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Abstract Chronic immune activation is a hallmark of HIV
infection, yet the underlying triggers of immune activation
remain unclear. Persistent antigenic stimulation during HIV
infection may also lead to immune exhaustion, a phenomenon
in which effector T cells become dysfunctional and lose
effector functions and proliferative capacity. Several markers
of immune exhaustion, such as PD-1, LAG-3, Tim-3, and
CTLA-4, which are also negative regulators of immune
activation, are preferentially upregulated on T cells during
HIV infection. It is not yet clear whether accumulation of T
cells expressing activation inhibitory molecules is a conse-
quence of general immune or chronic HIV-specific immune
activation. Importantly, however, in vitro blockade of PD-1
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and Tim-3 restores HIV-specific T-cell responses, indicating
potential for immunotherapies. In this review we discuss the
evolution of our understanding of immune exhaustion during
HIV infection, highlighting novel markers and potential
therapeutic targets.
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Introduction

Major advances in antiretroviral therapy have controlled
HIV viremia in most infected individuals under treatment
and have resulted in a great reduction in mortality in Western
countries. However, despite these advances in our under-
standing of HIV pathogenesis, specifically how it causes
chronic immune activation and why the immune system is
unable to control the virus in most people, remains unclear.
Indeed, chronic immune activation is one of the hallmarks of
HIV infection, characterized by expression of activation
markers on lymphocytes, polyclonal B-cell expansion,
increased T-cell turnover, and elevated serum levels of
proinflammatory cytokines and chemokines [1-4]. Over a
decade ago, Giorgi et al. [5, 6] described the prognostic
value of a T-cell activation marker, CD38, expressed on
cytotoxic lymphocytes during HIV infection. It is now well
established that an activated phenotype of CD8+ and CD4+
T cells defined by expression of CD38 is one of the best
biomarkers for disease progression, surpassing the prognostic
value of clinical markers CD4+ T-cell counts and HIV viral
load [6]. The importance of immune activation in HIV
pathogenesis is further demonstrated in non-human primate
models of SIV infection. African green monkeys (AGMs)
infected with natural SIV neither develop chronic immune
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activation nor progress to AIDS, despite viral loads similar to
those detected in humans infected with HIV-1 or rhesus
macaques (RMs) infected with pathogenic SIV [7]. Thus it is
clear that immune activation is a crucial element of HIV
pathogenesis, yet the underlying triggers or causes of this
persistent immune activation remain elusive.

Perturbations in the homeostasis of different T-cell
subsets during HIV infection have been linked to immune
activation. As such, several separate populations of immune
cells have been correlated with immune activation, including
regulatory T cells (Tregs), dendritic cells, and gut-infiltrating
lymphocytes. Tregs play an important role in the development
of peripheral tolerance and counter immune activation with
suppressive activity. Some studies demonstrated that removal
of Tregs increases HIV-specific T-cell responses [8—11], while
others show HIV-positive individuals with low Tregs have
higher immune activation [12, 13]. Plasmacytoid dendritic
cells (pDC) producing type I IFN have been related to
increased activation of CD8+ T cells and the progressive
depletion of CD4+ T cells [14]. A recently identified subset
of T cells called Th17 cells also may also be compromised
by immune activation during HIV infection [15]. While
systemic perturbations in the immune system are evident, the
most drastic depletion of T cells occurs in the gut mucosa.
Brenchley et al. [16] recently reported that compromises to
the mucosal barrier allow microbial translocation of bacterial
products into systemic circulation causing immune activa-
tion. They demonstrated that plasma lipopolysaccharide
(LPS) and soluble CD14 correlated with systemic immune
activation, and sooty mangabeys with nonpathogenic SIV
infection did not have evidence of microbial translocation
[16]. Thus, several mechanisms of immune activation have
been proposed, yet many questions remain unanswered. If
HIV primes and activates immune cells, why do these cells
fail to mount an effective response to HIV? Are these
activated cells dysfunctional or does HIV evade the immune
response? Could the phenomenon of immune exhaustion
provide a partial explanation to these questions?

