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Abstract

In the majority of HIV-1 infected individuals, the adaptive immune response drives virus escape
resulting in persistent viremia and a lack of immune-mediated control. The expression of negative
regulatory molecules such as PD-1 during chronic HIV infection provides a useful marker to
differentiate functional memory T cell subsets and the frequency of T cells with an exhausted
phenotype. In addition, cell-based measurements of virus persistence equate with activation
markers and the frequency of CD4 T cells expressing PD-1. High-level expression of PD-1 and its
ligands PD-L1 and - L2 are found on hematopoietic and non-hematopoietic cells, which are
regulated by chronic antigen stimulation, Type 1 and Type Il interferons (IFNs), and homeostatic
cytokines. In HIV infected subjects, PD-1 levels on CD4 and CD8 T cells continue to remain high
following combination anti-retroviral therapy (CART). System biology approaches have begun to
elucidate signal transduction pathways regulated by PD-1 expression in CD4 and CD8 T cell
subsets that become dysfunctional through chronic TCR activation and PD-1 signaling. In this
review, we summarize our current understanding of transcriptional signatures and signal
transduction pathways associated with immune exhaustion with a focus on recent work in our
laboratory characterizing the role of PD-1 in T cell dysfunction and HIV pathogenesis. We also
highlight the therapeutic potential of blocking PD-1-PD-L1 and other immune checkpoints for
activating potent cellular immune responses against chronic viral infections and cancer.

1. Introduction

In HIV-1 infection, viral replication causes profound CD4 T cell loss, compromises mucosal
barrier function, and leads to chronic immune activation and dysfunction that is not fully
restored following cART. The CD8 T cell repertoire in HIV-1 infected subjects is
functionally heterogeneous with a high frequency of cells arrested in an intermediate T cell
differentiation stage and fail to transit to functional memory during persistent infection. In
chronic untreated infection, functionally exhausted T cells are unable to proliferate or
produce IL-2 and inflammatory cytokines in response to antigen stimulation [1]. Anergy is
likely the consequence of a program of coordinately regulated factors induced by NFAT and
negative regulatory signals that block proximal TCR signaling and downstream RAS/MEK/
ERK, JNK, and PI3K/AKT/mTOR pathways, and cell cycle progression [2—4]. Furthermore,
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dysfunctional cells display markers associated with replicative senescence: CD28~ CD57*
CD95*, y-H2AXfoci, MAPKK3/6, telomere erosion, and low autophagic flux [5]. Although
we have acquired a significant understanding of T cell phenotypes in HIV infection, many
questions remain regarding the molecular mechanisms involved in induction and
maintenance of exhausted phenotypes and the ability to restore function.

CD8 T cells upregulate multiple inhibitory receptors, including PD-1, 2B4, CTLA-4,
CD160, and LAG-3, in response to chronic antigen stimulation and express low and
intermediate levels of CD127. Numerous studies have indicated that multiple inhibitory
pathways work together to promote T cell exhaustion and tolerance in allogeneic tolerance
models [6, 7]. Of note, co-inhibitory molecules (CTLA-4, PD-1, CD160) are also implicated
in the normal course of immunity providing signals that reestablish homeostasis and
counterbalance the deleterious effects of prolonged immune activation [8-10]. PD-1 plays
an essential role in attenuating CD4-mediated immunopathology during Mycobacterium
tuberculosis infection and in autoimmune Type 1 diabetes [11-18].

The role of PD-1 in suppressing the antiviral response was first demonstrated by the rapid
clearance of adenoviral infections in PdcdZ™'~ mice compared to wild type. [19]. The role of
PD-1 in acute versus chronic viral infections was further delineated by Barber et a/in their
study of LCMV infection. In the acute LCMV Armstrong infection model, viral clearance
occurred within a week, during which a transient spike in PD-1 levels was observed [11].
CD8 T cells subsequently differentiated into highly multifunctional effector cells with
increased IFNy, TNFa and IL-2 expression and secretion of effector molecules granzyme
and perforin. The increase in functional CD8 T cells resulted in efficient viral clearance and
establishment of robust CD8 memory cells. In contrast, in the model of chronic LCMV
clone 13 infection, antigenic persistence resulted in high levels of PD-1 expression on CD8
T cells, loss of effector function, and an immune exhausted phenotype [11]. CD8 T cells that
exhibited an exhausted phenotype showed a progressive loss in proliferation, IL-2 and TNF-
a production, IFN-y and cytotoxic ability [12, 16, 20-25] and the ability to become memory
cells [26]. A similar role for PD-1 in skewing exhausted CD4 and CD8 T cell phenotypes
has been reported in other chronic viral infections such as Hepatitis C [27, 28], Hepatitis B
[29], in SIV [30] and HIV [31-33] as well as in cancer [34]. In the context of chronic virus
infections and cancers, therapeutic interventions aimed at blocking PD-1 from interacting
with its ligand offer a promising new strategy to restore virus and tumor-specific CD8 T cell
proliferation and effector cytokine production that may lead to the control of virus
replication and tumor growth [11, 16].

