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Abstract
Manipulation of Immune Regulatory Mechanisms During Chronic Infection

By Pablo Penaloza-MacMaster

Chronic infections affect millions of people worldwide, and herald
significant decline in economic growth. A factor that contributes to the
establishment of a persistent infection is the progressive dysfunction that takes
place on antigen-specific T cells. A major focus in the field of immunology is the
rescue of epitope-specific T cells by blocking or triggering specific receptors on
the surface of immune cells. Here we analyze the contribution of different
immune regulatory pathways during chronic viral infection in mice. We also show
a role for CD4+ Foxp3+ T regulatory (Treg) cells in maintaining CD8 T cell
exhaustion during chronic infection. Collectively, our data suggests that Treg-
mediated suppression is dependent on antigen abundance, CD4 cells, and the
B7 pathway. These findings show that immune regulatory pathways could be
manipulated during chronic viral infection in order to rescue T cell function.
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Chapter 1: Introduction

Chronic Viral Infections and T Cell Exhaustion

Throughout million of years of natural selection, multi-cellular organisms
have developed diverse abilities to protect their biomasses from the outer world.
At the macroscopical level, fight-or-flight actions provide immediate defense from
external insults. At the microscopical level, a more complex set of defense
mechanisms takes place. Defense against microorganism that we do not usually
see is the role of the immune system. Virtually every organism has immune
defense systems, but of all species, the chordates have developed a very
sophisticated army of immune cells with the ability to recombine their specificity
receptors, and remember intruders upon secondary exposure(35). This
stochastic process of producing different specificity receptors provides an ample
opportunity for pathogen recognition. Vertebrate immune surveillance is divided
into innate and adaptive immune systems. The innate immune sytem is
comprised by dendritic cells, macrophages, and other cells that quickly recognize
molecular patterns in pathogens, and instruct cells of the adaptive immune
system to mount a response.

These cells that are capable of recombining their specificity receptors are
collectively called B and T lymphocytes, are the main players of adaptive
immunity. B cells are in charge of neutralizing pathogens, but they can also

present antigen to prime T cell responses. T cells, on the other hand, recognize



pieces of intruders on the surface of cells, and proliferate furiously, undergoing
extensive phenotypic changes that allow them to “remember” better. T

cells can posses either a CD4 or CD8 correceptor that aids in T cell receptor
binding to the major histocompatibility complex (MHC) molecules on the surface
of cells(7). T cells require three independent signals for activation: TCR ligation,
costimulation and cytokines (113). The TCR binds to the MHC:peptide complex
providing direct recognition of foreign pathogen components. Then, costimulatory
signals and cytokines such as IL-2 provide survival advantages on T cells(113).
A more detailed description of costimulation will be included in Chapters 2 and 3
of this thesis.

The thesis work presented here focuses on the effect of manipulating
costimulatory or inhibitory pathways during viral infection. T cells undergo well-
characterized behaviors after acute or chronic infections. If the pathogen is
cleared, T cell numbers contract down to 5% of the peak response, and a very
stable population of fully functional memory cells survives for the rest of the
host’s life(17, 70). On the other hand, if the pathogen persists, T cells
progressively lose the ability to express interleukin 2 (IL-2), tumoral necrosis
factor a (TNFa), and interferon gamma (IFNy) expression(135, 141). This is
collectively referred to as T cell functional exhaustion. T cell dysfunction occurs
during chronic viral infections such as those with HIV, HBV, and HCV, in which
the pathogen is not cleared from the system. Our lab and others have shown that
during chronic viral infection, T cell exhaustion goes hand by hand with the

expression of inhibitory receptors. These progressive defects in T cell function



have also been observed in human chronic viral infections such as human
immunodeficiency virus (HIV)(39, 72), hepatitis B virus (HBV)(21), and hepatitis
C virus (HCV)(99), in which the pathogen is not cleared from the host.

T cell exhaustion also is linked to very distinct phenotypic changes. Our
lab and others have shown that during chronic viral infection, T cell exhaustion
correlates with the expression of several inhibitory receptors(11, 16). The
programmed death 1 (PD-1) inhibitory pathway has been the most extensively
studied. Ligation of PD-1 to its known ligands, (PD-L1 and PD-L2) induces
inhibition of CD8 T cell function (figure 1). At the molecular level, ligation of PD-1
to its ligands results in dephosphorylation of the T cell receptor (TCR)
signalosome, resulting in decreased TCR signal transduction, and reduced T cell
cytotoxic activity(116).

It was first shown in our lab that blockade of the PD-1 pathway, in a model
of chronic lymphocytic choriomeningitis virus (LCMV) infection, restores CD8 T
cell function and results in reduction of viral loads(11). Blocking the PD-1
pathway has also shown promising results during other established viral
infections such as those with SIV(129) and HCV(97-99). There is a delicate
balance between a protective T cell response and T cell mediated
immunopathology. This threshold is usually the threat that persistent viruses
impose to their hosts. In other words, an efficient T cell response could curtail
pathogen replication, but it can also induce excessive cytolysis of infected or
neighboring cells. This occurs because on the surface of infected cells T cells

recognize peptides derived from pathogens. Once they recognize infected cells



from the host, T cell kill them, curtailing additional pathogen replication, but also
killing the host cell that harbored the intruder. In addition, cytokines are released
and they act on both infected ad uninfected cells, resulting in additional
nonspecific effects that are often detrimental to healthy cells. The immune
system could also undergo a phase of “molecular alert’”, known as cytokine
storm, which induces extreme discomfort to the host, and is characterized by
pain, fever, inflammation, and sometimes even death(55).

Therefore, the immune response can act as a double-edged sword, and
manipulation of immune regulatory pathways constitute an enticing area of
investigation. It may be that temporal fine-tunning of regulatory pathways could
provide a boost to the immune system in the pathogen-host battle. Perhaps by
boosting T cell responses during a small period of time, it may be possible to
induce significant curtailing of viral replication with minimal bystandard damage.
This may affect the outcome of a chronic infection. | will describe in the final
chapters of this thesis how it is critical to control the timing and duration of
immune modulation. Throughout the pages of this thesis, the reader will
understand the importance of immune regulation, and how its brief manipulation
could result in benefit to the host.

We have taken advantage of the widely employed murine LCMV system
to study chronic viral infections and address our experimental questions. LCMV
is a non-cytopathic RNA virus (Arenaviridae) containing two ambisense RNA
strands termed L and S (long and short segments). The L segment encodes for

the polymerase, whereas the S segment codes for the glycoprotein (GP) and



nucleoprotein (NP). The GP is cleaved into GP1 and GP2, which folds to form
the tetrameric spike that aids in cellular receptor binding(26). The NP is the
internal constituent of the virus, and may be involved in transcription of viral
nucleic acid.

LCMV is a great model to study immune responses to viral infections
because depending on the viral strain used the infection can be acute (Armstrong
strain) or chronic (CI-13 strain)(1, 2). These two strains differ in only two point
mutations in the GP and the polymerase genes. The chronic strain LCMV CI-13
has a wider tropism, and its polymerase replicates RNA faster, compared to the
acute LCMV Armstrong strain(109). Besides infecting dendritic cells (DC) more
efficiently than the Armstrong strain, the CI-13 strain has been shown to infect
fibroblastic reticular cells (FRC) of the spleen(84). These two strains were
isolated by my mentor (Rafi Ahmed) when he was a postdoctorate fellow at
Michael Oldstone lab(2). The parental Armstrong strain was isolated from the
central nervous system of Armstrong infected-mice (carriers), whereas the newly
generated CI-13 strain was a selected isolate from the spleen. An interesting
question is how CI-13 is selected in the spleen of Armstrong-neonatally infected
mice, despite the absence of T cell responses that may select variants. Three
possibilities may help to explain this interesting organ-specific selection of LCMV
strains. First, type | interferons could shape selection of variants in different
tissues. One may speculate that type | interferons could also act on cells of the
innate immune system to induce viral control or expression of pathogen

recognition molecules. The second possibility could be differences in cellular



factors that may favor replication of particular virus quasi-species. The third
possibility may be that T cells control virus differently in particular organs,
allowing for distinct selection bottlenecks. Until now, it is not clear what
accounted for this selection of LCMV strains in carrier mice.

The LCMV model enabled us to follow epitope-specific T cell responses to
a chronic or acute infection, since T cell specificities remain unchanged despite
the two aminoacid substitutions between these two viral strains. T cell responses
to these two LCMV strains is quite different(135). LCMV Armstrong infection is
cleared within one week of infection, whereas infection with the more virulent CL-
13 strain results in a viremia lasting 2-3 months, and lifelong viral replication in
the brain and kidney(135). T cell responses after Armstrong infection are fully
functional, expressing multiple cytokines, and conferring protection after CI-13
challenge(132, 135, 141). The precursor frequency of an immunodominant viral-
specific response (GP33-41) is estimated to be around 200 cells, and this
number is expanded 10%-10° fold by the peak of the immune response to
LCMV(17). After several weeks, only 5-10% of these expanded cells (those that
express the interleukin-7 receptor) survive(70), and retain the ability to proliferate
extensively and produce cytokines upon antigen re-challenge(132).

Conversely, infection with LCMV CI-13 results in T cell exhaustion,
characterized by hypo-responsiveness (135), and expression of co-inhibitory
receptors(16, 68). Exhausted CD8 T cells preferentially migrate to peripheral
tissues(135). The use of MHC class | tetramers to identify antigen-specific CD8 T

after chronic infection, allowed the detection of viral-specific CD8 T cells(3).



Intracellular cytokine staining misled some researchers in the field to think that
there was total physical deletion of viral-specific T cells during chronic infection.
We now know that antigen-specific CD8 T cells do not completely disappear
during a chronic infection, but they fail to make detectable amounts of cytokines.
The progression to exhaustion occurs in a hierarchical fashion, as CD8 T cells
first lose the ability to make IL-2, then TNFa, and IFNy(141). These cells are also
different phenotypically from those generated after an acute infection. During
persistent infection, CD8 T cells become CD127- and CD62L-, whereas cells
generated after acute infections are positive for these memory markers. CD62L
is a lymph node homing molecule, and CD127 is the IL-7 receptor a chain,
important for memory conversion(70, 141).

Cells of different antigen-specificity also exhaust at different rates.
Immunodominant epitope-specific responses are the first to exhaust, and
subdominant responses usually preserve functionality for longer times(135).
Even though the CD8 T cells from chronically infected mice are still able to Kill
targets, they require supraphysiological concentrations of peptide to respond,
whereas those cells from acutely infected mice can kill at lower peptide
concentrations(10). The LCMV CI-13 infection model can also be subdivided into
a milder chronic infection (viremia lasts 2-3 months), and a more stringent
infection with lifelong viremia, induced by CD4 depletion prior to infection(81).
Stringent CI-13 infection results in a more pronounced T cell exhaustion and
increased viral loads compared to CD4 undepleted, CI-13 infected mice. These

findings previously reported by Matloubian and Ahmed(81) highlight the



importance of CD4 help during priming of responses to chronic infection.
Recently, in an issue of Science, two independent laboratories reported the
essential role of IL-21 as a CD4 signal required for enhancing CD8 T cell function
during chronic infection(43, 142).

Even though PD-1 blockade mediated CD8 T cell restoration can be
achieved in both models of chronic infection (in the presence or absence of CD4
cells), the T cell expansion is greater in the most stringent CD4 helpless
model(11), suggesting a role for antigen abundance in mediating this rescue of
exhausted T cells after PD-1 blockade. This also suggests that not only PD-1
blockade is necessary to restore exhausted T cells, but also their T cell receptors
(TCRs) need to be triggered considerably. However, even though T cell
expansion is greater in the chronically viremic mice after PD-1 blockade, antiviral

effect is reduced compared to the CD4 helped CI-13 infection (11).



Regulation of Immune Responses: Role of T regulatory cells during

homeostasis and immune responses

In a recent immunology review paper by Ronald Germain(50), the study of
T regulatory cells (Tregs) was compared to the resurgence of the Old World
mythological phoenix. The first emergence of the Treg field started back in 1970s
when Gershon and Kondo postulated the presence of a suppressor cell
population(51). Soon after their seminal paper, the field suffered from a collapse
due to the lack of validating results and discrepancies with allo-antisera that was
predicted to react with suppressor cells. Another reason for the early collapse of
the Treg field was the inability to clone these cells (50), and this was perhaps due
to the anergic nature of Tregs. The Treg field was considered risky and
unscientific for several years, but finally resurrected after a paper by Sakaguchi
in the Journal of Immunology(107). In this paper, Sakaguchi’s group showed that
transfer of CD25- CD4+ cells into nude mice results in autoimmunity. However,
co-transfer of CD25- CD4+ cells together with CD25+ CD4+ cells prevented the
onset autoimmunity, indicating a suppressive role for the CD25+ CD4+ cell
fraction, which was quantified to be about 10% of total CD4+ cells(107). These
studies were soon validated by experiments performed at Ethan Shevach’s lab,
and CD25+ CD4+ cells were shown to suppress TCR mediated CD8 and CD4

responses (125).
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Tregs are known as the master regulators of immune tolerance (59, 75),
and are characterized by their constitutive expression of the forkhead
transcription factor FoxP3+(45, 46, 64). FoxP3+ CD4+ Tregs are indispensable
for preventing catastrophic autoimmunity, as mice that are depleted of FoxP3+
cells succumb to rapid, lethal autoimmunity (75). These experiments were
performed at the Rudenski lab using FoxP3P™ knock-in mice (diphtheria toxin
receptor expressed on all FoxP3+ cells), in which specific ablation of FoxP3+
cells could be achieved by intraperitoneal administration of diphtheria toxin.
Although their mechanisms of suppression have been widely explored, there are
still many unanswered questions about the contexts in which Tregs suppress
immune responses.

