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Abstract

Costimulatory and inhibitory receptors play a key role in regulating immune responses to
infections. Recent translation of knowledge about inhibitory receptors such as CTLA-4 and PD-1
into the cancer clinic highlights the opportunities to manipulate these pathways to treat human
disease. Studies in infectious disease have provided key insights into the specific roles of these
pathways and the effects of their manipulation. Here, recent studies are discussed that have
addressed how major inhibitory and costimulatory pathways play a role in regulating immune
responses during acute and chronic infections. Mechanistic insights from studies of infectious
disease provide opportunities to further expand our toolkit to treat cancer and chronic infections in
the clinic.

Introduction

The original two signal model for lymphocyte activation (Bretscher and Cohn, 1970;
Cunningham and Lafferty, 1977; Lafferty and Cunningham, 1975) posited that lymphocytes
required not only antigen receptor signaling, but also a second or costimulatory signal to
provide contextual information. This second signal ensures that lymphocytes receive proper
activation only in the setting of antigen presentation by activated, “professional” antigen
presenting cells (APCs). Since this original hypothesis and the early experimental data
supporting this concept were published (Greenwald et al., 2005; Lenschow et al., 1996;
Linsey and Ledbetter, 1993), several decades of work have revealed a tremendous diversity
in not only positive costimulatory pathways that can augment lymphocyte activation, but
also negative costimulatory, or inhibitory receptors that counterbalance these activation
signals (Odorizzi and Wherry, 2012). Among the most important families of molecules
involved in costimulation and co-inhibition of lymphocytes are those in the immunoglobulin
(1g)-superfamily, including molecules structurally related to CD28 and receptors and ligands
in the tumor necrosis factor (TNF) receptor superfamily (Greenwald et al., 2005; Watts,
2005) (see reviews in this issue by Bluestone, Sharpe and Ware). Much of the current
excitement about co-inhibitory molecules stems from the clinical success of blocking
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antibodies targeting CTLA-4 and PD-1, two inhibitory receptors expressed by lymphocytes.
These blocking antibodies, including Ipilimumab, Pembrolizumab and Nivolumab, disrupt
the negative regulatory signals mediated by these two receptors and have led to remarkable
clinical regression of melanoma and other cancers (see Wolchok et al., 2016, this issue). In
addition to regulating immune responses to tumors, co-inhibitory receptors have a central
role in immune responses to infections, especially for pathogens that persist and continue to
actively replicate. Indeed, considerable insights have been gained from interrogating
costimulatory and inhibitory receptor pathways during infections. This review will focus on
these pathways in acute and chronic infection.

Exhaustion and inhibitory receptor expression

A prominent role for inhibitory receptors during infections has emerged largely from the
study of persisting infections where immune function becomes suppressed, facilitating
pathogen persistence. Exhaustion of T cells was first described in chronic LCMV infection
where T cells are persistently stimulated and develop a series of defects, particularly in the
ability to mediate effector functions, proliferate and acquire memory T cell properties
(Fuller and Zajac, 2003; Moskophidis et al., 1993; Wherry et al., 2003; Zajac et al., 1998).
Transcriptional profiling of exhausted (Tex) versus effector (Teff) or memory T (Tmem)
cells revealed upregulation of a large number of cell surface inhibitory receptors (Wherry et
al., 2007). Some of these inhibitory receptors expressed by Tex cells had been previously
defined to negatively regulate lymphocyte function and/or contained inhibitory signaling
motifs such as immunotyrosine inhibitory or switch motifs (ITIMs or ITSMs). These
receptors included PD-1, CTLA4, LAG-3, 2B4, GP49B and others. While many inhibitory
receptors are upregulated transiently during activation, high and sustained expression of
multiple inhibitory receptors is now a canonical feature of Tex cells (Figure 1). These
observations suggested a connection between inhibitory receptor expression and T cell
exhaustion-- a connection confirmed initially by blocking these pathways /n vivo (see below
and (Barber et al., 2006)).

Several families of inhibitory receptors have been found to be important in negatively
regulating responses of T cells and other leukocytes during persisting infection. These
include the Ig superfamily with molecules often related to CD28 (Greenwald et al., 2005)
and the C-Type lectin receptor family that includes molecules such as NKG2D and KLRG1
(Lanier, 1998). Molecules that do not fit neatly into either category exist, including TIM-3,
which contains both an Ig domain and a mucin domain. Many of these receptors contain
intracellular signaling domains capable of transmitting a negative signal, often through
phosphatase activity or other adaptor molecules. ITIMs and ITSMs are common, but not
essential for inhibition. Indeed, some inhibitory receptors have been suggested to operate by
competition for ligand binding (Krummel and Allison, 1995; Yokosuka et al., 2010) or
potentially mediate inhibitory function without a cytoplasmic tail (e.g. CD160; (Cai et al.,
2008)). One of the first ITIM containing receptors studied was the FcyRIIb (Ravetch and
Lanier, 2000), an inhibitory Fc receptor that may limit IFN production during viral
infections (Flores et al., 2015) and have other negative regulatory roles. Since the role of
ITIMs in this receptor were first studied, a large number of other ITIM containing and ITIM
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independent inhibitor receptors have been discovered (Odorizzi and Wherry, 2012). Some
with prominent roles in chronic infection are discussed here.

PD-1, a member of the CD28 subfamily of Ig receptors, is perhaps the most well studied of
these inhibitory receptors in infections due to its role in T cell exhaustion (see review by
Sharpe and colleagues, this issue). PD-1 binds two ligands. PD-L1 is expressed by many
hematopoietic cells including most APC as well as non-hematapoietic cells such as stromal
cells, epithelial cells and many tumor cells (Keir et al., 2008; Liang et al., 2003). PD-L1
expression is regulated by IFN-I and IFN-y (Keir et al., 2008; Liang et al., 2003). PD-L2
expression is more restricted to dendritic cells (DCs) and germinal center B cells (Keir et al.,
2008; Liang et al., 2003). Expression of PD-1 is upregulated on CD4* and CD8* T cells, as
well as B cells and perhaps other leukocytes following acute and chronic infection (See
Table 1) and PD-1 may also be expressed by a variety of hematopoietic and possibly non-
hematopoietic cells in other settings (Keir et al., 2008; Liang et al., 2003). During acutely
resolved infections, PD-1 expression is transient, returning in most cases to low levels after
resolution of infection (Barber et al., 2006). In mice, PD-1 expression on memory CD8* T
cells is low, while memory CD4* T cells and T follicular helper (Tfh) cells may retain
higher expression. In humans, higher PD-1 expression may be maintained in memory CD8"*
T cells (Duraiswamy et al., 2011). Whether this observation represents technical differences
in detection, distinct antigenic history or true species differences in regulation is unclear.

During chronic infections, in contrast, expression of PD-1 by antigen-specific T cells is
sustained and, indeed, the amount of PD-1 expressed in these settings often exceeds what is
expressed during acute activation, a distinction that likely has important functional
implications (Blackburn et al., 2008; Paley et al., 2012; Wei et al., 2013). Initial studies in
chronic LCMV infection demonstrated high and sustained expression of PD-1 on exhausted
CD8* T cells in viremic mice (Barber et al., 2006). /n vivo blockade of PD-1:PD-L1
interactions during chronic infection re-invigorated these exhausted CD8* T cells and
improved viral control (Barber et al., 2006). This work was rapidly extended to humans
where a role for the PD-1 pathway was also found in chronic HIV (Day et al., 2006;
Petrovas et al., 2006; Trautmann et al., 2006). Considerable work by many groups has now
confirmed the importance of PD-1 in settings of persisting viral, bacterial and parasitic
infections including prominent roles in HCV, HBV, mycobacterium tuberculosis, malaria
and many others (see Table 1).

