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Abstract

Virus-specific CD8+ T cells play an important role in controlling viral infections including human immunodeficiency virus
(HIV) infection. However, during chronic HIV infection, virus-specific CD8+ T cells undergo functional exhaustion, lose
effector functions and fail to control viral infection. HIV-specific CD8 T cells expressing high levels of co-inhibitory
molecule programmed death-1 (PD-1) during the chronic infection and are characterized by lower proliferation,
cytokine production, and cytotoxic abilities. Although, antiretroviral therapy has resulted in dramatic decline in
HIV replication, there is no effective treatment currently available to eradicate viral reservoirs or restore virus-specific
T or B-cell functions that may complement ART in order to eliminate the virus. In recent years, studies in mice and
non-human primate models of HIV infection demonstrated the functional exhaustion of virus-specific T and B
cells could be reversed by blockade of interaction between PD-1 and its cognate ligands (PD-L1 and PD-L2). In
this review, we discuss recent advances in our understanding of PD-1 pathway in HIV/SIV infection and discuss
the beneficial effects of PD-1 blockade during chronic HIV/SIV infection and its potential role as immunotherapy
for HIV/AIDS.

Keywords: HIV disease, PD-1 blockade, PD-1 pathway, SIV infection, T-cell dysfunction, B-cell dysfunction, PD-L1
and PD-L2
Introduction
T cells are activated upon ligation of T-cell receptor
(TCR) with specific antigen peptide MHC molecule
(pMHC) displayed on antigen presenting cells (APCs).
Upon first signal, naïve T cells become activated and an
additional co-stimulatory signal promotes T-cell differ-
entiation and effector functions. TCR signaling in the
absence of co-stimulation induces T-cell anergy and
weak co-stimulatory signals or a preferential engagement
of co-inhibitory pathways during T-cell priming in vivo
can lead to T-cell tolerance [1-3]. Ultimately, the balance
between the co-stimulatory and co-inhibitory signals
shapes the fate of T-cell response. The co-stimulatory
molecule CD28 and the co-inhibitory molecules cyto-
toxic T lymphocyte antigen-4 (CTLA-4; CD152) and
programmed death 1 (PD-1; CD279) are particularly im-
portant for regulating T-cell responses [4]. Recently, the
* Correspondence: vvelu@emory.edu
1Department of Microbiology and Immunology, Emory Vaccine Center,
Emory University, Atlanta, GA, USA
2Yerkes National Primate Research Center, 954 gatewood Road, Atlanta, GA
30329, USA
Full list of author information is available at the end of the article

© 2015 Velu et al.; licensee BioMed Central. Th
Commons Attribution License (http://creativec
reproduction in any medium, provided the or
Dedication waiver (http://creativecommons.or
unless otherwise stated.
co-inhibitory molecule PD-1, gained much attention in
viral immunology as it plays a significant role in estab-
lishment of virus-specific CD8+ T-cell exhaustion. PD-1
was identified as a gene up-regulated in a T-cell hybrid-
oma undergoing apoptotic cell death, and was thus
named programmed death 1 [5,6]. PD-1 is inductively
expressed on CD4+, CD8+, NK T-cell subsets, B cells
and monocytic cell types upon activation. In close simi-
larity to other CD28 family members, PD-1 transduces a
signal when engaged along with TCR ligation. The cyto-
plasmic domain of PD-1 receptor contains two tyrosine-
signaling motifs, both of which may be phosphorylated
upon receptor engagement. Phosphorylation of the second
tyrosine, the immuno-receptor tyrosine–based switch
motif, recruits the tyrosine phosphatase, SHP-2 and to
a lesser extent SHP-1 to the PD-1 cytoplasmic domain
[5]. Recruitment of these phosphatases leads to de-
phosphorylation of TCR proximal signaling molecules
including ZAP70, PKCθ, and CD3ζ, leading to attenu-
ation of the TCR/CD28 signal [7]. PD-1 signaling prevents
CD28-mediated activation of phosphatidylinositol 3-kinase,
resulting in reduced Akt phosphorylation and glucose
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metabolism. The PD-1 ligands have distinct patterns of ex-
pression. PD-L1 (B7-H1; CD274) is broadly expressed on
both professional and non-professional APCs, whereas
PD-L2 (B7-DC; CD273) is expressed in a inducible manner
only on dendritic cells (DCs) and macrophages [8]. PD-L1
is constitutively expressed on B cells, DCs, macrophages
and T cells, and is upregulated upon activation. PD-L1 is
also expressed on a wide variety of non-hematopoietic cell
types, including vascular endothelial cells, kidney tubular
epithelial cells, cardiac myocardium, pancreatic islet cells,
glial cells in the brain, inflamed muscle, and keratinocytes
and also immune privilege sites such as the placenta and eye
[8]. Interferon α, β, and γ are powerful enhancers of PD-L1
expression on APCs, endothelial cells, and epithelial cells
[8]. During pro-inflammatory immune responses, such as
infection or transplant rejection, PD-L1 expression is intense
and extensive [8]. PD-L1 expression is found in many solid
tumors, and high expression is associated with poor disease
prognosis [8]. Several recent studies suggested that PD-1–
PD-L pathway plays an important role in exhaustion of anti-
tumor as well as anti-viral CD8+ T cells during chronic in-
fections [8-12].
Dysfunctional virus-specific T and B cell responses are

the primary reason for the diminished immune control
during chronic viral infections [13-15]. Chronic HIV/
SIV infection is characterized by continuous viral repli-
cation in the majority of HIV infected individuals, which
leads to disease progression but there are rare exceptions
when individuals (elite controllers) can control virus in
the absence of therapy [16]. Persistent Ag exposure im-
pair immune functions in HIV/SIV and this is a feature
shared with various other chronic infections, such as
hepatitis C virus, hepatitis B virus, and certain cancers
[17]. The prolonged antigen exposures during chronic
infections give rise to T-cell exhaustion, which is charac-
terized by loss of proliferative capacity and effector func-
tion [18]. Evidence show that pathogens successfully
evade immunity by activating negative regulatory path-
ways that play an important role in maintaining periph-
eral tolerance and avoiding excessive immune activation
under physiologic conditions. Complex mechanisms are
involved in this T-cell dysfunction and PD-1 has been
identified as a major regulator of T-cell exhaustion dur-
ing chronic HIV/SIV infection. Blockade of the PD-1
pathway in non-human primate model of HIV infection
can reinvigorate exhausted T cells, resulting in enhanced
viral control during chronic SIV infection [11,19]. Not-
ably, recent clinical studies have revealed that PD-1-
directed immunotherapy is highly effective in cancer
patients, demonstrating that PD-1 is a promising thera-
peutic target in humans [20]. In this article we review
recent studies that examined the role of PD-1 pathway
in immunodeficiency virus-specific T and B cell im-
mune dysfunction and discuss the therapeutic benefit
of blocking PD-1 pathway during chronic HIV/SIV
infection.

Review
Role of PD-1 pathway during acute viral infection
PD-1 is induced on T cells upon TCR stimulation. The
PD-1–PD-L pathway is central in the interaction be-
tween host defenses aimed at eradicating pathogenic mi-
crobes and microbial strategies that evolved to resist
immune responses. During acute viral infection or vac-
cination, effective antiviral T cells acquire the ability to
accomplish multiple effector functions (including cyto-
kine production, cytotoxicity and proliferation) after
antigen encounter. Eventually, the effector response con-
tract into memory, which gain the ability to persist for a
long time, and have the capacity to expand during sec-
ondary antigen exposure. During this time there is a
lower density of PD-1 expressed on virus-specific CD8+

T cells, whereas during chronic viral infection the ex-
pression of PD-1 increases to higher levels and these T
cells lose the ability to produce cytokines, lyse infected
cells and proliferate in a progressive and hierarchical
manner. In a mouse model of acute lymphocytic chorio-
meningitis virus (LCMV-Armstrong) infection, the virus-
specific CD8+ T cells expressed lower levels of PD-1 as
compared with the clone-13 LCMV infection, which es-
tablishes chronic viral infection [14]. In mice, during the
first week of LCMV infection, PD-1 expression increased
on activated virus-specific CD8+ T cells. If the infection is
cleared, PD-1 expression quickly decreases and functional
memory T cells are generated. In contrast, if the infection
persist as with the LCMV clone13 strain, PD-1 expression
remains high and T cell function decreases [14]. In
addition, PD-L1 increases during chronic LCMV infec-
tion, with the most PD-L1 on virus-infected spleno-
cytes. In vivo blockade of PD-1–PD-L1 interactions in
chronically infected mice restores T cell function and
enhances the viral control [14]. The involvement of
PD-L1 in limiting immunopathology was clearly demon-
strated when LCMV clone 13 infection gave a chronic
LCMV infection in wild-type mice, whereas PD-L1-
deficient mice died [14]. Those observations also apply
to humans as several groups have demonstrated that
PD-1 expression is higher on HIV-specific T cells,
HBV-specific T cells and HCV-specific T cells [17]
compared to T cells specific for nonpersisting viruses
such as vaccinia [21,22] or influenza [23]. Blocking PD-1–
PD-L interactions in vitro reverses the exhaustion of HIV-
and HCV-specific CD8+ and CD4+ T cells and restores
cytokine production and proliferation [21,24].
Notably, PD-1 expression by virus-specific CD8+ T cells

is low in individuals with low HIV antigen levels such as
elite controllers and similar pattern is found in resolved
HCV and HBV infection [25,26]. The levels remain high
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in individuals that progress to chronic HCV or HBV infec-
tion [25,26]. Furthermore, the expression of PD-L1 and
PD-L2 on hepatocytes is upregulated by HCV infection
and by type 1 and type 2 interferons [25]. These observa-
tions from both animal and human studies indicate that
PD-1 expression on virus-specific T cells may limit their
antiviral functions and ability to proliferate [21,24]. In
addition, T cells specific for other chronic viruses such as
cytomegalovirus (CMV) and Epstein Barr virus (EBV), ex-
press moderate to high levels of PD-1, respectively
[22,27-29]. This suggests that sustained viremia and high
antigen load maintain high levels of PD-1 expression
on CD8+ T cells. The factors influencing the expres-
sion of PD-1 other than high antigen levels are not yet
fully understood. Consequently, it is important to de-
termine if up-regulation of PD-1 and its ligands is a
consequence of antiviral IFN response, a result from
the T-cell activation and inflammatory cytokine pro-
duction, or whether chronic antigens, i.e. HIV, HCV,
HBV proteins, have the ability to directly up-regulate
their expression.