Even though many pathways have been shown to mediate Treg
suppression, the CTLA-4 pathway has gained some special attention in the last 2
years after a research paper by the Sakaguchi group (138). In this paper, the
authors showed that expression of CTLA-4 is required on Tregs in order to
prevent autoimmunity. A possible mechanism is that CTLA-4 may act via
transendocytosis, by binding B7 molecules on antigen presenting cells (APC)
and inducing its internalization by Tregs(138). This could result in mitigation of
the APC costimulatory capacity. Other inhibitory markers that have been
explored and suggested as potential mediators of Treg function are GITR
(glucocorticoid-induced tumour-necrosis-factor-receptor-related protein),
ectonucleotidases CD39/CD73, LAG-3, IDO, among others (25, 96, 103, 117,

118). Another mechanism that has been proposed is the “CD25 sink”, in which
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CD25 overexpression by Tregs allows them to soak all the IL-2 that could be
otherwise used as an effector T cell growth factor(27).

There is also evidence for the role for suppressive cytokines produced by
Tregs, such as IL-10(91), TGF-p(30) and more recently, IL-35(32-34). Although
there is no universal way that Tregs work, they seem to be versatile and use
different pathways to suppress depending on the context. Evidence also
proposes that Tregs control DC maturation by modulating costimulatory molecule
expression(110, 138). Under steady state, antigen presentation by immature DCs
induces T cell tolerance. However, in the absence of Tregs, DCs upregulate
costimulatory molecules (CD80 and CD86), and this together with antigen-
presentation induces T cell responses(110, 138). As figure 2 shows, Tregs
appear to utilize different pathways to suppress.

The role of Tregs during chronic infection still remains ill-defined, with
most of the literature data showing correlations, but not direct causations.
Increase of Tregs during chronic diseases such as HIV and HCV correlates with
increased viral loads and worse prognosis, and Tregs isolated from HCV and
HBV patients are highly suppressive (14, 20, 44, 77). Experiments involving
depletion of CD25+ cells prior to infection have identified a role of Tregs in
controlling virus-specific CD8 T cell responses during herpes simplex virus 1
(HSV-1) infection in mice (122). However, effector T cells also express CD25,
and therefore, these studies are complicated to interpret. Until now, however, no
one has explored the effect of specific Treg ablation during the persistent phase

of an infection.
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As mentioned earlier, Tregs suppress self-reactive T cells under normal
homeostatic situations. During these circumstances, there is an abundance of
self-antigens, yet the host does not normally mount a T cell response. It has
been shown that Tregs induce tolerance in steady state dendritic cells by
modulation of costimulatory potential (DCs) (56, 110). It is possible that during
chronic infection, a situation in which exogenous antigen is also abundant,
specific Treg:DC interactions are involved in suppression of CD8 T cell
responses.

Overall, our findings go beyond chronic infections, and propose a
universal mechanism for Treg mediated suppression of antigen-specific
responses. In this thesis, | present new concepts that may enlighten our views on
how the immune system works during antigen-persistence, and how
manipulation of Treg homeostasis affects T cell exhaustion. We will first show
how costimulatory and inhibitory signals could be manipulated during persistent
infection. Then, on the later part of this thesis, we will demonstrate a role for

Tregs at sustaining CD8 T cell exhaustion during chronic infection.
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Chapter 2: CD137 signaling synergizes with PD-L1 blockade to augment

CD8 T cell responses during chronic viral infection

Abstract

Previous studies from our laboratory have identified the inhibitory role that
the PD-1 pathway plays during chronic infection. Blockade of this pathway results
in rescue of viral-specific CD8 T cells, and reduction of viral loads in mice
chronically infected with lymphocytic choriomeningitis virus (LCMV). We tested
the effect of combining standard PD-L1 blockade with an agonistic regimen that
induces CD137 costimulation during chronic LCMV infection. There is substantial
synergy between PD-L1 blockade and CD137 costimulation when the amount
and timing of CD137 costimulation is carefully controlled. When blocking
antibodies to PD-L1 are given together with a single low dose of anti-CD137
agonistic antibodies, there is synergistic and stable expansion of viral-specific
CD8 T cells. Conversely, when blocking antibodies to PD-L1 are given with a
repetitive high dose of anti-CD137 agonistic antibodies, there is an initial
synergistic expansion of viral-specific CD8 T cell by day 7, followed by a dramatic
apoptosis by day 14. Viral control paralleled CD8 T cell kinetics after dual
treatment. By day 7 post-treatment, viral titers were lower in both of the
combined regimens (compared to PD-L1 blockade alone). However, while the
high dose of anti-4-1BB plus PD-L1 blockade resulted in rebound of viral titers to
original levels, the low dose of anti-4-1BB plus PD-L1 blockade resulted in a

stable reduction of viral loads. These findings demonstrate the importance of
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carefully manipulating the balance between activating and inhibitory signals to

enhance T cell responses during chronic viral infection.
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Introduction:

Upon antigen challenge, naive T cells undergo a rapid phase of
proliferation that results in a great expansion of effector cells(135). If the antigen
is cleared, T cells become bone fide memory cells able to respond to a
secondary challenge, and express IFNy, TNFa, and IL-2(135, 141, 143).
However, if the antigen persists, there is a gradual loss of T cell function,
resulting in progressive T cell exhaustion, and inability of T cells to respond to
cognate antigen(135, 143). This is the case with chronic infections such as HIV,
HBV, and HCV.

We, and many others, have previously shown that the programmed death-
1 (PD-1) pathway plays an important role in directing T cell exhaustion caused by
chronic viral infection(11, 39, 48, 126, 129). Decreased CD8 T-cell proliferative
potential and high viral load are major obstacles that limit the effectiveness of
therapeutic vaccination(134). Our lab and many others have shown that blockade
of PD-1 ligand 1 (PD-L1) results in an increase of antigen-specific CD8 T cells,
with enhanced functional capacity, and this treatment improves viral control(11,
129). In addition, blocking PD-1 inhibitory signals results in enhancement of
therapeutic vaccination during chronic infection(53). Thus, the PD-1 pathway
tightly regulates T cell responses during chronic infection(18, 115, 126).

It is unclear, however, which other immune pathways may synergize
during PD-L1 blockade. Dual blockade of the inhibitory molecule LAG-3 and PD-

L1 results in additive effects on T cell restoration and viral reduction during
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chronic infection (16). We wanted to determine whether agonistic costimulatory
signals would synergize with PD-L1 blockade and result in a more robust rescue
of exhausted virus-specific CD8 T cells. CD137 (also known as 41BB), a TNF
receptor family member(130), is expressed by activated T cells, NK cells, NKT
cells, mast cells, and neutrophils, whereas its ligand (41BBL) is restricted mostly
to APCs(38, 137). This CD137 interaction with its ligand has been shown to be
important for T cell responses to bacterial and viral infections(85, 86, 119).
Interestingly, the timing and dosing amount of CD137 stimulation can result in
different outcomes during viral infections. During an acute LCMV Armstrong
infection, if agonistic anti-CD137 antibodies are given before viral priming,
suppression of immunity occurs(146).

Conversely, when agonistic antibodies to CD137 are administered,a few
days after infection, antiviral T cell responses are enhanced(146). Such an
increase in T cell responses could be beneficial during persistent infections,
where severe decrease in function and absolute numbers of antigen-specific T
cells is observed(135). Robertson et al. demonstrated that when mice chronically
infected with Friend virus are treated with an agonistic anti-CD137 antibody,
along with transfer of transgenic virus-specific CD8 T cells, there is a 99%
reduction of viral loads, as well as increased numbers of transferred T cells(102).
CD137 signaling can also regulate immune responses to allo- and auto-antigens

and improves T cell mediated anti-tumor efficacy (31, 66, 76, 78, 83).
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Because of the co-stimulatory role of the CD137 pathway, we wanted to
determine if synergistic effects could be achieved by combining PD-L1 blockade
with an anti-CD137 regimen during chronic LCMV infection. In this study, we
show that combining PD-L1 blockade with anti-CD137 resulted in synergistic
responses leading to augmentation of anti-viral CD8 T cell responses during
chronic LCMV infection (compared to just PD-L1 blockade alone). The
synergistic effect was dependent on the amount and duration of CD137
signaling. A high, constant dose of agonistic anti-CD137 given in combination
with PD-L1 blockade resulted in a transient restoration of antigen-specific T cell
responses, whereas a low, one-time dose of anti-CD137 resulted in a sustained
increase of antigen-specific T cells numbers, which correlated with faster viral
control early after initiation of treatment (compared to PD-L1 blockade alone at

day 7 post-treatment).
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Materials and Methods:

Mice and infections

4-8 week old female C57BL/6 mice were purchased from The Jackson
Laboratory (Bar Harbor, ME). Mice received 2 x 10° pfu LCMV clone-13
intravenously (i.v.) via the lateral vein. To establish a stringent chronic infection
model with lifelong viremia, CD4 T cells were depleted by administration of 500
ug GK1.5 antibody (BioXCell) given intraperitoneally (i.p.) one day before and at
the day of infection with LCMV clone 13. For a milder LCMV CI-13 infection
model with transient viremia lasting only 2-3 months, mice were infected with CI-
13 without performing CD4 depletion prior to infection. All mice were used in
accordance with National Institutes of Health and the Emory University

Institutional Animal Care and Use Committee guidelines.

Viral titrations

LCMV titers were determined by plaque assays in 6-well plates of VERO
cells grown in MEM media supplemented with 10% FBS. Samples were diluted in
1% FCS DMEM and aliquoted on top of VERO cell monolayers. Plates were then
incubated for 1 hour, rocking them every 10 minutes. Wells were overlayed with
a mixture of 1% agarose: 2x199 media (1:1), and 1/50 neutral red. Plaques were

counted the day after (similar to method described previously) (135).

Antibody treatment regimens
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For PD-L1 blockade, 200 ug of rat antimouse PD-L1 antibody (10F.9G2)
or rat 1IgG2b isotype control (BioXcell) were administered i.p. every 3 days, five
times. For the high dose CD137 stimulation, 200 ug of the agonist rat anti-mouse
CD137 antibody (3H3) was administered i.p. together with PD-L1 antibody. For
low dose CD137 stimulation, 50 ug of the agonist rat anti-mouse CD137 antibody
was delivered only once i.p. along with the first dose of anti-PD-L1 antibody. Mice

were analyzed at day 7 or 14 post-treatment.

Cell isolation and flow cytometry

Single cell suspensions were made from spleens and non-lymphoid
organs via mechanical disruption. RBC were lysed to isolate PBL. MHC class |
tetramers were produced and used as described previously(. All antibodies were
purchased from BD Biosciences, except granzyme B (Invitrogen). Surface and
intracellular staining protocols were followed as described previously(135). LCMV
peptide stimulations were performed at 37°C, for five hours in a CO; incubator in
the presence of GolgiPlug and GolgiStop (BD Biosciences). LCMV peptides were
purchased from the Emory Microchemical Facility (Atlanta, GA). Cells were
acquired using FACSCanto flow cytometer (Becton Dickinson), and analyzed

using FlowJo (Treestar).

Statistical analysis

GraphPad (Prism) software was used for statistic analysis.
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Results:

High and repetitive doses of anti-CD137 transiently augments LCMV-
specific CD8 T cell responses in chronically infected animals during PD-L1
blockade. Our lab has previously reported that blockade of PD-1 signaling
during chronic LCMV infection leads to the increase of LCMV-specific CD8 T cell
numbers, increased effector function and decreased viral loads(11, 53, 68). We
aimed to determine if further enhancement in immune function was possible by
combining blockade of the PD-L1 inhibitory pathway, with an agonistic regimen
for the CD137 costimulatory pathway. Mice chronically infected with LCMV were
treated with a blocking antibody to PD-L1, as previously published(11).

As a combination modality, these chronically infected animals also
received anti-CD137 (200 ug) every three days, five times (Fig 1A). During this
high dose regimen, both anti-PD-L1 and anti-4-1BB antibodies were
administered on the same days. Seven days after treatment, the percent of
LCMV-specific CD8 T cells increased more than 3-fold in the dual treated mice,
as compared to control (Fig 1B). In contrast, anti-PD-L1 alone only increased 2-
fold by day 7 post-treatment. We continued to treat groups of mice using the
same high antibody dosing protocol for another week to determine whether this
constant stimulation could keep inflating the percentages of anti-viral T cells.
After day 14 post-treatment, however, the percentages of antigen-specific cells in

the dually treated animals returned to original pre-treatment values.
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The percentages of antigen-specific CD8 T cells correlated with their absolute
numbers at all the days tested. The total numbers of LCMV-specific CD8 T cells
in anti-CD137 plus anti-PD-L1 treated mice increased ~8-fold by day 7 post-
treatment, as compared to pre-treatment numbers (Fig 1C). This is a 2.5-fold
increase over anti-PDL1 alone at day 7 post-treatment. The continuous addition
of anti-CD137 and anti-PD-L1 resulted in a dramatic loss of cells, recoiling to
original T cell numbers (Figure 1C). Indeed, the number of anti-viral T cells after
14 days of treatment was essentially the same as the starting time-point,
indicating that this stimulation protocol transiently increased numbers of anti-viral
T cells during chronic LCMV infection, compared to a stable population
generated with PD-L1 blockade alone. Spleen data is shown, and similar results
were obtained from liver, lung, and blood (not shown).

We next addressed whether such a transient increase in LCMV-specific
CD8 T cell numbers impacted viral titers. At day 7, there was a five-fold drop in
viral titers in animals treated with the dual antibody treatment (greater viral
control than that by PD-L1 blockade alone at day 7) (Fig 1D). However, by day
14, virus rebounded to starting levels in the dual treated mice, mimicking the
recoiled kinetics of the antiviral CD8 T cell response. Thus, the transient increase
in antiviral CD8 T cells numbers by day 7 due to CD137 costimulation and PD-L1
blockade contributes to quick viral control, but this viral control is only transient.
Viral titration was performed in several tissues with similar results (not shown).