Early studies demonstrated an important role for CTLA-4 as a checkpoint in T cell
activation (Krummel and Allison, 1995; Walunas et al., 1994). CTLA-4 is a CD28
homologue that binds CD80 and CD86 with a higher affinity than CD28 (see review by
Sharpe and colleagues, this issue). CTLA-4 may inhibit T cell functions by directly
competing for positive signals via CD28 by sequestering CD80 and/or CD86, but CTLA-4
has also been shown to transmit signals that disrupt proper AKT function (Parry et al.,
2005). While some studies found relatively little impact of CTLA-4 deficiency on T cell
responses to persisting infections in different chimera settings (Bachmann et al., 1998;

Immunity. Author manuscript; available in PMC 2017 May 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Attanasio and Wherry

LAG-3

TIGIT

Page 4

Homann et al., 2006) or using CTLA-4 blockade (Barber et al., 2006), in other experimental
models infections, such as murine retroviral infections, a role for CTLA-4 was observed
(Iwashiro et al., 2001). In humans, a clear role for CTLA-4 during chronic infections has
been found in HBV, HCV, HIV and other infections (Kaufmann et al., 2007; Nakamoto et
al., 2009; Schurich et al., 2011). Blockade of CTLA-4 /n vitro can often augment the
function of pathogen-specific T cells from humans (Kaufmann et al., 2007; Nakamoto et al.,
2009) and this role for CTLA-4 may involve functions on both Foxp3* CD4* regulatory T
(Treg) cells and conventional T cells.

LAG-3 is a homologue of CD4 likely arising from a gene duplication and the two molecules
share considerable structural similarity (Triebel, 2003). Like CD4, LAG-3 is capable of
binding to MHC class Il (Huard et al., 1997; Triebel et al., 1990). An inhibitory role for
LAG-3 was originally suggested based on in vitro blockade studies using T cell clones
(Huard et al., 1994). The role of LAG-3 as an immune negative regulator /in vivowas
evaluated by Workman, et. al. using a variety of /n vivo approaches including acute Sendai
virus infection and chronic infection with murine gammaherpesvirus where Lag3’~ T cells
had greater expansion and/or IFN-y production during acute (Sendai) or chronic
(gammaherpesvirus) infection respectively, supporting an inhibitory role for this receptor
(Workman et al., 2004). LAG-3 expression is also elevated and sustained on Tex cells in
chronic LCMV infection (Blackburn et al., 2009; Wherry et al., 2007). While some studies
suggest that manipulating LAG-3 alone in chronic LCMV has little impact on Tex cells
(Richter et al., 2010), co-blockade of LAG-3 together with PD-1 led to remarkable synergy
((Blackburn et al., 2009) and see below) suggesting perhaps a subordinate role of LAG-3
when other strong inhibitory receptors are present. Based, in part, on these latter results, and
other data on the role of LAG-3 in cancer (Grosso et al., 2007) and on Tregs (Huang et al.,
2004), clinical trials targeting LAG-3 in cancer are underway (clinicaltrials.gov). Additional
studies (see Table 1) have been extended to HBV, HCV, and HIV where LAG-3 expression
often is found on Tgy, though detection of LAG-3 in peripheral blood, compared to the site
of infection, in humans is challenging in some settings (Kennedy et al., 2012; Kroy et al.,
2014)

TIGIT is an immunomodulatory receptor expressed on T and NK cells that contains an
immunoglobulin variable domain, a transmembrane domain, and an ITIM (Yu et al., 2009)
(see review by Kuchroo and colleagues, this issue). TIGIT can bind CD155 or CD112 as
ligands and deliver a negative signal (Joller et al., 2011), but competes with CD226, a
positive costimulator, for these interactions. CD226-CD155 interactions promoted T cell
activation, whereas binding of CD155 by TIGIT can negatively regulate T cell responses
during chronic LCMV infection (Johnston et al., 2014). In addition, TIGIT-CD155
interactions induce production of IL-10 and decrease production of IL-12 by mature
dendritic cells (Yu et al., 2009). TIGIT also has a role in viral hepatitis via inhibition of NK
cells where TIGIT limits NK cell function through the ITIM domain (Stanietsky et al.,
2009). In humans, cure of chronic HCV infection results in downregulation of TIGIT
expression, suggesting a role for this molecule in T cell dysfunction during untreated
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chronic infection (Burchill et al., 2015). In HIV and SIV infection, TIGIT is coexpressed
with PD-1 on Tex cells and may serve as a marker of the severity of infection (Chew et al.,
2016). In this setting, blockade of TIGIT /n vitrorestored CD8 T cell function (Chew et al.,
2016). Thus, TIGIT is an attractive inhibitory receptor to potentially consider targeting /in
vivo during chronic infections.

TIM-3 is a large transmembrane inhibitory receptor that contains an N-terminal g domain
as well as a mucin domain that is highly glycosylated (Kuchroo et al., 2008) (see review by
Kuchroo and colleagues, this issue). TIM-3 has been reported to bind to Galectin 9, likely
through the TIM-3 mucin domain (Cao et al., 2007). TIM-3 also binds in ¢/sto
carcinoembryonic antigen cell adhesion molecule 1 (CEACAML1) and this molecule
facilitates the suppressive function of TIM-3 (Huang et al., 2015). The TIM-3 intracellular
tail has several tyrosine motifs. BAT3 is a signaling adaptor molecule that inhibits signals
from TIM-3 and may impair TIM-3 mediated T cell exhaustion (Rangachari et al., 2012).
TIM-3 was described as a Th1 specific negative checkpoint regulator found on terminally
differentiated cells (Hafler and Kuchroo, 2008). A broader role for TIM-3 in infection,
originally described for HIV (Jones et al., 2008), is now appreciated on Tex cells from a
variety of chronic infections including chronic LCMV and other infections in mice and
HCV, HBV and HIV in humans (see Table 1). /n vitro blocking experiments targeting TIM-3
often rescue cytokine production for human T cells and /7 vivo blockade augments
responses in mouse models of chronic infection (Jin et al., 2010). Indeed, TIM-3 has
emerged as an attractive target for immunotherapy due to the potency of re-invigoration of
function in these settings.

2B4 (CD244) is a member of the signaling lymphocyte activated molecule (SLAM)
subfamily of Ig superfamily (IgSF) receptors and contains 4 cytoplasmic ITSM motifs. 2B4
is expressed by NK cells and activated CD8 T cells, and binds to CD48 on the surface of
hematopoietic cells (McNerney et al., 2005). CD48 also interacts with CD2, an interaction
that may have a role in lipid raft formation and costimulation (Muhammad et al., 2009).
Thus, 2B4-CDA48 interactions may deliver negative signals via 2B4 directly, but also by
disrupting CD48-CD2 complexes. However, direct signaling by 2B4 can be either
costimulatory or inhibitory depending on which ITSM is phosphorylated (Eissmann et al.,
2005), as well as the expression level of the receptor itself and the downstream signaling
adaptors SAP and EAT-2 (Chlewicki et al., 2008). Indeed, 2B4 expression has been strongly
linked to positive regulation of cytotoxic activity of NK and CD8 T cells (Bloch-Queyrat et
al., 2005). 2B4 expression is also upregulated on antigen specific CD8 T cells in chronic
HBYV, EBV, and HIV (Raziorrouh et al., 2010), as well as in mouse models of chronic
infection (Lee et al., 2004; Mooney et al., 2004). Interestingly, the adaptor molecule, SAP, is
a key adaptor involved in positive signaling by 2B4. SAP is more highly expressed in
functional Teff cells compared to Tex cells during chronic LCMV infection, whereas the
latter have much higher expression of 2B4 (Wherry et al., 2007). In such a setting, the ratio
of the positive adaptor, SAP, to receptor is predicted to decrease leading to inhibitory 2B4
signaling, consistent with in vivo data in the LCMV system (West et al., 2011).
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In addition to the receptors discussed above, a large number of other known or potentially
inhibitory cell surface receptors can be expressed by lymphocytes and other hematopoietic
cells during chronic infections. These other molecules include many other members of the
IgSF, and C-type lectin families and are often expressed by T cell, B cells and NK cells. In
fact, much of our conceptual understanding of inhibitory receptors on lymphocytes arose
from the study of NK inhibitory receptor pathways such as the Ly49, KLR and KIR families
(Carrington and Alter, 2012; Orr and Lanier, 2011) where concepts emerged, including the
balance of positive and negative receptor signaling and recognition of cellular changes, such
as stress or loss of MHC expression, which results in activation.

