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The topic of apoptotic cell death has received a lion’s share of attention,
especially within the last 15 years. This heightened interest likely results
from recent recognition of the relevance of apoptosis to a variety of scien-
tific disciplines; pharmacology and toxicology are no exceptions. The major
goals for toxicologists who study apoptosis, however, often differ from the
investigative goals of other disciplines. In many cases, a toxicologist or phar-
macologist is faced with the task of quantifying an apoptotic response or
assessing, in a quantitative way, the mechanism by which a chemical or
drug interacts with apoptotic signaling factors. Frequently, the final out-
come of this task is to apply results to safety evaluation or assess relevance
to environmental exposures. Although there are several publications that
review and instruct the reader about detection of apoptosis, many of these
texts do not pair the methods used for evaluating apoptosis with the need to
evaluate safety or risk assessment. The primary aim of this book is to review
methods that can be used by toxicologists, pathologists, or pharmacologists
in the analysis of chemical-induced apoptosis. Apoptosis Methods in Phar-
macology and Toxicology: Approaches to Measurement and Quantifica-
tion provides a concise source of information on the detection, mechanisms,
and quantification of apoptosis that is useful for the design of toxicology
and pharmacology studies.

The range of methods covered may seem surprisingly narrow at first
glance, but there are few methods that have proven to have broad applica-
tion to numerous tissue and cell types or that can be applied to unknown
induction mechanisms. The number of methods for detection may also seem
small compared with the exciting and abundant activity in apoptosis research
over the past 10 years. For example, PubMed lists 19,167 publications with
apoptosis in the title between 1991 and 2001. Since research in the area of
apoptosis has yielded reports of an overwhelming number of inducing
agents, regulatory factors, and mechanisms, one might ask why the number
of biological assays for measurement of apoptosis is comparatively low.
One reason may be that despite the plethora of molecular factors and events
that have been found to participate in the apoptotic process, only a few of
these appears to have the sensitivity, specificity, and universal application
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required to merit acceptance as reliable biological assays for measurement
of apoptosis. The search for molecular and biochemical events in apoptosis
common to most cell types and induction pathways has resulted in assays
that are largely based on the biochemical mechanisms that regulate the mor-
phologic features of apoptosis. Even after years of use, several of the current
methods used to identify or quantify apoptosis are still developing because
of limited testing in different cell types, in experimental models, or in tissue
sections.

In Apoptosis Methods in Pharmacology and Toxicology, meaningful and
cutting edge chapters were contributed by authors with substantial knowl-
edge of the technical challenges and caveats of methods used for analysis of
apoptosis. Each chapter emphasizes how the method can be used in evalua-
tion of apoptosis, the limitations of the method, and how the technique may
be applied for large-scale screening applications. In the introductory chap-
ter, there is a brief overview of study design and approaches to mechanistic
studies of toxicant-induced apoptosis. The remaining chapters provide a
concise source of information on detection and quantification of apoptosis
that can be incorporated into the design of toxicological evaluations. In
Chapter 2, Martin Poot, Robert H. Pierce, and Terrance J. Kavanagh
review the flow cytometric and fluorometric methods of quantifying and
characterizing apoptosis. Measurement of several biochemical features of
apoptosis are discussed and protocols are provided for the measurement
of cell-cycle stage-specific apoptosis and the simultaneous measurement
of mitochondrial membrane potential, and reduced thiol and NAD(P)H
levels. Chapter 3, contributed by Zbigniew Darzynkiewicz, Elzbieta Bedner,
and Piotr Smolewski, is the only comprehensive review to date on the appli-
cation of laser scanning cytometry in analysis of apoptosis. This relatively
new and powerful method is discussed and detailed protocols are provided.

Chapter 4, contributed by Matthew A. Wallig, Curtis M. Chan, and Nancy
A. Gillett, emphasizes challenges to tissue-based methods and reemphasizes
the need to keep morphologic assessment of apoptosis as a “gold standard.”
Immunocytochemical approaches to the measurement of several biochemi-
cal and molecular endpoints in tissue sections are discussed. Quantification
and qualitative analysis of morphology is also emphasized, along with quan-
tification. This section will be highly useful for those carrying out studies in
whole animal models, in contrast to cell culture systems.

DNA microarray technology is reviewed in Chapters 5 and 6. Chapter 5
by Helmut Zarbl reviews microarray analysis as a general technique, and
Chapter 6 by Richard W. E. Clarkson, Catherine A. Boucher, and Christine



J. Watson focuses on the application of microarray technology in the mea-
surement of apoptosis. Finally, relatively new ELISA techniques are described
in detail in Chapter 7 by Calvin F. Roff and colleagues. This chapter is
unique in that it describes approaches that can be applied as high throughput
screens for functional quantification of protein or chemical inhibitors that
target active caspases and the Bcl-2 family of proteins.