Reducing the dose and frequency of anti-CD137 treatment changes T

cell longevity. We wished to determine whether modulating the dosing of
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CD137 costimulation would lead to better T cell longevity during a combined
treatment with anti-PD-L1. We had the same experimental set-up as before, but
we decreased the dosing of CD137 agonistic regimen. The new treatment
consisted of only one injection of anti-CD137 (50 mg) along with the first dose of
anti-PD-L1 antibody (Fig 2A). At day 7 after treatment, the percentages of LCMV-
specific CD8 T cells were increased in the dual treated group, similar to what was
seen with high dose of CD137 costimulation (Fig 2B). There was approximately
an 8-fold increase compared to untreated mice. At day 14, animals receiving low
dose CD137 costimulatory regimen plus PD-L1 blockade were able to maintain
the high percentages of LCMV-specific CD8 T cells that were seen at day 7 (Fig
2B). Absolute numbers of antigen-specific CD8 T cells were also higher in the
dual treated group (Fig 2C). Spleen data is shown, and similar results were
obtained from liver, lung, and blood (not shown).

Acceleration of viral control with a reduced dose of anti-CD137
together with PD-L1 blockade. A significant drop in viral titer was detected in
dual treated animals at day 7 (Fig 2D), similar to what was seen in the high dose
protocol. This control of viremia was maintained to day 14 post treatment,
correlating well with sustained numbers of anti-viral CD8 T cells. By day 14, viral
titers were similar to PD-L1 blockade alone. Thus, the amount of stimulation is an
important factor in longevity of T cells rescued from exhaustion and Activating
signals should be carefully controlled during chronic infection to ensure T cell
viability. Viral titration was performed in several tissues with similar results (not

shown).
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Functional and phenotypic changes in viral-specific CD8 T cells after
reduced CD137 stimulation paired with PD-L1 blockade. Functional changes
occurring in mice treated with combined CD137 and PD-L1 therapy were
examined to determine how this stimulation was affecting T cell physiology. We
evaluated the ability of virus-specific T cells to produce cytokines by stimulating
cells with different LCMV CD8 T cell epitopes. For several T cells epitopes
tested, the low dose CD137 stimulation with PD-L1 blockade enhanced cytokine
expression of anti-viral CD8 T cells above the level of rescue seen with anti-PD-
L1 alone (Fig 3A). Also, the percent CD8 T cells producing IFNg and TNF-a
increased compared to control or PD-L1 blockade alone (anti-4-1BB alone was
similar to 1gG). In most cases, the percent of dual cytokine producing T cells
increased in double treated group. Therefore, a reduced agonistic anti-CD137
regimen given concomitantly with PD-L1 blockade acts synergistically to
augment CD8 T cell responses and function during chronic LCMV infection.
Absolute numbers of functional cells were significantly enhanced for some LCMV
epitope-specific responses (Fig 3B).

One difference between PD-L1 alone and combined regimen was the
large increase in total activated CD8 T cells. There is a doubling in the
percentages of CD8 T cells, and increased percentages of activated CD8 T cells
in the dual treated mice, compared to control mice (Fig 4A, first row). In addition,

the percentage of CD8 T cells that were PD-1 positive was dramatically
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increased in the dual treatment, suggesting expansion of exhausted CD8 T cells
of several specificities (Fig 4A, second row).

The dual treated group had a marked increase of granzyme B+ expression
on CD8 T cells (Fig 4B, first row). Indeed, 50% of all CD8 T cells after dual
treatment now produced granzyme B, compared to 8% in the untreated controls.
Also, CD8 T cells from the dual group had lower CD62L and CD127 expression,
suggesting higher overall activation compared to PD-L1 blockade alone (Fig 4B,
second and fourth row). The dual treatment also induced higher T cell
proliferation, as measured by expression of Ki67, which is associated with cell
proliferation (111) (Fig 4B, third row). This correlates with the increase of T cell
numbers seen in the dually treated mice, indicating that at least part of T cell
rescue is coupled to T cell division.

CD8 T cell viability and apoptosis in either high or low dose CD137
stimulation combined with PD-L1 blockade. As a comparative study, we
wished to determine how changing the amount and duration of CD137
stimulation during standard PD-L1 blockade affected antigen-specific CD8 T cell
viability. Therefore, we examined apoptosis in LCMV-specific CD8 T cells in
animals given a high (Fig 1A) or low (Fig 2A) dose of anti-CD137 together with
PD-L1 blockade. We measured apoptosis by Annexin V / 7AAD staining at day 7
and 14 after treatment (Figure 5). As expected, a proportion of antigen-specific
CD8 cells are apoptotic in untreated animals, in agreement with previous

reports(131).



27

At day 7, there was a 2-fold increase in the percentages of viral-specific CD8 T
cells that were apoptotic in either of the combined regimens (Fig 5A, first row).
This suggested that even though there is expansion of viral-specific cells, there is
also apoptosis occurring at the same time in the dual treated groups. By day 14,
however, the low dose combined regimen equilibrated and had very few
percentages of apoptotic cells, whereas the high combined regimen resulted in
increased percentages of apoptotic cells (Fig 5A, second row, and 5B).

Our results show that the amount and duration of CD137 signaling is
crucial, as over-stimulation will lead to apoptotic death, whereas an optimallevel
of costimulation leads to a larger, more viable T cell population. The percentages
of Annexin V- / 7AAD- cells, which represented viable cells were examined
(Figure 5C). By day 7, most groups had similar percentages of live (Annexin V—/
7AAD-) viral-specific CD8 T cells. However, by day 14, the low dose anti-CD137
plus PD-L1 blockade group had a statistically higher percentage of live cells,
compared to the high dose anti-CD137 plus PD-L1 blockade group (Fig 5C). This
suggested a survival advantage after a low dose of anti-CD137 and anti-PD-L1.
We have also looked at later time points (after day 30), and the low dose anti-
CD137 plus PD-L1 blockade group still has increased levels of viral-specific cells
after interruption of treatment (not shown).

Synergism of CD137 signaling and PD-L1 blockade is optimal during
an infection resulting in chronic viremia. All experiments presented so far
used mice depleted of CD4 T cells prior to infection with LCMV clone 13, in which

we wait more than 45 days to allow for full CD8 T cell exhaustion. This infection
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protocol provides a more stringent infection, which results in lifelong viremia(81).
We were interested in understanding how CD8 T cells in a less stringent chronic
infection model would respond to CD137 stimulation with PD-L1 blockade. To
test this, mice were not depleted of CD4 T cell before infecting with LCMV clone
13 and then subjected to the low dose CD137 stimulation/PD-L1 blockade
starting treatment anytime from day 15 to 21 post-infection (Fig 6A). The percent
(Fig 6B) and total numbers (Fig 6C) of cytokine expressing cells were similar by
day 14 post-treatment. Viral control was moderately impaired in the dual treated
group compared to PD-L1 blockade alone (Fig 6D). Thus, during a less stringent
chronic LCMV infection, additional CD137 costimulation during PD-L1 blockade
does not result in additional increase of antigen-specific CD8 T cell responses or

viral control.
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Discussion:

We hypothesized that the rescue of exhausted CD8 T cells achieved with
PD-L1 blockade could be enhanced by additional costimulation. So far, the
combinatorial effects of blocking antibodies against multiple inhibitory receptors
during chronic infection has been explored(16). However, to our knowledge, no
one has tested the effect of blocking the PD-1 pathway and inducing additional T
cell costimulation (in the form of CD137) at the same time. We have tested the
effect of dual treatment with an agonistic anti-CD137 antibody 200 mg every
three days, five times, along with anti-PD-L1 antibody in mice chronically infected
with LCMV.

Our initial experiments showed that the inclusion of CD137 stimulation
boosted numbers of LCMV-specific CD8 T cells 8-fold at a time-point when PD-
L1 blockade alone only increased cell numbers less than 3-fold. This also
resulted in a drop in viral titers in dual treated mice at an early timepoint,
indicating the usefulness of this therapeutic protocol to quickly control virus.
However, the large numbers of LCMV-specific CD8 T cells seen at day 7, were
not maintained to day 14 if excessive costimulation is provided (Fig 1), indicating
that this extra push of costimulation through CD137 was acting to overstimulate
CD8 T cells, leading to apoptosis. No significant differences in viral-specific CD8
T cell frequencies, or viral control were observed between the high dose anti-4-
1BB alone and IgG treated animals. A slight increase in total numbers was seen

by day 7, but it was not statistically significant.
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We reasoned that lowering the amount of CD137 costimulation may not
drive the cells to eventual deletion by day 14 post-treatment. Thus, we adapted
our protocol by lowering the amount and duration of CD137 signaling to a one
time low dose of 50 mg of anti-CD137 given together only with the first day of our
standard PD-L1 blockade. The decreased CD137 dosing resulted in a similar
expansion of LCMV-specific CD8 T cells at day 7, as compared to mice receiving
high dose CD137 signaling. In contrast to the high dose of anti-CD137 combined
regimen, anti-viral cell numbers were stable with reduced co-stimulation (Fig 2).
No significant differences were observed between the low dose anti-4-1BB alone
and IgG treated animals.

Therefore, there is a delicate balance between a sufficient level of co-
stimulation to potentiate T cell rescue and over-stimulation leading to cell death.
The connection between excessive immune activation and exhaustion has been
widely documented(105, 124, 136). Caution should be taken with therapies
based on co-stimulatory regimens to ensure optimal cell longevity and function.

The dual low dose blockade therapy also potentiated the function of
LCMV-specific CD8 T cells in the face of a stringent chronic infection. Not only
were the numbers of T cells producing cytokines boosted, but the numbers of T
cell producing both IFNy and TNFa (dual producers) increased compared to PD-
1 blockade alone (Fig 3). Even though we observed a permanent increase in the
viral-specific CD8 T cell response in the low anti-CD137 plus anti-PD-L1
blockade group, viral control was only accelerated by day 7 (after day 14, viral

titers were similar to anti-PD-L1 alone). One possibility could be viral escape
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after excessive CTL attack. It is possible that LCMV variants may appear as a
result of “selective bottlenecks” result of increased T cell mediated cytolytic
control. Another possibility may be that increased T cell rescue above a set
threshold (dictated by just PD-1 blockade) may not directly correlate to enhanced
viral control. We are currently investigating the reasons for these results. Our
findings may be important in therapeutic vaccination regimens that require fast
clinical intervention resulting in accelerated decline in viral titers.

There were also significant phenotypic changes after co-administration of
anti-4-1BB (low dose) and anti-PD-L1 antibodies. CD8 T cells downregulated
CD62L and CD127, which may correlate with their overall activation status, and
immediate cytotoxity capability(4, 8, 62). This phenotype may be a result of an
expanded effector cell population (8). Anti-CD137 treatment also resulted in an
increase of Ki67+ anti-viral CD8 T cells, as well as large change in the frequency
of CD8 T cells producing granzyme BThere were increased percentages of PD-
1+ CD44+ cells after dual treatment. This last subset seems to represent the total
increase in antigen-specific cells after treatment, showing expansion of
exhausted cells from different specificities that are contained within the PD-1+
CD44+ subset. This cell population contains exhausted, antigen-specific T cells
with different proliferative capacities after PD-1 blockade, with PD-1™ CD44"
having a proliferative advantage over PD-1hi CD44" (15).

We then wanted to know what would be the outcome of the immune
response after dual treatment in the less stringent model of T cell exhaustion (Cl-

13 infection without CD4 depletion). In this less stringent model chronic infection,
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viremia lasts only 2-3 months and CD8 T cell exhaustion is less pronounced
compared to the GK1.5 CI-13 infection model.

Dual treatment with PD-L1 blockade and a low dose of CD137 agonistic
signaling resulted in normal rescue of antigen-specific T cell responses similar to
that seen with PD-L1 alone. However, viral control was slightly delayed
compared to anti-PD-L1 alone. This is a proof a principle that under less stringent
conditions, the threshold of T cell rescue and viral control achieved by PD-L1
blockade alone may obviate the need for any additional costimulation, and
additional activating signals may hamper antiviral control.

One lesson from these studies would be that excessive T cell responses
produced by providing additional costimulation do not always translate into
enhanced viral control above a given threshold (in this case determined by just
PD-1 blockade). Administration of additional activating signals may hamper
antiviral function and overall T cell fitness if not carefully controlled and tailored to
a particular infection status.

The dual nature of CD137 costimulatory pathway is well documented. If
agonistic antibodies to CD137 are given after antigen priming, this results in
augmentation of T cell responses(80, 146). Conversely, administration of
antibodies agonistic for CD137 before or during priming results in suppression of
antigen-specific responses (88, 121, 146). This blunting of pathogen-specific
responses has been reported to be TNFa dependent (146). Even though our
treatment started late after antigen challenge, and after chronic infection has

ensued, we hypothesize that a similar mechanism of TNFa dependent
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suppression may be occurring between day 7 and day 14 post-treatment in the
mice that got the high dose anti-CD137 plus PD-1 blockade. One of our future
directions is to test anti-TNF therapy to see if it prevents the drastic decline of the
expanded cells after day 7 with the high dose dual regimen in the stringent
infection LCMV model.