Co-expression of Inhibitory Receptors

Although lymphocytes are clearly impacted by expression of individual inhibitory receptors,
it was rapidly appreciated that exhausted CD8 and CD4 T cells during chronic infections co-
expressed multiple inhibitory receptors simultaneously and that the overall number and
pattern of receptors co-expressed had important functional implications (Crawford and
Wherry, 2009). The concept of inhibitory receptor co-expression has been extended to
numerous mouse models of chronic infection and also to humans (Zehn and Wherry, 2015).
It is possible that specific combinations of inhibitory receptor co-expression may impart
specificity or unique negative regulatory circuits in some settings. Overall, however, the
patterns of inhibitory receptor co-expression in different settings remains incompletely
defined and how these distinct patterns may reflect the underlying biology are only just
beginning to be understood.

The level of expression of individual receptors, and often the number of receptors co-
expressed can reflect the severity of chronic infection (Figure 1; (Blackburn et al., 2009)). In
many cases this expression pattern likely reflects the strength of antigenic stimulation
(Blackburn et al., 2009), although there are examples of inflammatory signals (Gerner et al.,
2013; Kinter et al., 2008; Zhu et al., 2015) or epigenetic changes (Youngblood et al., 2011)
also playing a role. In the latter case, methylation patterns established at the PdcdZ locus
(encoding PD-1) during chronic infections can persist long-term even after resolution or
control of infection and may influence persistence or re-expression of PD-1 (Youngblood et
al., 2013; Youngblood et al., 2011). However, in most cases, the precise regulation of
inhibitory receptor expression by TCR versus inflammatory signals remains incompletely
defined.

Inhibitory Receptor Blockade Synergy in Chronic Viral Infection

A major breakthrough in our understanding of inhibitory receptor function during infections
came from initial studies blocking the PD-1 pathway in chronic LCMV infection (Barber et
al., 2006). In these studies, treating mice with blocking antibodies against PD-1 or PD-L1
reversed T cell exhaustion and improved viral control, demonstrating a central role for
signals from the PD-1 pathway in restraining ongoing responses to chronic infections.
These, and other early studies using inhibitory receptor blockade demonstrated several
important concepts. First, they demonstrated that Tgy, at least as a population, could be
rejuvenated by simply blocking signals from a single receptor. Second, they highlighted the
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potential of therapeutically targeting inhibitory receptor pathways in chronic infections, a
concept that was also emerging for cancer. What has become clear is that in settings of
chronic infection, co-expression of multiple inhibitory receptors is common and, in addition
to potentially reflecting information about the severity and possibly inflammatory milieu of
chronic infections, co-expression of multiple inhibitory receptors also (Figure 1) has
therapeutic implications. For example, in initial studies, the PD-1 pathway was blocked
while simultaneously blocking LAG-3 (Blackburn et al., 2009). Combined blockade of PD-
L1 and LAG-3 led to synergy and substantially more robust reversal of T cell exhaustion and
control of viral load than blockade of either pathway alone (Blackburn et al., 2009). These
findings have been confirmed and extended for other infectious and cancer models using co-
targeting of PD-1 and LAG-3 (Butler et al., 2012; Okazaki et al., 2011; Woo et al., 2012). In
addition, this concept has been extended to other combinations of inhibitory receptor
cotargeting, including PD-1 and Tim-3, PD-1 and TIGIT, PD-1 and CTLA4 + others (see
Table 2), demonstrating a broad application of the potential to quantitatively, but also
possibly qualitatively tune the efficacy of checkpoint blockade. Recent work on exhausted B
cells in HIV and malaria where expression of other inhibitory receptor is prominent (Moir et
al., 2008; Weiss et al., 2009) suggests possible opportunities with inhibitory receptor
targeting to improve humoral immunity. Moreover, it has been possible to extend this
concept to the clinic where combined targeting of PD-1 and CTLA-4 has substantial clinical
benefit in advanced melanoma and is now an approved therapeutic approach ((Wolchok et
al., 2013) and see (see review by Wolchok and colleagues, this issue)). Numerous trials co-
targeting multiple inhibitory receptor pathways or inhibitory receptor and costimulatory
pathways are now in progress in cancer (clinicaltrials.gov).

While the precise molecular mechanisms of inhibitory receptor co-blockade remain to be
defined, these observations point to an important set of concepts. First, Tex cells are under
multiple layers of negative regulation and (at least some) inhibitory receptors are non-
redundant in their mechanism of action. Second, differences in cellular expression pattern,
distinct structures of inhibitory receptors suggest both non-overlapping intracellular
signaling pathways and extracellular ligand interactions that may impart specificity and/or
tissue or cell type specific regulatory activity. Third, synergy upon co-blockade of inhibitory
receptors also suggests that it may be possible to tailor the type of re-invigorated response
desired. For example, reinvigoration of cytokine production versus cytotoxicity versus
proliferation or even B cell help may be possible with a more complete understanding of
how these pathways and their therapeutic targeting operates. Some evidence exists for
selective re-invigoration of different effector functions of Tex cells /n vitro (Blackburn et al.,
2009), though considerably more work is required to fully interrogate this issue.
Nevertheless, the potential to tune re-invigoration of responses during chronic infections by
co-targeting multiple negative regulatory pathways has considerable appeal if appropriate
targets can be defined.

Costimulatory pathways and combined blockades with inhibitory receptors

In addition to inhibitory receptors, activated T cells and Tex cells also upregulate numerous
costimulatory molecules (Crawford et al., 2014). The upregulation of costimulatory
molecules by Tex cells is somewhat counterintuitive since these cells are often poorly
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functional. However, costimulatory molecule expression on Tex cells may reflect an elevated
activation state and/or recent TCR signaling. Many costimulatory pathways are important for
regulating responses to persisting infections and genetic loss of CD28:B7, ICOS:1COS-L,
CD40:CD40L, OX40:040L, 4-1BB:4-1BBL, and others result in impaired immune
responses and failure to control persisting pathogen replication (Andreasen et al., 2000;
Bertram et al., 2002b; Kopf et al., 2000; Kopf et al., 1999; Suresh et al., 2001; Tan et al.,
1999; Whitmire et al., 1999). Whether these defects in pathogen control using germline
knockout mice reflect defects in initial T cell priming or a role for these pathways in
ongoing responses during chronic infection is not always clear. Counterintuitive results,
however, have been obtained with CD27 blockade in chronic viral infection where loss of
signaling in this pathway augments, rather than inhibits immunity due to decreased IFN-y
production and preservation of germinal centers (Matter et al., 2006). In general, however,
costimulatory signals play positive roles in the response to infections. In addition to the
synergy achieved by blocking multiple negative regulatory pathways, blocking a cell surface
inhibitory receptor while simultaneously agonizing a costimulatory pathway has proven an
effective strategy to re-invigorate T cell responses during chronic infections. For example,
agonizing several costimulatory pathways including 4-1BB, OX40, and GITR has been
demonstrated to synergize with PD-1 pathway blockade (See Table 2). Selected examples
are discussed here.