Role of PD-1 pathway during chronic HIV infection
The expression of PD-1 and the mechanisms involved in
PD-1 regulation in recently activated versus exhausted
T cells are still poorly understood. PD-1 is induced by
the strength and duration of TCR-pMHC interaction
and CD28 co-stimulation and sustained by chronic
antigen stimulation. PD-1 and its ligands are also in-
duced by gamma chain cytokines IL-2, IL-4, IL-7, IL-
15, IL-21 [30] and TGF-β [31]. In a longitudinal study
of HIV-infected subjects followed from the time of
acute infection, PD-1 expression declined on CTL-
specific for epitopes that had undergone mutational es-
cape along with an increase in CTL polyfunctionality
as measured by the capacity to produce multiple cyto-
kines, whereas an increase in PD-1 expression and
monofunctionality was observed over time for CTL di-
rected against conserved epitopes [32]. These data in-
dicate that repeated Ag-specific TCR stimulation plays
an important role in modulating PD-1 expression in
HIV infection. However, other mechanisms contribute to
Ag-independent up-regulation of PD-1. The accessory
HIV protein Nef was recently shown to up-regulate PD-1
through a p38 MAPK-dependent mechanism during in-
fection in vitro [33]. Furthermore, data suggest that the
expression of PD-1 and its cognate ligands is influenced
by the cytokine microenvironment, which varies in differ-
ent tissues and body compartments and likely play a
significant role in PD-1 regulation in vivo [8]. TCR-
independent up-regulation may significantly contribute
to the higher PD-1 expression observed on bulk CD8+

T-cell population and correlate with markers of HIV dis-
ease progression [34]. A large percentage of HIV-specific
CD8+ T cells express PD-1, and the expression of this re-
ceptor is elevated on a per cell basis during chronic HIV
infection. A larger proportion of HIV-specific CD8+

T cells also express CD27 and CD45RO, indicating
previous activation. PD-1 high CD8+ T cells lack the
expression of the co-stimulatory receptor, CD28, effector
functions such as perforin and granzyme-B secretion/
killing, and express lower levels of CCR7 and CD127
(IL-7 receptor α), which are important molecules for
the maintenance of memory T cells [35]. This pheno-
type suggests that the T cells are poorly functional, not
transiting into memory cells, and particularly receptive
to inhibitory signals rather than activation signaling.
This fits with the CD8+ T cells in HIV infected individ-
uals, which are dysfunctional with reduced proliferative
capacity and effector functions [22,27,28]. Studies, showed
that disease severity, as measured by viral load and declin-
ing CD4+ counts, correlated with both the level of PD-1
expression on HIV-specific CD8+ T cells and the percent-
age of cells expressing PD-1, thus providing a CD8+ T cell
markers that correlates with disease severity [22,27,28].
The level of PD-1 expression was also associated with de-
creased CD8+ T-cell proliferation in response to in vitro
stimulation with HIV antigen. Collectively, these data sug-
gest that the level of PD-1 correlates with the extent of
T-cell exhaustion. In addition, PD-1 expression on
HIV-specific CD8+ T cells was reduced in patients under-
going effective highly active ART (HAART), consistent
with the notion that high antigen levels drive PD-1 expres-
sion and functional exhaustion [36]. Until recently several
studies including ours in non-human primates, docu-
mented the role of PD-1-PDL pathway in HIV/Simian im-
munodeficiency virus (SIV) infection. Importantly, studies
in macaque model clearly demonstrated that blocking the
PD-1–PD-L pathway during chronic SIV infection in vivo
leads to functional restoration of virus-specific T and B
cells. Collectively, these observations suggest that the PD-
1–PD-L pathway plays a major role in functional exhaus-
tion of virus-specific T cells during chronic HIV/SIV
infection [11,37].

Role of PD-1 pathway in HIV-specific CD8+ T cells
Cytotoxic CD8+ T cells represent the major component of
adaptive immune responses against viruses. CD8+ T cells
are heterogeneous population that are classified into dif-
ferent subsets that define the major steps in a process of
memory T-cell differentiation and are classified as effector
memory, central memory, or during chronic infections,
exhausted T cells [38,39]. These multiple subsets display
specific transcriptional programs and express distinct sur-
face receptors and intracellular molecules, indicative of
different requirements for stimulation, survival, homing
potential, and effector functions [40,41]. HIV-specific
CD8+ T cells play a major role in controlling HIV
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infection. Research findings [21,22,28] demonstrated
that HIV and SIV-specific CD8+ T cells express high
levels of PD-1 and that PD-1 expression correlated
with HIV and SIV-specific CTL dysfunction, as CTL ex-
pressing high amounts of PD-1 had impaired proliferative
responses to the cognate Ag in vitro [21,22,28,37,42]. In a
group of untreated subjects and a group of SIV infected
macaques, PD-1 expression correlated with viral load and
disease progression [21,22,28,37,42]. Longitudinal analysis
of HIV-infected subjects before and after initiation of anti-
viral therapy showed that control of viral load resulted in
reduced PD-1 expression on HIV-specific CTL. The
expression of PD-1 was shown to be higher in HIV
progressors compared to slow progressors [21,22,28,37,42].
Non-human primate models examining the relationship
between PD-1 expression and apoptosis showed that PD-
1-expressing CD8+ T cells are more susceptible to both
spontaneous and Fas-mediated apoptosis. Cross-linking of
the PD-1 molecule with anti-PD-1 antibody preferentially
triggered apoptosis in the CD8+ cells expressing high levels
of PD-1 [29,43]. The PD-1 expressing HIV-specific CD8+

T cells had lower proliferative abilities and cells expressing
very high levels of PD-1 were highly susceptible to death
signals, suggesting that PD-1 expression leads to impaired
survival in vivo [18]. In addition, there are indications that
Figure 1 Regulation of CD8+ T cells after acute/chronic viral infection
pathways regulate the outcome of virus-specific CD8 T cells. High amount of
chronic viral infection that is evidenced by the expression of multiple im
function may not control chronic viral infection). However, during acute v
CD8 T cells are fully functional and produce cytokines and have proliferativ
PD-1 expressing CD8+ T cells have defects in pathways as-
sociated with metabolic and mitochondrial function in
CD8+ T cells during chronic HIV infection [27,43,44] and
that they have shortened telomeric DNA and reduced tel-
omerase activity [45].
Blockade of the PD-1 pathway by anti-PD-L1 antibody

or by anti-PD-1 antibody resulted in enhanced HIV and
SIV-specific CD8+ T-cell proliferation [21,22,28,37,42].
However, the restoration of HIV-specific CD8+ T-cell
proliferation was relatively modest in some individuals
indicating that only a minority of the HIV-specific PD-1-
expressing CD8+ T cells could have their function critic-
ally inhibited by only PD-1, and are therefore effectively
enhanced by a PD-1/PD-L1 blockade. One reason could
be the expression of multiple inhibitory receptors on
virus-specific CD8+ T cells (Figure 1), which make the
functional restoration of these cells by PD-1 blockade
alone impossible. A recent study support the fact that
multiple inhibitory receptors are expressed (2B4, CD160,
PD-1) on HIV-specific CD8+ T cells and the simultan-
eous blockade of both the receptors enhance the restor-
ation of CD8+ T cells than blocking a single receptor
alone [29,46]. A recent study in mouse clearly demon-
strated that exhausted CD8+ T cells are co-regulated by
complex pattern of multiple inhibitory receptors during
. Highly complex network of co-inhibitory and co-stimulatory signaling
antigen drives the exhaustion of virus-specific CD8+ T cells during
mune-inhibitory receptors. (Note: Exhausted T cells with loss of
iral infection the antigen is cleared from the host and the virus-specific
e potential, survival and cytotoxicity to control viral infection.
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chronic LCMV infection [47] and that cells expressing
more than one inhibitory receptor might have affected
the outcome of the PD-1 blockade. More studies are
needed to demonstrate similar phenomenon in HIV in-
fected humans and to better understand the regulation
of PD-1 expression and function in activated and
exhausted cells. Recently, NFATc1 was identified as an
important factor in the regulation of PD-1 expression,
thus providing a molecular mechanism responsible for
the induction of PD-1 upon T cell stimulation [48]. Crit-
ical questions remain as to what distinguishes the regu-
lation of PD-1 expression and function in exhausted
compared to functional activated CD8+ T cells [49]. It
will also be important to determine whether PD-1 ex-
pression is modulated by their ligands (PD-L1 and PD-
L2), whose expression levels may vary over time during
infection or in different tissues.

Role of PD-1 pathway in HIV-specific CD4+ T cells
CD4+ helper T cells orchestrate both cellular and humoral
arms of the immune response and may play a critical role
in controlling HIV replication [50,51]. Chronic HIV infec-
tion is characterized by the rapid depletion of CD4+ T cells
and defective HIV-specific CD4+ T-cell responses is the
hallmark of HIV infection. Effective virus-specific CD4+

helper T cells are considered to be important in restricting
viral replication during chronic HIV infection [52]. Defect-
ive CD4+ help leads to poor quality of CD8+ T-cell re-
sponses [51,52]. Recent studies suggest the role of PD-1
pathway in CD4+ T cell dysfunction similar to PD-1 path-
way on CD8+ T cell [37,53,54]. PD-1 is also up-regulated
on HIV-specific CD4+ T cells and its expression level cor-
related with plasma viremia and inversely with total CD4+

T cell counts [55]. In addition, the PD-1 levels were higher
on HIV-specific CD4+ T cells compared with CMV-
specific CD4+ T cells in the same subjects. Of note, the
PD-1 levels on CD4+ T cells in HIV infected individuals
were higher in lymph nodes than in peripheral blood [56].
There was also a strong correlation between PD-1 levels
in CD4+ and CD8+ Gag-specific T cells demonstrating the
involvement of PD-1 pathway in regulation of both CD4+

and CD8+ T cell types. Similar to PD-1, CTLA-4 another
molecule of B7:CD28 family also mediates CD4+ dysfunc-
tion and are highly elevated on HIV-specific CD4+ T cells
[53]. Importantly, recent data extended these observations
by examining expression of PD-1, CTLA-4 and another
regulatory receptor TIM-3, which has been shown to im-
pair HIV-specific CTL responses [53,55]. Co-expression of
PD-1, CTLA-4 and Tim-3 correlated more strongly with
viral load compared to the expression of each receptor in-
dividually. These data collectively demonstrate that mul-
tiple inhibitory receptors co-regulate virus-specific CD4+

T-cell impairment [57]. Noteworthy, in contrast to HIV-
specific CD8+ T cells, HIV-specific CD4+ T cells express
CD28 and it has been demonstrated that PD-L1 blockade
combined with CD28 stimulation had synergistic effect on
enhancing HIV-specific CD4+ T-cell proliferation in vitro
compared to targeting them individually. These demon-
strate that the concurrent modulation of co-inhibitory and
co-stimulatory receptors enhance the restoration of HIV-
specific CD4+ T cell responses [58]. The transcriptional
factor BATF is downstream of the PD-1 receptor signaling
and play a key role in CD8+ T cell exhaustion and a recent
study investigated primary HIV-specific T cells by silen-
cing BATF expression and demonstrated that it aug-
mented IL-2 production, suggesting that BATF may play
an important role in impairment of CD4+ T cells in HIV
infection [35,47]. Taken together, these data suggested that
HIV-specific CD4+ T cells are controlled by complex pat-
tern of negative regulation due to expression of multiple
inhibitory receptors, and that the sets of inhibitory mole-
cules controlling CD4+ and CD8+ T cell responses are
only partially overlapping [57,59].
Blockade of the PD-1 pathway with a PDL-1 blocking

antibody increased HIV-specific CD4+ T-cell prolifera-
tion and similar effects were also seen in SIV infected
macaques CD4+ T cells [53]. The CD4+ T-cell prolifera-
tive responses that follow blockade of the PD-1 pathway
likely vary between individuals, with striking effects in
some individuals that correlates well with consequent
CTL responses [21,60]. Importantly, the blockade of PD-
1 pathway with anti-PD-L1 antibody in in vitro cultures
of CD4+ T cells activated with HIV antigens enhanced
the secretion of several T helper cell lineage-specific
cytokines (Figure 2), known to mediate numerous
functions in vivo [58]. Potential role of PD-1 pathway
in B-cell responses has been identified, as the PD-1 ex-
pression that is induced on newly activated CD4+ T
cells is maintained and further increased in CD4+ T
cells that interact with cognate B cells called T follicu-
lar helper cells (Tfh) [61-63]. Tfh cells express CXCR5
and migrate to the germinal center (GC) where they
select high affinity B cells by providing help via IL-21
and CD40L, which help them to survive and differenti-
ate into memory and plasma cells. Recent findings in
HIV and SIV models suggest that PD-1+++ CD4+ T cells
in the lymph node are similar to Tfh cells that interact
with cognate B cells in the germinal centers of HIV in-
fected humans and SIV-infected macaques [64-67]. These
cells express very high levels of follicular markers (CXCR5,
BCl-6, ICOS) including PD-1, which may interact with the
ligands expressed on B cells in the germinal centers and
required for effective B-cell responses [64,68-70]. HIV/SIV
infection induces multiple changes in Tfh cell numbers
and function, ultimately affecting the development of
HIV/SIV-specific antibodies [71-74]. In addition, it has
been reported that GC and memory B cells express PD-1
ligands PD-L1 and PD-L2 respectively Table 1 [73]. More



Figure 2 PD-1 blockade enhances both T and B cell responses during chronic HIV/SIV infection. PD-1 blockade mediated functional
restoration of exhausted virus-specific CD8+ T cells gain their qualities to clear viral antigens and control chronic viral infection. Blockade of
PD-1 in virus specific CD4+ T cells restore functions associated with CD8+ T cell help and B-cell activation. Impaired B cells restore functions and
produce virus-specific antibody following in vivo PD-1 blockade.
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importantly, PD-1 engagement suppresses follicular
T-regs, which appear to express high levels of PD-1,
and a subset of Foxp3+ cells that limit GC reactions
[61]. Future studies are needed to delineate the regu-
lation of Tfh cells, i.e. role of PD-1, which could in-
form vaccination strategies with the goal of eliciting
broadly neutralizing antibody responses and to ad-
dress the impact of PD-1 blockade on CD4+ T cells
beyond antiviral treatment, which may further shape
the quality of CD8+ and B-cell responses.