By further manipulating the kinetics of T cell responses following blockade
of the inhibitory PD-1 pathway, it may be possible to accelerate viral clearance
during established chronic infections. However, careful tailoring of the amount of
activating signals and the status of infection should be taken into consideration to
prevent overt stimulation above a physiologically accepted level. In conclusion, in
a more stringent model of chronic infection, PD-1 blockade together with a low
dose of CD137 costimulation induces acceleration of T cell restoration and viral
control compared to PD-1 blockade alone. This may be important in clinical
settings where immediate T cell restoration is wanted. However, in a less
stringent model of chronic infection, PD-1 blockade alone seems optimal at

rescuing T cell responses without additional costimulation.
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Figure 1. High dose of CD137 stimulation together with PD-L1 blockade results in transient increase
in viral-specific CD8 T cell responses. A). Experimental set up: Mice received CD4 depleting antibody
(GK1.5), and were infected the following day with LCMV CI-13. After 45 days, mice received multiple doses
of anti-CD137 agonistic antibodies (200 ug) together with standard PD-L1 blockade. B) Percentages of
splenic CD8 T cells that are specific for the LCMV immunodominant Db GP276-286 epitope. C) Total
numbers of splenic CD8 T cells that are specific for the LCMV immunodominant Db GP276-286 epitope. D)

Serum viral control kinetics. *, P<0.05; ns=not significant.
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Figure 2. Low dose of CD137 stimulation together with PD-L1 blockade results in permanent increase in
viral-specific CD8 T cell responses. A) Experimental set up: Mice received CD4 depleting antibody (GK1.5),
and were infected the following day with LCMV CI-13. After 45 days, mice received a single dose of anti-
CD137 agonistic antibodies (50 ug) together with standard PD-L1 blockade. B) Percentages of splenic CD8
T cells that are specific for the LCMV immunodominant Db GP276-286 epitope. C) Total numbers of splenic
CD8 T cells that are specific for the LCMV immunodominant Db GP276-286 epitope. D) Serum viral control

kinetics. *, P<0.05; ns=not significant.
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Figure 3. Low dose of CD137 stimulation together with PD-L1 blockade increases cytokine production in
anti-viral CD8 T cells. A) Percentages of splenic cytokine expressing CD8 T cells after 5 hour stimulation
with various LCMV peptides. B) Total numbers of cytokine expressing cells after 5 hour stimulation with

several LCMV peptides. *, P<0.05.
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Figure 4. Low dose of CD137 stimulation together with PD-L1 blockade results in marked phenotypic and
functional differences. A) Fist row: Percentages of live splenic T lymphocytes that are CD8+ (black number),
or activated CD8+ CD44+ (red number). Second row: Percentages of CD8 T cells that are PD-1+. B)
Granzyme B, CD62L, Ki67, and CD127 expression on immunodominant Db GP276-286 specific CD8 T cells

in spleen.
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Figure 5. Viral-specific CD8 T cell viability after co-treatment with high or low dose of CD137 together with
PD-L1 blockade. A) Percentages of splenic Db GP276-286 specific CD8 T cells that are apoptotic or live by
Annexin V / 7AAD staining in spleen at day 7 and 14 post-treatment. B) Percentages of Db GP276-286
specific CD8 T cells that are positive for both Annexin V and 7AAD (apoptotic population). C) Percentages of
Db GP276-286 specific CD8 T cells that are negative for both Annexin V and 7AAD (live population). *,

P<0.05.
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Figure 6. Low dose of CD137 stimulation together with PD-L1 blockade during a milder chronic infection

does not result in enhanced CD8 T cell rescue compared to PD-L1 blockade alone. A) Experimental set up:
mice were infected with LCMV CI-13 (without prior CD4 depletion). Around day 15-21 post-infection, mice
received a single dose of anti-CD137 agonistic antibodies (50 ug) together with standard PD-L1 blockade.
B) Percentages of splenic cytokine expressing CD8 T cells after 5 hour stimulation with several LCMV
peptides. C) Total numbers of cytokine expressing cells after 5 hour stimulation with several LCMV peptides.

D) Serum viral control kinetics. IgG treatment was similar to anti-4-1BB alone.



40

Chapter 3. Opposing effects of CD70 costimulation during acute and

chronic viral infection

Abstract:

T cell costimulation is important for T cell activation. The CD27/CD70
pathway contributes to effector and memory T cell development, and is involved
in T cell and B cell activation. CD27/CD70 is known for having opposing roles
during different models of antigenic challenges. During primary T cell responses
to influenza infection or during tumor challenges, CD27/CD70 costimulation has
a positive role on T cell responses. However, during some chronic infections,
constitutive triggering of this signaling pathway has a negative role on T cell
responses. Therefore, it is currently unclear what specific characteristic of an
antigen determines the outcome of CD27/CD70 costimulation. We investigated
the effect of a transient CD70 blockade during an acute or a chronic lymphocytic
choriomeningitis virus (LCMV) infection in mice. Blockade of this pathway during
acute LCMV infection (Armstrong strain) resulted in delayed T cell responses,
and decreased CD127 (IL-7Ra. chain) conversion. Upregulation of CD127 is an
important event in T cell differentiation that heralds the passage of an effector T
cell to a long-lived memory T cell. In contrast to the reduced CD8 T cell
responses after CD70 blockade during acute infection, CD70 blockade during
chronic LCMV infection resulted in increased CD8 T cell responses. The present
findings show the dual roles of this costimulatory pathway in acute versus

persistent antigen challenge. Our findings suggest that antigen persistence
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determines the effect of CD27/CD70 signaling on CD8 T cell responses. Tailored
triggering or blockade of this costimulatory pathway may be important in

vaccination regimens against acute or chronic pathogens.
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Introduction:

T cell responses are pivotal for pathogen clearance and control. Normal
activation and differentiation of T cells occurs after two signals. First, the T cell
receptor (TCR) binds to its bona fide MHC peptide complex. Second,
costimulatory signals provide a necessary stimulus to drive T cell activation and
differentiation (47, 52, 100). Costimulation signals include that from CD28/B7
(114), 4-1BB/4-1BBL (123), OX-40/0X-40L (29), and CD27/CD70 (128)
interactions, among others.

Interestingly, there is independently generated evidence that suggests the
opposing roles of the CD27/CD70 costimulatory pathway. Several groups have
shown that induction of this signaling pathway results in improved anti-tumor T
cell responses(5, 36, 74). In addition, signaling through CD27, the receptor for
CD70, is required for the generation and long-term maintenance of influenza-
specific T cell responses (57). Recent evidence also shows that CD11b+ DCs
enhance influenza-specific CD8 T cell responses via CD70 costimulation,
highlighting the importance of this costimulatory pathway (9). These models
could be categorized as acute challenges, in which the antigen is usually
resolved within a few days.

Acute viral infections promote the formation of functional memory T cells
capable of clearing virus. These cells are able to quickly respond to a secondary
challenge, and confer protection to the host. In contrast, chronic infection usually

results in progressive exhaustion of viral-specific T cell responses. During some
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chronic infections, expression of CD70 is a marker of poor T cell responses, and
undesirable prognosis. HIV-positive patients who undergo chronic immune
activation and progress to AIDS have increased expression of CD70 on CD8 T
cells (24, 139). This raises the question of whether CD27/CD70 signaling could
be harmful during a chronic infection, such as HIV. In this regard, HIV-1+ patients
seem to accumulate an atypical population of CD27hi CD8 T cells, which
positively correlates with HIV-1 viremia (63). Chronic viral diseases also come
hand in hand with bystander immunosupression. Persistent CD27/CD70
costimulation has been proposed to contribute to this process, as constitutive
triggering of CD27 induces lethal T cell immunodeficiency reminiscent to that
seen on AIDS patients (124). Moreover, in a mouse model of chronic LCMV
infection (Docile strain), long-term blockade of this pathway has been shown to
significantly enhance viral control (82), suggesting that signaling via the
CD70/CD27 pathway during chronic infection intereferes with the clearance of a
chronic viral infection.

All the aforementioned literature with influenza, tumors models, and chronic
infections suggested that the CD27/CD70 pathway may have different roles
depending on the persistence or perhaps the type of the antigen. In order to
resolve these observations, we took advantage of the LCMV system. This model
of infection has both an acute and a chronic infection model with identical T cell
epitope specificities. We show here that after acute infection with LCMV
Armstrong, CD27/CD70 signaling contributes to the induction of an efficient T cell

response, since blockade of this pathway results in delayed T cell responses.
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This was evidenced by reduced absolute number of antigen-specific CD8 T cells
at the peak of the antiviral T cell response, and slower CD127 conversion, a
marker for memory commitment (70). Conversely, after chronic infection with the
chronic LCMV CI-13 strain, CD27/CD70 costimulation negatively regulates T cell
responses, since blockade of this pathway results in increased CD8 T cell
responses after 3 weeks post-infection. Our data suggests that context-
dependent regimens to manipulate the CD27/CD70 pathway may be of interest
in the design of T cell-based vaccines depending on the persistence of the

pathogen.
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Materials and Methods:

Mice and infections

6-8 week old, female C57BL/6 mice were purchased from the Jackson
Laboratories (Bar Harbor, Mayne). Mice were infected intraperitoneally (i.p.) with
LCMV Armstrong (2x1075 pfu) or intravenously (i.v.) with Clone 13 (2x1076 pfu)

via lateral tail vein injection.

Virus Titration

Titration of LCMV was performed on Vero cell monolayers plated on 6-well
plates as described previously (2). Vero cells were grown on MEM media
supplemented with 10% FCS, 1% L-Glutamine, and PenStrep. Samples were
diluted in 1% FCS DMEM and aliquoted on top of cell monolayers. Plates were
incubated for 1 hour, rocking them every 10 mintutes. Wells were then overlayed
with a 1:1 mixture of 1% agarose and 2x199 media. After 4 days, wells were
overlaid with a 1:1 mixture of 1% agarose and 2x199 media containing 1:50

neutral red. Plaques were counted the following day.

In vivo antibody blockade
300 ug of rat anti-mouse CD70 (FR70), or rat IgG2b isotype control
(diluted in PBS) were administered i.p. every three days starting on day 0 (days

0, 3, 6, 9, and 12 after LCMV infection). This regimen was similar to that used by
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Matthias Matter (82), in which mice were treated twice a week. FR70 monoclonal

antibody was prepared as described previously (93).

Intracellular cytokine and surface staining

Intracellular cytokine, and surface staining were performed as described
previously (135). LCMV peptide stimulations were performed at 37°C, for five
hours in a CO; incubator in the presence of GolgiPlug and GolgiStop (BD
Biosciences). LCMV peptides were obtained from the Emory Microchemical
Facility (Atlanta, GA). All monoclonal antibodies for flow cytometry were
purchased from BD Biosciences (San Jose, CA). Stained cells were acquired
using FACSCanto flow cytometer (Becton Dickinson), and analyzed using

FlowdJo (Treestar).

Antibody titration

Serum LCMV-specific I1gG titers were titrated by a solid-phase direct ELISA
as previously described (2), using HRP-conjugated antibodies against mouse
IgG on ELISA 96-well microplates. Serum from Armstrong infected mouse day 40
(positive control), or naive mouse (negative control) were used tested at the

same time.

Statistical analysis
GraphPad (Prism) Software was used for statistical analysis. Mann-Whitney

test was used for calculating statistical significance.
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Results

Role of CD27/CD70 signaling on CD8 T cell responses during acute
viral infection. We first decided to analyze the effect of blocking CD27/CD70
signaling during an acute viral infection. We injected C57BL/6J mice i.p. with
CD70 blocking antibodies on the day of LCMV Armstrong infection, and every 3
days, for a total of five times, prior to the analysis of acute cellular responses at
day 7 and 15 (Fig. 1A). The frequencies (Fig. 1B) and absolute numbers (Fig.
1C) of LCMV-specific CD8 T cell responses at day 7 post-infection were reduced
compared to control. This result suggested a positive role for CD70 costimulation
in primary responses. Although the percentages (Fig. 1D) of CD8 T cells that
were LCMV-specific were similar by day 15 post-infection, there was still a
modest, but consistent reduction in their absolute numbers (Fig. 1E) after CD70
blockade. Percentages of TNFa-expressing CD8+ T cells are also lower in anti-
CD70 treated mice, as shown on the representative plots, especially at early time
points (day 7).

Memory conversion after CD70 blockade during acute viral infection.
In addition to reduced primary CD8 T cell responses after CD70 blockade, viral-
specific (Db GP33-41+) CD8 T cells displayed a delayed CD127 conversion by
day 15 post-infection, evidenced by reduced per cell expression of CD127, and
diminished percentages of CD127+ CD8 T cells (Fig. 1F). These data suggested
not only defects in the magnitude of the viral-specific T cell response, but also in

memory conversion. Functionality of antigen-specific CD8 T cells was also
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compromised, especially at the peak of the antiviral CD8 T cell response. The
absolute number of IFNy and TNFa coexpressing CD8 T cells was significantly
reduced after CD70 blockade (Fig. 2), but by day 15, cytokine co-expressing
cells were just slightly decreased (not shown).

Role of CD27/CD70 signaling on CD4 cell responses during acute
LCMV infection. In contrast to the reduced percentages of viral-specific CD8 T
cells after CD70 blockade during acute LCMV infection, the percentages of viral-
specific CD4 cells (expressing IFNy after GP61-80 stimulation) were not different
from those of control mice (Fig. 3). Nevertheless, there was a modest, but
consistent reduction of their absolute numbers at days 7 and 15 post-infection.
This is because of a reduced spleen count in anti-CD70 treated mice.

Effect of CD27/CD70 signaling on antibody responses during acute
LCMV infection. The effect of anti-CD70 monoclonal antibody blockade on
LCMV-specific IgG antibody responses was opposite to that on CD8 T cells.
Even though the CD8 T cell response was delayed after CD70 blockade, the
LCMV-specific IgG antibody titers were slightly enhanced at day 15 after LCMV
Armstrong infection (Fig. 4). This suggested a positive effect of CD70
costimulation on CD8 T cell responses, but negative role on antibody responses.

