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ABSTRACT Inhibitory receptors have been extensively described for their impor-
tance in regulating immune responses in chronic infections and cancers. Blocking
the function of inhibitory receptors such as PD-1, CTLA-4, 2B4, Tim-3, and LAG-3 has
shown promise for augmenting CD8 T cell activity and boosting pathogen-specific
immunity. However, the prevalence of inhibitory receptors on CD4 T cells and their
relative influence on CD4 T cell functionality in chronic HIV infection remains poorly
described. We therefore determined and compared inhibitory receptor expression
patterns of 2B4, CTLA-4, LAG-3, PD-1, and Tim-3 on virus-specific CD4 and CD8 T
cells in relation to their functional T cell profile. In chronic HIV infection, inhibitory
receptor distribution differed markedly between cytokine-producing T cell subsets
with, gamma interferon (IFN-�)- and tumor necrosis factor alpha (TNF-�)-producing
cells displaying the highest and lowest prevalence of inhibitory receptors, respec-
tively. Blockade of inhibitory receptors differentially affected cytokine production by
cells in response to staphylococcal enterotoxin B stimulation. CTLA-4 blockade in-
creased IFN-� and CD40L production, while PD-1 blockade strongly augmented
IFN-�, interleukin-2 (IL-2), and TNF-� production. In a Friend retrovirus infection
model, CTLA-4 blockade in particular was able to improve control of viral replication.
Together, these results show that inhibitory receptor distribution on HIV-specific CD4
T cells varies markedly with respect to the functional subset of CD4 T cells being an-
alyzed. Furthermore, the differential effects of receptor blockade suggest novel
methods of immune response modulation, which could be important in the context
of HIV vaccination or therapeutic strategies.

IMPORTANCE Inhibitory receptors are important for limiting damage by the im-
mune system during acute infections. In chronic infections, however, their expres-
sion limits immune system responsiveness. Studies have shown that blocking inhibi-
tory receptors augments CD8 T cell functionality in HIV infection, but their influence
on CD4 T cells remains unclear. We assessed the expression of inhibitory receptors
on HIV-specific CD4 T cells and their relationship with T cell functionality. We uncov-
ered differences in inhibitory receptor expression depending on the CD4 T cell func-
tion. We also found differences in functionality of CD4 T cells following blocking of
different inhibitory receptors, and we confirmed our results in a Friend virus retrovi-
ral model of infection in mice. Our results show that inhibitory receptor expression
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on CD4 T cells is linked to CD4 T cell functionality and could be sculpted by block-
ade of specific inhibitory receptors. These data reveal exciting possibilities for the
development of novel treatments and immunotherapeutics.

KEYWORDS CD4 T cells, CTLA-4, HIV, PD-1, inhibitory receptors

Antiviral T cells play a pivotal role in the clearance of acute viral infections. In some
cases T cells fail to eliminate infection but then control viral replication to lower,

nonpathogenic levels. However, under continuous viral replication and immune acti-
vation encountered in certain chronic viral infections, such as human immunodefi-
ciency virus (HIV) and hepatitis C virus, T cells progressively lose the ability to mount
antiviral effector activities, such as cytokine secretion, proliferation, and cytotoxicity,
necessary to control viral replication (1–3). This progressive loss of function, termed
exhaustion, in turn contributes to the lack of viral clearance and may even lead to
diminished viral suppression in chronic stages of disease (2, 4, 5). An important feature
of exhausted T cells is the upregulation of inhibitory receptors such as CD244 (2B4),
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), lymphocyte-activation gene-3
(LAG-3), programmed death-1 (PD-1), and T cell immunoglobulin and mucin domain-
containing-3 (Tim-3) (5–8). Inhibitory receptors exert their effect through various mech-
anisms, resulting in activation or attenuation of signaling cascades, interference with T
cell ligation of activating coreceptor, or interference with ligation of major histocom-
patibility complex (MHC)-peptide complexes (9–15). Notably, these receptors are also
commonly found on activated T cells during acute infection in order to limit immuno-
pathology due to an exaggerated immune response or excessive and persistent
inflammation (16, 17), yet their continued expression on T cells in chronic infection
becomes detrimental by limiting the ability to control viral replication (2, 4, 18–25).
Thus, inhibitory receptors and their ligands play crucial roles in shaping the immune
response to pathogens, providing the immune system with a mechanism to fine-tune
adaptive immune responses and ensuring pathogen control without excessive
immune-mediated damage. The identity and prevalence of inhibitory receptor distri-
bution in chronic viral infection is therefore of critical importance to understanding the
corresponding potency of virus-specific cellular immunity.