2. PD-1 Expression in Chronic HIV Infection

Pioneering work by Day ef a/. and Trautmann et a/. correlated the levels of PD-1 expression
on antigen-specific CD8 T cells with immune dysfunction and viral load during chronic HIV
infection [21, 35]. Similar to results obtained by blocking PD-1 signaling in murine models
of chronic viral infection, these studies also showed that blocking PD-1-PD-L1 interaction
restored the proliferative and survival capability of HIV-specific CD8 T cells in vitro. Zhang
et al. showed that PD-1 was expressed on T cells at lower levels in long-term non-
progressors (LTNPs) compared to typical progressors. CD8 T cell differentiation was
skewed within these two patient groups, with decreased proliferation of HIV specific
effector memory cells in typical progressors but not in LTNPs. A recent study identified
defects in pathways associated with metabolic and mitochondrial function in CD8 PD-1N T
cells during chronic HIV infection [36].

PD-1 expression is induced by the strength and duration of TCR-peptide/MHC interaction
and CD28 costimulation and is sustained by chronic antigen stimulation [37, 38]. PD-1
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expression is also induced by y-chain cytokines IL-2, IL-4, IL-7, IL-15, IL-21, as well as
TGF-B and is highly expressed on T cells during chronic HIV/SIV infection [39, 40]. Cells
with high PD-1 surface expression correlate with a phenotype typically associated with
apoptotic cell death [35, 41-44].

PD-1 is downmodulated after viral epitope escape during LCMV infection, indicating that
continued antigen stimulation may be required to maintain PD-1 surface expression [1]. A
study by Conrad et a/. reported that in chronic HIV infection, PD-1 expression is highest on
the dominant clonotype [45] within the antigen-specific response further supporting the idea
that for CD8 T cells, PD-1 expression is primarily antigen driven. However, there was no
correlation between the magnitude of the immune response and PD-1 expression, indicating
that although PD-1 expression is a sensitive marker of antigen recognition, T cells that
express higher levels of PD-1 also exhibit reduced expansion in response to antigen [1, 6,
37, 45, 46]. In addition, /n vitro studies have demonstrated that PD-1 expression can be
induced by cytokine stimulation alone, which suggests that antigen-independent pathways
can regulate the expression of PD-1 in chronic infection and conditions of low-level
systemic inflammation [47]. These findings are supported by the observation that high PD-1
and PD-L1 expression persists in HIV patients successfully treated with cART and
undetectable viral loads [21, 48, 49]. It is important to note that increased PD-1 expression is
not limited to HIV-specific CD8 T cells, but is observed in total CD8 and CD4 T cell
populations in viremic and in virally suppressed patients [50] [51]. PD-1 expression plays an
important role in CD4 T cell dysfunction during HIV infection [52]. Said et a/. showed that
the translocation of microbial products from the gut to the blood could induce PD-1
expression on monocytes. Upregulation of PD-1 resulted in enhanced I1L-10 production and
the inhibition, by IL-10 of CD4 T cell proliferation and effector functions. Therapeutic
interventions that inhibit PD-1 and other coinhibitory signals with blocking antibodies may
reduce the threshold of activation needed for TCR signaling and improve CD4 and CD8 T
cell effector responses against chronic virus infections and cancer [53].

3. PD-1in Aviremic HIV Infected Subjects

Several studies have examined PD-1 expression on peripheral blood T cells in HIV elite
controller (EC) and aviremic cCART treated cohorts since higher frequencies of both CD4
and CD8 cells expressing PD-1 are associated with viremia and disease progression. These
studies showed that HIV antigen-induced CD8 proliferation, production of IFNy,
macrophage inflammatory protein (MIP)-1B, and TNF-a was higher in ECs and aviremic
CART treated subjects than in typical or fast progressors [22, 54, 55]. Whittall et a/.
observed a significant reduction in PD-1 expression in the EC and LTNP cohorts compared
to fast progressors [38]. The protective phenotype in EC and LTNP correlated with CD40L
expression and a significant increase in the production of chemokines and cytokines CCL-3
(MIP-1a), CCL-4 (MIP-1B), and 1L-6 [38].