The first studies targeting both costimulatory and inhibitory receptors simultaneously /in vivo
during chronic infection involved the costimulatory receptor 4-1BB (Vezys et al., 2011).
4-1BB is a TNFR superfamily member expressed by activated T cells including subsets of
conventional CD4 T cells, Treg and Tex cells (see review by Ware and colleagues, this
issue). The ligand, 4-1BBL is expressed mainly by activated APC (Watts, 2005). CD8 T
cells are especially responsive to costimulation via 4-1BB during activation (Shuford et al.,
1997) and, indeed, 4-1BB signaling domains have become an integral feature of engineered
chimeric antigen receptors used in cellular therapy for cancer (Barrett et al., 2014).
Expression of TRAF1, a key signaling adaptor downstream of 4-1BB is downregulated in T
cells during chronic infection with LCMV or HIV (Wang et al., 2012) suggesting that high
4-1BB levels on T cells in these settings may be compensating for poor signaling. While
mice that received treatment with a 4-1BB agonist antibody during the acute phase of
LCMV had little change in the response to virus, combining 4-1BB agonist treatments with
PD-1:PD-L1 pathway blockade increased the number, cytolytic activity, and cytokine
production of virus specific CD8* T cells-- changes that were substantially better than
blockade of PD-1:PD-L1 alone (Vezys et al., 2011). Co-treatment resulted in a substantial
reduction in viral replication (Mezys et al., 2011). Interestingly, during chronic HIV
infection, 4-1BB is down-regulated on antigen specific CD4 T cells and reduced expression
of 4-1BB correlates with a loss of IL-2 production (Kassu et al., 2009). CD4 T cells
upregulate 4-1BB and IL-2 production after anti-retroviral therapy and control of HIV
replication. Interestingly, treating chronic LCMV infected mice with an agonist 4-1BB
antibody in combination with IL-7, a key cytokine involved in T cell survival and memory,
showed beneficial effects on reversing exhaustion (Wang et al., 2012). Thus, 4-1BB:4-1BBL
appears to be a critical costimulatory pathway for T cells during chronic viral infections,
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providing a rationale for targeting this pathway in combination with inhibitory receptor
blockade or other signals such as cytokines.

0X40, another TNFR superfamily member expressed on Thl, Th2, Tfh, Treg and CD8 T
cells has also been explored in co-targeting approaches during chronic infections. The
0OX40:0X40L axis is responsible for regulating several anti-apoptotic pathways, including
BCL-2/BCL-xL through NF-kB and AKT signaling (Song et al., 2005; Song et al., 2008).
OX40 signals also play a key role in T cell differentiation (Walker et al., 1999). Interestingly,
0OX40 expression strongly correlates with PD-1 expression in both acute and chronic LCMV
infection, where the kinetics of surface expression suggest regulation driven by the presence
of antigen (Boettler et al., 2012b). During chronic LCMYV, mice lacking OX40 experience
severe immunopathology, significantly lower numbers of anti-viral CD8 T cells, and a
higher viral burden (Boettler et al., 2012b; Kopf et al., 1999). This outcome suggests a
partially impaired T cell response that is unable to contain virus, yet still able to cause tissue
damage due to greater viral dissemination and immunopathology. Further, these mice are
unable to form germinal centers and thus have lower plasma cell numbers likely contributing
to higher viral load (Boettler et al., 2012b; Kopf et al., 1999). The fact that OX40 influences
multiple arms of adaptive immunity makes it an attractive immunotherapeutic target.
0OX40:0X40L interactions /n vivo impact different populations of CD4 T cells. Treatment of
mice with an agonistic OX40 antibody in the chronic stage of malaria infection results in
expansion of Thl, Th2, and Treg populations. Further, this treatment augments germinal
center formation, and subsequently the number of IgM+ plasmablasts (Zander et al., 2015).
In experimental malaria infection, dual treatment with PD-1 pathway blockade and an OX40
agonist reverses the benefits of OX40 treatment alone (Zander et al., 2015). This effect was
due to increased IFNvy production from CD8 T cells following PD-1 blockade that inhibited
Tth differentiation and germinal center formation (Zander et al., 2015). In contrast, in the
setting of HIV infection, OX40 ligation on CD4 T cells enhances “help” to antigen specific
CD8 T cells resulting in better proliferation and cytolytic activity (Yu et al., 2006). Together,
these data suggest a role for OX40 during chronic infections, however the precise
consequences of targeting and co-targeting this pathway with PD-1 therapeutically, may be
context dependent. Nevertheless, promising results in these preclinical models suggest a
deeper understanding of the OX40 pathway during chronic infections could lead to clinical
therapeutic opportunities.

The TNFR family member GITR, has a similar transient expression pattern to OX40. GITR
interacts with GITRL on APC. During chronic LCMV infection, mice genetically deficient
in GITR experience more severe T cell exhaustion, fewer antigen specific CD8 T cells and
higher viral loads (Clouthier et al., 2015). During chronic LCMV infection, the ligand for
GITR is highly upregulated early in infection, but expression rapidly returns to low levels
within a week, suggesting a potential role for this pathway normally early in infection rather
than during the chronic phase (Clouthier et al., 2014). Mice constitutively expressing the
ligand for GITR on APCs have significantly higher numbers of antigen specific CD8 T cells
with better cytokine production by CD4 and CD8 T cells and lower viral load (Clouthier et
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al., 2014; Pascultti et al., 2015). Treatment with a single dose of a GITR agonist antibody
during chronic infection produced a similar virological outcome without increased
immunopathology (Clouthier et al., 2014). Relatively little information exists on the
potential synergy between GITR and inhibitory receptor pathways in infectious settings.
Given the high expression of GITR on Treg, it will be interesting to further interrogate the
importance of GITR costimulatory signals on conventional T cells versus Treg in chronic
infections.

It is interesting and potentially therapeutically important that co-stimulatory and inhibitory
molecules can often compete for binding to the same ligands. CTLA4 and CD28
competition for CD80/CD86 binding is one example, already being targeted clinically. In an
interesting example of cross-family interactions, the TNFR family ligand HVEM interacts
not only with the TNFR family receptor LIGHT, but also with the IgSF members BTLA and
CD160 (Cai et al., 2008). LIGHT, BTLA and CD160 can all be expressed by activated
lymphocytes, but while LIGHT provides costimulatory signals, ligation of HVEM with
either BTLA or CD160 inhibits cellular function (Cai et al., 2008). The herpesvirus
glycoprotein gD, can bind to the BTLA/CD160 binding sight on HVEM blocking
interactions of these inhibitory receptors, but not interactions with the costimulatory
molecule LIGHT (Stiles et al., 2010). Lasaro et al were able exploit this property of gD to
block the inhibitory effects of BTLA and/or CD160 interaction with HVEM and provide
better antigen-specific anti-viral responses (Lasaro et al., 2008). It remains unclear whether
gD binding to HVEM simply blocks negative BTLA or CD160 interactions or enhances
LIGHT/HVEM signaling, however these results point to a potential therapeutic opportunity
with this multi-interaction pathway. While this example provides proof of principle for
therapeutic effects of interfering with these complex interactions, manipulating such
pathways may be complex and dependent on the expression patterns of multiple ligands and
receptors in addition to the specific molecule targeted. Indeed, such complexity might
explain the different outcomes observed for targeting the same molecule in different
infections. Such complexity may exist in multiple inhibitory receptor pathways. For example
PD-L1 interacts with B7-1 and PD-L2 with RMGb, adding other receptors besides PD-1 to
this pathway and interactions between CD2-CD48-2B4 discussed above can influence the
functional consequences in interactions in that pathway.