As inhibitory receptors function to limit T cell responses during chronic infections as
well as several cancers, their blockade is being actively investigated as a means to
restore T cell functionality and achieve therapeutic cures (26–28). Studies in the murine
chronic lymphocytic choriomeningitis virus (LCMV), Friend virus (FV), and tumor models
have shown a partial or full restoration of cytotoxic CD8 T lymphocyte activity through
blockade of CTLA-4, PD-1, LAG-3, or Tim-3 (29). Studies of human chronic infections
such as hepatitis B virus (HBV), hepatitis C virus (HCV), and HIV have demonstrated that
ex vivo blockade of receptors alone or in combination can rescue cytotoxic CD8 T
lymphocyte proliferation, cytokine production, or cytolytic activity (25, 30–42). Impor-
tantly, these studies also showed that inhibitory receptor functions are nonredundant,
as made apparent by studies showing both rescue of different effector functions
dependent on the inhibitory receptor blocked and additional expression of individual
inhibitory receptors progressively shutting down effector functions (10, 34, 36, 43–45).
The utility of inhibitory receptor blockade has been further demonstrated in clinical
trials, where blocking reagents against CTLA-4, PD-1, and LAG-3 improved survival
times and reduced tumor burdens for multiple cancers and lowered viral loads in virus
infections (46–50).

While most studies have focused on the expression, influence, and blockade of
inhibitory receptors on cytotoxic CD8 T lymphocytes, less is known about the influence
of inhibitory receptors on CD4 T cell function. Tim-3 has been shown to be important
for the generation of gamma interferon (IFN-�)-secreting CD4 T cells in the setting of
acute Mycobacterium tuberculosis and HCV infection. Furthermore, PD-1 and LAG-3
expression on HIV-specific CD4 T cells has been shown to be important for regulating
cytokine secretion (37, 51–56). Despite the known role of inhibitory receptors in the
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restraint of T cell responses in chronic infections, the relative contribution of different
inhibitory receptors to CD4 T cell function impairment in chronic HIV infection is poorly
understood. As we and others have shown, a robust CD4 T cell response to HIV is
influential in controlling infection (57–60). Indeed, factors which modulate CD4 T cell
functions in HIV infection, such as the ability of CD4 T cells to produce cytokines
supporting CD8 T cell and B cell function and HIV-specific CD4 T cells’ ability to directly
kill infected cells, are important for disease status (61). The relative prevalence of
inhibitory receptors on CD4 T cells and their ability to influence and sculpt HIV-specific
CD4 T cell responses therefore would likely have great importance for understanding
both the elicitation and control of these crucial antiviral functions.

We therefore assessed the inhibitory receptor profile of functional subsets of
HIV-specific CD4 and CD8 T cells from HIV-infected donors able to control viral infection
to various degrees. In addition, we studied changes in the functional profiles of T cells
after blockade of inhibitory receptors and confirmed these findings in a mouse model
of retroviral infection. These results are important for understanding HIV pathology and
have important implications for the design of immunotherapeutic interventions.

RESULTS
Marked differences in inhibitory receptor expression between CD4 and CD8 T

cells in HIV-infected progressors and controllers. We first determined the expression
levels of the inhibitory receptors 2B4, CTLA-4, LAG-3, PD-1, and Tim-3 on CD4 and CD8
T cells from treatment-naive, chronically HIV-infected individuals with detectable viral
loads of �2,000 RNA copies/ml (termed HIV progressors; average � 54,248 � 15,890
HIV RNA copies/ml) and individuals spontaneously able to control HIV replication
(�2000 HIV RNA copies/ml) in the absence of antiretroviral medication (termed HIV
controllers; average � 566 � 120 HIV RNA copies/ml). Interestingly, expression levels of
inhibitory receptors differed markedly between CD4 and CD8 T cells. The most common
inhibitory receptors expressed on CD4 T cells for all individuals were PD-1 and CTLA-4,
expressed on �20% and 6% of cells, respectively (Fig. 1A). While PD-1 was expressed
at similar levels on both CD4 and CD8 T cells, CTLA-4 expression was marginally present
on CD8 relative to CD4 T cells. The most commonly expressed receptor on CD8 T cells
was 2B4 (�75% of cells), while less than 10% of CD4 T cells expressed this receptor. The