Whereas PD-1 expression on CD8 cells appears to correlate with ongoing viral replication,
high levels of PD-1 expression on CD4 cells appears to predict suboptimal CD4 T cell
recovery after long term cART. GALT CD4 and CD8 T cells generally have higher
expression of PD-1 and CTLA-4 than peripheral T cells [56]. Interestingly, the level of
expression of PD-1 and CTLA-4 on CD4 T cells was consistently higher than levels
observed in CD8 T cells in GALT, which further reinforces previous findings that
inflammatory cytokines differentially regulate PD-1 expression on CD4 and CD8 T cells
[56]. Despite higher levels of activation markers in the GALT, detection of viral DNA is
considerably lower than in peripheral blood and isolation of cells with multi-spliced viral
RNA is rare [57, 58].
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5. Increasing CD8 T cell dysfunction is associated with the expression of
multiple negative regulators

Since PD-1 expression is transiently upregulated on activated CD8 T cells, it is often
difficult to distinguish at the population level between recently activated antigen-specific
cells and cells with high levels of PD-1 characteristic of an exhausted phenotype. CD4 T
cells activated by HIV exposed DCs upregulate the expression of multiple inhibitory
molecules, including CTLA-4, CD160, 2B4, and Tim-3 that might additively contribute to
the level of T cell dysfunction [59-61]. Recent studies of anti-tumor T cell responses
support the concept that co-expression of several negative regulators on CD8 T cells confer
increased levels of cellular dysfunction [62-64]. A study by Peretz et al. examined the co-
expression of PD-1 with CD160, another negative regulator of T cell function, during
different stages of HIV infection [60]. Their study identified a PD-1/CD160 double positive
subset specifically present in chronic infection that not only had the highest level of PD-1
expression, but also demonstrated the least functional phenotype [60]. Transcriptional
analysis revealed down-regulation of several transcriptional nodes involved in the regulation
of T cell survival and effector function, details of which are discussed further in section 11
[60, 65, 66]. Further studies are needed to determine the long-term outcome of cells that fail
to downregulate the PD-1 receptor and whether immune cells expressing multiple
coinhibitory molecules can be rescued from senescence /17 vivo or are more susceptible to
undergo apoptosis upon antigen activation.

A study by Lichterfeld ef al. demonstrated that HIV-specific CTLs have shortened telomeric
DNA and significant reduction in telomerase activity [67]. The telomere length in HIV-
specific CD8 T cells approaches the Hayflick limit for terminal senescence during
progressive HIV infection [22, 55, 68]. The shortened telomeres observed in HIV-specific
CD8 T cells correlated with reduced expression of proteins of the shelterin complex and
disruption of shelterin complex formation [69]. The shelterin complex is a group of
nucleoproteins found at the terminal ends of chromosomal DNA whose function is to protect
telomeric DNA and regulate telomerase activity [70, 71]. When the shelterin complex is
dissociated, telomeric DNA is exposed. This is recognized as a double strand break and
initiates the DNA damage response for repair to limit structural DNA damage, such as
chromosomal recombination or non-homologous end joining [72, 73]. Telomere length and
telomerase activity could be rescued in HIV specific CD8 T cells treated with PD-1 blocking
antibodies [67]. This lead to improved clinical outcomes in SIV infected rhesus macaques
treated with PD-1 blocking antibody [74]. These data suggest that HI\V-specific CD8 T cells
with shortened telomeres are not in a state of irreversible DNA repair and that recovery of
telomere length may contribute to the rescue of cytotoxic effector functions [69]. However,
Lichterfeld et a/. also found that despite an observed increase in telomere length, PD-1
blocking antibody treatment did not result in stabilization to normal levels in the protein
expression of the components of the shelterin complex that protect exposed telomere ends
and which could influence long term survival [69].

6. PD-1 Signaling

PD-1 consists of a single CD28-like extracellular g domain and a 20 amino acid stalk. Its
cytoplasmic tail contains two conserved tyrosine-based signaling motifs, an immunoreceptor
tyrosine-based inhibition motif (ITIM), followed by an immunoreceptor tyrosine-based
switch motif (ITSM), both of which are phosphorylated upon PD-1 engagement [21, 75].
Current models for the inhibitory action of PD-1 on proximal T cell signaling suggest that
these motifs recruit negative regulators to the immunological synapse and block Lck kinase
activity and phosphorylation of the TCR. The identity of PD-1-binding partners and
proximal protein tyrosine kinase (PTK) signaling and protein tyrosine phosphatases (PTPs)
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involved in PD-1 mediated inhibition of TCR signaling is an ongoing area of investigation
[76, 77]. As the effect of PD-1 triggering by PD-L1 or PD-L2 leads to blocking antigen-
specific proliferation, cytokine production, cytolytic function, and pro-survival pathways
this suggests that PD-1 could interfere with a very proximal step in T cell activation [78].