It may also be important to note that while pathway complexity is one potential reason for
distinct results of blockade in different settings, the antibodies used in these studies could
also influence outcomes. Affinity/avidity of antibodies used may differ in different studies
and the actual sites targeted on the costimulatory or inhibitory molecules may have different
effects. One must also consider the other side of the antibody molecule and recent data has
demonstrated important differences in targeting PD-1 versus PD-L1 /n vivo that depend on
Fc receptor binding of the latter antibody in a tumor model (Dahan et al., 2015). Moreover,
Fc receptor mediated myeloid cell function can change dramatically during chronic
infections, substantially affecting antibody-mediated depletion (Wieland et al., 2015;
Yamada et al., 2015). Whether this latter effect influences the response to blocking or
agonizing antibodies during chronic infections remains unclear.
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Thus, existing data support an important role targeting costimulatory pathways in chronic
infections. During established chronic infection when CD4 and CD8 T cells are exhausted,
providing additional stimulation through these receptors appears to provide substantial
benefit. The initial studies mentioned above that combined co-stimulatory agonists with
checkpoint blockade suggest potentially attractive approaches that should be further
explored experimentally and potentially clinically in infectious disease.

Extrinsic pathways and combined inhibitory receptor blockade

Blockade of inhibitory receptors during chronic infections can also complement other
therapeutic approaches including targeting cytokines, Treg and use of vaccines. For example,
reinvigoration of Tex cells during chronic viral infection is enhanced by co-blocking the
IL-10 pathway (Brooks et al., 2008; Porichis et al., 2014), providing exogenous IL-2 (West
et al., 2013), augmenting CD4 T cell help (Aubert et al., 2011), depletion of Tregs
(Penaloza-MacMaster et al., 2014) or therapeutic vaccination (Ha et al., 2008). Each
approach has attractive aspects that may be of interest in different contexts of infection. This
latter effect of therapeutic vaccination is somewhat surprising given the notion that chronic
antigen stimulation is thought to be a factor driving T cell exhaustion. Typically, therapeutic
vaccines have been poorly effective (Autran et al., 2004), an outcome thought to be at least
partially connected to the problem of simply providing more antigen to T cells that are
overstimulated, though there is some reason for optimism at least in HCV (Barnes et al.,
2012). However, the addition PD-1 pathway blockade appears to be able to recalibrate this
antigen stimulation threshold allowing robust expansion and re-invigoration of exhausted T
cells (Ha et al., 2008). Several other T cell extrinsic pathways may synergize with inhibitory
receptor blockades such IL-27 (Hirahara et al., 2012), IL-35 (Collison et al., 2007), IFN-I
(Teijaro et al., 2013; Wilson et al., 2013), Tgf-p (Garba et al., 2002; Tinoco et al., 2009) and
others, though the role of this latter pathway in chronic viral infection remains controversial
(Boettler et al., 2012a; Garidou et al., 2012), .

Transcriptional regulation of inhibitory receptor pathways during chronic

infection

A recent area of investigation has been the transcriptional control of inhibitory receptor
expression during chronic infections. While there has been in depth analysis of only a
handful of inhibitory receptor genes, these data have been informative. For example, NFAT
has been directly implicated in transcriptional regulation of Pdcdl and PD-1. NFATc1
(NFAT2) binds to two sites within ~1500bp of the transcriptional start site and induces
transcriptional expression of Pdcdl (Oestreich et al., 2008). These observations are
interesting in light of studies that demonstrate that NFAT acts together with AP-1 family
transcription factors to promote development of a functional Teff cell effector gene
expression program whereas, NFAT binding without canonical AP-1 promotes expression of
a gene expression program of exhaustion including PD-1 (Martinez et al., 2015). Not only
do these studies highlight a key role of NFAT activity in PD-1 expression tying PD-1to TCR
and Ca** signaling, but they also point to the importance of context specific transcription
factor activity in T cells undergoing different programs of differentiation.
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The NFAT connection may have additional relevance since PD-1 signaling can promote
expression of BATF (Quigley et al., 2010), an AP-1 family transcription factor that
positively regulates Th17 differentiation (Murphy et al., 2013) and early CD8 T cell
activation (Kurachi et al., 2014). BATF is capable of binding Fos and displacing Jun from
canonical AP-1 dimers. BATF lacks the transactivation domain found in Jun proteins and
can act as a transcriptional repressor. BATF expression can repress effector genes such as
Ifng and //2and knockdown of BATF in exhausted T cells from chronic HIV infection can
restore function (Quigley et al., 2010). PD-1 signaling can induce BATF and may foster a
feed-forward loop of additional “AP-1-less” NFAT signaling due to disruption of canonical
fos/Jun AP-1 dimers. Further, the NFAT axis may be a central pivot integrating other signals
to foster productive T cell activation and effector activity or elevated PD-1 expression and
exhaustion, tolerance or other forms of T cell dysfunction. Partnerless NFAT activity has
also been implicated in the regulation of other inhibitory receptors including LAG-3 and
TIM-3 (Martinez et al., 2015).

The transcriptional repressor Blimp-1 also has a role in inhibitory receptor expression. Initial
studies found a strong positive correlation between high Blimp-1 expression in Tex cells
during chronic infection and high expression of PD-1, LAG-3, CD160 and 2B4 (Shin et al.,
2009). Expression of these molecules was substantially reduced in the absence of Blimp-1
during chronic infection (Shin et al., 2009). During acute infection Blimp-1 fosters the
development of terminally differentiated Teff cells that express high KLRG1 (Kallies et al.,
2009; Rutishauser et al., 2009). In most settings, KLRG1 and PD-1 only partially overlap in
expression; PD-1H1 CD8 T cells have low KLRG1, while KLRG1Hi terminally differentiated
effector CD8 T cells are typically PD-1'"t (Angelosanto et al., 2012; Blackburn et al., 2009).
These observations suggest a complex role for Blimp-1 in PD-1 expression. In contrast to
the role during chronic infection and T cell exhaustion, during acute T cell activation,
Blimp-1 can repress transcription of Pdcdl directly and indirectly (Lu et al., 2014). Blimp-1
also has a role in epigenetic remodeling of the Pdcdl locus (Lu et al., 2014) and DNA
methylation of this locus can have a dramatic influence on PD-1 expression and re-induction
upon restimulation (Youngblood et al., 2011).

