monitoring alterations in cellular functions in the peripheral blood alone.

5.6.3 Cyrtotoxicty

Among functional assays for lymphocytes, cytotoxicity has occupied a special place,
especially, in the monitoring of immune therapies. There is a good rationale for mon-
itoring cytotoxicity in clinical trials with biological agents, which tend to augment
this effector function in many different cell types. In oncology protocols, antitumor
cytotoxicity, whether class I MHC-restricted (mediated by the tumor antigen-specific
T cells), nonspecific (mediated by NK cells or monocytes), or antibody-mediated
(depending on the presence of FcyR on effector cells), has been extensively monitored
because of the evidence derived from numerous animal models that tumor growth
and elimination of metastases are mediated, at least in part, by cytotoxic effector cells.
In human studies, it had been reported early on that autotumor cytotoxicity was the
only significant in vitro correlate of clinical responses in phase I trials of adoptive
therapy with in vitro—activated human immune cells and IL-2.'® However, autologous
tumor targets are seldom available for cytotoxicity measurements and surrogate targets;
generally tumor cell lines are used.

Recent data indicate that tumor regression or metastasis elimination are complex
tissue events, generally involving cell necrosis or apoptosis that may be mediated by
perforin or granzyme release from effector cells, cytokine secretion by effector cells,
or receptor-mediated or mitochondrial apoptosis induced by effector cell interac-
tions with its target.”” There is considerable evidence suggesting that the nature of
cell death (e.g., necrosis versus apoptosis) determines the response of immune cells
to the offending agent. Thus, silent death by apoptosis induces less response from
immune effector cells, whereas necrosis results in signaling and inflammatory cell
infiltration to sites of cytotoxicity.'®

In view of the documented existence of several distinct cellular mechanisms
involved in cytotoxic death of target cells, the question then arises as to which type
of cytotoxicity assays should be selected for monitoring (Figure 5.5). Once again,
the choice depends on the preliminary data available, the hypothesis tested, and
practical considerations of investigators’ ability to perform the assay reliably. The
SICr-release assay (Figure 5.5) that was for a long time considered the “gold stan-
dard” for cytotoxicity measurements is being slowly replaced by nonradioactive, flow
cytometry—based assays (Figure 5.6).

5.6.4 PROLIFERATION ASSAYS

Proliferation of immune cells in response to mitogens or antigens has been a part of the
monitoring repertoire for a long time."” It is a good measure of immunocompetence
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FIGURE 5.5 Various types of cytotoxicity mediated by immune effector cells. In (A),
interactions between effector and target cells are presented. Cytotoxic T cells (Tc) bind to
the target, which presents antigen and class I MHC determinants recognized by the TCR.
NK cells recognize a triggering determinant X on the susceptible target. Class I MHC mol-
ecules on the target are also recognized by the killer inhibitory receptors (KIRs) on NK
cells. Negative signals received by KIRs prevent NK activity, whereas triggering recep-
tors induce NK-mediated cytotoxicity. Lysis or lack of lysis depends on the balance of
negative versus positive signals received by the NK cell. In the presence of target-specific
antibodies, NK cells recognize the Fc portion of IgG bound to antigens on the target cell
surface. Cross-linking of FcyRIII (CD16) on NK cells by the Fc fragment of the target-
specific antibodies (Abs) leads to lysis of the target cell (ADCC). In (B), a >!Cr-release
assay, considered the “gold standard” of cytotoxicity measurements for a long time is
shown. Targets are labeled with 5'Cr and coincubated with MNCs as effector cells. Lysis
of targets results in release of 3!Cr into the medium. The assay must be performed at a
minimum of four different effector (E):target (T) ratios to generate a lytic curve defining
the relationship between the percent specific lysis and the number of effector cells used in
the assay.
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FIGURE 5.6 A diagram showing the principle of a flow cytometry-based assay for measur-
ing cytotoxicity. The CD107 degranulation assay measures expression of CD107a molecule on
the target cell surface following coincubation with effector cells. CD107a (LAMP-1) originates
from lytic granules containing perforin and granzymes (serine protases). When these granules
are transported to the cell surface and their contents released, the CD107a molecule becomes
transiently expressed on the T- or NK-cell surface and is detected with a fluorochrome-labeled
antibody by flow cytometry. Because degranulation in T or NK cells can be correlated to
target cell killing, this assay is being used as an alternative to >'Cr-release assays.

and can be performed with banked, cryopreserved cells, or as a whole blood assay.!
For monitoring, proliferation assays with very few cells can be performed in microtest
plates holding only 5-20 pL (Terasaki plates). Assays measuring proliferation in
response to a specific antigen are, perhaps, more useful than mitogen assays, but are
more difficult to standardize and perform. Often the stimulating antigens are not
available as purified or recombinant reagents, making the interpretation of results
difficult. It is important to remember that antigen-presenting cells (APCs), which are
generally present in the peripheral blood, are necessary for optimal proliferation, and
in assays with purified lymphocyte subsets, APCs have to be added (Figure 5.7A).
Titrations of antigens or mitogens to select the optimal stimulatory concentrations
are obligatory. Proliferation assays have to be performed with at least three differ-
ent doses of the antigen because lymphocytes obtained from various individuals
respond optimally to quite different concentrations of the same stimulatory agent.
A stimulation index, calculated as the ratio of experimental to control values, is used
to measure proliferative responses. Recent nonradioactive assays utilize labeling of
responding cells with CFSE and flow cytometry for assessment of the label redistribu-
tion to daughter cells as the cells divide (Figure 5.7B). The phenotype of proliferating
cells can be determined by concomitant surface labeling and flow cytometry.?
Proliferation assays seem to be replaced by measurements of cytokines and cyto-
toxicity in recent clinical trials, yet they are informative, practical, and easily adjust-
able to fit the specific trial design or circumstances in a monitoring laboratory."”
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FIGURE 5.7 Proliferation assays. In (A), a classic proliferation assay is illustrated, in
which lymphocytes and APC are incubated in the presence of a mitogen or antigen. APCs
express class [ MHC molecules and present antigens to T cells. The initiation of proliferation
involves recognition and signaling events. Cytokines, generated as a result of T-cell activa-
tion and interaction with APC, are necessary for proliferation. The amount of radioactivity
(counts per minute [cpm]) generated by incorporation of radiolabeled nucleotides into DNA
of proliferating cells is measured in experimental and control wells. In (B), a schema illus-
trating the principle of a proliferation assay based on CFSE labeling of responding cells.
R cells are incubated with a dye (CFSE), washed, and cocultured with mitogens or antigens
for 3-5 days in a growth medium. As R cells divide, CFSE is equally redistributed between
daughter cells (effectively halving the amount of dye and the level of fluorescence). Irradiated
R cells + antigen (left-hand side) do not divide and conserve the dye. Flow cytometry is used
to measure the dye dilution (read as decrease in fluorescence) as each successive generation of
cells contains less label or fluorescence (right-hand side). A ModFit software program is used
to determine the number of divisions, proliferation index, and the frequency of proliferating
cell precursors present in the population.
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5.6.5 SupPRESSOR T-CELL ASSAYS

Regulatory or suppressor (S) cells (Treg) inhibit activities, including proliferation,
of other immune cells. The presence and activity of Treg is of interest in monitoring
because these cells are known to accumulate at sites of disease and interfere with the
generation, function, or survival of effector T-cell populations.?! Although intracy-
toplasmic or surface markers (FOXP3 and CD4*CD25heh expression, respectively)
that identify Treg are now available, functional S assays are likely to be more mean-
ingful. To this end, a coculture assay has been developed, which utilizes separated
or not separated Treg (CD4TCD25"h T cells). These cells are titrated into CFSE-
labeled autologous responder (R) cells activated with beads coated with anti-CD3
and anti-CD28 Abs or with a relevant epitope on APC. The assay is performed at dif-
ferent R/S ratios, and following flow cytometry, a Modfit® (Verity Software House,
Topsham, ME) software program is used to compare proliferation in control cultures
(i.e., R cells with no S cells) to that in R plus S cocultures.?? This assay is likely to
be widely adapted because as elimination of Treg with, for example, anti-CD25 anti-
bodies (Abs) in clinical trials aiming at vaccination of cancer patients is increasingly
common? as is a trend for transfers of Treg to suppress autoimmune sequellae'® or
graft versus host disease (GVHD).2*

5.6.6 CyT1OKINE PRODUCTION

The ability of immune effector cells to produce and release cytokines in response to
stimulation with biologic agents is a useful monitoring strategy. In contrast to assays
of serum levels of cytokines, this strategy calls for incubation of cells alone (sponta-
neous production) or in the presence of an activating agent (stimulated production)
and the subsequent quantification of cytokines in cellular supernatants.? Figure 5.8

/\ Medium
(A) f
@ @D R Measure
37°C cytokines in
@ 24 h : supernatant
by ELISA
Lymphocytes
Mitogen
®) or antigen
Measure
37° C cytokines in
(M p— supernatant
@ 'Jllm 24048h by ELISA

Lymphocytes

FIGURE 5.8 Cytokine production by immune cells. A diagram of spontaneous or stimulated
cytokine production in vitro is shown. In (A), peripheral blood MNCs are incubated in medium
alone for 24—48 h, and the supernatants are tested for the presence of spontaneously produced
cytokines. In vivo—activated MNC will tend to spontaneously produce cytokines. Alternatively,
MNC s are incubated in the presence of stimulators (mitogens or antigens) to determine their
immunocompetence, that is, the ability to produce a panel of cytokines in (B).
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shows the approach for measuring spontaneous and stimulated cytokine produc-
tion. The assay can be used to measure immune competence of cells by including
stimulators such as PHA or LPS, or the ability to produce cytokines in response to
the stimulator of choice. The assay also allows for assessment of in vivo activation of
cells by measuring spontaneous cytokine release. Unlike cytotoxicity assays, which
require fresh and not cryopreserved effector cells, cytokine production assays can
be reproducibly performed with either fresh or cryopreserved cells,? allowing for
batching of cells or cellular supernatants. Moreover, multiple cytokines can now be
quantified in small volumes (50 pL) of peripheral blood MC (PBMC) supernatants
or body fluids using a Luminex platform. Multiplex cytokine assays use antibody-
coated beads and can simultaneously detect several cytokines or growth factors pro-
viding a reasonable assessment of an individual’s immunocompetence and allowing
for the definition of cytokine profiles characteristic of T-lymphocyte subsets (ThO,
Thl, or Th2).2627 Serial monitoring of individuals over a period of several months
has demonstrated that stimulated cytokine production is a stable trait.?® In addition,
spontaneous cytokine release by PBMC indicates that they have been activated
in vivo.” It is recognized that cytokines are produced by a variety of cells, whereas
PBMC serves as a convenient vehicle for cytokine assays, primarily because of
its accessibility. The ability of PBMC to spontaneously secrete cytokines in vitro
has been shown to be modulated by immunotherapies administered in vivo.?® It is
possible that this ability may prove to be a more useful correlate of response to
therapy than the determination of cytokine levels in plasma. There may be several
problems associated with testing of plasma, as reviewed elsewhere and these are
largely eliminated in the PBMC system. However, the PBMC assay requires the use
of cells and, as with all indirect procedures, is more time-consuming than direct
serum-based assays.

Although cytokine measurements in plasma are easily accomplished, those in
tissues are more difficult but desirable. Cytokines are local mediators, and their
in vivo production is probably compartmentalized to achieve optimal physiologic
effects. Thus, assays of local cytokine production at the site of inflammation or organ
injury and repair are more likely to be biologically relevant than those in the periph-
eral blood. To this end, we have described and are using a microdialysis procedure
to obtain interstitial fluids from human tissues for cytokine detection by Luminex.?
These assays require special equipment and are technically demanding. Nevertheless,
for in situ cytokine detection they represent the best approach. Immunocytohistology
(ICH) for cytokines with cytokine-specific poly- or monoclonal antibodies can be
used to detect these proteins in tissue samples (Figure 5.9A), with the caveat that it
may be difficult to microscopically distinguish cytokines that occupy cellular recep-
tors, having been produced elsewhere in the body, from those that are present in the
cytoplasm of the cell.

Single-cell cytokine assays are described later in this chapter and also in
Chapter 17.

5.6.7 IN Situ HYBRIDIZATION

Another approach to evaluation of cytokines in tissue is to measure their gene
expression.’® ISH for cytokine mRNA may be preferable to protein-based assays,
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FIGURE 5.9 Cytokine detection in situ. In (A), ICH for IL-10 protein in tumor tissue is
performed using paraffin-embedded tissue sections and fluorescein-labeled Ab specific for
IL-10. Magnification X 400. In (B), the result of ISH is shown, in which an antisense probe
for TNF-a was used for hybridization to show the presence of cells positive for TNF-a mRNA
in the intestinal tissue. Magnification X 120.

although it is by no means simpler or more reliable. Figure 5.9B illustrates the
use of ISH for detection of mRNA encoding TNF-« in tissue. Assays for cytokine
gene expression are generally difficult to perform and interpret because mRNAs
for cytokines are tightly regulated and rapidly processed. Therefore, very sensitive
assays performed at the time when the message is likely to be expressed are neces-
sary. Thus, ISH for cytokine mRNA is usually performed on frozen sections.?*3!
ISH provides information about the number, localization, and distribution of cells
expressing cytokine genes in tissue, but not about their identity. A combination of
ISH with ICH is necessary to accomplish the latter. Although cryosections have
been successfully used for ISH to detect cytokine mRNA in freshly cryopreserved
biopsy tissues, the possibility of using archival paraffin-embedded tissues has also
been explored with variable and, so far, not truly convincing results* because
expression of mRNA for cytokines is frequently decreased or absent in archival
paraffin-embedded specimens. Like all other RNA determinations, ISH for cyto-
kine mRNA depends on the presence of the undergraded RNA in tissue. To this
end, tissues must be snap-frozen immediately after surgery and never allowed to
warm up for fear of activating endogenous ribonucleases (RNases). The quality of
tissue submitted for ISH or other mRNA studies remains the most critical aspect of
this technology. For this reason, recent successes in improving RNA preservation
go a long way in facilitating cytokine gene detection in tissue. This is especially
crucial for microarrays that are extensively used for in situ studies. Although not
yet validated for monitoring, the microarray platform provides useful information
in terms of cytokine profiles expressed by different subsets of immune cells. The
newer quantitative techniques for cytokine mRNA often used to validate microar-
ray results involve the competitive RT-PCR, which combines the exquisite sensitiv-
ity of detection with specificity.’
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5.6.8 MOLECULAR ASSAYS FOR SIGNALING MOLECULES

Molecular assays have been emerging as a novel way of immune cell monitoring. In
cancer and certain immunodeficiency diseases, abnormalities in signal transduction
have been identified, and they may be responsible for defective functions of immune
cells in these diseases.?* Because it might be possible to reverse these abnormali-
ties and repair immune functions with immunotherapy, monitoring for the presence
and extent of signaling defects is indicated before and after such therapy. The main
concerns about signal transduction studies for monitoring are the large number of
cells needed for preparation of cell lysates (atleast 5-10 X 10) to be used in Western
blots, the semiquantitative nature of Western blots, and the possibility of degrada-
tion of signaling molecules during the process of lysis. These concerns have been
largely addressed by adapting flow cytometry to measure quantitative changes in
the levels of expression of signaling molecules or changes in their phosphorylation
status (Figure 5.10) or changes in the phosphorylation status of their substrate(s).
Flow-based assays require smaller numbers of cells (2.5-5 X 10°) and depend on the
availability of antibodies specific for signaling molecules and their specific phos-
phorylated versus nonphosphorylated substrates. As an example, decreased expres-
sion or absence of the zeta chain, associated with TCR in T cells and FcyRIII in
NK cells, has been observed by flow cytometry in tumor-infiltrating lymphocytes
and in circulating lymphocytes of patients with advanced cancers.>* Decreased

1. Surface staining with anti-CD3 Ab

2. Cell permeabilization

3. Intracytoplasmic staining with Ab
to phosphorylated STAT1

O Sensitive, quantitative, fast, uses
few cells, measures early events

Activation

Laser

FIGURE 5.10 Multicolor flow cytometry can be used to measure levels of phosphorylated
STAT1 in activated immune cells. Two different signals, one delivered by a fluorochrome-
labeled Ab binding to phosphorylated STAT and the other by differently labeled Ab to CD3
on the cell surface, are simultaneously processed by the flow cytometer and provide a quan-
titative measure of phosphorylated STAT1 expression in these T cells.
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expression of signaling molecules in immune cells can be confirmed in tissue biop-
sies by immunostaining with antibodies specific for these molecules. Both quantita-
tive flow cytometry and immunostaining are applicable to monitoring, and should
contribute to the improved understanding of the mechanism through which immu-
nologic functions are modulated during disease or therapy.

5.7 MONITORING OF T LYMPHOCYTES

T lymphocytes represent 66—86% of peripheral blood lymphocytes, with a normal
absolute number in adults ranging from 1133 to 2125/mm? (see Table 5.3). Changes
in the total lymphocyte count generally reflect those in T lymphocytes. However,
flow cytometry combined with the differential and white blood cell (WBC) counts
allows for very precise quantification of T cells and their subsets in whole blood,
other body fluids, or in cells isolated from tissue sites. Monitoring of the percent-
ages of T-cell subsets in the peripheral blood is not adequate because the total blood
lymphocyte number may be altered during therapy with a biologic agent, or in the
course of disease without a change in proportions of various lymphocyte subsets.
By determining only the percentages of T-cell subsets, changes in their absolute
number could be missed if the WBC or differential counts fluctuate during therapy.
Drug-induced changes in the T-cell number could be due to altered production,
increased or decreased margination, extravasation with movement into tissue, or
destruction, for example, apoptosis of these lymphocytes. It is generally not possible
to discern the mechanisms responsible for these changes on the basis of phenotypic
analyses, unless more extensive studies are undertaken.

TABLE 5.3
Percentages and Absolute Numbers of T Lymphocytes and T-Cell
Subsets in the Peripheral Blood of Normal Individuals

Positive Cells (%) Positive Cells/mm3

T cells

CD3* 66-86 1133-2125

CD4+* 38-61 662-14381

CD8* 2141 385-897
Activated T cells

CD3*HLA-DR* 3-12 48-239

CD4*HLA-DR* 2-5 39-139

CD8*HLA-DR* 1-8 26-175
Naive T cells

CD3*CD45RA* 24-48 493-1237
Memory T cells

CD3*CD45RO* 2645 495-1237

Note: The data are mid-80% normal ranges obtained by testing peripheral blood MNC
of 100 normal individuals. The percentages of positive cells were determined by
two-color flow cytometry.
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5.7.1 DETERMINATION OF ABSOLUTE NUMBERS AND PERCENTAGES
OF T CeLLs AND T-CELL SUBSETS

Subsets of T lymphocytes associated with distinct functions cannot be always quan-
tified by phenotypic analysis. This is because phenotypic markers have not been
identified for many specific functional subpopulations of lymphocytes. For example,
two distinct subsets of human CD4" T helper cells Thl and Th2 are best defined by
mutually exclusive patterns of cytokine secretion (Figure 5.11). Th1 but not Th2 cells
produce IL-2, IFN-y, and TNF-a, whereas Th2 but not Thl produce IL-4, IL-5, and
IL-10. Different cytokine profiles imply distinct effector functions. Thus, phagocyte-
dependent defense is mediated by Thl cells, which trigger both cellular responses
and production of opsonizing and complement-fixing antibodies. In contrast, Th2
cells mediate phagocyte-independent responses, which include IgE and IgG antibody
production as well as differentiation and activation of mast cells and eosinophils.?
Many CD4* T cells exhibit aspects of both Thl and Th2 subsets, and some of these
cells may represent precursors (ThO) of Thl and Th2 cells. The Th2 subset of CD4*
T cells in humans appears to be associated with expression of a membrane marker,
CD30, a member of the TNF/nerve growth factor (NGF) receptor superfamily.?¢
Originally described as a surface marker of Hodgkin and Reed-Steinberg (H-RS)
cells, CD30 is strongly and selectively expressed on Th2* clones of T cells, which
are either CD4* or CD8". Th2 clones or lines of T cells also release CD30 into their
supernatants, and CD30 expression may be a marker of cells predominantly secret-
ing Th2-type cytokines.*® A combination of phenotypic (e.g., CD4 or CD8) and func-
tional (e.g., cytokine production) assays can provide an adequate profile of T-cell
subsets in normal individuals or patients with various disease.’” Subsets of naive
or memory T lymphocytes can be distinguished by flow analysis using antibodies
specific for isoforms of CD45, that is, CD45RA or CD45RO, respectively, which
are differentially expressed on the surface of these cells. Although a certain degree
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FIGURE 5.11 Interactions between ThO, Th1, and Th2 subsets of human CD4* T lympho-
cytes and distinct cytokines produced by these subsets.
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of overlap may exist between these markers, they are useful in subsetting CD4* or
CD8* T cells. Expression of CCR7, a chemokine receptor on the cells marked as
CD45RA or CD45RO further characterized them as naive, memory, or terminally
differentiated subsets.*® The use of multi-color flow cytometry allows distinctions to
be drawn between central memory, naive, effector, and effector memory populations
(Section 6.16.2).

To monitor the phenotype or function of tissue-infiltrating T lymphocytes, it
is preferable to isolate them from tissue, although in situ monitoring can provide a
certain amount of useful information about their local interactions. In situ monitor-
ing is limited by the availability and size of tissue biopsies that can be obtained
from patients, and by the quality of antibodies or molecular probes available for the
definition of phenotypic and functional molecules in tissue. Some of the antibodies,
for example, do not work well in paraffin-embedded tissues, and mRNA analyses
cannot be performed in tissues that are not fresh or handled in a special way to
ensure the integrity of cellular RNA. Despite these limitations, in situ monitoring
is encouraged in conjunction with T-cell studies in peripheral blood. T lymphocytes
(CD3%) as well as CD4" and CD8™" subsets, including Treg, are readily identifiable
in cryosections of tissues (Figure 5.12), and the creative use of immunostaining with
different antibodies specific for, for example, activation markers, adhesion mole-
cules, or triggering receptors in combination with ISH can provide crucially impor-
tant assessments of the ability of effector cells to produce cytokines, enzymes, or
signaling molecules at the site of disease.

5.7.2 FuNcTIONAL AssAYS FOR T LYMPHOCYTES

Functional assays for T lymphocytes that are used for monitoring include proliferation,
cytotoxicity, and cytokine production. The assays for these functions are described in
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FIGURE 5.12 Immunoperoxidase staining for T cells (CD3") in a cryostat tissue section
of kidney. The biopsy was obtained from a renal transplant patient developing rejection.
Magnification X 360.
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detail elsewhere.?® From the monitoring point of view, it is important to distinguish
antigen-specific, MHC-restricted T-cell responses from those mediated by activated,
but not MHC-restricted T lymphocytes. The latter can be easily assessed by a com-
bination of one of the functional assays, for example, cytotoxicity against a tumor
target, with flow cytometry to confirm that activated CD3* T cells whose cytotoxic-
ity is not inhibited by class I MHC antibodies are the effector cells. Antigen-specific,
MHC-restricted T-cell responses are more difficult to measure because such T cells are
rare in the peripheral blood, and their in vitro expansion from precursor T-cells may
be necessary before functional assays. The main difficulty with T-cell-specific assays
is that the antigen or antigen plus target cells have to be available for in vitro sensi-
tization as well as specificity assessments. In bacterial- or viral-specific responses,
where the nature of antigenic molecules is known, T-cell-specific responses can,
of course, be monitored, but even in these situations such monitoring is difficult
to implement and perform on a large scale. T-cell-specific assays performed with
in vitro expanded effector cells require a panel of blocking antibodies (anti-TCR,
anti-MHC-class I, anti-CD3, etc.) to confirm the specificity of T cells and a panel of
target cells expressing the relevant antigen or pulsed with the antigen for testing the
effector cell function.

Frequencies of proliferating or cytolytic T-cell precursors (CTL-p) can be deter-
mined directly in the peripheral blood by limiting dilution and clonal analyses,*°
but this approach does not lend itself easily to serial monitoring of clinical trials
because it is both labor-intensive and expensive. In vaccination trials, where moni-
toring of CTL-p or proliferating T-cell precursors (PTL-p) appears to be necessary,
the skillful use of limiting dilution technology and subsequent functional assays
with the immunizing antigen or peptide allow the determination of the frequency of
precursor cells.#' An alternative to the limiting dilution analysis in the fresh periph-
eral blood is in vitro expansion of a population of antigen-specific T cells, followed
by specificity testing to confirm the presence of such T cells among lymphocytes
that proliferate in cultures routinely supplemented with IL-2, IL-7, and IL-15. Such
in vitro expansion requires repeated sensitization with the immunizing antigen and
is both time-consuming as well as highly subjective.

Because the frequency of antigen-specific precursors in the peripheral blood
(or in culture of T cells) obtained from tumor-bearing patients or human immuno-
deficiency virus (HIV)-1 positive individuals is very low, special assays have been
developed to measure the number of cells able to secrete cytokines, for example,
IFN-y, in response to the cognate antigen instead of measuring cytotoxicity after
limiting dilution.

Among the variety of procedures for determination of cytokine production, sin-
gle-cell assays are particularly useful for defining the cytokine profile of T-cell sub-
sets. Among these, cytokine flow cytometry (CFC), ELISPOT, and tetramer binding
measure the frequency of epitope-specific effector T lymphocytes in the mononu-
clear cell specimens (Figure 5.13). All the three assays are based on TCR recogni-
tion of cognate peptides presented by MHC class I or II molecules on the surface of
APC to the R T cells. However, no consensus exists as to which of these three assays
should be selected to best monitor vaccination results. The common perception that
all these assays provide the same information may not be correct.
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The ELISPOT assay measures the production of cytokines (most commonly either
IFN-y or IL-5) by individual T cells in the plated population with a theoretical detec-
tion sensitivity of 1/100,000 cells.*> CFC identifies single responding T cells (1/50,000)
with expression of a cytokine in the Golgi zone.** Tetramer binding detects peptide-
specific T cells expressing the relevant TCR with a theoretical detection sensitivity
of 1/10,000 cells.** The assays not only have different sensitivities of detection, but
also differ in specificity. ELISPOT and CFC are antibody-based and, by definition,
are highly specific. In contrast, tetramers, which are complexes of peptides sitting in
grooves of four MHC molecules (i.e., human leukocyte antigen [HLA] restricted to
appropriate class I genes of each individual) held together by a streptavidin—biotin
scaffold** bind to T lymphocytes expressing the relevant TCR with variable affinity
(Figure 5.13). Tetramers must be designed with the appropriate peptide in the context
of the appropriate MHC molecules for each individuals HLA type. Tetramers are not
available for all MHC gene products and peptides. In vitro, tetramers might easily
dissociate or bind nonspecifically to B cells, monocytes, or apoptotic cells, so that
tetramer specificity is carefully controlled. Further, T cells that bind tetramers may
not be functional because TCR signaling could be compromised, as often happens
in cancer.

CFC offers a possibility of the identification of lymphocytes simultaneously stained
for T-cell surface marker (e.g., CD4 or CDS) and for a cytokine (e.g., IFN-y), which
is detectable in the Golgi of those cells in the population that specifically respond to
the antigen (Figure 5.13B). By flow cytometry, it is feasible to rapidly enumerate tens
of thousands of cells; thus, even rare cytokine-producing T cells in the population can
be identified and quantitated.** However, permeabilization of cells before antibody
staining requires a careful selection of a permeabilizing agent (usually saponin that
should be freshly prepared) and of controls to correct for background or nonspecific
staining. Since the possibility exists that a cytokine may be released from T cells
before permeabilization and staining, pretreatments of antigen-sensitized popu-
lations with monensin or brefeldin A (agents which block the secretory pathway)
are recommended.®* Also, CFC measures cytokine expression in a cell and not its
secretion (although it is commonly assumed that the expressed cytokine would be
secreted). The CFC is presented in detail in Chapter 17.

ELISPOT is based on the similar principle as CFC, it only measures cytokine
secretion from stimulated R cells that are plated as a monolayer of individual cells
on a nitrocellulose membrane to avoid cell-to-cell contact and allow for adequate
spot detection. Only ELISPOT measures the function of individual R cells by iden-
tifying those that produce and secrete the measured cytokine. ELISPOT also does
not require cell permeabilization or the use of a flow cytometer for cytokine detec-
tion.*> Because it is always preferable to measure function rather than phenotype,
ELISPOT would be an assay of choice for monitoring. However, CFC and tetramer
binding are flow cytometry—based assays, and thus allow for surface labeling of
R cells and their identification. It is possible to select CD8" or CD4* T-cell subsets on
antibody-charged columns before ELISPOT, and the two-color ELISPOT now avail-
able offers a possibility of identifying T cells simultaneously producing two cyto-
kines. In addition, supernatants from ELISPOT wells can be collected and tested
for cytokine levels in multiplex assays. However, tetramer binding can be combined
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both with surface staining to determine cellular phenotype and intracytoplasmic
staining for the detection of cytokine production.** Although most informative,
especially in situations when some of tetramer-binding cells do not express cyto-
kines, this technology is time-consuming and labor-intensive: clearly, not the best
choice for serial monitoring. The recommended solution would be to monitored
by ELISPOT or CFC (but not both), depending on considerations such as sample
numbers, time, labor, cost, and access to a flow cytometer, and to use tetramer bind-
ing (if available for a given patient or vaccine) as a confirmatory assay in situations
where it is important to demonstrate a functional deficiency of tetramer-binding
T cells. ELISPOT performed under strictly controlled, preferably good labora-
tory practice (GLP), conditions can provide accurate estimates of the frequency of
functionally competent effector T cells in batched, serial samples obtained from
subjects enrolled in clinical studies. Compared to CFC and tetramer binding, the
cost of ELISPOT is reasonable enough to permit its use in high-volume testing.
However, the ELISPOT assay is not easy to standardize, and responder—stimulator
interactions might result in unacceptably high background spot counts, in which
case the assay becomes uninterpretable.

ELISPOT, tetramer analysis, and CFC for the quantification of T cells able to
secrete a cytokine protein have all been used for clinical monitoring. These methods
also allow for the definition of the ThO, Thl, or Th2 subsets of T lymphocytes. In
combination with phenotypic markers, cytokine production assays and especially
single-cell frequency assays are applicable to monitoring of abnormalities in T-cell
subsets in various body compartments, including those at the site of the disease.
The most common T-cell abnormalities are deficiencies induced by infections and
those associated with systemic diseases, including autoimmune disease or cancer.
Monitoring of T-cell numbers and functions in disease or in response to various
therapies has recently become more firmly established in most clinical centers.
The possibility of dissecting complex patterns of changes in T-cell subsets and
correlating them to clinical responses in patients treated with biologic therapies is
an exciting and promising aspect of clinical immunology.

5.8 MONITORING OF NATURAL KILLER CELLS

NK cells are a subset of effector lymphocytes that, in contrast to T cells, do not
require prior sensitization with the antigen for their functionality. The lytic functions
of NK cells are regulated by a set of inhibitory receptors (killer inhibitory receptors
[KIRs]) recognizing MHC class I determinants on target cells (see Figure 5.14 and
Table 5.4).44 NK cells also express triggering or activating receptors responsible for
recognition and mediating positive signaling, and recognize ligands that are upregu-
lated in tumor cells, stressed cells, or virally infected targets. It is believed that
NK-cell function is controlled through a fine balance of signals from the function-
ally opposing activating and inhibitory receptors. These receptors act as a fail-safe
mechanism, so that the engagement of activating receptors by their ligands identifies
the potential targets, but the engagement of inhibitory receptors blocks the killing of
normal cells (Figure 5.14). Table 5.4 lists receptors that are known to be expressed
on human NK cells and ligands that bind to these receptors.
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FIGURE 5.14 NK-cell interactions with targets are controlled by inhibitory and activating
receptors expressed on all NK cells. A balance between positive and negative signals deliv-
ered to the NK cell from the target determines its fate. In case of upregulation of activating
ligands by the target, the NK cell will proceed to lyse if the strength of activating signal is
greater than that of inhibitory signal.

5.8.1 DETERMINATION OF ABSOLUTE NUMBERS AND
ProPoORTIONS OF NK CEeLLs AND NK SUBSETS

For the purpose of monitoring, human NK cells are phenotypically identified
as CD3-CD56"CD16" lymphocytes, which represent 5-21% of lymphocytes in
the peripheral blood (103—425 positive cells/mm? in normal adult volunteers [see
Table 5.5]). Although CD3-CD56* CD167 cells are the largest subset of peripheral
blood NK cells (90%), two smaller subsets, CD56-CDI16* and CD56*CD16™, are
also recognized. The CD3-CD56" NK cells may outnumber CD3-CD16% cells
in the peripheral blood lymphocytes of normal individuals, but the proportions of
these subsets fluctuate and a large degree of individual variability exists. CDI16, a
receptor that binds IgG complexes with low affinity, has been designated as FcyRIII
and is responsible for antibody-dependent cellular cytotoxicity (ADCC) mediated
by NK cells. CD56, an isoform of the neural adhesion molecule that serves as a pan
NK-cell marker, is expressed on nearly all NK cells. CD56 expression distinguishes
functional subsets of NK cells.*> The majority of NK cells express low levels of
CD56 (CD564m) and high levels of FcyRIII (CD164eh), whereas about 10% of all NK
cells are CD56Prieht CD16¢™-, These two NK-cell subsets differ in receptor expres-
sion, cytokine production, and the ability to mediate cytotoxicity. CD564™ NK cells
are more cytotoxic and mediate high ADCC, but produce low levels of cytokines.
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TABLE 5.4
NK-Cell Receptors and Ligand Specificity

Activating Inhibitory Ligand Specificity
KIRs + + MHC class I alleles

including HLA-A,
-B, and -C specificities

NCRs

NK p30 (CD337) + Unknown

NK p44 + Influenza hemagglutinin (HA)

NK p46 (CD335) + Influenza HA
C-type lectin receptors

CD94/NKG2A/B + HLA-E

CD94/NKD2C + HLA-E

NKG2D (CD314) + MICA, MICB,

ULBP-1, -2, -3

Other receptors

CD16 (FcyRIII) + Fc of IgG

CD2 + CD58

2B4 + CD48

CD 40 Ligand + CD40

CD27 + CD70

CD28 + CD80, CD86

Note: KIR = Kkiller Ig like receptor, NCR = natural cytotoxicity receptor, MICA = MHC class I
chain-related peptide A, MICB = MHC class I chain-related peptide B, ULBP = UL-16 binding
protein.

TABLE 5.5
Percentages and Absolute Numbers of NK Cells and NK Activity
in the Peripheral Blood of Normal Individuals

Positive Cells (%) Positive Cells/mm3
NK activity
CD3-CD56* 6-21 96425
CD3-CDl16* 3-20 62-383
DR*CD56* 1-4 15-90

NK-cell activity 66341 LU,,/107 effector cells

Note: The data are mid-80% normal ranges obtained by testing peripheral blood MNC of 50
normal individuals. The percentages of positive cells were determined by two-color flow
cytometry. NK activity was measured in 4-h 5'Cr-release assays.




Cellular Immunology: Monitoring of Immune Therapies 167

NK-cell assays

7

Function

NK cytotoxicity or
Percent by ADCé in4h y
flow cytometry 51Cr-release assays

CD3 CDS6* CD16*

CD3-CD56* CD16 6:1 121 25:1 50:1
CD3-CD56-'CD16* E:T Ratios

Calculate absolute E = NK cells

number: % x number T = K562

of lymphocytes/mm?3 Calculate % specific lysis

at all four E:T ratios,
calculate lytic units

FIGURE 5.15 A schematic outline for monitoring human NK-cell numbers and function in
peripheral blood specimens.

In contrast, CD56ie" NK cells can produce abundant cytokines, but exert low
natural cytotoxicity and ADCC.* Figure 5.15 indicates that assessments of absolute
NK-cell numbers should accompany phenotyping by flow cytometry.

5.8.2 FuNcTIONAL AssAys FOR NATURAL KiLLEr CELLS

In addition to eliminating or inhibiting growth of transformed cells, intracellular
pathogens, and certain immature normal cells, NK cells perform additional functions
including a broad range of activities influencing hematopoiesis, immunoregulation,
and fetal development. They are also involved in interactions with nonimmune tissue
cells.* The most commonly used functional assay for NK cells is a 4-h >'Cr-release
assay,*” which can be performed either with isolated MNC or with whole blood.*
NK-cell assays are performed at several different effector to target cell ratios to be
able to construct a lytic curve and calculate lytic units (LU) of activity.*® The target
cell most commonly used for monitoring of NK activity is the K562 human leukemia
line maintained in culture and passaged frequently to assure that the targets used for
the assay are in the log phase of growth (Figure 5.15). Using this line, it has been
possible to measure NK activity in the peripheral blood of healthy individuals and to
confirm that it is a stable trait.*’ NK activity is generally higher in males (201 LU/107
effector cells, with n = 49) than females (115 LU/107 effector cells, with n = 103).
In disease, NK activity changes and the NK cell is a sensitive monitor of physiologic
alterations occurring during stress, infection, exercise, or other events. NK activity
is rapidly upregulated by cytokines including IL-2, IL-12, IL-15, IL-18, or by direct
interaction with another cell such as dendiritic cell.*

Activated NK cells use a variety of mechanisms to eliminate tumor cells or
virally infected targets: (a) perphorin- or gramzyme-mediated natural cytotoxicity,
(b) TRAIL/FasLigand-mediated apoptosis, (¢) ADCC, and (d) cytokine secretion
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including not only IFN-y but also many other cytokines and chemokines. Activated
NK cells are a major component of innate immunity. In oncology protocols, activity
of NK cells primed by cytokines (the so-called LAK cells) is monitored by serial
assessments of killing of the Daudi cell line (an NK-resistant target) by peripheral
blood MNC.

In general, it has been difficult to correlate NK activity with responses to therapy
in clinical trials with biologic agents. There could be many reasons for this lack of
correlation between NK function and clinical responses in cancer patients treated
with biologic agents, but the most likely possibility is that NK cells mediate antitu-
mor effects by more than one mechanism, as indicated earlier. Thus, commonly used
4-h S'Cr-release assays, measuring the perforin or granzyme secretory pathway, only
reflect one mechanism of antitumor activity used by NK cells in vivo. It is highly
likely that nonsecretory pathways involving cytokine-mediated deoxyribonucleic
acid (DNA) fragmentation and apoptosis contribute to antitumor activity of NK cells.
NK-cell-mediated apoptosis can be measured in sifu by a terminal deoxynucleotidyl
transferase (Tdt)-mediated d-UTP nick-end labeling (TUNEL) assay or in vitro by
apoptosis assays that test for DNA fragmentation, mitochondrial permeability changes,
or activation of various caspases.’® Recent evidence indicates that NK activity is
strongly influenced by DC. This is referred to as “NK-DC cross talk.”>' These NK-DC
interactions appear to be crucial for the development of effective adaptive immune
responses. To achieve a better understanding of NK-cell-mediated events associated
with clinical response in cancer and other diseases it may be necessary to monitor
a broader spectrum of NK activities including cytokine secretion. Recently, a new
genre of NK-cell assays that are flow cytometry—based has been introduced, replac-
ing the 4-h >'Cr-release assay. These new assays can simultaneously measure granule
movement and release, perforin or granzyme cell content, cytokine profile, conju-
gate formation, and phenotypic markers, thus identifying the NK cell and the target
with which it interacts.”> None of these assays have been exhaustively compared to
the >!Cr-release procedure, which remains as the “gold standard.” Nevertheless, the
flow-based cytotoxicity assays offer an opportunity to monitor several NK-cell func-
tions that result in death of NK-sensitive targets and give a more realistic picture of
the killing potential that characterizes the NK cell.