Apoptosis Methods in Pharmacology and Toxicology is expected to serve
as a useful reference for all scientists who face the challenge of identifying
apoptosis, or elucidating mechanisms of drug-induced injury, as well as
those scientists bewildered by the abundant flow of new information on
apoptosis whose practical application is difficult to discern. This volume
should equally serve as a reference for any laboratory that has a general
interest in studying apoptosis. In such an evolving field, new developments
are continually being reported. It is recommended that everyone with a seri-
ous interest in apoptosis and cell death make use of one of the web-based
discussion groups or attend conferences or workshops on the topic to stay
informed about research that may have application to research questions in
their labs.

Myrtle A. Davis
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Some Basic Cellular Immunology Principles

Applied to the Pathogenesis of Infectious Diseases

R. Pat Bucy and Paul Goepfert

INTRODUCTION

In this chapter some of the functional implications of our current understanding of
the basic physiology of T-cell mediated immune function for problems in infectious
disease are discussed. The subtleties of the process of T-cell antigen “recognition” and
the heterogeneity of kinds of functional responses within the T-cell system are a major
focus. Finally, some features of the anatomic compartmentalization of the immune sys-
tem and how limited access to tissue compartments skews our thinking about in vivo
immunity in humans are explored. In view of our recently enhanced understanding of
HIV disease, the chapter uses this viral infection as an example to illustrate relevant
immune mechanisms and concepts.

MECHANISMS OF IMMUNE RECOGNITION

As outlined above, T-cells utilize a complex process to discriminate particular anti-
genic epitopes. Unlike antibodies that can bind with high affinity to multiple kinds of
biomolecules, T-cells only recognize peptide epitopes that are embedded into one of
two classes of specialized antigen-presenting structures (Fig. 1). The molecules were
originally defined as strong transplantation antigens, coded for by a complex of genes
termed the major histocompatibility complex (MHC). The class I MHC molecule exists
on the surface of most nucleated cells, albeit at varying densities, in a complex with a
small, constant component known as �2-microglobulin. These molecules bind a selected
set of peptides that are primarily derived from cytosolic proteins via degradation and
transport into specialized membrane compartments by the proteosome transporter pro-
tein (TAP) complex. The peptide/class I molecules are expressed on the cell surface
and serve as the antigenic stimulus for CD8� T-cells. The CD8 molecule on the T-cell
binds directly to framework portions of the class I MHC molecule, distinct from the
peptide binding site and stabilizes the interaction of the T-cell receptor (TCR)/
peptide/MHC complex. The class II MHC molecules serve a similar function of pep-
tide binding and presentation, but they differ in several important ways. First, only
selected cell types express class II molecules constitutively, although some cytokines
(particularly interferon-� [IFN-�] and tumor necrosis factor-� [TNF-�]) can stimulate
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other cells to express these molecules. Second, the class II molecule is a heterodimer
of two different MHC-derived proteins with the peptide binding pocket having open
ends allowing somewhat more flexibility in the selected peptides. Third, peptides
derived from extracellular materials engulfed by the antigen-presenting cells (APCs)
are loaded into class II molecules in distinct membrane-bound compartments, com-
pared with the loading of class I molecules. Finally, CD4 binds to the framework por-
tions of the class II MHC molecule to stabilize antigen recognition of CD4� T-cells.

Thus, the two major sublineages of T-cells (CD4 and CD8) recognize antigens in two
distinct kinds of presenting molecules that bind largely distinct universes of peptide
determinants (intracellular vs extracellular), usually on distinct kinds of APCs. The bind-
ing affinity of the TCR with the MHC/peptide complex (Kd of 10�4–10�7M) is signifi-
cantly less than typical antibody binding affinities. Several accessory membrane molecules
are therefore required to increase this binding affinity. Some of the most notable of the
accessory molecules include CD4 and CD8, which function by binding to specific
domains of the MHC class II and class I molecules, respectively. Both the CD4 and CD8
molecules also act as signal tranducers, playing a role in intracellular signaling events.
Other accessory proteins also play important roles in the TCR/MHC complex interaction,
such as CD28, CD2, leukocyte function-associated antigen-(LFA-1), and CD45R (1–8).