7. PD-1 Interference with the most proximal TCR signaling event

Sheppard et al. demonstrated that PD-1 signaling could interfere with the earliest tyrosine
phosphorylation events in TCR signaling [75]. Specifically, they showed a decrease in
phosphorylation of ZAP-70 and the CD3( chain, similar to the defect in phosphorylation of
Ig, Syk, PLCy and ERK observed in B cells as a result of PD-1 triggering [79]. In addition,
immunoprecipitation of biotinylated, phosphorylated peptides of the ITIM and ITSM
domains of the PD-1 cytoplasmic tail identified 4 proteins that bind to specific residues of
PD-1. The tyrosine phosphatases SHP-1 and SHP-2 were found to bind to the
phosphotyrosines in the ITSM motif. Surprisingly, two Src family kinases csk and Ick were
identified as binding to ITSM and ITIM, respectively. Thus, these four signaling proteins
represent the most likely mediators of PD-1 signaling function [Fig. 1]. The observation that
Lck and Csk can both be recruited to PD-1 provides for an interesting potential mechanism
of TCR attenuation. Activation of Ick represents a critical step in the initiation of TCR
signaling [80]. Csk-mediated phosphorylation of Lck Tyrsgs results in an inactive Ick
conformation through c¢/s binding of the Ick SH2 domain. This is functionally opposed by
the receptor-like tyrosine phosphatase CD45, which dephosphorylates Tyrsggs, and
phosphorylation of the conserved Tyrsgg in the activation loop of the catalytic domain of
Lck conferring increased kinase activity and enabling Lck to phosphorylate TCR/CD3
complex ITAMs. Recruitment of both of these kinases to the cytoplasmic tail of PD-1 during
TCR activation and formation of the immunological synapse represents a potential
mechanism through which PD-1 can inhibit the earliest events in proximal TCR signaling by
inactivating Ick [81, 82].

8. SHP-2 as a mediator of PD-1 signaling

Several studies have demonstrated an association of the tyrosine phosphatases SHP-1 and
SHP-2 with PD-1 [79, 83-86]. These molecules make appealing candidates for mediators of
PD-1 signaling as they provide a simple potential mechanism of signal attenuation by
tyrosine dephosphorylation. Although either SHP-1 or SHP-2 can mediate PD-1 inhibition
of TCR signaling when artificially co-localized to TCR microclusters, only SHP-2 is
recruited physiologically [87]. SHP-2 appears to be the more important player inPD -1
signaling in T cells. Recent work by Yokosuka ef a/. underscores the importance of SHP-2
in PD-1 mediated inhibition of TCR signaling [87]. Using a planar bilayer system, they were
able to determine that following stimulation of both TCR and PD-1, 98% of activated TCRs
localized to microclusters containing PD-1. In the absence of PD-L1 ligation, PD-1 localized
away from TCR microclusters. Co-localization of PD-1 to TCR microclusters was essential
for destabilization of the immune synapse and efficient at inhibiting TCR signaling
independent of PD-1 phosphorylation. The latter was supported by mutation of the ITIM and
ITSM tyrosines to phenylalanine, which resulted in recruitment of PD-1 to microclusters but
an inability to inhibit TCR signals.

Phosphorylation of SHP-2 occurs upon stimulation of both PD-1 and TCR [84]; the critical
phosphotyrosine residue within the PD-1 cytoplasmic tail is also required for recruitment of
SHP-2 [83]. Additionally, SHP-2 can inhibit integrin signaling, which may partially account
for the destabilization of the immune synapse caused by PD-1 engagement [88]. The current
model to explain how SHP-2 could mediate PD-1 inhibition of TCR signaling is that PD-1
recruits SHP-2 to TCR microclusters where it dephosphorylates tyrosines within the
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proximal TCR signaling complex. While this may be correct, evidence supporting this
model is sparse. Thus, it appears that the effect of SHP-2 on TCR signaling seems to be
highly dependent on the context with which SHP-2 is recruited to the TCR signaling
complex.