What is Immune Exhaustion?

The term “immune exhaustion” is defined by loss of
effector functions and proliferative capacity in memory T
cells. During an adaptive immune response, human naive T
cells are activated by antigen-presenting cells, such as
dendritic cells, through MHC-peptide and costimulatory
molecules. This activation leads to robust proliferation and
acquisition of effector functions, accompanied by cell
surface phenotype changes that reflect both the activation
(recent vs. late) and differentiation state of the T cells
(Fig. 1). Most of the activated T cells are differentiated into
relatively short-lived effector T cells, while a small portion

become long-lived central memory T cells (Fig. 1). It is
thought that chronic activation by viral antigens or other
mechanisms causes some effector or activated T cells to
persist but become functionally unresponsive to further
antigen stimulation (Fig. 1), which is generally termed
immune exhaustion. However, the mechanisms that lead to
exhausted cells and whether these differ from terminally
differentiated or senescent cells remain unclear.

During the course of HIV infection, T-cell functions such
as cytokine secretion, proliferation, and cytotoxic potential
appear to diminish gradually and define stages of immune
exhaustion [17]. While dysfunctional T cells in HIV were
described early in the HIV epidemic, recently this notion of
exhaustion has gained renewed interest with the identifica-
tion of a “molecular signature” of exhaustion [18e¢]. Most
importantly, some of these negative regulators in HIV
infection were found to be reversible, with potential for
immunotherapies.

Immune exhaustion in the context of persistent viral
infections was first described in the mouse model of
lymphocytic choriomeningitis (LCMYV) infection. In a
landmark study, Zajac et al. [19] demonstrated that
LCMV-specific CD8+ T cells persisted during chronic
infection but lacked cytotoxic potential. This study illus-
trated a mechanism for viral immune evasion in chronic
persistent viral infections [19]. These dysfunctional cyto-
toxic lymphocytes were termed “exhausted.” Subsequently,
T-cell exhaustion was described in humans with chronic
viral infections such as HIV, hepatitis B virus, and hepatitis
C virus infections [20-22, 23es, 24ee]. Emerging data
suggest immune exhaustion is a crucial factor for viral
persistence in these chronic infections [25]. Below we
discuss the evolution of our understanding of immune
exhaustion, highlighting novel markers to better define it
and potential therapeutic targets.

What are Markers of Immune Exhaustion?
Programmed-Death 1

Programmed-death 1 (PD-1) was among the first inhibitory
receptors associated with immune exhaustion. PD-1 is a
member of the B7:28 family of inhibitory molecules
initially found in a T-cell hybridoma undergoing apoptosis,
hence labeled programmed-death 1 [26]. As a negative
regulator, PD-1 is critical for the balance between T-cell
activation and tolerance [27]. Deletion of PD-1 in mice
results in disease resembling systemic lupus erythema-
tosis and polymorphisms in humans are associated with
autoimmune disorders, highlighting its importance in
self-tolerance [28, 29]. PD-1 is expressed on CD4+ and
CD8+ T cells, B cells, natural killer cells, and monocytes

@ Springer



Curr HIV/AIDS Rep (2011) 8:4-11

Central memory T cell
(CD45RO+CCR7+)
Lower effector functions
High proliferative capacity

Viral suppression

Naive T cell
(CD45RA+CCR7+) T-cell
Lack effector functions activation

High proliferative capacity

Recently activated T cell
(CD45RA+RO+CCR7+CD38+)
Proliferating cells
Acquisition of
effector functions

Effector memory T cell
(CD45RO+CCR7-)
High effector functions such
as cytokine secretion
and cytotoxicity

_—

Fig. 1 Progression from naive to exhausted T cells. Upon activation
by an antigen, a naive T cell becomes activated, begins to proliferate,
and acquires effector functions. The activated cell differentiates to
either effector memory T cells with cytotoxic potential and effector
functions or long-lived central memory T cells with low effector