FIG 1 Inhibitory receptor distribution on CD4 T cells is diminished in HIV controllers. Levels of 2B4, CTLA-4, LAG-3, PD-1, and Tim-3 were assessed on total CD4
and CD8 T cells in HIV progressors (P; viral load of �2,000 HIV RNA copies/ml; n � 29) and controllers (C; viral load of �2,000 HIV RNA copies/ml; n � 23). (A)
Levels were compared for individual receptor prevalence on CD4 (circles) and CD8 (squares) T cells, with progressors in black and controllers in red. Summary
data are shown as means � standard errors of the means (SEM). Bars indicate a P value of �0.05 by Wilcoxon rank-sum tests, with compared groups being
at the ends of the bar. (B) Prevalence of multiple and single receptor-expressing subsets on total CD4 and CD8 T cells. Colors of slices indicate the presence
of 2 (blue), 1 (red), or 0 (gray) inhibitory receptors. Pies were compared by SPICE permutation tests with 10,000 permutations.
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largest difference between HIV controllers and progressors was LAG-3 and CTLA-4
expression, which were both elevated on CD4 and CD8 T cells in controllers (LAG-3,
0.065% versus 0.021% [P � 0.0002] and 0.047% versus 0.004% [P � 0.0003], respec-
tively; CTLA-4, 7.43% versus 6.04% [P � 0.03] and 0.67% versus 0.37% [P � 0.005],
respectively). Only PD-1 showed significant upregulation on CD4 T cells in HIV pro-
gressors compared to controllers (21.61% versus 16.29%; P � 0.047). CD8 T cells were
unique in their larger percentage of 2B4� cells as well as the predominance of 2B4�

PD-1� cells, both of which were not observed to the same extent on CD4 T cells.
To evaluate levels of redundancy in the inhibitory receptor expression on T cells, we

compared coexpression profiles of inhibitory receptors on total CD4 and CD8 T cells
using SPICE, version 5.1 (62). While inhibitory receptor distribution on CD8 T cells was
similar in progressors and controllers (P � 0.33), we observed significantly lower
inhibitory receptor-expressing subsets in CD4 T cells from HIV controllers (P � 0.026)
(Fig. 1B). This observation is interesting, as the only significant difference in individual
populations between progressors and controllers were higher levels of CTLA-4 single-
receptor-expressing cells in controllers relative to progressors (data not shown). This
point suggests that an aggregate total of several receptor-negative populations that
did not reach monovariate statistical significance contribute to the overall difference in
inhibitory receptor distribution between progressors and controllers. Together these
results indicate that CD4 T cells in both HIV progressors and controllers express
different amounts and combinations of the inhibitory receptors measured relative to
CD8 T cells.

Inhibitory receptor distribution differs on CD4 T cell subsets in association with
their functional profile but are largely similar between HIV progressors and
controllers. Given the various functions of CD4 T cells in chronic viral infection, we next
sought to determine whether inhibitory receptor expression differs on the basis of
functionality of HIV-specific CD4 T cells. PBMC from HIV progressors and controllers
were stimulated with HIV-1 Gag PTE peptide pools, and production of IFN-�, CD40L,
tumor necrosis factor alpha (TNF-�), and interleukin-2 (IL-2) was determined by intra-
cellular cytokine staining. While Gag-specific CD4 T cell response does not represent the
totality of the HIV-specific CD4 T cell responses, we previously determined that it is a
good representation of the overall HIV-specific CD4 T cell response (63). Inhibitory
receptor expression on these cytokine-producing cells was assessed and compared
between groups. Interestingly, we observed marked differences in the inhibitory re-
ceptor expression distribution between CD4 T cells based on their functionality
(Fig. 2A). A general pattern was observed where HIV-specific IFN-�-producing CD4 T
cells displayed the greatest expression of several inhibitory receptors relative to other
subsets, with progressively lower levels observed on CD40L-, TNF-�-, and IL-2-
producing CD4 T cells, respectively. This pattern was most evident for CTLA-4 and 2B4
and was observed in HIV progressors as well as HIV controllers. Notably, HIV-specific
IL-2-producing CD4 T cells bearing Tim-3 and LAG-3 were negligible in both progres-
sors and controllers. In contrast to other inhibitory receptors, the expression patterns of
PD-1 did not fit this general pattern. While IFN-�-producing cells had the highest levels
of PD-1 in progressors and controllers (76.1% and 71.3%, respectively), IL-2-producing
cells also displayed elevated levels of PD-1 relative to CD40L- and TNF-�-producing
cells in progressors (59.4% versus 54.0% and 45.2%; P values of 0.20 and 0.063) and
controllers (58.8% versus 48.3% and 36.5%, respectively; P values of 0.5 and 0.0002).
These data show that the inhibitory receptor expression levels on CD4 T cells in both
HIV progressors and controllers directly relate to functional capacity.