5.9 IMMUNOTHERAPY WITH HUMAN T, DC, AND NK CELLS

In patients with cellular immunodeficiencies, a good rationale exists for adop-
tive transfer of in vitro—activated immune effector cells. When the patients’ own
immune effector cells are decreased, absent, or nonfunctional, adoptive transfer of
competent effector cells along with cytokines supporting their activities seems to be
indicated. This therapeutic strategy is particularly attractive when other therapies,
including attempts at in vivo activation of endogenous effector cells, are ineffective.
Therapeutic transfer of both T and NK cells, generally in conjunction with high-dose
IL-2 therapy, have been performed in patients with advanced cancer or AIDS.3334
Recently, autologous T cells cultured in vitro have been adoptively transferred to
patients with cancer following lymphodepletion to “provide room” for the trans-
ferred dividing T cells and to provide them with sufficient endogenous cytokines.>
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Transfers of the allogeneic irradiated NK-92 cell line in lieu of activated NK cells
have been performed.’® But by far the most widely used has been immunotherapy
with DC used as adjuvants in antitumor therapeutic vaccines.’” A general scheme for
the adoptive transfer of immune cells is shown in Figure 5.16.

The rationale for adoptive immunotherapy with T cells is to increase the num-
ber of specific immunocompetent effector cells and to generate long-term memory
T cells. The transfer of antigen-specific T cells is feasible in only some situations
because of practical difficulties in expanding a sufficiently large number of such
T cells in humans. Transfers of human T cells bearing the TCR that recognizes spe-
cific viral antigens, for example, CMV proteins, have been performed in recipients of
allogeneic bone marrow at high risk of developing CMV disease.’® Safe and effective
restoration of CMV-specific T-cell responses has been achieved in such patients by
the adoptive transfer of in vitro expanded, CD8" CM V-specific T-cell clones derived
from MHC-identical allogeneic bone marrow donors.® These clones appear to

Remove
unwanted
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peripheral Deplete RBC
_
blood

(leukapheresis)

(L0 0})

Isolate CD8* T
or NK cells
(panning)

Add media,

IL-2 and

feeder cells
After cells expand

(2113 weeks) check activity and
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0p OO
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FIGURE 5.16 Preparation of human effector cells for adoptive immunotherapy. To enrich
autologous MNC in CD8* T cells, NK cells, or DC, panning on plastic surfaces, which are
coated with monoclonal antibodies for positive selection of effector cells, can be performed.
Alternatively, autoMACS™ Ab-charged columns can be used for positive or negative cell
selection using magnets. Elutriation is another way of obtaining enriched subsets of MNC
without using Abs for cell separation. The captured effector cells are expanded by culturing
them in the presence of cytokines and irradiated feeder cells for 1-3 weeks. Before reinfusion
of effector cells into the patient, testing of sterility, endotoxin, and mycoplasma is obligatory.
Phenotypic and functional assays are also performed to characterize the product used for
adoptive therapy.
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recognize structural viral proteins. Adoptive immunotherapy with EBV-reactive
T cells (un-irradiated MNC obtained from the allogeneic EBV seropositive bone
marrow donors) has been used in patients who developed a lymphoproliferative
syndrome following transplantation with T-cell-depleted allogeneic bone marrow.>
Clinical trials with CD8* T lymphocytes for the treatment of adenovirus infections
in transplanted patients on immunosuppression are in progress.®® The goal of these
therapies is to provide an antiviral effect by increasing the number of competent virus-
reactive T cells present in the host. It is yet unclear whether virus-specific immuno-
logic memory can be induced as a result of adoptive immunotherapy or not.

In addition to these successful transfers of virus-specific T cells, adoptive
immunotherapy of cancer using tumor-specific or -reactive T-cells has been
remarkably successful when used in combination with nonmyeloablative che-
motherapy to lymphodeplete the host before transfer of autologous T cells.3>!
Therapy with IL-2-activated autologous tumor-infiltrating (TIL) T cells expanded
in culture resulted in objective tumor regression in more than 50% of treated
melanoma patients.®62 Therapeutic transfers of activated MHC class I-restricted
tumor-reactive T cells originating from autologous TIL or genetically modified T cells
expressing a TCR of choice® have also been performed without evidence of adverse
effects and with substantial clinical benefits.5*

An alternative strategy to therapy with MHC-restricted antigen-specific T cells
is to transfer nonspecific effector cells such as activated NK cells or subsets of acti-
vated NK cells. NK cells obtained from cancer patients show impaired cytotoxicity
and low levels of NK activity at diagnosis and appear to predict subsequent metasta-
ses.*¢ Adoptive immunotherapy with a subset of activated NK cells (generated from
the MNC of cancer patients by culture of MNC with high concentrations [22 nM]
of IL-2) has been used in phase I trials.5>% These effector cells appear to be able
to extravasate and actively migrate to target tissues. They exert antitumor activities
leading to reduction of established metastases in animal models showing metastasis®’
and in some patients who have received this form of adoptive immunotherapy.®> HLA-
matched allogeneic hematopoietic cell transplantation is used in clinical practice
to treat leukemia. A report by Ruggeri et al.®® showed that haploidentical trans-
plant with MHC class I mismatches (i.e., mismatched for KIR ligands) generates an
alloreactive NK-cell response that eradicates leukemia, improves engraftment, and
protects from T-cell mediated GVHD. These effects were attributed to killing of host
APC and leukemia cells by activated alloreactive NK cells. Recently, Miller et al.®
reported antitumor effects by adoptive transfer of haploidentical NK cells after an
intense immunosuppressive regiment in poor prognosis acute myelogenous leukemia
patients. Here also the use of KIR ligand-mismatched donors significantly improved
therapeutic effects leading to complete remission in some patients.*

The NK-92 cell line established some years ago from a patient with leukemia
has been used for immunotherapy of malignant melanoma in a severe combined
immunodeficiency (SCID) mouse model with promising results.”® Therapeutic use
of NK cells is likely to grow in the future concomitant with a better understand-
ing of their receptor systems and signaling pathways. NK-cell functions can be
enhanced with soluble cytokines such as IL-15, monoclonal antibodies blocking
inhibitory receptors, and manipulating the NKG2D receptor pathway that plays a
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key role in NK-cell activation. Adoptive transfers of ex vivo—activated NK cells to
tumor sites, where they can kill tumor targets and directly interact with DC may
be a particularly attractive strategy to be pursued.

Autologous DCs have been extensively used as adjuvants in antiviral and anti-
cancer vaccines.”! DCs are the professional APC of the immune system with the
potential to either stimulate or inhibit immune responses. Because of this potential,
therapeutic utilization of DC offers a great promise for treatment of autoimmune dis-
eases, cancer, or prevention of transplant rejection. Therapeutic DCs are generated
from monocytes or CD34* precursors by culture in the presence of cytokines, IL-4
and GM-CSF. Following ex vivo exposure to antigens, DCs are matured and deliv-
ered as therapeutic vaccines through intradermal, intralymphatic, or intravascular
routes. Early clinical trials with DC showed that transfers of antigen-pulsed autolo-
gous DC were safe and free of adverse events. Immune responses to vaccines have
been detected in patients with cancer or HIV-1, but clinical responses are few.”! It is
likely that numerous logistical issues associated with preparation and standardization
of DC for therapy hamper their use as standard therapy. For example, several methods
for activating immature (i)DC exist. Conventional cytokines (IL-18, IL-6, and TNF-a)
are used to produce iDC, whereas the mixes of cytokines including IFNs & and y will
mature iDC into aDCI1, which are highly activated and very efficient in antigen pre-
sentation in vitro (Figure 5.17). Expression of surface markers such as costimulatory

CD206 CD206/CD80 CD206/HLA-DR

CD206*
CcD80"
HLA-DR*

iDC

CD206' **
<DC CD80*
HLA-DR*
CD206
“DC1 CcD80*

HLA-DR**

FIGURE 5.17 DC maturation ex vivo can be monitored by following expression of surface
molecules by immunostaining or flow cytometry. iDCs express mannose receptor and are
phagocytic. Few iDCs are CD206%, and they express CD80. aDC1 are strongly positive for
CD80 and HLA-DR but negative for CD206. DC maturation is critical for their in vivo per-
formance as adjuvant to the vaccines.
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FIGURE 5.18  Ex vivo production of human autologous DC for therapy involves many steps
and requires extensive laboratory support as well as product standardization under cGMP or
c¢GTP conditions.

molecules (HLA-DR), and mannose receptors (CD206) can be used to monitor
the progress of DC maturation ex vivo and define the product destined for therapy
(Figure 5.17). Mapping the optimal way for therapeutic preparation of DC requires
numerous strategies, all of which may be critically important for achieving suc-
cessful vaccinations. Further, the quality of the final product and its potency has
to be measured ex vivo to be able to correlate the latter with the clinical efficacy
of the administered vaccine (Figure 5.18). Of utmost importance is full activation
of DC, which can be achieved by various approaches (combinations of cytokines,
toll-like receptor [TLR] ligands, and CD40 ligand) and which should be sustained
in vivo after DC transfer.”>? Monitoring for DC-induced T-cell responses after vac-
cinations is a complex process, which generally depends on ELISPOT, CFC, and
tetramer analysis. The early clinical trials support a promising role for DC vac-
cination in human diseases. However, future therapy must address the DC product
standardization, mode of DC preparation, maturation, and in situ activation of DC
as well as timing, frequency, and routes of their delivery (Figure 5.18).

5.10 QUALITY CONTROL AND DATA ANALYSIS

Monitoring of immunologic assays, particularly cellular assays, is difficult and
requires a well-designed and rigorously maintained quality control (QC) program be
in place in a monitoring laboratory. Such a QC program contains several components:
(a) availability of standard operating procedures (SOP), (b) training of personnel,
(c) implementation of GLP guidelines, (d) instrument maintenance program,
(e) review of the quality of performance, and (f) proficiency testing. Laboratories mon-
itoring immunologic assays for clinical trials currently have to implement their own
QC programs to ensure that acceptable results are generated. No model QC programs
exist, although various QC software packages are becoming available. Monitoring
laboratories are encouraged to follow the GLP defined by professional groups such as
the College of American Pathologists or departments of health in some states.
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A central and most crucial aspect of immune monitoring is the ability to docu-
ment changes from baseline over time. This is only possible when measurements
taken and accumulated overtime are consistent. It is essential to control variability
and ensure reproducibility of each assay selected for monitoring. The objective is to
assure reproducibility of test results from individual patients tested at different time
points, often over a period of weeks, months, or even years. Laboratories involved
in preparation of effector cells for immunotherapy are obliged to follow Food and
Drug Administration (FDA) standards for operation of cGMP facilities and product
generation (21 CFR 211) as well as regulations designed to prevent transmission of
infectious diseases (21 CFR 1271) and known as good tissue practices (cGTP). The
quality of cellular products released for therapy has to be rigorously controlled and
documented. Regular checks of reagent quality and equipment performance have to
be in place, and all products must be checked for sterility, viability, purity, stability,
and potency before release.

Implementation of the QC program requires considerable effort. The process of
QC begins with sample collection and processing, which have to be organized to meet
the protocol schema and occur at specified times of the day and, preferably, before
the next cycle of therapy. Blood for immunologic monitoring needs to be routinely
harvested in the morning to avoid diurnal variability. The flow of specimens and
recording the collection and arrival times of samples is a major effort in a moni-
toring laboratory. Although immunologic monitoring assays should be scheduled
in advance, sample collection and arrival times tend to vary. The laboratory must
establish strict rules for sample acceptance and handling. Samples that are obviously
outdated or mislabeled are not tested and a precise history of each untested sample
is maintained. Sample processing should be uniform and follow the SOP. The SOP
must be available in writing and be reviewed and updated regularly. The decision to
cryopreserve cells or use fresh cells should be made before the clinical trial, and has
to be based on preliminary comparative studies using fresh and cryopreserved lots of
the same normal MNC. These comparisons need to be performed and documented
for every assay. This is a crucial process because if assays can be batched (i.e., test-
ing all samples in the trial at the same time), day-to-day variability can be avoided
and the cost of monitoring can be decreased considerably.

The importance of the reproducibility of assays used for longitudinal monitoring
cannot be overemphasized. Regardless of whether cryopreserved or fresh samples
are used, assay standardization has to be performed before a clinical trial begins.
The standardization data are obtained by repeatedly performing the assay with cells
obtained from normal individuals under the invariant and previously optimized
experimental conditions to establish the mean, median, 80% normal range, and
coefficient of variation. Intra-assay variability is also determined. When the assay
is standardized, a set of appropriate controls has to be selected and these depend on
whether fresh or cryopreserved cells are used. With fresh cells collected at different
time points, repeated testing of preserved control samples (e.g., cryopreserved lots of
normal MNC with a predetermined range of reactivity) is necessary to control day-
to-day variability. With fresh cells, it may also be advisable to include fresh control
cells obtained from a healthy volunteer. A pool of volunteers repeatedly tested over
time can be established and used for this purpose. The data obtained from control
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samples, evaluated in parallel with each patient sample, helps ensure the validity
of the results for a particular day’s assay. With cryopreserved cells or frozen serum
or plasma samples, it is best to batch and test all serial samples of a patient in one
assay. Even in this case, however, it is necessary to control day-to-day variability to
ensure that the assay performs equally well for all patients on a protocol. If univer-
sally accepted standards are available (e.g., the World Health Organization [WHO]
standards for cytokines), these should be regularly included in monitoring assays.
Alternatively, internal controls, initially compared to the standards (which are often
available only in finite quantities), can replace the latter for routine use. A prop-
erly designed QC program will ensure that the values obtained for control samples
remain within an acceptable range over time and will specify when patient results
are abnormal or altered from baseline values.

Analysis of serial immunologic data should be performed by a qualified bio-
statistician working closely with the clinical immunologist. In preparation for final
analysis, immunologic data have to be “cleaned,” that is, purged of errors that occur
during data entry into computer. All outlier values are checked against the labora-
tory records and collection timing of all specimens is verified. The analysis selected
depends on the hypothesis tested and the trial design, but it generally seeks to deter-
mine if the changes from baseline that occur during various points of therapy or,
overall, as a result of therapy, are significant. The monitoring data are generally
presented as a series of time plots, which are adjusted by subtraction of the estimated
contribution of each patient’s baseline level, so that the plots depict the relationship
that would exist if baseline values for all patients receiving therapy or a particular
dose of therapy were equal to the overall pretreatment average.

5.11 SUMMARY

A wide range of immunotherapies for correcting deficiencies or restoring the balance
of the immune system altered by disease has become available in recent years. Admin-
istration of biologic agents to patients with immunologic abnormalities is based on
newly obtained insights into functional attributes of immune effector cells, and it is
constantly evolving. It is now possible to accurately evaluate the numbers and many
functions of effector cells in humans longitudinally in health and in disease as well as
during therapy. Cellular products used for immunotherapy have to be precisely char-
acterized for key phenotypic and functional properties that might determine their
in vivo effectiveness. Such potency assays for biologic agents need to be developed
and validated before phase III clinical trials. New technologies are available that
utilize fewer cells, permit in situ studies (i.e., in diseased tissues as well as periph-
eral blood), and allow for more comprehensive monitoring of cellular functions in
disease. Molecular technologies in combination with highly specific immunomethods
offer a possibility for defining functional defects in unique subsets of immune cells and
for documenting a reversal of these defects during therapy. High-throughput technolo-
gies utilizing small samples are being gradually introduced to clinical monitoring,
expanding the number of assays performed and the available data sets. It is reasonable
to expect that in the near future it will be possible to obtain detailed immunologic
profiles of patients and to correlate changes in functions of immune effector cells
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induced by therapy to clinical endpoints. To achieve this goal, however, monitor-
ing of immune therapies has to be performed under strictly defined and controlled
conditions, ensuring that changes occurring in effector cells in response to therapeu-
tic interventions are accurately and precisely measured. The single most important
requirement of immunologic monitoring, regardless of the type of assay used, is
the day-to-day reproducibility of the assay. For this reason, it is recommended that
immunologic monitoring of cellular functions be performed in clinical immunol-
ogy laboratories with established QC programs and the capabilities to handle serial
specimens and analyze serially acquired results.
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6.1 INTRODUCTION

One of the major advances in laboratory medicine has been the ability to immuno-
logically identify specific subsets of leukocytes and other cells by their expression of
proteins and other markers. This process, termed “immunophenotyping,” employs
monoclonal antibodies reactive against cell-associated determinants to distinguish
specific subsets within a heterogeneous mixture of cells. Quantification of a subset
of interest can be readily accomplished by the use of a flow cytometer, an instrument
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that electronically measures the intensity of scattered or emitted light from indi-
vidual cells as they pass before a laser.

In clinical laboratories, immunophenotyping by flow cytometry has been invalu-
able for defining the cell of origin of specific neoplasms, particularly in patients with
acute leukemia or non-Hodgkin’s lymphoma (see Chapter 7). A second major appli-
cation is to provide information critical for the staging and management of human
immunodeficiency virus (HIV)-1 infected patients and patients with other immune
deficiency syndromes (see Chapters 8, 12 respectively); the data derived from analysis
of T-cell subsets play an important role in guiding therapeutic decisions. A host of
additional applications, including quantification of hematopoietic stem cells [1] and
reticulocytes [2], diagnosis of acquired and congenital immune deficiency syndromes
(see Chapter 9), paroxysmal nocturnal hemoglobinuria [3], detection of minimal resid-
ual leukemia after therapy [4], and many others are either approved as in vitro diagnos-
tic (IVD) tests, or serve as diagnostic adjuncts to licensed tests. In addition to clinical
considerations, these analytic techniques provide essential information concerning the
structure and function of the cells comprising normal hematopoietic and lymphoid
cells. In addition to the analysis of cells that occur naturally as single-cell suspensions
(blood, lymph, bone marrow, cerebrospinal fluid, ascites, and effusions), flow cytom-
etry can also be used to analyze marker expression and function in disaggregated tis-
sue specimens. This review will focus on the factors that make cytometry as robust as
it is, and also on avoiding the pitfalls inherent in such a flexible technique.

Flow cytometry is a mature clinical technique at present. When it was first intro-
duced as a research tool a little more than 30 years ago, both instrumentation and
analytical reagents were of limited usefulness [5]. The first instruments measured
fluorescence on a linear scale at a single wavelength and displayed the values on an
oscilloscope. The only means of recording and analyzing data was to make Polaroid
photographs of the oscilloscope screen. Major advances in hardware and software
spurred by the digital revolution, which together with the development of monoclonal
antibodies and new dye technologies, have resulted in the emergence of instruments
and procedures that are readily adaptable to clinical laboratories. Several publica-
tions are available that detail the principles of cytometry and the operation of flow
cytometers [6—12].

6.2 MONOCLONAL ANTIBODIES

The invention of monoclonal antibodies by Milstein and colleagues in 1977 [13]
changed the field of flow cytometry, providing an inexhaustible supply of reagents
of exquisite specificity. By definition, a monoclonal antibody is an immunoglobulin
produced by a clonal population of immortalized hybridoma cells. Accordingly, the
antigen-binding sites are completely homogeneous, a situation very different from
naturally occurring (polyclonal) antibodies. Because of their homogeneity, hybrid-
omas can be selected which produce high-affinity antibodies with great specificity for
particular antigenic determinants. Within a year of Milstein’s invention, monoclonal
antibodies specific for rat [14] and murine [15] helper T cells and murine MHC anti-
gens [16] were described. Shortly thereafter, the description of three murine mono-
clonal antibodies specific for human T-cell surface determinants, designated OKT],
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OKT3, and OKT4 [17] paved the way for human studies. Today, these hybridomas are
recognized as producing antibodies against the CD5, CD3, and CD4 determinants,
respectively. Most of the monoclonal antibodies currently in use for the detection of
determinants on human cells are of murine origin. The antibodies are generated to
proteins, glycoproteins, glycolipids, and carbohydrates. The biological functions of
these molecules are varied and include serving as membrane receptors or ligands
for soluble and contact-dependent signaling, acting as enzymes, membrane pumps,
or adhesion molecules. Antibodies that recognize intracellular components such as
histones, lysosomes, signal transducing molecules, and cytokines, to name but a few
are available. In particular, the detection of protein activation states with antibodies
directed against specific phosphoepitopes, has opened up a new area in which flow
cytometry can be used to probe cellular function [18,19].

Antibodies recognize and react against small peptide sequences of complex
antigenic molecules. Thus, each antigenic protein contains numerous small peptide
sequences, termed epitopes, to which monoclonal antibodies may be raised. Antibod-
ies to any epitope of the parent molecule can be used to identify the entire molecule.
Initially, this led to a nomenclature dilemma; each laboratory and commercial source
had unique designations for their monoclonal antibodies. To facilitate communication,
an international workshop established a consensus nomenclature (see historical review
of consensus nomenclature in Chapter 11) [20]. Cell surface antigens were assigned a
cluster of differentiation (CD) number based on their recognition by monoclonal anti-
bodies. All antibodies to the same antigen, regardless of their epitope specificity, were
grouped together. Thus, two or more antibodies, each reactive with a different epitope
on the same antigen are considered as directed against the same CD. In general, the
antigens themselves are identified by a CD number (e.g., CD3 on T cells) and the mono-
clonal antibodies recognizing them are grouped as anti-CD number (e.g., anti-CD3).

At a workshop held in Vienna in 2006, 350 CD clusters were recognized. These
are listed and annotated as Tables 11.2 and 11.3 in Chapter 11. It is important to note
that few of the CD antigens are truly restricted to a single cellular lineage. With rare
exceptions (e.g., CD3 on T cells), lineage assignments cannot be made on the basis
of a single CD antigen. Rather, they are determined by the presence and absence of
a combination of markers.

6.3 FLUOROCHROMES AND FLUORESCENCE DETECTION

To detect the presence of a cell-bound monoclonal antibody by flow cytometry, the
antibody must be coupled either directly or indirectly to a fluorescent dye (fluoro-
chrome). These are the dyes that, when excited by light of a specific wavelength, emit
light at a longer wavelength (this is known as the Stokes shift). Because different dyes
have different Stokes shifts, they can be distinguished by passing emitted light through
a series of optical filters that permit only specific bandwidths of light to reach the pho-
tomultiplier tubes (PMTs) (Figure 6.1). The PMTs generate a signal proportional to
the intensity of the incident light. Through spectral compensation, which will be dis-
cussed in detail later, the processed signals can be quantitatively related to the amount
of dye bound to a particular cell. With appropriate standards, this in turn, can be used
to estimate the number of molecules targeted by the fluorescence-tagged antibody.
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FL2 PMT
FL1 PMT

FL3 PMT

SSc PMT

Laser light

FIGURE 6.1 Schematic operation of a three-color single-laser flow cytometer. The fluoro-
chrome-labeled cells are pumped through the flow cell, where they enter the light path of a
488-nm argon laser (arrow). A photodiode aligned with the laser path captures light scattered
between 1.5° and 19° (FSc). Before encountering this FSc detector, the scattered laser light
can be attenuated by a neutral density (ND) filter if needed; the laser beam itself is blocked by
an obscuration bar. A collection lens is positioned 90° from the incident laser light. This light
(which consists of both laser light scattered by the cell and light emitted by the fluorochromes
associated with the cell) passes through a series of dichroic mirrors and filters that separates
the light sources on the basis of their wavelengths. In the instrument depicted here, light from
the argon laser (488 nm) is deflected to the side scatter photomultiplier tube (SSc PMT) by a
488 dichroic long-pass (DL) mirror. Before reaching the SSc PMT, this light passes through
a 488-nm band-pass (BP) filter, which blocks all other wavelengths. The use of these filters
ensures that the SSc PMT measures only light emitted by the argon laser and scattered at 90°
by the cell. The light transmitted through the 488 DL mirror then passes through blocking
filters that attenuate any remaining scattered laser light, leaving only the light emitted by
the cell-bound fluorochromes. This emitted light is then deflected to the FL1 PMT, using
550-nm DL and 525-nm BP filters. Thus, the FL1 PMT captures a narrow bandwidth of light
centering on 525 nm (green fluorescence emitted, e.g., by the dye FITC). In the three-color
instrument shown here, this process is repeated two more times, with the FL2 and FL3 PMTs
capturing light of progressively longer wavelengths, emitted by additional fluorochromes.
Commercially available cytometers with multiple lasers and photodetectors have been used
to measure as many as 14 fluorochromes simultaneously, using the same principles (Modified
from Beckman Coulter Manual. COULTER EPICS XL/XL-MCL FLOW CYTOMETER,
PN 4237340A1-1, 6 April 1998, Elite XL Cytometer.).

In the simplest flow cytometers, light is supplied by a single air-cooled argon or
diode laser that emits blue light at a wavelength of 488 nm. Ultraviolet, violet, green,
yellow, and red lasers are becoming increasingly common as the list of available
fluorochromes grows and multiparameter flow cytometry is more widely adopted.
The most commonly used fluorochromes include the old standbys fluorescein
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isothiocyanate (FITC), phycoerythrin (PE) and the PE-tandem dyes (PE-Texas red,
PE-CyS5, PE-Cy5.5, and PE-Cy7), peridinin chlorophyll protein (PerCP), allophyco-
cyanin (APC), and the APC tandems: APC-Cy5.5 and APC-Cy7. The tandem dyes
are of particular importance because they allow a single laser to excite as many as
six separate fluorochromes (e.g., FITC, PE, and the PE-tandems can all be excited by
a 488-nm laser). PE is a large fluorescent protein that can be excited at 488 nm (but
is more efficiently excited by a green or yellow laser), and it emits at 578 nm. It can
be decorated with small dye molecules such as Texas red, Cy35, Cy5.5, or Cy7, which
are not excited by themselves at 488 nm. Known as free energy transfer in physics,
the excited PE, instead of emitting a photon at a higher wavelength, directly excites
the coupled dye, which then emits light at its characteristic wavelength. Several dif-
ferent PE-tandem dyes with increasingly longer Stokes shifts can be used simultane-
ously with a single blue or green laser capable of exciting PE. The cyanine and Alexa
dye families represent a new generation of designer dyes, which are specifically
engineered for their excitation and emission characteristics.

Increasingly, antibodies conjugated to a variety of fluorochromes are commercially
available. For the direct staining procedure, a cell suspension is initially incubated with
one or more dye-coupled monoclonal antibodies directed against the determinants of
interest. In the indirect assay, an unlabeled antibody against one target molecule is
used to stain the cells. The presence of this antibody is detected by a second labeled
antibody. For example, T cells can be identified in human peripheral blood by stain-
ing with an unlabeled murine antibody directed against CD3. After washing away the
unbound antibody, a fluorescence-labeled goat antimouse immunoglobulin antibody
can be used to detect the presence of anti-CD3 on the human T cells. Indirect staining
can be used in concert with direct staining, provided the indirect staining is performed
first, and all free antimouse immunoglobulin-binding sites are blocked (with mouse
serum or purified mouse IgG) before adding the directly conjugated murine antibod-
ies. A relatively new development in which small quantities of monoclonal antibody
can be labeled with the antigen-specific portion (FAB) of an antiglobulin conjugated to
a dye of choice, provides additional flexibility [21]. Finally, antibodies that are directly
labeled with biotin can be purchased. Biotin is not fluorescent by itself, but binds to the
tetrameric molecule avidin or streptavidin with an unusually high affinity (hence it’s
name), which in turn can be conjugated to the dye of choice. This provides versatility,
since a biotin-conjugated antibody can be used with your choice of avidin-conjugated
fluorochromes, and conversely, the same avidin-conjugated fluorochrome can be used
with an array of different biotinylated antibodies.

In addition to the fluorochromes used for labeling monoclonal antibodies, a wide
variety of dyes with useful biological properties can be used to identify cell popula-
tions or measure functions in living cells (Table 6.1).

6.4 HOW THE CYTOMETER WORKS

After cells have been labeled with dye-conjugated antibodies or other fluorescent
molecules, they are resuspended at an appropriate concentration and introduced
“single file” into the analytical cytometer. The cell sample is injected into a stream
of sheath fluid (saline or distilled water), such that the sample stream forms a stable
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TABLE 6.1
Some Commonly Used Dyes and Fluorescent Molecules

Maximal Excitation/

Dye Emission (nm) Properties
DAPI [22-25] 358/461 nm, bound Binds to AT-rich regions of DNA. Viability
to DNA staining (viable cells exclude dye); Nuclear
(DNA) staining in permeabilized cells
7-AAD [26] 546/647 Viability staining (viable cells exclude dye);
Nuclear (DNA) staining in permeabilized cells
Acridine orange 495/519 Measurement of DNA and (ribonucleic acid)
[27-29] RNA
Aldefluor [30] 505/513 Nonfluorescent molecule (BODIPY-

aminoacetaldehyde) that fluoresces when
converted to BODIPY-aminoacetate by
aldehyde dehydrogenase (active in stem cells)

BODIPY [31,32] 505/513 Labeling drugs for uptake and efflux studies
CFSE [33] 494/514 Labeling cytoplasmic proteins of viable cells
(cell tracking and proliferation assays)
Draq5 [34] 647/670 (huge tail Nuclear (DNA) staining of living
allows excitation (nonpermeabilized) cells
with 488 line)

Green fluorescent 395/509 Identification and sorting of transfected cells.
protein (GFP) and its Variants provide alternative excitation/
variants [35,36] emissions maxima

Hoechst 33342 350/461 Nuclear (DNA) staining of living
[23,37,38] (nonpermeabilized) cells; Measurement of

DNA content (cell cycle); Detection of cells
with constitutive MDR transporter activity
(side population)

Indo-1 [39,40] 330/401, 475 Intracellular calcium concentration (ratiometric)
JC-1[41,42] 514/529 Mitochondrial membrane potential
Monochlorobimane [43] 394/490 Measurement of intracellular glutathione

Phi Phi Lux [44] 505/530 Quenched fluorescent molecule linked to the

caspase-3 substrate amino acid sequence
(DEVDG]I). Fluoresces when cleaved by
caspase-3 (detection of apoptosis)

Propidium iodide (PI) 535/617 nm, bound Viability staining (viable cells exclude dye);
[45-48] to nucleic acids Nuclear (DNA) staining in permeabilized cells
Rhodamine 123 507/529 MBDR transporter-mediated dye efflux,
[37,49] mitochondrial mass

Note: DAPI—4,6-diamidinozphenylindole; CFSE—carboxy fluorescein succinimydal ester; 7AAD—
7-amino actinomycin-D; BODIPY—DIPYrromethene BOron Difluoride.

core within the sheath stream. Because laminar flow is established between the two
streams, sample and sheath fluid do not normally mix, and the cells are concentrated
near the center of the sample stream by a process called hydrodynamic focusing. In
an analytical cytometer, which does not have the additional task of sorting the cells,
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all this takes place within a quartz flow cell in which the cells are illuminated by one
or more lasers. Light scattered by the cells is captured at a small angle (forward light
scatter [FSc]) and at 90° (side scatter [SSc]) from the incident light as they cross the
laser path (Figure 6.1). FSc correlates well with cell size, whereas SSc measures the
cell’s internal complexity (nuclear convolutions, vacuoles, etc.). Forward scattered
light, because of its intensity, is usually detected by a relatively insensitive and inex-
pensive photodiode, whereas side scattered light, such as light emitted by the fluoro-
chromes with which the cells are labeled, is measured using very sensitive PMTs. In
peripheral blood, small cellular debris, lymphocytes, granulocytes, and monocytes
can be distinguished on the basis of their intrinsic light-scattering properties alone
(Figure 6.2). The photons emitted by fluorescent dyes associated with the cell are
detected by PMTs, which with the aid of a series of filters, limit the window of detec-
tion to the major emission region of particular fluorochromes (e.g., with FITC, the
intensity of green light, between 515 and 535 nm). The analog output from the PMT,
a voltage pulse lasting for the duration of time that it takes the cell to transit the laser
line, is converted into one or more numbers that quantify the pulse (area, peak, or
duration of the pulse). Precisely, how this is accomplished differs from cytometer to
cytometer. The digitized data, often corrected for spectral overlap (also called color
compensation) are stored in a data file called a list-mode file [50]. Conventionally,
these are given the extension .fcs or .Imd. In some cytometers, both compensated
and uncompensated data can be stored in the same file. A typical list-mode file can
be likened to a large data table in which the columns are the parameters (e.g., FSc,
SSc, green, orange, and red fluorescence intensity), and each row represents a dis-
tinct event. In the parlance of flow cytometrists, events are signals that may represent
cells but can also be debris or other sources of noise. The process of data collection
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FIGURE 6.2 Discrimination of lymphocyte, monocyte, and granulocyte populations by
light scatter. This fixed control cell preparation (CD Chex CD34, Streck Laboratories) was
also stained with anti-CD45, a marker expressed to varying degrees on all leukocytes. Color
eventing was used to mark the lymphocyte (green), monocyte (red), and granulocyte (blue)
populations identified by light scatter alone. Subcellular debris can be seen on the left-hand
side of the lymphocyte population. The populations visualized by light scatter also form dis-
crete populations based on CD45 and light scatter (right panel and inset). Note that debris and
red cells can be identified by light scatter but are better resolved with anti-CD45.
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in which cells are run through the cytometer and parameters describing individual
events are stored in data files, is known as acquisition. Depending on the complex-
ity of the data, they can either be analyzed in real time during sample acquisition or
offline by recalling the stored list-mode data files.

6.5 SAMPLES

Flow cytometric assays can be performed using anticoagulated blood or bone mar-
row, isolated cell suspensions, cell cultures, or disaggregated tissue. In peripheral
blood, where erythrocytes outnumber white cells by 1000 to 1, it is usually necessary
to remove them from the sample. It is not necessary to physically remove platelets
and small debris, because these can be thresholded out during acquisition (in this
case, the cytometer does not count them), live gated during acquisition (events are
counted but not saved in the list-mode file), or gared out on the basis of their low
light scatter during analysis. Similarly, cell doublets and clumps can be recognized
by their light-scatter properties, and gated from the analysis (Figure 6.3).

As mentioned earlier, normal leukocytes can be segregated into three distinct
groups, corresponding to lymphocytes, monocytes, and granulocytes, on the basis of
light scatter. A typical three-part differential was illustrated in Figure 6.2. Lympho-
cytes comprise the leukocyte population with the smallest cell diameter (FSc) and the
least internal complexity (SSc). Monocytes are larger cells and have greater internal
complexity; neutrophils are cells of approximately the same size as monocytes but

Pulse width

FATSC Sort 7NOV06_10.fcs

[ I I I I I I I I I
FSC

FIGURE 6.3 Doublet discrimination can be performed by comparing pulse analysis param-
eters. The pulse parameters used for doublet discrimination differ between cytometer manu-
facturers. The data shown here were collected using a Dako MoFlo sorter, where FSc pulse
height (x-axis) is plotted against forward scatter pulse width. Doublets and cell clusters have
widths too large for their peaks. Singlets are shown within the polygonal region.
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with still greater internal complexity. Because the scatter and fluorescence character-
istics of each event are recorded in the list-mode file, analysis of collected data can
be performed on all events or can be restricted to gated events (i.e., cells that meet
predetermined scatter and fluorescence criteria).

Measurement of the percentage of peripheral blood T cells illustrates the prin-
ciples of flow cytometry analysis. A unique characteristic of mature T cells is the
presence of the membrane determinant CD3, a polypeptide that is part of the T-cell
antigen receptor complex [51]. At a minimum, T cells can be detected by incubating a
cell suspension with a FITC-labeled monoclonal antibody specific for an epitope pres-
ent on the CD3 determinant. The characteristics of each cell in the suspension are then
analyzed and recorded. This includes correlates of two inherent physical characteris-
tics, size (FSc) and internal complexity (SSc), and the intensity of green fluorescence
(anti-CD3 FITC) emitted by each cell. Even for a simple three-parameter problem,
such as this, there are several ways to approach data analysis. The conventional way
is to first establish a gate based on forward and side scatter alone to delineate the
lymphocyte population. The subsequent analysis of fluorescence is then limited to
events with scatter parameters falling within this lymphocyte gate. T cells are quanti-
fied as a fraction of cells falling within the lymphocyte gate. Although this approach
benefits from its simplicity, it does not exploit the fact that T cells and debris are very
well separated in the three-parameter space of this assay. Plotting CD3 versus SSc
(Figure 6.4) yields a distinct population (raw CD3 gate), which can then be cleaned of
early apoptotic T cells or other artifacts by subsequently measuring forward and side
scatter on this population. This true T-cell gate then provides guidance for where to
make the lower and upper cuts on the lymphocyte gate. The former is often obscured
by debris, and the latter by monocytes if we try to draw a lymphocyte gate on ungated
events. Once the gates are established, they can be validated against an isotype con-
trol and adjusted if necessary. The upper limit of staining with the isotype control can
be used to set a fluorescence cutoff; higher fluorescence is considered to indicate spe-
cific antibody binding, and therefore the presence of the target antigen. In the present
example, the isotype control consists of an FITC-labeled mouse IgG without specific
reactivity to human leukocytes and of the same isotype as the anti-CD3 antibody.
Although the use of isotype controls is routine in many laboratories, interpretation of
the isotype control is subject to several pitfalls. A few of the commonly encountered
problems are: control antibodies should be matched with respect to concentration and
fluorescence to protein ratio as well as isotype; specific binding can compete with
nonspecific binding, such that the negative peak in the control antibody is brighter
than the negative peak in the test sample; and positive and negative populations are
not always discretely bimodal, but may fuse to form a single skewed distribution that
overlaps with the negative control. In this example, CD3+ and negative events are so
well separated that an isotope control is not strictly necessary to establish a cutpoint
between fluorescence positive and negative cells. In addition to measuring the percent
of T cells within the lymphocyte gate, the absolute circulating T-cell count can be cal-
culated by multiplying the percentage of FITC+ cells in the lymphocyte scatter gate
by the total number of circulating lymphocytes (cells/uL) determined independently
with a hematology analyzer. Inherent in this procedure is the assumption that the
flow cytometer and the hematology analyzer detect the same events as lymphocytes.
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This assumption is usually correct for fresh blood samples, but not bone marrow or
other samples for which the analyzer has not been validated. A more robust single-
platform method of determining absolute counts by comparison to reference beads is
illustrated in Section 6.16.