Role of PD-1 pathway in B-cell dysfunction during HIV
infection
B cells play a key role in the adaptive immune response
and are the source of the humoral immune response
against a given pathogen [90]. Understanding their acti-
vation process is of major importance to develop effect-
ive vaccine-based strategies. B cells require at least two
signals to engage their activation program in similar
manner to T cells. The first signal comes from the recog-
nition of their cognate antigen through the B-cell receptor
(BCR). The second signal depends on the engagement of
activating and inhibitory co-receptors that, when triggered
during an immune reaction, induces a positive or a
negative cell signaling pathway. The integration of these
opposite signals determines the extent of B-cell activation,
which determines the fate of B cells [90]. PD-1, which is
involved in the negative regulation of T-cell activation and
are also expressed on B cells [6,91,92]. The B cells express
PD-1 upon activation and this expression is maintained
on some B cells [93,94], but its importance in the process
of B-cell activation/antibody production and dysfunction
remains elusive.
Generalized B-cell dysfunction is an important feature

of HIV-1 and pathogenic SIV infection. B cell abnormal-
ities in HIV disease include imbalances in B-cell subsets
and recent data suggest that these abnormalities are due
to presence of memory B cell subsets in HIV infected
that are totally absent in healthy individuals [95]. There
are at least six B-cell subsets that can be clearly delin-
eated in the peripheral blood of healthy and HIV-
infected individuals [95] and nine B cells subsets accord-
ing to the most common lineage/differentiation makers
and relative tissue distribution [96]. Several B cell sub-
sets are reportedly altered in HIV-infected individuals.
One of the altered subsets is naive B cells [97,98], which
display a decreased frequency in HIV-viremic individuals
[99,100]. High levels of activated memory B cells prior
to infection directly correlate with increased depletion of
these cells following SIV infection in rhesus macaques as



Table 1 Summary of principal findings on the role of PD-1 pathway in HIV/SIV infection

PD-1 expression on SIV/HIV-specific T cells Cell types Reference

Highly regulated on SIV/HIV-specific CD8+ T cells CD8+ T cells [21,22,28,37,42,75]

PD-1 expression on SIV/HIV-specific CD4+ T cells CD4+ and CD8+ T cells [21,37,53,56]

PD-1 is co-expressed with other co-inhibitory receptors CD8+ and CD4+ T cells [29,47,57,76]

PD-1 expression correlates with disease progression CD8+ and CD4+ T cells [21,22,37,60]

PD-1 expression on TFH cells GC and CD4+ T cells [65-68,70,71,73]

PD-1/PD-L1 expression on B cells during chronic HIV/SIV infection

PD-1 is up-regulated on B cells during chronic SIV infection Activated B cells [10]

PD-1 is up-regulated on B cells during HIV infection B cells [77,78]

PD-L1 up-regulated in B cells B cells [79]

PD-L1 up-regulated in B regulatory cells Bregs [80]

High expression of PD-L1 on germinal center B cells GC B cells [73,81]

No change in PD-L2 expression on B cells B cells [73,81]

PD-1/PD-L expression on innate immune cells during chronic HIV/SIV infection

PD-L1 expression on DCs PDCs and MDCs [82-84]

PD-L1 expression on monocytes Monocytes [79,82,85,86]

PD-L1 and PD-L2 expression on macrophages Macrophages [87]

PD-L1 expression on neutrophils Neutrophils [88]

Effect PD-1 blockade during chronic HIV/SIV infection (both in vitro and in vivo indicated)

PD-1 blockade enhances proliferation of HIV-specific CD4+ and CD8+ T cells CD4+ and CD8+ T cells [21,22,37,42]

PD-1 blockade enhances cytokines by HIV- or SIV-specific CD8+ and CD4+ T cells Cytokine+ CD4+ and CD8+ T cells [11,58]

PD-1 blockade enhances SIV-ENV-specific antibody response ENV-specific antibodies [10,11]

PD-1 blockade in humanized mice model CD4+ T cells [54,89]

PD-1 PD-L1/L2 blockade enhances IgG production GC B cells [73]
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well as HIV-infected individuals [98]. These data suggest
that the levels of activated memory B cells prior to infec-
tion may influence disease progression and the individ-
uals with relatively high levels of activated memory B
cells prior to HIV infection may be at higher risk for fas-
ter disease progression [101,102]. Multiple factors, in-
cluding the incidence of non-HIV infections, could
influence the frequency of activated memory B cells in
humans and macaques. Indeed, studies in humans re-
ported a faster rate of HIV disease progression in devel-
oping countries compared with developed countries
[98,103]. Furthermore, concurrent infections with other
pathogens of bacterial, helminthic, or protozoan origin
have been shown to markedly affect the severity and
course of disease progression [98]. The mechanisms for
B-cell depletion during HIV/SIV infection are not com-
pletely understood. PD-1 has been recently emerged as a
pathway involved in both HIV and SIV pathogenesis that
influence B cell exhaustion. An association between loss
of total memory B cells and loss of total CD4+ T cells
was previously shown in HIV-infected individuals [97],
which indicate that total memory B-cell loss may be a
useful marker of disease progression. PD-1 blockade in-
duced enhancement of memory B-cell responses in
chronic SIV infection. However, in contrast to humans,
PD-1 is expressed at high levels on the memory B cells
of chronic SIV-infected rhesus macaques, while PD-1
levels are much lower on the memory B cells in HIV in-
fected humans. While comparable B-cell dysfunction has
been identified in SIV-infected macaques [10], the kinet-
ics, the specific B-cell subsets that are affected, the
mechanisms involved, and the role of B-cell defects in
the rapid disease progression are not yet well under-
stood. Activated memory B cells are rapidly depleted
and the depletion strongly influences disease progression
during chronic HIV or SIV infection [10,96]. Import-
antly, loss of activated memory B cells in rapid progres-
sors was associated with a significantly higher rate of
acquisition of various opportunistic infections (OIs) in
SIV-infected rhesus macaques [10]. Data from SIV stud-
ies suggest that the PD-1 pathway plays an important
role in the depletion and survival of activated memory B
cells. These observations highlight the rapid and pro-
found loss of activated memory B cells as an important
mechanism of rapid disease progression and consequent
impaired humoral immune response against SIV and
non-SIV infections. Importantly, there was a strong posi-
tive correlation between the depletion of total activated
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memory B cells with the higher set-point viremia, which
directly corresponds to the rapid disease progression
[10,104]. Given that strong SIV-specific antibody responses
are not detectable until several weeks post-infection [105]
presumably, the activated memory B cells being depleted
during the first few weeks would be primarily non–SIV-
specific and constitute an integral part of pre-existing
humoral immunity to non-SIV infections. The mechanisms
whereby these non–SIV-specific activated memory B cells
influence set-point viremia and disease progression are not
completely understood. Conclusively, these results suggest
that the early rapid loss of activated memory B cells in
rapid disease progressors contributes to a substantially
higher rate of acquisition of other OIs, which in turn
contributes to hyper-immune activation and thus higher
set-point viremia and rapid disease progression. Depletion
of activated memory B cells from the blood likely occurs
via a combination of mechanisms, including migration to
other sites/tissues, decreased survival, and/or increased
propensity to cell death or apoptosis. A recent study sug-
gested that the decrease in circulating memory B cells
following SIV infection mainly resulted from trafficking to
lymphoid organs, with a rebound occurring once the cells
returned back to the circulation from the tissues [106].
This may be the case in the slow progressors of HIV-
infected humans and SIV-infected typical progressors, in
which they observed a rebound in memory B cells during
the chronic SIV infection, but not in rapid progressors, in
which memory B cell loss was sustained [10]. Similar to
humans a subset of memory B cells lack both CD27 and
CD21 receptor expression in macaques [10]. In humans
this subset resembles recently described tissue-like mem-
ory B cell subset in HIV-infected individuals [98]. Compar-
able human unconventional/tissue-like memory B cells
have gained recent attention because of their expansion
and accumulation in viremic HIV-infected individuals as
well as their association with other OIs [97,98]. This is an
intriguing subset that may have important consequences
for disease pathogenesis and further studies are needed to
intensely investigate these B-cell subsets. Collectively, these
results strongly suggest decreased survival and increased
apoptosis as a mechanism of depletion of activated mem-
ory B cells and furthermore demonstrate a role for PD-1 in
B cell impairment. HIV viremia leads to B-cell exhaus-
tion, as manifested by increased expression of multiple
inhibitory receptors, altered expression of homing
receptors, decreased cell division and somatic hyper-
mutation in vivo, decreased proliferative and effector
properties in vitro and enrichment of HIV-specific
responses in the exhausted B-cell compartment.
Although most B-cell perturbations in HIV-infected
individuals are attributed to viremia and are reversible by
ART, one important exception is the loss of memory B
cells.
All stages of HIV infection are associated with a de-
crease in both the frequency of resting memory B cells
and the magnitude of B-cell responses against T-cell-
dependent and T-cell-independent antigens. Many B-cell
perturbations observed in HIV infection also arise in
various infectious and non-infectious disease settings
that involve immune dysfunction. Importantly, in vitro
stimulation of memory B cells with PD-L1 induced their
deletion through apoptosis, and blockade of PD-1 path-
way in vitro increased their survival and proliferation
[10,73,107]. Furthermore, in vivo blockade of PD-1 led
to increased titers of antibody to SIV antigens and other
OIs [10] (Figure 2). Interestingly, Fas-mediated apoptosis
of activated memory B cells was also decreased following
PD-1 blockade, which suggests that both Fas-mediated
and PD-1-mediated pathways of apoptosis may be inter-
linked. This presents the interesting possibility that Fas-
mediated apoptosis could be modulated through PD-1
blockade. Given that attenuated disease course was ob-
served in SIV-infected animals treated with a FasL-
blocking antibody [10], PD-1 blockade may thus be a
means to enhance humoral immune responses through
modulation of both the PD-1 and Fas pathways. Given
the uniform high expression of PD-1 on the majority of
activated memory B cells, the possibility of PD-1 ligand
expression being a determining factor in their deletion
through PD-1 pathway cannot be excluded. Among the
B-cell subsets, the activated memory B cells express
highest level of PD-1. PD-1 expression on activated
memory B cells may be related to their differentiation
stage and activation status, and the majority of Ag-
experienced committed B cells that may require tighter
regulation has the highest PD-1 expression. This would be
an important mechanism for preventing hyperactivation
and autoimmunity. Indeed, studies on the effects of PD-1
signaling in B cells indicate that PD-1 may down-modulate
excessive and prolonged activation by elevating the thresh-
old for restimulation [108]. However, one can argue that
pathogenic SIV infection results in accumulation of PD-1
negative memory B cells, which may also contribute to
hyper-gammaglobulinemia and autoimmunity. Studies in
murine model also support this therapy that PD-1 knock-
out mice develop autoimmune disease [109]. Hence, this
may be an important mechanism to determine the develop-
ment of autoimmune conditions in HIV/SIV infection.