We next analyzed the distribution of single and multiple inhibitory receptor-
expressing populations on HIV-specific CD4 T cell subsets in both progressors and
controllers using SPICE analysis. Similar to our monovariate analyses, in Gag-stimulated
cells, we found that the overall expression of inhibitory receptors was highest on
IFN-�-secreting CD4 T cells followed by CD40L-, TNF-�-, and IL-2-secreting CD4 T cells
in both progressors (P � 0.0004, P � 0.0001, and P � 0.0004, respectively; SPICE
permutation tests, with 10,000 permutations) and controllers (P � 0.02, P � 0.0001, and
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P � 0.01, respectively) (Fig. 2B). HIV-specific IFN-�-secreting CD4 T cells were unique in
their high levels of CTLA-4 and PD-1 coexpression, which significantly differed between
progressors and controllers (P � 0.023; SPICE permutation tests, with 10,000 permu-
tations) (Fig. 2B and 3). The inhibitory receptor levels were similar between CD40L- and
IL-2-producing CD4 T cells, while TNF-�-producing cells displayed the smallest amount
of these receptors. Notably, as cytokine production was assessed in a monovariate
fashion, it is unclear whether these cytokine-producing subsets represent distinct
subpopulations of CD4 T cells or whether they represent cells at different stages of
progressive exhaustion.

Differential impact of inhibitory receptor blockade of HIV-specific CD4 T cell
subsets. It is widely believed that inhibitory receptors serve to downregulate certain T
cell functions, and their actions may synergize to enact successively greater levels of T
cell inhibition, with various influences on different T cell functionalities. To investigate
the role of inhibitory receptors on the functionality of HIV-specific CD4 and CD8 T cells,
we performed in vitro blockade of the most commonly expressed inhibitory receptors,
2B4, CTLA-4, PD-1, and Tim-3, after staphylococcal enterotoxin B (SEB) stimulation in a
subset of HIV progressors. Cytokine production by proliferating cells then was mea-

FIG 2 Bulk inhibitory receptor distribution varies on different cytokine-producing CD4 T cell subsets but is similar between HIV progressors and controllers. (A)
PBMC from HIV progressors (n � 29) and controllers (n � 23) were stimulated with HIV-1 Gag PTE peptide pools and assessed for prevalence of single inhibitory
receptors on cytokine-producing subsets: IFN-� (gray), CD40L (red), TNF-� (blue), and IL-2 (green). Individual receptor prevalence on cytokine-producing subsets
in HIV progressors (top) and HIV controllers (bottom) is shown. Summary data are shown as means � SEM. Bars indicate a P value of �0.05 by Wilcoxon
signed-rank tests, with compared groups being at the ends of the bar. (B) Prevalence of single- and multiple-receptor subsets on cytokine-producing CD4 T
cells displayed using SPICE. Colors of slices indicate the presence of 3 (green), 2 (blue), 1 (red), or 0 (gray) inhibitory receptors. The prevalence of subsets
expressing single and multiple inhibitory receptors in HIV progressors (top; n � 29) and controllers (bottom; n � 23) is shown. Bars indicate a P value of �0.05
by SPICE permutation tests with 10,000 permutations, with compared groups being at the ends of the bar.
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sured 5 days following stimulation and compared to an isotype-matched antibody
control. LAG-3 was omitted from this analysis due to the exceedingly low level of
expression observed on both bulk CD4 and CD8 T cells in our studies. In agreement
with previous studies (39, 52), we observed significant differences in the functional
responses of CD8 T cells after receptor blockade with PD-L1, which resulted in increased
production of IFN-� (7.4% versus 5.6), CD40L (17.6% versus 8.3%), and IL-2 (0.88%
versus 0.45%) (Fig. 4). Blockade of CTLA-4 resulted in increases in IFN-� (13.2% versus
5.6%), CD40L (16.4% versus 8.3%), and TNF-� (5.1% versus 3.8%) production by CD8 T
cells relative to isotype controls.