A major advantage of flow cytometers is their capacity to analyze many differ-
ent properties simultaneously. The recent invention of the imaging flow cytometer
allows a peek at what the cytometer is actually measuring, when cells pass single
file before the laser. The principal difference between an imaging flow cytometer
(commercially manufactured by Amnis, Seattle, Washington) and a conventional
analytical cytometer is that the fluorescent light emitted by the cells, after passing
through optical filters, is captured by a sensitive charge-coupled device camera in
such a way that separate images of each cell are captured at the wavelength bands
corresponding to fluorochrome emissions. As mentioned earlier, a conventional
flow cytometer quantifies emitted light using PMTs, and therefore is not capable of
assembling this information into images of individual cells. Each individual image
captured by an imaging flow cytometer can be analyzed for the intensity of light
scatter or fluorescent signals and displayed in much the same way as conventional
flow cytometry data are. Additionally, fluorescent signals can be localized to cellular
features (plasma membrane, nucleus, cytoplasm, Golgi, lysosomes, etc.). By regis-
tering several images of the same cell obtained at different wavelengths, it can be
determined whether different fluorescent signals colocalize. This is very important
for functional measurements, since signaling molecules often translocate from the
cytoplasm to the nucleus when they are activated.

The example given in Figure 6.5 gives a glimpse of what an imaging flow
cytometer sees when it looks at a sample of peripheral blood leukocytes stained
with anti-CD45 (a pan leukocyte marker), anti-CD14 (a monocyte marker), anti-CD3,
and a nuclear dye—Drag5.

6.6 QUALITY CONTROL AND QUALITY ASSESSMENT

If there is a dark side to flow cytometry, it is the perception that artful dial tweak-
ing can make any sample “show whatever the investigator wants.” Make a positive
sample negative or a negative sample positive? No problem. Even without intentional
malfeasance, potential variability in samples, reagents, staining procedures, instru-
mentation performance and settings, compensation of spectral overlap and data
analysis, conspire such that the default condition is often irreproducibility. As the
flow cytometry field has matured, so have quality control (QC) and quality assess-
ment procedures. Religious application of these standard measures is a necessary
step toward minimizing the most important sources of variation and assuring that
the results are interpretable (although not necessarily what the investigator would
like). Performance and documentation of QC and assessment measures are routine
in clinical laboratories (and are required for certification), but are no less important
in research or assay development settings. Rote performance of quality control mea-
sures, without understanding their rationale and without knowing how to respond
when deviations are detected, may be sufficient to satisfy an inspector, but does
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FIGURE 6.5 Imaging flow cytometry provides a glimpse into what a flow cytometer actu-
ally “sees” when stained cells are interrogated by a laser, and scattered and emitted light
are picked off at 90°. In this example, we chose something familiar: CD45, CD3, and CD14
staining. The DNA intercalating dye Draq5 was used as a nuclear stain. The upper histogram
shows patterns of CD45 intensity versus SSc that we would see by conventional flow cytom-
etry. Populations of granulocytes, eosinophils, monocytes, and lymphocytes are identified
based on their characteristic patterns. The bottom histogram shows CD3 intensity on cells
falling within the lymphocyte gate. All this is very familiar to the flow cytometrist. What is
remarkable about imaging flow cytometry is that each event, shown as a dot in the histogram,
corresponds to an actual image captured by the cytometer. These images can be recalled
simply by clicking on a dot. Alternatively, all the images within a gate can be displayed as a
gallery (not shown).

improve assay consistency. This section will consider the most important aspects of
quality assessment and control.
QC in flow cytometry includes determining that

* Sample processing is performed correctly
* The instrument is functioning properly

* The instrument settings are consistent

* The regents are behaving as expected

* Data analysis is performed consistently

6.7 SAMPLE ACCESSION AND PROCESSING

As the applications for flow cytometry have grown so have the variety of samples and
methods of sample processing. Clinical labs have sample accession criteria, which
state the attributes that a sample must have before it is accepted into the laboratory.
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For peripheral blood, these may include how the sample is labeled, the elapsed time
since sample collection, sample volume, the presence of a particular anticoagulant,
and the adequacy of anticoagulation. Failure to meet these criteria results either
in sample rejection, or sample acceptance after noting the particular deviation and
its probable significance. Prior to performing cytometry, peripheral blood samples
are commonly subjected to some form of erythrocyte lysis or removal. Common
methods of red cell lysis include a very brief exposure to a hypotonic solution or to
formic acid, or a more protracted incubation with ammonium chloride solution. Red
cells, mature granulocytes, and platelets may be removed or greatly reduced with a
Ficoll-Hypaque density gradient (see details in Section 6.7.2) [52].

6.7.1 ANTICOAGULATION

The common anticoagulants used for peripheral blood and bone marrow samples are
heparin, ethylene diamine tetraacetic acid (EDTA), and acid citrate dextrose (ACD).
Heparin is a biological product isolated from bovine lung or porcine gut. It is a long
negatively charged highly sulfated glycosoaminoglycan that interferes with the clot-
ting cascade by binding to and potentiating antithrombin III. Sodium heparin is
nontoxic at a dose effective to prevent clotting (10 Units/mL). It is the preferred anti-
coagulant when cells are to be used for assays of immune function. Despite its highly
charged nature, exposure to sodium heparin does not appear to adversely affect the
function of lymphocytes or monocytes. Heparin has an in vitro half-life, so it may
be exhausted in samples held overnight at room temperature or warmer. EDTA and
ACD both work by chelating divalent cations (calcium and magnesium), which are
necessary for clotting. EDTA is often the preferred anticoagulant for immunophe-
notyping samples, whereas ACD is the major anticoagulant used in blood banking
and leukapheresis. Neither loses anticoagulating activity with time. Exposure to both
agents inhibits calcium and magnesium-dependent cellular processes, so they should
be avoided when functional tests are to be performed.

6.7.2 Rep Broobp CeLL DEPLETION

Ficoll 400 is a sucrose polymer that is perceived as hypotonic by mature granulocytes,
but not lymphocytes, monocytes, or immature myeloid cells. Exposure to Ficoll causes
granulocytes to dehydrate, which increases their density. Hypaque, a dense radiological
contrast medium, is used to adjust the specific gravity of the Ficoll-Hypaque solution
to 1.077. Dilute anticoagulated blood is layered carefully on a cushion of Ficoll-
Hypaque requiring the same skills needed to make a clean “black and tan” by layering
Guinness stout on a cushion of Bass ale. After centrifugation (of the sample, not the
drink), the mononuclear cells and platelets are concentrated in a layer at the diluents’
Ficoll-Hypaque interface, and the red cells, granulocytes, and dead or dying mono-
nuclear cells form a pellet at the bottom of the tube. The buffy coat is harvested from
the gradient interface and washed, removing platelets and residual Ficoll-Hypaque.
After the cells have been processed, cell viability is the major criterion for cell
quality. This can be measured independently using Trypan blue dye and a hemocy-
tometer, but it is often convenient to use an exclusion dye directly in the flow assay,
provided the cells are not fixed. Appropriate dyes excluded by living cells include
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deoxyribonucleic acid (DNA) intercalating agents such as propidium iodide (PI),
7-amino actinomycin D (7-AAD), or 4,6-diamidino2phenylindole (DAPI). The first
two are excitable with a blue (488 nm) laser, whereas DAPI requires an ultraviolet
(UV) or near-UV violet laser. Because loss of membrane integrity is a late event
in the process of cell death, a cell cannot be presumed to be healthy solely on the
basis of dye exclusion. However, PI, 7-AAD, or DAPI positive cells have never been
known to come back to life. Mario Roederer is fond of saying that you should not
try to measure anything on a dead cell. Freshly isolated peripheral blood cells uni-
formly display excellent viability by dye exclusion, therefore, less than 95% viability
may indicate sample mishandling. In contrast, cultured cell samples or single-cell
suspensions isolated from disaggregated solid tissue normally contain a significant
proportion of dead or dying cells and subcellular debris. These are bad actors in
flow cytometric assays, often displaying bright autofluorescent streaks and binding
antibodies nonspecifically. Assays on these types of samples often require a viability
dye or some other means of identifying and removing these spurious events. If cells
are to be fixed after staining, they can be gently permeabilized with saponin and
incubated with an intercalating dye shortly before acquisition on the cytometer. Dip-
loid cells with intact DNA will appear as a uniform bright peak, whereas subcellular
debris and cells with fragmented DNA will have lower fluorescence (Figure 6.6).
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FIGURE 6.6 Eliminating debris with a nuclear stain. This plot represents 2 million Ficoll—
Hypaque-separated bone marrow mononuclear cells that were stained, fixed, gently per-
meabilized, and stained with DAPI. Despite the Ficoll-Hypaque separation, which removes
most red cells, mature granulocytes, and platelets, about 6% of the events have less than a
complete complement of DNA, indicating that they are red cells, apoptotic cells, or subcel-
lular fragments. Dead cells are often a source of interference in rare event analysis and should
be routinely removed by gating.
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Cell clumping is sometimes a problem in bone marrow aspirates or single-cell
suspension obtained from solid tissue by digestion with collagenase. This clumping
is often due to the release of DNA by short-lived granulocytes or other dead cells
within the preparation. DNA clumps can be identified by their stringy glistening
appearance. DNA slimeballs entrap viable as well as dead cells and should be broken
up with DNAase as soon as they are detected.

Cells are often fixed after staining, both to stabilize them and render them non-
infectious. Formaldehyde, either freshly prepared from paraformaldehyde, or com-
mercially supplied as methanol-free electron microscopy grade is commonly used at
final concentrations ranging from 0.25 to 2%. Most, but not all bound antibodies are
unaffected by formaldehyde fixation.

6.8 ASSURING PROPER INSTRUMENT FUNCTION

Flow cytometers are complex pieces of equipment, but the types of failures that result
in data corruption are easily identified. The major instrument vendors specify daily
QC regimens that differ slightly from one another, but the principles apply to all instru-
ments. The minimum recommended daily QC includes tests of instrument-related
variability and validation of PMT settings (voltage and gain). The latter assumes that
you already have arrived at settings for each individual fluorochrome (as well as light
scatter), and now you want to make certain that a signal of a given intensity gives the
same reading (mean fluorescence channel) today as it did yesterday. Although it is
desirable to standardize on PMT target channels for a given instrument, the use of
very bright or dim fluorochromes or very autofluorescent cells may necessitate assay-
specific settings. Arriving at appropriate settings for a given test will be discussed in
detail later.

In an improperly functioning instrument, additional variability can be intro-
duced in a variety of ways. Debris in the flow cell can disrupt the laminar flow and
hydrodynamic focusing, resulting in turbulence or causing the sample stream to go
off center. A misaligned laser or dichroic mirror may decrease sensitivity and add
variability. When the sample stream is hydrodynamically focused, the optics are
well aligned and the electronics are functioning properly; reference beads manu-
factured to a very close tolerance limit will show little bead-to-bead variability in
the cytometer, as manifested by a very sharp fluorescence intensity peak. A single-
bead preparation with broad fluorescence emissions properties such as FlowCheck®
(Beckman Coulter) can be used to test all fluorescence parameters and light scat-
ter. Such beads give a single sharp peak in each fluorescence parameter. Typically,
signals are acquired with linear amplification, and the mean and standard deviation
(SD) of fluorescence intensity are acquired for each fluorescence parameter. The
coefficient of variation (CV), computed by dividing the SD by the mean, is deter-
mined for each fluorescence parameter and compared to a target CV (typically =2%).
When this test fails, check that the beads are gated in forward and SSc on singlets
(beads can clump), clean the instrument with water or bleach followed by water, and
try again. The persistence of broad peaks is an indication that service is required.
The instrument may still appear to function, but the data will be compromised by
the addition of unwanted noise.
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Next comes the validation of PMT target channels. For a given cell type and
combination of reagents, you will have previously determined target channels for
light scatter and fluorescence parameters. Precisely how this is accomplished will
be discussed in detail later, but for now assume that you have an assay with which
you are satisfied, and you wish to be able to replicate it from day to day. Previously,
during assay development you determined the appropriate gain for FSc, and voltages
and gains for SSc and fluorescence parameters; you next ran a standard fluorescent
bead (e.g., FlowSet®, Beckman Coulter) and determined its geometric mean fluo-
rescence intensity (MFI) in each parameter. These bead intensities were recorded
and now comprise the target channels to be hit each time this assay is run. You start
with the exact settings (voltages and gains) used last time the assay was run, but
adjust these settings for each fluorescence parameter, until the geometric MFI of
the standard fluorescent bead is placed exactly in the target channel. The fact that
very little adjustment is usually required does not minimize the critical importance
of this element of QC. Here, it is important to stress two things: (1) it is the target
channel and not the PMT voltage that must be held constant from day to day and (2)
if experiments are to be run that require different PMT settings, each experimental
setup will have its own set of target channels, which must be validated. In our labo-
ratory, we assign each set of PMT target channels a nickname. When a data file is
acquired using these settings, an abbreviation for this nickname is included in the
file name. As discussed later, keeping PMT target settings straight is very important
when offline compensation is to be used, since the single-stained compensation files
must be acquired with the same settings as the experimental data.

The optimal standard bead for validation of PMT settings depends on the instru-
ment configuration. In single-laser systems, a single bead with a broad fluorescence
emission spectrum such as FlowSet® may suffice for all fluorescence parameters. In
multilaser configurations, you may wish to use beads optimized for each light source.
We find that a single-bead preparation (Spherotech Inc., 8-peak Rainbow Calibration
Particles®) is sufficiently bright when excited by our violet (405 nm), blue (488 nm), and
red (635 nm) lasers. We use the 7th or 8th peak to define our target channels, the lowest
detectable peak to validate sensitivity, and all of the peaks to validate linearity.

Sensitivity is a measure of the dimmest signal that an instrument can distinguish
from a negative (nonfluorescent) signal. It depends both on the measured differ-
ence in fluorescence intensity between dim and negative peaks, and their respec-
tive spreads (usually expressed as their CV). Sensitivity can be quantified as mean
channel separation of the negative and dimmest peak, which is calculated by taking
the difference of fluorescence intensities of the negative and dim peaks divided by
a pooled SD of both populations. For a given set of PMT targets, an instrument will
have characteristic sensitivities in each fluorescence parameter, which can be vali-
dated using multipeak beads (Figure 6.7).

Linearity refers to the relationship between the detected signal and the actual
(known) fluorescence intensity over a particular dynamic range. Linearity is
assessed using a cocktail of carefully calibrated beads of known fluorescence inten-
sity. The measured fluorescence (geometric MFI) of each peak is plotted versus the
reference values provided by the manufacturer and a linear regression analysis is
performed (Figure 6.8). The coefficient of correlation (r2), gives the proportion of



Understanding Clinical Flow Cytometry 197

400 R8

] R7
350 — 1

300

Number

T
100 10° 102 108 10
FL1 intensity

FIGURE 6.7 Use of 8-peak beads to determine sensitivity and linearity. These Spherotech
rainbow calibration particles are a mixture of negative beads (R1) and seven bead popula-
tions (R2-R7), each containing a known amount of a broadly fluorescent dye (calibrated in
equivalents of a given fluorochrome). In the present example, the dimmest peak is easily
distinguished from the negative peak, and the brightest peak is on scale.

variation in the measured parameter that is explained by variation in the known
values (as reviewed in Chapter 2). A perfect correlation (+> = 1) means that all of
the observed and expected pairs lie along a straight line. A slope of unity means
that the measured fluorescence increases in direct proportion to the expected flu-
orescence. The degree and range of linearity depends chiefly on the instrument
design and changes little from day to day. Although it is not necessary to check
sensitivity and linearity daily, the data are available if multipeak beads are used for
daily validation of PMT settings.

6.9 REAGENT AND PROCESS QUALITY CONTROL

Laboratories that are accredited by the College of American Pathologists (CAP)
must satisfy a checklist that includes many aspects of reagent and process quality
assessment and control [53]. According to CAP, “The laboratory has the responsibil-
ity for ensuring that all reagents, calibrators, and controls, whether purchased or pre-
pared by the laboratory, are appropriately reactive.” Further, “verification of reagent
performance is required and must be documented.” Any of the several methods for
reagent validation may be appropriate, such as direct analysis with reference mate-
rials, parallel testing of old versus new reagents (known as overlap testing), and
comparison with routine controls. When individually packaged reagents or kits are
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FIGURE 6.8 The use of multipeak beads to determine linearity. The data shown here are the
geometric mean fluorescent intensities of the peaks shown in Figure 6.7 (y-axis), plotted versus
the known FITC equivalents per particle. Note that the unstained peak is not used because 0
is undefined on a log scale. The line shown is the least squares line of best fit of the log-trans-
formed values. The coefficient of correlation (¥> = 1.000) indicates that virtually all varia-
tions in y-axis measurements (measured fluorescence) are explained by variations in x-axis
measurements (fluorescent molecules per particle). The slope of the line is also very close to
unity (0.989, standard error = 0.007), indicating a one-to-one relationship between measured
and actual fluorescence intensity. We were very pleased to learn that our new cytometer was
so linear.

used, criteria must be established to monitor reagent quality and stability. Processing
of periodic wet controls to validate reagent quality and operator technique is also a
typical component of such a system. Records must be kept of each reagent used for
each test, its lot number, and the expiration date. Clinical laboratories in the United
States that manufacture cellular products for therapy are required by the Food and
Drug Administration to follow current Good Tissue Practices (cGTP, as specified
by 21 CFR 1270), as well as elements of current Good Manufacturing Practices
(cGMP). According to cGMP, newly acquired reagents must be stored separately
(quarantined) from reagents currently in use until they have been overlap tested.

In research laboratories, where reagent management is more relaxed and conser-
vation of expensive materials is a priority, it is very important to understand which
reagents are stable and which require special care. Monoclonal antibodies themselves
have exceptional long-term stability when stored in a sterile environment at 4°C in
the presence of a carrier protein such as bovine serum albumin. This is how they
are usually supplied, and may also include sodium azide to inhibit microbiological
overgrowth. Antibodies conjugated directly with single dyes such as FITC, PE, and
APC can also be used for years beyond their nominal expiration dates, providing that
they are well protected from exposure to light. In contrast, the tandem dyes, particu-
larly PE-Cy7 and APC-Cy7, pose a QC challenge to clinical and research laborato-
ries alike. Tandem dyes rely on energy transfer from the donor dye (e.g., PE) to the
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acceptor dye (e.g., Cy7). When all are working properly, virtually all of the energy
emitted by the donor is captured by the acceptor, and there is little or no emission
at the wavelength of the donor. However, photobleaching of the acceptor results not
only in a decreased intensity at the wavelength of the acceptor, but also in significant
emission at the wavelength of the donor. A vial of PE-Cy7-conjugated antibody, if
left unprotected in ambient light, will degrade in this manner in a matter of hours.
Quality assessment of tandem dye—conjugated antibodies can be incorporated into
the daily spectral compensation routine (see Section 6.11).

In our laboratory, we use directly labeled beads (Calibrite Beads, Becton
Dickinson) as compensation standards for antibodies conjugated with single dyes
(e.g., FITC, PE, and APC). For these dyes, the emission spectrum is a matter of
physics, and the emission of a bright FITC-conjugated plastic bead can be used
as a standard for any FITC-conjugated antibody. Because the emission spectra
of tandem dyes is not identical between antibody preparations, and can change
with time for a given conjugated antibody, we run separate single stained controls
for each tandem dye—conjugated antibody used on a given day. When the epitope
detected by the antibody is both prevalent and bright, readily available cells, such
as peripheral blood mononuclear cells from a healthy donor are often used for
single-stained controls. We find that the routine use of antimouse Ig capture beads
(BD CompBead®, Becton Dickinson) provides a far more reliable compensation
standard. These beads are stained with tandem dye—conjugated antibody as one
would stain cells, but binding occurs because the antimurine Ig antibodies on the
bead’s surface recognize a constant region on the murine monoclonal antibody.
The result is that virtually any murine antibody (even those that recognize epitopes
expressed at low density on rare cell populations) stains the beads with a sharp and
bright peak.

The health of a tandem dye can be gauged by examining the fluorescence inten-
sity at the acceptor wavelength, or the amount of compensation needed to correct
the spillover from the acceptor to the donor wavelength. For example, capture beads
single-stained with a bad PE-Cy7 conjugate will have significant spillover into the
PE channel. It is important to remember when working with tandem dyes that the
stained sample must also be protected from ambient light (e.g., with aluminum foil)
and acquired as soon as possible after staining.

The advent of commercial cellular control reagents consisting of gently fixed
or lyophilized human cells with published reference values has greatly facilitated
process assessment for flow cytometry. These control samples are stained in parallel
with test samples. Because acceptable ranges (percent positive and absolute number)
are published by the manufacturer, the assay provides an overall metric for quality
assessment of the instrument, reagents, staining, and data analysis procedures. An
example using CD-Chex Plus® (Streck Laboratories) as a control for a T-cell absolute
count assay is shown in Figure 6.9.

Summarizing the total quality assessment process:

* Determine the CV of a homogeneous test bead in each channel. Make cer-
tain that the target CV is not exceeded

* Adjust PMT voltage and gain such that standard beads are placed in their
target channel
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* Determine linearity and sensitivity of the instrument in each channel using
multipeak beads

» Stain Ig capture beads with all tandem dye—conjugated reagents to be used
for the day

* Determine and evaluate PE spillover for all antibodies conjugated to tan-
dem dyes by staining Ig capture beads

* Create compensation matrices using Ig capture beads for all tandem dye
antibodies and integrally stained beads in place of all single-dye conjugated
antibodies

 Stain a verify tube using control cells (e.g., CD-Chex Plus®) (acquire data
and compare observed and expected values)

* Graph and monitor PMT voltages required to meet target channels as a
function of time (Levey-Jennings plots, see Section 6.14)

6.10 CHOOSING PHOTOMULTIPLIER TUBE GAIN SETTINGS

In the early days of flow cytometry, choosing proper PMT settings was a simple
task. Unstained cells, usually human peripheral blood mononuclear cells, were run
and the PMT voltage and gain settings were adjusted until the peak of this negative
sample was placed within the lower portion of the first decade of log fluorescence
intensity plots. Care was taken not to let more than half of the cells fall off axis
(i.e., in the first channel). This process was repeated for each fluorescence param-
eter. Two things have changed that make this process a bit more challenging. First,
the use of multiple laser lines and far red and infrared emitting dyes means that
the intrinsic fluorescence (autofluorescence) of unstained cells is not equivalent
across the fluorescence parameters. Second, in the days of entirely analog signal
processing, a good part of the signal detected in the first decade was due to instru-
ment noise, and thus independent of sample. Modern cytometers are still imper-
fect at the lower end of the first decade, but improved signal processing requires
one to define where in first decade artifact ends and the signal begins. For newer
instrumentation with digital signal processing, Holden Maecker of BD Bioscience
recommends plotting the CV of an unstained sample as a function of PMT voltage,
gradually moving the peak across the first decade. As the voltage is increased, the
CV decreases sharply initially and then levels off (Figure 6.10). This is due both to
raising a greater proportion of events off axis (increasing the mean and therefore
lowering the CV) and to an actual sharpening of the peak as the contribution of
instrument noise diminishes. After the voltage setting at which the CV levels off
has been determined, standard beads are run at that setting to establish the target
bead channel (channel in which the bead peak falls). This target channel must be
reproduced during daily QC. Beyond this, there are two more factors to be con-
sidered in selecting PMT target channels: (1) The brightest positive signals to be
encountered in stained samples must be on scale (data in the last channel cannot
be compensated for spectral overlap) and (2) The PMT settings for the different
fluorescence parameters should be sufficiently balanced to permit compensation
for spectral overlap. Why this is important will be explained in Section 6.11.
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FIGURE 6.10 Determination of the optimal PMT voltage on unstained peripheral blood
lymphocytes. Unstained peripheral blood cells were acquired within a lymphocyte light scat-
ter gate. For each fluorescence parameter, the PMT voltage was gradually increased and the
percent of events falling on scale and the CV of the peak were determined at each voltage
setting. The results were plotted, and negative exponentially weighted curve smoothes were
applied to the points. The example shown here is for the FL1 PMT, which was set up to mea-
sure green fluorescence. At the lowest voltage tested, most of the cells were off scale (i.e.,
piled up in the first channel) and the CV was very high. At 450 V, about half of the cells were
on scale (left panel, dashed lines), but the CV was still relatively high. This would be the low-
est recommended setting, and would be used if very bright events were to be acquired in FL1.
The CV continued to decrease with increasing voltage and was close to its lower asymptote
at 500 V (right panel, dashed lines). This would be the preferred setting for the majority of
cases. It is important to note that this setting is optimized for peripheral blood lymphocytes,
which have relatively little autofluorescence. Different settings may be required for cultured
cells or disaggregated solid tissues.

6.11 COLOR COMPENSATION MADE SIMPLE

Spectral or color compensation has been treated extensively elsewhere [54—57]. Yet,
it remains the most common source of error and vexation for cytometrists every-
where. This section is meant to be a practical guide to understanding and avoiding
the pitfalls of color compensation, rather than a complete exploration of the physical
principles and mathematics. Color compensation can be thought of as correcting for
the spillover of a given fluorochrome from the fluorescence channel in which it is
intended to be measured to all of the other fluorescence channels. The spillover coef-
ficient from channel A into channel B (SC,_) (e.g., from the FITC channel into the
PE channel) is measured by running a single-stained sample meant to be detected in
channel A and dividing the geometric MFI of the peak detected in channel B (FIy)
by that of channel A (MFI,) (Figure 6.11):

o - MF,
( A—>B) - WIA

This spillover coefficient, SC,_,, gives the proportion of the signal detected in chan-
nel A that will be spuriously detected in channel B. It is dependent not only on
the emission spectrum of the particular fluorochrome, but also on the relative gains
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FIGURE 6.11 Determining spillover coefficients. FITC-labeled Calibrite beads were
acquired and the geometric MFI was determined for each fluorescence parameter. The
x-axes are labeled corresponding to the fluorochromes to be measured in the experimental
setup. The spillover of FITC into the PE channel can be expressed as the MFI of FITC
beads in the PE channel divided by the MFI of FITC beads in the FITC channel. In this
example, it is 12.2%. The greater the difference in emission wavelength between FITC and
the other fluorochromes, the lower the spillover. This is not the case for tandem dyes, which
often have significant spillover at the emission wavelength of the donor dye.

of the two PMTs. Spillover coefficients can also be conceived of and calculated as
slopes, since SC,_,; is the change in MFIj as a function of MFI,.

In a two-color instrument, where spillover and compensation coefficients are
almost identical, the fluorescence intensity of an event detected in channel B can
be corrected for spectral overlap (Flgc,,,,) by subtracting the fluorescence intensity
detected in channel A multiplied by the spillover coefficient of A into B:

FIBComp = FIB - (FIA X SCA%B)

The two-way spillover coefficients (A into B and B into A) are minimized, and thus
compensation is minimized, when both PMTs are balanced. PMT balance cannot be
achieved by applying equal voltages to the two PMTs, because PMT sensitivity is not
standardized and often very different voltages are required to achieve equal results
from different PMTs. Further, perfectly balanced PMTs are not always desirable. If
you wish to detect a dim signal in channel B, the gain of PMTj can be increased
relative to that of A. This will result in greater spillover of A into B (and hence
greater compensation) and less spillover of B into A (less compensation). This may
seem counterintuitive, but consider how we defined the spillover coefficient. Simi-
larly, it may be necessary to lower the sensitivity of a PMT if it is used to detect an
exceptionally bright fluorochrome. It is for these reasons that PMT target channels
cannot be chosen solely by evaluation of unstained controls, and it is often necessary
to have different PMT target channel sets for different applications.

One more item remains to be addressed before we leave the theoretical, and that
is the difference between spillover and compensation coefficients. As we mentioned
earlier, they are very close, but not identical in a two-color problem. As the number of
fluorescence parameters increases they further diverge. For example, when three fluo-
rochromes are used, the total signal detected in channel A results from the true signal
from fluorochrome A, plus the spillover of fluorochrome B into A, plus the spillover of
C into A. We wish to correct (compensate), such that the effects of spillover are elimi-
nated and only the true signal from fluorochrome A is measured. But the proportion
of the signal in B to be subtracted from A is not correctly described by the spillover
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coefficient of B into A, because some of the signal detected in channel B is due to
spillover of A into B and C into B. Fortunately, this type of a problem is addressed by
the field of linear algebra and the true compensation coefficients can be described by
a series of simultaneous equations and solved with matrix algebra. All modern auto-
mated compensation software use this algorithm, sometimes referred to as the matrix
inversion method [58].

Now that we have seen why color compensation is necessary, we can examine prac-
tical ways in which it can be implemented and assessed in simple and complex applica-
tions. The CD34 test used in our clinical laboratory (StemKit®, Beckman Coulter) is
nominally a four-color assay, but one fluorescence channel is used to identify viable
cells by 7-AAD exclusion, and one channel is used to detect StemCount® beads as a
reference for absolute cell counting. Thus, we have a two-color compensation problem
(anti-CD45 FITC versus anti-CD34 PE). Because these are single dyes for which the
emission spectra are constant, the amount of color compensation required should
never change, provided the PMT gains are consistent from day to day (this is ensured
by validating the PMT target channels). However, accrediting bodies such as the
CAP require color compensation to be validated on a regular basis. For the CD34
assay, we validate our compensation settings weekly using unstained, FITC and PE
Calibrite® beads. We use the same fluorescence PMT settings to be used in our assay
(but different forward and side scatter, adjusted for bead detection). These settings
are adjusted daily against FlowSet® beads. In the clinical laboratory, we are still
using a very mature software package (System II®, Beckman Coulter) that includes a
semiautomated compensation algorithm, which mimics old-fashioned manual com-
pensation by matching the fluorescence intensity of the negative population with that
of the stained beads (e.g., compensation is increased until the intensity of the FITC
standard in the PE channel matches that of the unstained beads). We have not found
it necessary to change the compensation values over a period of years, providing an
additional independent validation of the PMT settings. Real-time data analysis is
performed during data acquisition using the validated compensation values; com-
pensated data are saved to list-mode files containing the original analysis protocol,
in case reanalysis is necessary.

For complex multicolor analyses, real-time color compensation and data analysis
may not always be feasible or desirable. Further, the classical technique of matching
median fluorescence intensities described earlier is not the most efficient or the most
accurate. All modern flow cytometry analysis software packages support offline
compensation. Compensation is computed from measurements of spillover or slopes
of single-stained samples, using the sweet range of the cytometer rather than the
troublesome first decade. The advisability of performing a fully automated compen-
sation on multicolor data cannot be over emphasized.

As detailed previously, PMT setting validation, linearity, and sensitivity testing are
done daily, and single-stained beads (directly labeled or Ig capture) are acquired for each
run. It is critical that the single-stained control beads be acquired at the same fluores-
cence PMT settings as the actual samples, and for tandem dyes, that the single-stained
controls be performed with the actual labeled antibodies used to stain the sample.

Compensation matrices derived from mix-and-match single-stained bead list-
mode files are computed and applied during data analysis. When tandem dyes are
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used, it is not unusual to create four separate compensation matrices for a panel
consisting of four tubes. Data-presentation aids that allow on-axis events to be
visualized (e.g., Baseline Offset from Beckman Coulter and Log Bias from Verity
Software House) must never be used during compensation, because even grossly
overcompensated events appear to be perfectly compensated.

With the exception of DNA, ploidy measurements, and a few other specific appli-
cations, most fluorescence data are conventionally displayed on a logarithmic scale.
Compared to a linear scale, a log scale emphasizes (spreads out) lower values and
compresses higher ones. It also normalizes the distribution of fluorescence intensity
within a given cell population, and is a very useful way of visualizing data that is dis-
tributed over a wide dynamic range. Zero and negative numbers are undefined on a
log scale, and this often creates a problem causing data to pile up on the axes. A new
family of data display scales (biexponential, hyperbolic sine function, HyperLog
[59]) offers the best of linear and log displays. These scales are approximately linear
on the low end of the scale and become logarithmic at higher values. Like a linear
scale, 0 and negative values are defined. This is very useful for evaluating compensa-
tion, since the mean Flgc,,,, for a sample single-stained with A should be 0. Because
measurements have variance (spread), a symmetrical distribution of the data around
the mean of 0 means that there will be both positive and negative values. This is eas-
ily visualized in a HyperLog plot (Figure 6.12), but missed entirely in a conventional
log display where 0 and negative values are undefined, and events with fluorescence
less than or equal to the lowest value defined in the scale are crowded together on the
axis. It will take time before this type of display is universally accepted and it is not
without problems (determining how much graphic space to devote to negative values

Logarithmic scale Hyperlog scale
a ] ol
O O —
EIllllll LI LA | LIRRARAALY LIALLLL BERRLALL BEURRAL
CD45 APC-Cy7 CD45 APC-Cy7

FIGURE 6.12 Use of the HyperLog scale to evaluate spectral compensation. In this exam-
ple, the same data are displayed on a conventional logarithmic scale (left panel) and on a
HyperLog scale (right panel). The origin of the quadrants on the right panel indicates fluores-
cence intensities of zero. Zero and negative values are undefined on the logarithmic scale, and
all such values pile up on the axes. When data are properly compensated, negative popula-
tions are symmetrically distributed about the origin.
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is difficult because the range of negative values can be quite variable). However, it
solves far more problems than it creates, and is likely to become the standard.

One more word on compensation standards: When using tandem dyes we strongly
recommend against using cells stained with a bright antibody (e.g., CD45 PE-Cy7,
CD8 APC-Cy7) as a compensation standard for other antibodies conjugated with the
same tandem dye. Although this is recommended by some cytometer manufacturers,
it makes the assumption that both antibodies require the same amount of compensa-
tion. This is asking for trouble.

6.12 QUALITY CONTROL FOR ABSOLUTE COUNTS

The single-platform absolute count method using the lyse no wash method is widely
used for determining absolute CD34 or T-cell counts (i.e., quantifying the concentra-
tion in cells/microliters). The principle is simple. According to one popular method, a
known and carefully measured volume of sample is deposited in a tube and stained by
the addition of directly labeled monoclonal antibodies. After staining, the red blood
cells are lysed by the addition of a large excess of ammonium chloride—based lysing
solution. Calibration beads of known concentration, of volume equal to the sample
volume and measured with equal care, is then added. After gentle mixing, a viability
dye is added and the sample is acquired on the flow cytometer. Because the sample
was never washed, there is no opportunity for cell loss. It is of little consequence that
the unbound antibody is still present in the sample; pulses caused when labeled cells
are interrogated by the laser are measured relative to the background fluorescence of
the sample stream (baseline) and thus are seen above the noise caused by unbound
fluorochrome. During analysis, the internal standard beads are identified by their
unique scatter and fluorescence profile. The number of bead events is counted and
compared to the number of events of interest (e.g., CD45+ CD34+ cells). The abso-
lute count is determined as the number of events of interest divided by the number
of beads and multiplied by the known bead concentration. Given proper instrument
performance and accurate gating of the beads and the events of interest, there are
only two key steps in the process: The beads must be handled properly (brought to
temperature and gently mixed) to assure that the bead concentration added is the
same as that stated by the manufacturer (usually about 1 X 10%mL). The same pipet-
ting device should be used for beads and sample, because the precision of volume
measurement is critical (see Chapter 2, Statistics, for a discussion of precision versus
accuracy). A positive displacement pipette is best for this purpose. Note that the
volumes of antibody and lysing solution do not enter into the absolute count equation
and are therefore not critical. Beyond relying on the bead concentration stated by the
manufacturer, bead concentration can be independently confirmed on a hematology
counter. An example of the single-platform method is given in Section 6.16.

6.13 QUALITY CONTROL FOR QUANTITATIVE FLUORESCENCE

Flow cytometers are so linear and perform well over such a large dynamic range that
it is natural that they should be used for making quantitative measurements of pro-
teins and other molecules detected on single cells. The problem has always been one
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of calibration. How many molecules do you have on a cell when they have a particular
MFI? The fluorescence of CD4+ T-cells can be used as a poor man’s quantitative stan-
dard, providing that (1) normal peripheral blood mononuclear cells, which are known
to express on average 50,000 CD4 molecules per T-cell [60], are used as the standard;
(2) antibody conjugation is well controlled, such that antibodies being compared have
identical fluorescence to protein ratios (PE is easiest, since a well-conjugated anti-
body has one PE molecule per antibody molecule); and (3) the antibodies are used
at epitope saturating concentrations. The number of molecules of interest can then
be calculated by taking the ratio of the geometric MFI of the molecule of interest
divided by that of the CD4+ population and multiplying by 50,000 [61]. A more
elegant and better-accepted method involves the use of a series of multipeak beads
calibrated in terms of molecules of equivalent soluble fluorescence (MESF) units
(Quantum Beads®, Bangs Laboratories). The beads are run daily and a linear regres-
sion is performed on geometric MFI of the beads versus known MESF. The MESF
of the experimental sample is then determined by plugging the MFI of the unknown
into the regression equation. The measurement of ZAP 70 expression in chronic
lymphocytic leukemia provides a clinical example of the utility of quantitative fluo-
rescence as a prognostic indicator. An excellent paper by Chen et al. [62] compares
several methodologies, including quantitative fluorescence determined as molecules
of equivalent soluble fluorochrome, in the context of ZAP 70 measurement.

6.14 USE OF LEVEY-JENNINGS PLOTS

Levey—Jennings plots provide a handy way to examine QC data for trends over time
and a suitable means for the periodic review of QC data (Figure 6.13). Levey—Jennings
plots can be used to show results (percent positive of a process control standard) or
settings (such as the voltage required to hit a PMT target channel) as a function of
time. Rather than show raw results on the y-axis, Levey—Jennings plots transform the
data by subtracting the mean of a series of historical observations, and then scaling the
results in terms of SDs (calculated from the same historical values). This transforma-
tion provides an enormous advantage over merely plotting the raw data. Assuming that
normally occurring random fluctuations in performance have a Gaussian distribution,

Standard deviations

30

Day

FIGURE 6.13 Levey—Jennings plot of changes in FL1 voltage with time. The y-axis is
scaled in SD units. Dashed lines show a range 2 SD below and above the mean. Over the
plotted time period, the average voltage required to meet the target channel, as defined with
FlowSet beads, was 760 V = 2.2 (SD). Here, the SD (2.2 V) is so small that we are not con-
cerned that the voltage dropped almost 2 SD below the mean on days 7 and 17.
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the Levey—Jennings scale facilitates a probabilistic interpretation of daily QC results.
All positive data are above the mean historical value, and all negative data are below
it. A value one SD above or below the mean has a 32% probability of occurring as a
result of random fluctuation. Results 2 and 3 SDs beyond the mean would be expected
only 4.6 and 0.3% of the time, respectively. When it is improbable that a fluctuation of
a given magnitude has occurred by chance, it implies that something has changed that
has caused your results to fall outside your historical norms. Even for samples falling
well within the expected range, the probability that two consecutive values fall above
the mean (0 on the Levey—Jennings plot) is high (1 in 2), but the probability of six con-
secutive values lying above the mean is only 1 in 32, and therefore indicative of drift.

6.15 DON’'T QC LIKE A MONKEY

We know of laboratories in which QC is performed religiously but seldom if ever
acted on, and laboratories in which thorough QC is performed for a standard setting,
but not the predominant settings currently used by the laboratory. Regrettably, such
missteps have even cropped up from time to time in laboratories under the author’s
direction. The key is understanding deeply that QC is not just a thankless chore
(which it undoubtedly is); but, additionally, it is the only thing that separates the
reproducible from the irreproducible. How to avoid QC’ing like a monkey? Look at
the results with a practiced eye:

* Are the CVs of your standard beads getting wider?