9. PD-1 Inhibition of Cell Cycle

Recent studies have identified differences in PD-1 and CTLA-4 signaling on inhibition of
PI3K-Akt and the downstream effects on IL-2 production [89, 90]. The observation that
CD3C chain and ZAP-70 phosphorylation is abrogated in response to PD-1 signaling
suggests that PD-1 is acting on the earliest TCR signaling events [75]. Recent work by
Patsoukis et al. has elegantly defined the mechanism by which PD-1 engagement mediates
cell cycle arrest [3]. This group demonstrated that PD-1 downregulates transcription of the
gene that encodes for Skp2, a recognition component of the ubiquitin E3-ligase complex
Skp, Cullin, F-boxcontaining complex (SCF). Down-regulation of Skp2 prevents the
ubiquitination and degradation of p27 during the induction of cell cycle. PD-1 mediated
stabilization of p27 and increased transcriptional activity of Smad3 to initiate the cascade of
events that ultimately result in G1 cell cycle arrest. SMAD3 increases expression of CDK
inhibitor p15/NK4 and inhibits the CDK activator CDC25A resulting in inhibition of cyclin
dependent kinases CDK2, CDK4, and CDK® essential for progression through G1 and S
phase of the cell cycle. These downstream effects were found to be the result of both
defective activation of the Ras-MEK-ERK pathway and inhibition of Akt activation.
Interestingly, p38 and JNK activation remained unaffected, indicating that PD-1 signaling
selectively targets TCR signaling pathways rather than representing a global abrogation of
TCR signaling.

Adoptive cell transfer studies of tumor infiltrating lymphocytes for the immunotherapy of
cancer have demonstrated a role for PD-1 signaling not only in the inhibition of Akt and Erk
pathways but also in TCR induced calcium flux [85]. These studies showed a partial loss in
PD-1 mediated inhibition upon treatment with sodium stibogluconate, a chemical inhibitor
of the tyrosine phosphatases SHP-1 and SHP-2. These observations bring into question
whether PD-1 is mediating direct dephosphorylation of Akt and PI3K or if it is working
further upstream. The observation that IL-2 can restore Ras-MEK-ERK signaling but not the
AKT/PI3K pathway suggests that PD-1 inhibition is more complex than inhibition of global
tyrosine phosphorylation during the proximal TCR signaling events. However, additional
studies are necessary to understand the exact mechanisms. Multiple overlapping
mechanisms are likely involved as PD-1 has been also shown to upregulate Cbl activity that
might also inhibit Akt activity through stabilization of PTEN [76, 91] The fact that p38 and
JNK signaling pathways are still intact after PD-1 stimulation even though these pathways
are downstream of TCR suggests that PD-1 does not simply facilitate a global inhibition of
TCR. Instead, this seems to suggest that PD-1 inhibition targets specific pathways that may
help to define a unique PD-1 signature associated with TCR inhibition and that is non-
overlapping with other negative regulatory molecules. New insights gained from systems
biology approaches may help to further elucidate critical pathways of chronic TCR
activation and PD-1 signaling and provide insight into the role of PD-1 in immune
dysfunction and cell survival. Indeed, system biology approaches have proven successful for
identifying gene expression signatures and biomarkers that predict disease pathogenesis and
responses to vaccination and are currently being used to help identify individuals where
blocking PD-1 and other coinhibitory molecules could restore and augment antiviral and
anti-tumor immune responses.
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Although PD-1 signaling is known to inhibit proximal TCR signaling, proliferation, and T
cell function, a recent study showed differential expression of only three transcription
factors upregulated by PD-1 ligation in HIV progressors compared to elite controllers: i)
Basic leucine zipper transcription factor ATF-like (BATF), ii) signal transducer and
activator of transcription-1 (STAT1), and iii) interferon regulatory factor-9 (IRF9) [92].
BATF is a negative regulator of AP-1 activity and is sufficient to inhibit T cell proliferation
and cytokine production, whereas silencing BATF expression reduces PD-1 mediated
inhibition. BATF plays an essential role in the upregulation of BCL-6 and cMAF for CD4 T
follicular helper and Th17 differentiation and B cell class-switch recombination [93] and
reciprocally regulates BLIMP expression during CD8 memory differentiation in humans
[92, 94]. Furthermore, BCL-6 represses the expression of miRNAs that inhibit PD-1
expression indicating a positive feedback loop for PD-1 expression through the BATF/
BCL-6 axis [95, 96]. Other PD-1 signature genes enriched in exhausted CD8 T cells showed
significant correlation with genes with known inhibitory function including CD244,
KLRG1, KLRK1, and KLRD1. In healthy adults, the Killer cell 1g-like receptor family
(KIRL) genes are among the most significantly downregulated genes in CD8 CCR7!° pD-1hi
cells compared to CD8 CCR7!° PD-1!° cells [97]. In contrast, the KIRL family of genes is
significantly upregulated in CD8 PD-1" CD160M double positive cells in chronic HIV
infection. These DP cells are less responsive to PD-1 blocking when compared to single
positive CD8 PD-1M CD160'° cells from the same individual. Similarly, it has been shown
that HCV-specific CD8 T cells that are highly PD-1 positive respond poorly to PD-1-PD-L1
blockade [98]. In chronic infection, exhausted CD8 T cells lack repressive histone marks
(H3K9me3 and H3K27me3) and fail to remethylate DNA at the PDCD1 promoter [60]. This
is due to the downregulation of the Dnmt3a isoform2 (Dnmt3a2) in exhausted CD8 cells
(18- and 7- fold relative to day 4 effector and functional memory CD8 T cells). Since
expression of the KIRL family is also regulated by DNA methylation, global
hypomethylation of target genes might represent a key mechanism for maintaining
nonfunctional T cells.