Role of CD27/CD70 signaling on CD8 T cell responses during chronic
LCMV infection. In order to evaluate the effects of CD70 blockade in a chronic
LCMV infection, we took advantage of the chronic LCMV strain. For this, we
injected C57BL/6J mice with CD70 blocking antibodies on the day of LCMV CI-13

infection, and every 3 days, for five times, and analyzed immune responses at
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day 7 and 21 post-infection (Fig. 5A). In contrast to acute LCMV Armstrong
infection, CD70 blockade during chronic LCMV CI-13 infection results in no
change in the frequencies (Fig. 5B) and numbers (Fig. 5C) of LCMV-specific CD8
T cell responses at day 7 post-infection. However, during the later stage of
chronic infection (day 21), even though the frequencies (Fig. 5D) of antigen-
specific CD8 T cell responses were similar between CD70 blockade and control
mice, there was an almost 2-fold increase in the absolute number (Fig. 5E) of
viral-specific CD8 T cell responses after CD70 blockade. This clearly suggested
a negative role for CD27/CD70 during chronic infection.

Role of CD27/CD70 signaling on CD4 cell responses during chronic
LCMV infection. At day 7 post-infection, there was not difference in the
percentages or the absolute numbers of viral-specific CD4 T cells. However, by
day 21 post-infection, even though the percentages of viral-specific CD4 T cells
were similar, the absolute numbers were increased in anti-CD70 treated mice
(Fig. 6). This is in sharp contrast to acutely infected mice, in which there is a
reduction in LCMV-specific CD4 T cells (GP61-80 specific).

Effect of CD27/CD70 signaling on antibody responses and viral control
during chronic LCMV infection. Transient CD70 blockade had a moderately
positive effect on antibody responses at day 21 post-infection during chronic
LCMV infection (Fig. 7A). This pattern of increased antibody responses after
CD70 blockade was similar to that during acute infection. Short-term blockade of
CD70 signaling during chronic LCMV infection results in modest and transient

reduction in viral loads that was only noticeable at day 15 post-infection, but



returned to normal values after interruption of treatment (Fig. 7B).
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Discussion:

T cell costimulation is an important event during T cell activation, and
provides an additional requirement after TCR triggering (38). Signals from CD27
and the TCR mediate CD8 T cell clonal expansion independently of IL-2, and
contributes to promoting T cell survival (28). CD70 is usually expressed on
activated APCs, but both CD27 and CD70 can be expressed on T cells (58, 60,
82). Therefore, this pathway has been suggested to be involved in not only DC-T
interactions, but also in a T-T cell network (79). Expression of CD70 on immune
cells is tightly regulated. CD70 is upregulated at 1-2 weeks after infection, and
gradually decreases over time after an antigenic challenge, highlighting the
importance of its proper regulation on immune cells (82). The duration and cell
type involved in CD27/CD70 costimulation also determines the outcome of
immune responses. For example, mice that overexpress CD70 constitutively on
B cells display increased effector T cell differentiation, and decreased numbers of
B cells, suggesting opposite effects of constitutive CD27/CD70 signaling on T
and B cell responses (6).

Previous reports have shown that CD27/CD70 signaling enhances anti-
tumor (5, 37, 41, 57, 90), and primary influenza-specific T cell responses (1, 9,
40, 57, 127). Consistent with these reports, we found delayed primary response
kinetics after blockade of the CD27/CD70 pathway after acute Armstrong LCMV
infection. At day 7 post-infection, the peak of the antiviral T cell response, there

were fewer absolute numbers of antigen-specific T cells by intracellular cytokine
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staining, and by day 15 post-infection (IFNg-expressing after LCMV peptide
stimulation). Also, percentages and absolute numbers of CD8 T cells that co-
expressed IFNy and TNFa were reduced after CD70 blockade at the peak of the
primary response. This suggested functional defects after CD70 blockade during
an acute viral infection.

However, viral clearance kinetics was similar in both treated and control
groups by day 8 (data not shown). This suggested that even if the numbers of T
cells that recognize Armstrong gets curtailed 3-fold, this reduced fraction of the
response is more than enough to completely clear this virus with similar kinetics
(within a week this acute infection is cleared in either group). CD127 conversion
was also impaired. CD127, the IL-7 receptor a chain is a bona-fide marker for
memory T cells, as those T cells that survive the contraction phase after the peak
of the T cell response are usually CD127hi, and are the ones that survive to
become long-lived cells and respond to secondary challenges (54, 70). Our
results with the acute LCVM model were in agreement with previous reports
using either CD70 antibody blockade or CD27-/- mice (28, 57). These studies
have shown that CD27/CD70 signaling is necessary for the generation and
maintenance of primary CD8 T cell responses. Primary clonal T cell expansion to
influenza (an acute pathogen) is impaired in CD27-/- mice indepdendent of CD28
and IL-2 (57), highlighting the importance of this pathway. The aforementioned
studies, and those from our acute LCMV infection showed a positive role for this
costimulatory pathway on T cell responses. Clearly, abrogation of CD27/CD70

signaling either with receptor knockout mice or antibody-mediated blockade
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results in reduced numbers of antigen-specific T cell responses during primary
acute responses

However, there is also evidence of an opposing role of CD27/CD70
costimulation during chronic infection, suggesting a negative effect of constitutive
CD27/CD70 signaling on immune responses (82, 124, 127). Constitutive
expression of CD70 on T cells induces a T cell differentiation pathway that is
similar to that observed during chronic infections such as HIV, including
upregulation of PD-1 and downregulation of CD127 (127). Mice that overexpress
CD70 on B cells succumb to lethal immunodeficiency after 6-8 months due to
overt immune activation and spontaneous conversion of naive T cells into
effector memory cells (124).

These results, together with those in the aforementioned models, suggested
context-dependent outcomes of CD27/CD70 costimulation. In order to
consolidate these previous data, we decided to use the LCMV system, which has
both an acute and a chronic model of infection. This helped us to determine
whether the persistence, or the nature of an antigen plays a role in the outcome
of CD70 costimulation. LCMV Armstrong and CI-13 strains differ in only 2 point
mutations in the polymerase and the receptor binding genes (108, 109). These
subtle differences enable the CI-13 strain to persist and cause progressive T cell
exhaustion (135, 141). Thus, the nature of the antigen is virtually identical, with
all T cell epitopes unchanged, and the only significant difference between these 2

LCMYV strains is their persistence within the host.
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As a comparative study, we decided to analyze the effect of blocking
CD27/CD70 interactions during chronic LCMV infection (comparing effects seen
on acute LCMV infection). A previous report has demonstrated a negative role of
CD70 signaling during chronic viral infection, showing that absence of signaling
through CD27 during a chronic LCMV Docile viral challenge results in elimination
of chronic viral infection (82).

In our studies, we only performed transient CD70 antibody blockade, and
we noticed increased absolute numbers of antigen-specific T cells in the anti-
CD70 treated mice after day 21 post-infection with LCMV CI-13. Before day 21,
there were no apparent differences in the T cell response (data not shown). This
increased numbers of LCMV-specific CD8 T cells was a reflection of the higher
spleen cellularity in anti-CD70 treated mice (~31 x10%6 splenocytes in control IgG
treated mice, versus ~52x10”"6 splenocytes in anti-CD70 treated mice). This
suggested a partial role of CD70 signaling in mediating reduction of lymphoid
cellularity during chronic infection. In addition, mice treated with anti-CD70
displayed visible lymph nodes by day 21 (data not shown), and this is noteworthy
because mice infected with CI-13 display noticeable reduction in lymph node
size.

Consistent with the results from Matter et al. (82), we found some increase
in B cell responses after CD70 blockade during chronic LCMV infection
(blockade in these reports was performed from day 4 to day 35, post-infection).
We did not notice significant reduction in viral titers after 12 days of anti-CD70

antibody treatment. The studies from Matter et al. (82) were performed using
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CD27-/- mice as well as with longer blocking antibody regimens. Our more short-
term blockade approach may account for the reduced and only transient effect on
viral titers, and the more modest increase in antibody responses that we
observed during CD70 blockade after either chronic or acute infection.
Collectively, our data, and that of others independently with various models
of antigen challenge, show that it may be possible to enhance cellular responses
in a context-dependent manner by manipulating the CD27/CD70 pathway. During
an acute antigen challenge, this pathway provides a transient and beneficial
costimulatory signal that promotes T cell expansion, and memory conversion. On
the other hand, during a chronic infection, constitutive triggering of this pathway
may be detrimental to immune cell homeostasis. Our results with either the
Armstrong or CI-13 strains of LCMV suggest that the effect of CD70
costimulation is dependent on antigen persistence, and not on the intrinsic nature
of the antigen. These findings may have implications for vaccination regimens to

enhance responses to either acute or chronic pathogens.
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Fig. 1. Role of CD27/CD70 signaling during acute viral infection. A) Experimental outline. 6-8 week old
C57BL/6J mice were treated with anti-CD70 at the indicated time points, and infected with LCMV Armstrong.
Mice were sacrificed at days 7 and 15 for analysis of cellular responses. B) Intracellular cytokine staining
after stimulation with several LCMV peptides at day 7 post-infection (FACS data from one representative
experiment). C) Absolute numbers of IFNy-expressing CD8 T cells after LCMV peptide stimulation at day 7
post-infection. D) Intracellular cytokine staining after stimulation with several LCMV peptides at day 15 post-
infection (data from one representative experiment). E) Absolute numbers of IFNy-expressing CD8 T cells
after LCMV peptide stimulation at day 15 post-infection. F) Memory conversion by CD70 blockade during
acute viral infection (expression of CD127 on H-2D(b) GP33-41 specific CD8 T cells from spleen at day 15
post-infection). Black= Mean Fluorescence Intensity; Red= Average percentage. Data are from spleens, 2

separate experiments, each n=6. *P<0.5.
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Fig. 3. LCMV-specific CD4 response after CD70 blockade during acute viral infection. A) Intracellular
cytokine staining after stimulation with immunodominant LCMV GP61-80 at days 7 and 15 post-infection

(FACS data from one representative experiment). C) Absolute numbers of IFNy-expressing CD4 T cells after

LCMV peptide stimulation at days 7 and 15 post-infection.
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from one representative experiment.
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Fig. 5. Role of CD27/CD70 signaling during chronic viral infection. A) Experimental outline. 6-8 week old
C57BL/6J mice were treated with anti-CD70 at the indicated time points, and infected with LCMV CI-13.
Mice were sacrificed at days 7 and 21 for analysis of cellular responses. B) Intracellular cytokine staining
after stimulation with several LCMV peptides at day 7 post-infection (data from one representative
experiment). C) Absolute numbers of IFNy-expressing CD8 T cells after LCMV peptide stimulation at day 7
post-infection. D) Intracellular cytokine staining after stimulation with several LCMV peptides at day 21 post-
infection (FACS data from one representative experiment). E) Absolute numbers of antigen-specific CD8 T

cells at day 21 post-infection. Data are from spleen, 2 separate experiments, each n=6.
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LCMV peptide stimulation at days 7 and 21 post-infection.



1.8,
1.7
1.6
1.5
1.4
1.3
1.2
1.1
1.0
0.91
0.8+
0.7
0.6
0.5
0.4+
0.31
0.2
0.1

>

Absorbance

62

Blue= Control
Red= aCD70

Black above=Armstrong memory day 40
Black below= uninfected

0.0

B 10%4

PFU/mL serum

T
15 220 225

Sertzjm dilution

210

—e— control
- aCD70

T T T T 1

0 5 10 15 20 25

Days post infection

Fig. 7. Viral-specific antibody responses and viral control after CD70 blockade during chronic viral infection.

ELISA was performed for detection of LCMV-specific IgG titers from serum at day 21 post-infection.

Armstrong me

controls. Data

mory at day 40 post-infection (black line above), and naive (black line below) were included as

are from one representative experiment.



63

Chapter 4: Enhancing the T Cell Restorative Effect of PD-L1 blockade by

transient depletion of CD4 cells

Abstract

Chronic infections result from the inability of the host to clear a pathogen.
Soon after the onset of a chronic infection, antiviral CD8 T cells undergo
significant changes in their function and phenotype, phenomena that is
collectively called exhaustion. Previously, we showed that specific ablation of
Tregs during a chronic viral infection results in explosive restoration of viral-
specific CD8 T cell function. The mechanism of Treg-mediated viral-specific CD8
T cell suppression appeared to be dependent on B7 modulation, CD4 cells, and
cognate antigen. These experiments were performed in FoxP3°™® knock in
transgenic mice. However, it remains a goal to be able to restore CD8 T cell
function in wild type hosts by transient and milder modulation of T regulatory cell
activity. We have combined our standard PD-1 blockade with a transient CD4
depletion, and have observed synergy at rescuing CD8 T cell responses during
chronic infection. In addition, CD4+ FoxP3+ cells are reconstituted faster in
animals that received a PD-1 blockade regimen, suggesting a role for the PD-1

pathway in controlling homeostatic expansion of Tregs.
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Introduction:

In the earlier parts of this thesis we have covered the different regulatory
pathways involved in immune control during chronic infection. We explained the
role of the PD-1 pathway, and the therapeutic effect of blocking it and addition to
inducing costimulatory receptors. We also showed that specific ablation of Tregs,
in a model of inducible Foxp3+ cell depletion results in dramatic rescue of
exhausted CD8 T cell responses. This significant restoration of CD8 T cell
responses after Treg depletion occurs only in mice that are chronically infected
with LCMV, whereas those that have cleared virus do not experience any
increase. This suggests a role for antigen in determining the suppressive
potential on Tregs (background on Tregs has been covered extensively in earlier
chapters). In addition, FoxP3- CD4+ cells, and the B7 pathway play a pivotal role
in determining CD8 T cell increase after Treg depletion, as depletion of CD4
cells, or blockade of B7 abrogates viral-specific CD8 T cell rescue after Treg
depletion.