PD-1 ligands and immune dysfunction in HIV infection
PD-1 has two ligands, PD-L1 and PD-L2, which are mem-
bers of the B7 family. PD-L1 is upregulated on macro-
phages and APCs in response to LPS and GM-CSF
treatment, and on T cells and B cells upon TCR and B cell
receptor signaling [110]. PD-L1 mRNA can be detected in
various tissues such as heart, lung, thymus, spleen, and
kidney during the resting stage in murine model and also
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in all tumor models [8,30]. PD-L2 expression is more
restricted and is expressed mainly by DCs and a few tumor
lines [30]. Its clear that PD-1 and its ligands negatively regu-
late immune responses and experiments in mouse models
clearly demonstrate the key role-played by PD-1 ligands in
protection from autoimmunity and excessive inflammatory
responses. PD-L1 knockout mice infected with a chronic
LCMV strain die from extensive immunopathology, while
wild-type mice become chronically infected but survive
[14]. In chronic LCMV-infected mice, virus-infected spleno-
cytes express high levels of PD-L1, suggesting a role in
ineffective CTL responses [14] and the up-regulation of
PD-L1 in lymphoid organs contributes to viral persistence
[14]. It is also been shown that the up-regulation of PD-L1
can attenuate pathogen-specific immune responses, such as
in Schistosoma mansoni infection [111].
Hyper-immune activation is the hallmark of HIV and

SIV infection [112,113]. During chronic HIV infection, the
PD-1/PDL pathways are upregulated in order to reduce
the inflammation. Consistent with this, HIV accessory
proteins could also induce the expression of PD-L1 and
PD-L2 on macrophages and DCs [87,114,115]. As defined
earlier, PD-L1 is up-regulated in various immune cells and
demonstrated a role of PD-L1 in progressive immune dys-
function. PD-L1 expression was found to be significantly
elevated on DCs, monocytes and B cells in HIV-infected
individuals compared with HIV-negative controls [79].
PD-L1 levels correlated with markers of disease progres-
sion, directly with viral load and inversely with CD4+

counts [79,85]. Exposure of myeloid DC and monocytes
to HIV in vitro resulted in up-regulation of PD-L1 [82,86].
PD-L1 was also found to be up-regulated on myeloid DCs
and monocytes in HIV-infected subjects with progressive
infection, but expressed at lower levels in ART treated
subjects and controllers and long-term non-progressors,
HIV-encoded TLR ligands up-regulated PD-L1 on DC
and monocytes [82,87] and exposure of monocytes to HIV
in vitro resulted in PD-L1 up-regulation by an IFN-
dependent mechanism [86]. Taken together, these results
suggest that both viral factors and inflammatory cytokines
may lead to the induction of PD-L1 on APCs, which could
contribute to the functional impairment of PD-1 ex-
pressing HIV-specific CTL. Furthermore, PD-L1 can act
through different receptor on immune cells, since it has
been shown that PD-L1 binds to PD-1 as well as CD80 ex-
pressing cells [116] and therefore PD-L1-mediated modu-
lation of APCs and T cells may also have a significant
impact in HIV infection. More recently, it has been shown
that the neutrophils in blood of HIV-1-infected individuals
express higher levels of the PD-1 ligand (PD-L1) and the
level of neutrophil PD-L1 expression correlates with func-
tional impairment of HIV-specific CD8+ T cells and CD4+

T cells with higher immune senescence [88]. Furthermore,
similar to the monocytes and DCs, the PD-L1 expression
on neutrophils is not only induced by HIV, but also by
various stimuli that are associated with HIV infection such
as immune activation (LPS and IFN-α) [117]. More
importantly the expression of PD-L1 by neutrophils
contributes to suppression of T-cell functions by neu-
trophils. Taken together, these findings are consistent
with a hypothesis that HIV-1 infection and ongoing
microbial translocation and its products (LPS and
IFN-α) induce neutrophils with an immunosuppressive
activity that significantly contributes to suppression of
T-cell functions in HIV-1 infection. This novel mech-
anism of immune suppression mediated by neutrophils
may increase our understanding of HIV-1 pathogen-
esis and may result in designing novel therapeutics
targeting the loss of immune functions in HIV-1-
infected individuals. Hence, future in vivo studies util-
izing murine and/or simian models will be critical to
delineate the significance of different innate cell -mediated
suppression of T-cell functions via the PD-L1/PD-1 path-
way. Studies of PD-1 ligand expression and function in
lymphoid tissues are necessary for a better understanding
of the PD-1 pathway in HIV infection. Progress in under-
standing the regulation of PD-1 ligand expression in
different types of innate cells in different tissues may also
provide new therapeutic targets in the PD-1 pathway.

Effect of in vivo blockade of PD-1 during chronic SIV
infection and potential beneficial effects
In a nonhuman primate model of SIV infection, PD-1
blockade results in rapid expansion of SIV-specific CD8+

T cells in blood as well as in rectal mucosal tissue, sug-
gesting that PD-1 blockade is effective in the compart-
ment where there is higher viral replication [11]. PD-1
blockade enhanced the frequency of virus-specific CD8+

T cells and consistent with the rapid expansion of SIV-
specific CD8+ T cells, which increased the frequency of
SIV-specific CD8+ cells that expressed the proliferation
marker Ki-67, perforin and granzyme-B, CD28, CD127,
and CCR7, indicative of functional T cells. Interestingly,
the PD-1 blockade enhance the frequency of SIV-
specific CD8+ T cells in the Mamu A*01 negative ani-
mals, demonstrating that PD-1 blockade could enhance
the frequency of virus-specific CD8+ T cells that are re-
stricted by non-Mamu A*01 alleles [11]. Furthermore,
PD-1 blockade enhanced the functional quality of anti-
viral CD8+ T cells (Figure 2) by producing poly-functional
CD8+ T cells that is capable of co-producing multiple
cytokines such as IFN-γ, TNF-α and IL-2 [11]. Similar
results were obtained in mouse models of HIV infection
during PD-L1 blockade [54].
PD-1 blockade not only increase the proliferative cap-

acity of virus specific CD8+ T cells, but also enhance the
proliferation of memory B cells during chronic SIV in-
fection [11]. Interestingly, the PD-1 blockade enhanced
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the proliferative and survival capacity of both SIV and
non-SIV-specific B cells [10,11,118]. Suggesting that the
blockade of PD-1 during SIV infection may operate to
control two pathogenic components linked to SIV infection.
First, PD-1 blockade on T helper cells, which may lead to
the recovery of T-cell exhaustion by interfering with PD-1
and indirectly with additional molecules that are linked to
T-cell exhaustion. Secondly, the masking of PD-1 on B cells
may result in increased survival of B cells, particularly the
activated memory B cells and newly formed plasma cells.
These two events may synergize and lead to higher levels of
SIV-specific antibodies. A detailed analysis of the cellular
components expressing PD-1 and its ligands needs to be
performed in the germinal centers of SIV-infected animals
to clarify the cellular components involved in PD-1 block-
ade. Increase in both cellular and humoral immune re-
sponses during blockade resulted in significant reduction in
plasma viremia and also prolonged the survival of SIV-
infected rhesus macaques [10,11,118].

Blockade of PD-1: PD-L signaling reduces microbial
translocation
The gastrointestinal tract is the most important target
organ for HIV. Clinical presentations of acute HIV
Figure 3 Potential mechanisms of PD-1-directed immunotherapy. Bloc
chronic SIV infection. Type I IFN responses are inhibited in the blood and c
following in vivo PD-1 blockade. Reduced type I IFN signaling was asso
junction-associated genes and with a profound decrease in plasma LP
gut repair and decreased pathogenic microbial translocation from gut
pathogenic bacteria, control of gut-associated pathogenic opportunistic infecti
infection often include diarrhea, dehydration, chills, and
loss of appetite, but just as frequently, gastrointestinal
clinical manifestations are limited despite ongoing mucosal
immune destruction. In advanced stages of HIV infection
in humans as well as in pathogenic AIDS animal models,
irreparable damage occurs to gut tissues and their barrier
functions [113,119]. The major reasons underlying gut
damage are massive depletion of CD4+ T cells that alters
gut permeability and barrier functions [113]. Under normal
conditions, gut microbiota is localized in the luminal
surface of the gut, but following SIV/HIV infection, due to
increased gut permeability, bacteria enter into the systemic
circulation and migrate into various tissues of the body, as
evident from increased presence of bacterial products such
as lipopolysaccharides (LPS) and soluble CD14 (sCD14,
possibly derived from monocytes) in blood plasma [113].
The pathogenic bacteria may non-specifically activate
immune cells and cause hyper-immune activation [120].
Transcriptome as well as mRNA expression analyses of gut
tissues of anti-PD-1-treated SIV-infected rhesus macaques
revealed that caludin 5 (CLDN5), junction adhesion mol-
ecule 2 (JAM2), connexin 45 (CX45) and connexin 43
(CX43) junctional genes that promote intestinal integrity
are highly expressed following therapy [118] (Figure 3).
kade of PD-1 pathway helps to restore T and B cell functions during
olorectal tissue compartments of SIV-infected Rhesus macaques
ciated with enhanced expression of intestinal epithelial tight
S levels and associated immune activation, suggesting a possible
into the blood. PD-1 blockade enhanced immunity against gut-resident
ons, which enhances survival of SIV-infected non-human primates.
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Hyper-immune activation promotes rapid disease progres-
sion and is partly mediated by sustained pro-inflammatory
type 1 IFN-signaling in response to random microbial in-
fection [112,121]. Suppression of infection-mediated in-
crease in type I IFNs and IFN-stimulatory genes (ISGs)
expression in non-pathogenic HIV animal models and HIV
controllers as compared to the pathogenic models and HIV
progressors respectively, are reportedly associated with pre-
vention of SIV infection to advanced stages of AIDS [122].
Following PD-1 blockade, SIV-infected rhesus macaques
displayed lower LPS levels in plasma besides decreased ex-
pression of ISGs in both blood and gut compartments fol-
lowing blockade of PD-1 [118]. Several events may underlie
PD-1-mediated down-modulation of type I IFN responses.
However, lower microbial burden following anti-PD-1 ther-
apy and positive stimulation of T cells that promotes de-
creased sensitivity to type I IFNs and eventual lower
expression of ISGs are possible mechanisms underlying
lowered type I IFN responses.

PD-1 blockade controls opportunistic microbial infections
in pathogenic AIDS viral infection
PD-1 blockade during chronic SIV infection not only en-
hances immunity against SIV infections but also enhances
both humoral and cell-mediated immune responses
against various bacterial antigens [118]. Several bacter-
ial infections commonly occur in HIV-infected pa-
tients, and Campylobacter jejuni represents one of the
most common gram-negative motile bacteria, causing
acute diarrhea in HIV-infected patients [123]. PD-1
blockade in SIV infected rhesus macaques enhanced
the Campylobacter antigen-specific CD8+ T-cell re-
sponses and higher levels of Campylobacter-specific
antibodies [10,11,118] (Figure 3). Pathogenic Shigella
spp. (bacteria), Trichuris trichiura (nematode), Candida
spp. (fungus) and Cryptosporidum spp. (protozoan) infec-
tions, which are commonly observed OIs during advanced
stages of HIV/AIDS were decreased following inhibition
of PD-1: PDL signaling [10,11,118]. Anti-PD-1-treated
SIV infected rhesus macaques displayed no sign of above
described OIs for three months post-termination of anti-
body therapy [10,11,118]. The mechanism underlying con-
trol of OIs still remains elusive and remains to be
investigated whether PD-1 blockade-mediated increase in
pathogen-specific protective immunity is responsible for
the reported beneficial effects. Almost all animals in
the anti-PD-1-treated group survived for 200 days
post-therapy whereas only 45% of the animals were
able to survive in the control antibody-treated group
[11,118]. These suggest that combinatorial effects such as
stimulation of virus-specific T and B cells, improved muco-
sal integrity and antimicrobial responses, reduced microbial
translocation, hyper-immune activation, pro-inflammatory
type I IFN responses and OIs might contribute to
enhanced survival of PD-1 antibody-treated SIV-infected
rhesus macaques. Conclusively, the PD-1 blockade seems
to be safe and well tolerated in the macaque model of SIV
infection as evident from extensive analysis of serum pro-
teins, ions, lipids, liver and kidney enzymes, and complete
blood count following the blockade. Manipulation of the
immunoregulatory networks can be beneficial in vivo to
complement ART or boost vaccine efficacy, this how-
ever warrants further investigation. Careful monitoring
of potential autoimmune side effects will be critical, as
demonstrated by the occurrence of an inflammatory
colitis in a cancer patient treated in a recent trial with
PD-1 blockade [124-126]. Interestingly, the PD-1
blockade in SIV model did not induce any significant
difference in the levels of anti-nuclear antibodies
(ANA) in serum following treatment with anti-PD-1
antibody. These results demonstrate that anti-PD-1
treatment during chronic SIV infection results in no
observable toxicity. Studies in humans also demon-
strated the safety of PD-1 blockade in patients with ad-
vanced malignancies [20,124,125]. Overall these results
are highly significant in HIV infection considering the
failure of blockade of a related co-inhibitory molecule
CTLA-4 to expand virus-specific CD8+ T cells during
chronic SIV infection and to reduce plasma viral load
in SIV-infected macaques [127]. The therapeutic bene-
fits of PD-1 blockade may be improved further by
using combinatorial ART (cART) and/or therapeutic
vaccination.