A recent study by Peretz et a/. found that co-expression of PD-1 and CD160 is associated
with greater T cell dysfunction in chronic HIV-infection [60]. Sorted CD8 T cell subsets
from HIV-infected patients expressing PD-1 and/or CD160 were analyzed for their
transcriptional profile with the objective of defining a signature that could differentiate
between activation and exhaustion. Unsupervised cluster analysis showed that both double
positive and single positive PD-1 subsets clustered apart to create two statistically
significant populations with unique transcriptional programs. Several genes involved in the
inhibition of survival were activated (SUMO2, KIF7) in the CD8 PD-1*CD160* double
positive (DP) subset while target genes of Wnt/Notch signaling were induced (Wnt7a,
AXIN2) in the PD-1*CD160™ single positive (SP) subset. A similar observation was made
in a recent study that compared the differential utilization of transcription factor hub genes
and pathways from longitudinal samples of memory and exhausted T cell subsets [99].
Although TCF1 (7¢f?), a key transcription factor in the WNT/Bcatenin pathway for self
renewal is downregulated in exhausted CD8 PD-1Mi T cells, other TCF4 or non-canonical
Wnt signaling pathways might be operative in SP CD8 cells, whereas CD8 PD-1h CD160Ni
double positive cells downregulated the expression of Wnt target genes.

Comprehensive gene array profiling on sorted HIV-specific CD8 T cells at different stages
of disease as well as in subjects who naturally control viral replication revealed that genes
involved in response to cellular and oxidative stress are strongly expressed among patients
who naturally control viral load and express low levels of PD-1 and CD160 on responding T
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cells [26, 59, 100]. Gene set enrichment analysis confirmed this observation and identified
pathways downregulated in protein folding as well as several targets of the KEAP/NRF2
regulatory pathway. NRF2 is a potent transcriptional activator involved in the inducible
expression of many cytoprotective genes in response to oxidative stresses target and
inflammation and acts on major cellular functions such as repair and removal of damaged
proteins (STIP1, HSP) and cell survival. Nrf2 (NF-erythroid derived 2-like) is upregulated
through the AKT and ERK1/2 signal transduction pathways and regulated post-
translationally by KEAP mediated proteasomal degradation. Therefore, KEAP upregulation
and NRF2 downregulation seen in the double positive CD8 PD1" CD160" subset could be
an important determinant in predicting the function and survival of exhausted and effector
CD8 T cells populations in settings of chronic inflammation.

Pathway analysis has become the first choice for extracting information and explaining the
biological relevance of high-throughput molecular data [101]. The ability to infer negative
regulatory networks from expression data and how transcription factors selectively and
dynamically activate different transcriptional targets is a major challenge. Currently, we
infer regulatory networks from expression data using GSEA knowledge base driven pathway
analysis methods. Functional class sorting aggregates gene level statistics for all
differentially expressed genes in a pathway to generate a single pathway level statistic that is
tested for significance by the null hypothesis. The combination of transcriptional profiling,
cellular phenotype and functional analyses have allowed us to derive correlations between
transcriptional pathways and innate and adaptive immune mechanisms leading to immune
exhaustion and disease progression. New bioinformatics tools and methods such as GENIE3
which uses random forests to construct trees to identify transcription factors whose
expression levels at a given time can predict the expression levels of each target gene are
needed to help overcome current limitations in identifying interdependence between
pathways in a dynamic system [102]. Simultaneous integration of gene expression data,
proteomic, and metabolomic data with physiological endpoints using computational
techniques such as the Sparce Partial Least Squared (SPLS) method, that combines both
integration and simultaneous variable selection on two datasets in a one-step strategy, has
allowed us to identify biomarkers of immune failure not detected by independent analysis of
single datasets alone. The sPLS method, an adaptation of PLS, addresses our need to
perform integrative analyses with features like transcriptional and metabolic profiles,
cytometric profiles, CD4 counts, plasma biomarkers and proinflammatory cytokines, and
clinical indices [103]. The method is implemented in the R package mixOmics, and has been
validated empirically on simulated and real biological data in our preliminary studies [104].

