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ABSTRACT
== .

The interplay between antigen-presenting cells (APC), CD4" T cells and CD8" T
cells leading to the activation and differentiation of naive CD8" T cells to form a |
protective memory population has been extensively studied, yet further understanding of
how these cells interact is required. At the cellular level, the initial activation of CD8" T
cells is dependent on antigen presentation by professional antigen presenting cells (APC)
bearing costimulatory molecules. This ability to activate cytolytic effector CD8" T cells
is regulated by the maturation state of the APC. One key interaction that triggers the
maturation of APC to a state capable of activating naive CD8" T-cells is the ligation of
the CDA0 receptor on the immature APC. This is achieved by CD40 ligand expression on
activated CD4" T cells.

CD40-CDA40L interactions are not required for the induction of all CD8" T-cell
responses. For some pathogens, the stimuli provided by the infection itself bypasses the
need for CD40-mediated CD4" T-cell help. It has not been established whether the
cellular immune response that develops in the absence of CD40-CD40L interactions is
- functionally equivalent to the response established by APC that have matured through
CDA40 ligation. Further, there is evidence suggesting that memory CD8" T-cell
populations generated in CD4™ T-cell deficient environments are functionally defective.
As a subset of CD8" T cells transiently express CD40 following activation, direct CD4"-
CD8" T-cell interactions through CD40 may provide a critical signal that directs the

functional quality of memory CD8" T cells.



I have evaluated both primary and memory CD8" T-cell responses following
systemic L. monocytogenes infection in wildtype and CD40™ BALB/c mice. These
experiments revealed that, in the context of Listeria infection, the abscnée of CD40
expression had very few consequences on the functional properties of CD8" T-cell
populations, indicating that direct CD40 ligation on CD8" T cells is not a global
requirement for memory CD8" T-cell development. Further, transient depletion of CD4"
T-cell populétions prior to primary L. monocytogenes infection indicated no need for
CDA4" T cells to be present at the time of CD8" T-cell priming to “imprint” the
development of protective CD8" T-cell memory.

Additionally, CD40” mice showed enhanced CD8" T-cell expansion to a
secondary Listeria challenge that correlated with their reduced CD4* CD25" regulatory
T-cell population. In vivo depletion of CD4" cells prior to secondary Listeria infection
resulted in enhanced CD8" T-cell responses in wildtype mice, but did not further enhance
responses in CD40™ mice. Adoptive transfer of CD8" T cells from Listeria-immune
donors into various recipients indicated that cells within the CD4" cell population
influence the magnitude of secondary CD8" T-cell expansion to antigen. Adoptive
transfer of increasing numbers of donor cells suggested that regulatory T cells within the
CD4" subset primarily exert their function as high numbers of antigen-specific CD8" T
cells are achieved. Collectively, these results suggest that CD4" CD25" regulatory T cells
may function to maintain a balance between pathogen clearance and the

immunopathologic consequences of large numbers of effector T-cell populations.



CHAPTER 1: INTRODUCTION
== —————— —————— . — —

Over 200 years ago Edward Jenner discovered that vaccination could successfully
reduce the morbidity and mortality caused by infectious disease. Vaccination is an
effective strategy because it provides a strong stimulus to the immune system that results
in the development of “immunologic memory” to components within the vaccine. Such
memory is defined functionally by the ability of an individual to respond more quickly
and more effectively upon re-exposure to that initial vaccine stimulus. In the case of
infection by pathogens, immunologic memory develops as part of the response to
infection and results in either a significant decrease in severity, or the complete
prevention of disease following reinfection. Thus, the immune system can learn from its
experiences, and recovery from most infections is accompanied by an ability to resist
subsequent infections with the same pathogen. This acquired attribute of immunologic
memory is an important hallmark of both humoral and cellular adaptive immune
responses.

Although many of the mechanisms that contribute to the generation of
immunological memory have been elucidated, there remain additional aspects of cellular
immune memory that require a better understanding. This is underscored by the
demonstration that many pathogens have evolved strategies to evade components of the
immune response designed to target pathogens. For viruses and many bacteria, the
approach used to evade the humoral components of the cellular immune response is
simply to limit their extracellular lifecycle and establish themselves inside host cells. In

order to target this intracellular site of infection that is protected from the humoral



immune response, the cellular arm of the adaptive immune response is required for
eradication of intracellular pathogens.

