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Abstract

Chronic infectious diseases such as HIV, HBV, and HCV, among others, cause severe morbidity
and mortality globally. Progressive decline in CD8 functionality, survival, and proliferative
potential—a phenomenon referred to as CD8 exhaustion—is believed to be responsible for poor
pathogen control in chronic infectious diseases. While the role of negative inhibitory receptors
such as PD-1 in augmenting CD8 exhaustion has been extensively studied, the role of positive
costimulatory receptors remains poorly understood. In this review, we discuss how one such
costimulatory pathway, CD40-CD40L, regulates CD8 dysfunction and rescue. While the
significance of this pathway has been extensively investigated in models of autoimmunity, acute
infectious diseases, and tumor models, the role played by CD40-CD40L in regulating CD8
exhaustion in chronic infectious diseases is just beginning to be understood. Considering that
monotherapy with blocking antibodies targeting inhibitory PD-1-PD-L1 pathway is only partially
effective at ameliorating CD8 exhaustion and that humanized CD40 agonist antibodies are
currently available, a better understanding of the role of the CD40-CD40L pathway in chronic
infectious diseases will pave the way for the development of more robust immunotherapeutic and
prophylactic vaccination strategies.
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l. INTRODUCTION

Initiation of adaptive immunity is a complex multi-step process. Apart from TCR-pMHC
interaction and cytokine milieu, other secondary signals are also essential for optimal T-cell
response.l Among the accessory signals important for development of robust T-cell
response, the role of co-stimulatory molecules, like B7/CD28 and TNF/TNFR family
members, has been well established.2~4 Co-stimulatory receptor CD40, a member of the
TNF receptor superfamily, was initially characterized on B cells. CD40 is mostly expressed
on antigen-presenting cells (APCs) like dendritic cells (DCs), monocytes,® as well as non-
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hematopoietic cells such as fibroblasts and epithelial cells.® Its ligand CD40L (CD154) is
preferentially expressed on activated T cells, especially the CD4 subset,” and in an
inflammatory setting is also induced on monocytic cells,® NK cells,8 mast cells and
basophils.? CD40-CD40L interaction plays a major role in CD4 B-cell collaboration, and
abrogation of this pathway leads to the failure of germinal center formation, memory B-cell
activation, and somatic hypermutation.10-12

The signaling cascade induced downstream of CD40-CD40L signaling has been studied in
depth, especially in dendritic cells, and it is known to be important for their activation.13
Engagement of CD40 by CD40L promotes the clustering of CD40 and induces recruitment
of adaptor proteins known as TNFR-associated factors (TRAFs) to the cytoplasmic domain
of CD40.14 The cytoplasmic domain of CD40 contains two independent membrane TRAF
binding domains—a TRAF6-binding proximal domain and a distinct distal domain that
binds TRAF1, 2, 3, 4, and 5.15 TRAF-2 and TRAF-6 appear to play particularly important
roles in CD40 signaling.16:17 Although it was previously believed that these two molecules
have overlapping roles in CD40 signaling, it has been revealed subsequently that unique
roles for these two molecules also exist.1518 The TRAF proteins activate different signaling
pathways, including NFkb, MAPK, and JAK-3.14.19.20 While these signaling pathways
downstream of the CD40—-CD40L interaction in DCs are somewhat similar to those
activated by other receptors such as Toll-like receptors and RANK-RANKL,2! certain
functions due to CD40-CD40L interplay are unique.

Appropriate activation of professional APCs is important for the development of robust T-
cell immunity. This is highlighted by the critical role played by CD40-CD40L signaling in
inducing DC maturation, such as up-regulation of MHC and costimulatory molecules—a
process essential for optimal antigen presentation.22-24 The importance of CD40-CD40L
signaling is further emphasized by the observation that this pathway plays a significant role
in DC-mediated production of 1L-12, a pivotal cytokine for driving Thy response.2526 While
initially believed to be only involved in the generation of thymus-dependent humoral
immunity, currently, there is clear evidence that the CD40-CD40L pathway is required for
the development of cell-mediated immunity in certain models.3 This is emphasized by the
important role played by this pathway in eliciting immunity against certain pathogens,
tumors and particularly alloantigens. While most studies dissecting the role of CD40-
CDA40L in cell-mediated immunity have focused on auto-immune models, a clearer picture
of the role played by CD40-CD40L on CD8 T cells in infectious disease models is
beginning to emerge.