* Has there been a sudden increase or an increasing trend in the PMT volt-
ages needed to meet your target channels (the Levey—Jennings plot is a
great way to spot this)?

* Has the dimmest peak that you can resolve with multipeak beads
changed?

* Is the PE or APC spillover of individual tandem dye conjugated antibodies
increasing?

* Do you have to make unexplained adjustments in scatter or fluorescence
analytical regions?

Such changes may indicate an instrumentation problem, such as a failing compo-
nent, misalignment, a vacuum leak, or a dirty flow cell, any of which could compro-
mise data integrity.

6.16 TWO PRACTICAL EXAMPLES

This section provides two practical examples of assays used in the clinic that came
directly out of the research laboratory. The first provides a means of measuring abso-
lute T-cell counts in samples where the frequency of T cells is low. We use this test
in the hematopoietic stem cell laboratory to quantify T cells in T-depleted stem cell
graft products. It provides an example of a bead-calibrated single-platform assay, and
provides an opportunity to review the principles of rare event detection. The second
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example examines the detection of cutaneous T-cell lymphoma in the blood by T-cell
receptor (TCR) v-beta analysis. It provides an example of the classifier/outcome gat-
ing strategy recommended for multiparameter flow cytometry problems, as well as a
clever use of fluorochromes to measure six specificities using a five-color instrument.

6.16.1  SINGLE-PLATFORM DETECTION OF ABSOLUTE
T-CeLL CounTts As RARE EVENTS

Beckman Coulter pioneered the clinical use of the single-platform lyse no wash
assay when it introduced the StemKit, a test for quantifying CD34+ cells. StemKit
is labeled for IVD use in the United States and is also CE-marked (the equivalent in
the European Union). Single platform means that absolute counts (cell/uL) can be
obtained using only a conventional flow cytometer (in contrast, a dual platform assay
would relate CD34 percent in a sample to the white blood cell [WBC] determined
on a hematology analyzer to determine CD34+ cells/uL). Lyse no wash means that
a whole blood sample is stained and erythrocytes are lysed without a wash step.
This eliminates the inevitable loss of cells when centrifuging and decanting. We
have used the principles of the StemKit assay to develop an in-house test to quantify
T cells in samples in which they are very rare, for example, in the blood of patients
immediately after myeloablative or immunoablative therapy, or in T-cell depleted
graft products. Such home brew assays are classified as analyte specific reagent
(ASR) tests by the Food and Drug Administration (FDA), and can be reported for
clinical use providing that the laboratory has proper Clinical Laboratory Improve-
ment Amendments (CLIA) certification, and the report is accompanied by an ASR
disclosure. In our CD3 rare event assay, the number of replicates to be run depends
on the WBC, with six replicates run when the WBC count is 250 cells/pL or less.
In this case, heparinized blood (200 pL) is added to seven tubes very precisely with
a positive displacement pipettor. Six tubes are stained with anti-CD45-FITC/anti-
CD3-PE and one is stained with anti-CD45-FITC/isotype-PE. After staining, cells
are lysed by the addition of 2 mL of ammonium chloride lysing solution. 100 pL of
StemCount Fluorospheres® (at a known concentration stated by the manufacturer)
are added with the same pipettor used for the sample. After the addition of the via-
bility dye, 7AAD, the cells are held on ice and exhaustively acquired on the flow
cytometer. The six replicate stained samples are acquired first. Because the entire
volume of each of the 6 samples is acquired, this is the equivalent of counting every
cell in 1.2 mL of whole blood. A blank tube is acquired next to minimize sample car-
ryover, followed by the isotype control tube. Figure 6.14 shows typical results for a
patient sample assayed 3 days after receiving an immunoablative regimen consisting
of cyclophosphamide, fludarabine, and antithymocyte globulin. Figure 6.15 shows
data from the same patient immediately after having completed the therapy. The data
are shown in reverse chronological order to explain the gating strategy better. Only
one of six replicate determinations is shown, but the replicates were used to calculate
confidence intervals about the determinations. The patient’s T-cell count nadired at
0.84 = 0.11 CD3/uL at day O (mean = SEM), and had recovered to 7.83 * 1.40
CD3/uL 3 days later.
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6.16.2 DETeCTION OF CIRCULATING TUMOR IN CuTANEOUS T-CELL
LymPHOMA BY THE ANALYSIS OF T-CELL RECEPTOR V-BETA USAGE

Cutaneous T-cell lymphoma is a general term that covers several types of T-cell lym-
phoma of the skin. In a variant known as Sézary syndrome, the presenting features
often include widespread redness of the skin (erythroderma) with severe itching.
Lymph nodes are enlarged and the malignant T cells found in the skin are also found
in the circulation. Because the malignant cells are clonal, they have identical TCR
specificities, and therefore, identical v-beta usage. If the v-beta specificity of the
skin lesion is known, a circulating tumor can be identified by the excess proportion
that they comprise in the peripheral blood. T-cell subsets, roughly corresponding
to naive, memory, effector memory, and late effector cells can be defined by their
expression of CD45 isoform [63,64] and CD27 [65—-67], CD28 [68,69], or CD62L
[70,71]. If the malignant clone is uniquely or predominantly confined to a particular
T-cell subset, then examining v-beta usage by the subset provides greater sensitivity
to detect the circulating tumor.

In the present example, we examine peripheral blood from a Sézary patient.
After separation on a Ficoll-Hypaque gradient, the mononuclear cells were stained
in bulk with a cocktail of anti-CD4-PECy7, anti-CD45RA-ECD, and anti-CD27-
PC5. The stained cells were aliquoted into 10 microtiter wells (~1 million cells/
well), centrifuged, and the supernatant decanted. Eight wells were used to measure
24 v-beta specificities, one well for TCR alpha—beta/gamma—delta and one for the
FITC and PE isotype controls. The Beta Mark anti-TCR v-beta staining kit, com-
mercialized by Beckman Coulter, was used for v-beta detection. The v-beta reagents
occupied the FITC and PE channels, but covered three v-beta specificities per well.
This is possible because only one v-beta specificity is expressed on any given T cell.
Thus for a mixture of antibodies to the v-beta families X, Y and Z, X was FITC
conjugated, Y was PE conjugated, and Z was a mixture of FITC and PE conjugated
antibodies.

We used a classifier/outcome gating strategy to examine TCR v-beta usage in
T-cell subsets. Primary classifiers are sequential, whereas secondary classifiers
branch. In this case, the primary classifiers used to identify CD4+ T cells and clean
them up were: forward versus log SSc, CD4 versus log SSc, and forward versus log
SSc again (Figure 6.16). The secondary classifiers, CD45R A versus CD27 were used
to define four subsets within CD4+ cells. The outcomes, namely v-beta specificities,
were measured on total CD4+ lymphocytes, and each CD4 subset.

Figure 6.16 details the analysis of 1 of the 10 wells in the panel (v-betas 13.1,
13.6, and 8). The v-beta specificities are given as a percentage of total CD4+ lympho-
cytes, and of each CD4 subset. The values would be meaningless without reference to
expected values derived from a population of healthy control subjects (Figure 6.17).
The reason that these ranges are computed and displayed in a logarithmic scale is crit-
ical to their interpretation and is explained in detail in Chapter 2, Statistics. From this
figure, it is clear that our patient has a marked expansion of v-beta 13.1 CD4+ T cells
(12.5% versus the 95th percentile reference range of 2.2—6.6%). Further, the expan-
sion is confined to the CD45RA+ CD27 negative effector population, in which they
represent 68.6% of all gated cells. This is an important finding, since this patient’s
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FIGURE 6.16 Use of the classifier/outcome strategy to determine TCR v-beta distribution
among subsets of CD4+ lymphocytes. The primary classifiers (light scatter, CD4) are used
sequentially to identify a population of CD4+ lymphocytes free of dead cells, debris, and
monocytes. The secondary classifiers, CD45RA and CD27 are used to define the CD4 sub-
sets. The outcome parameters (v-beta families) are measured on all the populations defined
by the classifiers (total CD4, CD4 subsets). This particular subject, a patient with cutaneous
T-cell lymphoma, has a marked expansion in v-beta 13.1, as determined by comparison to
expected values defined in Figure 6.17. Virtually, all excess v-beta 13.1+ cells are members
of the CD45R A+, CD27— effector subset.
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FIGURE 6.17 TCR v-beta usage in healthy adult subjects. The geometric mean values
(bars), 95th percentiles (brackets), as well as individual control subject values (open circles)
are shown. The proportion of v-beta 13.1, 13.6, and 8 positive CD4 T cells, determined in a
peripheral blood sample from a patient with cutaneous T-cell lymphoma (Figure 6.16) are
shown with stars. The patient has a significantly higher than expected proportion of v-beta
13.1+ cells, which represents an expansion of the malignant clone. This expansion was even
more pronounced in the CD45RA+, CD27— effector subset.

WBC was within normal limits, and circulating Sézary cells are morphologically
difficult to differentiate from normal activated T cells. (For more details on Sézary
syndrome see Chapter 7.)

This analysis illustrates several principles: (1) Cells were stained in bulk for
markers common to all wells; (2) After making a rough cut on forward versus log
SSc to eliminate unambiguous debris, CD4+ lymphocytes were distinguished from
CD44m monocytes using CD4 versus log SSc; (3) These CD4+ cells were further
cleaned up with an additional forward versus log SSc gate. The rare blast population
(high forward scatter) could have been analyzed separately; (4) The analysis was
performed according to a classifier/outcome strategy. Isotype controls were run on
the outcome parameters only, allowing the regions for v-beta populations to be set
with confidence; and (5) Time versus forward scatter was examined to detect any
irregularities occurring during acquisition (not shown).

6.17 CLOSING REMARKS

This chapter attempts to explain the rudiments of clinical flow cytometry with par-
ticular emphasis on avoiding some of the most common pitfalls in instrument setup,
experimental design, and data analysis. The most important point that I would like
to communicate is that it is the very flexibility of the flow cytometer that makes
it dangerous when placed into inattentive hands. Attention to detail, which means
proper calibration, proper experimental controls, and a basic knowledge of the work-
ings of the cytometer, all help ensure that the results will be interpretable. Even if
you will never operate a flow cytometer, you will almost certainly need to inter-
pret results created by someone else, or even analyze primary data yourself. If you
are a laboratorian, it is your responsibility to ask your flow operator how she or he
QCs the instrument (and to understand the answer), as well as to learn the controls
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and standards appropriate to your experiment. Flow cytometers are almost uniquely
robust, such that new tests can be devised as new needs arise. However, the further
we move from well-validated clinical assays into the realm of the experimental, the
more vigilant we should be. In the words of Albert Einstein, “If we knew what it was
we were doing, it would not be called research, would it?”
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7.1 INTRODUCTION

Leukemia and lymphoma are hematologic malignancies that originate from hema-
topoietic stem cells. They are stratified primarily according to the lineage of the
neoplastic cells into myeloid, lymphoid, histiocytic or dendritic cell, and mast cell
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neoplasms. Within each category, a combination of morphologic features, immuno-
phenotype, genetics, and clinical syndromes define further distinct diseases.! The
cell lineage is determined by identifying the antigenic determinants (epitopes) of the
cells with specific antibodies, a process called immunophenotyping. Furthermore,
the neoplastic cells have consistent and reproducible patterns of antigen expression.
Thus, these patterns are used in disease identification and are a valuable tool in
diagnostic hematopathology. In some instances, the immunophenotype has prognos-
tic significance; however, other factors such as the presence or absence of specific
genetic alterations appears to be more informative than immunophenotyping alone
in predicting disease progression and response to therapy.?

Following an overview of the methods used for immunophenotyping and normal
hematopoietic cell differentiation, a discussion of an array of hematopoietic disor-
ders with distinctive immunophenotypic features are presented. Where appropriate,
the immunophenotype is correlated with cytogenetic abnormalities; however, read-
ers interested in a comprehensive review of cytogenetic abnormalities can refer to
other sources (http://atlasgeneticsoncology.org).

7.2 IMMUNOPHENOTYPING: ANTIBODIES AND TECHNIQUES

7.2.1 ANTIBODIES

Mono- and polyclonal antibodies along with flow cytometry (FCM) form the pri-
mary tools for immunophenotyping. Markers on the surface of leukocytes that are
characterized by specific monoclonal antibodies are systemically categorized into
the so-called cluster of differentiation (CD). A total of 350 CDs have been character-
ized to date and are reviewed and presented in Chapter 11. The success of immuno-
phenotyping is primarily dependent on the specificity of the antibodies. Although
Table 7.1 presents a list of the most common antibodies used in immunophenotyping
of leukemia and lymphoma; the readers can access a full list of the CD molecules
through the 8th HLDA Workshop website (www.hlda8.org).?

Two major immunophenotyping techniques—FCM and immunohistochemistry
(IHC)—are used in clinical practice and each of them has its own advantages and
disadvantages. Surface or cytoplasmic antigens are detected by specific antibodies
conjugated with either fluorochromes (FCM) or specific enzymes and appropriate
substrates (IHC). FCM is more useful for the immunophenotypic analysis of periph-
eral blood and bone marrow specimens, whereas IHC is more suitable for antigen
detection on formalin-fixed tissue.

7.2.2 Frow CYTOMETRY

FCM measures physical and chemical properties of cells or other biological par-
ticles as they pass single file in a fluid through a highly focused light source, most
commonly lasers. As one or more lasers interrogate each particle, the laser light
is scattered and cells labeled with fluorescent molecules adsorb the laser light and
reemit the light at characteristic wavelengths. All of the light scattered or emitted
from the particle of interest is carefully directed along a series of mirrors and filter
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to a light-collecting apparatus, usually a photomultiplier tube, where the signal is
amplified, converted into a digital signal, and then collected by appropriate soft-
ware for analysis. Scattered light provides information about the innate physical
characteristics of the cells such as their size and cytoplasmic or nuclear complexity.
Fluorochrome-labeled monoclonal antibodies, fluorescent dyes specific for nucleic
acid, and a variety of fluorescent probes specific for a variety of cell-associated
physiological measurements are assessed accurately and reproducibly to permit the
clustering of very specific cell populations.*>

The advantages of FCM over conventional microscopy are numerous and include
the ability to analyze large number of cells (10,000 or more) at extremely rapid rates
(thousands per second) and to identify several parameters simultaneously on single
cells, which allows for the detection of multiple populations in a single sample. Three
main disadvantages of the technique are the need for fresh tissue, lack of morpho-
logic confirmation of the findings, and the call for special instrumentation that is
expensive and requires trained personnel to perform and analyze the data.

Flow cytometric immunophenotyping (FCI) of hematologic neoplasms includes
several interrelated stages, from the initial medical decision that the suspected hema-
tologic condition is appropriate for FCM analysis to the final step of making a diag-
nosis that includes the assessment and correlation of the FCM data with other relevant
clinical and laboratory findings. FCI involves three major steps: (1) Preanalytical
(specimen collection, processing, and antibody staining), (2) Analytical (acquiring
data on the flow cytometer), and (3) Postanalytical (data analysis and interpreta-
tion). This brief introduction is only meant to orient the reader for the remainder of
the information presented in this chapter. Details regarding the technical aspects of
FCM (instrumentation, reagents, quality control, etc.) are presented in Chapter 6 and
other references.®® This chapter focuses on specimen collection, data analysis, and
the correlation of phenotypic profiles with specific hematologic malignancies.

Successful immunophenotyping involves proper specimen collection, sample
preparation, accurate data interpretation, and appropriate reporting of the results.
Peripheral blood, bone marrow, or body fluids should be collected with heparin, eth-
ylenediaminetetraacetic acid (EDTA), or acid citrate dextrose (ACD) anticoagulant.
To preserve tissue integrity and prevent bacterial overgrowth, solid tissue (lymph
nodes, spleen, or other tissues) should be placed in a culture medium, such as RPMI-
1640, containing fetal bovine serum and antibiotic. Storing the cells in a refrigerator
may prolong their viability, whereas low temperatures can downregulate the expres-
sion of some antigens, which can lead to erroneous results. Thus, it is recommended
that the cells are stored at room temperature.

It is essential to use a comprehensive approach to FCM analysis and interpreta-
tion of the data.” The optimal method is for the laboratory medical staff to apply a
visual approach to FCM data analysis rather than relying on percentages of posi-
tive cells. List mode data should be collected unselected (i.e., it includes all cells in
the sample). After the data are collected ungated, certain gating procedures can be
applied during the analysis step (Figure 7.1). Some of the most useful gating strate-
gies include gating of blasts in a forward or side scatter versus CD45 (Figure 7.2)
dot plot or gating on specific clusters (characterized by appropriate surface markers)
of B cells to determine clonality and the coexpression of other critical antigens.!®
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FIGURE 7.1 A two-parameter dot plot histogram illustrating the light scattered character-
istics of normal peripheral blood (A) and acute leukemia (B). (A) Three distinct populations
are present. The small lymphocytes (gate R1) have a low side scatter (SSC) and low forward
scatter (FSC), whereas the mature granulocytes (R2) have a high SSC and FSC. The mono-
cytes are larger cells with abundant, but agranular cytoplasm and can be noticed as a small
population in the area between the granulocytes and lymphocytes. This population is small
and not always detectable because the number of monocytes is relatively low (<10%). (B) In
acute leukemia, however, there is no maturation and only a few granulocytes are detected in
gate R2. The blasts have agranular cytoplasm and low SSC and are seen in R1. The size of the
blasts is variable, which is demonstrated by the higher than normal lymphocyte FSC.
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FIGURE 7.2 A two-parameter dot plot histogram illustrating CD45 versus SSC on normal
peripheral blood (A) and acute leukemia (B). (A) The degree of CD45 expression in a com-
bination with side scatter separates the populations seen in (A) into more precisely defined
populations of small lymphocytes, monocytes, and granulocytes. This approach is useful
in resolving low SSC and FSC populations on heterogeneous specimens into mature lym-
phocytes (CD45 bright) and blasts (CD45 dim) (B). Back gating on the CD45 dim population
is a useful approach in identifying the antigenic profile of these blasts.

To achieve this, the United States—Canadian Consensus on the immunophenotypic
analysis of hematologic neoplasia recommends the use of a multiparameter approach
to FCM analysis, employing multiple fluorochromes in addition to forward and side-
light scatters."! The goals of data analysis in immunophenotyping of leukemia and
lymphoma are to properly distinguish populations of abnormal cells from normal
cells and to characterize the antigenic profile of those abnormal cells. Abnormalities
expressed by leukemic cells include the expression of markers not normally present,
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the absence of markers that are normally expressed, and the aberrant level of expres-
sion (either increased or decreased). The interpretation of flow cytometric data is not
based on rigid rules for diagnosis and it is best done in conjunction with morphol-
ogy. For some diseases, it is possible to make a definitive diagnosis by FCM. For
example, precursor B- or T-lymphoblastic leukemia and lymphoma, B-cell chronic
lymphocytic leukemia (CLL), hairy cell leukemia (HCL), and acute myeloid leuke-
mia (AML) have characteristic immunophenotypic signatures that are crucial for
the proper diagnosis. However, for other diseases (such as low-grade B-cell lym-
phoproliferative disorders, large B-cell lymphoma, Burkitt lymphoma and leukemia
(BL), myelodysplasia, or plasma-cell neoplasms) FCM can contribute to defining or
resolving a differential diagnosis based on the morphologic examination.'> Thus,
the FCM technique is widely used and is a well-established tool in leukemia and
lymphoma diagnosis.

7.2.3 IMMUNOHISTOCHEMISTRY

Another methodological approach for the detection of cellular antigens is the immu-
nohistochemical staining of routinely fixed and paraffin-embedded tissue sections.
IHC is designed to allow maximum sensitivity consistent with precise localization of
antigens. A marker enzyme, most often horseradish peroxidase conjugated to mono-
or polyclonal antibodies, is used to produce a visible, insoluble product at the site
of antigen—antibody reaction.'® There are numerous ICH methods that are used to
localize antigens; however, readers interested in a comprehensive review of immuno-
histochemical techniques can refer to other sources (http://www.ihcworld.com).

The development of sensitive detection systems, along with antigen retrieval
techniques, has made IHC a valuable tool for the diagnosis, prognosis, and treat-
ment of hematopoietic and nonhematopoietic diseases. I[HC has traditionally been
used to detect tissue proteins; however, the development of new antibodies enables
the detection of mutations, gene amplification, specific chromosomal translocations
associated with novel chimeric proteins, and the identification of molecular targets
for novel therapeutic agents.%1>

A major advantage of the IHC over FCM is that the morphology and antigen
expression can be assessed simultaneously. With the advance of antigen retrieval
techniques IHC has been successful on paraffin sections with almost all antibodies
used in clinical practice. Major limitations of the technique include lack of standard-
ization, absence of ideal tissue controls, a limited ability to assess more than one
antigen on a single cell, and a relatively slow turnaround time given that the IHC is
performed after the initial morphologic assessment.

Standardization of IHC is difficult to achieve. Numerous preanalytical variables
such as the duration of fixation, delay in fixation, or state of preservation of the tissue
sample are often beyond the control of the histology laboratory. In contrast, analytical
variables such as tissue processing, antigen retrieval, staining, and detection systems
can be controlled in the laboratory and hence standardized. Postanalytical variables
such as interpretation and reporting, are also readily amenable to standardization.
Regardless of these limitations, IHC is an integral part of the routine diagnostic histo-
pathology and remains the immunophenotyping method of choice for tissue biopsies.
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7.3 OVERVIEW OF LINEAGE-ASSOCIATED MARKERS

The cellular antigens commonly used in the immunophenotyping of leukemia and
lymphoma are broadly categorized into B cell, T cell, natural killer (NK) cell,
myelomonocytic, erythroid, and nonlineage-associated markers (including acti-
vation markers such as CD38 and HLA-DR). Information about these markers is
derived from studies on the differentiation and maturation of hematopoietic stem
cells. The totipotent hematopoietic stem cell has the capability of self renewal and
can be identified by the earliest differentiation antigen, CD34. There is a considerable
heterogeneity within the CD34 positive population and the more mature hematopoi-
etic stem cells also express major histocompatibility complex (MHC) class IT HLA-
DR molecules and CD38.1° Both CD34 and human leukocyte antigen (HLA) class IT
molecules are important in the interaction of the stem cells with the stromal cells in
the bone marrow. Another marker of immaturity is terminal deoxynucleotidyl trans-
ferase (TdT), which is most often associated with the lymphoid lineage.

7.3.1 MYELOMONOCYTIC LINEAGE

Cells from the myeloid lineage are most commonly identified by the expression of CD13,
CD33, CD117, and myeloperoxidase. During maturation from myeloblasts to promyelo-
cytes, cells lose CD34 and HLA-DR expression and acquire CD15, CD11b, and CD16
at the myelocyte and the metamyelocyte stage. CD33 is a much more sensitive marker
for the myelomonocytic lineage than CD13, and the expression levels of CD33 differs
between mature granulocytes and mature monocytes (the latter expressing more CD33).
Bright CD14 is the characteristic of mature monocytes. In addition, the monocytes that
express CD64 are myeloperoxidase negative and nonspecific esterase positive.

Erythroid progenitors are characterized by downregulation of CD45 and high levels
of surface CD71 (transferrin receptor). Hemoglobin and glycophorin antibodies have
only limited utility because they are expressed at late stages of erythroid maturation,
when the cells can be morphologically recognized as being erythroid progenitors.

Megakaryocyte-associated antigens include CD41, CD42b, CD61, and CD56.
The latter antigen is nonspecific and can be expressed on NK cells and other hema-
topoietic and nonhematopoietic cells.

7.3.2  B-CELL LINEAGE DIFFERENTIATION AND MATURATION SEQUENCE

The earliest B-cell precursors can be identified by cytoplasmic CD22, which is
present before any detectable rearrangement of the immunoglobulin (Ig) genes
(Figure 7.3). The B-cell receptor (BCR) complex is the most B-cell-specific antigen
and is composed of an antigen-specific surface Ig component, which is associated
with two intracytoplasmic heterodimers of CD79a and CD79b. Thus, cytoplas-
mic CD22 and CD79a are considered to be the hallmark of B-cell lineage. The
PAX-5 gene encoding the B-cell-specific activator protein (BSAP) appears to mediate
B-lineage commitment by repressing the transcription of non-B-lymphoid genes
and by simultaneously activating the expression of B-lineage-specific genes."” Early
B cells express surface CD10, CD19, CD34, HLA-DR, and TdT. The subsequent mat-
uration and differentiation of B-cell progenitors in the bone marrow is characterized
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Stem cells  Pro- proB cells  Pro-B cells Pre-Bcells  Nai ve matue

B cell

CD34 CD34 CD34 CD22 HLA-DR
HLA-DR cyCD22 CD79a CDI19 CD22
cyCD79a CD22 CD20 CD19
CDI19 CD19 HLA-DR CD20
HLA-DR CD10 Cytoplasmic CD79a

TdT HLA-DR HLA-DR

TdT Surface Ig

FIGURE 7.3 B-cell maturation sequel and antigen expression. The expression of relevant
B-cell antigens is indicated for each differentiation stage. The first indication of commitment
toward B-cell lineage is the intracytoplasmic expression of CD22 and CD79a. CDI10 expres-
sion is transient during B-cell maturation. It appears at the pro-B-cell stage and disappears
during the pre-B stage of maturation. This differentiation stage is characterized by the pres-
ence of the cytoplasmic g chain. The naive B cells express surface Igs.

by a gradual decrease in CD10 along with a gradual gain of CD20. The appearance of
surface Igs and disappearance of CD34 and TdT define a mature B cell.

B-cell maturation takes place in the bone marrow and proceeds through stages
that can be identified by the rearrangement and pattern of expression of the Ig genes.
The earliest bone marrow cells committed to become B cells have the diversity and
joining (DJ) regions of the Ig heavy-chain gene rearranged, but do not synthesize
Igs. The functional rearrangement of the Ig heavy-chain gene results in the appear-
ance of cytoplasmic g heavy chains and indicates further maturation of pro-B cells
to a pre-B-cell stage. During this stage, the cells do not express Ig light chains, kappa
(k) or lambda (1). Rearrangement and transcription of the Ig light-chain genes lead to
the formation of complete Ig molecules and to the transition from pre-B- to mature
B lymphocytes. These mature B cells are referred to as naive or virgin B cells and
they express surface IgM and later may also express IgD. The naive B cells leave the
bone marrow and migrate to colonize the follicles of the lymphoid tissue—lymph
nodes, spleen, Peyer’s patches, tonsils, and other extranodal lymphoid tissue. In
response to antigen stimulation, mature B cells proliferate and form a germinal cen-
ter, where the BCR undergoes somatic hypermutation of the Ig genes, which results
in further diversification of the mature B lymphocytes. In the secondary lymphoid
tissue, the Ig heavy-chain genes undergo an isotype switch to produce IgD, IgG, or
IgA B cells.'®!° B cells that have been exposed to specific antigen are also character-
ized by the surface expression of CD27, and can be considered memory B cells.

The germinal center B lymphocytes share features similar to the pre-B lympho-
cytes and they express CD19, CD20, and CDI10. They are BCL2 negative and tend to
undergo apoptosis if BCR is not rearranged properly. These cells, however, are TdT
negative. B cells that successfully rearranged their Ig genes leave the germinal cen-
ter and terminally differentiate into plasma cells. Plasma cells downregulate CD19,
CD20, and CD45 and do not express surface Ig, but contain high levels of cytoplas-
mic Ig. They express CD79a as well as CD38 and CD138 on their cell surface.
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7.3.3  T-CeLL LINEAGE DIFFERENTIATION ANTIGENS AND MATURATION SEQUENCE

Similar to B cells, T-cell maturation involves the expression of specific antigens
associated with specific stages of maturation (Figure 7.4). T-cell maturation begins in
the bone marrow and is completed in the thymus, where mature but naive T cells (not
previously exposed to antigen) are generated and released to the peripheral blood.
During thymic maturation, T-cell precursors undergo rearrangement of the T-cell
receptor (TCR). The earliest and most specific T-cell lineage antigen is cytoplasmic
CD3. Other T-cell antigens expressed on early T cells include CD2 and CD7 as well
as TdT and CD1a. In the majority of T-cells, the resulting functional TCR molecule
is composed of af5 heterodimers. A minor population (3-5%) of T cells expresses
yé TCR. The y§ T cells migrate from the fetal thymus to reside in the cutaneous
and mucosal tissue, particularly gastrointestinal mucosa. Thymic maturation is
accompanied by the appearance of other T-cell-associated markers (CD5, CD4, and
CDS8). CD2, CD5, and CD7 are considered as pan-T-cell antigens, although they can
be expressed on other cell types. For example, CD2 and CD5 can be expressed on
B cells and CD7 on myeloid cells. The stages of thymic maturation and antigen
expression of T cells are depicted in Figure 7.4. Mature T cells are TdT and CDla
negative and express either CD4 or CD8, although a small proportion are CD4
and CD8 double negative. Finally, cytotoxic CD8 positive T cells contain several

sCD3
CD7
Bone cos
Thymus CD5
marrow CD4
Early Common
(cortical)  (medullary)
Stem cell Pro-T cell thymocyte thymocyte
Nai ve mature
T cell
CD34 cyCD cyCD3  cyCD3 O
HLA-DR 3 cb7 cb7
CD7 CD2 CD2
CD2 CD5 CD5 85373
CD5 CD1 CD4
CD8 cb2
CD5
CD8

FIGURE 7.4 T-cell maturation sequel and antigen expression. The expression of relevant
T-cell antigens is indicated for each differentiation stage. The most immature T cells express
CD34, but no CD4, CD8, or surface CD3. As the cells mature, they lose CD34 expression
while gaining CD4 and CDS, thus becoming double positives. Early double-positive cells
initially express CD1 and CDI10 (early cortical thymocytes). The cells that successfully rear-
range their TCR gain CD3 expression and undergo both positive and negative selection. Cells
surviving this process proceed through a final step of differentiation (in which either CD4 or
CDS is expressed) to become mature single-positive T cells.
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cytotoxic proteins, including perforin, granzyme B, and T-cell-restricted intracel-
lular antigen (TTA)-1. Following antigen stimulation, both B- and T cells express a
variety of activation antigens, including HLA-DR, CD25, CD30, and CD69.

7.3.4 NATURAL KiLLER-CELL MARKERS

NK cells express pan-T-cell antigens CD7 and often CD2, but do not express the
TCR—CD3 complex. Most of the NK cells are positive for CD16 or CD56 antigens
and some express CD57. CD8 is expressed on 5-15% of the NK cells. Recently, sev-
eral new receptors that trigger the process of natural cytotoxicity, natural cytotoxic
receptors (NCRs), have been discovered.?®?! NK cells also differentially express
various inhibitory receptors—NK-cell immunoglobulin-like receptors (KIRs)—that
interact specifically with HLA class I molecules. KIRs act to prevent cytotoxicity
against autologous HLA class-I positive cells.??> Although NCRs are exclusively
expressed on NK cells, CD16, CD56, CD57, and KIRs are also expressed on cyto-
toxic CD8 positive T lymphocytes. In addition, the NK cells contain cytotoxic mol-
ecules such as perforin, granzymes B, and TIA-1.

74 IMMUNOPHENOTYPING OF LEUKEMIA AND LYMPHOMA

Leukemia usually present with widespread involvement of the bone marrow accompa-
nied by the presence of neoplastic cells in the peripheral blood. In contrast, lymphoma
generally present as discrete tissue masses that most often originate in a lymph node
and occasionally in extranodal tissue (e.g., skin, gastrointestinal tract, and brain). This
distinction between leukemia and lymphoma, however, is not absolute because some
lymphoma involve the bone marrow and can present in a leukemic phase (i.e., low-
grade B-cell lymphoproliferative disorders). Similarly, some leukemia can present
with tissue involvement (i.e., acute monoblastic leukemia infiltrating skin).

With a few exceptions, leukemia are divided into acute and chronic based on
whether the neoplastic cells are immature blasts or mature cells respectively. The
diagnosis of acute leukemia requires that the bone marrow or peripheral blood have
more than 20% blasts according to the World Health Organization (WHO) classifi-
cation of leukemia and lymphoma, or have more than 30% blasts according to the
French-American-British (FAB) classification.??-2> Acute leukemia are aggressive dis-
eases and if untreated can cause rapid death. Although the chronic leukemia usually
have slower progression, they can undergo blastic transformation to acute leukemia.

The antigen expression of leukemia and lymphoma often parallels the normal
stages of myeloid, B-, and T-cell differentiation and maturation and as a result provides
a framework for the classification of hematopoietic and lymphoid malignancies. How-
ever, unlike normal cells, neoplastic cells may express more than one lineage-specific
antigen. For example, CD15, a myeloid marker, is often expressed in precursor B- or
T-cell lymphoblastic leukemia and CD7, a T-cell marker, is often seen on myeloid
leukemia. Knowledge of the antigen expression patterns of hematologic malignancies
facilitates their specific lineage identification and proper classification, which ulti-
mately affects the choice of treatment and their predicted response to therapy.



Leukemia and Lymphoma Immunophenotyping and Cytogenetics 235

7.4.1 AcuUTE LEUKEMIA

Acute leukemia are a heterogeneous group of disorders involving the bone mar-
row and peripheral blood with characteristic clinical presentation, genetic altera-
tions, with variable patterns of disease progression and response to therapy. The
WHO classification of acute leukemia and antigen expression of the neoplastic blasts
are shown schematically in Figure 7.5. Based on the cell of origin they are divided
into two broad categories—AMLs and acute lymphoblastic leukemia or lymphoma
(ALLs). Furthermore, each category is subclassified based on the degree of neoplas-
tic cell differentiation and lineage stratification.

Morphologically the blasts seen in AML and ALL are very similar. They have
a high nuclear cytoplasmic ratio, immature chromatin, nucleoli, and a variable
amount of cytoplasm. Although in a minority of the cases the neoplastic cells may
have a specific morphologic landmark (e.g., Auer rods indicating myeloid origin),
most of the blasts cannot be appropriately classified by morphologic examination
alone.

The cell lineage is identified to be pivotal because different leukemia have differ-
ent natural histories and require different treatments. For this reason, immunopheno-
typing is an indispensable tool in the diagnostic evaluation. However, many studies
have established that there is a heterogeneity based on the molecular or cytogenetic
alterations even in the same category of acute leukemia.>?¢ These abnormalities are
more predictive of the behavior of the neoplastic process than immunophenotyping
alone. Furthermore, with a few exceptions, there is no straightforward correlation
between the immunophenotype and the molecular alterations; thus genetic studies
should be performed for all acute leukemia.

WHO classification of acute leukemia

Acute myeloid leukemia Precursor B-cell .acute Precursor T-cell .acute
(AML) Iyr_‘nphoblastlc Iymphoblastlc
leukemia and lymphoma | [leukemia and lymphoma
v \4
Myeloperoxidase+ Immunophenotype Immunophenotype
CD13+ B-cell markers T-cell markers
CD15+ CD19+ CD1a
CD11b+ CD22+ CDh2
CD33+ CD79a+ CD3
CD117+ CD20+/l1 CD5
CD10+/0 CDh7
CD4
CD8

FIGURE 7.5 WHO classification of acute leukemia.
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7.4.1.1 Acute Myeloid Leukemia

AML is a clonal expansion of myeloid blasts in bone marrow, peripheral blood, or
other tissues.! AMLs are immunologically and genetically heterogeneous group of
disorders, as shown in Figure 7.6, and are more common in adults than in children. It
is thought that AML often originates from a previously unrecognized myelodysplas-
tic syndrome. The blasts in AML fail to mature further to neutrophils, monocytes,
erythrocytes, or megakaryocytes. The degree of immaturity varies from undiffer-
entiated cases where the cells express only a few myeloid markers to more mature
types. Immunophenotypic analysis in the diagnosis of AML distinguishes between
minimally differentiated AML and ALL. Immunophenotyping is also useful in the
differentiation of acute promyelocytic leukemia (APL) from other types of AML,
and in the recognition of acute megakaryoblastic leukemia (M7).

Almost all AMLs express CD13 and CD33, myeloid markers in combination
with CD34, CD117, and HLA-DR.?” The use of CD13 and CD33 is sufficient in the
initial leukemia-screening panel. The addition of CDI1c and CDI15 may help to con-
firm the myeloid lineage of cases that are either CD13 or CD33 negative. Overall,
CD33 is a much more sensitive marker than CDI13 for the myeloid lineage, but it is
also less specific.

Neoplastic myeloblasts may show “lineage infidelity” and express B- or T-cell
antigens, that is, CD7, CD2, CD4, CDI9, or CD56. The frequency of expression of
lymphoid markers in AML is estimated to be between 10% and 30%, but the signifi-
cance of this expression is still controversial. Although CD7 is the most commonly
expressed lymphoid antigen in AML and has been associated with a poor prognosis

WHO classification of
acute myeloid
leukemia (AML)

7~

AML with recurrent AML with MDS and AML, AML, not
cytogenetic multilineage therapy otherwise
abnormalities dysplasia related specified

l_l

v

- AML, undifferentiated (FAB-MO)
AML with t(15;17) (FAB-M3) AML, minimally differentiated (FAB-M1)
AML with inv (16) AML, with differentiation (FAB-M2)
AML with #(8;21) Acute myelomonocytic leukemia (FAB-M4)

Acute monoblastic monocytic leukemia (FAB-M5)
Acute erythroblastic leukemia (FAB-M6)
Acute megakaryocytic leukemia (FAB-M7)

FIGURE 7.6 WHO classification of AML with the appropriate correlation with the FAB
classification of AML. WHO classifies AML into several categories. AML not otherwise
categorized encompasses those cases that do not fulfill the criteria for inclusion in one of the
other groups. The primary bases for subclassification within this category is the morphologic
and cytochemical features of the leukemic cells and the degree of maturation. When appro-
priate, WHO’s categories are correlated with the FAB classification of AML.
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in AML,?® CD2 and CD19 expression on AML blasts have been shown to portend a
favorable prognosis in some studies,? whereas others have reported that their expres-
sion signifies a poor prognosis.?®3°

Immunophenotyping is particularly helpful in lineage determination of minimally
differentiated AML—classified as MO according to FAB criteria because myeloper-
oxidase may not be expressed in some cases. The absence of both cytoplasmic CD3
and CD79a indicates the diagnosis of AML-MO more often than the expression of
myeloperoxidase. The expression of CD2, CD4, CD7, CDI10, CD19, or CD20 is not
considered sufficient for a lymphoid lineage designation because many AMLs express
these antigens. Figure 7.7 shows an example of antigen expression profile of AML with
an aberrant expression of T-cell markers, CD2 and CD7. Of the lymphoid markers,
CDS5 is the most helpful in distinguishing AML from precursor T-cell ALL because
CDS5 is not expressed in AML-MO, but is expressed in precursor T-cell ALL.?