[27]. It binds to ligands PD-L1 (B7-H1;CD274), broadly
expressed on antigen-presenting cells, T cells, and non-
hematopoietic cells, and PD-L2 (B7-DC;CD273),
expressed only on dendritic cells and macrophages [27].
The role of PD-1 in chronic viral infections was
discovered by Barber et al. [30e¢] via an RNA microarray
of dysfunctional virus-specific CD8+ T cells in the LCMV
mouse model showing marked upregulation of messenger
RNA encoding PD-1. Antibody staining confirmed the
expression of PD-1 in LCMV-specific CD8+ T cells, thereby
establishing it as a marker for dysfunctional T cells [30e¢].
Remarkably, in vivo blockade of PD-1 resulted in reduction
of virus and recovery of virus-specific T-cell responses and
proliferation [30e¢], suggesting that PD-1 signals do not
cause irreversible differentiation into an exhausted T-cell

phenotype.

T-cell Immunoglobulin and Mucin Domain—Containing
Molecule-3

One negative regulator that has been recently studied
during HIV infection is T-cell immunoglobulin and mucin
domain—containing molecule-3 (Tim-3). Tim-3 was first
identified as a cell surface marker on mouse IFNy secreting
Th1 cells but not Th2 cells [31]. Zhu et al. [32] identified
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functions but the ability to rapidly proliferate upon repeated
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the ligand for Tim-3 as galectin-9 and demonstrated that in
mice interactions between Tim-3 and galectin-9 result in the
death of Thl CD4+ T cells by calcium flux. Blockade of
Tim-3 in mice resulted in hyperproliferation of Thl cells,
illustrating the importance of Tim-3 in peripheral tolerance
[33]. In humans Tim-3 is expressed preferentially on Thl
cells and constitutively on macrophages and dendritic cells
[34]. Tim-3 was found to also regulate a novel effector
T-cell subset called Th17 cells [35¢¢], which have inflam-
matory properties and play a pathologic role in autoimmune
disorders [36]. The relation between Tim-3 and Th17 cells
was discerned from the autoimmune disorder, multiple
sclerosis, initially thought to be mediated by Thl cells and
later found to also involve Th17 cells [36]. These patients
exhibit defective Tim-3 expression and high IL-17 levels
[37, 38]. This discovery prompted studies by Hastings et al.
[35¢¢] in which blockade of Tim-3 resulted in enhanced
IFNy and IL-17 production by CD4+ T cells, suggesting
Tim-3 negatively regulates both Th1l and Th17 cytokines in
human T cells.

Lymphocyte Activation Gene-3

In mice studies of chronic LCMV infection, PD-1 was most
expressed on virus-specific CD8+ T cells followed by
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lymphocyte activation gene-3 (LAG-3) [39¢¢]. LAG-3, a
member of the immunoglobulin superfamily, is an
activation-induced cell-surface molecule with a preferential
expression on Thl cells [40¢]. IL-12, a Thl-polarizing
cytokine, upregulates LAG-3 expression [41]. In humans,
LAG-3 blockade resulted in T-cell proliferation and
production of Thl cytokines. During LCMV infection,
LAG-3 was highly expressed on virus-specific T cells, but
inhibition of LAG-3 failed to rescue T-cell function or
diminish plasma viremia, like PD-1 [39ee, 40¢]. However,
simultaneous blockade of LAG-3 with PD-1 resulted in
synergistic enhancement of virus-specific CD8+ T cells in
the spleen and in the peripheral blood and improved viral
control [39ee]. Interestingly, LAG-3 was found to be
co-expressed on antiviral CD8+ T cells with PD-1 and
Tim-3 during LCMYV infection in mice, but the functions of
these triple-negative regulators are unexplored [40¢].