PD-1 blockade reduces SIV viral load
The data from the non-human primate model suggest
that PD-1 blockade using anti-PD-1 is well tolerated and
results in rapid expansion of virus-specific CD8+ T cells
with improved functional quality [11,19]. This enhanced
T-cell immunity was seen in the blood and also in the
gut mucosa, a major reservoir of SIV infection. PD-1
blockade also resulted in proliferation of memory B cells
and increases in SIV envelope-specific antibody. These
improved immune responses were associated with sig-
nificant transient reductions in plasma viral load and
also prolonged the survival of SIV-infected macaques.
Interestingly, the blockade was effective during the early
as well as late phases of chronic infection even under
conditions of severe lymphopenia. These results dem-
onstrate enhancement of both cellular and humoral
immune responses during a pathogenic immunodefi-
ciency virus infection by blocking a single inhibitory
pathway and identify a novel therapeutic approach for
control of HIV infections. However, in rhesus ma-
caques, using a novel soluble recombinant macaque
PD-1 fused to a macaque Ig-Fc (rPD-1-Fc) an alternate
strategy for blocking the PD-1/PD-L1 pathway, al-
though found effective in rescuing the effector
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function of SIV-specific CD4+ and CD8+ T cells during
the early chronic phase of infection, has limited clinical
benefit [128].

Multiple inhibitory receptors are associated with CD8+

T-cell exhaustion during chronic HIV infection
A highly complex network of positive and negative sig-
nals from the co-stimulatory and co-inhibitory receptors
regulates the outcome of virus-specific T-cell responses
during acute and chronic viral infections [47,129,130].
Multiple inhibitory receptors are expressed in various
levels on virus-specific CD8+ T cells (Figure 1) and play
a major role in impairment of T-cell functionality during
chronic viral infection [131]. It is also clear that the
number and type of inhibitory receptors, which the T
cells express during chronic viral infections determines
the fate of functional responses to combat pathogenic
infections [35,132]. Several studies have reported the im-
portance of PD-1/PD-L pathway in functional exhaus-
tion of CD8+ T cells in HIV infected individuals and SIV
infected rhesus macaques [11,21,28,42,133,134]. However,
only a few studies have demonstrated the simultaneous
expression of several inhibitory receptors on HIV-specific
CD8+ T cells. During chronic HIV infection, HIV-specific
CD8+ T cells has been shown to express multiple inhibi-
tory receptors such as PD-1, CD160, 2B4, TIM-3 and the
expression of multiple inhibitory receptors correlates
strongly with both HIV viral loads as well as with im-
paired cytokine production [29,130,135-137] (Figure 1).
The increase and simultaneous expression of several
co-inhibitory receptors on HIV-specific CD8+ T cells
and the expression pattern of inhibitory receptors cor-
related positively with the degree of HIV-specific CD8+

T-cell exhaustion [29]. The biological need for the sim-
ultaneous expression of an array of inhibitory molecules
on virus-specific CD8+ T cells still remains an enigma,
since different inhibitory receptors (PD-1, CD160 and
2B4) are distinctly regulated in various T cell subsets
[29,46]. Importantly, certain molecules such as 2B4 can
elicit both co-stimulatory and co-inhibitory signals de-
pending on the type of cell type expressed on. The expres-
sion level and the abundance of adaptor molecules
associated with the inhibitory receptors determine the
functional relevance of these molecules [138,139]. CD160
was significantly higher on naive CD8+ T cells from HIV
infected individuals compared with cells in HIV negative
individuals [46]. Unlike PD-1, CD160, TIM-3 and 2B4, the
LAG-3 expression was observed only in the bulk memory
CD8+ T cells and not elevated on HIV-specific CD8+

T cells demonstrating that each receptor can function
independently. This functional independence could
be critical in vivo, where inhibitory receptor expres-
sion likely varies on different cell populations and at
different anatomic locations, and where the
expression kinetics and distribution of their respective
cognate ligands may also vary extensively [29]. Conclu-
sively, these results from various studies raise the possibil-
ity that these co-expression patterns define signals that
are necessary during CD8+ T-cell maturation with each
receptor mediating a distinct and determinative cytosolic
signal during the maturation process. The multiple inhibi-
tory receptors were expressed to greater levels on CD8+ T
cells from HIV infected individuals compared with
those from HIV-negative individuals [29,46,47,135].
HIV-specific TCR-mediated stimulation, general im-
mune activation, and direct functional effects of
chronic antigen activation could be among the mecha-
nisms that lead to this extensive expression pattern of
multiple inhibitory receptors [32,37,42,119]. Interest-
ingly, the suppression of HIV viral levels by anti-
retroviral therapy was associated with reduced surface
expression of most of these inhibitory markers on
HIV-specific CD8+ T cells and maintenance of CD8+

T-cell functionality. Furthermore, the reduced expres-
sion of these markers after ART was found to be asso-
ciated with undetectable viral loads, indicating that
this expression pattern could also be used to predict
viral suppression [29,46]. However, more studies are
needed to determine whether the expression patterns
of these markers can act as a surrogate to attain
complete viral suppression. No correlation was found
between CD4+ counts and simultaneous expression of
multiple inhibitory receptors (PD-1, CD160, 2B4, TIM-
3) either before or after ART, indicating that this pattern
is not related to CD4+ reconstitution. Studies from
humans and macaques have demonstrated a positive cor-
relation between viral load and the PD-1 expression on
HIV-specific CD8+ T cells. Similarly, a strong correlation
was observed between plasma viral load and the simultan-
eous expression of multiple inhibitory receptors on virus-
specific CD8+ T cells [29,46]. This association indicates
that the simultaneous expression of these inhibitory
markers could serve as a more accurate phenotypic com-
posite to demarcate exhausted HIV-specific CD8+ T
cells. Furthermore, the reduced expression of these
markers after ART was found to be associated with un-
detectable viral loads, indicating that this expression
pattern could also be used to predict viral suppression.
More experiments, however, may be required to formally
determine whether the expression patterns of these
markers can act as a surrogate for attaining complete virus
suppression.
Manipulations of co-stimulatory molecules were shown

to alter the proliferation and survival capacity of virus-
specific CD8+ T cells both in vitro and in vivo [14,35,140].
Several studies in mouse models have also documented
simultaneous blockade of multiple inhibitory receptor in-
teractions and revealed a synergistic effect on proliferation
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of virus-specific CD8+ T cells [129]. Similarly, several
in vitro studies suggest that, although HIV-specific CD8+

T cells express several inhibitory receptors, blocking the
multiple inhibitory receptors and ligand engagements re-
invigorate the functional and proliferative capacity of
HIV-specific CD8+ T cells [29]. Although studies indicate
that the manipulation of multiple negative regulators of
T-cell function may be more effective at restoring T-cell
function than approaches targeting individual factors, but
their clinical implications are yet to be elucidated. It is the
question of nature versus nurture as the T cells express
these negative regulators for a reason, and relieving them
from the natural inhibitory effects of these molecules
could have detrimental effects on the host. Experimental
approaches targeting these negative regulators should first
be tested thoroughly in animal models specifically looking
for evidence of unrestrained immune activation or auto-
immune manifestations. In addition, short-term, rather
than long-term, manipulation of these negative regulators
such as acute therapy to help clear infection or as adju-
vants in vaccination would seem to offer a safer environ-
ment in which to test such therapy. Collectively, data
from several investigators suggest that multiple co-
inhibitory receptors could affect the development of
HIV-specific CD8+ T-cell responses (Figure 1), and
represent potential targets for new immune-based in-
terventions in HIV-infected persons. These observations
collectively indicate that multiple negative regulatory
pathways contribute to CD8+ T-cell exhaustion and sug-
gest that the pattern of inhibitory receptor co-expression
is a useful correlate of the amount of T-cell exhaustion
during chronic HIV infection. Thus, reversal of T-cell ex-
haustion could be improved by therapeutic targeting of
multiple inhibitory receptor pathways and approaches to
‘fine-tune’ T-cell responses to persisting pathogens could
help in combatting chronic viral infections and cancers.

Conclusions
Chronic viral infections result in decreased function of
virus-specific cellular and humoral immunity that occurs
via upregulation of specific inhibitory receptors expressed
on the immune cells. Several studies in mice, non-human
primates, and humans have led to significant advances in
our understanding of the central role of PD-1 and other
negative regulatory molecules in regulating immune func-
tion, as well as the potential therapeutic benefit of block-
ing PD-1–PD-L interactions in enhancing CD8+ T cell,
CD4+ T cell, and B cell functions. Studies in SIV macaque
models using PD-1 blocking antibodies have produced
promising results in vivo that value future continued in-
vestigation. What is more interesting in SIV model during
PD-1 blockade is that, the blockade of PD-1 not only help
SIV-specific immune responses, but also restore the func-
tional quality of virus-specific CD8+ T cells, and also
enhance the virus-specific B-cell response to non-SIV anti-
gens. These results suggest that PD-1 blockade therapy
also enhance the immune functions towards various OIs,
which highlight the possibility of global restoration of vari-
ous chronic antigen-specific immune responses even in
conditions of massive SIV infection and severe lymphope-
nia. These studies have provided the basis for the develop-
ment of humanized monoclonal antibodies that block PD-
1 inhibitory signaling to enhance immune effector re-
sponses for the eradication of chronic infectious diseases
with the potential for development of PD-1 agonists that
can suppress the immune mediated pathology in auto-
immune diseases. Several emerging data clearly suggest a
complex pattern of co-expression of multiple inhibitory
receptors on exhausted CD8+ T cells. More recently stud-
ies have shown synergistic effects of blockade of one or
more inhibitory receptors during chronic viral infection,
suggesting that combination therapy with PD-1 blockade
can synergistically improve functions of exhausted CD8+

T cells. Determining the importance of these inhibitory
pathways in diverse models and at different time points of
the immune response is critical for the successful transla-
tion of potential therapies into the clinic. Additionally, al-
though much less is known about molecular mechanisms
of PD-1-mediated T-cell exhaustion, future studies eluci-
dating additive effects of blocking PD-1 and other negative
regulatory molecules and immunosuppressive cytokines
will help to identify combinatorial approaches that can en-
hance T cell effector responses to vaccination and thera-
peutic interventions. Towards better understanding of
exhausted T cells and developing more effective immuno-
therapy targeting PD-1, it is important to study how intra-
cellular signals of PD-1 regulate T-cell exhaustion and
how blocking the PD-1 pathway rejuvenates exhausted
T cells. Thus therapy directed at PD-1 has significant
advantage to control chronic infections such as HIV,
HCV, HBV and including chronic antigens such as tu-
mors. Future studies should help define the intracellu-
lar targets of these inhibitory pathways and test the
potential of therapeutic interventions that target combina-
tions of negative regulatory pathways during chronic viral
infection.

Competing interests
VV is co-inventor of PD-1 technology that has been licensed to Genentech
Inc., by Emory University. All other authors do not have any conflicting
financial interests.

Authors’ contributions
VV designed the concept and generated the initial manuscript draft and the
figures. RDS contributed to writing and jointly developed the article to its
final form. EMS and ML revised the article critically. All authors read and
approved the final manuscript.