One cellular arm of the adaptive immune response responsible for the elimination
of intracellular pathogens is associated with a subpopulation of T lymphocytes that
express the CD8 cell-surface antigen. This specialized T-cell subset is responsible for
host defense against numerous intracellular infectious agents, including the bacterium
Listeria monocytogenes. CD8" T cells mediate immunologic protection against
intracellular bacteria and viruses through the secretion of effector cytokines including
IFNy and TNFa. In addition, CD8" T cells can kill infected cells directly through their
ability to ligate cell surface death receptors, as well as through the release of perforin and
granzyme proteins.

As a consequence of an initial infection with pathogens such as L.
monocytogenes, the immune system is stimulated, resulting in the activation of antigen-
specific CD8" T-cell populations. Many of the individual events that lead to the
development of effector CD8" T cells have been described. However, our knowledge of
the required stimuli is incomplete, and we remain limited in our ability to manipulate the
immune response for vaccine development and therapeutic applications. In this regard,
some would suggest that even today, as in the time of Jenner, strong cellular immune
responses are established only following infection. Nonviable or subunit vaccines remain
of limited value for the generation of specific cellular immunity.

The development of a cellular immune response to an intracellular infection
involves recognition of and stimulation by components of the pathogen itself. In addition,

the innate inflammatory cascade is triggered following infection. Thus both pathogen-



derived stimuli as well as endogenous cytokines released in response to infection can
signal and stimulate the resting immune system into action. It is not clear if different
activation signals provide distinct messages to direct the type or strength of an immune
response. Alternatively, both pathogen-derived and endogenous inflammatory signals
may functionally overlap, resulting in the development of similar adaptive immune
responses regardless of which stimuli activate the immune system.

At the cellular level, the initial activation of CD8" T cells is dependent on the
presentation of specific antigen by professional antigen presenting cells (APC) bearing
costimulatory molecules. The ability of APC to activate cytolytic effector CD8" T cells is
regulated by the maturation state of the APC. One key interaction that triggers the
maturation of APC to a state capable of activating naive CD8" T-cells is the ligation of
the CD40 receptor on the immature APC. This is achieved by CD40 ligand expression on
activated CD4" T cells. This three-cell interaction is thought to be sequential, such that
“T-cell help” in the form of CD40 ligation is provided through the initial CD4" T cell-
APC interaction, leading to APC maturation. In turn, subsequent interactions between
APC and CD8" T cells are able to support CD8" T-cell priming.

However, CD40-CDA40L interactions are not required for the induction of all
CD8" T-cell responses. For some pathogens, the stimuli provided by the infection itself
bypasses the need for CD40-mediated CD4" T-cell help. It has not been established
whether the cellular immune response that develops in the absence of CD40-CD40L
interactions is equivalent in function to the response established by dendritic cells that

have matured through CD40 ligation.



In this dissertation I will presént an analysis of both primary and memory CD8"
T-cell responses following systemic L. monocytogenes infection in wildtype and CD40-
deficient BALB/c mice. With these experiments I have evaluated whether the absence of
CDA40 expression influences functional properties of CD8" T-cell responses generated in
response to infection with L. monocytogenes. Further, I have investigated the effects of
transient depletion of CD4" T-cell populations prior to either primary or secondary L.

monocytogenes infection on the antilisterial CD8" T-cell response.

1.1 THE IMMUNOBIOLOGY OF CD8* T CELLS

Following infection, CD8" T lymphocytes (CTL) are responsible for host defense
against numerous viral and intracellular bacterial infections. In this regard, responding
CD8" T cells become the armed sentinels of the immune system. Upon their activation,
following recognition of a specific pathogen-derived peptide antigen presented by class I
major histocompatability molecules (MHC-I), effector CD8" T cells are able to enter
peripheral tissues and destroy cells displaying cognate antigen. After a period of time, the
majority of the effector CD8" T-cell population dies, and the immune system returns to
homeostatic balance. However, a small population of “experienced” cells is maintained to
serve as a memory population to be rapidly recruited again in the event that the host is re-
exposed to this specific pathogen. In general, the ability of memory T cell populations to
provide enhanced protection against reinfection has been attributed to their ability to
respond to lower concentrations of antigen (1), lower dependency on costimulatory
signals (2), and the ability to proliferate earlier (3), divide faster (3, 4), and acquire

effector functions more rapidly than naive T cells (4, 5).