Immune Exhaustion and HIV Infection

PD-1 as a Marker of Immune Exhaustion in HIV or SIV
Infection

The findings of reversible dysfunction mediated by PD-1 in
LCMYV infection rapidly led to the study of PD-1 in humans
with HIV infection. Almost simultaneously, Day and Traut-
mann reported upregulated PD-1 expression in HIV-specific
CD8+ T cells [23¢e, 24¢°]. Both groups demonstrated that
PD-1 expression in HIV-specific CD8+ T cells was higher
than in CMV-specific T cells. In HIV-infected individuals,
PD-1 expression on CD4+ and CD8+ T cells correlated with
plasma viral load and CD4+ T-cell counts [23¢e, 24¢¢], both
markers of disease progression. Moreover, HIV-specific
CD4+ and CD8+ T-cell responses were rescued with
blockade of PD-1 [23es, 24e¢]. In two small longitudinal
analyses, PD-1 expression in HIV-infected subjects lowered
after the initiation of antiretroviral therapy [23ee, 24ee].
Finally, Zhang et al. [42] reported long-term nonprogressors
(LTNPs), HIV-infected individuals who independently main-
tain CD4+ T-cell counts, had lower PD-1 expression on HIV-
specific CD8+ T cells, compared with individuals with
progressive HIV infection.

PD-1 expression was evaluated in rhesus macaques with
pathogenic SIV infection in two independent studies [43e,
44-]. In both reports, the majority of SIV-specific CD8+ T
cells expressed PD-1, and blockade of PD-1 enhanced SIV-
specific cytotoxic T lymphocyte (CTL) proliferation,
similar to HIV infection in humans [43e, 44¢]. Velu et al.
[44-] found the highest expression of PD-1 occurred in gut
and lymphoid tissue rather than blood, corresponding with
sites of highest viral replication. Petrovas et al. [43¢]
demonstrated that repeated TCR stimulation is a crucial

factor in PD-1 expression, as SIV epitopes with mutational
escapes led to decreased PD-1 expression.

Velu et al. [45¢¢] followed their first study with an in
vivo trial of the safety and immune restoration potential of
PD-1 blockade in macaques with chronic SIV infection. A
human anti—-PD-1 antibody was used to block the interac-
tion of PD-1 with its ligand PD-L1, administered to
macaques in early (10 weeks) or late (~90 weeks) SIV
infection. PD-1 blockade in both early and late infection
resulted in rapid expansion of HIV-specific CD8+ T cells
and improved polyfunctionality with IFNvy, IL-2, and
TNF«x secretion. These findings were apparent in the blood
and in the gut. Macaques tolerated the anti—PD-1 antibody
well, thus establishing both safety and efficacy of PD-1
blockade in the STV/macaque model [45¢°].

Sooty mangabeys (SMs) are natural primate hosts for
SIV and do not develop pathogenic infection. During acute
SIV infection SMs develop immune activation, but this
resolves rapidly, unlike macaques with continued activation
during chronic infection [7]. Thus, studies of nonpathogenic
SIV infection in SMs offer unique insight to HIV
immunopathogenesis. Interestingly, resolution of immune
activation in SMs was associated with early induction of
PD-1, suggesting that the inhibitory effects of PD-1 may
mediate early control of hyperimmune activation during
acute SIV infection [46].

Alternative Mechanism for PD-1-mediated Immune
Exhaustion During HIV Infection

While most studies of PD-1 during HIV infection focus on
cytotoxic T lymphocytes, PD-1 expression on CD4+ T cells
was shown to mark dysfunctional HIV-specific CD4+ T
cells and correlate with HIV disease progression [27]. PD-1
is also expressed on B cells, natural killer cells, and
monocytes [27]. A recent report suggests that PD-1
expression on monocytes may induce CD4+ T-cell
dysfunction [47¢]. In this study, Said et al. [47¢] demon-
strated that PD-L1 triggering of PD-1 expressed on
monocytes induced IL-10 production and reversible CD4+
T-cell dysfunction. They also showed that TLR ligands
LPS, lipoteichoic acid (LTA), and CpG DNA induced a
dose-dependent increase in PD-1 expression on monocytes,
whereas HIV ssRNA, CCR5-tropic or CXCR4-tropic, HIV
failed to induce PD-1 [47¢].