In contrast to the positive regulation by NFAT and Blimp-1 during chronic infection, the T-
box transcription factor T-bet represses high expression of PD-1 by binding near NFAT sites
just upstream of the transcriptional start site (Kao et al., 2011). This repression by T-bet does
not fully ablate PD-1 expression, but acts to negatively regulate a distinct PD-1Hi expression
state (Kao et al., 2011; Paley et al., 2012). High expression of T-bet represses from PD-1Hi
to PD-1'"t but does not eliminate PD-1 expression. Thus, while there is a moderate effect of
T-bet on the level of PD-1 expression in acutely activated Tggr, the role of T-bet as a
repressor of Pdcdl is predominantly found in Tex cells during chronic infections (Kao et al.,
2011; Paley et al., 2012). T-bet also regulates the expression of a suite of other inhibitory
receptors where it represses expression of LAG-3, CD160, BTLA and CD244, but promotes
expression of KLRG1 (Joshi et al., 2007; Kao et al., 2011). T-bet can also positively regulate
TIM-3 during initial T cell activation (Anderson et al., 2010), but negatively regulate TIM-3
in Tex cells (Kao et al., 2011).
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There appears to be a reciprocal relationship between T-bet and the related T-box
transcription factor Eomesodermin (Eomes) in regulating inhibitory receptor expression.
While T-bet represses expression, Eomes expression is associated with high expression of
PD-1 and other inhibitory molecules during chronic, but not acutely resolved infections
(Paley et al., 2012). Whether Eomes is directly involved in transcriptional regulation of
inhibitory receptors in these settings is unclear. However, the potential for these transcription
factors to bind similar DNA sequences, cooperate, operate redundantly or antagonize each
other (Intlekofer et al., 2008; Pearce et al., 2003) suggests a key role for Eomes in inhibitory
receptor expression. One surprising feature of T-box transcription factor control of inhibitory
receptors (and other genes) is that the same transcription factor can have distinct, and often
non-overlaping functions in Tex cells from chronic infection compared to functional Teff or
Tmem cells from acute infections (Doering et al., 2012). Indeed, transcriptional network
analysis has demonstrated that T-bet and Eomes have highly context specific activities in
functional T cells versus Tex cells (Doering et al., 2012). For Eomes, this is interesting
considering a functional role in quiescent and self-renewing central Tmem cells following
acutely resolved infections (Banerjee et al., 2010; Paley et al., 2013; Zhou et al., 2010), but
also in the terminally differentiated subset of Tex cells during chronic infection (Buggert et
al., 2014; Paley et al., 2012). These examples of context specific control of inhibitory
receptor expression by transcription factors may be due to cofactors such as the NFAT-AP-1
setting, expression level of the transcription factor or the epigenetic landscape in which these
transcription factors function.

The transcription factor FoxO1 suppresses differentiation and proliferation of Teff, and
survival of long lived Tmem cells (Hess Michelini et al., 2013; Kim et al., 2013). In the
setting of chronic TCR stimulation FoxO1 accumulates in the nucleus where it controls
expression of several genes important for CD8 T cell biology. In addition to containing
binding sites for T-Bet/Eomes, Blimp-1, NFAT, and, Pdcdl also contains a binding region
for FoxO1. Overexpression of constitutively active FoxO1 leads to increased Pdcadl
promoter activity, suggesting a positive transcriptional regulation of Pdcdl by FoxO1
(Staron et al., 2014). Indeed, genetic deficiency in FoxO1 causes a loss of PD-1 high
exhausted CD8 T cells in chronic infection (Staron et al., 2014).

The transcription factor Nfil3 has been shown to regulate TIM-3 expression in a circuit
including T-bet and STAT3 (Zhu et al., 2015). Using /n vitro activated T cells, Zhu, et. al.
found that IL-27 and IL-10 can cooperate to induce an Nfil3 and T-bet dependent set of
epigenetic changes in the Havcr2locus (encoding TIM-3) that control TIM-3 expression.
Whether these epigenetic changes result in a change in requirement of Nfil3 and/or T-bet for
control of TIM-3 expression in chronically activated T cells is unclear. However, these
studies connect the immunoregulatory cytokines to inhibitory receptor expression by the T
cells through Nfil3 and T-bet suggesting that targeting these cytokines could alter TIM-3
expression.

Given both direct physical, transcriptional and potentially metabolic interactions between
NFAT, AP-1, Thet, Eomes, Blimp-1, Nfil3 and FoxO1 the context specific transcriptional
events regulating expression of PD-1 and other inhibitory receptors is only just beginning to
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emerge. Developing an integrated understanding of how these transcription factor pathways
collaborate will be key to effectively manipulating immune regulators.

Inhibitory receptors during acute viral infection and vaccination

PD-1 and other inhibitory receptors are rapidly induced upon activation and are likely
involved in attenuating primary T cell responses. Indeed, in acutely activated T cells
CTLA-4, PD-1 and other inhibitory receptors inhibit proximal TCR signaling and
downstream events (Chemnitz et al., 2004; Parry et al., 2005; Patsoukis et al., 2012; Riley,
2009; Yokosuka et al., 2012). Multiple mechanisms have been implicated based on /in vitro
activation studies including inhibiting proximal TCR signaling, antagonizing CD28
mediated costimulation, inhibition of AKT and PI3K and regulation of cell cycle (Chemnitz
et al., 2004; Parry et al., 2005; Yokosuka et al., 2012). In general, these effects may have
been co-opted from evolutionarily selected mechanisms to regulate self-tolerance. During
many infections, these pathways are likely to curb the later phase of T cell expansion and/or
activation. Knocking out or blocking the PD-1 pathway in mice can augment responses
and/or survival following infection with Histoplasma capsulatum or rabies virus (Lafon et
al., 2008; Lazar-Molnar et al., 2008). In settings of virulent infections negative regulation of
T cell responses by inhibitory receptors such as PD-1 can be critical to avoid lethal
immunopathology. For example, in the absence of PD-1 signals mice infected with rapidly
disseminating or “chronic” strains of LCMV die from lethal immunopathology within 1
week (Barber et al., 2006; Frebel et al., 2012). This pathology is associated with high levels
of systemic cytokines and death resulting from pulmonary pathology due to endothelial cell
killing (Frebel et al., 2012). In acute HBV infection in humans, severe liver pathology and
liver failure resulting in death may be associated with failure to properly induce PD-1
expression on HBV-specific CD8 T cells (Zhang et al., 2008). Similarly, PD-1-deficient
mice have an advantage in clearance of adenovirus from the liver, but also develop more
severe hepatocellular injury, likely due to an overaggressive adaptive immune response
(Isogawa et al., 2005). During respiratory viral infections with influenza virus and
metapneumovirus, PD-1 signals may also attenuate T cell effector functions limiting damage
to sensitive respiratory tissues (Erickson et al., 2012). Blockade of PD-1 signals can increase
pathology, but also may augment viral control (Erickson et al., 2012; McNally et al., 2013).
While examples of extreme pathology are uncommon during acute infection, a potential role
of inhibitor receptors in helping to establish the balance between pathogen clearance and
limited tissue damage is emerging and may be an important consideration for PD-1
maintenance therapy in cancer patients. Notably, while rare, pneumonitis has been reported
during PD-1 blockade in humans (Topalian et al., 2012), though whether this is related to an
infectious event or other immunological interactions is unclear.

There are also some reports of a positive role for signals from inhibitory receptors such as
PD-1 during acute infections. For example, the absence or blockade of PD-L1 can decrease
the CD8+ T cell response to acute Listeria monocytogenes infection (Rowe et al., 2008; Xu
et al., 2013). Whether this effect is due to a true positive costimulatory signal generated via
PD-1 or a result of protection from overstimulation and antigen-induced cell death is
unclear. /n vitro studies provide some evidence for the latter. Using cultured peritoneal
macrophages and Th1 cells, Yamazaki, et. al. found that blockade of PD-1 signals resulted in
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better IFN-v production that, in turn, provoked higher nitric oxide (NO) from the infected
macrophages (Yamazaki et al., 2002). This NO suppressed the responses of activated Thl
cells (Yamazaki et al., 2002). Thus, /n vivo, PD-1 pathway blockade during acute infection
could conceivably enhance activation induced cell death, perhaps especially for pathogens
that reside in myeloid cells capable of robust oxidative burst. A role for inhibitory receptors
on DCs and/or macrophages may also influence the precise balance of positive versus
negative signals from these pathways /n vivo (Seo et al., 2008; Talay et al., 2009; Yamazaki
et al., 2002). Nevertheless, consistent with the original concept of tempering acute T cell
activation, a beneficial effect of inhibitory receptor pathways may exist /n vivo during acute
infections to prevent overstimulation of T cells and/or immunopathology.