CD8* T-cell activation

The activation of naive CD8" T cells into effector CTL has been characterized as
a two-signal process. The first signal requires T-cell receptor (TCR) recognition of a
peptide antigen presented in the context of class I major histocompatability complex
(MHC-I) on the surface of an antigen-presenting cell (APC). In addition to the TCR-
peptide: MHC-I interaction, the priming of naive CD8" T cells requires a second signal
provided by the interaction of costimulatory molecules; including CD80 or CD86 on the
APC with CD28 on the T cell. Providing both signals to naive T cells in a timely manner
is the unique job of professional APC. TCR stimulation (signal 1) in the absence of
costimulation (signal 2) leads to tolerance or functional anergy in T cells rather than
activation (6).

Following their initial stimulation and activation, CD8" T cells undergo a program
of dramatic proliferation. Following 2 to 24 hours of in vitro TCR stimulation, naive
CD8" T cells commit to cellular expansion, regardless of the presence or absence of
continued TCR stimulation (7-9). This programmed proliferative response of naive CD8"
T cells is also evident following in vivo infection. Following acute infection with
lymphocytic choriomeningitis virus (LCMV), a single CD8" T cell can undergo upto 15
cellular divisions within the first 7 days, generating up to 10* progeny (10, 11).
Remarkably, at the height of this primary proliferative response, activated cells can
divide every 6-8 hours (10).

The continued presence of antigen during the primary expansion phase of CD8+
T-cells does not appear to further influence the effector function or the generation of

immunologic memory after the initial stimulation. Antibiotic treatment of mice infected



with L. monocytogenes at early timepoints after infection has revealed that a prolonged
period of active infection is not required for efficient activation of CD8" T cells. Animals
treated with antibiotics at 24 hours post-infection undergo primary CD8" T-cell
expansion with all response parameters comparable to untreated mice (12). These
experiments suggest that CD8" T-cell expansion becomes “programmed” very early
following T-cell activation, leading to the generation of effector CTL populations armed

to confront and clear the invading pathogen.

Contraction of effector CD8* T cells

Following T-cell activation and clonal expansion, activated CD8" effector T cells
enter into a contraction phase, which results in a reduction of their number to
approximately 5-10% of the peak numerical level achieved at the height of the primary
proliferative phase (10, 13, 14). The onset of contraction is independent of pathogen
clearance and appears to be a programmed component of the response (13). Molecular
profiling analysis of mRNA expression levels in CD8" T-cell populations following acute
LCMYV infection suggests that the transition of cells from the effector phase into resting
memory populations is a gradual process that occurs over a period of 30-45 days
following acute infection (15). The fraction of CD8" T cells that survive the contraction
phase are maintained as a memory population, capable of quickly responding to a
secondary exposure to cognate antigen. Once established, the number of resting memory
CD8' T cells is stably maintained for long periods; at least one year in mice (10). This

program of expansion and contraction allows the immune system to maintain a



homeostatic balance following each independent infection, while maintaining a subset of

protective, antigen-experienced, memory CD8" T cells.

Cytokines and memory CD8"* T-cell generation and maintenance

Cytokines are crucial for the expansion, contraction and maintenance of CD8" T-
cell populations. Three cytokines in particular, Interleukin (IL)-2, IL-7, and IL-135, signal
through a common y-chain and have profound effects on CD8" T-cell responses.

IL-2 is a growth factor that enhances the expansion of naive CD8" T cells
following antigen stimulation. Although IL-2 has been detected in activated DC, the
majority of IL-2 produced comes from activated CD4" and CD8" T cells (16, 17). Early
in vivo proliferation of CD8" T cells following activation is not dependent on IL-2,
however continued expansion after the first 3-4 days requires IL-2 (18, 19). Exogenous
IL-2 administration during the contraction phase results in a prolonged proliferation of
CD8" T cells and increased survival of effector T-cell populations (20). However,
following the primary activation phase of CD8" T-cell responses, IL-2 is no longer
required and the maintenance of memory CD8" T cells is IL-2 independent (21).