This intimate role of the MHC antigens in the process of T-cell recognition not only
controls the induction of specific immune effector mechanisms, but is also critical for
selection and maintenance of the repertoire of TCR specificities in the T-cell pool. Dur-
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Fig. 1. Two pathways of antigen presentation correlating with two subsets of responding
T cells. APCs, antigen-presenting cells; �2m, �2-microglobulin; TCR, T-cell receptor.
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ing thymic development, randomly arranged TCR structures are tested out for low avid-
ity to the available peptide/MHC molecules, presumably using peptides derived from
ubiquitous self-components. Most TCR structures fail the twin selective processes of
thymic repertoire selection: they either bind too strongly to available peptide/MHC mol-
ecules (functionally defined as self-antigen), or they fail to bind well enough to receive
a positive survival signal (9–11). In both of these situations, the T-cell is deleted, and the
surviving T-cells have a low to intermediate binding affinity to a self-peptide/MHC 
molecular complex. The same type of low-avidity interactions with available
peptide/MHC molecules also appears to be necessary for long-term survival of periph-
eral T-cells. Individual T-cells in the peripheral pool can undergo mitosis without devel-
oping the changes associated with specific memory function (12,13), probably with one
daughter cell undergoing apoptosis and the other surviving. Data from experiments using
mice have shown that maintenance of the population depends on low-level TCR-medi-
ated signals (14–20).

Although most of the specific recognition characteristics inherent in the trimolecu-
lar complex mode of antigen recognition is mediated by the TCR repertoire generated
during fetal development, each individual MHC molecule can only bind a fairly lim-
ited set of peptides with constrained structural features. Although this strategy appar-
ently offers a degree of fine physiologic control (to prevent autoimmunity?), this
mechanism results in alterations in the intensity of the immune response in different
individuals with structurally different MHC molecules. Especially in immune responses
to antigens of limited structural heterogeneity, the intensity of the response is often
controlled by a genetic element linked to the MHC known as an immune response (Ir)
gene. It is now clear that the structural gene that maps to the MHC is either the class
I or class II antigen-presenting molecule; however, the “Ir gene phenotype” is a com-
plex mixture of the structure of the TCR repertoire and the determinant selection activ-
ity of particular MHC molecules (21,22). In some cases, there is a hole in the TCR
repertoire such that a particular peptide MHC complex fails to stimulate any available
T-cells; in other cases, antigenic peptides simply fail to bind with any of the available
MHC restriction elements. In either case, the immune response to such an antigen is
unproductive and this phenotype is a heritable genetic trait, an Ir gene.

This variability of immune response intensity due to structural constraints on per-
missive peptide binding by individual MHC molecules is thought to be related to the
extreme polymorphism of these molecules maintained among individuals within the
population. Not only are there several distinct loci for both class I and class II antigens
(three for each class in humans), but there are multiple polymorphic alleles present at
each locus. Since any one MHC molecule can present only a fairly limited repertoire
of peptides, it is widely accepted that there is a significant selective advantage for a
population to maintain great diversity of immune recognition structures. Such a diverse
set of restriction elements serves to mitigate the likelihood of a single epidemic
pathogen escaping detection by most individuals in a localized population.

The complex patterns of disease associations with particular alleles of the MHC,
many of which involve the predisposition to autoimmune mechanisms, undoubtedly
arise out of this central role of the trimolecular complex in the life, functional activity,
and death of T-cells. Variation in response intensity with different MHC haplotypes can
also lead to significant mechanistic insights. For example, the strong associations of
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rates of HIV-1 disease progression in particular MHC class I alleles (23–25) suggest
several strong implications about the role of cellular immunity in HIV disease. First,
the statistical association of MHC molecules with disease progression rates correlates
with the primary effect of a relationship of MHC molecules to the initial viral load set
point (24), which, in turn, determines the rate of disease progression. Second, the asso-
ciation of particular class I alleles and the advantageous effect of heterozygosity are
the molecular signature of the critical role of CD8 T-cell antigen recognition in con-
trol of the viral load set point. Furthermore, the concept that CD8 T-cells play a cen-
tral role in control of HIV infection is supported by a number of other independent
lines of evidence (26–31). Interestingly, HIV disease progression does not correlate
tightly with specific MHC class II alleles that would be indicative of a role for CD4 
T-cells in the immune response to this virus. One possibility is that chronic HIV infec-
tion with persistent viremia results in the anergy of all HIV antigen-specific CD4 
T-cell clones, erasing the fingerprints of the subtleties of CD4 T-cell antigen recogni-
tion via the TCR/ peptide/class II MHC interactions during chronic infection.