APL with t(15;17)(q22;q21) resulting in the fusion of the PML and RARA«a genes
is characteristically HLA-DR and CD34 negative and frequently expresses CD2, but
lacks CD4, CDl1l1c, CD36, and CD117. The combination of HLA-DR and CD34 is
much more helpful in distinguishing APL from non-APLs and non-AMLs than any
of these antigens alone. However, approximately 10% of the non-APL and non-AMLs
express one of these antigens.” The lack of HLA-DR and CD34 expression in myelo-
peroxidase-positive AML should warrant a search for the t(15;17) or PML-RARA«
variants. These leukemia dictate a particular line of therapy and it is essential that
this rearrangement be sought out by molecular or cytogenetic methods. A rapid,
specific, and accurate immunofluorescent assay for the detection of PML protein in
clinical specimens has recently been developed but is not yet widely used.’!
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FIGURE7.7 Anexample of antigen expression profile of AML. The leukemic blasts express
CD45 (dim), CD34, HLA-DR, and myeloid markers—CD13 and CD33. They show an aber-
rant expression of CD2 and CD7 T-cell markers. Cytochemical stain with myeloperoxidase
is strongly positive (not shown). In addition, a small population of mature T lymphocytes
is present and can easily be separated from the leukemic blasts by the bright expression
of CD45.
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AMLs with monocytic differentiation show a gradient of CD45 expression from
dim in monoblastic leukemia to bright in acute monocytic leukemia. CDI13 and
CD33 are the most commonly expressed pan-myeloid markers in acute monocytic
leukemia, whereas the CD34 and CD117 markers of immaturity are usually absent.
The monocytic blasts typically express brighter CD33 than do other myeloid leu-
kemia. It has been suggested that the combination of bright CD33 with negative
CD13 and negative CD34 is highly predictive of AML with monocytic features.??
Furthermore, these leukemia express other monocytic antigens: CD64, CD36, CD14,
or CD4.3 Although the last two markers are highly sensitive, they are not specific to
monocytic differentiation because nonspecific Ig binding may also occur due to the
presence of avid Fc receptors on the leukemic cells.

Acute megakaryocytic leukemia are usually best recognized by the expression of
platelet glycoproteins, CD61, and CD41. Mature platelet antigens such as CD42b tend
not to be expressed on megakaryoblasts, but show a strong expression in platelets. It is
important to exclude false-positive platelet glycoprotein expression due to adherence
of platelets to other blast types.* The combination of CD61 and CD42b can be helpful
in distinguishing between megakaryoblasts and mature platelets. Myeloid antigens,
CD33 and CD13, are variably expressed on megakaryoblasts, as are CD34 and CD45.
Their expression can vary from completely negative to bright positive.

Except for APL, immunophenotyping is not very useful for the determination of
specific cytogenetic translocations in other types of AML, that is, t(8;21)(q22;q22)
and inv(16)(p13;q22)/t(16;16)(p13;q22). Associations of expression of CD19 and
CD34 with the t(8;21) and the expression of CD2 in myelomonocytic leukemia with
the inv(16) have been reported but are not confirmed.?’” Furthermore, many AMLs
with the t(8;21) do not express CD19 and CD34 and many CD19 and CD34 positive
AMLs do not have a t(8;21). Although the expression of these antigens is not helpful
in detecting specific cytogenetic abnormalities, it can be used as a tumor marker in
detecting minimal residual disease.

Finally, an indicator of poor response to therapy in AML is the expression of
multidrug-resistant glycoprotein (MDRI1) gene. High expression of MDRI1 is seen
in elderly patients and is associated with an unfavorable cytogenetic profile (-5/5g-,
-7/7q-, inv(3), or abnormalities at 17p) and a poor prognosis.3>-3

7.4.1.2 Acute Lymphoblastic Leukemia or Lymphoma

ALL and lymphoblastic lymphoma (LBL) share a common lymphoid origin and arise
from progenitor lymphoid cells or lymphoblasts of B- and T-cell lineage. B-cell ALL
is more common than the T-cell ALL and comprises approximately 85-90% of the
pediatric and 75% of the adult ALLs.! However, precursor T-cell LBLs are more
common than B-cell LBLs comprising 85% of the cases.! Immunophenotyping in
ALL and LBL can be used to establish the B- or T-cell lineage of the lymphoblasts
to determine the stage of differentiation of the blasts, to identify markers with prog-
nostic significance that can be used to monitor residual disease after chemotherapy,
or to assess the expression of molecules that may be targets for immunotherapy. FCM
of peripheral blood, bone marrow, or lymphoid tissue is the most useful technique in
determining the B- or T-cell lineage of the leukemic blasts. However, IHC can also be
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used to detect many of the antigens required to assess these disorders. With FCM, the
lymphoblasts are typically small and agranular and have a low SSC and FSC. They
are distinguished from the mature, small lymphocytes by the expression of CD45,
which is dim or negative on lymphoblasts and bright on mature lymphocytes.

The two most important factors in predicting the outcome in pediatric ALL
are patients’ age and white blood cell count at diagnosis (50,000/pL or higher). The
immunophenotype of the blasts has also been shown to have prognostic significance,
although the impact of this variable has been lessened with the improvement of
therapy. The T-cell immunophenotype has been associated with inferior event-free
survival, yet these cases usually present in patients of older age as a mediastinal
mass or massive lymphadenopathy with high white blood cell count, which alone
can account for such inferior survival.’” The significance of coexpression of myeloid
antigens on lymphoid blasts remains controversial. Some studies have reported that
ALLs expressing myeloid markers have a poor prognosis, whereas other studies have
shown no significant difference in the outcome of myeloid-positive ALLs compared
to the typical precursor B-cell ALLs.

Numerous studies employ microarrays to characterize gene expression sig-
natures of tumors, and use the information for classification or determination of
clinically important prognostic factors.*#® Moos et al.*! described gene expression
signatures that discriminate between AML versus ALL, T versus B-lineage ALL,
and ETV6-RUNXI (TEL-AMLI)+ ALL. Furthermore, studies of more than 327
pediatric ALLs have identified seven distinct ALL subtypes: T-ALL, E2A-PBX1,
BCR-ABL, ETV6-RUNXI, MLL rearranged, hyperdiploid (>50 chromosomes), and
a new novel subtype. Although microarrays have the potential to be used in clinical
practice, additional validation in independent experiments and cost-effective analy-
ses are needed before they are widely adopted.

7.4.1.2.1  Precursor B-Cell Acute Lymphoblastic Leukemia

The precursor B-cell ALL accounts for approximately 85-90% of pediatric ALLs
and approximately 75% of the adult ALLs. The blasts are usually at least partially
positive for CD34, a stem cell marker, and the immature lymphoid markers TdT and
HLA-DR. Because intense HLA-DR expression is seen in a majority of AMLs and
a small number of precursor T-cell ALLs, negative HLA-DR expression is more
informative than positive expression in the diagnosis of precursor B-cell ALL.
Blasts express the B-cell-associated antigens, CD19, CD22, CD79a; and to a variable
degree, CD20. Furthermore, CD9 and CD24—markers that typically present in the
intermediate and late stage of normal B-cell development—are frequently expressed
in precursor B-cell ALLs.

The degree of differentiation of precursor B-cell lymphoblasts has clinical and
genetic correlates. Based on the expression of CD10, CD20, CD34, and cytoplasmic
IgM heavy chains (u), the precursor B-cell ALLs are divided into several groups
that follow the normal B-cell maturation patterns (see Figure 7.3). In the earliest
pro-pro-B-cell stage, the blasts express CD19, cytoplasmic CD22 and CD79a, and
nuclear TdT. More mature pro-B cells are seen in a vast majority of the precursor
B-cell ALLs. These blasts express CD10 and CD34, have a variable expression of
CD20, and are cytoplasmic g negative. Because these leukemia have a high fre-
quency, they are referred to as common B-cell ALLs. An immunophenotypic example
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FIGURE 7.8 An example of antigen expression profile of precursor B-cell ALL. The blasts
express CD10 (CALLA), CD19, CD34, and HLA-DR. They are CD20 negative.

of precursor B-cell ALL is presented as Figure 7.8. In the more mature pre-B cell
stage, the blasts are CD34 negative, express CD20 and cytoplasmic g, and they have
a variable expression of CD10. Surface Igs are usually absent, but their presence does
not exclude a diagnosis of precursor B-cell ALL.

Chromosomal abnormalities play a major role in risk assessment and stratifica-
tion of the pediatric B-cell ALLs. Several well-defined prognostic groups are known
to influence the outcome and are used to modify treatment in childhood leukemia.
Approximately one-third of the ALLs have an increase in the modal chromosome
number. They are the so-called hyperdiploid leukemia. Another one-third show
chromosomal translocations along with or without change in the chromosome num-
ber. This group includes major translocations—t(12;21)(p12;q22), t(1;19)(q23;p13),
t(9;22)(q34;q11.2), and rearrangements of the MLL gene on chromosome band11q23
with over 40 partners—each defining a unique biologic subset of patients. Finally,
the near hypodiploid group of B-cell ALLs is infrequent and includes leukemia with
less than 45 chromosomes.

With the current treatment protocols, more than 90% of the pediatric ALLs are
curable. The favorable prognostic group includes the hyperdiploid ALLs and ALLs
with t(12;21). These ALLs are more often seen in patients between 1 and 10 years
of age. The increased number of chromosomes in the hyperdiploid ALLs is not ran-
dom, and the favorable outcome is attributed to the positive prognostic impact of tri-
somies of chromosomes 4, 10, and 17 (triple trisomies).*? In the second group, ALLs
with t(12;21), a chimeric product, ETV6-RUNX]I is formed as a result of fusion of
the ETV6 gene at 12q13 with the transcription factor-encoding RUNXI on chromo-
some 21. t(12;21) is not detectable by standard cytogenetics. As a result, fluorescent
in situ hybridization or other molecular techniques are required for its detection.
Immunophenotypically, ALLs with t(12;21) show bright expression of CD19, CDI10,
and HLA-DR, frequently a bimodal pattern of CD34, partial expression or loss of
CD9, and partial or dim expression of CD20.4344
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Increased resistance to therapy and an unfavorable prognosis are characteristic
of lymphoblastic leukemia with a t(1;19), t(9;22), and abnormalities involving chro-
mosome 11g23 resulting in the rearrangement of the MLL gene. The t(1;19) gener-
ates E2A—PBX1 fusion product® and is present in about one-third of the precursor
B-ALLs with a pre-B immunophenotype. The blasts are brightly positive for CDI9,
CD10, and CD9 and express cytoplasmic . The blasts are negative for CD34, and
CD20 is often absent or dimly expressed.*® Immunophenotypic characteristics of
ALLs associated with abnormalities at 1123 are the expression of CDI15 and the
absence of expression of CD10 and CD24. These leukemia also have strong CD19
expression, variable expression of CD34, and are more often seen in infants below
1 year of age.

Another B-cell leukemia with a poor response to therapy is ALL associated with
t(9;22). This translocation results in the formation of the BCR-ABL fusion gene and
overexpression of tyrosine kinase ABL. These leukemia are much more common
in adults (20% of adult B-cell ALLs) and are rarely seen in children (4% pediatric
B-cell ALLs). Although aberrant expression of myeloid markers (CD13 or CD33) is
often seen in these leukemia, such an occurrence is not limited to this genetic back-
ground and can be seen in other types of precursor B-cell ALL.

Mature B-cell ALL accounts for 2-5% of all cases of ALL and represents
the leukemic manifestation of BL. The leukemic blasts have abundant basophilic
cytoplasm, express bright CD45, and tend to merge with the more mature lympho-
cytes and monocytes on a CD45 versus side scatter histogram. The neoplastic cells
express high levels of surface Igs, restricted to either x or A, and are notable for the
bright expression of CD19, CD20, CD22, and CD24, whereas CD34 and TdT are
negative. BL rarely presents with a leukemic phase as is discussed in more detail in
Section 7.4.2.2 covering diffuse large B-cell lymphoma (DLBCL).

It is important to be able to distinguish leukemic precursor B lymphoblasts from
normal B-cell progenitors (hematogones) that are usually present in the bone mar-
row of infants and young children. An increased number of hematogones are also
found in patients with congenital cytopenias, acquired immune deficiency, solid
tumors metastatic to the bone marrow, and postmyeloablative chemotherapy.*’*?
Hematogones may persist for more than a year after hematopoietic stem cell trans-
plantation.*® Distinct from the bone marrow, hematogones are rarely found in the
peripheral blood. Although both leukemic blasts and hematogones are CD10 and
TdT positive, hematogones lack aberrant antigen expression and show a reproducible
pattern of coexpression of markers associated with normal B-cell development—
CD10, CD19, CD20, CD34, and CD45. Antigen expression of normal B-cell pro-
genitors (hematogones) is presented in Figure 7.9. Hematogones are a mixture of
predominantly intermediate B cells (CD10 and CD19 positive and TdT and surface
Ig negative) and more mature B lymphocytes (CD19, CD20, and surface Ig positive).
In contrast, the neoplastic blasts differ from normal with a predominance of imma-
ture cells and a paucity of mature forms. The maturation pattern of hematogones is
easily depicted by multiparameter FCM as shown in Figure 7.9. The population of
hematogones is markedly heterogeneous in terms of CD20 intensity (from negative
to bright), and an inverted “J” from the CD10/CD20 antigen expression profile is
easily identified. If present, the expression of CD20 on the leukemic blasts is less
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FIGURE 7.9 Antigen expression of normal B-cell progenitors (hematogones). A two-
parameter dot plot histogram of bone marrow shows multiple cell populations. A small popu-
lation of normal, immature B cells (hematogones) expressing CD10, CD19, CD20, and CD34
(partial) is of interest. This population is markedly heterogeneous in terms of CD20 intensity
and produces a characteristic inverted J-shaped trail pattern on the CD10—CD20 dot plot.
Although the precursor B-cell ALLs can be CD20 positive, the CD20 intensity is more homo-
geneous when compared to the CD20 intensity in hematogones.

heterogeneous, than on hematogones. Furthermore, asynchronous expression of the
earliest and latest antigens (i.e., concurrent CD34 and CD20), aberrant expression of
myeloid markers (such as CD13 or CD33), and aberrant under- or overexpression of
antigens are absent in hematogones and often present in leukemic blasts.

7.4.1.2.2  Precursor T-Cell Acute Lymphoblastic Leukemia
T-cell immunophenotype is present in 25% of adult and 15% of pediatric ALL
cases.’ In contrast to precursor B-cell ALLs, the T-cell lesions are present more
often with tissue involvement as lymphoma and less often as leukemia. Precursor
T-cell ALL has an immunophenotype that resembles normal maturing thymocytes.
They are characterized by the expression of CD7, CD5, and CD2 with negative sur-
face CD3, but positive cytoplasmic CD3. Although CD4 and CDS can be expressed
in all combinations, they are often either both negative or both positive (Figure 7.10).
CD4/CDS8 double-positive cells, when present, can be considered diagnostic of T-cell
ALL as can the expression of CDla. TdT and CD34 also are often positive. CDI10 is
expressed in approximately 25% of the precursor T-cell ALLs.>

Based on the expression of CDla and surface CD3, the T-cell ALLs can be clas-
sified according to the stages of intrathymic T-cell differentiation (see Figure 7.3).
The immature thymocytes do not express CDla or surface CD3. They are CD7 and
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FIGURE 7.10 An example of antigen expression profile of precursor T-cell ALL. The neo-
plastic cells express CD2, CD5, and CD7 and coexpress CD4 and CD8, but are surface CD3,
CD34, and HLA-DR negative.

cytoplasmic CD3 positive and may coexpress CD34 and myeloid-associated anti-
gens (e.g., CD33). The intermediate or cortical T-ALL is defined by the expression
of CDla and coexpression of CD4 and CD8. Most of these ALLs are surface CD3
negative, but in some cases they may be positive. The most mature T-ALLs are CDla
negative, express either CD4 or CD8, and are surface CD3 positive.>

The immunophenotypic classification of T-cell ALL is important and has been
shown to correlate with survival. The highest level of disease-free survival is seen in
those cases of T-ALL that recapitulate the immature or “common thymocyte” stage
of T-cell maturation (see Figure 7.4). These leukemia coexpress CD4 and CDS in
addition to CD7, CDla, CD2, and CD5. Recent microarray gene expression studies
in precursor T cell have provided further understanding of the biologic heterogeneity
of the disease and have also revealed clinically significant subtypes. Using oligo-
nucleotide microarrays, Ferrando et al.>!>? identified several gene signatures that are
indicative of leukemic arrest at specific stages of normal T-cell development: LYLI+
is seen in pro-T-cells, HOXII+ in early cortical thymocytes, and TAL/+ in late
cortical thymocytes (Figure 7.11). Overexpression of HOX1I gene occurs in approxi-
mately 5-10% of the childhood T-cell ALLs, 30% of the adult T-cell ALLs, and is
associated with cortical thymocyte immunophenotype and a favorable prognosis.
However, T-ALLs with overexpression of TALI, LYLI, or, surprisingly, HOX1IL2
exhibit a much poorer response to treatment.>'->2 The prognostic significance of these
genomic features is yet to be determined. At present, phenotyping for the gene prod-
ucts is not routinely performed.

7.4.2 NoN-HoDGKIN LYMPHOMA

Non-Hodgkin lymphoma (NHLs), a heterogeneous group of disorders, can be divided
into mature B-cell and mature T-cell neoplasms based on the cells of origin. The use-
fulness of immunophenotyping in making the correct diagnosis for NHLs depends
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Prognosis Unfavorable Favorable Unfavorable
LYL1+ HOX11+ TAL1+
CD30 CD4+ CD4+
CDh4rn CD8+ CD8+
CD8/ CD3low CD3high
cyCD3+ CD1a+ TCRu
CD34+ CD10+ TCRp
BCL-2+ CD2+
CD6+
Stage of
thymic Double negative Early cortical Late cortical

differentiation

FIGURE 7.11 Correlation of gene expression profiles in LYL1+, HOX11+, and TAL1+ with
precursor T-cell ALL with recognized stages of thymic differentiation. Cell surface markers
normally associated with each developmental stage are shown with corresponding microar-
ray findings. The leukemia with an immunophenotype of early cortical thymocytes show
constitutive expression of HOX11I and are associated with a favorable prognosis. The LYLI
and TALI expressions seen in leukemia with double negative or late cortical thymocyte are
associated with a poor response to therapy and a shorter 5-year survival. (Adapted from
Ferrando, A. A., et al., Lancet, 363(9408), 535-536, 2004; Ferrando, A. A., et al., Cancer
Cell, 1(1), 75-87, 2002. With permission.)

on the specific disease. For some lymphoma, such as follicular, marginal zone
B-cell lymphoma of mucosa-associated lymphoid tissue (MALT) type, or small
lymphocytic lymphoma, information on the immunophenotype does not increase
the diagnostic accuracy significantly. However, for other types, such as mantle cell,
diffuse large B-cell, or T-cell lymphoma, immunophenotyping is useful in many
cases in reaching the correct diagnosis and improving the diagnostic accuracy by
10-45%.>* The remainder of the chapter focuses on the most common NHLs with
characteristic immunophenotypes.

7.4.2.1 Mature B-Cell Non-Hodgkin Lymphoma

The mature B-cell neoplasms are clonal proliferations of B cells at various stages
of differentiation, from naive B cells to mature plasma cells, and they comprise
over 85% of the NHLs worldwide.! Some of them present as disseminated leuke-
mia and lymphoma with major involvement of the bone marrow and peripheral
blood, whereas others essentially involve lymph nodes or extranodal tissue. Mature
B-cell lymphoma typically have a distinctive morphology and immunophenotype
that allow them to be readily classified according to their postulated cell of origin.
Several mature B-cell neoplasms have distinctive cytogenetic abnormalities, usually
involving translocations that place a potential cellular oncogene under the influence
of the Ig gene promoter.
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Immunophenotyping is used to distinguish the lymphoma of small cell types—
CLL and chronic lymphocytic lymphoma, follicular lymphoma (FL), MALT
lymphoma, and plasma-cell neoplasms—from a benign reactive process and to dis-
tinguish the DLBCL and BL from nonlymphoid tumors. In general, no one antigen
is specific for any of these neoplasms. As a result, a combination of morphologic
features and a panel of antigens are necessary for the correct diagnosis. Table
7.2 presents the immunophenotype and genetic features of common small B-cell
neoplasms.

FCM of fresh cells is particularly helpful in demonstrating the expression of
pan-B-cell markers (CD19, CD20, CD22, and CD79a) of the neoplastic cells and
in detecting their light-chain restriction. The expression of only one Ig light chain,
either x or A, or a skewed x: A ratio (i.e., x : A of more than 6:1 or less than 1:1), or lack
of expression of surface Ig is immunophenotypic evidence of presence of monotypic
B-cell population.'>3* When the clonal nature of the B cells cannot be determined
by immunophenotyping, however, molecular techniques, such as Ig heavy gene rear-
rangement study, can be employed to determine clonality of B cells.

7.4.2.2 Chronic Lymphocytic Leukemia and Small Lymphocytic Lymphoma

CLL and SLL are generally regarded as blood and tissue phases of the same disease
(respectively) and have the same immunophenotype. The neoplastic cells express

TABLE 7.2
Immunophenotype and Genetic Features of Small B-Cell Lymphoma
and Leukemia

B-Cell SIg CD5 CDI10 CD23 CDllc CD103  Cyclin D1 Genetic
NHL Abnormalities
CLL/SLL* Dim + - +4+/+ ++/-wk - - +12; 13q del
MCL + + - - - - + t(11;14), 13q del,
+12
FL + - + - - - - t(14:18), +7, +18,
3q27-28,
6q23-26, 17p
MALT + - - - +4+/-wk ++/-wk - +3, t(11;18),
lymphoma t(1;14), t(14;18)
HCL + - - - ++/-wk + - Not known

Note: NHL, non-Hodgkin lymphoma; SIg, surface immunoglobulin; CLL/SLL, chronic lymphocytic
leukemia and small lymphocytic lymphoma; MCL, mantle cell lymphoma; FL, follicular lym-
phoma; MALT, mucosa-associated lymphoid tissue; HCL, hairy cell leukemia; +/— wk, weak
positive.

2 CLL/SLL can be differentiated from MCL by expression of CD79b and FMC-7 (both absent in CLL/

SLL and bright in MCL).
Source: Adapted from Jaffe, E. S., Harris, N. L., Stein, H., Vardiman, J. (Eds.). World Health Organiza-
tion Classification of Tumours: Pathology and Genetics of Tumours of Haematopoietic and Lym-
phoid Tissues. Lyon: IARC Press, 2001.
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most of the pan-B-cell antigens and are CD5 and CD23 positive. They have dim
expression of surface IgM and are FMC-7 negative. Neither CD5 nor CD23 alone is
sufficient for the diagnosis of CLL and SLL because other low-grade B-cell lympho-
proliferative disorders can express these antigens.

Although most of the CLLs progress slowly and have relatively benign course,
a small group of them have aggressive behavior and show a lack of response to ther-
apy. This variability in disease progression has been correlated with the mutational
status of the heavy-chain Ig-variable region V(H) gene. Surrogate markers for V(H)
status are CD38 and ZAP-70 expression of the neoplastic cells, but their validity
has yielded controversial results. Current data indicate that CLL cells with ZAP-70
expression in more than 20% of the cells, high CD38 antigen density, and lack of
somatic hypermutation of VH genes, have more aggressive behavior and therefore a
poorer prognosis.>>~8 Patients with somatic VH hypermutations, or few CD38 and
ZAP-70 positive cells, appear to have a better prognosis.

Genomic aberrations are the other genetic parameters shown to be of prognostic
relevance in CLL. Deletion at 17p and 11q is associated with shorter survival time,
whereas trisomy 12q and deletion 13q are associated with longer survival. The sig-
nificance of trisomy 12 seen in 15-20% of CLLs, however, is still unresolved.*

Mantle cell lymphoma (MCL) is another CD5+ B-cell lymphoma. CD23 is usu-
ally dimly expressed or is negative and FMC-7 is bright positive, which is helpful
in distinguishing MCL from CLL and SLL. Virtually all cases of the MCLs have
a t(11;14)(q13;q32) between CCNDI1 (Cyclin DI/BCLI) and Ig heavy-chain genes.
This translocation results in the overexpression of Cyclin D1, which can be detected
by IHC in virtually all cases of MCL. The t(11;14)(q13;q32) can be detected using
fluorescence in situ hybridization.*!

The immunophenotype of FL reflects normal germinal center B cells. The
tumor cells characteristically express CD10 (in approximately 75% of the cases)
and BCL6. The cells are CD5 and CD23 negative with bright expression of
FMC-7. Virtually all cases of FL have cytogenetic abnormalities. Of the FLs,
70-80% carry t(14;18)(q32;q21) as a sole cytogenetic abnormality, involving rear-
rangement and overexpression of the BCL2 gene and the Ig heavy-chain locus.
Rare cases with t(2;18)(p11;q21) and t(18;22)(q21;q11) have been reported which
place the BCL2 gene with the light-chain gene on chromosome 2 or 22. Overex-
pression of BCL2 confers a survival advantage of B cells in vitro, by preventing
apoptosis under conditions of growth factor deprivation. Although immunopheno-
typic detection of BCL2 in germinal center B lymphocytes is useful to distinguish
between FL and reactive lymphoid hyperplasia, its utility in differentiating among
different B-cell lymphoma is limited because most of them are BCL2 positive.
Furthermore, other mature B-cell neoplasms, such as BL and a subset of DLBCLs,
express CDI10 and should be distinguished from FL. Approximately 15% of the
FLs show abnormalities at chromosome 3q27 involving the BCL6 gene.

HCL is a neoplasm of small B lymphoid cells with oval nuclei and abundant cyto-
plasm with “hairy” projections in peripheral blood, diffusely infiltrating the bone
marrow and splenic red pulp. The tumor cells are surface Ig positive, and express
B-cell-associated antigens except for CD79b. They are typically CD5, CDI10, and
CD23 negative, and strongly express CD11c and CD25 as well as FMC7 and CD103.
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Tartrate-resistant acid phosphatase is present in most of the cases, but is neither spe-
cific nor required for the diagnosis.®

Splenic marginal-zone lymphoma (SMZL) is another mature B-cell lymphopro-
liferative disorder. The immunophenotype shares similarities with HCL. The neo-
plastic cells are usually DBA-44 positive and may also be CD11c positive. However,
unlike HCL, these cells are CD25 and CD103 negative.

Extranodal marginal-zone lymphoma of MALT are slowly progressing B-cell
lymphoma involving the gastrointestinal tract, lung, head and neck, ocular adnexae,
skin, thyroid, and breast. Antigenic stimulation by infectious agents contributes to
lymphoma pathogenesis. For example, in more than two-thirds of the cases, infection
with Helicobacter pylori is associated with gastric MALT lymphoma and eradication
of the infection results in clinical regression of the disease. The MALT lymphoma
typically express pan-B-cell markers and IgM and show a light-chain restriction.
They are typically CDS5, CD10, CD23, and Cyclin D1 negative. The cells express the
marginal zone cell associated antigens—CD21 and CD35—and in approximately
50% of the cases are CD43, a T-cell marker, positive. Trisomy 3 is a common cyto-
genetic abnormality found in 60% of the MALT lymphoma, and t(11;18)(q21;q21) is
seen in 25-50% of the cases. Other translocations identified in MALT lymphoma
include t(1;14)(p22;q32) and t(14;18)(q32;q21).%

DLBCL constitutes 30—40% of the adult NHLs and patients require aggressive
chemotherapy for survival. The immunophenotype of DLBCL is variable and reflects
the heterogeneity of this group of tumors. The neoplastic cells have strikingly a high
forward scatter on FCM and variably express pan-B-cell markers (CD19, CD20,
CD79a, and PAX-5). Despite their B-cell origin, a subset of these lymphoma does
not express surface or cytoplasmic Ig.

Response to therapy and gene expression profiling has confirmed that the
DLBCLs are a heterogeneous group of disorders and can be divided into several
prognostically distinct groups>%+% DLBCL with a gene expression profile similar to
germinal center B cells (CD10 and BCL6 positive and activation markers, MUM1/
IRF4 and CDI138 negative) have a much better prognosis than DLBCL cases with
gene expression profiles resembling activated B cells (CD10 and BCL6 negative and
MUMI/IRF4 and CD138 positive).5¢

Another subtype of DLBCL, primary mediastinal B-cell lymphoma (PMBCL),
which more often affects young women, has a characteristic expression profile.®’
The neoplastic cells have a B-cell phenotype and express CD30 and BCL2. CD23
is positive in most of the cases, in contrast to the other DLBCLs. The cells usu-
ally express BCL6, but are CD10 and CD21 negative. MUMI is variably positive.
Although the expression profile of PMBCL shares some similarities with Hodgkin
lymphoma (HL), the overall pattern of B-cell signaling molecules in this disease is
closer to that of DLBCL.

BL is a highly aggressive B-cell lymphoma characterized by translocations
involving cMYC proto-oncogene. The tumor cells express pan-B-cell-associated
antigens (e.g., CDI19, CD20, and CD22), CD10, and BCL6, which are surface IgM
positive and show Ig light-chain restriction. The cells are negative for CDS5, CD23,
BCL2, and TdT. The blasts in BL presenting as leukemia have a mature B-cell
phenotype, that is, a brighter expression of CD45 when compared to the precursor



248 Handbook of Human Immunology, Second Edition

B lymphoblasts, CD34 and TdT negative. BL is a tumor with a very high growth
fraction in which almost 100% of the cells are proliferating and Ki-67 (MIBI) posi-
tive. All cases of BL have a translocation of cMYC at 8q24 with the Ig heavy-chain
gene on 14932 (t(8;14)(q24:;q32)), or less commonly with one of the Ig light-chain
genes, 2ql1 (t(2;8)(p12;q24)), or 22ql1 (t(8;22)(q24;q11)). In all cases, cMYC is con-
stitutively expressed, which drives the tumor cells into the cell cycle.

Plasma-cell dyscrasias (PCDs) are always bright CD38 and CD138 positive
and express cytoplasmic but not surface Igs. The cytoplasmic Ig expression can be
detected by FCM using an additional permeabilization step or by IHC. Expression
of other B-cell antigens by the plasma cells is variable. Almost always at least one
marker, most commonly CD20, is lost. CD45 is also poorly expressed. Aberrant
expression of CD56 is frequent.

7.4.2.3 Mature T-Cell Lymphoproliferative Disorders

The mature T-cell neoplasms are relatively uncommon and represent approximately
12% of all NHLs.>? They are derived from the mature or postthymic T cells and they
share some immunophenotypic and functional properties with NK cells.

Establishing B-cell clonality by immunophenotyping and demonstration of Ig
light-chain restriction is straightforward, whereas establishing T-cell clonality by
immunophenotyping is less clear-cut. Immunophenotypic criteria helpful in the
diagnosis of mature T-cell lymphoma include (1) an aberrant loss of one or more
pan T-cell markers relative to the normal T-cell population, (2) T-cell subset antigen
restriction (i.e., CD4 or CD8) or predominance of either CD4 or CD8, (3) dual-
positive or -negative CD4 and CD8 expression, (4) loss or abnormal expression of
CD45, (5) restricted yd TCR rather than a8 TCR expression, and (6) expression
of additional or aberrant antigens not normally expressed on T cells. Although the
presence of aberrant immunophenotype is suggestive of T-cell malignancy, it is not
sufficient for such determination because some reactive T-cell proliferations may
also present with a loss of a pan-T-cell marker. Thus, the immunophenotypic results
should be interpreted in conjunction with morphologic findings.

In the last decade, new antibodies against the protein product of the variable gene
segment of the TCRp, -y, and -§ (Vf5, Vy, and VJ) have been developed, are com-
mercially available, and can be used for the determination of T-cell clonality.®®% (For
further discussion on TCR A8 immunophenotyping see Chapters 9 and 10.) However,
these are expensive and, therefore, rarely used for diagnosis. Currently, in the diagnos-
tic workup of T-cell malignancy, the test of choice for determining the T-cell clonality
is polymerase chain reaction (PCR)—based TCR gene rearrangement studies.

Presently, specific genetic abnormalities have not been identified for many
T- and NK-cell neoplasms. One of the few exceptions is anaplastic large cell lym-
phoma (ALCL), which is characterized with translocations involving ALK locus on
chromosome 2. In all other cases, therefore, the clinical features and immunopheno-
type play a major role in the subclassification of the T- and NK-cell neoplasms.

T-cell prolymphocytic leukemia (T-PLL) is an aggressive T-cell neoplasm
characterized by proliferation of small to medium-sized T prolymphocytes with
a mature postthymic phenotype. These cells are CDla and TdT negative and are
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characteristized by the strong expression of CD7. The T cells express CD4 in most of
the cases, butdual CD4/CD8 and rarely CD8 expression are seen. T-PLLs are HLA-DR
and CD25 negative, which distinguishes them from human T-cell leukemia virus type 1
(HTLV)-1-associated adult T-cell leukemia and lymphoma (ATLL). Most of the
T-cell PLL express a8 TCR and only rare y§ T-cell PLL cases have been reported.

ATLL is a peripheral T-cell neoplasm often composed of highly pleomorphic
lymphoid cells. The disease is usually widely disseminated in the body, and is caused
by the HTLV-1. The tumor cells have an activated T-helper phenotype expressing
T-cell antigens (CD2, CD3, and CDS5), CD4, CD25, CD95, and HLA-DR. They are
usually negative for CD7, CD8, and CD56, and do not express cytotoxic-associated
molecules, granzyme B and TIA-1.

T-cell large granular lymphocytic leukemia (T-LGL) generally exhibits a per-
sistent (more than 6 months) increase in the number of large granular lymphocytes
without other clearly identified causes. Approximately 80% of the cases are CD3,
TCRaf5, CD8 positive, and CD4 negative. Rare variants may be CD4 positive,
express both CD4 and CDS8, or be of TCRyd type. They commonly express CD16
and CD57, and NK-associated antigen; however, they are CD56 negative. T-LGL
expresses cytotoxic granule-associated proteins, TIA-1 and granzyme B.

Mycosis fungoides (MF) and Sezary syndrome (SS) share similarities to the
point that SS is traditionally regarded as a variant of MF. MF presents with skin
patches or plaques, whereas SS is generalized and usually more aggressive. The
neoplastic cells are usually of a helper type, CD4 positive, and express pan-T-cell
antigens (CD2, CD3, CD5, and CD45RO). Aberrant expression of T-cell antigens
(i.e., dim expression of CD3 and CD4) is common. A majority of the cases are nega-
tive for CD7, CD8, and CD25.

The cells in Anaplastic Large Cell Lymphoma (ALCL) are usually large with pleo-
morphic, often horseshoe-shaped nuclei, and abundant cytoplasm. The vast majority of
the ALCLs express anaplastic large cell lymphoma kinase (ALK) protein due to genetic
alteration of the ALK locus on chromosome 2.7° Although t(2;5)(p23;35) between ALK ]
gene and the nucleophosmin (NPM1) gene on chromosome 5 is most common, variant
translocations involving ALK and other partner genes on chromosomes 1, 2, 3, 17, and
22 have been reported. The tumor cells have a characteristic CD30 expression (mem-
brane and Golgi region pattern) and most of them express at least one pan-T-cell marker.
CD3 is negative in more than 75% of the cases. In contrast, CD2 and CD4 are positive
in most of the cases and are the most helpful immunophenotypic markers. The neoplas-
tic cells express cytotoxic molecules, TIA-1 and granzyme B, whereas CDS is usually
negative. In some cases several pan-T-cell antigens are lost and the neoplastic cells have
an apparent “null-cell” phenotype. These cases, by definition, express CD30 and ALK1
and molecular studies can confirm the T-cell lineage of the neoplastic process.”!

Hepatosplenic T-cell lymphoma is a rare clonal T-cell proliferation derived from
cytotoxic T cells that are usually of y§ TCR type. The neoplastic cells are CD3
positive and express cytotoxic-associated protein, TIA-1, but are usually negative for
perforin and lack both CD4 and CDS. In rare cases, CD8 is positive. A minority of
the cases can be of the a8 TCR type.’?

A large number of T-cell lymphoma have no recognizable T-cell subtype and do
not correspond to a particular clinicopathologic entity. These lymphoma are grouped
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together as peripheral T-cell lymphoma, unspecified. Although peripheral T-cell
lymphoma, unspecified, express T-cell-associated antigens, aberrant T-cell pheno-
types are common. Most nodal cases are CD4 positive and expression of cytotoxic
granule-associated proteins is rare. TCR genes are clonally rearranged and a com-
plex karyotype is common.

7.4.3 HODGKIN LyMPHOMA

Unlike the NHLs where a vast majority of the cells are neoplastic and there is a
minor population of reactive cells, in HLs, the large neoplastic cells represent a minor
population in an abundant heterogeneous admixture of nonneoplastic inflammatory
and accessory cells. The large cells are known as Hodgkin and Reed—Sternberg cells
and they are usually ringed by T lymphocytes in a rosette-like manner. The Hodgkin
and Reed-Sternberg cells are derived from germinal center B cells. Biological and
clinical studies in the last 20 years have shown that HLs are composed of two disease
entities—nodular lymphocyte predominant HL (NLPHL) and classical HL. These lym-
phoma have a characteristic morphologic appearance and immunophenotype. Charac-
teristic of the classical HL. immunophenotype is the expression of CD15 and CD30 and
a lack of expression of CD45. Approximately 20% of the cases express CD20. In the
NLPHL, the neoplastic large cells express CD20, CD79a, BCL6, and CD45 in nearly
all cases, and are negative for CD15 and CD30. IHC is the technique of choice because
the small number of neoplastic cells has not been reliably detected by FCM.

Immunohistochemical staining with OCT-2 is helpful in the differential diag-
nosis of classical HL. and NLPHL. OCT-2 is a transcription factor that induces Ig
synthesis by activating the promoter of Ig genes in conjunction with its coactivator
BOB.1. Both molecules are consistently expressed in NLPHL, whereas both are
absent in 80% of the classical HL and one of them can be expressed in the remaining
20%. Classical HLs in which both OCT-2 and BOB.1 are expressed have not been
observed. Table 7.3 summarizes the immunophenotypic profiles of HLs and other
large cell lymphoma.

7.5 CONCLUDING REMARKS

Immunophenotyping of leukemia and lymphoma is an essential tool in diagnostic hema-
topathology. It allows proper lineage stratification and identification of diseases. Apart
from its value in diagnosing a particular disease, immunophenotyping also permits the
development of the differential diagnosis, which can be resolved in conjunction with
morphologic features and other ancillary studies. With respect to predicting disease
progression and response to therapy, however, the role of immunophenotyping alone
is relatively limited. Other factors, such as the presence or absence of specific genetic
alterations, appear to be more informative in this area and must be sought out.
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TABLE 7.3
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CD43 - - -+ +—/
ALK-1 - - - +-/

Note: NLPHL, nodular lymphocyte predominant Hodgkin lymphoma; HL, Hodgkin lymphoma;
DLBCL, diffuse large B-cell lymphoma; ALCL, anaplastic large cell lymphoma +, positive in all
cases; + /— majority of cases positive; —/+ minority of the cases positive; — all cases negative.