It was recently suggested that chronic immune activation
during HIV infection could be due to circulating bacterial
elements such as LPS translocated from the gut due to HIV
disruption of the intestinal mucosal barrier [16]. Since PD-1
expression depended on TLR ligands including LPS, Said
et al. [47] investigated whether PD-1 levels correlated with
microbial translocation products in HIV-infected individuals.
They found that sera from viremic HIV-infected subjects
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induced PD-1 expression and IL-10 production from mono-
cytes. HIV-infected individuals had high PD-1 expression on
monocytes, which correlated with plasma IL-10 levels, but
there was no direct correlation between PD-1 or IL-10 and
LPS levels [47¢].

Tim-3 as a Novel T-cell Exhaustion Marker in HIV
Infection

Despite the high expression of PD-1 in exhausted T cells
during HIV infection, not all dysfunctional cells display
PD-1, suggesting a role of other inhibitory molecules.
Moreover, blockade of PD-1 only partially restores T-cell
function, suggesting additional mediators may be involved
in T-cell exhaustion [30e¢]. Other negative regulators that
have been tested or proposed as markers to define
exhausted T cells are CTLA-4, LAG-3, and Tim-3. Tim-3
is the most recently described of these markers, and HIV-
infected individuals were found to have elevated Tim-3
expression on CD4+ and CD8+ T cells, which correlated
with HIV disease progression as assessed by viral loads,
CD4+ T-cell counts, and immune activation marker CD38
[48¢]. In this study, Jones et al. [48¢] showed Tim-3
upregulation of HIV-specific CD8+ T cells in individuals
with chronic progressive HIV infection. Tim-3—expressing
cells were also shown to be dysfunctional with muted
cytokine responses and proliferation [48¢]. Indeed, in vitro
blockade of Tim-3 with a soluble Tim-3 immunoglobulin
resulted in enhanced proliferation of HIV-specific CD4+
and CD8+ T cells [48¢]. In a longitudinal analysis of seven
HIV+ subjects initiating antiretroviral therapy, four had
decreases in Tim-3 expression CD4+, and CD8+ T cells,
whereas three maintained high levels despite viral suppres-
sion [48¢]. The consequences of this differential Tim-3
expression on the T cells of treated patients for HIV disease
progression remain to be determined.

LAG-3 and HIV Infection

In the microarray analysis of dysfunctional cells in the
LCMV model, PD-1 was the most notable gene
expressed, yet other potential inhibitory receptors were
also identified. Further analysis of the gene expression
data identified several inhibitors that correlated with the
PD-1 gene Pdcdl, including LAG-3, CTLA-4, PIR-B,
GP49, 2B4, and CD160, of which LAG-3 was the second
most prominent [18¢¢]. LAG-3 was initially evaluated
during HIV infection as a marker of the Th1l environment
rather than a mediator of T-cell exhaustion. During HIV
infection, LAG-3 was shown to correlate with HIV viral
load irrespective of CCR5- or CXCR4-tropism in patients
unresponsive to antiretroviral therapy [49]. However,
another study reported no difference in LAG-3 expres-
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sion on CD4+ or CD8+ T cells between HIV-negative
and treated or untreated HIV-infected subjects [50]. In a
recent study of HIV-infected patients initiating antiretro-
viral therapy, baseline PD-1 levels were elevated in
patients who developed immune reconstitution syn-
drome. Interestingly, LAG-3 and CTLA-4 expression
were elevated on the PD-1+CD4+ T cells of these
subjects [S51¢].