A hallmark of robust immunity against intracellular pathogens is the development of a
potent CD8 T-cell response characterized by low apoptosis, rapid proliferative potential, and
polyfunctionality.?” During acute infections, such T cells clear the pathogen, eventually
leading to the development of antigen-independent memory T cells that exhibit the
following cardinal features: the capacity to mount to rapid recall response and reactivate
effector functions upon re-encountering antigens.2”-28 While the requirement (or lack
thereof) of CD40-CD40L in mounting the CD8 primary and recall responses has been
extensively investigated in acute infection models, the role of this pathway on CD8 response
in chronic models has not been thoroughly addressed. In contrast to acute infections, during

Crit Rev Immunol. Author manuscript; available in PMC 2014 June 10.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Bhadra et al.

Page 3

certain chronic infections, antigen-specific CD8 T cells become functionally impaired and
even get deleted.

Persistence of such antigen-specific T cells exhibiting poor effector functions, suboptimal
recall response, and inferior antigen-independent homeostatic proliferation is referred to as
exhaustion. Loss of such effector functionality results in uncontrolled pathogen burden.
Most studies in this field have focused on CD8 T-cell exhaustion. However, as demonstrated
in a malaria model, CD4 T-cell exhaustion can also result in disease pathogenesis.?? In this
review, we discuss the role of CD40-CD40L signaling on CD8 T cells during chronic
infections and its potential immunotherapeutic applications in alleviating T-cell exhaustion.

Il. CD40-CD40L PATHWAY AND CD8 RESPONSE ACTIVATION

CD40-CD40L interaction plays a major role in CD4 T-cell-mediated B-cell response.
However, this pathway is also important for rendering CD4 help to CD8 T cells.39-31 This is
especially emphasized by the observation that agonistic CD40 antibody treatment can
substitute for CD4 T-cell function in preventing latent herpesvirus reactivation.32 Based on
various experimental observations, multiple models have been proposed to explain the
mechanism of CD4 help to CD8 T cells. Because CDA40 is preferentially expressed on APCs,
it has been postulated that CD4 help to CD8 T cells is indirect. According to this model,
CD40L-expressing CD4 T cells activate APCs by engaging CD40 (on APCs).33-3% Such
“licensed” APCs then prime robust CD8 activation (Figure 1).

This paradigm has been challenged by a study in the HY-TCR transgenic model.38 It was
demonstrated that, akin to B cells, CD40-expressing CD8 T cells directly receive help from
CDA T cells via CD40-CD40L interaction. However, it is unclear whether initial naive CD8
T-cell activation and subsequent memory CD8 T-cell development have differential
dependence on CD40 signaling (Figure 1). A recent report using bone marrow chimeras
where CDA40 is selectively expressed by APCs or HY antigen-specific CD8 T cells
demonstrated that CD40 in a context-dependent manner has distinct roles in mediating the
CD8 primary response, CD8 memory development, and recall response.37:38 |n the absence
of CD40 on DCs, the CD8 primary response and memory development is predominantly
affected, but recall response remains relatively unscathed. In contrast, when CD8 T cells are
deficient in CD40 signaling, the CD8 primary response and memory development are only
modestly affected, but recall response is severely compromised.

In contrast, the CD8 primary response in several infectious diseases is not only independent
of CD8 intrinsic CD40 signaling. For certain infections such as toxoplasmosis, the CD8
primary response is independent of CD8 extrinsic CD40 signaling as well.39:33.39 Similarly,
the CD8 recall response in a Listeria model is independent of CD8 expressed CD40.3% Why
is CD8 intrinsic CD40 signaling dispensable for development of CD8 immunity in
infectious disease models? In contrast to the HY-TCR transgenic model, in which the
antigen encounter occurs in a relatively non-inflammatory setting, in infectious diseases,
TCR-pMHC interaction occurs in a highly inflammatory environment.