The complex mechanism by which T-cells recognize antigen, in comparison with 
B-cell/antibody antigen recognition, has several important implications for responses to
infectious agents and especially the development of vaccines. First, since antibodies rec-
ognize a broad range of conformationally dependent epitopes, whereas T-cells focus on
only a limited set of peptide epitopes, the degree of crossreactive immunity to different
quasi-species of the same infectious agent is often greater for T-cell immunity than for
antibody responses. Second, owing to the special processing mechanisms required for 
T-cell recognition, especially the endogenous peptides loaded into class I MHC molecules
for presentation to CD8 T-cells, live viruses may stimulate significantly different T-cell
specificities than purified viral proteins administered in an adjuvant fashion. The use of
live attenuated viruses as vaccines or the use of pseudotyped viruses or DNA vaccines
have all been suggested as a practical means to circumvent this problem, in addition to
other potential advantages. Finally, for antigens of limited structural heterogeneity there
may be substantial variability between individuals based on MHC haplotype in responses
to particular vaccines or infectious agents. To generate strong T-cell immunity, correla-
tion of vaccine responses to particular MHC haplotypes may be just as important as
inclusion of antigens derived from diverse clades of virus in vaccine development.

FUNCTIONAL HETEROGENEITY OF T-CELL SUBSETS

The T-cell repertoire can be defined by two distinct properties: the recognition speci-
ficity of the TCR heterodimer and the functional response of the cell after TCR stim-
ulation. It is now clear that once a particular TCR heterodimer is expressed on the
T-cell surface, the antigen specificity is frozen for all the clonal progeny of that cell.
The functional responses available, however, are quite extensive and range from pro-
grammed cell death to initiation of distinct modalities of immune response. The com-
plex mechanism by which the antigen specificity is determined (random rearrangement
of two distinct polypeptides with both multiple germ-line gene segments and junctional
diversity followed by selection for a relatively narrow band of avidity for self-MHC
peptides) imposes special characteristics on the specificity repertoire.

The mechanisms by which the functional repertoire of T-cells is developed are less
well understood, but they probably involve a similar strategy to that used during thymic
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selection. The key element again is signaling generated from the TCR complex when
it interacts with particular peptide/MHC epitopes. The TCR complex is not merely an
on/off switch, but the avidity of interactions of the TCR with the myriad available 
peptide-loaded MHC molecules initiates biochemical cascades within the T-cell that
are highly dynamic (32). If the avidity of these interactions is sufficient, cooperation
among other adhesion molecules, including the major coreceptors CD4 or CD8, the
adhesion molecule LFA-1 (CD11a), and the CD28 molecule, stabilizes this molecular
binding in a process termed the immunologic synapse (33). This complex structure can
deliver multiple levels of signal depending on the relative intensity and stability of the
interaction. These multiple signals are most likely integrated at the level of multiple dif-
ferent promoter complexes, in which biochemical signals initiated at the cell surface are
translated into the production of transcription complex components. In turn, these cel-
lular signals can interact with multiple promoter motifs (34), resulting in coordinated
patterns of expression of multiple unlinked genes (Fig. 2).

The proteins produced by such activated genes are of several classes, including
those that initiate entry into the cell cycle; expression of unique cytokine receptors;
expression of various effector cytokines; expression of new surface adhesion mole-
cules; and new transcription factors. The products of this ensemble of gene activation
interact in complex ways to determine not only the fate of that particular T-cell, but
also the tempo of immune activation in the immediate microenvironment in which T-
cell activation occurs. Expression of new cytokine receptors (e.g., interleukin-2R� [IL-
2R�]) or inactivation of existing receptors (e.g., IL-12R�) can alter the subsequent
response pattern of the responding T-cell. Many cytokines (i.e., IL-2, IFN-�, TNF-�, IL-
4, IL-10, IL-13, granulocyte/macrophage colony-stimulating factor [GM-CSF], and
transforming growth factor-� [TGF-�]) serve as growth and differentiation factors for
most other cells in the local microenvironment. These include other T-cells, dendritic
cells and macrophages, endothelial cells, and B-cells, in addition to the responding cell
via autocrine feedback. With a longer kinetic delay, activated T-cells change the pat-
tern of cell surface adhesion molecules that alter the subsequent recirculation and tis-
sue distribution properties of the cell. Investigators recognize some of these adhesion
molecules as memory markers (such as CD44, CD62L, and CD45 isoforms), since
their differential expression on previously activated T-cells allows detection by cell sur-
face staining with available monoclonal antibodies.