IL-7 is produced by both nonhematopoeitic stromal cells and DC, and appears to
influence the survival of activated CD8" T cells to form the CD8" memory T-cell
population (22, 23). Because IL-7 is essential for the development of lymphocytes,
evaluations of the specific role of IL-7 in CD8" T-cell memory maintenance are still
uncertain. However, expression of the IL-7 receptor a-chain (IL-7Ra or CD127) on a
subset of effector CD8" T cells entering into the contraction phase has been indicated as

an early marker of cells that will go on to form the memory pool (24, 25). Evidence that



IL-7Ra is an early effector-phase marker for future memory populations was
demonstrated through adoptive transfer of purified effector CD8" T cell subsets: only the
transfer of activated CD8" T cells expressing IL-7Ra went on to form stable memory
populations that could provide immunological protection (25). In a separate report, it was
demonstrated that when IL-7R”" TCR-transgenic CD8" T cells are stimulated with
specific antigen in vivo, they undergo normal cellular division relative to wildtype
transgenic CD8" T cells, yet are poorly maintained after the contraction phase (26).
Together, these reports suggest an important role for IL-7 during the transition of CD§* T
cells from the effector to memory phases.

IL-15 is constitutively expressed by several tissues throughout the body, and by
numerous cell types, including monocytes/macrophages and DC (reviewed in (27)). Mice
deficient in IL~15 show profound defects in memory CD8” T cells, which is due to a
defect in their homeostatic proliferation (28, 29). In contrast, overexpression of IL-15 in
vivo results in the maintenance of increased numbers of antigen-specific memory CD8" T
cells following infection with L. monocytogenes (30). These data implicate IL-15 in
controlling the maintenance of antigen-specific memory CD8" T cells following the
contraction phase. Thus, throughout their lifespan, from initial activation to resting
memory phases, CD8" T cells are consistently receiving signals through the cytokine

environment that surrounds them.

CD8* memory T-cell subsets
In addition to the size of the memory CD8" T-cell population, the type and quality

of memory CD8" T cells generated may influence their ability to control a secondary



infection with a specific pathogen. The peptide-specific memory CD8" T cells that
remain after contraction are a heterogeneous population, with subsets of memory cells
showing distinct phenotypes, migratory capacity, and effector functions (31-33).

Memory CD8" T cells are typically placed into two groups. Effector memory
CD8" T cells (Tgm) resemble the primary effector cells generated following the initial T-
cell response. Tem lack the lymph node homing receptors CD62L and CCR7, limiting
their entry into secondary lymphoid tissues. Thus, it is thought that the Tgy population is
responsible for patrolling peripheral tissues. Upon recognition of cognate antigen, Tem
undergo limited proliferation, but are able to express immediate effector function
including cytokine production, and direct cytotoxicity (34). In contrast, a population of
cells defined as central memory CD8" T cells (Tcwm) express both CD62L and CCR7,
allowing their migration into lymph nodes. It is generally held that Tcy do not express
immediate effector function, but rather proliferate in response to antigen, then
differentiate into secondary effector T cells, which subsequently leave the lymph nodes to
survey peripheral tissues. Therefore, the current paradigm suggests that Tgy function to
provide immediate protection to control the secondary infection, while Tcy proliferate in
response to secondary infection to provide a second wave of effector cells for pathogen
clearance.

How are memory cell subsets selected following CD8" T-cell activation? Two
main models of memory T-cell generation have been presented over the past 10 years:
linear differentiation vs. progressive development. The linear differentiation model
proposes that, in response to activation, CD8" T cells develop into effector CTL. The

majority of this population then undergoes apoptosis during the contraction phase, with a



small fraction of effector CTL surviving contraction to become Tgy. Over time, a portion
of the Tem population continues to differentiate into Tcm (33). In contrast, the progressive
model of development proposes that the cytokine context in which naive CD8" T cells are
stimulated determines their differentiation into Tcam or Tem memory subsets, and that
passage through an effector T-cell stage is not a requirement for memory CD8" T-cell
development (35). Using in vitro stimulation with specific antigen, Manjunath et al.
found that TCR transgenic CD8" T cells primed under high IL-2 concentrations
differentiated into effector CTL, which then contracted into Tem populations following
adoptive transfer into naive mice. In contrast, in vitro antigen stimulation in the presence
of IL-15 resulted in the generation of a CD8" T-cell population with no effector
functions, but which were maintained as Ty following adoptive transfer. However it
‘remains to be established whether the generation of memory CD8" T cells can bypass the
effector stage when primed in vivo.