However, these later studies were performed using the Foxp3°™ knock-in
mice, highlighting the importance of developing more physiological therapies in
wild type (not transgenic) hosts. For this, we performed transient, antibody
mediated CD4 depletions, followed by PD-1 blockade in chronically viremic mice
infected with LCMV CI-13. We then analyzed LCMV-specific CD8 T cell
responses, and Treg reconstitution kinetics in mice after this dual regimen. We

noticed increase in LCMV-specific CD8 T cell responses in all tissues (compared
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to PD-1 blockade alone). We also noticed faster CD4+ Foxp3+ cell recovery after
CD4 depletion followed by PD-1 blockade. These findings suggest an important

role of PD-1 pathway and Tregs in mediating CD8 T cell exhaustion during

chronic infection.
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Materials and Methods:

Mice and viral infections

6-8 week old, C57BL/6 female mice were purchased from the Jackson
Laboratories (Bar Harbor, Mayne). In order to generate chronically viremic mice,
we performed CD4 cell depletions prior to infection (day before and infection, and
day of infection). We infected intravenously (i.v.) with LCMV Clone 13 (2x10"6
pfu). Mice started antibody treatments after 45 days of infection. Plaque assay for

titration of virus was performed on Vero cells as previously described (2).

In vivo antibody treatments

200 ug of rat anti-mouse PD-L1 (10F.9G2), or rat IgG isotype control were
injected i.p. on days 0, 3, 6, 9, and 12 of treatment. 10F.9G2 monoclonal
antibody was provided by Gordon Freeman. CD4 depletions were performed with
500 ug of GK1.5 (BioXcell) on days -1 and 0. Each mouse received a volume of

500 uL of diluted antibody (in PBS).

Surface and intracellular staining

Intracellular cytokine staining was performed as described previously
(135). Peptide stimulations were at 37°C, for five hours in a CO; incubator. All
fluore-conjugated antibodies for flow cytometry were from BD Biosciences (San
Jose, CA), except for anti-Foxp3 APC, which was from ebiosciences (San Diego,

CA).
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Results:

CD4 cell depletion followed by PD-1 blockade results in enhanced
CD8 T cell rescue during chronic viral infection. LCMV chronically viremic
mice started transient CD4 depletion at day 45 post-infection, and received a PD-
1 blockade regimen the day after (Fig 1A). This resulted in an increased
percentage of CD8 T cells that were LCMV-specific, which was even better than
PD-1 blockade alone (Fig 1B). In addition, the percentage of CD8 T cells that
were PD-1+ was increased in the mice that received transient CD4 depletion
followed by PD-1 blockade (lower right quadrant of FACS plots). This suggested
expansion of additional viral-specific CD8 T cells different than the
immunodominant GP276-286. There was also a 2-3 fold expansion in the
absolute numbers of GP276-286+ CD8 T cells compared to PD-1 blockade alone
(Fig 1C).

Increased numbers of PBMCs that are viral-specific after CD4
depletion followed by PD-1 blockade. There number of Db GP276-286 specific
CD8 T cells was moderately increased in mice that got CD4 depletion prior to
PD-1 blockade (Fig 2).

CD4 cell depletion followed by PD-1 blockade results in increased
cytokine expression by viral-specific CD8 T cells. There was an increase in
the frequency of single IFNy and dual IFNy/TNFa expressing CD8 T cells in mice
that received CD4 depletion followed by PD-1 blockade (Fig 3A). The absolute

numbers of single IFNy expressing (Fig 3B) and dual IFNy/TNFo. expressing (Fig
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3C) CD8 T cells were also increased after CD4 depletion and PD-1 blockade,
compared to PD-1 blockade alone.

Phenotypic changes on peripheral and thymic T cell populations.
There was an increased percentage of activated (CD44hi) CD8+ lymphocytes in
multiple tissues after CD4 depletion followed by PD-1 blockade (Fig 4A). Viral-
specific CD8 T cells upregulated the proliferation marker Ki67 (Fig 4B). In the
thymus, there was a consistent reduction in the percentages of double positive
thymocytes, and increase in single positive CD4+ or CD8+ populations (Fig 4C).

Viral titers are reduced in mice that get CD4+ cell depletion followed
by PD-1 blockade. LCMV CI-13 viral titers were measured in spleen, liver, and
serum of chronically infected mice following antibody treatments(Fig 5).

Effect of PD-1 blockade on Treg populations. Mice that were CD4
depleted, and treated with anti-PD-L1 (similar results for anti-PD-1 blocking
antibodies) experienced a greater CD4+ Foxp3+ cell replenishment, compared to
CD4 depleted alone. (Fig 6A). Tregs had higher PD-1 expression after PD-1
blockade. Tregs were also higher for CD44 in mice that received CD4 depletion
plus PD-1 blockade, compared to the mice that only received CD4 depletion.
This suggested higher reconstitutive proliferation in CD4 depleted mice that are
treated with PD-1 blocking antibodies. CD127 expression was also increased in
the newly generated Treg cell pool, suggesting survival advantage after PD-1
blockade. Total numbers of splenic CD4+ Foxp3+ cells was also higher in mice
that received CD4 depletion followed PD-1 blockade, compared to CD4 depletion

alone (Fig 6B).
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Discussion:

We have shown that CD4+ cell depletion followed by PD-1 blockade (Fig
1A) results in an enhanced CD8 T cell rescue compared to PD-1 blockade alone.
The percentages of viral-specific CD8 T cells were increased, suggesting a role
for CD4+ Tregs in mediating additional inhibitory functions during chronic
infection (independent of the PD-1 pathway) (Fig 1B). The percentages of CD8 T
cells that were PD-1+ were also higher in the dual treated group, suggesting
expansion of other exhausted viral-specific CD8 T cells (Fig 1B). The absolute
numbers of immunodominant Db GP276-286 CD8 T cells was also increased in
the CD4 depleted, PD-L1 blockade group (Fig 2C). Slight increase in total
numbers of viral-specific CD8 T cells was also observed in CD4 depleted
compared to CD4 undepleted. However, the differences were not statistically
significant.

This synergy was also evident, although more modestly, in the blood in
which there was an increase in the number of tetramer+ cells by the day of
analysis (Fig 2). Number of cytokine-expressing cells was also increased further
after dual CD4 depletion and PD-1 blockade (Fig 3A, 3B, 3C), suggesting not
only physical expansion of viral-specific CD8 T cells, but also functional
improvement. This synergy between Treg depletion and PD-1 blockade was
previously explained in earlier chapters of this thesis, when we depleted Foxp3+
cells and performed PD-1 depletions. However, we did not have a more

physiological read-out, as all of Foxp3+ cell depleted mice succumb to lethal
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autoimmunity by day 14. In addition, this was in a knock in Foxp3°™®

mouse
model, so a more therapeutically feasible model was needed.

We also analyzed the effect of CD4 depletion followed by PD-1 blockade
on total CD8 T activation. Splenic CD8 T cells upregulated CD44 activation
marker (Fig 4A). This increased CD44 upregulation was also seen in CD8 T cells
from liver, lung, blood, and gut (not shown). Db GP276-286 specific cells also
upregulated Ki67, suggesting enhanced proliferation of viral-specific CD8 T cells
after CD4 depletion plus PD-1 blockade (Fig 4B). Within the thymus, there were
also interesting differences. There was a reduction in the frequency of double
positive thymocytes, and emergence of more single positive thymocytes after
CD4 depletion followed by PD-1 blockade (Fig 4C). One possibility is that CD4+
Tregs and the PD-1 pathway could modulate maturation of T cell thymic
precursors. Another possibility is that migration of peripheral T cells into the
thymus is controlled by the CD4+ Foxp3+ Tregs and the PD-1 pathway.
Additional experiments are needed to elucidate which possibility is correct.

In addition to increased CD8 T cell restoration, mice that received CD4+
cell depletions followed by PD-1 blockade also controlled virus better compared
to PD-1 blockade alone.

The effect of PD-1 blockade on Tregs after whole CD4 depletion was also
noteworthy. PD-1 blockade induced a faster CD4+ FoxP3+ cell reconstitution
after CD4 depletion (40% in PD-1 blockade group versus 15% in control group)
(Fig 6). Tregs in the CD4 depleted plus PD-1 blockade group looked more

activated as evidenced by increased PD-1 and CD44 (Fig 6). It is believed that
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Treg specificity is biased for self-antigens(65, 69, 106), so it is possible that PD-1
blockade may have some effects on these cells, as PD-1 signaling is known to
act downstream of the TCR(73, 116).

We have shown that transient CD4 depletion optimizes CD8 T cell rescue
after PD-1 blockade during a stringent chronic viral infection. Considering our

previous data with Foxp3°™®

mice, it is considerable to attribute this
enhancement in viral-specific CD8 T cells to transient Treg ablation. The
increase in antigen-specific CD8 T cells was only 2-3 fold, and not a log or higher
as in our FoxP3P™ experiments. A possibility for this reduced rescue effect could
be that conventional CD4 cells are also ablated by our standard CD4 depletion
regimen. We showed previously that CD4+ Foxp3- cells are needed for the CD8
T cell rescue after specific CD4+ Foxp3+ depletion. It is possible that antibody
mediated CD4 cell depletion does not result in 100% ablation in the mouse, so
the CD4+ cells leftover could be involved in rescuing exhausted CD8 T cells.
Even though the transient, whole CD4 depletion followed by PD-1
blockade resulted in a more modest CD8 T cell rescue, compared to specific
Treg depletion followed by PD-1 blockade, the mice did not experience lethal

autoimmunity. This is an advantage of temporarily ablating all CD4 cells and not

only CD4+Foxp3+.
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Chapter 5: T regulatory cells sustain CD8 T cell exhaustion during chronic

viral infection

Abstract

CD8 T cell exhaustion is a hallmark of chronic infections, and is
characterized by decrease in proliferation, cytokine expression, and distinctive
phenotypic changes. Understanding the factors that guide this process may
provide opportunities to modulate T cell responses during persistent infections.
We analyzed the contribution of T regulatory cells (Tregs), the master regulators
of immune tolerance, to the process of CD8 T cell exhaustion during murine
chronic lymphocytic choriomeningitis virus (LCMV) infection, using Foxp3°™®
mice, in which Foxp3+ cells can be selectively depleted with diphtheria toxin
(DT). Normally, these chronically viremic mice experience a pronounced CD8 T
cell exhaustion. However, specific Treg ablation resulted in a significant rescue of
viral-specific CD8 T cells. The mechanism of Treg mediated suppression is
dependent on B7 modulation, CD4 T cells, and the presence of viral antigen,
suggesting a general role for these factors in maintaining CD8 T cell exhaustion

during chronic infections.
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Introduction

Chronic infections result from the inability of the immune system to clear a
pathogen. There is a clear association between persistent infections and T cell
exhaustion, which is defined by characteristic changes in phenotype and
function. Changes in the phenotype of antigen-specific CD8 T cells involve
downregulation of the memory marker CD127, and upregulation of co-inhibitory
receptors, such as PD-1, whereas changes in function involve reduction of
cytokine expression (16, 39, 132, 141). It is critical to determine the factors that
guide and sustain T cell exhaustion during chronic infections, as this may provide
novel therapies to rescue immune function. Our lab and others, have
demonstrated the association of inhibitory receptors (especially PD-1) with T cell
exhaustion (11, 16, 39, 129), but it is currently unknown if Foxp3+ CD4+ cells
(herein referred as Tregs) play a role in sustaining this dysfunctional conversion.

Tregs are a specialized subpopulation of CD4 T cells characterized by
expression of Foxp3+ (45, 64), and their remarkable ability to modulate immune
responses. They are involved in mediating immune homeostasis by suppressing
responses to self-antigens. However, knowledge about their role during the late
phases of chronic infections is still limited. It remains unanswered if Tregs are
involved in maintaining the developmental process of CD8 T cell exhaustion that
is associated with persistent infections. Although curtailing excessive pathogen-
specific T cell responses may prevent immunopathology, it may also facilitate the

establishment and maintenance of chronic infections. Therefore, it is important to
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determine the specific role that Tregs play during established infections. Seminal
studies in parasitic and viral infections showed that Tregs dampen antigen-
specific T cell responses, and affect pathogen replication (12-14, 61, 122).
Studies in retroviral infections have also demonstrated Treg expansion after
infection (67), and a critical role of these cells in suppressing retroviral-specific T
cell responses (87, 89, 101, 144, 145). Treg in vitro suppressive activity have
also been demonstrated during several human chronic infections. During
hepatitis B virus (HBV) and hepatitis C virus (HCV) infections, a high frequency
of circulating and liver-localized Tregs is associated with chronic active hepatitis,
decreased viral-specific T cell function, and viral persistence (20, 42, 94, 120,
140).

During simian and human immunodeficiency virus (SIV and HIV)
infections, the presence of Tregs at sites of viral replication (lymph nodes, and
gut-associated lymphoid tissue) is directly correlated to increased viral loads and
poor viral control by viral-specific T cells (44, 77). These independent results
suggested an association (yet not a causation) between Tregs and the outcome
of CD8 T cell responses during chronic infections. Also, most Treg suppression
experiments were performed in vitro, and did not provide a complete readout of
pathogen-specific responses. In addition, even though the interesting correlation
between Tregs and chronic infections was established, there is no mechanistic
explanation for Treg suppression of antigen-specific responses during persistent
infections. To understand the precise in vivo role that they play during chronic

infections, it is necessary to use a chronic infection system in which one can
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follow multiple antigen-specific responses of known phenotype and numbers,
with a transgenic system that would allow for specific, complete, and transient

ablation of Tregs.
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Materials and Methods

Mice and infections

6-8 week old, Foxp3P™ female mice on a C57BL/6 background were sent
as part of a collaborative study with Alexander Rudenski (mice were bred at
Taconic Farms). Mice were infected intraperitoneally (i.p.) with LCMV Armstrong
(2x1075 pfu) for acute infection analysis. For chronic infection analysis, mice
were CD4 depleted, and infected intravenously (i.v.) with LCMV Clone 13

(2x1076 pfu) via lateral tail vein injection.