Source: Adapted from Jaffe, E. S., Harris, N. L., Stein, H., Vardiman, J. (Eds.). World Health Organiza-

tion Classification of Tumours: Pathology and Genetics of Tumours of Haematopoietic and Lym-
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8.1 INTRODUCTION

Human immunodeficiency virus type-1 (HIV-1) infection is the most common cause
of acquired immune deficiency. The virus infects CD4+ leukocytes and ultimately
leads to a profound CD4+ T-cell lymphopenia. The progressive decline in CD4+
T cells is associated with the increased risk of HIV-associated diseases includ-
ing opportunistic infections, wasting, and death.'-* Flow cytometry plays a domi-
nant role in the characterization and monitoring of patients with HIV-1 infection.

257



258 Handbook of Human Immunology, Second Edition

Additionally, flow cytometry as a technology has played and continues to play a key
role in the investigation of HIV-1 pathogenesis, vaccine efficacy, response to therapy,
and prognosis, with over 2500 peer-reviewed publications on this topic since the
mid-1980s. This chapter focuses on the role of flow cytometry in the management of
immune deficiency in HIV-1-infected individuals.

Although several informative and complex procedures have been developed
and evaluated for assessing and defining the severity of HIV-1-related immunodefi-
ciency, it is the simple measurement of peripheral blood CD4+ T cells that remains
the single most important parameter in the management of HIV-1-infected patients,
and is regarded as the standard for the immunological assessment of HIV-infected
patients.*-6

Several major societies, including the Centers for Disease Control and Preven-
tion in the United States, Infectious Diseases Society of America, National Institutes
of Health, the World Health Organization, International AIDS Society, and the Pedi-
atric European Network for the Treatment of AIDS (and others) have and continue to
provide guidelines for the surveillance and management of HIV-infected individuals.
All the guidelines include a requirement for CD4 T-cell measurements in the care
and monitoring of HIV-infected individuals with respect to the classification of the
level of immunodeficiency, the prognosis as related to the development of acquired
immunodeficiency syndrome (AIDS) and death, time point for determining when
to start prophylactic/antiretroviral therapy (ART), and when to change the therapy
due to failure. The level of CD4 T cells (especially at levels below 50 cells/mm?) at
the initiation of highly active ART is also a recognized risk for the development of
immune reconstitution inflammatory syndrome (IRIS).’

8.2 CD4 T-CELL MEASUREMENTS: GENERAL CONSIDERATIONS

Several technologies for the enumeration of absolute CD4 counts have been and
continue to be developed. The combination of the critical information provided by
peripheral blood CD4 T-cell counts (and percentage), and the urgent necessity to
provide ART on a global scale is driving the development of cost-effective CD4 enu-
meration technologies. Several nonflow cytometry—based technologies have come
and gone;® however, flow cytometry remains the platform of choice for measuring
peripheral blood CD4 T-cell counts and percentages. There are several new plat-
forms in the testing and validation stages that will be appropriate for adoption in
resource-rich as well as resource-limited settings. Simplification of the procedures
and a decreased reliance on electricity must be considered, where in addition to
cost considerations, the availability of experienced technologists and appropriate
resources (e.g., power and water) may be limiting.

In the United States, the recommendations published in 2002° suggest that three-
or four-color monoclonal antibody combinations with CD45 gating on a “single plat-
form” (i.e., not flow and hematology dual-platform testing) should be adopted for the
most accurate measurement of CD4 peripheral blood absolute counts and percent-
ages. Trials evaluating the adoption of single-platforms systems have shown improved
precision over dual-platform systems,'?-13 leading to their recommendation'®!! and
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widespread adoption in Europe and Canada (Frank Mandy and David Barnett,
personal communication). The adoption of single-platform methods in the United
States has been slower than in Europe and Canada. In the United States, there are
82 laboratories approved under the Immunology Quality Assessment Program of
the NTH-NTAID to perform CD4 T-cell enumeration studies, and only 19 (23%) of
these laboratories have so far completed the validation studies required for approval
to switch to the single-platform CD4 counting methodology (Raul Louzao, Program
Manager, IQA, 2007, personal communication).

When measuring CD4 T-cell counts and percentages in HIV-1-infected persons,
it is very important to consider changes in the trend of CD4 levels as opposed to indi-
vidual values. As individuals approach new levels of immune deficiency, it is prudent
to increase the frequency of CD4 measurements. Owing to the high variability of
CD4 T-cell levels in children, it is strongly recommended that two CD4 T-cell mea-
surements below the appropriate threshold be obtained* before initiating treatment.

All laboratories performing CD4 testing should enroll in an external proficiency
program. It is also noteworthy that (a) intercurrent illness may affect CD4 counts
and (b) values vary during the day (the so-called diurnal variation). Therefore, it is
recommended that CD4 testing be interpreted in the context of infections, the test be
repeated following any significant changes from previous results, and the blood be
drawn around the same time of the day for each visit.

8.3 CLASSIFYING THE LEVEL OF IMMUNE DEFICIENCY

There are several “guidelines” published that describe (a) different cutoffs for age
categories and (b) different CD4 T-cell levels used to characterize the level of
immune deficiency in HIV-1-infected individuals. Three recent guidelines published
by the World Health Organization (WHO) (and available online): (1) “Antiretroviral
therapy of HIV infection in infants and children in resource-limited settings: toward
universal access. Recommendations for a public health approach™; (2) “Antiretro-
viral therapy for HIV infection in adults and adolescents: Recommendations for a
public health approach, 2006 revision™; and (3) “WHO case definitions of HIV for
surveillance and revised clinical staging and immunological classification of HIV-
related disease in adults and children” provide a consolidated approach to character-
izing HIV-l-infected adults and infants. These documents are designed to provide
standardized guidelines for large centers caring for HIV-infected persons anywhere
in the world. The last reference serves to “harmonize” the staging of HIV-1-related
diseases in infants and children with the classification and staging of HIV disease in
adults and adolescents into one document.

Although several recommendations and guidelines exist, the immune deficiency
categories as published by the WHO consolidate all the recommendations into the
most appropriate age categories (three for children and one for adults) and levels of
immune deficiency for widespread adoption. Table 8.1 indicates the new classifica-
tion schema for HIV-1-infected adults and children in specific age categories.* As
described in Table 8.1, these levels of immune deficiency (when available) provide
key information in the management of HIV-infected individuals.
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TABLE 8.1
Classification of HIV-Associated Immunodeficiency

Age-Related CD4 Values

Classification of >5 Years (Absolute
HIV-Associated <11 Months ~ 12-35 Months  36-59 Months  Number per mm?
Immunodeficiency (% CD4) (% CD4) (% CD4) or % CD4)
None or not significant >35 >30 >25 >500

Mild 30-35 25-30 20-25 350-499
Advanced 25-29 20-24 15-19 200-349
Severe <25 <20 <15 <200 or <15%
Severe? <1500 cells/mm? <750 cells/mm?® <350 cells/mm? <200 cells/mm?

2 Tt is highly recommended that the percentage of CD4+ T cells be utilized to establish the level of immu-
nodeficiency in all HIV-1-infected children below 5 years of age.
For adult and adolescent guidelines please refer to the following document accessible via (http://www.
who.int/hiv/pub/guidelines/artadultguidelines.pdf).
Source: Reprinted from www.who.int/hiv/pub/guidelines/paediatric020907.pdf (Reference# 4). With
permission.

8.4 PROGNOSIS

CD4 T-cell percentages (in children below 5 years of age) and absolute CD4 T-cell
counts provide the single most effective prognostic factor for estimating the risk of
AIDS and death in HIV-1-infected children and adults. The CD4 cell count remains
the strongest predictor of HIV-related complications, even in patients on antiretroviral
medication.*® The prognostic information gained from the CD4 level has resulted in
the CD4 level being included in all guidelines on when to initiate ART and when to
change therapy due to failure. In children, the CD4 levels change significantly between
birth and 5 years of age,'>?° and are considerably higher than the levels observed in
adults. It is also well known that in children, the absolute CD4 T-cell count varies con-
siderably more than the percentage of CD4 T-cell measurements. For these reasons,
age is a key determinant in the decision to start ART, and it is strongly recommended
that the percentage of CD4 values (as opposed to absolute counts) be used in manage-
ment decisions for all HIV-1-infected children below 5 years of age. A comprehensive
meta-analysis of the short-term risk of disease progression (to AIDS) or death in HI'V-
infected children was performed by the HIV Pediatric Prognostic Markers Collabora-
tive Study Group.'8 In this analysis, the percentages of CD4 and HIV-1 viral load
(VL) were independent predictors of AIDS and death, although the percentage of CD4
was the stronger predictor.!®!” This information has formed the basis of new recom-
mendations on when to start ART in children.*>?! Studies investigating the surrogates
of risk of progression to AIDS and death have also been evaluated in women and
adults in South Africa.'®?> Progression to AIDS and death in women was predicted by
CD4 T cells of less than 200 cells/mm?, whereas those with values between 200 and
350 cells/mm? did not differ from the group with values greater than 350 cells/mm?,
supporting the recommendations for delaying ART until CD4 T-cell values are
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between 200 and 350 cells/mm?. In the South African cohort, the CD4 count was also
a strong predictor of the 6-month risk of AIDS or death. In this cohort, ranges of CD4
counts between 200 and 350 cells/mm? were also strong predictors of AIDS and death,
and the rates of clinical events were higher than those reported in high-income coun-
tries. This information is relevant in establishing guidelines for the initiation of ART in
resource-limited settings. The latter data support all initiatives to reduce the cost and
expand the use of CD4 measurements in resource-limited settings.

8.5 CD4 MEASUREMENTS AND WHEN TO START
OPPORTUNISTIC INFECTION PROPHYLAXIS
AND ANTIRETROVIRAL TREATMENT (ART)

The strong association of CD4 T-cell counts with risk of infection provides the ideal
measure of when to initiate ART. The baseline count is not only important in the
decision on when to start therapy but is also a key in the monitoring of the response
to treatment. Decisions on when to start ART are now tempered with the knowledge
of the toxicities and the risk of resistance from long-term ART therapy. It is for this
reason that ART is delayed until the risk of progression is “significant.”?! This risk is
defined primarily by the age-associated CD4 measurements (age groups differ in the
recommendations published by the different societies [i.e., NIH> versus WHO* ver-
sus PENTA?!] and the level of clinical disease [see Tables 8.2 and 8.3 for pediatrics
and Tables 8.4 and 8.5 for adults]).

TABLE 8.2
CD4 Levels and the Recommendations for Initiating ART
in HIV-Infected Infants

WHO Age-Specific Treatment Recommendations
Pediatric  Availability
Stage of CD4 <11 Months >12 Months
4 CD4 Treat all
No CD4
3 CD4 Treat all Treat all, CD4 guided in those children with tubercu-

losis (TB), lymphocytic interstitial pneumonitis (LIP),
oral hairy leukoplakia (OHL), and thrombocytopenia

No CD4 Treat all
2 CD4 CD4 guided
No CD4 Total lymphocyte
count (TLC) guided
1 CD4 CD4 guided
No CD4 Do not treat

Note: Stabilize any opportunistic infection before the initiation of ART; baseline CD4 is useful for moni-
toring ART even if it is not required to initiate ART; in children with pulmonary or lymph node TB,
the CD4 level and clinical status should be used to determine the need for and timing of ART in
relation to the treatment of TB.

Source: Reprinted from www.who.int/hiv/pub/guidelines/paediatric020907.pdf. With permission.
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TABLE 8.3
Recommendations for Initiating ART in HIV-Infected Children

Age-Specific Recommendation to Initiate ART

Immunological

Marker <11 Months 12-35 Months 36-59 Months >5 Years
CD4 (%) 25 <20 <15 <15
CD4 counts (cells/mm?) <1500 <750 <350 <200

Note: Immunological markers supplement clinical assessment and should therefore be used in combi-
nation with clinical staging. CD4 is preferably measured after stabilization of acute presenting
conditions. ART should be initiated by these cutoff levels, regardless of the clinical stage: a drop
of CD4 below these levels significantly increases the risk of disease progression and mortality.
The percentage of CD4 T cell (% CD4) is preferred for children below 5 years of age.

Source: Reprinted from www.who.int/hiv/pub/guidelines/paediatric020907.pdf. With permission.

TABLE 8.4

CD4 Criteria for the Initiation of ART in Adults and Adolescents

CD4 (Cells/mm3) Treatment Recommendations

<200 Treat irrespective of clinical stage

200-350 Consider treatment and initiate before CD4 count drops below 200 cells/mm?
>350 Do not initiate treatment

Note: CD4 cell count should be measured after stabilization of any intercurrent illness; CD4 count
supplements clinical assessment and should therefore be used in combination with clinical stag-
ing in decision making; a drop in the CD4 cell count below 200 cells/mm? is associated with a
significant increase in opportunistic infections and death; the initiation of ART is recommended
for all patients with any WHO clinical stage 4 disease and some WHO clinical stage 3 condi-
tions, notable pulmonary TB, and severe bacterial infections; the initiation of ART is recom-
mended in all HIV-infected pregnant women with WHO clinical stage 3 disease and CD4
<350 cells/mm?.

Source: Reprinted from www.who.int/hiv/pub/guidelines/adultguidelines.pdf. With permission.

Table 8.4 summarizes the immunological criteria on when to initiate ART in
adults. These recommendations are now very similar for most societies.

Highly active ART is indicated for all patients (children, pregnant women, and
adults) with an AIDS-defining illness (WHO,* NIH,> and PENTA?'), regardless of
CD4 T-cell measurements or VL.#23 In patients with non-AIDS-defining illness,
the decision to initiate highly active antiretroviral therapy (HAART) is based on
immune compromise as determined by percentage of CD4 in children below 5 years
of age and absolute CD4 T-cell counts in adolescents and adults. CD4 measurements
are also utilized for recommendations on when to initiate prophylaxis for opportu-
nistic infections.?
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TABLE 8.5

Recommendations for Initiation of ART in Adults and Adolescents in
Accordance with Clinical Stages and the Availability of Immunological
Markers

WHO Clinical CD4 Testing

Staging Not Available CD4 Testing Available

1—Asymptomatic Do not treat Treat if CD4 count is below 200 cells/mm?

2—Mild Do not treat

3—Advanced Treat Consider treatment if CD4 count is below 350 cells/mm?3 and
initiate ART before CD4 count drops below 200 cell/mm?3

4—Severe Treat Treat irrespective of CD4 cell count

Note: Details of the clinical indications, which define each of the clinical stages, can be obtained in the
Annexes 1 and 2 of Ref. 6. CD4 cell count advisable to assist with determining the need for
immediate therapy for situations such as pulmonary TB and severe bacterial infections that may
occur at any CD4 level. A total lymphocyte count of 1200 mm? or less can be substituted for the
CD4 count when the latter is unavailable and mild HIV disease exists. It is not useful in asymp-
tomatic patients. Thus, in the absence of CD4 cell counts and TLCs, patients with WHO adult
clinical stage 2 should not be treated. The initiation of ART is recommended in all HIV-infected
pregnant women with WHO clinical stage 3 disease and CD4 counts below 350 cells/mm?. The
initiation of ART is recommended for all HIV-infected patients with CD4 counts below 350/mm?
and pulmonary TB or severe bacterial infection. The precise CD4 cell level above 200/mm? at
which ART treatment should be started has not been established.

Source: Reprinted from www.who.int/hiv/pub/guidelines/artadultguidelines.pdf. With permission.

ABBREVIATIONS

AIDS  Acquired immunodeficiency syndrome

HIV Human immunodeficiency virus

IRIS  Immune reconstitution inflammatory syndrome
LIP Lymphocytic interstitial pneumonitis

OHL  Oral hairy leukoplakia

TB Tuberculosis

TLC  Total lymphocyte count
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9.1 INTRODUCTION

Accurate diagnosis and classification of primary immunodeficiency disease (PID)
is necessary to decide on appropriate clinical management, enable informed genetic
counseling, and permit the systematic collection of data on PID through registries that
will facilitate future investigation, diagnoses, and treatments of these rare diseases.
There are several components involved in making the correct diagnosis, including
traditional history, physical examinations, routine laboratory evaluations, and finally
specific diagnostic tests. Early screening laboratory tests include a complete blood
count (CBC), quantitative immunoglobulins for suspected humoral immunodefi-
ciency, complement levels for suspected complement deficiencies, and a “routine”
immunophenotypic assessment of the relative proportion and absolute number of the
major peripheral blood lymphocyte subsets. These early screening tests are extremely
valuable and can provide important information to aid in the accurate diagnosis of the
suspected PID. More specific tests may, however, be required to identify, classify, and
ultimately diagnose the specific disorder. The most accurate test would be the iden-
tification of the specific mutation in the specific gene associated with the suspected
disease. Although it is conceivable that deoxyribonucleic acid (DNA) sequencing
for more than 120 known genes involved in PID will one day be feasible and widely
available, such testing is currently not widely available, neither it is cost effective nor
timely. In lieu of DNA sequencing, several methods have been developed that allow
the assessment of defects associated with specific mutated genes. Such defects include
failure of development and maturation of a specific cell subset(s) and absence of a spe-
cific protein or a specific function. Flow cytometry, with the ability to identify up to
20 parameters per cell at thousands of cells per second is ideally suited to detect such
cellular abnormalities and has been exploited over the past 20 years for the develop-
ment of numerous methods used to evaluate patients suspected of primary immuno-
deficiency disease. In many cases, the results obtained by flow cytometry serve to
hone in on the specific underlying genetic abnormality or at least limit the possibili-
ties to only a few potential suspected abnormalities. In other words, the abnormality
detected by flow cytometry narrows the possible etiology and allows for a much
quicker intervention in the disease process before the actual genetic abnormality can
be specifically ascertained. Although extremely valuable, flow cytometric data need
to be considered in the light of the overall picture that includes clinical information,
other laboratory data, and where appropriate, confirmatory genetic testing. In this
regard, the reader is referred to the formal diagnostic criteria for PID that were pro-
posed recently [1].

Flow cytometry has emerged as an invaluable technology in the clinical labo-
ratory and has contributed significantly to both the understanding and the evalua-
tion (monitoring) of the immune system. The unparalleled ability to simultaneously
identify numerous parameters per cell at rates of thousands of cells per second
has resulted in the development of a large repertoire of diagnostic, prognostic, and
monitoring assays. The “Immunodeficiency Resource” (http:/bioinf.uta.fi/idr/index.
shtml) is a knowledge base that integrates clinical, biochemical, genetic, proteomic,
and other specific information on the primary immunodeficiencies. The site currently
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lists over 158 diseases of which more than 120 have known genetic etiologies [2].
The PIDs are formally classified by a group of worldwide experts. A recent meeting
held in Budapest, Hungary in late 2005, resulted in the formal classification/reclassi-
fication of over 120 specific diseases [3]. The detection of many of the abnormalities
by flow cytometry in peripheral blood leukocytes that are caused by these genetic
mutations can broadly be grouped as (1) relative or absolute decrease in a specific
subset or subsets, (2) loss or abnormal expression of a specific cell-associated marker
or markers, and (3) loss or abnormal function.

9.2 BRIEF HISTORY OF PRIMARY
IMMUNODEFICIENCY CLASSIFICATION

In 1970, the World Health Organization (WHO) convened a group of experts to
classify (unified nomenclature) and define the PIDs [4,5]. This process continued
under the aegis of WHO until recently when the sponsorship of the committee was
assumed by the International Union of Immunological Societies, the Jeffrey Mod-
ell Foundation, and the National Institute of Allergy and Infectious Diseases of the
NIH [3,4,6,7]. The completion of the human genome project and the development
of robust molecular techniques have resulted in the progression from a clinical
description and quantification of cells and proteins in blood for the diagnosis of
primary immunodeficiencies to a molecular understanding based on the identifica-
tion of the responsible gene(s). At a recent meeting, new diseases were included,
and the nomenclature of some PIDs were amended to describe the nature of the
underlying genetic defect more closely [3]. Although the genetic defects are known
for more than 120 of the primary immunodeficiencies, flow cytometry has and
continues to be an invaluable surrogate technology for the detection of the associ-
ated cellular and molecular abnormalities caused by the specific genetic defects.
In this chapter, a brief clinical description of those diseases amenable to flow cyto-
metric analysis within each of the eight PID groups (as summarized in Table 9.1)
is provided.

9.3 THE PRIMARY IMMUNODEFICIENCY DISEASES

Groups I through VIII are summarized from the corresponding tables in Ref. 3.

9.3.1 Grour I: CoMBINED T- AND B-CELL IMMUNODEFICIENCY [1]

1. T-B+(NK—) (severe combined immunodeficiency [SCID])
a. Common gamma chain (yC, CD132, IL-2Ry) deficiency

JAK3 deficiency

IL-7R alpha deficiency

CD45 deficiency

CD3 delta/CD3 epsilon deficiency

o0 o
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TABLE 9.1

Primary Immunodeficiency Classification by Category
Group Category

Group 1 Combined T- and B-cell

immunodeficiencies

Group II Predominantly antibody
deficiencies

Group III Other well-defined
immunodeficiency syndromes

Group IV Diseases of immune
dysregulation

Group V Congenital defects of phagocyte
number function or both

Group VI Defects in innate immunity

Group VI Autoinflammatory disorders

Group VIII Complement deficiencies

Several PIDs contained in this group are
directly characterized by flow cytometry

Absence of B cells or of B-cell markers readily
assessed

Only a few PIDs in this group can be
characterized

A few very specific abnormalities can be
characterized

Several specific procedures virtually diagnostic
of the specific PID

Limited applications involving flow cytometry

Limited applications involving flow cytometry*

Limited applications involving flow cytometry*

2 Will not be discussed further.
Source: Adapted from Notorangelo, L., Casanova, J-L., Conley, M.E. et al., J. Allergy Clin. Immunol.,
117, 883-896, 2006. With permission.

2. T-B—(NK+), (SCID)
a. RAG 1/2 deficiency
b. DCLREIC (Artemis deficiency)
¢. Adenosine deaminase deficiency (ADA)
d. Reticular dysgenesis
. Omenn syndrome
. DNA ligase IV
. CD40 ligand deficiency (X-linked hyper-IgM [XHIGM] syndrome)
. CD40 deficiency (autosomal Hyper IgM syndrome)
. Purine nucleoside phosphorylase deficiency (PNP)
. MHC class II deficiency (bare lymphocyte syndrome)
. CD3 gamma deficiency
10. CD8 deficiency
11. ZAP-70 deficiency
12. TAP-1/2 deficiency
13. Winged helix deficiency (nude)

SO X 9NNk~ W

Each of the combined immunodeficiencies listed in group I is associated with
peripheral blood lymphocyte subset and/or specific protein abnormalities that can
be detected by flow cytometry. To detect many of the latter abnormalities, we have
adopted a basic panel of monoclonal antibodies designed to measure the major cir-
culating peripheral blood lymphocyte subsets (referred to as the “routine panel”
throughout the chapter).
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9.3.1.1 Routine Inmunophenotyping Panel for the Identification
of Subset Abnormalities in Primary Immunodeficiency Disease

Routine immunophenotyping is designed to measure qualitative and quantita-
tive abnormalities in the major peripheral blood lymphocyte subsets, and is an
extremely valuable procedure for the screening of several PIDs. My laboratory cur-
rently utilizes the following panel to measure the relative and absolute number of
B cells (CD19+), T cells (CD3+), T helper cells (Th, CD3+, and CD4+), T cyto-
toxic cells (Tc, CD3+, and CD8+), natural killer (NK) cells (CD3— and CD16+
or CD56+), and activated T cells (CD3+ and HLA-DR+). The CD3, HLA-DR
tube assesses activated T cells, but also serves as a control for the measurement
of B cells (CD3— and bright HLA-DR+) and HLA-DR+ non-B, non-T cells. Cur-
rently, each tube contains up to four fluorochrome-conjugated antibodies; however,
the same information can and has successfully been obtained using 2, 3, 5, or 6
color combinations (see current panel in Table 9.2). Several commercially avail-
able monoclonal antibody products are available for the detection of the subsets
described earlier; however, it is the laboratory’s responsibility to ensure that both
the equipment and the reagents are properly maintained and quality controlled
before their implementation.

Historically, absolute lymphocyte subset counts have been derived as the
product of the absolute lymphocyte count generated by an automated hematology
instrument and the individual lymphocyte subset percentage obtained by flow
cytometry (dual-platform method). It is rapidly becoming apparent that absolute
counts derived directly from the flow cytometer (single-platform assays) com-
bined with the use of CD45 versus right-angle light scatter lymphocyte gating is
more precise and more robust than the traditional dual-platform methods [8,9].
Although the majority of these developments were validated in populations of
HIV-1-infected patients, the recommendations are very appropriate for immuno-
phenotyping patients suspected of PID. The adoption of single-platform technolo-
gies has become the norm in Europe and Canada, but has been slower to take hold
in the United States. In a quick evaluation of the flow cytometry laboratories that
have been accredited by the NIAID to perform CD4 enumerations for clinical

TABLE 9.2
Monoclonal Antibody Panel and Fluorochromes Used in Four-Color
Routine Immunophenotyping

Tube Fluorochrome

FITC PE PerCP APC
#1 CD3 CD8 CD45 CD4
#2 CD3 CD16 & 56 CD45 CD19
#3 CD3 HLA-DR CD45

Note: FITC = fluorescein isothiocyanate; PE = pycoerytherin; PerCP = peridinin chlorophyll
protein; and APC = allophycocyanine.
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TABLE 9.3
Mean Absolute Counts of Routine Inmunophenotyping
CD3 CD4 CD8 CD19 NK HLA-DR+
Abs Abs Abs Abs Cells T Cells
Dual platform 21866 13868 7212 596.5 2174 1434
Single platform 2020.1  1268.1 670.4 5441  196.0 130.2
10th %o (new—old) —-4283  -303  —138 —-1441  -58 -36
Median (new—old) -166.5 —117.5 =508 =519  —2L.1 -13.0
90th %o (new—old) 73.7 102 54 19.1 20 16

Note: Dual-platform versus single-platform methods. Results were generated on 100 consecutive sam-
ples received in the Diagnostic Immunology Laboratory at the Children’s Memorial Hospital.
The absolute T-cell count for this group ranged from 566 to 4732 cells/mm?.

trials, only 23% had switched to the single-platform methods (Raul Louazo, 2007,
personal communication).

Table 9.3 summarizes an example of the results obtained in a “switch study” per-
formed in my laboratory (unpublished). Briefly, dual platform—derived absolute lym-
phocyte subset counts (FACSCalibur, MultiTest-flow cytometry and a Bayer Advia
2120-automated hematology analyzer) were compared to the absolute lymphocyte
subset counts derived from the single-platform TrueCount® method on a FACSCali-
bur four-color instrument (Becton Dickinson) from 100 consecutive patients. For
the single-platform method, a known volume of blood is added to TrueCount tubes
that contain a known concentration of beads. The ratio of the number of cells of
interest (e.g., CD3+CD4+) counted in the sample to the number of beads counted
in the sample multiplied by the known bead concentration (corrected for the vol-
ume of whole blood added) provides the absolute number of the cells of interest
in whole blood (often described as the ratiometric method of single-platform abso-
lute counting). As seen in Table 9.2, the TrueCount single-platform method resulted
in a consistently lower (bias) absolute count than the dual-platform method. The
mean absolute counts derived from both methods on the 100 samples, as well as the
median, the tenth percentile, and the ninetieth percentile of the differences between
the old (dual-platform) and new methods (TrueCount) are presented in Table 9.2.

The recommendation for the use of CD45 expression levels versus right-angle
light scatter properties for lymphocyte gating [9] versus gating on lymphocytes by
their inherent light scatter properties only is particularly appropriate for the analy-
sis of PIDs. This is because many of the underlying defects in several PIDs affect
the resolution of the lymphocyte cluster based on light scatter properties alone (see
improvement in the resolution of the lymphocyte cluster by use of CD45 and right-
angle light scatter in Figure 9.1).

Our laboratory and others have been involved in the establishment of age-
associated lymphocyte subset reference ranges [10,11]. This information is particularly
helpful in the evaluation of very young infants suspected of a PID. Tables 9.4 and 9.5
provide the age-associated lymphocyte subset reference ranges for percentages and
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FIGURE 9.1 Flow cytometric methods for lymphocyte gating in a healthy nondisease
control (top row) and a SCID patient (bottom row). The dot plots on the left-hand side column
illustrate traditional lymphocyte gating using only the integral light scatter properties of
forward-angle light scatter (FALS) versus right-angle light scatter or “side scatter.” The dot
plots in the right-hand side column illustrate lymphocyte gating on dot plots featuring CD45
surface expression (on the x-axis) versus side scatter on the y-axis as an alternative (and
recommended) method of gating on the lymphocyte population. The top left and top right
dot plots illustrate lymphocyte gating in a normal healthy control where the lymphocyte
cluster is clearly demarcated and easily gated using either method. The bottom left and right
dot plots clearly illustrate the differences between the two lymphocyte gating methods. Note
the improved resolution of the lymphocyte cluster when CD45 is combined with side scatter
(lower right) as compared to light scatter gating only (lower left). CD45 versus side scatter
is the recommended method for gating on the lymphocyte population for flow cytometric
analysis in most applications.

absolute counts (respectively) that were generated in our laboratory with informed
consent from a group of healthy children enrolled in a new vaccine protocol at the
Children’s Memorial Hospital in Chicago, Illinois. A manuscript describing the sta-
tistical methods used to create the specific age categories and validate these reference
ranges is in preparation and the reference values for young infants were published pre-
viously [10]. None of the primary immunodeficiencies are more closely aligned with
flow cytometry than the SCIDs as listed in group I, since they are actually categorized
according to the lymphocyte subset abnormalities that were traditionally detected by
flow cytometry.
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TABLE 9.4
Absolute Cell Counts (Cells/uL) Reference Ranges within Age Ranges (Days)
Age Range 33 40 45 40 35 37 27
(Days) N <525 <1245 <3365 <691 <1115 <1528.5 >1528.5
CD4 5th 11689 13924 17859 10887  769.4 517.9 547.7
S0th 26958 3160.5 33558  2379.7 15510  1358.6 1020.0
95th 56234 5209.8 51407 45522 24418  2355.6 1720.2
CD8 Sth - 2672 6519 9458 7495 4287 269.5 331.8
50th 10584 13293 14428 13701 969.8 793.0 684.0
95th 1859.9 2449.0  2790.6 37485 17436 15302 1306.9
CD3 Sth 13750 2532.8  2888.7  2206.5  1346.9 894.6 1051.2
50th 37429 4427.8  4896.0 38122 24597 23314 1792.0
95th 71285 6777.6  7994.6  8192.1 40850  3654.4 3031.4
CDI19 5th 1043 7454 8584 7039 5227 396.5 203.4
50th  607.6 14411 17199 13720  900.0 699.2 528.0
95th 1447.6 34987 37740 27108 17793  1539.1 1138.8
CD16+56  5th 600 1942 1741 1819 1643 121.0 138.3
S0th  204.1 4706 430.1 4400 3422 291.9 315.0
95th 4343  993.6 11021 15814 11711 641.8 1027.0
TABLE 9.5
Subset Percentages Reference Ranges within Age Ranges (Days)
Age Range 45 40 45 40 35 37 27
(Days) N <525 <1245 <3365 <691 <1115 <1528.5 >1528.5
CD4 5th - 48.0 34.9 38.1 25.8 259 25.9 28.0
50th 620 49.0 49.0 41.0 38.0 40.0 36.0
95th  74.8 62.0 60.8 53.1 50.3 53.3 49.1
CD8 5th 132 14.0 14.1 159 10.9 12.8 16.7
50th  23.0 21.0 21.0 23.0 25.0 24.0 25.0
95th 329 30.1 33.7 39.1 345 37.1 32.4
CD3 Sth 69.0 54.7 58.8 50.2 515 43.7 54.2
S0th  82.8 68.0 69.0 65.1 65.8 68.8 67.0
95th 926 79.0 80.2 77.8 71.5 79.3 79.4
CD19 5th 4.1 14.0 16.1 159 16.9 16.9 9.0
50th 140 235 25.0 26.0 24.0 22.0 22.0
95th  25.9 39.0 36.0 33.1 342 37.4 31.9
CD16 + 56 5t 2.0 3.0 3.0 4.0 4.9 4.0 5.7
50th 4.0 7.0 6.0 9.5 10.0 8.0 11.0

95th  13.6 14.1 12.9 20.1 18.8 223 254
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9.3.1.2 Th—Tc—NK—B+ X-Linked Severe Combined Immunodeficiency

Common gamma chain (yc/CD132): X-linked SCID is the most common form of the
SCID syndromes [12]. It is caused by mutations in the gene encoding the IL-2 receptor
gamma chain (IL-2RG, also referred to as the common gamma chain (yc), or CD132).
A functional IL-2RG protein is required for the maturation of NK and T cells, both of
which are abnormally low or absent in the peripheral blood of patients with mutation
in this gene [13,14]. An example of a patient diagnosed with X-linked SCID is pre-
sented in Figure 9.2, with the characteristic finding of very low NK- and T-cell subsets
detected in the peripheral blood. The common gamma chain (yc/CD132) is also the
signaling component of the IL-4, IL-7, IL-9, IL-15, and IL-21 receptors [15] that are

TB*NK'SCID Healthy control subject
B=96% B=12%
T=<1% T=77%
w L
o o
o o
a Q
o @)
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FIGURE 9.2 Routine immunophenotyping results from a 5-month-old male with an abso-
lute lymphocyte count of 400 cells/mm? and a clinical history consistent with SCID. The
lymphocyte subset analysis is remarkable for the paucity of CD3+ T cells (<15 of all lym-
phocytes) with 96% B cells (upper left) and a low 2% NK cells (lower left). This pattern is
consistent with both X-linked SCID (common gamma chain deficiency) as well as autosomal
SCID (mutations in Janus kinase 3). Molecular analysis confirmed the diagnosis of X-linked
SCID due to a nonsense mutation in the gene encoding the common gamma chain (CD132).
Routine immunotyping results on a healthy control run simultaneously are presented in the
right-hand side column for comparison.
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involved in the maturation and function of all peripheral blood lymphocytes. Although
present in normal numbers, B cells from X-SCID patients are abnormal, do not mature,
and fail to undergo class-switch recombination [16]. Anti-yc monoclonal antibodies are
available directly fluorescinated from several companies and have been successfully
employed to specifically detect absent or abnormal protein expression [17,18].

9.3.1.3 Th—Tc—NK—B+, Autosomal Severe Combined
Immunodeficiency (JAK3)

This autosomal form of SCID that is clinically and immunophenotypically indis-
tinguishable from the X-linked form is associated with mutations in gene encoding
the Janus 3 (JAK3) kinase [19]. JAK3 kinase is directly associated with a common
gamma chain and is downstream in the signaling pathway of the cytokine recep-
tors, which explains why the phenotypic abnormalities are identical to patients with
mutations in the IL-2RG gene. Autosomal JAK3 represents the fourth most common
genetic defect in SCID [16].

Patients with either X-linked or autosomal JAK-3 SCID, who undergo bone mar-
row transplantation but have not received pretransplant myeloablative therapy can retain
their B- and NK cells that fail to function normally. This appears to be due to the fact that
B- and NK cells of the donor do not engraft, and the abnormalities related to IL-4 and
IL-21 cytokine receptors in the B cells and abnormal IL-15R in NK cells prevent normal
functioning even in the presence of normal T cell help by donor-derived T cells [16].

9.3.1.4 Th—Tc—B+NK- (CD45)

Patients with mutations in the gene encoding CD45 are also reported to have sig-
nificantly reduced percentages and absolute numbers of T- and NK cells [20]. In
addition to the abnormal subset representation described, the level of CD45 expres-
sion on the surface of the majority of circulation leukocytes is absent or severely
reduced. Detection of the latter clearly distinguishes this group of patients from the
either the X-linked or JAK3-associated SCID.

9.3.1.5 Th—Tc—B+NK+ (IL-7R Alpha, CD3 Delta, and CD3 Zeta)

IL-7 receptor alpha mutations represent the third most common cause of SCID
[16,21]. These patients have a preponderance of B cells with relatively normal lev-
els of NK cells suggesting that a functional IL-7 receptor is not required for the
maturation of NK cells. Mutations in the delta chain of the CD3 receptor have
also been described to cause clinical SCID, with a profound deficiency of CD3+,
CD4+, and CD8+ circulating T cells, and a severe reduction of gamma/delta T-cell
receptor (TCR) positive T cells [22]. Recently, the description of a mutant CD3
zeta chain leading to SCID was provided by Buckley’s laboratory; however, this
specific deficiency has not yet been officially classified [23].

9.3.1.6 Th—Tc—B—NK+ (Ragl, Rag2, Lig IV, Artemis)

The absence of circulating B and T cells with the presence of circulating NK cells
(Figure 9.3) forms another distinct group of PID. This abnormal phenotype is the
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FIGURE 9.3 The flow cytometry results from a 7-month-old female patient with an abso-
lute lymphocyte count of 350 cells/mm? and a clinical and family history consistent with
autosomally inherited SCID are presented in the left-hand side column. The absence of
B and T cells (both less than 1%) is suggestive of a mutation in one of the genes involved in
the formation of mature antigen receptor genes (RAG 1, RAG 2, Lig IV, or Artemis).

result of mutations in genes involved in the process of specific antigen receptor for-
mation on B and T cells. The large variability in the antigen-recognition motifs of
B- and T-cell receptors is generated by the process of somatic V(D)J recombination
in the latter in the T- and B-cell receptor genes. This highly regulated molecular
event is essential for the maturation of circulating peripheral blood B and T cells.
Recombination activating genes 1 and 2 (RAGI and RAG2) interact with the appro-
priate sequences in the V, J (and sometimes D) regions of the T-cell receptor and
immunoglobulin receptor genes to induce a double-strand break. The recombination
(repair) process is then effected by components of the nonhomologous end join-
ing (NHEJ) machinery. This complex process involves at least six proteins, Ku70,
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Ku80, DNA-PKcs, Artemis, DNA ligase IV (Lig4), and Xrcc4 [24]. Mutations in
genes inducing the double-strand breaks, that is, RAGI and RAG2 [25], as well as
mutations in the genes encoding the proteins responsible for the repair of the double-
strand breaks (Artemis [26] and Lig4 [27,28]) lead to SCID disease associated with
no or very low levels of T and B cells. V(D)J recombination defects are responsible
for approximately 20% of the SCID cases in Europe [29], whereas in the United
States, the V(D)J recombination defects are less common, representing less than 3%
of all SCID patients’ genetic abnormalities [16].

9.3.1.7 Th—Tc—B—NK- (Adenosine Deaminase Gene)

Patients with severe lymphopenia (<500 cells/uL) and a virtual absence of all lym-
phocyte subsets should be suspected of harboring mutations in the adenosine deami-
nase gene (ADA), which accounts for approximately 15-20% of all SCID patients in
Europe and the United States [29-31]. In addition to more severe lymphopenia than
other forms of SCID, ADA patients exhibit other distinguishing features including
multiple skeletal abnormalities on an x-ray [16].