Pathogens elicit robust induction of Toll-like receptors as well as engagement of other
pattern recognition receptors that contribute to the inflammatory milieu (Figure 1).3% Hence,
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in a highly inflammatory environment, due to the overabundance of cytokines such IL-12,
IL-15, and IFNa/B, as well as the elevated expression of multiple co-stimulatory molecules
such as 4-1BB, OX40, and CD70, among others, dependence on CD8-intrinsic CD40
signaling for CD8 response may be circumvented.32 However, most observations regarding
the role of CD40 signaling on pathogen-specific CD8 T cells were made using acute
infectious disease models.

Incidentally, in a chronic viral model, Fuse et al. demonstrated that, in the absence of CD4
help, presumably due to deficient CD40 signaling, development of memory CD8 T cells
specific for a gamma herpes virus epitope is compromised.4% Moreover, in a polyoma virus
model, costimulation requirements for antiviral CD8 T cells vary between acute and chronic
phases of infection.#! Taken together, these findings suggest that the role of CD40 signaling
on CD8 T cells during chronic infections may be different than those noted in acute
infectious diseases. Considering that CD8 exhaustion occurs in several clinically relevant
chronic infections, a better understanding of the role of the CD40-CD40L pathway in
regulating CD8 exhaustion is imperative for the development of improved therapeutic
interventions.

[1l. ROLE OF THE CD40-CD40L PATHWAY IN CD8 T-CELL RESPONSE IN
CHRONIC INFECTIONS
A. CD40 AND CD8 T-Cell Exhaustion in Chronic Infections

The role of the CD40-CD40L pathway during acute infections has been extensively
investigated. However, the significance of this pathway in chronic infection models remains
understudied. CD8 exhaustion as reported in chronic viral models such as LCMV
(lymphocytic choriomeningitis virus), HIV (human immunodeficiency virus), SIV (Simian
immunodeficiency virus), HCV (hepatitis C virus), and HBV (hepatitis B virus) involves a
hierarchical loss of functions (cytokine, proliferation, and cytotoxicity) and, in extreme
cases, CD8 T cells can be physically deleted.*? Recent studies have demonstrated that this
paradigm is not restricted to chronic viral infections alone but can be extended to parasitic
diseases caused by Toxoplasma, Leishmania, and Plasmodium.2843 Studies in these models
have demonstrated that inhibitory receptors, especially the PD-1-PD-L1 pathway, play a
pivotal role in mediating CD8 T-cell dysfunction. Significantly, in vivo blockade of these
inhibitory molecules is sufficient to rescue exhausted CD8 T cells and control pathogen
burden. It has been postulated that interplay of signals between costimulatory and inhibitory
receptors play an important role in T-cell exhaustion.** However, the role of costimulatory
receptors in mediating CD8 dysfunction or, for that matter, rescue of exhausted CD8 T cells
has not been extensively studied. A recent study from our laboratory identified CD40 as one
of the costimulatory molecules highly upregulated on PD-1-expressing CD8 T cells in aPD-
L1-treated mice chronically infected with Toxoplasma gondii.*® In agreement with previous
studies, in the absence of aPD-L1 treatment, blockade of CD40-CD40L interaction alone
had no major impact on CD8 response. Significantly, in chronically infected animals dually
treated with aPD-L1 and aCD40L, CD40-CD40L blockade abrogated the ameliorative
effects of aPD-L1 treatment (Figure 2). The combined data demonstrate that the CD40—
CDA40L pathway plays a profound role during rescue of exhausted CD8 T cells.

Crit Rev Immunol. Author manuscript; available in PMC 2014 June 10.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Bhadra et al.