Finally, and potentially most critical, initial T-cell activation can result in the pro-
duction of new transcription factors, which may differentially affect the vigor of tran-
scriptional activation on subsequent rounds of TCR-initiated signals. It is highly likely
that such factors account for the significantly lowered antigen dose threshold required
for full stimulation found in previously activated (memory) T-cells (35,36), compared
with cells that have not been stimulated recently. Although many genes are activated in
a coordinate manner, in individual cells some of the cytokine genes show distinct thresh-
olds for activation based on different intensities of TCR/peptide/MHC stimulation.
These distinct thresholds probably generate the significant clonal heterogeneity charac-
teristic of antigen-specific T-cell activation (37– 41).

This hypothetical scheme of T-cell activation (incorporating the functional subtleties
of T-cell antigen recognition) contrasts with the more conventional views of classes 
of T-cells, based on static conceptions of antigen specificity, T-cell response, and 
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memory versus naíve T-cells. First, antigen specificity is not a clean positive/negative
phenomenon, even in response to a particular index peptide structure. All TCRs in the
repertoire bind with modest avidity to ubiquitous self-antigen, and there is potential for
anatagonist peptides that bind to the MHC restriction element well, but fail to stimu-
late the particular TCRs with high avidity for the index peptide. T-cells that interact
with intermediate avidity to a particular index peptide/MHC complex may show some
of the features of T-cell activation, particularly entry into the cell cycle if sufficient 
IL-2 is available, but they do not participate in the more stringent activation pathways.

Finally, the activation signals from engagement of the TCR reflect the product of the
amount of peptide/MHC complex and the inherent TCR affinity. Thus, in the presence
of high doses of a particular peptide, more T-cells (including those with slightly lower
avidity) can become fully activated. In the presence of lower doses of the same peptide,
(or in the presence of peptide antagonists), these same T-cells receive suboptimal signal-
ing that not only results in failure to reach the threshold stimulus for full activation, but
probably results in a different kind of activation. The phenotypic characteristics among
the daughter cells of such qualitatively different kinds of antigen activation are probably
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Fig. 2. Multiple distinct signal pathways converge to produce functional transcription com-
plexes to allow coordinate activation of multiple genes. Alterations of the dominant pathway of
signaling from successive cycles of antigen stimulation result in alternate pathways of func-
tional differentiation. ICAM-1, intercellular adhesion molecule-1; IFN-�, interferon-�; IL,
interleukin; LFA-1, leukocyte function-associated antigen; TCR, T-cell receptor.
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distinctive. Therefore, the sensitivity to TCR-initiated signal and the cytokine expression
phenotype, as well as the pattern of adhesion molecule expression and tissue recircula-
tion may all be different in these daughter cells. Thus, a static view of antigen specificity,
which is implicitly defined by response to antigen, is not completely tenable, even though
the actual structure of the TCR is not altered by antigen stimulation. Since the pattern of
response is quite heterogeneous and dependent on the subtleties of formation and signal
generation at the immunologic synapse, the range of peptides that a T-cell is specific for
also depends on the circumstances of presentation and the life history of the particular 
T-cell. Finally, the simple dichotomy between memory and naíve T-cells is much too sim-
ple to classify different subsets of T-cells adequately. Not only is memory likely to be as
heterogeneous as the response that is remembered, but many adhesion molecules used as
markers of memory revert to a naíve status at different tempos.

The role of antigen dose in stimulation of responses may also be quite important in
situations of persistent low-level antigen exposure, such as in chronic asymptomatic
HIV infection. Persistent stimulation of high-avidity TCRs by a low concentration of
HIV-derived peptides may result in exhaustion or anergy of relevant T-cells during
chronic infection such that little CD4 helper activity is available for the CD8 T-cell
response. A quick burst of a higher concentration of HIV peptides, such as might be
experienced in a subject effectively treated with highly active antiretroviral therapy
(HAART) who undergoes a scheduled treatment interruption, may allow the functional
activation of these same cells to help mediate effective viral clearance. Thus, both the
dynamics of antigen dose in vivo and the cytokine milieu in the histologic microenvi-
ronment may play critical roles in the ability to induce a functional immune response,
beyond the mere presence of antigen-specific T-cells.