CD4 T cells showed an overall similar pattern of increased production of IFN-� (4.2%
versus 3.0%), CD40L (52.3% versus 41.4%), and TNF-� (6.3% versus 4.8%) after PD-1
receptor blockade (Fig. 4). Additionally, blockade of CTLA-4 resulted in increased
production relative to an isotype control of IFN-� (7.0% versus 3.0%), CD40L (53.0%
versus 41.4%), and TNF-� (6.0% versus 4.8%). Therefore, both PD-1 and CTLA-4 are able
to repress cytokine production by CD4 and CD8 T cells in chronic HIV infection, and
their blockade is able to partially rescue cytokine production. Interestingly, while
blockade of 2B4 had no discernible effect on production of IFN-�, TNF-�, or IL-2, its
blockade resulted in increased levels of CD40L production for both CD4 (31.8% versus
27.0%) and CD8 (4.8% versus 3.7%) T cells. Interestingly, single blockade of Tim-3 had
no apparent effect on cytokine elicitation by CD4 T cells.

We next sought to explore the hierarchy of inhibitory receptor responses by
combining blockade of 2B4, CTLA-4, and PD-1 on T cells in a subset of HIV progressors
in response to SEB. Interestingly, combinatorial blockade was unable to augment
increases in IFN-� production by either CD4 or CD8 T cells beyond that achieved by
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single-receptor blockade (Fig. 5). Together, these data suggest that PD-1 and CTLA-4
share common roles in reducing cytokine production by IFN-�-, IL-2-, or TNF-�-
producing CD4 T cell subsets in chronic HIV, but that CD40L responses are also
modulated through 2B4. However, given the subtle degree to which combinations of
receptor blockade influenced cytokine production, further exploration of other signa-
tures, such as transcriptional profiles following blockade, would improve our under-
standing of inhibitory receptor hierarchies.

Blockade of CTLA-4 similarly augments T cell responses in murine retroviral
infection. The importance of inhibitory receptor functionality to sculpt antiviral im-
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mune responses has been demonstrated in several settings for CD8 T cells. We sought
to expand and confirm our observations implicating receptor blockade as a means of
supporting CD4 T cell responses in a murine model of retroviral infection. Mice infected
with Friend virus (FV) were subjected to inhibitory receptor blockade using antibodies
blocking CTLA-4, LAG-3, PD-L1, or Tim-3 or isotype controls. Mice were sacrificed 14
days following infection, and levels of infectious virus as well as cytokine-producing
CD4 and CD8 T cells were assessed (Fig. 6A). Relative expression of inhibitory receptors
on effector CD4� CD62L� T cells before and after FV infection was first assessed by
mean fluorescence intensity (MFI) in both naive and FV-infected mice. Levels of every
inhibitory receptor were found to be increased at day 14 following FV infection (Fig.
6B). In the context of inhibitory receptor-blocking antibodies, only CTLA-4 blockade
significantly influenced FV viral loads in the bone marrow, the main site of FV replica-
tion, relative to untreated animals (149.7 versus 26.9 infectious cells/1 	 106, respec-
tively; P � 0.01 by Student’s t tests) (Fig. 6C). CTLA-4 or LAG-3 inhibition resulted in
increased numbers of bone marrow CD4 T cells able to produce IFN-� (19.3% versus
11.3% and 27.4% versus 11.3%, respectively) or TNF-� (8.6% versus 4.7% and 9.1%
versus 4.7%, respectively) relative to untreated animals (Fig. 6D). A similar augmenta-
tion of IFN-� was observed for CD8 T cells in animals blocked with CTLA-4 or LAG-3
antibodies (43.3% versus 32.5% and 35.1% versus 23.5%, respectively). Together, these
data highlight the role of CTLA-4 in influencing antiretroviral CD4 and CD8 T cell
responses. However, as different viruses and infections covering different time scales
were involved in comparing FV to HIV infection, further exploration is warranted.

DISCUSSION

Inhibitory receptors play a critical role in regulating immune responses and pro-
tecting against immunopathology during acute infections. Despite their crucial role in
protecting against hyperactivation of immune cells early in infection, their continued
expression in chronic infection is associated with T cell exhaustion and viral persistence.
In this study, we found that inhibitory receptor distribution in chronic HIV infection
differed significantly between functionally distinct cytokine-producing CD4 T cells and