9.3.1.8 Th+Tc+B+NK— (IL-2R/IL-15Rp)

The complete absence of NK cells in the peripheral circulation, decreased T cells,
and normal levels of B cells have been described in a 17-month-old male [18]. The
IL-2R/IL-15R expression levels were less than 10% of normal and the messenger
ribonucleic acid (mRNA) levels were detected at less than 10% of the control, how-
ever, no mutations were detected. Whether or not there is a mutation in the gene
encoding IL-2R/IL-15Rp remains to be seen; however, it was noted by the authors
that the sensitivities of the mutation detection techniques utilized were not 100%.

9.3.1.9 Omenn Syndrome

This syndrome represents a unique clinical picture but the syndrome is actually
associated with the same mutations that cause many of the SCID diseases described ear-
lier. Omenn syndrome appears to occur primarily in patients with hypomorphic muta-
tions (leading to some expression of an abnormal gene product) in Artemis [26], RAGI
or RAG2 [32], or IL-7R [33] genes. Clinically, these patients present with erythematous
rash (98%), hepatosplenomegaly (88%), lymphadenopathy (80%), and recurrent infec-
tions as reviewed by Aleman et al. [34]. In addition to frequent infections, patients often
have high serum IgE, and an elevated white blood cell count due to eosinophilia and
lymphocytosis. Omenn syndrome patients can have normal to elevated levels of circu-
lating T-cell numbers, but they are abnormally activated (very high HLA-DR expres-
sion; Figure 9.4) (activated T-cell phenotype) and of limited diversity, i.e., can have a
skewed, mono, or oligoclonal TCR repertoire (see Section 9.3.1.10 and Figure 9.5).

9.3.1.10 T-Cell Receptor V-Beta Repertoire Analysis
in CD4 and CD8 T-Cell Subsets

The assessment of the T-cell repertoire can be performed by a variety of methods
as reviewed by Dr. Uzel in Chapter 10. In our laboratory, abnormalities in the TCR



280 Handbook of Human Immunology, Second Edition

104 104+ 10% 4
] &%
1035, 1033 1033 -
b < 1% © ] o
by 2 A 21 a 2.= 15%
a 10 g 10 Q 1073
10" 4 PO 1074 : 10" :
100 Ty rr?-.':l L 100 ‘r*vr o 100 ‘V‘irmmr‘hmm
10° 10" 102 10% 10* 10° 10" 102 108 10* 100 10" 102 10° 10*
CD45 CcD3 CcD3
CD45/CD14 CD3/CD4 CD3/CD8
104 104 10* &=
g 10°1 103?.*/. 84% x 103%
[a) - [a) :
Q 1023 2 1027 < 10273
© ; 4 [a)] i il b
o 10" —1—— © 1014— - 107 3
&) - : - 0 ¥ A i 1.
100-r~£—rw~§4~w——mﬂ 100 Frir —.%- w— L e
10° 10" 102 108 104 100 10" 102 108 10* 100 10" 102 108 10*
CcD3 CD3 CD3
CD3/CD16 and 56 CD3/CD19 CD3/HLA-DR

FIGURE 9.4 Increased HLA-DR (MHC class II) expression levels on CD3+ T cells
from a patient diagnosed with Omenn syndrome due to a mutation in Janus kinase 3
(JAK3). This is an example of our two color—six tube panel for routine immunopheno-
typing using light scatter gating on lymphocytes. Note that the patient was lymphopenic
(abs. lymphocyte count = 600/mm?), and had significantly reduced T cells (16%), inverted
CD4:CDS8 ratio (0.07), reduced NK cells (<2%), and an increased proportion of B cells (84%).
The T cells were notable for the significantly increased percentage expressing HLA-DR on
the cell surface (90%), which is significantly greater than the upper limit of normal (10%) for
this age. Patient’s with Omenn syndrome can have normal absolute counts but their T-cell
receptor repertoire are often abnormally skewed with significant over and underrepresenta-
tion of several V-beta families as illustrated in Figure 9.5.

V-beta repertoire are assessed within both CD4 and CDS8 T-cell subsets using a
modified commercial kit (Beckman Coulter Corporation). Briefly, each tube con-
tains three different V-beta monoclonal antibodies each with a unique combination
of fluorescein isothiocyanate (FITC) only, pycoerytherin (PE) only, or FITC+PE,
as well as CD3-PerCP (BD Biosciences) and CD8-APC (BD Biosciences), that is,
a four-color panel. This combination of monoclonal antibodies and fluorochromes
allows us to measure the relative representation of three individual TCR V-beta fam-
ilies within both the CD3+CD8+ and CD3+CD8— T-cell (primarily CD4+) subsets
in each tube for a total assessment of 24 different TCR V-beta families (as illustrated
in Figure 9.6) per patient. This panel is useful in supporting the diagnosis of Omenn
syndrome as described earlier and represented in Figure 9.5, and has been reported
to be useful in assessing the degree of immunological compromise in patients with
the Di George syndrome as described in Section 9.3.3.3 [35].
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FIGURE 9.5 A basic assessment of the T-cell receptor repertoire can be performed quickly
and relatively easily by flow cytometry (see Section 9.3.1.10 as well as Chapter 10 by Dr.
G. Uzel) by measuring the relative proportion of 24 different TCR V-beta families expressed
within the T helper (CD3+CD8—) and T cytotoxic (CD3+CD8+) cells. This figure illustrates
the distribution of each of the 24 V-beta TCR families in a normal healthy control individual
as well as in a patient suspected of Omenn syndrome (the actual method of measuring the
V-beta families is illustrated in Figure 9.6). The CD8+ T-cell subpopulation contained over
80% TCR V-beta 20 families and a complete absence of several other TCR V-beta families
(top graph). The CD4 T-cell subset also contained an abnormally high proportion of V-beta
20 as well as V-beta 14, with a similar absence of several other V-beta families. All 24 TCR
V-beta families were normally represented in the T-helper and T-cytotoxic cells of the healthy
control subject (lower graph). Note that the “y”-axis on each of the graphs is different. Similar
figure was published previously by O’Gorman, M.R.G., Clin. Lab. Med. 27, 591, 2007.
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FIGURE 9.6 The basic flow cytometry procedure adopted for the measurement of 24 dif-
ferent TCR V-beta families with T helper and T cytotoxic T-cell subsets. Briefly, whole blood
is labeled with CD3-PerCP, CD8-APC, and three different TCR V-beta monoclonal antibod-
ies (one of the three TCR V-beta monoclonal antibodies is conjugated with FITC, the other
with PE, and the third is conjugated with equal amounts of PE and FITC) in each of eight
tubes. The individual TCR V-beta families within T helper and T cytotoxic cells are analyzed
by first drawing a region around the CD3+ cluster (R1) on a dot plot of CD3-PerCP versus
RALS (upper left-hand side dot plot). The events in this gate are then displayed on a dot plot
of CD3-PerCP versus CD8-APC (upper right-hand side dot plot), and two regions are drawn
to define CD3+CD8+ (T cytotoxic cells = R2) and CD3+CD8— (T-helper cells = R3). The
events that satisfy both R1 and R2 (T-cytotoxic cells) are then assessed for the expression
of each of the three different TCR V-beta families (lower right-hand side dot plot), and the
events that satisfy R1 and R3 (T helper) are then assessed for the expression of each of the
same V-beta families (lower left-hand side dot plot) by measuring the percentage of events in
each of the appropriate quadrants. Figure was published previously by O’Gorman, M.R.G.,
Clin. Lab. Med. 27, 591, 2007.

9.3.1.11 Summary of Severe Combined Immunodeficiency

Currently, there are 11 genes (ADA, CDI32, RAGI, RAG2, LIG4, Artemis, JAK3,
CD3 delta, CD3 zeta, CD45, and the IL-7 receptor) known to be associated with
SCID disease. Many of the mutations lead to characteristic abnormalities in circu-
lating peripheral blood lymphocyte subsets. A routine flow cytometric assay for the
measurement of relevant proportions and absolute numbers of the major lymphocyte
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subsets can provide valuable clues to the underlying genetic abnormality in a very
fast and relatively inexpensive manner. It must be noted that mutations in different
genes lead to identical phenotypic abnormalities, indicating that the ultimate diag-
nosis and determination of the molecular etiology may have to be determined with
the appropriate genetic sequencing technology.

9.3.1.12 Hyper IgM Syndromes: CD40 Ligand, CD40 Receptor-Group |

The nomenclature for the HIGM syndromes with immunoglobulin class-switch
defects were reclassified at the last Classification Committee meeting [3] to more
accurately reflect their genetic defect and are now represented both in group I (com-
bined immunodeficiencies [CD40 ligand, CD40 receptor]) and group II (primarily
antibody deficiency groups, NEMO, uracil-DNA glycolusase [UNG], activation-
induced cytidine deaminase [AICDA]). Mutations in any of the latter genes result
in low levels of serum IgG and IgA with normal to elevated IgM, defective Ig class-
switch recombination, absence of Ig gene somatic hypermutation, and a variable
level of cellular immunodeficiency. Patients with mutations in the genes encoding the
CD40 receptor or the CD40 ligand tend to have increased cellular immunodeficiency
and experience more severe clinical disease (hence the classification as group I).
The most frequently observed cause of the HIGM syndromes is due to mutations in
the X-linked gene encoding the CD40 ligand. In a recent review of 130 patients with
HIGM syndrome, 75% were found to have a mutation in CD40 ligand gene [36].
Flow cytometry—based procedures have been utilized in assessing all forms of the
HIGM syndromes but have been particularly useful (and more specific) in the detec-
tion of patients with either CD40 ligand— or CD40 receptor—related abnormalities.
The CD40 ligand (CD154), expressed primarily on the surface of activated CD4+
T cells, binds to the CD40 receptor of B cells and along with the appropriate cyto-
kines induces their proliferation, differentiation, and immunoglobulin class switch-
ing of the immunoglobulin genes. CD154 can only be reliably measured following
a potent in vitro activation step that has led to the development of a function-based
flow cytometry assay [37] (see details of the procedure in Section 9.3.1.13). Follow-
ing the ligation of the CD40 ligand with its receptor, the B cells signal back to the
T cell to continue its maturation and differentiation. Disruption of this costimula-
tory interaction is believed to be associated with the abnormal cellular immunity (in
addition to the humoral immune abnormalities) observed in these patients. Patients
with mutations encoding genes downstream of the CD40 receptor in B cells have
primarily humoral immune defects (group II) and less-severe clinical disease.

9.3.1.13 Measurement of CD40 Ligand on in Vitro—-Activated
T-Helper Cells and CD40 Receptor on B Cells

Following the discovery of the cause of XHIM and the development of a monoclonal
antibody specific for CD40 ligand, my laboratory designed, developed, and validated
a clinical flow cytometry procedure for the screening diagnosis of XHIM patients
and carriers [37]. Briefly, whole blood is stimulated with phorbol ester and a calcium
ionophore for 4 h, followed by the staining of lymphocytes with a panel of mono-
clonal antibodies including CD3, CDS8, CD40 ligand (TRAP-10 clone conjugated
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with phycoerytherin (Pharmingen, San Diego, California), and CD69. Following the
labeling procedure, the red blood cells are lysed, the cells are fixed, and the samples
are acquired and analyzed on the flow cytometer using a novel gating strategy (see
Figure 9.7). Although the procedure is now routine, in the development process we
discovered the following: phorbol 12-myristate 13-acetate (PMA) induces the rapid
modulation of the CD4 molecule off of the cell surface (so you must use a negative
gating strategy, i.e., CD3+CDS8— cells); the stimulation and upregulation of CD40
ligand is strongly calcium dependent, therefore, you cannot use EDTA anticoagu-
lated blood.

Abnormal CD40 ligand expression has been detected in all of our X-linked
HIGM patients (to date), their carrier mothers (when available), and in one of three
patients with common variable immunodeficiency (see Figure 9.7, right-hand side
column, for an example of an XHIM in patient and carrier). Most laboratories with a
moderate amount of flow cytometry experience could perform this assay [38]; how-
ever, it must be cautioned that others have reported the possibility that some XHIM
associated mutations could be missed if their detection relied exclusively on mono-
clonal antibodies and flow cytometry [36].

Mutations in the gene encoding the CD40 receptor (formerly classified as
HIGM3) also (not surprisingly) lead to a clinical phenotype virtually identical to the
X-linked form of the HIGM syndrome. Abnormal expression of the CD40 recep-
tor is detected by gating on B cells (CD19 or CD20) and measuring the percentage
of CD40 positive events (normal range is greater than 90% of B cells, that express
CDA40; unpublished result observed in our laboratory). The latter form of autosomal
recessive HIGM syndrome is very rare [39].

9.3.1.14 Abnormal HLA-DR Expression (Omenn Syndrome—Abnormally
Elevated and MHC Class Il Deficiency—Abnormally Decreased)

The percentage of T cells expressing HLA-DR+ T can be abnormally elevated in
patients with PID in two different circumstances: (1) SCID patient with maternally
engrafted T cells and (2) Patients with hypomorphic mutations in RAGI, RAG2, and
Artemis or IL-7RA genes presenting with Omenn syndrome (as discussed earlier
with abnormal oligoclonal T cells circulating in the periphery). Maternal engraft-
ment can cause significant problems pre- and post-bone marrow transplantation in
SCID patients and can be ruled out with the appropriate molecular testing [40].

Support for a diagnosis of Omenn syndrome, however, can be obtained by the
detection of abnormal HLA-DR expression on T cells combined with T-cell reper-
toire abnormalities as presented in Figures 9.4 and 9.5.

Interestingly, MHC class II deficiency is not due to mutations in the class II
genes themselves, rather the abnormal MHC class II expression is due to muta-
tions in genes encoding transcription factors binding to the promoter sites of the
class II genes. Mutations in genes encoding the class II transcription activation fac-
tor (CIITA) and the regulatory factor X proteins (RFXS5, RFXAP, and RFXANK)
lead to abnormal MHC class II expression on the surface of B cells, NK cells, and



Role of Flow Cytometry 285

E Healthy control
PE
S ] 94%+
° |
O 3 [
/2]
- 3
<
o 3
100 10" 102 108 10*
CD40L-PE
= , R AN XHIM (CD40L deficient)
10° 10! 102 10 10* @
c
CD3-PerCP 3 |
O ' M1
] 100 10 10° 10° 10
CD40L-PE
O
o
< |
8 XHIM carrier Mom
3] 2
g 60%+
3 o
O
10 10" 102 10° 10 100 10 102 10° 10t
CD3-PerCP CD40L-PE

FIGURE 9.7 Screening assay for the diagnosis of XHIGM syndrome now referred to as
CD40 ligand deficiency [1]. Briefly, whole, heparinized peripheral blood is activated with
optimal concentrations of phorbol myristate acetate and the calcium ionophore ionomy-
cin (Sigma Chemical Co., St. Louis, Missouri) or diluent alone. After 4 h at 37°C, samples
are washed and labeled with CD3-PerCP, CD40 ligand-PE, and CD8-APC (or FITC). This
monoclonal antibody combination allows for the “negative gating of CD4+ T cells by draw-
ing a region around the CD3+CDS8— T cells (bottom left-hand side dot). The histogram in
the right-hand side column illustrates the level of CD40 ligand expression levels on CD4+
T cells (filled curves), whereas as the stippled curves represents the level of fluorescence
generated on a nonhuman cell-antigen-specific isotype matched control antibody. The results
of this assay on a patient diagnosed with XHIM indicate that the CD40 ligand was not upregu-
lated (<5%, middle histogram, right-hand side column), whereas his mother’s cells expressed
below normal levels of CD40 ligand (60%) as seen in the bottom histogram of the right-hand
side column. Results obtained from a healthy nondiseased control run concurrently with all
patients tested indicates a robust and normal (i.e., >80%) level of CD40 ligand upregulation on
T-helper cells. Not shown in the figure are the results of induced CD69 expression on the in
vitro activated CD3+ T cells on samples from the patient, the mom, and the control that were
all consistent with normal (i.e., >90%), eliminating the possibility of a nonspecific in vitro
activation abnormality in the patient. Figure was published previously by O’Gorman, M.R.G.,
Clin. Lab. Med. 27, 591, 2007.
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activated T cells, and ultimately cause the “bare lymphocyte syndrome”—a form of
SCID (reviewed in Ref. 41). Patients with this disorder are detected in the routine
immunophenotyping panel. B cells, which normally express high levels of HLA-DR
on their surface, will be absent in a dot plot that has been gated on lymphocytes and
displays HLA-DR versus CD3. Additionally, CD4+ T-cell percentages and absolute
counts of the patients will be below normal values due to abnormal selection in the
thymus. The results of our routine immunophenotyping analysis on a patient diag-
nosed with MHC class II deficiency (bare lymphocyte syndrome) is presented in
Figure 9.8.
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FIGURE 9.8 Detection of MHC class II deficiency in the routine immunophenotyping
panel. This 7-month-old male patient with a presumed diagnosis of SCID had an absolute
lymphocyte count of 1900 cells/mm?3, %CD3+CD4+ (T helper) cells below normal and a
CD4:CDS ratio of 0.2, which is significantly below normal (not shown). Other abnormalities
included an elevated proportion of B cells (44%) with a correspondingly low proportion of
T cells (CD3 =43%). The most significant observation, however, was the complete absence
of bright HLA-DR+ CD3— events (corresponding to B cells) that should have been 44% of
the lymphocytes and the lack of any detectable HLA-DR on the T cells (see arrows in upper
right-hand side dot plot). Compare the results of the patient (upper row) to those obtained in
the healthy control (bottom row), who as the same proportion of B cells (CD19+) as the pro-
portion of bright HLA-DR+CD3— cells (12%) in the healthy control. Figure was published
previously by O’Gorman, M.R.G., Clin. Lab. Med. 27, 591, 2007.
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9.3.1.15 Decreased CD8+ T Cells (TAP-1/2 Deficiency, ZAP-70 Deficiency)

Class I deficiencies have also been reported and like the class II defects are not due
to mutation in the class I genes themselves. Mutations in the gene encoding the
TAP2 subunit of the peptide transporter associated with antigen processing (TAP)
leads to failure of MHC class I to be loaded with peptide [42], which in turn leads
to the failure of class I expression on the surface of nucleated cells. Lack of class I
expression leads to abnormal selection of CD8+ T cells in the thymus. Patients with
TAP deficiency have been reported to have decreased numbers of alpha/beta TCR
positive CD8 T cells, a higher proportion of gamma/delta positive CD8+ T cells,
and normal levels of NK cells (both CD3-CD56 and CD16+ and CD8+ NK cells);
however, NK function is abnormal [42]. This disease has also been referred to as
Bare Lymphocyte syndrome.

Patients with mutations in ZAP70 exhibit an absence of circulating CD8+
T cells, and their CD4+ T cells fail to respond to TCR signaling in vitro [43]. Patients
with ZAP-70 mutations have abnormal TCR-mediated activation [44], resulting in
severely depressed T-cell function and a clinical presentation very similar to other
SCID patients [43,45].

9.3.1.16 Decreased CD4+ T Cells

The idiopathic CD4+ T-lymphopenia syndrome is characterized by low CD4 counts
(<300 cell/uL) or low CD4% (<20%) on at least two occasions with evidence of
opportunistic infections and rigorous exclusion of all other known primary and
acquired immunodeficiency states (e.g., HIV infection) [46]. This syndrome has been
reported in children and adults as well as in patients with Down syndrome [47].

There is a report of immunodeficiency associated with homozygous caspase
8 mutations in two children born to consanguineous parents [48]. The percentage of
CD4+ T cells in both patients was significantly below normal. Other heterozygous
family members did not have a history of immunodeficiency.

9.3.2 Groupr IlI: PREDOMINANTLY ANTIBODY DEFICIENCIES

1. Severe reduction in all serum Ig isotypes with absent B cells
a. Bruton’s tyrosine kinase (Btk) deficiency
Mu heavy-chain deficiency
I'5 deficiency
Ig alpha deficiency
B cell linker protein (BLNK) deficiency
f. Thymoma with immunodeficiency
2. Severe reduction in at least two serum Ig isotypes with normal or low num-
bers of B cells
a. Common Variable Immunodeficiency Disorders (CVID)
b. Inducible Costimulator (ICOS) deficiency
c. CDI19 deficiency
d. transmembrane activator and calcium-modulator and cyclophillin ligand
interactor (TACI) deficiency
e. B cell-activating factor (BAFF) receptor deficiency

o0 T
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3. Severe reduction in serum IgG and IgA with increased IgM and normal
numbers of B cells (previously classified as autosomal HIGM syndromes)
a. activation-induced cytidine deaminase (AID) deficiency
b. urasil DNA glycosylase (UNG) deficiency

4. Tsotype or light-chain deficiencies with normal numbers of B cells

Ig heavy-chain deletions

Kappa chain deficiency

Isolated IgG subclass deficiency

IgA with IgG subclass deficiency

. Selective IgA deficiency

5. Spec1ﬁc antibody deficiency with normal Ig concentrations and normal
numbers of B cells

6. Transient hypogammaglobulinemia of infancy.

opo e

9.3.2.1 Absent B Cells: Th+Tc+B—NK+

The absence of B cells can be readily detected in the routine immunophenoping
panel (as described previously) by two separate and supporting results: very few
events will be CD3— and CD19+ and 2. CD3~ HLA-DR* bright events will be
absent (see Figure 9.9). Mutations in genes that result in arrested B-cell matura-
tion can be broadly separated into (1) X-linked agammaglobulinemia (XLA) and (2)
autosomal recessive (rarely autosomal dominant) inheritance forms. The majority
of patients with extremely low or absent B cells will be XL A, that is, males with a
mutation in the gene encoding Btk [49,50], and are easily identified in the routine
immunophenotyping panel. The abnormally expressed Btk protein can however also
be detected by flow cytometry (see Section 9.3.2.2).

9.3.2.2 Measuring Btk by Flow Cytometry
in X-Linked Agammaglobulinemia

Abnormal expression of Btk in platelets and monocytes can be assessed by flow
cytometry. Peripheral blood labeled with CDI14 PE followed by the fixation,
permeabilization, and intracellular labeling of Btk correctly identified abnormal Btk
protein expression in the monocytes of 40 of 41 XLA patients and cellular mosa-
icism in 35 of 41 obligate XLLA carriers [51]. This test provides a very fast assessment
of Btk expression, however, it must be noted that patients with missence mutations in
the Btk gene can express normal levels of Btk by flow cytometry. While measuring
Btk in platelets, Futatani observed that Btk was abnormally expressed in 37 out of
45 unrelated families with XLLA and that obligate XL A carriers had both normal and
abnormal expressing platelets [52]. In eight of the families, detection of an abnormal-
ity by flow cytometry was not possible due to the normal levels of the mutated Btk
protein. Those patients with detectable Btk protein (even at very low levels) in their
monocytes, presented with significantly higher percentages of B cells (0.7%) com-
pared to XL A patients with no detectable Btk protein (0.1% B cells) [53]. However,
no relationship was observed between the level of expression of Btk in platelets and
the clinical phenotype as reported by Futatani [52]. Although flow cytometry is very
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FIGURE 9.9 Establishing a result consistent with XLA in a male patient with hypogam-
maglobulinemia. The results indicated a (left-hand side column) virtual absence of CD19+
cells (less than 1%), as well the absence of bright HLA-DR+ CD3— cells, which is consistent
with XLA. The absolute lymphocyte count in the 11-month-old was 3300 cells/mm? (within
age-associated reference range) and the serum immunoglobulin levels (IgG, IgA, and IgM)
were all greater than two standard deviations below normal. Patients with autosomal forms of
agammaglobulinemia can express the identical immunophenotypic abnormalities and with-
out a consistent family history must have sequencing performed to identify the underlying
molecular abnormality. Figure was published previously by O’Gorman, M.R.G., Clin. Lab.
Med. 27, 591, 2007.

useful in detecting patients with abnormal Btk expression, the absence of the abnor-
mality does not rule out a mutation in the Btk gene.

9.3.2.3 Autosomally Inherited Agammaglobulinemia

In a smaller proportion of agammaglobulinemia patients, failure of B-cell matura-
tion is associated with mutations in the genes encoding the B-cells receptor gene,
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IgM, the surrogate light chain, lambda 5/14.1, the B-cell signaling receptor, Ig alpha,
and the B-cell linker adapter protein (BLNK) [12]. These patients experience clini-
cal findings similar to patients with XLA. A novel form of agammaglobulinemia is
inherited in an autosomal dominant fashion (rare for immunodeficiency disease) [54]
and is caused by mutations in the leucine-rich repeat-containing 8 gene (LRRCS) [55].
Patient’s B cells were completely absent in the peripheral blood and the patient’s cells
in the bone marrow expressed both the normal and the mutant protein. Surface marker
analysis of the B-cell lineage indicated that arrest had occurred at the pro-B-cell
stage (slightly earlier than in XLA) [54].

9.3.2.4 Memory B Cells in Common Variable Immunodeficiency
and X-Linked Hyper IgM Syndromes

Peripheral blood memory B-cells can be immunophenotypically identified by cell
surface expression of CD27 [56] as well as switched surface Ig (i.e., not I[gM and
IgD positive). Human peripheral blood contains approximately 35% memory B
cells (although this is age related), and the majority of the memory B cells are of
nonisotype-switched variety (i.e., do not secrete and express immunoglobulins other
than IgM and IgD) [57]. A rapid flow cytometry procedure used to identify CD27+
memory B cells is illustrated in Figure 9.10.

CVID represents a heterogeneous group of diseases with a variety of underlying
genetic causes. The identification of the absence of memory B cells in some patients
with CVID [58] has resulted in attempts to classify CVID patients based on the
level of this subset [59,60]. Cunningham—Rundles’ laboratory adopted the classifi-
cation system developed by Warnatz to evaluate a group of 53 CVID patients [61].

10t Healthy control CVID
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FIGURE9.10 Measurement of memory B cell levels by flow cytometry. Memory B cells can
be detected by the surface expression of CD27 on CD19+ (or CD20+) lymphocytes. Memory
B cells are expressed as the percentage of B lymphocytes expressing CD27. In the figure,
B-lymphocytes are first gated using CD19 versus right-angle light scatter and the expression
of CD27 is displayed on CD19+ cells. The percentage illustrated in the figure represents only
the percentage of B cells expressing CD27. The abnormally low percentages of memory B
cells illustrated are consistent with a diagnosis of common variable immunodeficiency and in
some forms of the HIGM syndrome).
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Patients with less than 0.4% switched memory B cells (CD19+CD27+IgM-IgD-)
were categorized as CVID-group I and patients with greater than 0.4% were cat-
egorized as CVID-group II. Group I patients had the lowest levels of serum IgG,
poor responses to pneumococcal vaccine, and increased rates of autoimmune and
granulomatous disease, that is, more severe disease [61]. There are only a few labo-
ratories in the United States currently performing routine memory B-cell analysis
in CVID patients (and other patients with associated immunoglobulin abnormali-
ties), but studies such as that reported earlier suggest that this procedure may have
a role in characterizing higher risk CVID patients and may eventually allow for
the improved identification of additional genetic abnormalities. Patients with some
forms of the HIGM syndrome have also been reported to express reduced levels of
CD27+ memory B cells [62], indicating that a low percentage of memory B cells is
not specific for CVID.

A recently described flow cytometry procedure very similar to the CD40 ligand
upregulation protocol described previously has been developed for the detection of
ICOS deficiency in patients with CVID [63]. Briefly, whole blood is incubated with
the appropriate concentration of PMA and ionomycin for 20 h and then the cells are
labeled with CD3, CD8, and anti-ICOS (eBioscience, Germany). After gating on the
CD3+CD8— T cells, the level of expression of ICOS is assessed. A patient with a
genetically defined homozygous ICOS mutation expressed ICOS on less than 1% of
the CD4 T cell compared with a range of 8614% (2 SD) in a group of nondiseased
healthy control subjects. This test requires confirmation on a larger group of patients
but appears to have potential in identifying CVID and characterizing the underlying
genetic abnormality.

Autosomal HIGM (due to defects in genes other than CD40 receptor and CD40
ligand) is associated with mutations in the genes encoding activation-induced cyti-
dine deaminase (AICDA) (formerly classified as HIGM?2) and uracil DNA glyco-
sylase (UNG) (now classified with group II, predominantly antibody deficiencies
[3]). Unlike patients with the common variable immunodeficiency syndrome, B cells
from most patients with the autosomal form of the HIGM syndrome express CD27,
implying that the generation of memory B cells in these patients is not necessarily
impaired even with an inability to switch Ig classes [64,65]. In vitro induction of
class-switch recombination (i.e., from IgM+IgD+ to other immunoglobulin classes)
with soluble CD40 ligand and appropriate cytokines is impaired in the autosomally
inherited forms of HIGM, but occurs normally in the X-linked form of HIGM [65].

Detection of kappa-chain deficiency is easily observed following surface stain-
ing with the appropriate antilight-chain antisera, and a B-cell marker.

9.3.3 Group HHI: OTHER WELL-DEFINED IMMUNODEFICIENCY SYNDROMES

1. Wiscott—Aldrich syndrome
2. DNA repair defects (other than those in Table 9.1)
a. Ataxia telangiectasia
b. Ataxia-like syndrome
c. Nijmegen breakage syndrome
d. Bloom syndrome
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3. Thymic defects Di George anomaly
4. Immuno-osseous dysplasias

a. Cartilage hair hypoplasia

b. Schimke syndrome
5. Hermansky—Pudlak syndrome type 2
6. Hyper-IgE syndrome
7. Chronic mucocutaneous candidiasis

9.3.3.1 Wiscott-Aldrich Syndrome

Wiscott—Aldrich syndrome (WAS) is an X-linked recessive disease characterized
by thrombocytopenia (with small platelets), eczema, and variable levels of both
humoral and cellular immunodeficiency [66]. WAS is associated with mutations in
the gene encoding the WAS protein (WASP). Monoclonal antibodies specific for
WASP [67,68] have been combined with intracellular flow cytometry staining for the
diagnosis of WAS and WAS carriers [68—71], to evaluate mixed chimera status in
WAS patients post-bone marrow transplant [72] and to separate patients with WAS
from thrombocytopenias of unknown etiology [71]. There are only a few laboratories
in the United States performing flow-based studies for the detection of abnormal
WASP expression.

9.3.3.2 Ataxia Telangiectasia and the Ataxia Telangiectasia Mutated Gene

Immunodeficiency in the context of telangiectasias and cerebellar ataxia portends
a diagnosis of ataxia-telangiectasia (AT). The disease is inherited in an autosomal
recessive fashion and is caused by mutations encoding the gene called ataxia tel-
angiectasia mutated (ATM). Diagnostic confirmation includes testing serum alpha
fetal protein (AFP) levels, abnormalities in the routine immunphenotyping assay,
and assessment of radiosensitivity [73—75]. Routine flow cytometry confirms the
presence of abnormalities in AT; however, the abnormalities are not specific. To
date there are no reports of successfully detecting abnormal expression of the ATM
protein by flow cytometry. Heinrich et al. published a summary of flow cytometry—
based cell-cycle testing assay on a group of 330 patients referred for “exclusion of
AT” and were able to ascertain AT-negative versus AT-positive in 94.2% of the cases
tested [76]. Although the authors concluded that “cell cycle testing complemented
AFP measurements and fulfills the criteria as a rapid and economical screening pro-
cedure for the differential diagnosis of juvenile ataxias” [76], this particular func-
tional flow-based assay is complex and time-consuming, suggesting it is not ready
for adoption in a routine clinical setting.

9.3.3.3 Di George Syndrome

Di George syndrome or Di George anomaly is a congenitally acquired disorder char-
acterized by classical facial features, and defects of the heart, parathyroid glands,
and thymus [77]. Although Di George syndrome is often grouped with the 22q11.2
deletion syndrome, only about 90% of the patients have this anomaly [78]. Depending
on the degree of thymic involvement, the immune system will be more or less
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compromised. Those with below normal T-cell function (in vitro mitogen-induced
proliferation responses) or low T-cell numbers are referred to as partial Di George,
whereas those with no T-cell responses and no peripheral T cells are referred to as
complete Di George. Although rare at less than 1% of all Di George patients, com-
plete Di George is a medical emergency and unless patients are successfully treated
they will die usually before 1 year of age. Patients with complete Di George have
been cured with the experimental treatment of thymic transplantation to the quad-
riceps muscle [79]. Flow cytometry is useful for assessing the level of immunodefi-
ciency (complete versus partial), which is important since the level of deficiency may
be associated with increased risk of infection [35]. Significant abnormalities in the
TCR V-beta repertoire have also been observed at baseline [35]. Longitudinal stud-
ies of patients with partial Di George usually show improvement in the immunologi-
cal defects over time [35,80], which may be due to a disease-associated reduction in
the normal rate of T-cell decline observed with aging [81].

9.3.4 Group IV: Diseases OF IMMUNE DYSREGULATION

1. Immunodeficiency with hypopigmentation
a. Chediak—Higashi syndrome
b. Griscelli syndrome, type 2
2. Familial hemophagocytic lymphohistiocytosis (FHL) syndromes
a. Perforin deficiency
b. Munc 13-D deficiency
c¢. Syntaxin 11 deficiency
3. X-linked lymphoproliferative (XLP) syndrome
4. Syndromes with autoimmunity
a. Autoimmune lymphoproliferative syndromes (ALPS)
i. CDO5 (Fas) defects, ALPS type la
ii. CDO5L (Fas ligand) defects, ALPS type 1b
iii. Caspase 10 defects, ALPS type 2a
iv. Caspase 8 defects, ALPS type 2b
b. Autoimmune polyendocrinopathy with cadidiasis and ectodermal dys-
trophy (APECED)
c. Immune dysregulation, polyendocrinopathy, enteropathy (X-linked)
(IPEX)

9.3.4.1 Familial Hemophagocytic Lymphohistocytosis

Hemophagocytic lymphohistiocytosis (HLH) is a disorder of early childhood char-
acterized by excessive, uncontrolled T-lymphocyte and macrophage activation. Clin-
ical symptoms include fever, hepatosplenomegaly, cytopenias, hyperlipidemia, and
increased hemophagocytes in the reticuloendothelial system (especially bone marrow
and liver) [82]. HLH represents two different groups of diseases categorized as either
familial or secondary. Familial forms are usually fatal in infancy unless patients
undergo bone marrow transplant, whereas most secondary forms respond to appro-
priate treatment [83]. Three genes (encoding perforin, Munc 13-D, and Syntaxin 11)
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are known to be associated with the familial form of the disease [84—88]. Perforin
abnormalities have been detected in 20-30% of all HLH patients [85]. Abnormal
perforin levels can be detected by intracellular staining and flow cytometric analysis
of NK cells and cytotoxic T cells [85]. Perforin protein is reported to be “uniformly
deficient” in FHL patients with perforin gene mutations [85]; however, one must
be cautious of the possibility that a functional mutation could be present although
expression levels as assessed by flow cytometry are normal.

9.3.4.2 The Autoimmune Lymphoproliferative Syndrome (ALPS)

The molecular basis of this chronic nonmalignant lymphoproliferative disorders was
first characterized in 1995 to be caused by FAS, a gene product involved in apoptosis
[89,90]. Although the majority of patients with ALPS have mutations in the gene
encoding FAS, it is now known that other genes including FAS-ligand, caspase 8, and
caspase 10 (all involved in FAS-mediated apoptosis) also lead to ALPS [91]. Impaired
programmed cell death results in the accumulation of lymphocyte and causes the
clinical phenotype of lymphadenopathy, hypersplenism, autoimmune cytopenias,
and an increased risk of lymphoma. ALPS diagnosis can be substantiated by the flow
cytometric assessment of specific subsets (see below) and of FAS-induced apoptosis.
Several flow cytometry methods have been developed to assess induced apoptosis
including annexin cell surface labeling, terminal deoxynucleotidyl transferase
biotin-dUTP nick end labeling (the so-called TUNEL assay), hypodiploid nuclear
DNA content, and propidium dye exclusion [91]. Flow cytometry has also been used
to screen patients suspected of ALPS by measuring for increases in alpha/beta TCR
positive, CD4 and CD8 double negative T cells [92]. We have developed a panel
of antibodies (TCR alpha/beta-FITC, CD4-PE, CD3-PerCP, CD8-APC, BD Biosci-
ence, San Jose, California) to measure this subset in patients suspected of ALPS.
The procedure for identifying and measuring this subset is illustrated in Figure 9.11.
Normal ranges for this subset have been reported from less than 1% of T cells [92]
up to less than 2.6% [93]. The flow cytometric assessment of double negative T cells
is an easy screening test. Patients with increases in the percentage of double negative
T cells bearing the alpha/beta form of the TCR and the appropriate clinical signs
warrant significant consideration for the diagnosis of ALPS.

9.3.4.3 Autoimmune Polyendocrinopathy-Candidiasis-Ectodermal
Dystrophy (APECED)

APECED, also known as autoimmune polyglandular syndrome type 1 (APS-1), is
an autosomal recessive monogenetic disease characterized (as the name suggests) by
endocrine organ-specific autoimmunity and candidiasis [94]. The gene identified to
be associated with APECED is known as “autoimmune regulator” (AIRE) [95,96].
Measuring the expression levels of AIRE in cells from suspected APECED patients
by flow cytometry has not been reported; however, the recent description of positive
AIRE expression in CDI14+ monocytes and differentiated dendritic cells (but not
CD4+ T cells and polymorphonuclear leukocytes [PMNs]) by immunocytochemis-
try [97] suggests that it may be possible to assess AIRE expression by flow cytom-
etry as an aid in the diagnosis of APECED in the near future.
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FIGURE 9.11 Illustrated in the figure is our analysis procedure used to measure the relative
proportion of CD4 and CD8 double negative, alpha/beta TCR positive, and CD3+ lympho-
cytes in patients suspected of a diagnosis of ALPS. Briefly, whole blood is labeled anti-TCR
alpha/beta-FITC, CD4-PE, CD3-PerCP, and CD8-APC (BD Bioscience), and the flow cyto-
metric analysis involves first gating on T (R1 in the upper left-hand side dot plot), and then
noting the number of T-cell events. The CD3+ events are then displayed in a dot plot of CD4
versus CD8 (upper left-hand side dot plot), and a region (R2) is drawn to include the CD4—
and CD8— events. Events included in both regions 1 and 2 (i.e., CD3+CD4—CD8—) are
then analyzed for the number of events that are positive for the alpha/beta form of the TCR.
The number of CD3+CD4—CD8— TCR alpha/beta+ events is divided by the number of
T cells (27,036 in the upper left-hand side dot plot of region 1) to obtain the percentage of
CD3+CD4—CD8— TCR alpha/beta+ cells. Patients with a diagnosis of ALPS can have any
high proportions of this subset as described in the text. Figure was published previously by
O’Gorman, M.R.G., Clin. Lab. Med. 27, 591, 2007.