The preferential generation or maintenance of Tcy or Tem memory subsets may
prove to be dependent upon the type of pathogen encountered. It is possible that, for
infectious organisms that trigger widespread tissue damage and inflammation within the
host, the immune system might respond to this stimulus by maintaining more Tgym
memory CD8" T cells. While Tcm would need to proliferate upon reinfection before
effector CTL could bé generated, Tpy memory CD8" T cells would provide immediate
protection, and thus limit host damage by the pathogen. However, the maintenance of
large populations of armed Tgy might increase the chances that a cross-reactive epitope
could induce effector activity and contribute to inappropriate responses or autoimmunity.

It is likely that the balanced maintenance of both Tcy and Teym memory subsets has

10



evolved as the most protective strategy to provide immune protection while avoiding

autoimmune risk.

1.2 ANTIGEN PRESENTATION AND CD8* T-CELL ACTIVATION
Multiple cell types can function as APC including dendritic cells (DC),
macrophages, and B-lymphocytes, although only DC have the ability to activate naive T
cells. This is attributed to the high levels of MHC and costimulatory molecules present on
the DC surface (36), however these properties are dependent on the maturation stage of

the DC.

Dendpritic cell maturation

“Immature” DC reside in peripheral tissues where they phagocytose and process
proteins from their local environment for presentation on major histocompaiability
complex class IT (MHC-II) molecules. DC present peptides in association with MHC-I
molecules from endogenous sources, such as self-proteins or products derived from
intracellular pathogens. Proteins originating from exogenous sources, such as those
originating in dying cells taken up by DC as apoptotic or necrotic debris are also
presented as MHC-I: peptide complexes. This latter form of antigen
processing/presentation utilizes alternative MHC-I pathways and is referred to as “cross-
presentation” (reviewed in (37)).

In order to stimulate the T-cell arm of the adaptive immune response, a mature
DC phenotype is required. The transition of DC from an immature to mature state is
accompanied by decreased phagocytic function and upregulation of several costimulatory

molecules including CD86, CD80, CD40, and CD54 (36). Changes in chemokine

11



receptor expression are also evident, and results in DC migration into the T-cell areas of
secondary lymphoid organs (31). Maturation may be induced by various stimuli,
including inflammatory cytokines, as well as direct binding of pathogen products
(commonly referred to as “danger” signals) on Toll-like receptors (TLR) on the cell-
surface (38, 39). Direct infection by viable pathogens such as L. monocytogenes or
influenza can also induce DC maturation, as can the presence of type I interferons
produced in response to viral infection (40-44). Work by several groups suggests that the
uptake of necrotic cell debris in particular may also provide a maturation signal to DC
(45, 46), so that the resuiting cross-presentation of processed antigens to T-cell
populations occurs in the presence of appropriate costimulation, a phenomenon referred
to as “cross-priming”. Following maturation, DC are endowed with all the properties
necessary to initiate a cellular immune response.

In the absence of an APC-maturing “danger signal”, at least one other mechanism
exists to induce DC maturatioh. Experimental data from several groups has led to the
generally-accepted “APC licensing” theory that proposes that CD4" T cells expressing
CDA40L are able to stimulate the maturation of immature DC through CD40 ligation (42,
47, 48). In general, this theory proposes that CD4" Ty cells recognize a peptide: MHC-1I
complex on the surface of an immature DC, and stimulation through the TCR upregulates
the expression of CD40L on the CD4" Ty-cell surface. These activated CD4" T cells can
then ligate CD40 on the immature DC, triggering the maturation process and subsequent
trafficking to secondary lymphoid organs. As matured DC are potent stimulators of naive
CD8" T cells, this form of CD4" Ty-cell help is critical for the initiation of a CTL

response in the absence of inflammation or infection-associated danger signals. This
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model is supported by data showing that treatment of DC with activating anti-CD40
antibodies leads to the maturation of APC to a state that can stimulate CD8" T cells in
vivo (42, 47, 48).