FIG 5 PBMC from HIV-positive donors (n � 10) were stained with CFSE and blocked with an isotype
control or for PD-1, CTLA-4, 2B4, or a combination of these receptors and then stimulated with SEB. Five
days following stimulation, cells were washed and restimulated with SEB (5 �g/ml), and the prevalence
of cytokine-producing CFSE-low CD4 and CD8 T cells was assessed. Data are shown as means � SEM. Bars
indicate a P value of �0.05 by Wilcoxon signed-rank tests, with compared groups being at the ends of
the bar.
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were more elevated on CD4 T cells from progressors than controllers. Treatment with
inhibitory receptor blockade yielded generally similar augmentation of cytokine pro-
duction between CD4 T cells and CD8 T cells, and these results were confirmed in a
murine model of retroviral infection. Together these results show that CD4 T cells in
chronic HIV infection express inhibitory receptors that can be used to modulate
immune responses and that the expression profiles differ across functionally distinct
cell subsets. Moreover, blockade of the inhibitory receptors PD-1, CTLA-4, and 2B4 show
differential abilities to rescue cytokine production upon stimulation.

The ability to control HIV infection is constrained in part by the cumulative acqui-
sition of inhibitory receptor expression on both CD4 and CD8 T cells (38, 39, 52, 64, 65).
In chronic HIV infection, CD8 T cells have been shown to have increased levels of
inhibitory receptors, such as PD-1, 2B4, LAG-3, and Tim-3, relative to HIV-uninfected
individuals as well as relative to CD8 T cells specific for other chronic infections, such
as Epstein-Barr virus or cytomegalovirus (40). Levels of these inhibitory receptors have
been suggested to correlate with HIV loads and their accumulation results in an
exhausted phenotype, which is at least in part reversible upon receptor blockade (52,
66, 67). Our data show that the CD4 T cell compartment expresses lower overall levels
of inhibitory receptors than CD8 T cells, mirroring prior studies (51, 54).

FIG 6 CTLA-4 or LAG-3 blockade reduces viral burden and augments CD4 and CD8 T cell responses in murine retroviral infection. Mice (n � 5 to 8/group) were
infected with Friend’s leukemia virus (FLV) in the presence of control or inhibitory receptor-blocking antibodies. (A) Experimental layout of infection of mice
with Friend’s leukemia virus (FLV) in the presence of inhibitory receptor-blocking antibodies. (B) Mean fluorescence intensity (MFI) of inhibitory receptors on
CD4� CD62L� effector T cells in spleen in both naive (n � 5) and FV-infected (n � 8; 10 days postinfection) mice. Symbols represent levels in naive (open) and
FV-infected (closed) mice. (C) Cells from bone marrow were harvested 14 days following infection, and numbers of cells containing infectious virus were
assessed. Data are shown as means � SEM. Bars represent a P value of �0.05 by Student’s t tests, with compared groups being at the ends of the bar. (D) Cells
from bone marrow were harvested 14 days following infection, and cells were restimulated with CD3/CD28 antibodies. Levels of cytokine-producing cells were
assessed. Levels in naive mice are included for reference. Data are shown as means � SEM. Bars represent a P value of �0.05 by Student’s t tests, with compared
groups being at the ends of the bar.
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While there indeed appear to be shared mechanisms of CD4 and CD8 T cell
exhaustion, there are also unique features of CD4 T cell exhaustion signatures (68). For
instance, while CD8 T cell dysfunction in chronic viral diseases is strongly linked to a
distinct and predictable exhaustion program, alterations of pathogen-specific CD4 T
cell functions result from a broader combination of skewed lineage differentiation and
by factors unique to T helper cells. In addition, MHC class II-T cell receptor (TCR)
functional avidity is generally lower in HIV infection than MHC class I-TCR interaction,
which can further alter apparent CD4 T cell exhaustion (69). In the context of HIV
infection, infection and depletion of HIV-specific CD4 T cells also may play a role in
observed CD4 T cell dysfunction (70). Therefore, while we have observed differences in
exhaustion between CD4 T cell subsets in HIV infection, without assessment of tran-
scriptional programs associated with known exhaustion pathways, such as Blimp-1, it is
difficult to specifically assign a mechanism to the observed influence of inhibitory
receptors on impaired CD4 T cell functionality we observed. It will therefore be of
interest to further explore the genetic signatures of exhaustion between CD4 and CD8
T cells during HIV infection to assess whether CD4 T cells display an exhausted genetic
phenotype similar to that of CD8 T cells and whether other inhibitory receptors are
involved. In particular, understanding differences in exhaustion signatures using te-
tramer technology will provide a much cleaner assessment than cytokine secretion.