12. Therapeutic Potential of blocking PD-1 and its Ligands

Combining immunological, biochemical and systems biology data provides significant
support for PD-1 as an important target for therapeutic interventions. Indeed, studies in HIV,
Hepatitis B, and Hepatitis C have demonstrated an effect of blocking PD-1-PD-L1/2
interaction on the rescue of T cell effector functions [21, 27, 35, 74, 98, 105-108]. IFNs are
strong inducers of PD-L1 (B7-H1) and PD-L2 (B7-H2) expression on hematopoietic and
non-hematopoietic cells via STAT1 activation and IFN regulatory factor 1 (IRF1). PD-L1
has two binding partners, PD-1 and B7-1, and the significance of the PD-L1-B7-1
interaction in regulating self-reactive T cell responses has been shown in models of
autoimmunity. Several groups have reported that blocking PD-L1 may have a higher
efficacy in rescuing T cell function than targeting PD-1 itself [21, 48]. A recent study by
Rosignoli et al. comparing PD-1 with PD-L1 blocking antibody found that blocking PD-L1
resulted in a five-fold increase in HIV Gag-specific proliferation in PBMCs from cART
treated patients [50], whereas studies in cancer have shown that blocking PD-1 might be
more effective than antibodies targeting its ligand, PD-L1 [126,127].
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We, as well as other groups, are currently conducting safety and efficacy studies with PD-1
blocking antibodies in the rhesus macaque SIV infection model [74, 109]. Preliminary
results show that PD-1 blockade leads to the expansion of SIV specific CD8 T cells, rescue
of cytotoxic functions, and a significant reduction in viral load [74]. Interestingly, PD-1
blocking treatment also resulted in expansion of memory B cells and an increase in
antibodies to SIV envelope [74]. This same group has recently shown that activated memory
B cells expressing PD-1 are rapidly lost in SIV-infected macaques who experience rapid
progressive disease [109]. PD-1 blockade in these animals allowed for greater antibody
responses to both SIV and non-SIV antigens [109]. Another study using PD-1 blocking
antibody in SIV infected macaques showed increased survival and evidence for restoration
of mucosal barrier integrity [110]. These results were associated with the induction of a
Type | IFN gene signature in blood and in tissue isolated from GALT of treated animals. In
summary, these preclinical studies provide a strong rationale for initiating human clinical
trials targeting PD-1 with blocking antibodies in HIV infected patients in combination with
anti-retroviral therapy.

Although cART has been shown to partially restore the immune function of exhausted
antigen-specific CD8 T cells of HIV infected subjects [111], blocking PD-1 or combinations
of co-inhibitory molecules, might serve a dual role by reactivating latent virus in CD4 cells
and by relieving a functional block on virus-specific CD8 memory T cells to enhance
antigen-specific proliferation and effector cell differentiation. A recent study showed that in
HIV infected patients successfully treated with cART, pre-stimulation of autologous CD8
CTL ex vivowith Gag peptides and IL-2 was required to activate killing of virus-infected
CDA4 cells reactivated 7 vitro with SAHA [112]. The implications of this study for
eradicating latent virus reservoirs is that Gag-specific CD8 CTLs preexist in CART treated
HIV infected subjects (in this small study) in an arrested state of differentiation and that
antigen stimulation can rapidly induce anti-viral effector functions. Thus, for the majority of
successfully treated HIV patients, a push-pull approach blocking negative regulatory signals
with PD-1 blocking antibody while activating antigen-specific CD8 Tty and Tgy effector
cells by vaccination and cytokines such as IL-15 or IL-7 might prove most effective for CD8
CTL killing of virus infected cells and prevent reactivated virus infection from replenishing
latent reservoirs (Fig. 2). Targeting immune checkpoints carries a general risk for
autoimmune reactions and it will be important to determine the risk/benefit ratio of anti-
PD-1 therapy in HIV infected patients receiving CART. We are currently performing these
safety and proof of concept studies using PD-1 blocking antibody therapy in SIV infected,
CART treated macaques.