In addition to the heterogeneity that exists in concepts such as antigen specific/
nonspecific and memory/naíve, considerable heterogeneity has long been recognized in
the kinds of functional effector activity mediated by different classes of T-cells. There
are multiple distinct cytokines that can be expressed after TCR activation in addition to
the induction of two distinct pathways of direct lytic activity for target cells (the secre-
tory pathway and the FasL/Fas interaction). There is significant heterogeneity in the pat-
tern of individual cytokine gene expression, even within stable in vitro passaged T-cell
clones (37,38,41). Although there are patterns of cytokines that tend to be coexpressed,
each individual promoter is under a unique pattern of control, with a distinct threshold
for activation. Furthermore, there are multiple potential phenotypes, but any one T-cell
usually has a very limited subset of these alternatives actually expressed. Not only are
the subtleties of TCR/peptide/MHC interaction as discussed above critical for deter-
mining the assortment of particular functional activities with different TCR structures,
but the cytokine milieu in which initial T-cell activation occurs plays a dominant role
in segregation of the cytokine expression phenotype (42–45). The role of the innate
immune system in providing the bootstrap cytokines expressed in the local environment
where particular antigen-specific cells become activated is probably critical in this
process (46–48). Thus, one can conceptualize the T-cell repertoire as a two-dimensional
classification scheme, in which each particular specificity element sorts out into distinct
functional categories dependent on antigenic stimulation experience.

The determination of how many distinct functional classes of T-cells exist in the
repertoire is not clear. The history of cellular immunology has been characterized by
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the continual subdivision of classes of cells initially thought to be homogenous (given
a single name) into distinct categories based on newly discovered features. Lympho-
cytes have been separated into three distinct lineages and T-cells into sublineages based
on both major coreceptor usage (CD4 vs CD8, which correlates with MHC restriction
specificity) and distinct lineages that utilize distinct antigen receptors (�� vs �� TCR).
To the first approximation, the CD4 and CD8 sublineages of T-cells are biased in the
pattern of their functional differentiation to express particular patterns of cytokines
(CD4 helper cells) or the induction of direct lytic activity (CD8 cytotoxic T-cells).
However, exceptions to this dichotomy exist in both directions. There are CD4 T-cells
that mediate direct lysis and CD8 T-cells that secrete cytokines mediating immunoreg-
ulatory activities.

There is also a further subdivision of T-cell subsets into functional classes based on
the pattern of cytokine expression, the Th1/Th2 paradigm. Originally panels of murine
CD4 T-cell clones were characterized that had distinctive cytokine expression pheno-
types (49). Clones classified as Th1 express primarily IL-2, IFN-�, and TNF-� (LT),
whereas the Th2 cells express IL-4, IL-5, and IL-10. Further work has demonstrated
that these sets of cytokines are associated with functionally distinct types of immune
responses, establishing a link between T-cell phenotype development and cellular ver-
sus humoral immunity (50–52). In particular, IFN-� is a potent macrophage-activating
factor (53,54) and plays a critical role in delayed-type hypersensitivity (DTH) responses
(55,56), whereas IL-4 and IL-5 are potent in B-cell growth and differentiation (57,58).
Not only do these cytokines have distinctive biologic activities, but several lines of evi-
dence also indicate that a reciprocal competitive relationship exists between cells with
Th1 versus Th2 characteristics (42,43,45,52,59). Several infectious disease models
have demonstrated the critical role of Th1 and Th2 cytokines in regulating the balance
in favor of the host or the pathogen (60–64). Particularly clear-cut is the genetic sus-
ceptibility to Leishmania in mice. The disease course between inbred mouse strains is
correlated with inherited tendencies to generate either a Th1 or Th2 response (65–68).

The original dichotomy of cytokine expression patterns has begun to blur into many
individual distinct phenotypes based on differential quantities of expression within the
classical phenotypes (variation in IL-2/IFN-� ratio in Th1, and IL-4/IL-10/IL-5 and
perhaps TGF-� in Th2 cells) (69). The multiplicity of functional phenotypes that have
been characterized in different circumstances (70–72) suggests that the Th1 and Th2
designations do not represent true lineages (irreversible differentiation), but rather a
useful initial distinction among a complex set of functional differentiation patterns. The
general idea is that different patterns of cytokine gene transcription represent a primary
functional distinction of different T-cell subsets.

Consideration of the significant heterogeneity of antigen-specific T-cell activation
has several potentially important implications for the pattern of cellular immune
responses to infectious agents and in particular to HIV-1 infection. First, the conven-
tional method of measuring T-cell response to particular antigens used in most human
disease clinical trials, the lymphocyte proliferation assay (LPA), is both more com-
plicated than is usually thought and in some circumstances an unreliable guide to the
potential for effective in vivo immune response. There are at least three kinds of cells
required for a vigorous LPA response: 1) the availability of adequate APCs; 2) the
existence of a few individual T-cells in each well that produce potent T-cell growth
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factors (TCGFs); and 3) the low-threshold stimulation of other T-cells to grow in the
presence of TCGF. In most circumstances, IL-2 produced by CD4 T-cells is the dom-
inant TCGF, but other cytokines may play an important role in some situations.
Although a strong LPA response correlates well with effective in vivo immunity to
particular pathogens, weak or negative LPA responses can result from several differ-
ent circumstances. These include deficient functional APCs in the population of blood
mononuclear cells, clonal anergy (deficient IL-2 production) of relevant T-cell clones,
production of alternative cytokines that inhibit T-cell growth, or a low frequency of
functional IL-2-producing clones. Direct measurement of the frequency of individual
T-cells that produce different effector cytokines shortly after antigen stimulation may
yield more insight into the status of in vivo immunity than sole reliance on the con-
ventional LPA response.