Virus Titration
Viral Titration of LCMV was performed by plaque assay on Vero cell
monolayers as described previously (2), and also in Chapter 2 and 3 of this

thesis.

In vivo Treg depletions

Diphteria toxin (DT) was administered i.p. at days 0, 1, 4, and 7 at a dose
of 50 ug/kg, and diluted in 500 uL PBS. DT was purchased from SIGMA, and
stock was reconstituted at 1 mg/mL, and stored according to manufacturer’s

recommendations.

Intracellular and surface staining

Stains were performed as previously described (135). Five hour peptide



84

stimulations were performed at 37°C with GolgiPlug and GolgiStop (BD
Biosciences). All staining antibodies were purchased from BD Biosciences (San
Jose, CA). Cells were acquired using FACSCanto (Becton Dickinson), and

analyzed with FlowdJo (Treestar).

Statistical analysis
GraphPad (Prism) was used for statistical analysis. Mann-Whitney test was

used for calculating statistical significance.
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Results

Chronically infected mice have Tregs that are phenotypically
different compared to normal mice. In our preliminarily observations we
noticed that Tregs display a distinct phenotype in LCMV chronically infected
mice, compared to uninfected or acute memory mice (which had efficiently
cleared LCMV). Tregs of mice with chronic LCMV cl-13 infection showed
decreased CD25 expression (Fig 1A). It is possible that Tregs in these
persistently viremic mice may be more resistant to IL-2 deprivation, suggesting a
survival advantage. Also, we noticed increased expression of CTLA-4, CD103,
GITR, CD39, granzyme B, ICOS, PD-1, and PD-L1, CD44, CD69, and KLRG-1
(Fig 1B). Conversely, CD62L was downregulated on Tregs of chronically infected
mice, whereas CD127 was slightly upregulated. These phenotypic differences
suggested a possible functional difference in Tregs of chronically infected mice.

Ablation of Tregs during a persistent viral infection results in rescue
of CD8 T cell responses. To explore this hypothesis, we used a chronic LCMV
cl-13 infection model, in which mice are viremic for life. The LCMV system
provides an excellent opportunity to study the precise effects that Tregs exert on
exhausted viral-specific CD8 T cells of multiple specificities, with well-
characterized phenotypes. We depleted Foxp3+ cells in Foxp3°™® knock-in mice
(75) after the onset of a chronic LCMV infection, and analyzed the response after
11 days without Foxp3+ cells (Fig. 2A). This transient Treg depletion resulted in a

10-20 fold increase in the percentage of LCMV-specific CD8 T cells (Db GP276+)
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in multiple tissues (Fig. 2B). The fold-increase of antigen-specific CD8 T cells in
the blood was also remarkable, as normally these chronically infected mice have
very few to negligible numbers of viral-specific cells in blood (81), but upon Treg
depletion, there is >50-fold average fold increase (Fig. 2C). This drastic increase
in viral-specific responses occurs between day 5 and 7 after Treg depletion (Fig.
2D). There was also a significant increase in the total numbers of viral-specific
CD8 T cells (Db GP276+) in multiple tissues after 11 days of Treg depletion (Fig.
2E). The phenotype of antigen-specific CD8 T cells was also different after Treg
ablation (Fig. 2F). Viral-specific CD8 T cells upregulated CD127, the IL-7
receptor a. chain, which is an important memory marker that enhances survival of
antigen-specific cells (70). A hallmark of CD8 T cell exhaustion and poor viral
control is their seemingly irreversible CD127 downregulation (19, 71, 133, 141),
which correlates with decreased viral control and inadequate CD4 help in chronic
infections, such as that with HIV or HBV (19, 49, 104).

Therefore, It was surprising to observe CD127 re-expression on viral-
specific CD8 T cells, as this suggested de novo memory conversion (or survival
advantage) of these expanded CD8 T cells after Treg depletion. Viral-specific
CD8 T cells also exhibited a significant increase in granzyme B and CD44
expression, suggesting enhanced cytocidal function and increased activation
after depletion of Foxp3+ cells. Viral-specific cells had proliferated extensively
after 11 days without Tregs, as measured by Ki67 staining. These expanded
CD8 T cells were highly functional, expressing IFNy and TNFa upon LCMV

peptide stimulation (Fig. 2G). Even undetectable CD8 T cell responses, such as



87

that for the NP396-404 epitope (135), re-appear after Treg ablation, resulting in
enhanced breadth of CD8 T cell responses. Surprisingly, 70-90% of all CD8 T
cells in Treg depleted mice were specific for the 5 LCMV epitopes tested
(Fig.2G), suggesting strong suppression of viral-specific CD8 T cell responses by
Tregs. In addition, cytokine expression on a per cell basis was also increased
after Treg depletion, as evidenced by higher mean fluorescence intensity after
intracellular cytokine staining (Fig. 2H), and higher percentage of IFNy+ cells that
were tetramer positive (Fig 3).

B7 costimulation, CD4 cells, and viral antigen are required for viral-
specific CD8 T cell rescue after Treg depletion. We then aimed to elucidate
the mechanism by which CD8 T cell function is restored after transient Treg
depletion during chronic infection. It has been reported that Tregs keep
autoreactive T cells in check by downregulating DC expansion, and costimulatory
molecule expression under steady-state conditions in naive mice (75, 110, 138).
We noticed significantly higher expression of B7.1 (Fig 4A) and B7.2 (Fig 4B) on
splenic DCs after Treg depletion in chronically infected mice. This suggested a
role for B7 costimulation in the rescue of exhausted viral-specific CD8 T cell
responses after Treg ablation. In addition, modest increase was observed for
CD40 on DCs of Treg depleted mice (Fig 4C). Another striking difference was a
significant increase in the percentage of activated CD4 cells after Treg depletion
(Fig 5). This CD4+ CD44hi subset was not LCMV-specific, and these may self-
reactive clones that play a role in the viral-specific CD8 T cell rescue after Treg

ablation.



88

To explore the precise roles of B7 costimulation and CD4 cells on the
massive expansion of viral-specific CD8 T cell responses after Treg depletion,
we continuously treated Treg depleted mice with CTLA-4 Ig (which precludes B7
costimulation), or CD4 depleting antibody (which abrogates any effect from CD4+
cells). Chronically viremic mice that were Treg depleted and received CTLA-4 Ig
or CD4 depleting antibody did not experience increase in virus-specific CD8 T
cells, and their percentages (Fig. 6A) and total numbers (Fig. 6B) were similar to
chronically infected control mice. Their phenotypes were also similar to that of
untreated mice (Fig. 6C). These results indirectly suggested a decisive role for
B7 modulation and CD4 cells during Treg mediated suppression of viral-specific
CD8 T cell responses during chronic infection. It was also noteworthy that mice
treated with either CTLA-4 Ig or CD4 depleting antibody during Treg ablation did
not develop typical signs of morbidity that are associated with sustained absence
of Tregs (our unpublished observations).

We then explored the role of viral antigen in influencing Treg mediated
suppression during chronic viral infection. To test this, we examined whether
Treg depletion would also result in increase of viral-specific memory CD8 T cell
responses in acutely infected mice that had cleared virus (Fig. 7A). For this
comparative study, we infected naive mice with LCMV Armstrong, which results
in an acute infection that is cleared within 8 days (132, 135). Treg depletion ~3
months after acute infection only resulted in increase of total activated CD44+ T
cells (Fig. 7B). This is consistent with previous studies in naive mice, in which

most of the expanded clones after Treg depletion are self-reactive (75). However,
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even though the total number of T cells was expectedly increased, there was no
change in the numbers of LCMV-specific CD8 T cells (Fig. 7C). Phenotype of
viral-specific CD8 T cells after Treg depletion in memory mice was also
unchanged (not shown). This is in sharp contrast to chronically infected mice that
experienced >10-fold increase in the absolute numbers of viral-specific CD8 T
cells, and changes in their phenotype after Treg depletion. This suggested a
decisive role for cognate antigen persistence in determining CD8 T cell
suppression by Tregs. Our data also suggested that Tregs are involved in
coordinating the process of T cell exhaustion and deletion in situations in which
antigen is ubiquitous, perhaps as part of a dominant tolerance mechanism that
occurs extrathymically. During either immune homeostasis or chronic infection,
there may be mechanistic overlaps. Persistent antigen, whether self or non-self,
appears to induce a common Treg suppressive response.

Upregulation in PD-L1 after Treg depletion abrogates viral control by
expanded viral-specific CD8 T cells. We then questioned whether the
observed changes in number and phenotype of viral-specific CD8 T cells after
Treg depletion during chronic infection was correlated with increased viral
control. Surprisingly, there was no statistically significant reduction in viremia
after 11 days without Tregs, compared to undepleted controls (3.5x10*4 PFU/mL
in Treg depleted mice, compared to 4.3x10*4 PFU/mL in undepleted mice). This

apparent discrepancy could be due to two non-mutually exclusive possibilities.
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The first possibility could be that even though Treg depletion induces
upregulation of costimulatory molecules on DCs, it also induces upregulation of
co-inhibitory receptor PD-L1 (Fig. 8A). This is in agreement with previous Treg
depletion studies in uninfected animals (75, 110, 138). Therefore, we reasoned
that by blocking the PD-1 pathway, we could enhance even further the T cell
rescue observed after Treg ablation alone, and induce significant reduction in
viremia. Depletion of Tregs followed by PD-L1 blockade resulted in increased
percentages of co-expressing IFNy+ TNFa+ cells (Fig. 8B). The absolute
numbers of viral-specific CD8 T cells were comparable to Treg depletion alone
(Fig. 8C), but the total numbers of co-expressing cells were slightly increased in
Treg depleted mice that also received PD-L1 blockade, compared to Treg
depletion alone (Fig. 8D). Consistent with our expectations, there was a five-fold
drop in viremia, which was higher than either Treg depleted, or PD-L1 blockade
alone (Fig. 8E). This additive effect suggested independent Treg pathways
mediating exhaustion that are different from PD-1. It is possible that Treg and co-

inhibitory receptor pathways differ in their induction of CD8 T cell exhaustion.
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Discussion

Our results show that in vivo depletion Foxp3+CD4+ cells results in
significant increase in the numbers, cytokine expression, phenotype, and killing
efficiency of viral-specific CD8 T cells during a chronic vial infection. The fact that
viral loads were not reduced in the Treg depleted mice could be explained by the
increased expression of PD-L1 on viral targets. This is consistent with our results
with Treg depletion plus PD-L1 blockade, which results in synergistic reduction in
viral loads. Therefore, upregulation of PD-L1 after Treg depletion is most likely
the cause for the lack of viral control. Another non-mutually exclusive possibility
for the observed discrepancy in viral titers may be an LCMV model specific bias.
The chronic strain LCMV cl-13 replicates in several subsets of DCs (112). and
these cells undergo 5-10 fold expansion after Treg depletion (75, 110).

It is reasonable to think that even though viral control by expanded viral-
specific CD8 T cells is occurring, constant expansion of DCs would result in
expanded niches for LCMV cl-13 replication despite the increased T cell
expansion. This also suggested that viruses that replicate in DCs, or any other
cell population that expands after Treg ablation (75), may experience an increase
in viral replication followed by T cell control after expansion of viral-specific cells.
It is of interest to test Treg depletion regimens in other chronic infection models,
and to modify the Treg depletion protocols in order to test viral control at later
times after depletion. We were only able to detect viral loads at day 11 post

depletion (our usual time of sacrificing) because the mice also developed signs of
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autoimmunity, and some usually died after 11 days without Tregs. The data,
however, does not exclude also the contribution of additional factors involved in
viral control, such as the integrity of all physiological components within the host.
Sustained Treg depletion provokes considerable activation of self-reactive cells,
and this may induce profound alterations in homeostasis that may be vital for
pathogen control. Milder regimens to modulate specific Treg pathways may be of
interest.

We propose a model in which exhausted viral-specific CD8 T cells are
kept in a quiescent state by Tregs, via B7 modulation on DC, signals from CD4
cells, and persistent antigen (Fig 9). There is an additional synergistic role of the
PD-1 pathway in mediating exhaustion, which seems independent from that of
Tregs. It is possible that there are mechanistic overlaps between T cell
exhaustion during chronic infections, and suppression of self-reactive responses
during immune homeostasis, in which self-antigen is also ubiquitously present. A
possibility that could explain the specificity of Treg suppression to self-antigens
or chronic pathogens may be that signal 1 (TCR recognition) without signal 2
(costimulation) results in potent antigen-specific suppression. This possibility is
consistent with data from other groups that show that steady-state DCs that
present antigen are tolerizing (56, 95, 110). Therefore, constant antigen-
presentation, together with Treg modulation of DC costimulatory potential, and
signals from CD4 T cells may determine whether suppression or activation of
CD8 T cell responses occurs. Understanding Treg mechanisms may be useful to

fine-tune immune responses during cancer, chronic infections such as HIV or
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HCV, and autoimmunity. Brief manipulation of Tregs or their pathways, may

provide clinical utility.
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Fig. 2. Rescue of exhausted viral-specific CD8 T cells after Treg depletion during chronic viral infection. A)
Experimental model for specific Treg ablation in LCMV chronically viremic Foxp3°™ knock-in mice by
intraperitoneal (i.p.) injection of Diphtheria toxin (DT). B) Increase in the percentages of Db GP276+ CDS8 T cells in
multiple tissues. C) Increase in the number of Db GP276+ CD8 T cells in blood (pre is 2 days before, and post is 11
days after treatment). D) Progressive expansion of Db GP276+ CDS8 T cells in spleen. E) Increase in the numbers of Db
GP276+ cells in multiple tissues after Treg depletion in chronically viremic mice. F) Phenotypic changes on LCMV
Db GP276-specific CD8 T cells in spleen. G) IFNy and TNFa cytokine expression of viral-specific CD8 T cells. H)
IFNy expression on a per cell basis. Plots B, F, and G are gated on live CD8+ lymphocytes. *, P=0.0357; **, P=0.0006;
*#% P<0.0001. Data is representative from 5 experiments, n=3-5 mice per group. In G and H, peptide stimulations
were performed for 5 hours with various LCMV peptides at 37 °C. Panel B, E, F, G, and H are at day 11 post-Treg

depletion.
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ablation. CD4 depletion was performed by i.p. injection with 500 ug of GK1.5, on days -2 and -1 of Treg ablation.
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and lymphoid DCs (CD8a) after Treg depletion during chronic viral infection. B) Increased percentages of IFNy and

TNFa co-expressing cells after Treg depletion followed by PD-1 blockade. C) Numbers of LCMV-specific CD8 T

cells (IFNy after peptide stimulation). D) Increased absolute numbers of IFNy and TNFa co-expressing cells by Treg

depletion and PD-L1 blockade. E) Enhanced viral control after Treg depletion and PD-L1 blockade (serum).