Role of PD-1 and Tim-3 Coexpression During HIV
Infection

Parallels between PD-1 and Tim-3 expression and function
during HIV infection beg the question whether they are
mutually exclusive populations. Jones et al. [48¢] examined
coexpression of PD-1 with Tim-3 in ten individuals with
chronic progressive HIV infection, and demonstrated a
small Tim-3"PD-1" population that exhibited lower HIV-
specific responses than either Tim-3 or PD-1 single positive
populations. A more recent study evaluated PD-1 and Tim-
3 coexpression in mouse LCMYV infection [52¢]. They first
evaluated Tim-3 expression in acute and chronic LCMV
infection and found that Tim-3 was transiently upregulated
in viral-specific CD8+ T cells during acute infection,
whereas it is more highly and persistently expressed during
chronic infection [52¢]. In contrast, only a small portion of
Tim-3"PD-1" cells was apparent in acute infection but a
large population rose during chronic infection that persisted
even at 90 days post-infection [52¢]. Thus, CD8+ T cells
with chronic viral infection can be divided into Tim-3 PD-
1" and Tim-3"PD-1" populations. When stimulated with
LCMV peptide pools, Tim-3"PD-1" T cells lacked apparent
proliferation and produced minimal TNFa and IL-2
cytokines compared with Tim-3"PD-1" cells [52¢]. This
result suggests the double positive population may repre-
sent exhausted CD8+ T cells with more severe proliferative
and functional impairment [52¢]. The most interesting
finding from this study, however, came out of the blockade
experiments. Jin et al. [52¢] evaluated the effects of Tim-3
and PD-1 inhibition, individually and combined, on virus-
specific CD8+ T-cell responses. Dual blockade resulted in
synergistic rescue of T-cell responses and reduction of viral
loads in all tissues, compared with PD-1 blockade alone
[52¢]. In humans with HIV/HCV coinfection, Tim-3 " PD-1"
frequencies were higher in HCV-specific CD8+ T cells
compared with HIV-specific T cells [53]. However, patients
with HIV/HCV coinfection had higher levels of Tim-3"PD-
1" CD8+ T cells as opposed to HCV monoinfection [53].
Finally, coexpression of Tim-3 and PD-1 correlated with
progression of liver disease in these patients [53]. Recently,
investigators have begun to evaluate the coordination
between PD-1 and other inhibitory molecules in search of
synergistic therapies.



Curr HIV/AIDS Rep (2011) 8:4-11

Immune Activation Versus Exhaustion Markers in HIV
Infection

Immune activation marked by CD38 expression remains
the strongest predictor of disease progression, yet immune
exhaustion has also been shown to correlate with HIV
disease progression [48e, 54]. Since the “molecular signa-
ture” of immune exhaustion is still being decoded, it is not
yet clear whether PD-1 may be relevant to clinical
applications during HIV infection. Two recent studies
suggest an association between PD-1 and CD38 expression
[54, 55]. One study reported a positive correlation between
CD38 and PD-1 expression on CD8+ T cells in HIV-
infected subjects [54]. Another demonstrated that CD38/
PD-1 coexpression was higher in HIV-specific CD8+ T
cells in HIV progressors, compared with HIV controllers;
moreover, coexpression decreased after initiation of anti-
retroviral therapy and viral suppression [55]. Whether these
two molecules act in concert or antagonistically remains to
be determined. Future studies assessing this question will
be interesting since CD38 and PD-1 appear to share
opposite functions but coincide with identical clinical
markers of HIV disease progression.

Conclusions

Immune exhaustion has emerged as a new potential
contributor to HIV pathogenesis or insufficient control of
the infection. We have outlined several key mediators of T-
cell exhaustion during HIV infection, with an emphasis on
cell surface negative T-cell regulators, PD-1 and Tim-3. The
recent report of a PD-1 antibody with demonstrated safety
and immune restoration in SIV-infected macaques brings
optimism for immunotherapies in human HIV infection or
potential uses as a vaccine adjunct [45¢+]. Blockade of Tim-
3 also revealed reversible dysfunction of HIV-specific T
cells. Both markers correlate with clinical parameters of
HIV disease progression. Finally, Tim-3"PD-1" cells may
represent a subset of T cells with more severe exhaustion.
Initial reports of synergistic effects of Tim-3 and PD-1 dual
blockade reveal a direction for future investigation of
potential therapeutic interventions. It will be important to
determine in future studies the relative contribution of these
molecules and others both as a mechanism contributing to
an exhausted phenotype and as biomarkers to better
discriminate exhausted or dysfunctional cells from recently
activated or senescent populations.
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