Acknowledgements
The authors acknowledge funding support provided for this work by Dr. Rama
Rao Amara (Emory Vaccine Center) to Dr. Velu from NIH grants R01 A107183,
R01A1074417, RC2CA149086. We thank Dr. Rafi Ahmed for his critical



Velu et al. Retrovirology  (2015) 12:14 Page 14 of 17
input throughout the PD-1 blockade studies in macaques. The authors
also acknowledge funding support provided for this work by the University of
Malaya Research Grant (UMRG) of the Health and Translational Medicine
Research Cluster, University of Malaya, Kuala Lumpur (RP021A-13HTM). We
thank Dr. Chris Ibegbu, from CFAR Immunology Core P30A1050409, Dr. Suraj
Sable (CDC), Dr. Subhadra Nandakumar (CDC), and Dr. Uma Shanmugasun-
daram (UC Davis) for their critical reading and helpful discussions. We thank the
veterinary staffs at the Yerkes National Primate Research Center for animal care.

Author details
1Department of Microbiology and Immunology, Emory Vaccine Center,
Emory University, Atlanta, GA, USA. 2Yerkes National Primate Research Center,
954 gatewood Road, Atlanta, GA 30329, USA. 3Department of Pharmacology
and Experimental Neuroscience, University of Nebraska Medical Center,
Omaha, NE, USA. 4Department of Clinical and Experimental Medicine,
Division of Molecular Virology, Linkoping University, Linkoping 58185,
Sweden. 5Tropical Infectious Diseases Research and Education Center
(TIDREC), University of Malaya, Lembah Pantai, Kuala Lumpur 50603, Malaysia.
6Department of Medical Microbiology, Faculty of Medicine, University of
Malaya, Lembah Pantai, Kuala Lumpur 50603, Malaysia. 7Center of Excellence
for Research in AIDS (CERiA), University of Malaya, Lembah Pantai, Kuala
Lumpur 50603, Malaysia.

Received: 5 August 2014 Accepted: 18 January 2015
References
1. Jin HT, Ahmed R, Okazaki T. Role of PD-1 in regulating T-cell immunity. Curr

Top Microbiol Immunol. 2011;350:17–37.
2. Keir ME, Francisco LM, Sharpe AH. PD-1 and its ligands in T-cell immunity.

Curr Opin Immunol. 2007;19(3):309–14.
3. Zajac AJ, Murali-Krishna K, Blattman JN, Ahmed R. Therapeutic vaccination

against chronic viral infection: the importance of cooperation between CD4+
and CD8+ T cells. Curr Opin Immunol. 1998;10(4):444–9.

4. Sharpe AH, Abbas AK. T-cell costimulation–biology, therapeutic potential,
and challenges. N Engl J Med. 2006;355(10):973–5.

5. Okazaki T, Honjo T. PD-1 and PD-1 ligands: from discovery to clinical application.
Int Immunol. 2007;19(7):813–24.

6. Chachques JC, Acar C, Herreros J, Trainini JC, Prosper F, D’Attellis N, et al.
Cellular cardiomyoplasty: clinical application. Ann Thorac Surg. 2004;77
(3):1121–30.

7. Sharpe AH, Freeman GJ. The B7-CD28 superfamily. Nat Rev Immunol. 2002;2
(2):116–26.

8. Keir ME, Butte MJ, Freeman GJ, Sharpe AH. PD-1 and its ligands in tolerance
and immunity. Annu Rev Immunol. 2008;26:677–704.

9. Denti S, Sirri A, Cheli A, Rogge L, Innamorati G, Putignano S, et al.
RanBPM is a phosphoprotein that associates with the plasma
membrane and interacts with the integrin LFA-1. J Biol Chem.
2004;279(13):13027–34.

10. Titanji K, Velu V, Chennareddi L, Vijay-Kumar M, Gewirtz AT, Freeman GJ,
et al. Acute depletion of activated memory B cells involves the PD-1 pathway in
rapidly progressing SIV-infected macaques. J Clin Invest. 2010;120(11):3878–90.

11. Velu V, Titanji K, Zhu B, Husain S, Pladevega A, Lai L, et al. Enhancing SIV-specific
immunity in vivo by PD-1 blockade. Nature. 2009;458(7235):206–10.

12. Palmer CD, Ninkovic J, Prokopowicz ZM, Mancuso CJ, Marin A, Andrianov AK,
et al. The effect of stable macromolecular complexes of ionic
polyphosphazene on HIV Gag antigen and on activation of human dendritic
cells and presentation to T-cells. Biomaterials. 2014;35(31):8876–86.

13. McMichael AJ, Jones EY. Genetics. First-class control of HIV-1. Science.
2010;330(6010):1488–90.

14. Barber DL, Wherry EJ, Masopust D, Zhu B, Allison JP, Sharpe AH, et al.
Restoring function in exhausted CD8 T cells during chronic viral infection.
Nature. 2006;439(7077):682–7.

15. Klenerman P, Hill A. T cells and viral persistence: lessons from diverse
infections. Nat Immunol. 2005;6(9):873–9.

16. Walker BD. Elite control of HIV Infection: implications for vaccines and
treatment. Top HIV Med. 2007;15(4):134–6.

17. Araki K, Youngblood B, Ahmed R. Programmed cell death 1-directed
immunotherapy for enhancing T-cell function. Cold Spring Harb Symp
Quant Biol. 2013;78:239–47.
18. Freeman GJ, Wherry EJ, Ahmed R, Sharpe AH. Reinvigorating exhausted HIV-
specific T cells via PD-1-PD-1 ligand blockade. J Exp Med. 2006;203
(10):2223–7.

19. Finnefrock AC, Tang A, Li F, Freed DC, Feng M, Cox KS, et al. PD-1 blockade
in rhesus macaques: impact on chronic infection and prophylactic vaccination.
J Immunol. 2009;182(2):980–7.

20. Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF,
et al. Safety, activity, and immune correlates of anti-PD-1 antibody in cancer.
N Engl J Med. 2012;366(26):2443–54.

21. Day CL, Kaufmann DE, Kiepiela P, Brown JA, Moodley ES, Reddy S, et al. PD-1
expression on HIV-specific T cells is associated with T-cell exhaustion and
disease progression. Nature. 2006;443(7109):350–4.

22. Petrovas C, Casazza JP, Brenchley JM, Price DA, Gostick E, Adams WC, et al.
PD-1 is a regulator of virus-specific CD8+ T cell survival in HIV infection. J Exp
Med. 2006;203(10):2281–92.

23. Urbani S, Amadei B, Tola D, Massari M, Schivazappa S, Missale G, et al. PD-1
expression in acute hepatitis C virus (HCV) infection is associated with HCV-
specific CD8 exhaustion. J Virol. 2006;80(22):11398–403.

24. Radziewicz H, Ibegbu CC, Fernandez ML, Workowski KA, Obideen K, Wehbi
M, et al. Liver-infiltrating lymphocytes in chronic human hepatitis C virus
infection display an exhausted phenotype with high levels of PD-1 and
low levels of CD127 expression. J Virol. 2007;81(6):2545–53.

25. Urbani S, Amadei B, Tola D, Pedrazzi G, Sacchelli L, Cavallo MC, et al.
Restoration of HCV-specific T cell functions by PD-1/PD-L1 blockade in
HCV infection: effect of viremia levels and antiviral treatment. J Hepatol.
2008;48(4):548–58.

26. Boettler T, Panther E, Bengsch B, Nazarova N, Spangenberg HC, Blum HE,
et al. Expression of the interleukin-7 receptor alpha chain (CD127) on
virus-specific CD8+ T cells identifies functionally and phenotypically defined
memory T cells during acute resolving hepatitis B virus infection. J Virol.
2006;80(7):3532–40.

27. Trautmann L, Mbitikon-Kobo FM, Goulet JP, Peretz Y, Shi Y, Van Grevenynghe J,
et al. Profound metabolic, functional, and cytolytic differences characterize
HIV-specific CD8 T cells in primary and chronic HIV infection. Blood.
2012;120(17):3466–77.

28. Trautmann L, Janbazian L, Chomont N, Said EA, Gimmig S, Bessette B, et al.
Upregulation of PD-1 expression on HIV-specific CD8+ T cells leads to reversible
immune dysfunction. Nat Med. 2006;12(10):1198–202.

29. Yamamoto T, Price DA, Casazza JP, Ferrari G, Nason M, Chattopadhyay PK,
et al. Surface expression patterns of negative regulatory molecules identify
determinants of virus-specific CD8+ T-cell exhaustion in HIV infection. Blood.
2011;117(18):4805–15.

30. Francisco LM, Sage PT, Sharpe AH. The PD-1 pathway in tolerance and
autoimmunity. Immunol Rev. 2010;236:219–42.

31. Cumont MC, Monceaux V, Viollet L, Lay S, Parker R, Hurtrel B, et al. TGF-beta
in intestinal lymphoid organs contributes to the death of armed effector
CD8 T cells and is associated with the absence of virus containment in rhesus
macaques infected with the simian immunodeficiency virus. Cell Death Differ.
2007;14(10):1747–58.

32. Streeck H, Brumme ZL, Anastario M, Cohen KW, Jolin JS, Meier A, et al.
Antigen load and viral sequence diversification determine the functional
profile of HIV-1-specific CD8+ T cells. PLoS Med. 2008;5(5):e100.

33. Muthumani K, Choo AY, Shedlock DJ, Laddy DJ, Sundaram SG, Hirao L, et al.
Human immunodeficiency virus type 1 Nef induces programmed death 1
expression through a p38 mitogen-activated protein kinase-dependent
mechanism. J Virol. 2008;82(23):11536–44.

34. Andre N, Fabre A, Colavolpe C, Jacob T, Gaudart J, Coze C, et al. FDG PET
and evaluation of posttherapeutic residual tumors in pediatric oncology:
preliminary experience. J Pediatr Hematol Oncol. 2008;30(5):343–6.

35. Blackburn SD, Shin H, Haining WN, Zou T, Workman CJ, Polley A, et al.
Coregulation of CD8+ T cell exhaustion by multiple inhibitory receptors
during chronic viral infection. Nat Immunol. 2009;10(1):29–37.

36. El-Far M, Halwani R, Said E, Trautmann L, Doroudchi M, Janbazian L, et al.
T-cell exhaustion in HIV infection. Curr HIV/AIDS Rep. 2008;5(1):13–9.

37. Velu V, Kannanganat S, Ibegbu C, Chennareddi L, Villinger F, Freeman GJ,
et al. Elevated expression levels of inhibitory receptor programmed death 1
on simian immunodeficiency virus-specific CD8 T cells during chronic infection
but not after vaccination. J Virol. 2007;81(11):5819–28.

38. Appay V, Dunbar PR, Callan M, Klenerman P, Gillespie GM, Papagno L, et al.
Memory CD8+ T cells vary in differentiation phenotype in different
persistent virus infections. Nat Med. 2002;8(4):379–85.



Velu et al. Retrovirology  (2015) 12:14 Page 15 of 17
39. van Lier RA, ten Berge IJ, Gamadia LE. Human CD8(+) T-cell differentiation
in response to viruses. Nat Rev Immunol. 2003;3(12):931–9.

40. Appay V, Bosio A, Lokan S, Wiencek Y, Biervert C, Kusters D, et al. Sensitive
gene expression profiling of human T cell subsets reveals parallel post-
thymic differentiation for CD4+ and CD8+ lineages. J Immunol. 2007;179
(11):7406–14.

41. Wherry EJ, Ha SJ, Kaech SM, Haining WN, Sarkar S, Kalia V, et al. Molecular
signature of CD8+ T cell exhaustion during chronic viral infection.
Immunity. 2007;27(4):670–84.

42. Petrovas C, Price DA, Mattapallil J, Ambrozak DR, Geldmacher C, Cecchinato
V, et al. SIV-specific CD8+ T cells express high levels of PD1 and cytokines
but have impaired proliferative capacity in acute and chronic SIVmac251
infection. Blood. 2007;110(3):928–36.

43. Petrovas C, Chaon B, Ambrozak DR, Price DA, Melenhorst JJ, Hill BJ, et al.
Differential association of programmed death-1 and CD57 with ex vivo
survival of CD8+ T cells in HIV infection. J Immunol. 2009;183(2):1120–32.

44. Youngblood B, Oestreich KJ, Ha SJ, Duraiswamy J, Akondy RS, West EE, et al.
Chronic virus infection enforces demethylation of the locus that encodes
PD-1 in antigen-specific CD8(+) T cells. Immunity. 2011;35(3):400–12.