It is unknown whether all DC maturation signals are equivalent in terms of the
functional properties of the T cells stimulated by them. Does a pathogen-infected DC
prime a T-cell response that is as functionally equivalent as one stimulated by a DC
matured by CD40 ligation or following TLR recognition of pathogen-derived products?
The answers to these questions need to be addressed in order to improve future vaccine

and therapeutic immune strategies.

MHC class I antigen presentation pathways

The classical antigen presentation pathway for MHC-I molecules centers around
the presentation of peptides derived from proteins located within the cell. These proteins
may be endogenous to the cell, or originate from intracellular pathogen-derived proteins.
Upon translation within the cytosol, the majority of newly synthesized proteins are
quickly targeted for proteosomal degradation, which releases peptides of 4-20 amino
acids in length (49). Following cytosolic processing by the proteosome, peptides are
transported by the transporter associated with antigen-processing (TAP) complex into the
endoplasmic reticulum (ER) (50). Aminopeptidases within the cytosol and ER continue
trimming these peptides into 8-11 amino-acid peptide fragments that can fit into the
binding pocket of MHC-I molecules (51, 52). Within the ER, empty MHC-I molecules
are loaded with these trimmed peptides through association with a “class I-loading

complex” containing the chaperones tapasin, calreticulin and ERp60. Successful binding
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of peptide into the MHC-I binding pocket releases the MHC-I molecule from the loading
complex, allowing transport to the cell surface via the standard secretory pathway
(reviewed in (53)). Thus, the historical definition of the classical MHC-I processing
pathway allows for the presentation of both endogenous proteins and those derived from
intracellular pathogens.

However, the classical MHC-I presentation pathway does not include a
mechanism to allow for the presentation of antigens from intracellular pathogens that do
not specifically infect APC. Thus, additional pathways of MHC-I antigen presentation
have been demonstrated, allowing for the cross-presentation of antigens derived from
sources outside the APC by MHC-I molecules. Under the cytosolic processing model,
exogenous antigen is phagocytosed by the APC, and then released from the phagosome
into the cytosol. At this point, MHC-I processing and presentation follows the classical
TAP-dependent MHC-I presentation pathway through the ER (54). Under the poorly
understood vacuolar model, phagocytosed antigen is processed within the phagosome by
proteolytic enzymes and then loaded onto MHC-I within post-Golgi compartments (55,
56). The third proposed cross-presentation model appears to borrow strategies from both
the cytosolic and vacuolar pathways, and involves fusion of the phagosome membrane
with the ER membrane (57, 58). This fusion event brings to the phagosome the class-I
loading complex components associated with the ER membrane that are utilized for
classical MHC-I antigen presentation, including TAP, MHC-, calreticulin and tapasin.
Phagocytosed exogenous antigens are transported by the Sec61 channel from the hybrid
phagosome-ER vacuole out into the cytosol for proteosomal processing, then transported

back into the vacuole for presentation on MHC-I molecules brought into the hybrid
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vacuole with the ER membrane. It is unclear which strategy is ultimately employed in
vivo for the cross-presentation of exogenous antigens by professional APC.

Intracellular pathogens that do not specifically infect APC are targéted by CDS8"
T-cells, thus the variety of antigen presentation pathways fhat have evolved in mammals
provide for efficient CD8" T-cell priming to both peptides from proteins produced within
the APC as well as those derived externally. The strict conditions of APC maturation and
the subsequent upregulation‘ of costimulatory molecules that are required for naive CI‘)8Jr
T-cell priming protect against the potentially problematic priming of CD8" T cells against
endogenous host proteins. These requirements, as well as other regulatory mechanisms
(discussed in Section 5) attempt to keep CD8" T-cell activation limited to responses

against pathogenic rather than self-antigens.

1.3 CD40 AND CD40OL EXPRESSION

Although many costimulatory molecules have been identified as contributing to
the priming and development of adaptive immune responses, the interactions between the
CD40-CD40L receptor-ligand pair has been characterized as a key component for both
B-cell and T-éell responses. CD40 is a tumor necrosis factor (TNF) family member that
is expressed primarily on the surface of antigen presenting cells, including B cells, DC,
monocytes and macrophages (59). The CD40 ligand (CD40L or CD1 54) is expressed at
low levels on resting CD4" T cells, and is upregulated following TCR stimulation and T-
cell activation (60). Although transient expression of CD40 on activated CD8" T cells has

been reported, the implications of this expression remain unclear (61).