Many other inhibitory receptors including CTLA-4 (Raue and Slifka, 2007), Lag-3
(Workman et al., 2004), CD200:CD200R (Snelgrove et al., 2008), and some Ly49 family
members (McMahon et al., 2002) have been examined on T cells during acute infection,
while the roles of many others remain to be explored. There has also been some progress in
understanding how inhibitory receptor signals may influence the generation and function of
Tmem cells. Genetic deletion of PD-1 skews the CD8 Tmem cell pool towards central
memory and may also influence secondary CD8 T cell responses upon re-infection
especially for CD8 T cells primed without CD4 T cell help (Allie et al., 2011). In addition,
LAG-3 can negatively regulate the development of CD8 Tmem cells following Sendai virus
infection (Workman et al., 2004) and may affect homeostatic proliferation, a key function of
Tmem cells (Workman and Vignali, 2005). Recent work on the methylation of the Pdcdl
locus also found permanent demethylation following chronic infections such as LCMV or
HIV, even if these infections are resolved (Youngblood et al., 2013; Youngblood et al.,
2011). Thus, memory-like CD8 T cells that develop following antiretroviral treatment of
HIV infection may harbor permanent epigenetic changes that, in the case of PdcdI result in
more rapid re-expression of PD-1 upon reactivation (Youngblood et al., 2011) . Thus, the
nature of primary acute stimulus may have a direct influence on the role of inhibitory
receptors in Tmem cells. Indeed, stimulation with IL-12 versus IFN-I as a signal 3 during
priming can also have an impact on PD-1 re-expression (Gerner et al., 2013). In a tumor
model, IFN-a costimulated CD8 T cells upregulated PD-1 more easily and became
exhausted, whereas IL-12 generated cells more effectively controlled the tumor (Gerner et
al., 2013). Whether there is an epigenetic impact on the Pdcdl locus in this setting is
unknown, but these observations may have direct relevance to inhibitory receptors during
infection given the bias of many infections towards IL-12 or IFN-I inflammation. Despite
this work, our understanding of how these receptor pathways function during acute
infections remains limited. Opportunities should arise due to cancer immunotherapy to ask
many of these questions not only in animal models but also directly in humans.

receptor pathways and blockade during bacterial and parasitic

Much of the discussion above has focused on viral infections. Inhibitory receptors also play
central roles in regulating immune responses to non-viral pathogens. For example, a role for
PD-1 and/or other inhibitory receptors has been reported for persisting infection with
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Toxoplasma gondii, Mycobacterium tuberculosis (mTb), Leishmania major, malaria,
trypanasoma cruzi and even during bacterial sepsis (See Table 1) and in a number of these
settings elevated inhibitory receptor expression is associated with T cell dysfunction or
exhaustion.

PD-1:PD-L interactions are important in the pathogenesis of mT7b infection. PD-1
expression is increased and is sustained on CD4+ T cells during m 75 infection in mice and
in humans suggesting that PD-1 signals may suppress immunity to this persisting bacterial
infection. Interestingly, however, mice deficient in PD-1 are highly susceptible, rather than
resistant to m7b (Barber et al., 2011; Lazar-Molnar et al., 2010). Blocking PD-1 /in vivo also
drastically reduces survival (Lazar-Molnar et al., 2010). One interpretation of these
observations is that control of mT7b infection requires a carefully balanced immune response
that contains the infection without causing pathology. In the absence of PD-1 signals,
immune driven pathology allows greater dissemination leading to a cycle of bacterial spread
and tissue damage. Additional studies are needed to further investigate these issues and
perhaps identify other inhibitory receptors pathways that may allow tuning of responses to
be more effective at control of mTb.

T-cell dysfunction or exhaustion has been described during infection with £ gondii, L. major
and malaria; persistent infections caused by parasitic protozoans. In each of these settings
there is some evidence for a role for PD-1 or other inhibitory pathways limiting the
effectiveness of the immune response. During chronic ¢ gondiiinfection, CD8 T cells have
high expression of PD-1(Wilson et al., 2009). Blocking the PD-1:PDL-1 interactions /n vivo
improves T cell function and survival and this effect is at least partially CD8 T cell
dependent (Bhadra et al., 2011). IL-27 has been implicated in driving PD-L1 expression in
this setting (Hirahara et al., 2012). Additional studies suggest possible roles for other
inhibitory receptors during & gondii infection (Wu et al., 2013), though the precise role of
these pathways remains poorly understood.

Leishmaniasis is a chronic, parasitic infection that can present with several different clinical
manifestations. Typically, cutaneous leishmaniasis causes a local lesion where parasite
replication is contained, but not eliminated (Scott and Hunter, 2002). In visceral
leismaniasis, the most aggressive form of the disease, a highly immuno-suppressive
environment is created. CD4 and CD8 T cells highly express PD-1 and produce
profinflammatory cytokines poorly (Esch et al., 2013). Blocking PDL-1 /n vivo has been
shown to enhance the number and function of antigen specific T cell in visceral
leishmaniasis suggesting T cell exhaustion/dysfunction (Esch et al., 2013). Increased IFNy
production by CD8 T cells following PD-L1 blockade leads to an increase in superoxide
production by monocytes and a lower parasite burden. Thus, at least in this most severe form
of this parasitic infection, evidence suggests a prominent role for the PD-1 pathway.

Generating an effective vaccine against malaria has proven to be challenging (Langhorne et
al., 2008), though recent results with the RTS’S malaria vaccine show progress in this area
(Miura, 2016). Nevertheless, better treatment options are needed for individuals already
infected. Previous studies have shown that CD4 T cells are critical for immunity to
plasmodium infection (Vinetz et al., 1990). During chronic malaria infection, however, these
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cells have increased expression of PD-1, (LAG-3 and other inhibitory receptors and produce
less cytokines consistent with T cell exhaustion (Butler et al., 2012). Simultaneous blockade
of PD-1 and LAG-3 /n vivo significantly improved CD4 T cell function, parasite clearance
and memory formation (Butler et al., 2012). In addition, this treatment improved the
numbers of antibody secreting, long-lived plasmablasts independent of plasmodium strain,
suggesting potential impact of such therapeutic interventions. Given the challenges with
malaria vaccination and challenges for patients chronically infected, exploration of
inhibitory receptor pathways as targets in malaria may warrant further attention. However,
PD-1 and CTLA-4 signals have also been reported to also have independent and important
roles negatively regulating T cell responses in a model of acute cerebral malaria. In this
setting, blockade of either pathway induces immunopathology (Hafalla et al., 2012),
suggesting caution should be exercised in the situations where immunity to malaria is
augmented by inhibitory receptor blockade

The rapid course of disease in sepsis makes this an unlikely place to observe a key role for
inhibitory receptors. Interestingly, however, PD-1 is upregulated by CD4 and CD8 T cells as
early as 48h after the onset of sepsis (Brahmamdam et al., 2010; Guignant et al., 2011), an
expression pattern that is associated with profound T cell dysfunction. Indeed mice deficient
in PD-1 have improved survival during sepsis compared to their wild type counterparts
suggesting a potential causal link between PD-1, immune dysfunction and pathological
consequences during this highly acute inflammatory response (Huang et al., 2009).
Administration of anti-PD-1:PD-L blocking antibody to septic mice dramatically increases
long-term survival (Brahmamdam et al., 2010; Zhang et al., 2010). Indeed, several clinical
trials are now addressing the potential role of the PD-1 pathway as a therapeutic target
during human sepsis. It remains unclear, however, which cell types are the major targets of
PD-1:PD-L regulation during sepsis and which immune pathways are critical for the
beneficial effects of blocking PD-1 interactions during this acute hyperinflammatory, yet
immunosuppressive disease.