Representative of 2 experiments, with n=4-5 mice per group. All flow plots are from spleen. 200 ug PD-L1 blocking

antibody (10F.9G2) was administered i.p. on days 1, 4, and 7 after Treg ablation.
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Fig. 9. Proposed model of T cell responses during immune homeostasis or chronic infection. Tregs inhibit DC

activation (defined mainly by upregulation of B7 molecules). Under normal circumstances, DCs present ubiquitous self
or viral antigen to their cognate antigen-specific CD8 T cells, but in the context of low costimulation resulting in CD8
T cell tolerance (self-specific) or exhaustion (viral-specific). Nevertheless, after Treg ablation, DCs present these same
antigens in the context of high costimulation resulting in self-recognition or rescue of CD8 T cell responses. This
model is a modification of Peter Bretscher two-signal hypothesis(22, 23). Signal 1 (TCR recognition) without signal 2
(costimulation) results in anergy, whereas signal 1 with signal 2 results in T cell activation. A cryptic signal 3 (perhaps
provided by CD4 cells) acts concertedly with signals 1 and 2, resulting in activation of T cell responses. Therefore,
antigen abundance, B7 costimulation, and CD4 cells are universally involved in these regulatory circuits during

immune homeostasis or chronic infections.
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Chapter 6. Discussion

Until now, we have covered two main immune regulatory pathways that
appear to act in concert during chronic viral infection: the PD-1 pathway and Treg
suppression pathway. The PD-1 pathway is involved in downmodulation of CD8
T cell responses, especially during antigen persistence. We showed how we
could modulate immune responses during chronic infection, not only by blocking
PD-1, but also by triggering costimulatory receptors, such as 4-1BB and CD70.

We have learned that upon antigen challenge, naive T cells experience a
rapid phase of proliferation (135). If the antigen is cleared, those T cells become
memory cells that are able to respond quickly to a secondary challenge. If the
antigen persists, however, there is a hierarchical loss of T cell function, resulting
in T cell exhaustion (135, 143). This is the case with chronic infections such as
those with HIV, HBV, and HCV. The PD-1 pathway plays an important role in
directing T cell exhaustion caused by chronic viral infection(11, 39, 126, 129).

A question of interest is which other immune pathways could synergize
with PD-L1 blockade. It was shown by John Wherry’s group that dual blockade of
the inhibitory molecule LAG-3 and PD-L1 results in additive effects on viral-
specific T cell rescue during a chronic LCMV infection (16). Instead of blocking
additional inhibitory receptors, we wanted to determine if agonistic costimulatory
signals could synergize with PD-L1 blockade and result in an enhanced rescue of
exhausted virus-specific CD8 T cells. As mentioned earlier, CD137, a TNF

receptor family member(130), has been shown to be important for T cell



106

activation. Interaction with its ligand has been shown to be important for T cell
responses to bacterial and viral infections(85, 86, 119).

We have shown that induction of 4-1BB in combination with PD-1
blockade results in acceleration of CD8 T cell restoration and viral control. By day
7 post-treatment, there is a higher number of viral-specific CD8 T cells in the dual
treated group, compared to PD-1 blockade alone. However, by day 14 post-
treatment, the number of antigen-specific CD8 T cells “catch up” and viral titers
look similar to PD-1 blockade. We also showed that at a high dose (200 ug every
3 days, five times) of anti-4-1BB agonistic antibody, viral-specific CD8 T cells
increase by day 7, but crash down to the numbers seen in control mice.
However, with a small dose (50 ug on the first day of treatment), not only the
increase of antiviral response is higher by day 7 compared to PD-1 blockade
alone, but also these numbers are maintained. Viral control is also accelerated,
but by day 14, titers are identical to PD-1 blockade alone. These results
corroborate that there’s a fine line between T cell costimulation and T cell death.
Providing excessive activating signals may renders cells more prone to death.

Then, we covered the effect of blocking the CD70/CD27 costimulatory
pathway with blocking antibodies. Even though the results were modest
compared to those from our 4-1BB and PD-1 blockade experiments, the data
consistently showed that during acute infection, CD70 blockade results in
mitigation of immune responses compared to control (by day 7 and day 15 post-
treatment). Signaling through CD70/CD27 aids in CD127 conversion of antigen-

specific CD8 T cells. Conversely, during chronic infection, CD70 blockade
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promoted a slight increase in the absolute numbers of viral-specific CD8 T cells.
The data for this chapter was more modest compared to that from other
chapters, but provided a proof of principle about the duality of the CD70/CD27
costimulatory axis. The data in this part was consistent with that other groups
(e.g. Van Lier; Ochsenbein) in which it has been shown the role of CD70/CD27
signaling in enhancing memory responses during acute influenza challenge, but
inducing immune overativation reminiscent to AIDS during chronic triggering of
this receptor.

However, the most interesting data of this thesis is perhaps that regarding
Treg mediated suppression of antiviral CD8 T cell responses. We showed that
CD4+ cell depletion followed by PD-1 blockade results in improved viral-specific
CD8 T cell restoration compared to PD-1 blockade alone. This suggested that
CD4+ mediate inhibition of CD8 T cell responses during chronic infection. There
was a significant and consistent increase of viral-specific CD8 T cells on multiple
tissues.

This synergy was also evident, although more modestly, in the blood in
which there was an increase in the number of tetramer+ cells. Number of IFNg -
expressing cells was also increased after dual CD4 depletion and PD-1
blockade. At the thymic level, there were also differences, such as reduction in
the frequency of CD4+ CD8+ double positives after CD4 depletion followed by
PD-1 blockade. It could be that CD4+ Tregs and the PD-1 pathway control

maturation and exit of thymic precursors. Another possibility is that migration of
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peripheral T cells into the thymus is controlled by the CD4+ Tregs and the PD-1
pathway.

Mice that received CD4+ cell depletions followed by PD-1 blockade also
resulted in lower viral titers compared to PD-1 blockade alone. In addition, the
effect of PD-1 blockade on Treg reconstitution after whole CD4 depletion was
also intriguing. PD-1 blockade accelerated CD4+ FoxP3+ cell reconstitution after
CD4 depletion. Tregs in the CD4 depleted plus PD-1 blockade group looked
more activated as evidenced by increased PD-1 and CD44. There was an issue
with the GK1.5 (CD4 depleting antibody) that may be worth mentioning. When
these experiments were first performed, our GK1.5 batch resulted in long-lasting,
and almost 99% depletion. By day 14-16 post-depletion, only about < 1% of
lymphocytes were CD4+ cells.

In other words, the antibody batch seemed to have been working
optimally. In three different experiments, there was a greater whole CD4
reconstitution, although we never stained for Foxp3 during these initial
experiments. However, when we purchased a different batch, we started to
notice suboptimal depletions. Around 7-10% of lymphocytes were CD4+ cells at
day 14-16 post-depletion, and PD-1 blockade resulted in enhanced reconstitution
of only Foxp3+ CD4+ cells, but not total CD4+ cells, as mentioned earlier. Since
these last experiments are repeating with the two antibody batches that we have
purchased since the initial experiments, we have decided to focus on these

results more.
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After CD4 depletion and PD-1 blockade, the increase in antigen-specific

3™ mice

CD8 T cells was only 2-3 fold, and not a log or higher as in our Foxp
that are Treg depleted. A possibility for this reduced CD8 T cell restoration could
be that conventional CD4 cells are also needed. We know this is the case,
because whole CD4 depletion with GK1.5 results in virtually no changes on viral-
specific CD8 T cell responses.

An interesting observation is that even though transient, whole CD4
ablation followed by PD-1 blockade results in a more modest CD8 T cell rescue,
compared to specific Treg depletion, the mice did not experience lethal
autoimmflammatory disease. This is a trade-off from only performing temporary
depletion of all CD4 cells and not only the CD4+FoxP3+ population, which results
in a fulminant and lethal autoimmunity.

The Treg mediated suppression pathway, has been shown to be involved
in immune homeostasis, but recently is starting to be considered as a pathway
controlling also immune responses to chronic infection. As explained before,
earlier models with Leishmania major almost a decade ago heralded a new
avenue for this field. The work in our lab suggested not only a role for Tregs in
maintaining CD8 T cell exhaustion, but also sparked hints about the way that
Tregs suppress immune responses. The data suggest that antigen abundance is
required to mediate cognate suppression by Tregs, and modulation costimulatory
molecule expression on APCs may be what determines immune response versus
tolerance. It still remains unanswered what additional signals determine

suppression by Tregs. It seems that PD-1 blockade acts synergistic to Treg
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depletion (in the specific Treg depletion or whole CD4 depletion experiments).
This suggests independent pathways that are used to sustain CD8 T cell
exhaustion. The data also provides evidence for the PD-1 pathway controlling
Treg proliferation or survival during situations of Iymphopenia induced
proliferation. We showed that after whole CD4 depletion, PD-1 blockade
increases reconstitution of FoxP3+ CD4+ cells compared to CD4 depleted
without PD-1 blockade.

Why don’t Tregs suppress primary acute viral responses as much as they
suppress self-specific or severely exhausted T cell responses? This is a main
question that has enticed effervescent discussions in our lab. It may be that
naive T cells are less sensitive to Treg mediated suppression, or that Tregs
behave differently under different immune situations. Perhaps, they constantly
manipulate DC phenotype and activation depending on the context of immune
responses (normal uninfected environment, primary responses, or antigen
persistence). Location or activation status of Tregs may hold the answer to this
intriguing question. We are starting to look at the numbers and activation status
of Tregs at different times of the immune response, and at different sites. This
may hold the answer to this basic question that has perplexed immunologists for
decades.

Overall, we have analyzed the roles of immune regulatory pathways that
act in concert during viral infections. It is known that costimulation provides an
activating signal, that together with TCR triggering, induces robust T cell

responses instead of anergy{Bretscher, 1992 #260}. Several members of the
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TNFRS are involved in potentiating T cell responses, and they do so by providing
survival signals to T cells{Sharpe, 2002 #131}. Another important aspect of
immune regulation that has been extensively covered in this thesis is the role of
Tregs, as defined by CD4+ and Foxp3+ expression. Tregs could be either innate
(thymus derived) or adaptive (derived from conventional CD4+ cells that become
suppressive in the presence of TGF-f or IL-10). It is unclear from our
observations, what is the main origin of Tregs during chronic infection. It may as
well be a combination of natural and adaptive Tregs that make up the pool of
suppressive cells during a chronic infection. There are distinct phenotypic
differences between Tregs from uninfected or chronically infected mice.
Understanding these differences may elucidate the role of Tregs during
the onset and maintenance of a chronic infection, and may provide therapeutic
opportunities to modulate immune function. We noticed increased expression of
CTLA-4, CD103, GITR, CD39, granzyme B, ICOS, PD-1, and PD-L1, CD44,
CD69, KLRG-1, and a modest increase in CD127. Conversely, CD62L was
downregulated on Tregs of chronically infected mice. These phenotypic patterns
first suggested to us that there were functional differences between Tregs of
normal and chronically infected mice. Some differences such as increased
CTLA-4, CD103, GITR, CD39, granzyme B, ICOS, PD-1, and PD-L1 may mean
that Tregs from chronically infected animals are more suppressive. Other
differences, such as increased CD44 and CD69 may be because Tregs of
chronically infected mice may be more activated. The significance of the

observed upregulation of KLRG-1 remains a question of interest. It may be that
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the more suppressive Tregs are, the more effector-like they become. My thesis
project rendered me with more questions than answers. It would be important to
continue these Treg experiments, in order to answer additional questions, such
as what is the role of each of these aforementioned receptors in mediating viral
specific CD8 T cell suppression by Tregs during chronic infection.

A question that remains from these studies is why Tregs suppress self-
reactive T cell responses during immune homeostasis and antiviral responses
during an established infection, but not the onset of a primary T cell response.
Preliminary data from my studies have shown that at the peak of the T cell
response (day 8), there is a systemic collapse of Foxp3+ CD4+ cells. The
percentages and absolute numbers are reduced 5-fold compared to naive hosts
(data not shown), and perhaps this Treg reduction is necessary for early antiviral
control. Similar findings have been reported during a parasite infection(92),
suggesting that downregulation of Treg function during the initiation of an acute
response may be necessary for pathogen control at the early phase of the
response. It is also of interest what factors control Treg homeostasis, as a way
to understand what regulates the regulators of the immune response. This will be

a focus of immunology in the next decade.
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