A second practical consequence of the complexity of T-cell immunity is under-
standing the mechanism of insufficient immune responses to certain pathogens, espe-
cially those that maintain persistent antigen loads during chronic infection. The
conventional view is that such circumstances represent deletion of the small subset of
antigen-specific cells, via clonal exhaustion or pathogen-specific infection (in HIV dis-
ease for the CD4 T-cell response). An alternative possibility is that persistent antigen
load results in various alternative patterns of differentiation that fail to activate effec-
tive clearance mechanisms for the infection. T-cells with sufficient TCR affinity for
peptides derived from the pathogen exist, but continual low-level stimulation anergizes
these cells. In this context, the term anergy simply indicates that absence of the par-
ticular function is used as the index of response, not physical absence (clonal deletion)
of the relevant cells. In some circumstances, immune deviation to produce Th2-like
cytokines in contrast to the Th1 pattern somewhat accounts for such unresponsiveness.
Examples include lepromatous leprosy (60,73,74) and the well-studied Leishmania
major infection in mice (65–75).

In the case of HIV-1 infection, although such classical immune deviation has been
suggested (76), an alternative possibility is that direct interaction of viral particles with
the CD4 molecule together with persistent low concentrations of antigens yields T-cells
with low-level TCR stimulation that fail to respond with high IL-2 production. The
potential role of selection of viral variants that not only escape detection by particular
T-cells but also produce peptide antagonists that block the responses to other epitopes
and perhaps alter the cytokine expression pattern of reactive T-cells may also play an
important role in some cases. As a consequence of functional anergy of T-cells with
TCRs with high affinity for HIV-derived peptides, the infection may be controlled by
helper-independent CD8 T-cells that are inherently inefficient. Since persistent low-
level TCR stimulation may be required to sustain this pattern of differentiation, it may
be possible to reverse this pattern by first eliminating most of the persistent viral anti-
gen (by treatment with available potent antiretroviral drugs) followed by therapeutic
immunization. If clonal deletion of HIV-specific T-cells during primary infection is
responsible for the deficient CD4 T-cell responses in chronic HIV infection, the
prospects for successful therapeutic immunization are fairly dim, given the low (but
detectable) thymic output of new TCR specificities in adult humans (77). If an as yet
ill-defined anergic state exists among these critical cells, understanding the subtle
mechanisms by which antigen can stimulate functionally distinct kinds of differentia-
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tion may be critical to the design of effective therapeutic immunization.

ANATOMICAL DISTRIBUTION OF IMMUNE CELLS: 
RECRUITMENT TO INFLAMMATORY SITES AND REDISTRIBUTION

A final principle of the basic nature of T-cell-mediated immunity is the role of the
anatomic distribution of immune cells in mediation of immune responses. First, unlike
humoral responses in which the effector function of antibody is generally at a distant
site from the antibody-producing cell, T-cell effector function is always localized to
microenvironments directly associated with the active effector T-cell. The lytic func-
tion of cytotoxic T-lymphocytes (CTLs) takes place only in tight conjugates of the indi-
vidual target cell and the CTLs, whereas cytokines are active only over short distances
and act on other cells in the immediate tissue environment. In fact, a substantial por-
tion of helper function for CTL formation is probably owing to the simple colocaliza-
tion of activated CD4 and CD8 T-cells in the same tissue microenvironment caused by
responses to the same antigenic entity, albeit to distinct peptides. This requirement for
localized effector function results in the critical role of T-cell recirculation and recruit-
ment to active inflammatory sites in the organization of in vivo T-cell-mediated immune
responses. The development of a mononuclear infiltrate in a nonlymphoid tissue is the
histopathologic hallmark of active T-cell immunity.