45. Lichterfeld M, Mou D, Cung TD, Williams KL, Waring MT, Huang J, et al.
Telomerase activity of HIV-1-specific CD8+ T cells: constitutive up-regulation
in controllers and selective increase by blockade of PD ligand 1 in progressors.
Blood. 2008;112(9):3679–87.

46. Peretz Y, He Z, Shi Y, Yassine-Diab B, Goulet JP, Bordi R, et al. CD160 and
PD-1 co-expression on HIV-specific CD8 T cells defines a subset with advanced
dysfunction. PLoS Pathog. 2012;8(8):e1002840.

47. Quigley M, Pereyra F, Nilsson B, Porichis F, Fonseca C, Eichbaum Q, et al.
Transcriptional analysis of HIV-specific CD8+ T cells shows that PD-1 inhibits
T cell function by upregulating BATF. Nat Med. 2010;16(10):1147–51.

48. Oestreich KJ, Yoon H, Ahmed R, Boss JM. NFATc1 regulates PD-1 expression
upon T cell activation. J Immunol. 2008;181(7):4832–9.

49. Korber B, Theiler J, Wolinsky S. Limitations of a molecular clock applied to
considerations of the origin of HIV-1. Science. 1998;280(5371):1868–71.

50. Rosenberg ZF, Fauci AS. Immunopathogenic mechanisms in human
immunodeficiency virus (HIV) infections. Ann N Y Acad Sci. 1988;546:164–74.

51. Betts MR, Ambrozak DR, Douek DC, Bonhoeffer S, Brenchley JM, Casazza JP,
et al. Analysis of total human immunodeficiency virus (HIV)-specific CD4(+)
and CD8(+) T-cell responses: relationship to viral load in untreated HIV
infection. J Virol. 2001;75(24):11983–91.

52. Douek DC, Picker LJ, Koup RA. T cell dynamics in HIV-1 infection. Annu Rev
Immunol. 2003;21:265–304.

53. Kaufmann DE, Kavanagh DG, Pereyra F, Zaunders JJ, Mackey EW, Miura T,
et al. Upregulation of CTLA-4 by HIV-specific CD4+ T cells correlates with
disease progression and defines a reversible immune dysfunction. Nat
Immunol. 2007;8(11):1246–54.

54. Palmer BE, Neff CP, Lecureux J, Ehler A, Dsouza M, Remling-Mulder L, et al.
In vivo blockade of the PD-1 receptor suppresses HIV-1 viral loads and
improves CD4+ T cell levels in humanized mice. J Immunol. 2013;190(1):211–9.

55. Goulder PJ, Jeena P, Tudor-Williams G, Burchett S. Paediatric HIV infection:
correlates of protective immunity and global perspectives in prevention and
management. Br Med Bull. 2001;58:89–108.

56. D’Souza M, Fontenot AP, Mack DG, Lozupone C, Dillon S, Meditz A, et al.
Programmed death 1 expression on HIV-specific CD4+ T cells is driven by
viral replication and associated with T cell dysfunction. J Immunol. 2007;179
(3):1979–87.

57. Kaufmann DE, Walker BD. PD-1 and CTLA-4 inhibitory cosignaling pathways
in HIV infection and the potential for therapeutic intervention. J Immunol.
2009;182(10):5891–7.

58. Porichis F, Kwon DS, Zupkosky J, Tighe DP, McMullen A, Brockman MA, et al.
Responsiveness of HIV-specific CD4 T cells to PD-1 blockade. Blood.
2011;118(4):965–74.

59. Porichis F, Hart MG, Zupkosky J, Barblu L, Kwon DS, McMullen A, et al.
Differential impact of PD-1 and/or interleukin-10 blockade on HIV-1-specific
CD4 T cell and antigen-presenting cell functions. J Virol. 2014;88(5):2508–18.

60. Trautmann L, Said EA, Halwani R, Janbazian L, Chomont N, El-Far M, et al.
Programmed death 1: a critical regulator of T-cell function and a strong
target for immunotherapies for chronic viral infections. Curr Opin HIV
AIDS. 2007;2(3):219–27.

61. Sage PT, Francisco LM, Carman CV, Sharpe AH. The receptor PD-1 controls
follicular regulatory T cells in the lymph nodes and blood. Nat Immunol.
2013;14(2):152–61.
62. Crotty S. Follicular helper CD4 T cells (TFH). Annu Rev Immunol.
2011;29:621–63.

63. Vinuesa CG, Cyster JG. How T cells earn the follicular rite of passage.
Immunity. 2011;35(5):671–80.

64. Petrovas C, Yamamoto T, Gerner MY, Boswell KL, Wloka K, Smith EC, et al.
CD4 T follicular helper cell dynamics during SIV infection. J Clin Invest.
2012;122(9):3281–94.

65. Hong JJ, Amancha PK, Rogers K, Ansari AA, Villinger F. Spatial alterations
between CD4(+) T follicular helper, B, and CD8(+) T cells during simian
immunodeficiency virus infection: T/B cell homeostasis, activation, and
potential mechanism for viral escape. J Immunol. 2012;188(7):3247–56.

66. Onabajo OO, George J, Lewis MG, Mattapallil JJ. Rhesus macaque lymph
node PD-1(hi)CD4+ T cells express high levels of CXCR5 and IL-21 and
display a CCR7(lo)ICOS+Bcl6+ T-follicular helper (Tfh) cell phenotype.
PLoS One. 2013;8(3):e59758.

67. Xu Y, Weatherall C, Bailey M, Alcantara S, De Rose R, Estaquier J, et al. Simian
immunodeficiency virus infects follicular helper CD4 T cells in lymphoid tissues
during pathogenic infection of pigtail macaques. J Virol. 2013;87(7):3760–73.

68. Munoz JL, Parks WP, Wolinsky SM, Korber BT, Hutto C. HIV-1 reverse
transcriptase. A diversity generator and quasispecies regulator. Ann N
Y Acad Sci. 1993;693:65–70.

69. Perreau M, Savoye AL, De Crignis E, Corpataux JM, Cubas R, Haddad EK,
et al. Follicular helper T cells serve as the major CD4 T cell compartment for
HIV-1 infection, replication, and production. J Exp Med. 2013;210(1):143–56.

70. Mylvaganam GH, Velu V, Hong JJ, Sadagopal S, Kwa S, Basu R, et al.
Diminished viral control during simian immunodeficiency virus infection is
associated with aberrant PD-1hi CD4 T cell enrichment in the lymphoid
follicles of the rectal mucosa. J Immunol. 2014;193(9):4527–36.

71. Wolinsky SM, Kunstman KJ, Safrit JT, Koup RA, Neumann AU, Korber BT.
Response: HIV-1 Evolution and Disease Progression. Science. 1996;274(5289):1010–1.

72. Lindqvist M, van Lunzen J, Soghoian DZ, Kuhl BD, Ranasinghe S, Kranias G,
et al. Expansion of HIV-specific T follicular helper cells in chronic HIV infection.
J Clin Invest. 2012;122(9):3271–80.

73. Cubas RA, Mudd JC, Savoye AL, Perreau M, van Grevenynghe J, Metcalf T,
et al. Inadequate T follicular cell help impairs B cell immunity during HIV
infection. Nat Med. 2013;19(4):494–9.

74. Rachline A, Palmer P, Simon F, Molina JM. Case report: Cure of chronic
infection with hepatitis C virus after 6 weeks of peg-interferon and ribavirin
in a patient co-infected with HIV. J Med Virol. 2010;82(7):1150–1.

75. Zhang JY, Zhang Z, Wang X, Fu JL, Yao J, Jiao Y, et al. PD-1 up-regulation is
correlated with HIV-specific memory CD8+ T-cell exhaustion in typical
progressors but not in long-term nonprogressors. Blood. 2007;109(11):4671–8.

76. Kassu A, Marcus RA, D’Souza MB, Kelly-McKnight EA, Golden-Mason L, Akkina R,
et al. Regulation of virus-specific CD4+ T cell function by multiple costimulatory
receptors during chronic HIV infection. J Immunol. 2010;185(5):3007–18.

77. Nicholas KJ, Zern EK, Barnett L, Smith RM, Lorey SL, Copeland CA, et al. B
cell responses to HIV antigen are a potent correlate of viremia in HIV-1 infection
and improve with PD-1 blockade. PLoS One. 2013;8(12):e84185.

78. Boliar S, Murphy MK, Tran TC, Carnathan DG, Armstrong WS, Silvestri G, et al.
B-lymphocyte dysfunction in chronic HIV-1 infection does not prevent
cross-clade neutralization breadth. J Virol. 2012;86(15):8031–40.

79. Trabattoni D, Saresella M, Biasin M, Boasso A, Piacentini L, Ferrante P, et al.
B7-H1 is up-regulated in HIV infection and is a novel surrogate marker of
disease progression. Blood. 2003;101(7):2514–20.

80. Siewe B, Wallace J, Rygielski S, Stapleton JT, Martin J, Deeks SG, et al.
Regulatory B cells inhibit cytotoxic T lymphocyte (CTL) activity and
elimination of infected CD4 T cells after in vitro reactivation of HIV latent
reservoirs. PLoS One. 2014;9(4):e92934.

81. Pillai S. Love the one you’re with: the HIV, B cell and TFH cell triangle. Nat
Med. 2013;19(4):401–2.

82. Meier A, Bagchi A, Sidhu HK, Alter G, Suscovich TJ, Kavanagh DG, et al.
Upregulation of PD-L1 on monocytes and dendritic cells by HIV-1 derived
TLR ligands. AIDS. 2008;22(5):655–8.

83. Xu H, Wang X, Pahar B, Moroney-Rasmussen T, Alvarez X, Lackner AA, et al.
Increased B7-H1 expression on dendritic cells correlates with programmed
death 1 expression on T cells in simian immunodeficiency virus-infected
macaques and may contribute to T cell dysfunction and disease progression.
J Immunol. 2010;185(12):7340–8.

84. Wang X, Zhang Z, Zhang S, Fu J, Yao J, Jiao Y, et al. B7-H1 up-regulation
impairs myeloid DC and correlates with disease progression in chronic
HIV-1 infection. Eur J Immunol. 2008;38(11):3226–36.



Velu et al. Retrovirology  (2015) 12:14 Page 16 of 17
85. Said EA, Dupuy FP, Trautmann L, Zhang Y, Shi Y, El-Far M, et al. Programmed
death-1-induced interleukin-10 production by monocytes impairs CD4+ T cell
activation during HIV infection. Nat Med. 2010;16(4):452–9.

86. Boasso A, Hardy AW, Landay AL, Martinson JL, Anderson SA, Dolan MJ, et al.
PDL-1 upregulation on monocytes and T cells by HIV via type I interferon:
restricted expression of type I interferon receptor by CCR5-expressing
leukocytes. Clin Immunol. 2008;129(1):132–44.

87. Rodriguez-Garcia M, Porichis F, de Jong OG, Levi K, Diefenbach TJ, Lifson JD,
et al. Expression of PD-L1 and PD-L2 on human macrophages is up-regulated
by HIV-1 and differentially modulated by IL-10. J Leukoc Biol. 2011;89(4):507–15.

88. Bowers NL, Helton ES, Huijbregts RP, Goepfert PA, Heath SL, Hel Z. Immune
suppression by neutrophils in HIV-1 infection: role of PD-L1/PD-1 pathway.
PLoS Pathog. 2014;10(3):e1003993.

89. Seung E, Dudek TE, Allen TM, Freeman GJ, Luster AD, Tager AM. PD-1 blockade
in chronically HIV-1-infected humanized mice suppresses viral loads. PLoS One.
2013;8(10):e77780.

90. Tenorio AR, Spritzler J, Martinson J, Gichinga CN, Pollard RB, Lederman MM,
et al. The effect of aging on T-regulatory cell frequency in HIV infection. Clin
Immunol. 2009;130(3):298–303.

91. Clerici M, Salvi A, Trabattoni D, Lo Caputo S, Semplici F, Biasin M, et al. A role for
mucosal immunity in resistance to HIV infection. Immunol Lett. 1999;66(1–3):21–5.