Page 5

Additionally, the data imply that elevated PD-1-PD-L1 signaling or its downstream effects
dampen CD40 expression on CD8 T cells and possibly other cell types and that blockade of
this interaction upregulates CD40 signaling. Paradoxically in dually treated mice, despite
blockade of PD-1-PD-L1 signaling, CD40 expression on CD8 T cells was not elevated. In
future studies, it will be interesting to address whether dampened CD40 expression on CD8
T cells in dually treated mice is also dependent on CD8 extrinsic or CD8 intrinsic CD40
signaling or both. Although data from the aforementioned study suggests that CD40-CD40L
signaling does not play a role in mediating the CD8 primary response during chronic
toxoplasmosis, ongoing experiments in our laboratory suggest otherwise. This notion is
supported by preliminary observations in our laboratory showing that treatment of T. gondii-
challenged animals with agonistic CD40 antibody during the first 2 weeks of infection
prevent host mortality. However, if the treatment is delayed to 5-6 weeks post-infection,
improved survival is not observed (Figure 3). Considering that CD8 T cells play a critical
role in mediating long-term protection against Toxoplasma,® this potentially suggests that,
depending on the temporal context, CD40-CD40L may have a role in mediating long-term
CD8 immunity and in preventing CD8 exhaustion. Alternatively, it is possible that, during
the chronic phase of infection, exhausted CD8 T cells may have down-regulated expression
of CD40 or other molecules involved in CD40 transduction or both; as a result, they are
incapable of responding to agonist CD40 antibody treatment. Addressing these possibilities
will be critical for better understanding the applicability of CD40 as an adjuvant in
immunotherapeutic or prophylactic setting against chronic infectious diseases.

B. CD40-CD40L-Mediated Regulation of CD8 Proliferation and Apoptosis in Chronic
Infection Models

One of the hallmarks of exhausted CD8 T cells is their elevated apoptotic potential
concomitant with poor proliferative potential.#7=4° Previous studies have demonstrated that
CDA40 has both pro- and anti-apoptotic functions, depending on cellular and environmental
context.?9 In agreement with this notion, CD40-deficient CD8 T cells in the wild-type
CD40~/~ (WT:CD40 KO) chimeras, chronically infected with Toxoplasma, exhibited
modestly reduced apoptosis.#> However, proliferation in these mutant CD8 T cells was
dampened. This finding suggests that CD8-intrinsic CD40 signaling regulates proliferation
and apoptosis during chronic infection. However, this effect is modest at best, since the
WT:CD40 KO ratio of CD8 T cells in both naive and chronically infected chimeras
remained similar. In contrast, in the context of exhausted CD8 rescue, CD8 intrinsic CD40
signaling appears to play a profound role. Irrespective of CD40 sufficiency, aPD-L1
treatment reduced CD8 apoptosis and increased proliferation of both WT and CD40KO CD8
T cells in the chimeras. Although CD40 sufficient CD8 T cells expanded nearly two-fold
more than CD40 KO CD8 T cells due to increased proliferation of WT CD8 T cells, these
CDA40 sufficient CD8 T cells were also more apoptotic than CD40 KO counterparts, albeit
by a modest degree. This finding perhaps highlights the importance of careful considerations
when including agonistic CD40 as part of an immunotherapeutic vaccination regimen. Due
to increased CD8 apoptosis caused by CD40 signaling, the benefit caused by increased
proliferation may be outweighed by sharply elevated apoptosis, especially in scenarios
involving agonistic CD40 treatment. This may explain why agonistic CD40 antibody
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treatment, instead of boosting CD8 response, resulted in immune suppression in LCMV
model.>1

How does CD40 signaling differentially regulate CD8 survival and proliferation in the
context of CD8 rescue? A recent study has revealed that PD-1 expression on T cells inhibits
T-cell proliferation by down-regulating Akt and Ras pathways.>2 Incidentally, CD40 is a
potent activator of both Akt and Ras pathways.>3># In the context of exhausted CD8 rescue,
whether a similar CD40-induced pathway results in augmented proliferation of CD40-
sufficient CD8 T cells remains to be investigated. As mentioned earlier, CD40 can induce
pro- and anti-apoptotic molecules. A previous study demonstrated that CD40-activated
human B-cell lymphocytes are highly susceptible to Fas-induced apoptosis.>® Considering
that PD-1-expressing memory CD8 subsets in HIV infection are also highly susceptible to
Fas-induced apoptosis,® it will be interesting to investigate whether a combinatorial therapy
with aPD-L1, aCD40, and aFasL elicits a better outcome than therapy with aPD-L1 alone
or aPD-L1 and aCDA40 together.