The ability to mobilize a sufficient number of T-cells to a local site is dependent on the
constant recirculation of the low frequency of T-cells with a high-affinity TCR for a par-
ticular peptide/MHC epitope and the rapid recruitment of such cells. IFN-� and TNF-�, as
well as other cytokines produced by activated T-cells and macrophages, affect the local
microvasculature, resulting in increased vascular permeability and the induction of vascu-
lar adhesion molecules. These adhesion molecules serve to facilitate recruitment of circu-
lating T-cells into the microvascular bed surrounding the initial cytokine-producing cells.
Although antigen-specific cells are preferentially accumulated in such inflammatory foci,
most of the T-cells that accumulate in sites of inflammation do not have TCRs that bind
with high avidity to available peptide/MHC complexes. Among the T-cells that are non-
specifically recruited to such sites are a few that reach a threshold of stimulation by the
available peptide/MHC complexes and produce additional cytokines that amplify the
nascent inflammatory focus. In addition, since T-cell activation occurs in such an inflam-
matory site bathed in cytokines such as IFN-� and TNF-�, their pattern of antigen-activated
differentiation is biased toward further production of these Th1-type cytokines. Control of
the tempo of such iterative cycles of cellular recruitment and inflammatory cytokine pro-
duction is probably the critical step in the overall intensity of T-cell-mediated immunity.

A corollary of these principles is that the population of T-cells in the blood may not
be fully representative of T-cells that are actively involved in a tissue-localized immune
response (Fig. 3). During periods of active T-cell immunity, such as localized responses
to infectious agents in lymphoid tissue or responses such as solid organ transplant rejec-
tion, the blood is relatively depleted of antigen-reactive cells, owing to their sequestra-
tion in the local site of the active immune response. Although this is a relatively simple
point, fundamental methodologic difficulties often produce subtle conceptual bias. To
some extent, this conceptual focus on blood T-cells, simply because they are routinely
available for analysis, is a contributor to the controversy concerning the interpretation
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of cellular changes after induction of HAART in HIV-1 infection. The initial proposal
that the increase in blood CD4 T-cells after HAART was caused by an increase in total
body T-cell number reflected the common use of the CD4 count (in blood) as a surro-
gate for total body T-cells. Although this relationship may be largely correct over the
long-term natural history of HIV disease, short-term changes in blood lymphocyte num-
bers often reflect redistribution of cells between body compartments.

Some investigators proposed the alternative interpretation of a redistribution of cells
early on (78,79), but the controversy lingers despite any direct evidence that the total
body number of T-cells rises rapidly in any circumstance. Recent studies focused on
comparison of lymphoid tissue and blood specimens before and after induction of
HAART strongly indicate the reciprocal relationship of blood and tissue lymphocytes
and the resolution of lymphoid tissue inflammation coincident with resolution of active
viral infection of these tissues (80).

A similar line of reasoning cautions against overinterpretation of the relatively mod-
est level of antigen-specific CTL effector function detected in blood T-cells during
chronic HIV disease. Since the active infection exists primarily in the lymphoid tissue,
the cells isolated from blood may have an inconsistent relationship with the level of
active in vivo immunity during episodes of chronic infection. Together with the rela-
tively difficult analytic procedure required to identify functional CTLs, tissue seques-
tration of active cells makes assessment of immunity using in vitro methodologies
problematic. Ten years ago the failure to detect infectious virus in blood during pro-
longed asymptomatic chronic HIV infection led to the view of a dormant infection. The
advent of sensitive viral RNA assays, together with evidence of rapid fall in viremia
after induction of HAART, resulted in a conceptual shift: that there is rapid viral
turnover throughout chronic infection. Similarly, the failure to detect robust immune
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Fig. 3. The in vivo population of T-cells constantly recirculates to many different tissues.
Local immune responses result in redistribution of T-cells to the site of immune activation and
then nonhomogeneous distribution among body compartments.
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responses during chronic HIV infection using assays of blood T-cells does not indicate
that viral replication is not controlled by active immune clearance mechanisms.

SUMMARY

This chapter has attempted to incorporate some insights from our current under-
standing of cellular immunity into an understanding of the pathogenesis of infectious
diseases, with a primary focus on HIV disease. The complexity of T-cell recognition,
with subtle functional consequences of particular MHC restriction elements, local
milieu of activation, and kinetic profile of antigen dose, results in complex interactions
between the immune system and persistent infectious agents. The interaction of ideas
derived from basic biologic studies and development of workable therapeutic inter-
ventions is most productive when both basic and clinical investigators develop two-
way communication. Incorporation of basic insights into new hypotheses that can be
directly tested in infected humans offers an additional feature for clinical trial design
beyond the availability of novel agents. Furthermore, development of an effective ther-
apeutic strategy is often the key element in resolving fundamental questions of disease
mechanisms, since effective interventions must be modifying key mechanisms in dis-
ease pathogenesis.
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