9.3.4.4 Immunoregulation-Polyendocrinopathy-Enteropathy-X-Linked (IPEX)

IPEX is a rare X-linked recessive monogenic disorder characterized by over-
whelming systemic autoimmunity. The most common clinical features of this
X-linked recessive disorder are early onset insulin-dependent diabetes, severe
watery diarrhea, and dermatitis often correlated with high level of serum IgE [94].
In addition to the autoimmune manifestations, patients can succumb to severe
infections if immune suppressive treatment is not initiated early on [94]. The first
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complete phenotypic description of IPEX syndrome as a distinct clinical entity
was published in 1982 [98]. In 2001, mutations in the Forkhead Box P3 (FoxP3),
a gene located on the X chromosome were reported as the cause of the IPEX syn-
drome [99]. FOXP3 protein is the key to the maintenance of immune homeostasis
through the development and function of regulatory CD4+CD25+ T cells (Tregs).
Regulatory T cells (Tregs) are highly specialized immunosuppressive cells that
actively suppress immune responses to both self and pathogens and play a key role
in maintaining self-tolerance and immunologic control [100]. Flow cytometry has
been used to screen patients suspected of IPEX by the intracellular detection of
reduced FOXP3 expression in CD4+CD25+ T cells. In humans, FOXP3 is pri-
marily located in the CD25+CD4+ T regulatory lymphocyte subset. Most IPEX
patients lack FoxP3 positive cells, however, we must be cautioned of the possibil-
ity that the detection of FoxP3 does not necessarily rule out a mutant FoxP3 gene.
See gating procedure and representative levels of FoxP3+CD25+CD4+ (Tregs)
in Figure 9.12.

CD25-PE

Right-angle light scatter

100 10" 102 10° 104 100 10" 102 10 104
CD4-PE-Cy5 Anti-FoxP3-Alexa Fluor U 488

FIGURE 9.12 Measurement of abnormal FoxP3+ CD25+ T cells. Patients suspected of
immune dysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome due to
mutations in the FOXP3 gene can be screened by flow cytometry. Illustrated is a method
we are in the process of validating for the measurement of T-regulatory cells, that is, the
percentage of CD4+ T cells that are both CD25+ and FoxP3+. Briefly, cells are labeled
for surface expression of CD4-PECy5 and CD25-PE (BioLegend, San Diego, California),
followed by permeabilization and fixation, then labeled for the intracellular expression of
FoxP3 (conjugated with Alexa Fluor® 488, BioLegend, which emits at a wavelength virtually
identical to FITC). Analysis is completed by first gating on CD4+ T cells in a dot plot of
CD4 versus right-angle light scatter (left-hand side dot plot), then measuring the percentage
of CD4 T cells expressing bright CD25 and FoxP3 (right-hand side dot plot). We are in the
process of developing normal ranges. The normal range for the percentage of CD4+CD25
bright positive cells expressing FOXP3 is approximately 80-90% and an absolute number
of circulating CD4+CD25+FoxP3+ lymphocytes of 105-259/mm? (Alexandra Filipovich
and Jack J.H. Bleesing, 2007, personal communication; Note: Alexa Fluor 488 is a registered
trademark of Molecular Probes, Inc.
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9.3.5 Group V: CONGENITAL DErecTs OF PHAGOCYTE
NumBer, FUNCTION, OR BOTH
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. Severe congenital neutropenia (ELA2 gene)

2. Severe congenital neutropenia (GFII gene)

. Severe congenital neutropenia (granulocyte-colony stimulating factor
receptor)
Kostmann syndrome

. Cyclic neutropenia

. X-linked neutropenia/myelodysplasia

. Leukocyte adhesion deficiency type-1 (INTG2 gene, CDI8)

. Leukocyte adhesion deficiency type-2 (FUCT1 GDP-fucose transporter)

. Leukocyte adhesion deficiency type-3 (defective Rap-1 activation of
integrins)

10. Rac 2 deficiency

11. b-Actin deficiency

12. Localized juvenile perodontitis

13. Papillon—-Lefevre syndrome

14. Specific granule deficiency

15. Shwachman—Diamond syndrome

16. X-linked chronic granulomatous disease (CGD) (CYBB gene, p91phox)
17. Autosomal CGD (CYBA gene, p22phox)

18. Autosomal CGD (NCFI gene, p47phox)

19. Autosomal CGD (NCF2 gene, p67phox)

20. Neutrophil G-6PD deficiency

21. IL-12 and IL-23 receptor Bl chain deficiency

22. IL-12p40 deficiency

23. Interferon gamma receptor 1 (IFN-yR1) deficiency

24. IFN-yR2 deficiency

25. STATI deficiency (autosomal recessive inheritance)

26. STAT]1 deficiency (autosomal dominant inheritance)
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9.3.5.1 Neutropenia

Flow cytometry is particularly well suited for the detection of neutropenia; however,
this technology is rarely used to assess the relative or absolute numbers of circulating
neutrophils due to the ubiquitous availability of reliable and inexpensive automated
hematology analyzers.

9.3.5.2 Chronic Granulomatous Disease: gp91phox,
p22phox, p47phox, and p67phox

CGD is the most common immunodeficiency of the phagocyte primary immunode-
ficiencies. The genetic abnormalities in CGD result in a severely reduced capability
to generate superoxide and other reactive oxygen species, which in turn results in
abnormal microbial killing within phagocytes. Abnormal nicotinamide dinucleotide
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phosphate (NADPH) oxidase activity is caused by mutations in one of four known
NADPH subunit genes, that is, gp91phox, p22phox, p47phox, and p67phox. CGD
is relatively rare with a reported incidence of approximately 1 in 200,000 persons
[101]. The most common form of CGD is caused by mutations to the X-linked gene,
gp91phox (70% of CGD cases), the remainder of the cases occur as a result of muta-
tions in autosomally encoded genes: p22phox (the other component of membrane
flavocytochrome b558), p47phox, and p67phox [102].

Monoclonal antibodies specific for the cytochrome b558 complex [103-105] of
the NADPH oxidase have been combined with flow cytometry to detect abnormal
membrane expression in CGD patients [106]. The use of monoclonal antibodies in
the diagnosis of CDG is, however, largely relegated to highly specialized clinical/
research laboratories using Western blot methodology to confirm the mutated gene
products. Screening for CGD is much more commonly performed by flow cytometry
using quicker and less-expensive functional flow cytometry—based oxidative burst
screening assays.

9.3.5.3 The Oxidative Burst Assay

The basic principle of the flow cytometry—based oxidative burst procedure is that
cells preloaded with a nonfluorescent oxygen-sensitive dye, will become brightly
fluorescent when the dye is exposed to reactive oxygen intermediates generated in the
course of an induced oxidative burst. Patients with CGD are unable to generate an
oxidative burst and are easily identified since they cannot oxidize the dye (i.e., the dye
will remain nonfluorescent). Bass first reported the use of a flow cytometry—based
procedure for the diagnosis of CGD with the oxygen-sensitive dye dichlorofluores-
cein diacetate (DCFH-DA) in 1983 [107]. The discovery of a more sensitive dye led
[108] to the development of improved flow cytometry—based assays for the diagnosis
of CGD, however, the tests were still performed on samples that had been processed
before dye loading and stimulation [109]. By utilizing the uncharged nonfluorescent
dye, dihydrorhodamine 123 (DHR-123), which could be added directly to whole
blood, we were able to develop a new assay that required both less blood and less time
than previously published methods [110]. This assay has become widely adopted.
Briefly, appropriately titred DHR-123 is added directly to diluted whole blood and
incubated in a shaking water bath at 37°C for 15 min followed by the addition of
PMA for an additional 15 min at 37°C. After these two incubations, the red blood
cells are lysed with an ammonium chloride solution and the remaining cells are fixed
in 1% paraformaldehyde and run immediately on the flow cytometer. Results are
expressed as a normal oxidative index (NOI), which is the ratio of the fluorescence in
stimulated cells to the fluorescence observed in unstimulated cells. The laboratory’s
normal range is an NOI of greater than 30 (usually over 100) as compared to most
CGD patients who have NOI results of less than 3 (i.e., very little change in fluores-
cence following in vitro stimulation). Occasionally, patients with either the X-linked
form or the autosomal form of the disease will produce NOI results approaching the
normal range (personal experience). In the absence of confirmed CGD in a family
member, such a result requires follow-up genetic testing to confirm mutations in one
of the components of the NADPH oxidase system. Patients with the autosomal form
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of CGD (p47phox) can have significantly higher NOI than the patients with X-linked
CGD (gp91phox), and the fluorescence levels can be more variable (increased coeffi-
cient of variation (CV)) than both the X-linked CGD patients and healthy nondiseased
controls [111]. We and others have observed false positive results (i.e., no increase in
fluorescence) in patients with complete myeloperoxidase deficiency and care must be
taken to ensure such patients are not misdiagnosed as CGD patients [112].

Biological mothers of patients with an abnormal NOI can be assessed by flow
cytometry for their carrier status. Those mom’s whose granulocytes generate two
different granulocyte populations with clearly separated levels of fluorescence (one
normal >30 and one abnormal <30) confirm both (a) diagnosis of X-linked CGD in
the child and (b) their status as a carrier of the X-linked mutation. We have success-
fully diagnosed X-linked CGD carriers with as few as 15% normal granulocytes.
Parents of CGD patients with the autosomal forms of the disease, in contrast, gener-
ate oxidative burst assay results that are consistent with normal (personal experi-
ence). The flow cytometry—based oxidative burst assay is very sensitive. Vowells et
al. [113] were able to consistently detect 0.1% normal granulocytes when mixed with
the cells of a CGD patient using a procedure very similar to ours. The test can be
performed on sodium heparin anticoagulated blood samples that are up to 72 h old
[114], although this needs to be validated in each individual laboratory. Recently, a
whole blood procedure that did not involve either lysis or wash steps was described.
The results of this new procedure generated “activity inde[ces]” (equivalent to the
NOI) that were fourfold lower than the lyse wash methods [115], suggesting it will
not be widely adopted as a diagnostic test. The gating and the results obtained from
a normal control, an X-linked CGD patient, and the mother of the X-linked CGD
patient (an X-linked carrier) are presented in Figure 9.13.

9.3.5.4 Leukocyte Adhesion Deficiency Type-1, CD18 Deficiency

Leukocyte adhesion deficiency type-1 (LAD-1) is a rare disorder characterized
clinically by defective wound healing, infections by Gram-negative bacteria with-
out pus, delayed umbilical cord separation, gingivitis, and peridontitis. The underly-
ing genetic defect is mutations in the gene encoding the beta chain (CDI8) of the
[32-class of leukocyte integrins. An abnormal beta chain (CD18) results in its inability
to complex with and carry the alpha chain complexes (CD11a, CDI11b, and CDlIc)
to the cell surface. Patients with LAD-1 have reduced cell surface levels of CDl1a,
CDll1b, and CDlIc, and CDI18 on all resting leukocytes as well as the inability to
upregulate levels of the latter molecules in response to activation. A patient with a
clinical history and laboratory findings (very high white blood cell count) consistent
with LAD-1 presented to our emergency room and proved to have cell surface abnor-
malities consistent with LAD-1. With informed consent from the patient, our labora-
tory studied various stimuli and monoclonal antibody combinations in an effort to
develop a whole blood flow cytometry—based diagnostic test[116]. An efficient whole
blood procedure was developed and remains in use in our laboratory. Briefly, an opti-
mized concentration of phorbol myristate acetate is added to a sample of EDTA anti-
coagulated whole blood for 15 min (stimulated sample) followed by the staining of
the stimulated sample and a nonstimulated sample with anti-CD11b (CD11b-PE, BD
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FIGURE 9.13 Flow cytometry screening assay to detect abnormal oxidative burst activity
in patients suspected of CGD. Illustrated are the flow cytometry results obtained in a family
with an unusual case of X-linked CGD. The basic analysis procedure is illustrated in the top
left-hand side dot plot. Briefly, cells with light scatter properties consistent with PMNs are
gated on, and the level of fluorescence emitted in the FL1 channel (approximately 535 nm) is
measured for unlabeled cells not shown, cells exposed to the oxygen-sensitive dye, DHR-123
but not stimulated (light coloured histograms), and cells exposed to DHR-123 and stimulated
with a phorbol ester to undergo an oxidative burst (black histograms). The results of the
oxidative burst assay are reported as NOI, which is simply the ratio of median channel of the
labeled and activated cells divided by the median fluorescent channel of the labeled but not
activated cells. The normal range is an NOI greater than 30. In each of the remaining histo-
grams, the fluorescence generated by the unstimulated (light color) and the stimulated cells
(dark peaks) are presented with the calculated NOI. Results from a nondiseased control indi-
vidual (run with every patient) are consistent with normal (NOI > 30). The middle histograms
in the left- and right-hand side columns were generated on samples obtained from brothers
with mild symptoms suggestive of CGD. The results were difficult to interpret as they were
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Bioscience). A fluorochrome matched nonhuman antigen-specific monoclonal isotype
control is used to set the background level of fluorescence of the granulocyte cluster
(gating on forward versus right-angle light scatter parameters), which is higher than
the level of fluorescence generally observed when gating on the lymphocyte cluster.
The level of fluorescence of CD11b+ granulocytes is then measured (as the median
fluorescent channel) on both resting (nonactivated) and in vitro activated granulo-
cytes. A normal range established on a group of 30 nondiseased control subjects is
used to evaluate the results of the patient. Patients with LAD-1 express CD11b signifi-
cantly below normal on both resting and stimulated granulocytes. Patients with severe
LAD-1 do not survive infancy and express no detectable CD18, CDI1a, CDI1b, or
CDllc protein on the cell surface, whereas patients with the moderate form of LAD-1
express 1-10% of the level of normal and can survive into adulthood [117].

9.3.5.5 Interferon-Gamma Receptor-1, Interferon-Gamma Receptor-2,
IL-12p40, and IL-12 and IL-23 Receptor-Beta 1 Chain: Interferon-
Gamma Pathway Defects: Increased Susceptibility to Poorly
Pathogenic Mycobacteria, Salmonella, and Other Intracellular
Infectious Pathogens

Recurring and unusually severe infections with intracellular organisms including
Bacille Calmett—Guerin (BCG), and nontuberculous mycobacteria (Mycobacte-
rium avium, Mycobacterium fortuitum, and Mycobacterium chelonae) in family
members led to the identification of mutations in genes involved in the IFN-y path-
way [118,119]. The IFN-y pathway involves IFN-y receptors (IFN-yR1 and IFN-
yR2), interleukin-12 (IL-12p40), and the IL-12-receptor-beta 1 chain (IL-12Rp1).
IL12 secreted primarily by monocytes/macrophage stimulates T- and NK cells to
synthesize and secrete INF-y, which in turn activates the macrophage and further
stimulates cytolytic CD4+ T cells and effector CD8+ T cells, which then kill the
infected macrophage [120]. Decreased IL-12 receptor expression and both increases
and decreases in the level of expression of the INF-y receptors have been reported and
can be detected by flow cytometry [118—121]. In the dominant form of inheritance,
mutations in the gene encoding the IFN-y receptor lead to an increase in cell surface
expression due a deletion encompassing both the signaling and the recycling domains
[118,119,121]. The lack of specificity in associating surface receptor expression levels
to specific genetic mutations has led to the development of surrogate functional flow
cytometry assays. The latter are based on the ability to detect phoshorylated versus

very close to our normal cutoff of 30 (NOI on CDG patient = 30, NOI on brother = 22).
Repeats on the same samples generated similar results. A sample from the mom was obtained
and clearly showed two peaks, one normal (NOI = 187) and one abnormal (NOI = 30). The
results on the mom clarified the probable patient diagnosis and were reported as consistent
with X-linked CGD for the two sons and consistent with an X-linked carrier of CGD for the
mom (protein analysis confirmed the absence of pg91phox, confirming the flow cytometry
diagnosis (results not shown). Figure was published previously by O’Gorman, M.R.G., Clin.
Lab. Med. 27, 591, 2007.
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nonphosphorylated kinase substrate components of the IFN-y pathway following in
vitro stimulation with IFN-y [118]. Lack of STAT-1 phosphorylation as detected by
flow cytometry following in vitro stimulation with INF-y indicates either abnormal
IFN-y receptor molecules (IFN-yR1 or IFN-yR2) or abnormalities in STAT-1 itself,
whereas normal in vitro STAT-1 phosphorylation levels in a patient with repeat atyp-
ical mycobacterial infections might suggest abnormalities in either the IL-12 gene
or the IL-12 receptor genes, which can then be sequenced. The determination of the
specific underlying genetic mutation in these patients is very important since (a) the
prognosis differs with the different forms of genetic lesions and (b) the specific defect
has implications for the design of optimal therapeutic interventions [119,122]. Detec-
tion of intracellular phosphorylated STAT-1 following in vitro culture is a relatively
complex procedure performed in more specialized flow cytometry laboratories and
has been used primarily to help focus on the target defect for gene sequencing.

9.3.6 Grour VI: Derects IN INNATE IMMUNITY

1. Anhidrotic ectodermal dysplasia with immunodeficiency (EDA-ID) (NEMO
gene)

2. Anhidrotic ectodermal dysplasia with immunodeficiency (EDA-ID) (IKBA
gene)

3. IL-1 receptor-associated kinase (IRAK-4) deficiency (IRAK4 gene)

4. Warts, hypogammaglobulinemia, infections, myelokathexis (WHIM) syn-
drome (CXCR4 gene)

5. Epidermodysplasia verruciforis (EVERI and EVER?2 genes)

Toll-like receptors (TLR) are involved in the effective elimination of pathogens by
the innate immune systems (reviewed in Chapter 1). The TLRs have received con-
siderable attention over the past few years, and recently, abnormalities in the TLR
signaling pathways have been associated with specific patterns of infection [123].
Mutations in the gene IRAK-4 are associated with a predisposition to invasive infec-
tions with Streptococcus pneumoniae and less often Staphylococcus aureus [124].
Recently (and not yet officially classified as a PID), Casrouge’s laboratory identified
mutations in UNC-93B, another toll-like receptor signaling pathway component as
associated with predisposition to meningoencephalitis caused by herpes simplex
virus [125]. Abnormalities in the toll-like receptor signaling pathways described ear-
lier have been detected by flow cytometry. Stimulation of whole blood with specific
TLR ligands allows for the screening of specific TLR defects. The secretion of cyto-
kines by flow cytometry (and also by enzyme-linked immunosorbent assay [ELISA])
has been reported to “rapidly screen” patients with suspected defects in the toll-like
receptor pathway [126,127]. The latter cytokine-based flow assays have been suc-
cessfully utilized to screen patients with IRAK-4 mutations. Intracellular cytokine
detection assays are, however, relatively laborious, time-consuming, and expensive.
A new flow cytometry assay was recently described that serves as a surrogate of
specific TLR activation and has been successfully adopted to detect abnormalities in
TLR pathways involving both IRAK-4 and UNC-93B [128]. The latter assay exploits
the physiological shedding of L-selectin (CD62L) from the surface of granulocytes
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following in vitro activation with a variety of stimuli, including specific TLR ago-
nists. Stimulation of whole blood with specific TLR agonists, lipopolysaccharide
(LPS) (TLR4), Pam3CSK4 (TLR1/2), Pam2CSK4 (TLR2/6), or R-848 (TLR7 and
TLRS) induced no shedding in five genetically confirmed /RAK-4 deficient patients
as compared with the complete shedding in a group of 38 healthy control subjects
[128]. Additionally, stimulation with R-848 resulted in no shedding of CD62L in
two patients with confirmed mutations in the UNC-93B gene [128]. This rapid and
simple flow cytometry procedure has the potential for broad applications such as a
diagnostic screening test for IRAK-4- and UNC-93B-deficient patients, will help to
complete the clinical characterization of these defects and will probably aid in the
discovery of new TLR signaling defects in the future.

Group VII: Autoinflammatory disorders and Group VIII: Complement deficien-
cies are not routinely diagnosed and monitored by flow cytometry, however, this
does rules out the possibility in the future. For a discussion of the complement and
complement deficiencies please refer to Chapter 4 by Dr. Giclas.

9.4 SUMMARY

Flow cytometry has been and continues to be an invaluable tool for the diagnosis and
monitoring of patients suspected of PID. As new molecules are discovered and their
functions and roles in various physiological pathways are understood, more flow
cytometry—based assays will be developed to provide rapid screening for defects
associated with primary immunodeficiencies.
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10.1 OVERVIEW

Antigen-specific receptors on T cells are similar, but not identical to those on B cells.
Interaction of the cell receptor (T-cell receptor [TCR]) with the antigen in the proper
context leads to stimulation of the specific T cell to become activated and to prolif-
erate, leading to clonal selection. The TCR complex is made of membrane proteins
including the TCR, which recognizes the antigen, and a set of proteins called the
CD3 complex, which leads to signal transduction and activation of T cells. Recogni-
tion and binding of the antigen to its specific receptor initiates the activation process,
that is, downstream signaling pathways such as protein phosphorylation, the release
of inositol phosphates, and the elevation of intracellular calcium levels. Because the
adaptive immune system recognizes billions of unique antigens using highly variable
TCRs, generation and maintenance of an effective repertoire of TCRs for diverse
antigen recognition is essential to the immune system. Detection and monitoring
of the TCR repertoire is important in diagnosing a T-cell malignancy, autoimmune
phenomena, or response to immunotherapy.
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10.2 THE T-CELL ANTIGEN RECEPTOR

The antigen receptor of mature T cells is a heterodimer of two highly variable
glycoproteins, which is associated with the CD3 complex [1,2]. Clonal distribution
of these chains provides the unique expression pattern to the T cells. Two types of
TCRs exist either composed of a and f chains or composed of y and § chains. The
TCR genes are represented as a number of segments comprising V, D, J, and C in
germ line deoxyribonucleic acid (DNA). These segments go through a recombina-
tion process in the thymus to form the functional TCR [3].

10.2.1 THe aff T-CeLL RecepTOR

This is the most common form of the T-cell antigen receptor, expressed on over 95%
of circulating T cells. The development and maturation of a8 T cells mostly takes
place in the thymus. Mature a5 T cells recognize antigen presented in the context
of major histocompatibility complex (MHC) class I or II antigens. Both the a and /3
TCR chains consist of variable (V) and constant (C) regions. The TCR f chain has
four regions of hypervariability, the so-called complementary determining regions
[CDR] (Figure 10.1). The CDR interacts directly with the antigen-MHC complex.
The a and S chains are encoded by discontinuous gene segments that undergo rear-
rangement and recombination to generate a large repertoire of functional TCRs dur-
ing T-cell development. The CDR1 and CDR2 of the VJ chain is encoded by at
least 63 different VS gene segments that can be grouped into 25 families [4]. CDR3,
which has the greatest variability, is represented by the V-D-J junctional region.
There are two groups of DS and JS segments, each associated with a CS segment.
A complete f3 chain is formed from the recombination of one of the V/3 segments with
one of the two DJ3 and one of the 13 Jj segments [S]. A functional & chain is derived
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FIGURE 10.1 General scheme of V(D) J recombination for the assembly of T-cell receptor
genes.
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by the recombination of one of the 50 Va segments (grouped into 29 families), one of
over 70 Ja gene segments, and a single Ca segment [S—7]. The measurement of TCR
Vg3 distribution by flow cytometry is discussed in Chapters 2 and 6.

10.2.2 THEe yd T-CeLL RecepTOR

A small percentage of T cells express the yd heterodimeric receptor instead of af.
Most (approximately 75%) T cells expressing the yd receptor do not express CD4 or
CDS, the so-called double-negative T-cell (DNT) population, with a small percent-
age expressing CD8 on their cell surface. T cells expressing the yd receptor have
effector functions similar to af8 receptor expressing T cells and may or may not
require self-MHC for antigen recognition [8]. There are 14 Vy segments located
upstream of two Jy segments. The §-chain gene complex is between the Va and Ja
segment complexes. There are three V§, three D4, and three J§ segments [5].

10.3 ASSESSMENT OF T-CELL CLONALITY

It is not possible to assess the clonality of a proliferating T-cell population using stan-
dard T-cell surface markers. To establish the clonal character of a suspected T-cell
proliferation, molecular analysis of TCR gene rearrangements has been the method of
choice. This is especially helpful in malignant T-cell clones, where the determination
of identically rearranged TCR genes can help to distinguish between mono- and poly-
clonal T-cell proliferations. Southern blot (SB) analysis is a highly reliable method for
clonality assessment, which can detect every clonal TCR gene rearrangement when
optimally positioned probes and the appropriate restriction enzymes are used [9-11].
However, SB is labor-intensive, time-consuming, and requires large amounts of high-
quality DNA. In contrast, SB-based detection of clonal TCR rearrangements has been
the gold standard to compare and validate other methods of clonality assessment.
Polymerase chain reaction (PCR) analysis of TCRy genes is currently the most
commonly used method. The number of primers required is limited due to the
restricted combinatorial repertoire of TCRy genes. However, this limited repertoire
yields to high background amplification of similar rearrangements in normal T cells,
which leads to a reduced sensitivity. Analysis of TCR/ genes is mostly done by PCR-
based analysis of the Vf3 repertoire. Reverse transcription (RT)-PCR amplification
of V—Cp transcripts helps to limit the number of primers used. Flow cytometric
analysis of the VJ repertoire is an alternative approach for molecular clonality stud-
ies [12,13]. Combining the TCR VJ family-specific monoclonal antibodies with sur-
face markers such as CD3, CDS, or CD4, allows for an easy determination of T-cell
clonality using multicolor flow cytometry. Using this technology, subpopulations of
T cells can be analyzed, quantitated, and even isolated easily. Reference values have
been determined in healthy adult controls for the individual V3 antibodies, and val-
ues for percentage of CD3+/CD4+ or CD3+/CD8+ T cells expressing a certain
TCR Vg subset can be compared to the reference values. A listing of the monoclonal
antibodies and their specificity is provided in Table 10.1 [14]. Also, an attractive
commercial eight-tube kit (IOTest® Beta Mark) is available (Immunotech/Beckman
Coulter, Marseille, France); in each of the eight tubes, three distinctly labeled Vp
antibodies are present that not only allow the detection of single VS expression,



316 Handbook of Human Immunology, Second Edition

TABLE 10.1
List of Commercially Available Monoclonal Antibodies Discrete to
V3 Families and Their Specificity

VB Antibody Specificity Company VB Expression Median (%)
Vg1 Immunotech 4.1 (3.4-5.9)
VB2 Immunotech 8.6 (6.2-11.2)
VB3 Immunotech 4.5(1.5-8.5)
Vp5.1 Immunotech 6.5 (4.0-8.7)
VB5.2/5.3 T-Cell Sciences 3.2 (2.1-3.8)
V6.1 Immunotech 1.3 (0.5-2.8)
V6.7 T-Cell Diagnostics 3.0 (0.5-5.5)
V1.1 Immunotech 2.8 (1.6-4.6)
Vp8.1/8.2 Immunotech 5.0 (3.5-6.5)
Vp9.2 Immunotech 3.22.14.7)
VpI1.1 Immunotech 0.8 (0.5-1.4)
Vp12.2 Immunotech 2.4 (1.3-3.6)
VB13.1/133 T-Cell Sciences 5.9 (4.3-10.8)
VpB13.6 Immunotech 2.1 (1.5-3.0)
Vp14 Immunotech 3.7 (2.1-8.6)
VpB16 Immunotech 1.3 (1.0-1.7)
Vp17 Immunotech 5.2 (3.8-6.5)
Vp18 Immunotech 0.5 (0.5-1.5)
V20 Immunotech 2.4 (1.1-4.1)
VB21.3 Immunotech 2.8 (1.8-4.2)
V22 Immunotech 4.0 (0.6-5.3)
VpB23 Immunotech 1.3 (0.5-2.5)

Source: Adapted from Langerak, A.W., van Den Beemd, R., Wolvers-Tettero, I.L., Boor, P.P.,
van Lochem, E.G., Hooijkaas, H., and van Dongen, J.J., Blood, 98, 165-173, 2001.

but also allow the direct identification of the involved VS domain or family. Flow
cytometric VJ repertoire analysis can be used as a (quantitative) screening method
for the detection of large, aberrant T-cell populations with single V/3 domain expres-
sion. To define single Vf expression, either the mean or median normal VS values
can be used, also taking into account the differences in the use of particular VS
domains between CD4 and CDS8 T-cell populations and observations of a more
restricted V5 usage of especially CD8 T lymphocytes in the elderly [12,13]. Specific
methodology for determining cutpoints, above which a Vf expansion is likely, is
discussed in 2.7.2. Detection of V3 expansions is an important criterion for diagnosing
T-cell large granular lymphocytic (LGL) leukemia [15,16].

10.3.1 QUANTITATIVE POLYMERASE CHAIN REACTION

By combining PCR with V-segment-specific forward primers and C-region reverse
primers and performing the reaction on cDNA derived from T-cell ribonucleic acid
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(RNA), it is possible to amplify the expressed TCR repertoire of any one individual
T cell or subpopulation of T cells. In addition, by appropriately modifying conditions,
PCR can be used to semiquantify the amount of RNA corresponding to a particular
sequence or V segment family. This method, known as quantitative PCR (qPCR),
has been used successfully to analyze the human TCR repertoire in many differ-
ent situations; qPCR has been used to assess V segment usage in different antigen
responses and in defining the VS segments that are recognized by, and respond to,
superantigens. gPCR has been used to characterize T cells derived from the periph-
eral blood and pathological lesions of patients with autoimmune diseases or bacterial
or viral infections to define TCR in tumor-infiltrating lymphocytes [17-19].

10.3.2 SPECTROTYPING (IMMUNOSCOPE®)

CDR3 spectratyping is a method that is gaining attention and is increasingly being
adopted to analyze the TCR repertoire. This method helps to describe the diversity
of a T-cell population repertoire by the analysis of the CDR3 length distribution [20].
In this technique, PCR amplification is performed with V- and C- or J-specific prim-
ers. These PCR products are then labeled in runoff experiments with C- or J-specific
primers coupled with a fluorophore and loaded on an automated DNA sequencer to
separate the different CDR3 lengths in each V-C or V-J combination. GeneScan®
(Applied Biosystems, Foster City), Immunoscope (INSERM, Paris), and Genotester®
(Amersham, Uppsala) are three popular software packages used to determine nucleo-
tide sizes and areas of the observed CDR3 peaks.

10.4 SUMMARY

Improvements in the standardization of molecular techniques have increased the
ease and availability of comprehensive TCR repertoire analysis. Flow cytometry
provides a very accessible, more facile general assessment of the relative distribution
of individual TCR families. These procedures are however largely relegated to more
specialized laboratory facilities.
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11.1  INTRODUCTION

It is probably not fully appreciated the extent to which the invention of monoclo-
nal antibody production revolutionized diagnostic medicine, expanded our ability
to investigate the inordinate complexities of the immune system, and has led to a
completely new class of biological therapies. Before the invention of monoclonal
antibodies, we basically understood that the immune system was bifurcated into the
cellular and the humoral components and we were able to identify T and B cells by
virtue of their surface binding to sheep rosettes and anti-immunoglobulin reagents,
respectively. Today, with literally thousands of well-characterized monoclonal anti-
bodies specific for over 350 equally well-characterized antigens, we are able to
identify hundreds of very specific leukocyte cell subsets and function-associated
molecules. These remarkable achievements are unlikely to have proceeded at such
an incredible rate had it not been for the development of a forum on human leukocyte
differentiation antigens (HLDA) that was created to compare the reactivity of mono-
clonal antibodies specific for distinct leukocyte differentiation antigens [1].

11.2 HISTORY

The first international workshop on human leukocyte differentiation antigens spon-
sored by Institut National de la Santé et de la recherche médicale (INSERM), World
Health Organization (WHO), and the International union of Immunological Societies

319
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(IUIS) was chaired by Jean Dausset, Cesar Milstein, and Stuart F. Schlossman, and
included 55 research groups from 14 countries [1]. Monoclonal antibodies were sub-
mitted with preliminary data, reviewed, and if appropriate were selected for workshop
evaluations. Studies involved the assessment of reactivities against a variety of cell
panels. The goal was to identify monoclonal antibodies reacting with similar antigens.
This was assessed using a hierarchical clustering algorithm comparing the “distances”
between all monoclonal antibody pairs; distance being defined as the “mean absolute
difference in reactivity between any two monoclonal antibody pairs tested against target
cells included in the study” [1]. All monoclonal antibody pairs are compared and the
“distances” between each are added successively until a hierarchical tree is established
which links the similarity of all monoclonal antibodies tested in the decreasing order.
Once the tree was established, cut points were established to cut the tree into individual
monoclonal antibody clusters such that the “distance” within a cluster was minimized
and the “distance” between the clusters was maximized [1]. The clusters of monoclonal
antibodies that exhibited very similar reactivities to specific cell lines were designated as
cluster of differentiation (CDs) [1]. The outcome of the first workshop was 15 distinct CD
groups: eight T cells, two B cells, one myeloid group, and four other groups, which were
less well-defined and designated as CD Workshop (CDw) to indicate provisional status.

It is important to note that the first workshop generated data (probably for the
first time) on the reactivity of defined clusters on normal peripheral blood lympho-
cytes in an attempt at evaluating the feasibility of establishing standard normal val-
ues (15-85th percentile) of lymphocyte subsets [1] (Tables 9.4 and 9.5).

Following the first workshop it was recommended that the CD nomenclature be
adopted for common scientific use and was approved by the WHO/IUIS Committee
on Standards and Nomenclature [2]. It was also agreed that more workshops should
follow. The workshops are based on the submission of antibodies from laboratories
around the world that are tested by a variety of methods to assess their reactivity. The
ultimate goal of these workshops is to identify all leukocyte cell surface antigens with
respect to their biochemical characterization, cell and cell line expression, molecular
and cellular functions, and ultimately clinical relevance [3]. Table 11.1 summarizes
the next seven HLDA workshops that were held approximately every 2—4 years.

The original CD designations referred to the actual monoclonal antibodies. This
was required because in some cases CDs were assigned before the target structures
were known and some of the structures were very complex [4]. Around the fourth or
fifth workshop, the CD designation evolved to refer to the structures that are recog-
nized by the CD monoclonal antibody [4].

Until the sixth HLDA workshop, the requirements for a new CD cluster were that
an antigen had to be recognized by at least two different antibodies submitted to the
workshop and that the molecular weight of the antigen had been determined [4,5]. The
early workshops used three main techniques to cluster the monoclonal antibodies:

1. Immunofluorescence labeling of the cell surface with analysis by flow
cytometry

2. Biochemical analysis of immunoprecipitation or Western blotting to estab-
lish the molecular weight

3. Immunohistology of tissue sections.
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TABLE 11.1

Summary of the Evolution of Monoclonal Antibody Nomenclature
for Specific Leukocyte Antigens through HLDA Workshops in 1980
to HCDM Workshops in 2006

New CD

Antigens

Identified Workshop Location Year Lineages Included
CD1-CD15 1st HLDA Paris, France 1982 T,B,M

CD16-CD26 2nd HLDA Boston, Massachusett 1984 T,B,M, A

CD27-CD45 3rd HLDA Oxford, UK 1986 T,B,M,A,NL,P
CD46-CDw78 4th HLDA Vienna, Austria 1989 T,B,M, A, NL and NK, P

CD79-CDw130  5th HLDA Boston, Massachusett 1993 T, B, M, A, NK, P, adhesion
structures, cytokine receptors,
endothelial cell molecules

CD131-CD166  6th HLDA Kobe, Japan 1996 T, B, M, A, NK, P, adhesion
structures, cytokine receptors,
endothelial cell molecules

CD167-CD247  7th HLDA Harrogate, UK 2000  All the preceding plus erythroid
cells, dendritic cells, stem and
progenitor cells, carbohydrate
structures

CD248-CD339  8th HLDA Adelaide, Australia 2004  All the preceding plus stromal cells

CD340-CD350 HCDM Quebec, Canada 2006  Added the characterization and
validation of monoclonal
antibodies against relevant intra-
cellular leukocyte antigens (but
these will not receive new CDs)

Note: T = T cells, B = B cells, M = myeloid cells, A = activation, P = platelet, NK = natural killer
cells, NL = nonlineage associated.

Around the fourth workshop, clustering also included functional studies in addition
to the various target cells to cluster the antibodies [5], and it was recognized that cell
structures were “now being defined first rather than using the traditional approach
of defining functions and then searching for structures” [6]. It was also around the
fourth or fifth workshop that molecular methods began to evolve, which would allow
for the complementary deoxyribonucleic acids (cDNAs) of specific CDs to be iso-
lated and their chromosomal locations identified [6].

The fifth workshop added cluster assignments to cytokines and growth factor
receptors and also to the first nonleukocyte cell type, endothelial cells. The latter cell
type was added in recognition that they expressed immunogens that were potentially
important in leukocyte biology [7]. The fifth HLDA workshop also introduced quanti-
tative fluorescence in an effort to provide quantitative information on the intensity and
heterogeneity of antigen expression levels on various cell types [7]. The seventh HLDA
workshop heralded two major advancements. The first was the addition of four new
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sections, that is, dendritic cells, stem/progenitor cells, erythroid cells, and carbohydrate
structures. The second important change was a major revision to the criteria required
for establishing a new CD. To accommodate the advancements of the molecular revolu-
tion it was established that instead of requiring the existence of at least two independent
monoclonal antibodies of the same specificity and molecular weight of the antigen, a
new CD could be established for a molecule if its gene had been cloned and at least one
specific monoclonal antibody had been submitted in the workshop [8]. This change in
criteria led to an explosion of new CDs with over 80 new entities being added as com-
pared to an average of approximately 30 from each of the previous workshops [8].

11.3 PRESENT AND FUTURE

The eighth workshop continued the trend of rapid expansion of new CDs with an
additional 95 new CD assignments [9], but it would herald the end of an era and
a radical change to traditional workshops. Changes from the eighth workshop are
summarized as follows [9] but were not limited to

A name change from HLDA to “Human Cell Differentiation Molecules”
(HCDM).

The name change was meant to signify a change in tradition (but kept the
“CD” in the acronym), to extend the focus from leukocytes to other cell
types because leukocytes do not act alone, and to broaden the scope from
cell surface molecules to any molecule whose expression reflects cellular
differentiation.

Establish “workshop validation” for submitted antibodies that give a clear-cut
positive result and will no longer be restricted to only those molecules that
subsequently receive a CD designation. The HCDM office will maintain
a database of all validated hybridoma clones and will seek to ensure that
these antibodies are available to the research community.

HCDM laboratories will validate antibodies in a yearly cycle and all new anti-
bodies and new CD designations will be posted on the HCDM website at
the end of the year.

The HCDM decided that all molecules that are useful in cellular differentia-
tion should be studied by the workshop; however, only those markers that
are expressed on the cell surface will be given CDs [9].

The first HCDM workshop was held in Quebec, Canada in May 2006, and it
resulted in the changes of some preexisting CDs and eight new CDs using the fol-
lowing criteria [10]:

At least one workshop is characterized by antibody and good molecular data.

The antigen is expressed on the surface of cells involved in immune reactions.

The antibodies react with primary cells, not just transfectants or recombinant
proteins. The antibody is available.

Tables 11.2 and 11.3 are derived from a variety of sources including the “Official
Poster of the 8th International Workshop on Human Leukocyte Differentiation
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Past, Present, and Future

HLDA, Cluster of Differentiation
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Past, Present, and Future

HLDA, Cluster of Differentiation
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HLDA, Cluster of Differentiation
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HLDA, Cluster of Differentiation
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HLDA, Cluster of Differentiation: Past, Present, and Future
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