C. CD40-CD40L-Mediated Regulation CD8 Polyfunctionality in Chronic Infection Models

Several studies have demonstrated the critical role of T-cell polyfunctionality (i.e., the
capacity of single cell to exhibit multiple functions) in mediating protective immune
response.®”%8 The importance of this subset is further emphasized by the observation that
improved protective response in HIV-infected non-progressors does not correlate with the
number of antigen-specific T cells but rather with the abundance of virus-specific
polyfunctional CD8 T cells.59 T-cell exhaustion results in progressive attrition of CD8
polyfunctionality.28 However, the role of CD40 signaling in regulating CD8
polyfunctionality has not been extensively investigated in chronic infection models of CD8
exhaustion. Studies using Toxoplasma-challenged aCD40L-treated (during chronic phase)
mice or wild-type/CD40 KO mixed bone marrow chimera have revealed that attrition of
polyfunctionality during CD8 exhaustion is independent of CD8-intrinsic or -extrinsic CD40
signaling.*® However, aPD-L1-dependent rescue of CD8 functionality is highly dependent
on CD8 intrinsic and to a certain extent CD8 extrinsic CD40 signaling. Interestingly,
independent of PD-1-PD-L1 or CD40-CD40L signaling, 1L-2 production by exhausted
Toxoplasma-specific CD8 T cells could not be revived. Ongoing studies in our laboratory
are investigating whether this is due to coexpression of other inhibitory receptors on
Toxoplasma-specific CD8 T cells.

D. CD40-CD40L-Mediated Regulation of CD8 Transcription in Chronic Infection Models

The pivotal role of transcription factors in modulating differentiation, survival, and function
of CD8 T cells has been well established.28 T-box transcription factors T-bet and
Eomesodermin (Eomes), NFAT,%0 BATF,61 and zinc finger transcription factor Blimp-1
play critical roles in regulating not only functional CD8 T cells but CD8 exhaustion as
well.82-67 However, how the CD40-CD40L pathway modulates the expression of these
transcription factors in the context of CD8 exhaustion or rescue of exhausted CD8 T cells
has not been extensively investigated. Preliminary studies performed in our laboratory
reveal that, in chronically infected Toxoplasma-challenged mice, CD8-intrinsic or -extrinsic
CD40 signaling does not play a role in regulating T-bet or Eomes level.#> However, during
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the rescue of exhausted CD8 T cells via aPD-L1 treatment, both T-bet and Eomes levels are
upregulated in a CD40-dependent manner. While upregulation of Eomes on CD8 T cells in
the context of CD8 rescue is independent of CD8 intrinsic CD40 signaling, augmented T-bet
expression is strongly dependent on CD8 intrinsic CD40 signaling.

In acute viral infection models, during the effector phase, CD8 T cells express high levels of
T-bet; during the memory phase, they express higher levels of Eomes.®¢ A recent study in
LCMV clone 13 (chronic) demonstrated that EomesM CD8 T cells, despite higher granzyme
B levels during primary infection, have a phenotype consistent with more severe exhaustion:
these cells produce lower cytokine levels and express higher levels of PD-1.54 In contrast, T-
bethi CD8 T cells exhibit higher production of cytokines and lower levels of PD-1.
Considering the differential role of T-bet and Eomes in acute and chronic infection models,
it will be critical to ascertain the role of these molecules during the rescue of exhausted CD8
response.

E. CD40-CD40L-Mediated Regulation of CD4 Help in Chronic Infection

CD4 T cells play a critical role in modulating CD8 T-cell response. Whereas the CD8
primary response in acute infection models seems independent of CD4 help, “unhelped”
CD8 T cells are unable to mediate robust recall response in viral as well as nonviral
models.68.69

Significantly, depletion of CD4 T cells in chronic viral models of CD8 exhaustion results in
more pronounced functional defects in CD8 T cells.”%-72 This potentially suggests that,
unlike acute infections during chronic infections, CD4 T cells play a significant role in
regulating the CD8 primary response. This notion is further supported by the observation
that adoptive transfer of antigen-specific CD4 T cells partially rescued exhausted CD8 T
cells and augmented germinal center reactions during chronic LCMV infection.”® Adoptive
transfer of CD4 T cells not only elevated the number of antigen specific CD8 T cells but
also increased their functionality, resulting in improved viral control. Incidentally, CD40—
CDA40L-mediated CD4 help is especially important for memory CD8 T-cell function during
chronic LCMV infection.”