15



CD4b ligation is required for optimal B-cell responses

The importance of CD40-CD40L interactions was first appreciated in B-cell
biology, with the discovery that CD40 ligation is required for the generation of thymus-
dependent humoral immune responses (62). Upon antigen recognition by the B-cell
receptor (BCR), B cells internalize antigen for processing into peptides, which are
subsequently presented in the context of MHC-II molecules on the B-cell surface. Upon
recognition of this MHC-II: peptide complex by antigen-specific CD4" T-cells, a stable
cell conjugate is formed, allowing the delivery of both cytokines and membrane-bound
signals between the CD4" T cell and the B cell. One critical signal is delivered by CD40L
expressed on the surface of activated CD4" T cells to the CD40 receptor on the B-cell
surface. These signals induce the proliferation and terminal differentiation of B cells into
antibody-secreting cells (63). Proliferation alone is not sufficient for the development of
B-cell memory. Rather, B cells can divide extensively and secrete IgM without
converting into long-lived memory B-cell populations (64). These short-lived, antibody-
secreting plasma cells function to provide a temporary source (3-5 days) of lower affinity
antibody that presumably aids the immune response to pathogens while the development
of high affinity antibody-secreting B cells is underway (65).

Following their interactions with antigen-specific CD4" T cells, not all B cells
become short-lived plasma cells. A subpopulation of activated B cells move into the
follicular region of the secondary lymphoid organs to initiate the germinal center (GO)
reaction. Similar to the early stages of antibody production, the formation of GC is
entirely dependent on CD40-CD40L interactions (66). Upon entry into the GC,

proliferating B cells undergo somatic hypermutation, a process of diversifying the BCR
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through random genetic mutations. The new variant BCR is expressed on the B-cell
surface, which is then tested for antigen-binding affinity by follicular dendritic cells
(FDC) presenting antigen. B-cells that display a new, higher affinity BCR receive a
positive signal through their interaction with antigen-bearing FDC that allows their
survival, while the majority of the cells are not selected and undergo apoptosis. The
surviving cells return to the GC for another round of somatic hypermutation, followed by
affinity testing on antigen-bearing FDC (67). These events ultimately result in the
development of a long-lived memory B-cell population selected for the production of
high affinity antibodies.

Experimental evidence in several infection models confirms the requirement of
CD40-CD40L interactions for the development of high affinity antibody production in
response to pathogens. In CD40L™ mice infected with LCMV or VSV, decreased
production of serum IgM and IgG isotypes is observed, and the concentration of serum
antibodies rapidly decays within 2 months of infection, while it is maintained in wildtype
mice (68). These data indicate that memory B-cells are not generated following acute
viral infection of CD40L™ mice. In addition, the absence of CD40 or CD40L expression
completely abrogates the development of germinal centers following acute infection with
adenovirus, LCMV or VSV (68, 69). In humans, mutation of the CD40L gene causes X-
linked immunodeficiency hyper-IgM syndrome, a disease characterized by impaired
CD4" T-cell responses, as well as the absence of memory B cells and circulating IgG,
IgA and IgE antibodies (70). Collectively, these data indicate a critical and non-
overlapping role for CD40-CD40L interactions in shaping the humofal immune response

to infection.
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The role of CD40-CD40L in CD4* T-cell responses

The importance of CD40-CD40L interactions in the development of CD4" T-cell
responses has also been evaluated in numerous experimental infection models. Following
corneal infection with HSV-1, the expansion of CD4" T cells is reduced in CD40L™"
mice, and the polarization of HSV-1-specific CD4" T cells toward a Ty1 phenotype is
significantly impaired (71). In this model, in vitro IL-12 exposure can restore the
polarization of HSV-1 prirhed CD4" T cells recovered from CD40L™ mice, suggesting
that decreased IL-12 secretion by APCs as a consequence of the absence of CD40-
CDA40L interactions may impair effector CD4" T-cell polarization in vivo. Peptide-
specific CD4" T-cell priming following acute LCMYV infection is reduced nearly 90% in
CDA40L-deficient mice (72). This defect in CD4” T-cell priming in CD40L ™ mice
correlates with a severely diminished capability to generate humoral immune responses
to acute LCMYV infection, reflecting the requirement of CD40 ligation by CD4" T cells
for the development of thymus-dependent antibody responses (68). A similar pattern of
decreased CD4" T-cell priming and defective humoral immune responses is seen in
CD40L™" mice following acute infection with either VSV or adenovirus (68, 69).
Although there is a significant reduction in effector CD4" T cells after primary LCMV
infection, a subpopulation of these cells can survive as long-lived memory CD4" T cells,
suggesting that a small memory CD4" T-cell population can be generated in the absence
of CD40-CD40L costimulation (73). In regard to infection with L. monocytogenes, the
route of infection appears to determine whether CD40-CD40L interactions are required
for CD4" T-cell priming. Following systemic L. monocytogenes infection in CD40L™"