Clinical success and Ongoing Trials

The overwhelming majority of the clinical trials involving immune checkpoint blockade in
chronic disease are in cancer. In these settings, while adverse events have been observed,
PD-1 blockade with Nivolumab or Pembrolizumab is generally well tolerated. Importantly,
while nearly all humans likely harbor multiple persisting viruses (Virgin et al., 2009), no
pathogen associated pathologies have been reported with PD-1 blockade. Despite this safety
profile and thousands of patients treated with blockade of at least one inhibitory receptor in
various cancers, some of whom have had unprecedented clinical results, information from
human trials of inhibitory receptor blockade during infection is limited. BMS-936558, a
monoclonal 1gG4 anti-PD-1 antibody, was studied in patients with chronic HCV infection
(Gardiner et al., 2013). Anti-PD-1 treatment was well tolerated in this setting. In this study, 5
patients in the anti-PD-1 treated group achieved a reduction in viral load versus only 1 in the
control arm, though in only 1 subject was this a durable clearance of virus. These
observations are perhaps more remarkable, however, when one considers that this was a dose
escalation study with 15/35 treated patients receiving 0.3 mg/kg or less of the antibody far
below the 3 or 10 mg/kg given to cancer patients. Moreover, immune dysfunction in HCV
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can be quite severe and patients infected for long periods of time, such as those on this trial,
often have severe dysfunction and numerical reductions in the HCV-specific T cell responses
making this a challenging patient population for reversal of immune exhaustion.

Limited immunology was performed in the human anti-PD-1 trial above. Three chimpanzees
chronically infected with HCV have also been treated with blocking anti-PD-1 antibody
(Fuller et al., 2013). One of the three animals had a significant virological response and
controlled HCV replication until treatment was discontinued. This temporary viral control
occurred without liver injury but was associated with restoration of intrahepatic CD4 and
CD8 T cell responses to the virus. The animal that responded had a more vigorous pre-
existing T cell response to HCV compared to the two non-responder animals suggesting that
the level of pre-existing T cells available for re-invigoration may be an important variable in
therapeutic efficacy of PD-1 pathway blockade in chronic infections and cancer.

While other trials in infectious disease are not yet available, data in SIV infection also
suggests promise for blocking the PD-1 pathway in HIV. Blocking PD-1 in SIV infected
rhesus macaques enhanced not only T cell responses but also B cells and antibody (Velu et
al., 2009). Moreover, this treatment extended the lifespan of the treated animals (MVelu et al.,
2009) and may even reduce chronic inflammation (Dyavar Shetty et al., 2012). These
observations have been extended to a humanized mouse model of HIV infection where
blocking the PD-1 pathway led to significant reduction in viral load and augmented CD8 T
cells (Seung et al., 2013). CTLA-4 blockade has also been tested in SIV infection. In one
case some benefit was observed on T cell responses and viral load (Hryniewicz et al., 2006),
in other studies CTLA-4 blockade drove immune activation, CD4 proliferation and higher
viral load (Cecchinato et al., 2008). Safety is a paramount concern when considering
inhibitory receptor blockade during infectious disease given previous experiences with
antibodies targeting CD28 (Sharpe and Abbas, 2006). Nevertheless, with increasing
experience in cancer, the risk benefit balance may become clearer for antibodies against
PD-1 to be used in infectious disease. Indeed, there may be increasing opportunities to
consider PD-1 pathway targeting in HIV cure approaches or as complementary strategies to
antivirals in HBV infection and beyond.
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Figure 1.
Inhibitory Receptor Pattern of Expression in Infection
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Table 1

Summary of Inhibitory Receptor Expression in Acute and Chronic Infection

Infection Inhibitory Receptors Cell Types Representative
Expressed Expressing References
Inhibitory Receptors
Acute LCMV PD-1, Ly49 CD4+, CD8+ (Barber et al., 2006;
Armstrong McMahon et al., 2002;
Wherry et al., 2007)
Influenza Virus PD-1, TIM-3, LAG-3 CD4+, CD8+ (Erickson et al., 2012;

Rutigliano et al., 2014;
Strutt et al., 2012;
Talay et al., 2009)

Listeria
monocytogenes

PD-1, Ly49

Dendritic Cells. CD4+

(McMahon et al., 2002;
Xuetal., 2013;
Yao et al., 2009)

Ebola

PD-1

CD8+

(MCcElroy et al., 2015)

Chronic LCMV clone
13

PD-1, LAG-3, TIM-3,
CD160, 2B4, TIGIT,
GP49,

CD4+, CD8+

(Barber et al., 2006;
Blackburn et al., 2009;
Jinetal., 2010;
Johnston et al., 2014;
Richter et al., 2010;
Wherry et al., 2007)

HBV

PD-1, CTLA-4, 2B4,
LAG-3, TIM-3

CD4+, CD8+

(Boettler et al., 2006;
Boni et al., 2007;
Kennedy et al., 2012;
Raziorrouh et al., 2010;
Schurich et al., 2011;
Zhang et al., 2009;
Zhang et al., 2008)

HCV

PD-1, 2B4, CD160,
TIM-3, CTLA-4, TIGIT

CD4+, CD8+

(Bengsch et al., 2010;
Gardiner et al., 2013;
Golden-Mason et al., 2007;
Golden-Mason et al., 2009;
Kroy et al., 2014;
McMahan et al., 2010;
Nakamoto et al., 2009;
Penna et al., 2007,
Radziewicz et al., 2007;
Urbani et al., 2006;

Zhang et al., 2011)

HIV

PD-1, 2B4, CD160,
TIM-3, CTLA-4,,
TIGIT

CD4+, CD8+

(Buggert et al., 2014;
Chew et al., 2016;

Day et al., 2006;

Jones et al., 2008;
Kaufmann et al., 2007;
Petrovas et al., 2006;
Pombo et al., 2015;
Trautmann et al., 2006)

SIvV

PD-1

CD4+, CD8+

(Finnefrock et al., 2009;
Petrovas et al., 2007;
Velu et al., 2007;

Velu et al., 2009)

Friend Virus

PD-1, CTLA-4, TIM-3

CD8+

(Takamura et al., 2010)

Toxoplasmosis

PD-1

CD8+

(Bhadra et al., 2011)

Malaria

PD-1, LAG-3, CTLA-4

CD4+ CD8+

(Butler et al., 2012;
Hafalla et al., 2012)

Visceral Leishmania

PD-1

CD4+CD8+

(Esch et al., 2013)

Tuberculosis

PD-1

CD4+, CD8+

(Barber et al., 2011;
Lazar-Molnar et al., 2010)
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Infection

Inhibitory Receptors
Expressed

Cell Types
Expressing
Inhibitory Receptors

Representative
References

Pneumocystis PD-1 Macrophages (Lei et al., 2015)

Histoplasma PD-1 (Lazar-Molnar et al., 2008)

Sepsis PD-1 CD4+, CD8+, (Brahmamdam et al., 2010;
Macrophages Zhang et al., 2010)
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