Recent studies have demonstrated that IL-21-IL-21R signaling plays a critical role in
sustaining CD8 response during chronic viral infections but not during acute infections.”>76
In the absence of IL-21 signaling, LCMV-specific CD8 T cells fail to exhibit optimal
proliferation and cytokine production during chronic infection, resulting in poor pathogen
control (Figure 4). Incidentally, CD4 T cells have been shown to be the major producer of
IL-21 during chronic viral infection.”®:76 Although the role of IL-21 against T. gondii has
not been extensively investigated, preliminary studies demonstrate that, during chronic
toxoplasmosis, CD4 T cells produce minimal IL-21.4> Whereas aPD-L1 treatment strongly
augments the frequency of IL-21—-producing CD4 T cells, this ameliorative effect even in
untreated mice is strongly dependent on CD4-intrinsic CD40 signaling (Figure 5). However,
which CD4 subset is the primary producer of IL-21 in aPD-L1-treated Toxoplasma-
challenged mice is currently unknown. A previous study has demonstrated that CD40
triggering results in up-regulation of IL-21R on chronic lymphocytic leukemia B cells.””
Hence, it is hardly surprising that, during chronic Toxoplasma infection, T-cell-intrinsic
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CD40 signaling plays a significant role in positively regulating IL-21R expression both on
CD4 and CD8 T cells, especially in the context of aPD-L1 treatment.*® The critical role of
CDA40/CD40L signaling in regulating the IL-21-1L-21R pathway is further emphasized by
the observation that the ameliorative effect of agonist CD40 antibody treatment on long-
term survival of Toxoplasma-challenged wild-type mice is lost in IL-21R~/~ mice (Figure 6).

IL-21 can be produced by activated CD4 T cells, including follicular helper cells (Tfh).78:79
Tfh cells regulate the germinal center B-cell reaction, which is necessary for the generation
of high-affinity antibody responses that play a critical role in pathogen clearance in multiple
models, including Plasmodium.89-83 As shown in the former model, rescue of exhausted
CD4 T-cell response via PD-1 and LAG-3 blockade was directly associated with elevated
frequency of Tfh and augmented plasma cell differentiation.2® CXCRS5 is one of the
quintessential Tfh markers. Interestingly, CD4 T cells that express high levels of CXCR5
also exhibit elevated levels of CD40L.8* Thus, it is hardly surprising that, in the absence of
CD40-CD40L signaling, CD4 T cells fail to efficiently differentiate into Tfh and show
reduced germinal center formation.81 However, the role of CD40-CDA40L signaling in
regulating Tfh development during chronic infection has not been extensively addressed.
Blockade of CD4-intrinsic CD40 signaling sharply reduced the expression of Tfh markers
(CXCR5, PD-1, and Bcl-6) during chronic toxoplasmosis.#> A previous study has
demonstrated that blockade of PD-1-PD-L1 signaling during immunization with keyhole
limpet hemocyanin or helminth antigen augments Tfh development.8> Consistent with those
findings, blockade of PD-1-PD-L1 during chronic toxoplasmaosis resulted in upregulated
Tth frequency. However, this ameliorative effect was partially dependent on CD4-intrinsic
CD40 signaling.4> A recent study has demonstrated that the production of 1L-6 during the
later phase of chronic infection with LCMV clone 13 is critical for boosting Tth response
and viral control.82 Considering that CD40 has been shown to induce IL-6 production, it will
be critical to address the role of CD40-CD40L-induced IL-6 expression in augmenting Tfh
response during chronic infection.86.87