A hallmark of the exhausted phenotype of CD8 and CD4 T cells in chronic infection
is the progressive loss of cellular functions, such as the ability to produce different
cytokines as well as the ability to proliferate in response to antigen. Indeed, in chronic
simian immunodeficiency virus (SIV) infection, as CD8 T cell exhaustion progresses,
SIV-specific CD8 T cells have been shown first to lose the ability to produce IL-2 in
response to antigen, then TNF-�, and finally IFN-� (71–74). Furthermore, the ability to
produce several cytokines upon stimulation with antigen has been observed to be
sensitive to the amount of PD-1 present on a given cell, with previous studies showing
inhibition of IL-2 production requiring little expression of PD-1 while MIP-1� production
is only inhibited in the presence of high levels of PD-1 expression (43). Our studies
suggest a similar phenomenon occurs with HIV-specific CD4 T cells in chronic HIV
infection. IFN-�-producing CD4 T cells displayed a significantly higher prevalence of
inhibitory receptor expression than CD4 T cells that produced CD40L and IL-2. A
possible explanation for these differences is that the ability to produce certain cyto-
kines is lost as inhibitory receptors accumulate on a cell type in a manner similar to
what has been observed for CD8 T cells. Alternatively, inhibitory receptor expression
patterns may delineate distinct functional subsets rather than identify CD4 T cells at
various stages of an exhaustion pathway. For example, PD-1 also serves as a marker for
T follicular helper (TFH) cells, and its role in TFH function remains uncertain but has been
proposed to regulate B cell function (75). It is important to note that differential
distribution of memory phenotypes within these subsets could account for some of the
observed differences in inhibitory receptor expression. However, in these studies we
focus on the ability of the HIV-specific CD4 T cell compartment to execute a given
function, regardless of the cells which make up the population providing that function.
It would be of interest to further examine the subsets which comprise these functional
compartments and their relative influence on observed inhibitory receptor prevalence
(63). Lastly, as cytokine production was assessed in a monovariate fashion in these
studies, it is unclear whether the larger amounts of inhibitory receptors present on
IFN-�-producing CD4 T cells is the result of progressive loss of functions as inhibitory
receptors accumulate, similar to CD8 T cells, or whether the inhibitory receptors
delineate different populations of cytokine-producing cells.

The ability of CD4 T cells to maintain help in chronic retroviral infection has
numerous benefits that aid in the control of viral infection. Our results indicate that
differential blockade of inhibitory receptors can augment CD4 T cell responses to
varying degrees, and while the distribution pattern of these receptors remains largely
unaltered between HIV progressors and controllers on CD8 T cells, their bulk expression
is altered between progressors and controllers on CD4 T cells. Furthermore, in both HIV
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controllers and progressors, a substantial proportion of cytokine-producing CD4 T cells
expresses CTLA-4, PD-1, or both. While it is possible that this phenomenon captures a
portion of activated CD4 T cells as well, these receptors likely play a central role in
restraining CD4 T cell responses in HIV infection. This central role of CTLA-4 was also
observed in a separate retroviral system, Friend virus (FV) infection in mice. This result
indicates that inhibitory receptor expression on CD4 T cells in chronic infection follows
generalizable rules and that while certain receptors such as LAG-3 or PD-1 are uniquely
expressed during FV and HIV infection, respectively, CTLA-4 expression is similarly
regulated in both diseases. This possibility is strengthened by previous reports showing
the ability of CTLA-4 blockade to augment CD4 T cell responses against other chronic
viral infections, such as Epstein-Barr virus, hepatitis B virus, and hepatitis C virus. It is
interesting that PD-1 has also been shown to be a prominent marker of CD4 T cells
hypothesized to be the main reservoir population in chronic HIV infection (76). There-
fore, coexpression of other inhibitory receptors and their relative contribution to the
establishment or maintenance of HIV reservoir-harboring cells would be of interest.
Further exploration of the hierarchy of inhibitory receptor usage in these systems
would build a better understanding of the process by which CD4 T cells become
impaired in chronic infection as well as their potential contribution to the HIV reservoir.

Taken together, we demonstrated that CD4 T cells display marked differences in
their inhibitory receptor profiles in chronic viral infection dependent on their function-
ality. Cytokine-producing cellular subsets displayed inhibitory receptor distributions
reminiscent of cytokine-production hierarchies previously observed for CD8 T cells,
suggesting similarities in T cell exhaustion between CD4 and CD8 T cells, particularly
during chronic HIV infection. Notably, we observed an influence of PD-1 and CTLA-4 on
HIV Gag-specific CD4 T cell function and confirmed the importance of CTLA-4 in a
murine retroviral infection model. These studies suggest that CD4 T cell functionality
during chronic viral infection is able to be sculpted by blockade or engagement of
different inhibitory receptors, providing exciting avenues for the continued develop-
ment of HIV immunotherapeutic interventions.