92. Greenwald RJ, Freeman GJ, Sharpe AH. The B7 family revisited. Annu Rev
Immunol. 2005;23:515–48.

93. Good-Jacobson KL, Szumilas CG, Chen L, Sharpe AH, Tomayko MM,
Shlomchik MJ. PD-1 regulates germinal center B cell survival and the formation
and affinity of long-lived plasma cells. Nat Immunol. 2010;11(6):535–42.

94. Agata Y, Kawasaki A, Nishimura H, Ishida Y, Tsubata T, Yagita H, et al.
Expression of the PD-1 antigen on the surface of stimulated mouse T and B
lymphocytes. Int Immunol. 1996;8(5):765–72.

95. Moir S, Fauci AS. Insights into B cells and HIV-specific B-cell responses in
HIV-infected individuals. Immunol Rev. 2013;254(1):207–24.

96. Wang P, Qu X, Wang X, Liu L, Zhu X, Zeng H, Zhu H. As2O3 synergistically
reactivate latent HIV-1 by induction of NF-κB. Antiviral Res. 2013
doi:10.1016/j.antiviral.2013.10.010.

97. Balestra G, Oldani A, Fabbri V, Mambelli C, Morgagni W. Effects of nifedipine
on lactate metabolism in ischemic cardiopathy. Evaluation by atrial pacing.
Minerva Med. 1980;71(38):2773–9.

98. Moir S, Fauci AS. B cells in HIV infection and disease. Nat Rev Immunol.
2009;9(4):235–45.

99. Moir S, Chun TW, Fauci AS. Pathogenic mechanisms of HIV disease. Annu
Rev Pathol. 2011;6:223–48.

100. Buckner CM, Moir S, Ho J, Wang W, Posada JG, Kardava L, et al.
Characterization of plasmablasts in the blood of HIV-infected viremic
individuals: evidence for nonspecific immune activation. J Virol. 2013;87
(10):5800–11. doi:10.1128/JVI.00094-13.

101. Moir S, Ho J, Malaspina A, Wang W, DiPoto AC, O’Shea MA, et al. Evidence for
HIV-associated B cell exhaustion in a dysfunctional memory B cell compartment
in HIV-infected viremic individuals. J Exp Med. 2008;205(8):1797–805.

102. Moir S, Malaspina A, Ogwaro KM, Donoghue ET, Hallahan CW, Ehler LA, et al.
HIV-1 induces phenotypic and functional perturbations of B cells in chronically
infected individuals. Proc Natl Acad Sci U S A. 2001;98(18):10362–7.

103. Langford SE, Ananworanich J, Cooper DA. Predictors of disease progression
in HIV infection: a review. AIDS Res Ther. 2007;4:11.

104. Palmero DJ, Ambroggi M, Brea A, De Lucas M, Fulgenzi A, Martinez D, et al.
Treatment and follow-up of HIV-negative multidrug-resistant tuberculosis
patients in an infectious diseases reference hospital, Buenos Aires,
Argentina. Int J Tuberc Lung Dis. 2004;8(6):778–84.

105. Kuhrt D, Faith SA, Leone A, Rohankedkar M, Sodora DL, Picker LJ, et al.
Evidence of early B-cell dysregulation in simian immunodeficiency virus
infection: rapid depletion of naive and memory B-cell subsets with delayed
reconstitution of the naive B-cell population. J Virol. 2010;84(5):2466–76.

106. Peruchon S, Chaoul N, Burelout C, Delache B, Brochard P, Laurent P, et al.
Tissue-specific B-cell dysfunction and generalized memory B-cell loss during
acute SIV infection. PLoS One. 2009;4(6):e5966.

107. Thibult ML, Mamessier E, Gertner-Dardenne J, Pastor S, Just-Landi S, Xerri L,
et al. PD-1 is a novel regulator of human B-cell activation. Int Immunol.
2013;25(2):129–37.

108. Doublet B, Weill FX, Fabre L, Chaslus-Dancla E, Cloeckaert A. Variant Salmonella
genomic island 1 antibiotic resistance gene cluster containing a novel 3′-N-
aminoglycoside acetyltransferase gene cassette, aac(3)-Id, in Salmonella enterica
serovar newport. Antimicrob Agents Chemother. 2004;48(10):3806–12.
109. Nishimura H, Minato N, Nakano T, Honjo T. Immunological studies on PD-1
deficient mice: implication of PD-1 as a negative regulator for B cell responses.
Int Immunol. 1998;10(10):1563–72.

110. Riella LV, Paterson AM, Sharpe AH, Chandraker A. Role of the PD-1 pathway
in the immune response. Am J Transplant. 2012;12(10):2575–87.

111. Wang X, Ragupathy V, Zhao J, Hewlett I. Molecules from apoptotic
pathways modulate HIV-1 replication in Jurkat cells. Biochem Biophys Res
Commun. 2011;414(1):20–4.

112. Chahroudi A, Bosinger SE, Vanderford TH, Paiardini M, Silvestri G. Natural SIV
hosts: showing AIDS the door. Science. 2012;335(6073):1188–93.

113. Brenchley JM, Price DA, Schacker TW, Asher TE, Silvestri G, Rao S, et al.
Microbial translocation is a cause of systemic immune activation in chronic
HIV infection. Nat Med. 2006;12(12):1365–71.

114. Muthumani K, Shedlock DJ, Choo DK, Fagone P, Kawalekar OU, Goodman J,
et al. HIV-mediated phosphatidylinositol 3-kinase/serine-threonine kinase
activation in APCs leads to programmed death-1 ligand upregulation
and suppression of HIV-specific CD8 T cells. J Immunol. 2011;187(6):2932–43.

115. Planes R, BenMohamed L, Leghmari K, Delobel P, Izopet J, Bahraoui E. HIV-1
Tat Protein Induces PD-L1 (B7-H1) Expression on Dendritic Cells through
Tumor Necrosis Factor Alpha- and Toll-Like Receptor 4-Mediated Mechanisms.
J Virol. 2014;88(12):6672–89.

116. Butte MJ, Keir ME, Phamduy TB, Sharpe AH, Freeman GJ. Programmed
death-1 ligand 1 interacts specifically with the B7-1 costimulatory molecule
to inhibit T cell responses. Immunity. 2007;27(1):111–22.

117. Patro SC, Montaner LJ. Editorial: Is HIV-1 induction of macrophage expression
of PD-L1 and PD-L2 its weakest or strongest link to disease? HIV-1 plays both
sides by augmenting and limiting T cell activation to survive in vivo. J Leukoc
Biol. 2011;89(4):495–8.

118. Dyavar Shetty R, Velu V, Titanji K, Bosinger SE, Freeman GJ, Silvestri G,
et al. PD-1 blockade during chronic SIV infection reduces
hyperimmune activation and microbial translocation in rhesus macaques.
J Clin Invest. 2012;122(5):1712–6.

119. Douek DC, Roederer M, Koup RA. Emerging concepts in the
immunopathogenesis of AIDS. Annu Rev Med. 2009;60:471–84.

120. Choudat D, Fabries JF, Martin JC, Villette C, Tabka F, Dessanges JF, et al.
Quantification of the dose of inhaled flour: relation with nonspecific
bronchial and immunological reactivities. Eur Respir J. 1999;14(2):328–34.

121. Bosinger SE, Li Q, Gordon SN, Klatt NR, Duan L, Xu L, et al. Global genomic
analysis reveals rapid control of a robust innate response in SIV-infected
sooty mangabeys. J Clin Invest. 2009;119(12):3556–72.

122. Jacquelin B, Mayau V, Targat B, Liovat AS, Kunkel D, Petitjean G, et al.
Nonpathogenic SIV infection of African green monkeys induces a strong
but rapidly controlled type I IFN response. J Clin Invest. 2009;119(12):3544–55.

123. Molina J, Casin I, Hausfater P, Giretti E, Welker Y, Decazes J, et al. Campylobacter
infections in HIV-infected patients: clinical and bacteriological features. AIDS.
1995;9(8):881–5.

124. Petrucci MT, Avvisati G, La Verde G, De Fabritiis P, Ribersani M, Palumbo G,
et al. Intermediate-dose cyclophosphamide and granulocyte colony-
stimulating factor is a valid alternative to high-dose cyclophosphamide for
mobilizing peripheral blood CD34+ cells in patients with multiple myeloma.
Acta Haematol. 2003;109(4):184–8.

125. Tebboune N, Lazure T, Fabre M, Pariente D. Pancreatic haemangioma in
infancy: the place of radiology. Pediatr Radiol. 2003;33(9):621–3.

126. Glimcher LH, Lindvall O, Aguirre V, Topalian SL, Musunuru K, Fauci AS.
Translating research into therapies. Cell. 2012;148(6):1077–8.

127. Hryniewicz A, Boasso A, Edghill-Smith Y, Vaccari M, Fuchs D, Venzon D, et al.
CTLA-4 blockade decreases TGF-beta, IDO, and viral RNA expression in tissues
of SIVmac251-infected macaques. Blood. 2006;108(12):3834–42.

128. Amancha PK, Hong JJ, Rogers K, Ansari AA, Villinger F. In vivo blockade of
the programmed cell death-1 pathway using soluble recombinant PD-1-Fc
enhances CD4+ and CD8+ T cell responses but has limited clinical benefit. J
Immunol. 2013;191(12):6060–70.

129. Wherry EJ. T cell exhaustion. Nat Immunol. 2011;12(6):492–9.
130. Shankar EM, Velu V, Vignesh R, Vijayaraghavalu S, Rukumani DV, Sabet NS.

Recent advances targeting innate immunity-mediated therapies against
HIV-1 infection. Microbiol Immunol. 2012;56(8):497–505.

131. Zhou X, Fabian L, Bayraktar JL, Ding HM, Brill JA, Chang HC. Auxilin is
required for formation of Golgi-derived clathrin-coated vesicles during
Drosophila spermatogenesis. Development. 2011;138(6):1111–20.

132. Odorizzi PM, Wherry EJ. Inhibitory receptors on lymphocytes: insights from
infections. J Immunol. 2012;188(7):2957–65.



Velu et al. Retrovirology  (2015) 12:14 Page 17 of 17
133. Lucchi ML, Lalatta Costerbosa G, Barazzoni AM, Faccioli G, Petrosino G,
Bortolami R. The fine structure of the area postrema of the sheep. Arch Ital
Biol. 1989;127(1):37–61.

134. Velu V, Nandakumar S, Shanmugam S, Jadhav SS, Kulkarni PS, Thyagarajan
SP. Comparison of three different recombinant hepatitis B vaccines:
GeneVac-B, Engerix B and Shanvac B in high risk infants born to HBsAg
positive mothers in India. World J Gastroenterol. 2007;13(22):3084–9.

135. Larsson M, Shankar EM, Che KF, Saeidi A, Ellegard R, Barathan M, et al.
Molecular signatures of T-cell inhibition in HIV-1 infection. Retrovirology.
2013;10:31.

136. Che KF, Shankar EM, Muthu S, Zandi S, Sigvardsson M, Hinkula J, et al. p38
Mitogen-activated protein kinase/signal transducer and activator of
transcription-3 pathway signaling regulates expression of inhibitory molecules
in T cells activated by HIV-1-exposed dendritic cells. Mol Med. 2012;18:1169–82.

137. Shankar EM, Che KF, Messmer D, Lifson JD, Larsson M. Expression of a broad
array of negative costimulatory molecules and Blimp-1 in T cells following
priming by HIV-1 pulsed dendritic cells. Mol Med. 2011;17(3–4):229–40.

138. Vaidya SV, Mathew PA. Of mice and men: different functions of the murine
and human 2B4 (CD244) receptor on NK cells. Immunol Lett. 2006;105(2):180–4.

139. Chlewicki LK, Velikovsky CA, Balakrishnan V, Mariuzza RA, Kumar V. Molecular
basis of the dual functions of 2B4 (CD244). J Immunol. 2008;180(12):8159–67.

140. Serghides L, Bukczynski J, Wen T, Wang C, Routy JP, Boulassel MR, et al.
Evaluation of OX40 ligand as a costimulator of human antiviral memory
CD8 T cell responses: comparison with B7.1 and 4-1BBL. J Immunol.
2005;175(10):6368–77.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Role of PD - TP
	s12977-015-0144-x