Regulatory T cells (Treg) play a critical role in controlling immunopathology and mediating
unresponsiveness to self-antigens.88 Treg induction has been implicated as a mechanism of
pathogen escape in several chronic infectious disease models.8%90 Recent studies have
demonstrated that, during chronic infection with Friend’s retrovirus or LCMV clone 13,
depletion of regulatory T cells rescues exhausted CD8 T cells.% Furthermore, depletion of
Tregs in combination with aPD-L1 treatment was more efficacious in controlling viral
burden. This finding potentially suggests that Tregs represent a viable target for ameliorating
CD8 exhaustion. A recent study has shown that absence of PD-1-PD-L1 signaling promotes
the development of Foxp3-expressing T follicular regulatory (Tfr) cells that are known to
suppress Tfh.92:93 Hence, it is alternatively possible that increased efficacy of combinatorial
therapy (i.e., aPD-L1 and Foxp3* T-cell depletion) vis-a-vis monotherapy with aPD-L1
may be due to augmented development of suppressive Tfr in animals treated with aPD-L1
alone. While Tfrs are known to down-modulate B cells and Tfh response, their role in
regulating T-cell exhaustion during chronic infections remains uncharacterized.%3

DCs play a critical role in Treg development.®4 Incidentally, DCs expressing low levels of
CD40 have been shown to promote Treg generation in a Leishmania donovani model.9°
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Similarly, inhibition of the CD40-CD40L pathway on graft-specific CD4 T cells results in
increased Tregs.%6 This potentially suggests that augmenting CD40 signaling via agonistic
CDA40 antibody treatment during the early phase of chronic infection may be an ideal
strategy for preventing Treg development and CD8 exhaustion. However, considering that
the CD40-CD40L pathway has been shown to induce Tregs in other models systems via
IL-2 dependent mechanism, it is likely that the effect of CD40 signaling on Treg
development may be highly dependent on the environmental and temporal contexts.%7:98
Hence, in models in which CD8 exhaustion is associated with Treg development, careful
analysis must be made before including agonistic CD40 antibody as an immunotherapy.

V. CONCLUSION

While the role of CD40-CD40L on T cells has been widely investigated in models of
autoimmunity and to a considerable extent in acute infectious disease and tumor models, the
role of this pathway in chronic infectious disease models has remained underexplored. The
current review highlights the recent advances in understanding the role of CD40 signaling
on CD8 T cells in chronic infectious diseases. Considering that monotherapy with aPD-L1
only rescues a subset of the exhausted CD8 T cells in these models,*48 it is highly likely
that a multi-pronged immunotherapy approach that includes agonistic CD40 antibody as
well as the blocking antibodies against multiple inhibitory receptors will elicit a better
outcome. Several humanized CD40 agonist antibodies undergoing phase 1 clinical trials in
cancer patients have yielded promising results.99-191 However, whether superior outcomes
in such patients correlate with improved CD8 response is currently unknown. Although the
studies discussed here emphasize the role played by the CD40-CD40L pathway during
rescue of exhausted CD8 response, the molecular underpinnings of this mechanism remain
underexplored. A recent study in a Listeria (acute infection) model has demonstrated that
TRFAG, one of the molecules involved in CDA40 signal transduction, regulates CD8 memory
development.192 However, whether the CD40-dependent “rescue” effect is dependent on
TRAF6 signaling remains to be determined. Similarly, how far the ameliorative effects of
CD40 signaling overlap with IL-21 signaling needs to be investigated. Additionally, as
mentioned earlier, CD40 expression on dendritic cells plays a critical role in T-cell response
development.193 How CD40-CDA40L signaling on dendritic cells regulate T-cell exhaustion
remains uncharacterized. Nevertheless, the critical role played by the CD40-CD40L
pathway during the rescue of exhausted CD8 T cells, as well as reinvigoration of Tfh
response in murine models of infectious disease, make a strong case for including agonist
CD40 antibodies in immunotherapeutic vaccinations against chronic infections.
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FIGURE 1.
Role of the CD40-CD40L pathway during the CD8 primary response. Multiple models have