mice, the upregulation of the activation marker CD44 on bulk CD4" T-cell populations is
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unimpaired relative to wildtype mice, suggesting no inherent defect in CD4" T-cell
activation in the absence of CD40-CD40L signals (40). In contrast, after oral L.
monocytogenes infection, differential reqhirements for CD40-CD40L interactions were
apparent in peripheral tissues (74). CD40L ™ mice had a reduced frequency of Tyl, IFNy-
producing CD4" T cells in the spleen and lamina propria, but enhanced populations in the
liver and lung. The frequencies of Ty2, IL-4-producing CD4" T cells followed a similar
pattern of tissue distribution in the absence of CD40L.

Collectively, these results imply that the requirement for CD40-CD40L
interactions following acute infection with intracellular pathogens may depend on the
pathogen evaluated, as well as the infectious route. Further, the apparent need for CD40-

CD40L signals during CD4" T-cell priming may vary depending on the tissues evaluated.

CD4o0-mediated APC activation: CD4* T-cell help for CD8* T-cell
responses

There is a clear dichotomy between the requirement for CD40-CD40L -
interactions during B-cell and CD8" T-cell activation. While B-cell maturation and the
generation of long-lived memory B cells are dependent on direct CD40-CD40L
interactions, CD40-mediated “help” to the developing CD8" T-cell response is both more
complex and variable.

The interplay between APC, CD4" T cells and CD8" T cells leading to the
activation and differentiation of naive CD8" T cells into an effector population has been
extensively studied and varies widely across experimental models. The primary CTL

response to many bacterial and viral infections, including systemic infection with Z.
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monocytogenes, appears to be independent of both CD4" Ty cells and CD40-CD40L
interactions (40, 75, 76). Other model systems in which CD8" T-cell priming is CD4" T
cell independent include infection with Sendai virus (77), ectromelia virus (78), influenza
(79, 80), VSV (81), and LCMV (68, 72, 81, 82). In these settings, CD40 signaling is
presumed unnecessary as pathogen-derived products (including CpG-containing DNA,
lipopeptides, peptidoglycan and virally inducéd Type I IFNs) can be directly recognized
by TLR on the APC surface, triggering maturation (38, 40, 83). Howevef, several other
experimental model systems require CD4" Ty-cell help, including the priming of CD8* T
cells to adenovirus (84), the class I histocompatability antigen Qa-1 (85), herpes simplex
virus (86), antigen-pulsed DC (48, 87), and cross-presented antigens (47, 48, 88).

It is critical to point out that the original experiments that evaluated theb
requirement for CD40-CD40L interactions in CD8" T-cell responses were designed to
evaluate whether CD4" Ty cells were required for the priming of naive CD8" T-cell
responses. Only a very limited subset of these investigations also asked whether memory
CD8" T cells could be generated in the absence of CD4* Ty cell-help. Further, when
memory CD8" T cells have been evaluated previously, only the presence or absence of
these populations was reported. Consequently, there has been very limited published
information regarding the functional properties of memory CD8* T-cell generated in the
absence of either CD40-CD40L interactions and/or CD4" T-cell populations. In this
regard, many questions remain. Are CD8" memory T cells generated in the absence of
CDA40-signals and/or CD4" T-cell help protective against a secondary infection? Do these
cells produce the normal amount of effector cytokines? Are their TCR of high avidity?

This dissertation begins to address these questions by evaluating the functional quality of
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memory CD8" T cells generated in CD40-deficient mice and in mice transiently depleted

of CD4" T cells prior to infection with L. monocytogenes.
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