13. Blocking Immune Checkpoints in Cancer

The safety, antitumor activity, and pharmacokinetics of blocking negative regulatory
receptors to enhance anti-tumor immunity lead to approval by the FDA in 2011 of
Ipilimumab, a CTLA-4 blocking antibody, for the treatment of advanced melanoma. Two
large Phase | trials blocking PD-1-PD-L1 interactions in patients with advanced cancers
including melanoma and non-small cell lung cancer (NSCLC) have recently reported highly
promising results for targeting PD-1 in cancer. Topalian ef a/. used an 1gG4 monoclonal
antibody (BMS-936558) that targets PD-1 while Brahmer; et a/. used a monoclonal antibody
that targeted PD-L1. Tumor response rates were between 18-28% for patients treated with
anti-PD-1 antibody and 6-17% for the anti-PD-L1 antibody [113, 114]. Of the patients that
tested positive for PD-L1 expression there was a response rate of 36% suggesting that PD-
L1 might be a useful biomarker predictive of efficacy. Although these results are
encouraging for the use of blocking PD-1 monoclonal antibodies for activating anti- tumor
responses, preclinical models suggest combinatorial strategies that block multiple immune
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checkpoints combined with vaccination, molecular adjuvants and/or cytokines, might
improve T cell effector function and antitumor responses [115, 116].

14. Conclusion

Recent studies have lead to significant advances in our understanding of the central role
PD-1 and other negative regulatory molecules play in regulating immune function, as well
as the potential therapeutic benefit of blocking PD-1-PD-L1 interactions in augmenting CD8
and CD4 T cell effector functions. These studies have provided the basis for the
development of humanized monoclonal antibodies that block PD-1 inhibitory signaling to
enhance immune effector responses for the eradication of tumors and chronic infectious
diseases, with the potential for development of PD-1 agonists that can suppress the immune
mediated pathology in autoimmune diseases. Clinical trials in cancer treatment and macaque
SIV studies using PD-1 blocking antibodies have produced promising results /n vivo that
merit continued investigation into identifying patient populations that might benefit from
these interventions. Recent clinical trials in cancer highlight the fact that response to
treatment with PD-1 or PD-L1 blocking antibodies is variable and clinical responses are not
seen in a large proportion of treated patients. Systems level investigations in the era of
personalized medicine is needed to identify mechanisms and molecular pathways that can
predict the ability to restore immune function and identify the patient populations most
likely to respond to PD-1 blockade. Additionally, future studies focused on elucidating
additive effects of blocking PD-1 and other negative regulatory molecules and
immunosuppressive cytokines will help to identify combinatorial approaches that can
enhance T cell effector responses to vaccination and therapeutic interventions.
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Figure 1. PD-1 ligation inhibits proximal TCR signaling and CD28-mediated costimulation
required for cell cycle progression

Colocalization of PD-1 to TCR microclusters following engagement with its ligand PDL-1/
PDL-2 mediates a phosphorylation dependent inhibition of TCR stimulation [99]. Inhibition
of membrane proximal phosphorylation of CD3( chain and ZAP-70 [87] and the
downstream Ras/Mek/Erk, and AKT signaling pathways promotes accumulation of CDK
inhibitory protein p27kipl and cell cycle arrest [3]. Inhibitory effects of PD-1 ligation have
been attributed to the recruitment of the tyrosine phosphatase SHP-2, by the ITSM of PD-1
to the immunological synapse resulting in dephosphorylation of TCR signaling molecules
[99]. Immunopreciptation studies demonstrate that the tyrosine kinases Csk and Lck are also
recruited to PD-1 [87]. Since the target of Csk is the inhibitory Y505 of Lck, this suggests a
potential mechanism for PD-1 in inactivating Lck and shutting down the induction of the
TCR-mediated tyrosine phosphorylation cascade.
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Figure 2. Functional activation of exhausted antigen-specific CD8 CTL by PD-1/PD-L1/L 2
blocking antibodies

High levels of PD-1 expression are found on antigen-specific CD8 Tty and Tgp cells in
HIV infection even in patients successfully treated with HAART. CD8 cells also express
B7.1 that can bind PD-L2 expressed on DCs further suppressing CD8 differentiation to
effectors (A). Blocking PD-1 or its ligand with monoclonal antibodies can prevent negative
signals delivered through PD-L1 and PD-L2 ligand binding and increase the sensitivity of
the TCR to antigen. In the absence of PD-1 coinhibitory signals, CD8 cells can proliferate,
differentiate into highly effective cytotoxic T effector cells and produce effector molecules
such as IFN-y and Granzyme B. IL-15 can drive Tgpmra and CTL differentiation to kill CD4
T cells that are replicating virus and administering IL-7 concurrently with vaccination
strategies might further enhance CD8 killing.
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