proposed to explain the role of the CD40-CD40L pathway in mediating CD4 help to CD8 T
cells. (A) The first model suggests that CD40L-bearing CD4 T cells fully activate or license
APC by engaging CD40 on APC. Such licensed or highly activated DC can then prime CD8
T cells. (B) The second model suggests that CD8 T cells either simultaneously or
sequentially interact with antigen-presenting cells and CD40L-expressing CD4 T cells,
which permits full activation of CD8 T cells. (C) However, in acute infectious disease
models, CD4 T-cell help is dispensable for the CD8 primary response and CD8-intrinsic
CDA40 signaling plays a minimal role in mediating CD8-response development. For certain
infections, even CD8-extrinsic CD40 signaling is not required for optimal CD8 response.
This may be due to pathogen-mediated activation of TLRs on APCs and consequent
inflammatory milieu, which may overcome the need for CD4 help or CD40 signaling.
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FIGURE 2.
CDA40 signaling plays a critical role during rescue of exhausted CD8 T cells during chronic

infection. (A) Exhausted CD8 T cells in untreated chronically infected mice exhibit minimal
CDA40 exp-ression, poor polyfunctionality, low proliferation and high apoptotic potential.
(B) Transient blockade of chronically infected animals with aCD40L does not exacerbate
CD8 exhaustion. This finding suggests that the CD40-CD40L pathway does not play a
major role during the chronic phase of infection. (C) While blockade of the PD-1-PD-L1
pathway augments CD40 expression on CD8 T cells and rescues CD8 polyfunctionality,
proliferation, and survival, (D) co-administration of aCD40L antibody abrogates the
ameliorative effects of aPD-L1 treatment. Combined, these findings imply that positive
costimulatory signals such as CD40-CDA40L play a critical role during the rescue of
exhausted CD8 T cells. “‘CD8 T cell rescue,” as mentioned in the figure or text refers to
restoration of CD8 T-cell function during chronic infection with blocking antibodies against
inhibitory receptors (such as aPD-L1).
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FIGURE 3.
Effect of CD40 agonist on survival of T. gondii-infected animals. (A) Wild-type mice were

infected perorally with T. gondii cysts. Beginning on either day 3 or week 5 post-infection,
mice were treated with CD40 agonist antibody (FGK115) or PBS twice weekly for a 2-week
period. (B) Mice were monitored for survival, and data represent two experiments with at
least 6 mice per group.
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FIGURE 4.
IL-21 production controls exhaustion of CD8 T cells during chronic infection. (A) In

chronic viral models, IL-21 production by CD4 T cells prevents CD8 deletion, resists
attrition of polyfunctionality, ultimately resulting in viral clearance. (B) However, in the
absence of IL-21 production, CD8 T cells become severely exhausted and exhibit poor
polyfunctional CD8 response, resulting in poor viral control and pathogen persistence.
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FIGURE 5.
The CD40-CD40L pathway plays a critical role in CD4 T-cell-mediated IL-21 production

during the rescue of exhausted T-cell response. (A) During chronic infections like
toxoplasmosis, minimal 1L-2 is produced by CD4 T cells in untreated animals. (B)
Additionally these cells exhibit low levels of IL-21R and CD40 expression. Considering the
low CD40 expression on CD4 T cells in untreated mice, it is not surprising that abrogation
of CD40-CD40L signaling has, at best, a modest effect on CD4 T-cell-mediated IL-21
production or IL-21R expression. (C) Interestingly, aPD-L1 treatment not only augmented
CDA40 expression on CD4 T cells in chronically infected animals but also increased the
expression of IL-21 and IL-21R on CD4 T cells. (D) However, in the absence of CD40-
CD40L signaling, CD4 T cells in aPD-L1-treated animals failed to dramatically augment
IL-21 or IL-21R, suggesting that the CD40-CD40L pathway plays a critical role in
regulating 1L-21 production and IL-21R expression on CD4 T cells in the context of T-cell
rescue.
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FIGURE 6.
Effect of CD40 agonist treatment on survival of T. gondii-infected IL-21R™/~ mice. Wild-

type and 1L-21R~/~ mice were infected perorally with T. gondii cysts. Beginning on day 3
post-infection, mice were treated with CD40 agonist antibody (FGK115) or PBS twice
weekly for a 2-week period. Mice were monitored for survival, and data represent two
experiments with at least 6 mice per group.
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