MATERIALS AND METHODS
Ethics statement. Cryopreserved peripheral blood mononuclear cells (PBMC) from treatment-naive

chronically HIV-1-infected individuals were used. Subjects were enrolled either at the United States
Military HIV Research Program (MHRP) RV149 cohort or the University of California, San Francisco (UCSF),
SCOPE cohort. All study subjects were adults and gave written consent, and IRB approval was obtained
by the Walter Reed National Military Medical Center, the Walter Reed Army Institute of Research, the
Naval Medical Research Center, and the University of California, San Francisco.

Animal experiments were performed in strict accordance with the German regulations of the Society
for Laboratory Animal Science (GV-SOLAS) and the European Health Law of the Federation of Laboratory
Animal Science Associations (FELASA). The protocol was approved by the North Rhine-Westphalia State
Agency for Nature, Environment, and Consumer Protection (LANUV) (permit number G 1518/15). All
efforts were made to minimize suffering.

Mice. Inbred C57BL/6 (B6) mice were maintained under pathogen-free conditions. C57BL/6 mice
(H-2b/b, Fv1b/b, Fv2r/r) are resistant to FV-induced leukemia. All mice were females of 8 to 12 weeks of age
at the beginning of the experiments.

Human cell stimulation for cytokine production. PBMCs were thawed in 37°C RPMI 1640 supple-
mented with 10% fetal calf serum, L-glutamine, and penicillin-streptomycin (R10) and rested overnight.
PBMCs were then diluted to 1 	 106/ml and stimulated with HIV-1 Gag PTE peptide pools (1 �g/ml; NIH
AIDS Reagent Bank) in the presence of CD28/49d costimulatory molecules (BD), brefeldin A (Sigma-
Aldrich), and monensin (BD) and incubated for 6 h at 37°C, 5% CO2.

Alternatively, PBMC were stained with carboxyfluorescein succinimidyl ester (CFSE) (0.5 �M in
phosphate-buffered saline [PBS], 37°C, 5 min) and blocked with 10 �g/ml mouse IgG1 isotype control
(MG1-45; BioLegend), anti-human 2B4/CD244 (eBioPP35; eBioscience), anti-human CD152/CTLA-4
(L3D10; BioLegend), anti-human CD274/PD-L1 (29E.2A3; BioLegend) and anti-human CD273/PD-L2
(MIH18; BioLegend), or anti-human CD366/Tim-3 (F38-2E2; BioLegend) 1 h prior to stimulation with
staphylococcal enterotoxin B (SEB; 5 �g/ml). Cells were incubated at 37°C, 5% CO2, and then washed with
R10 prior to restimulation with SEB and BFA-monensin treatment as described above.

Virus and viral infection. The FV stock used in these experiments was FV complex containing
B-tropic Friend murine leukemia helper virus (F-MuLV) and polycythemia-inducing spleen focus-forming
virus (77). Virus stock was prepared as a 10% spleen cell homogenate from BALB/c mice infected 14 days
previously with 3,000 spleen focus-forming units of noncloned virus stock. Experimental mice were
injected intravenously with 20,000 spleen focus-forming units of lactate dehydrogenase-elevating virus
(LDV)-free FV complex.
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In vivo receptor blockade. For blockade of inhibitory pathways in acute FV-infected mice, 200 �g
anti-mouse CTLA-4 (9H10), 100 �g anti-mouse LAG-3 (C9B7W), 200 �g rat anti-mouse PD-L1 A (10F.9G2),
or 100 �g anti-mouse Tim-3 antibody (RMT3-23) (BioXCell) was administered intraperitoneally every
second day for a total of four times. T cell responses and viral loads were analyzed 1 day posttreatment.

Infectious center assays. Infectious center assays were performed as described previously (78).
Multicolor flow cytometry. Following peptide stimulation, cells were washed with PBS–2% fetal calf

serum (FCS) and stained with an amine-reactive viability dye (Live/Dead aqua; Life Technologies) for 30
min at room temperature (RT). Cells then were washed and blocked with PBS–10% normal mouse serum
(Life Technologies) for 15 min at 4°C. Following blocking, cells were stained with anti-human anti-CD14
brilliant violet 510 (BV510) (M5E2; BioLegend), anti-CD19 BV510 (HIB-19; BioLegend), anti-LAG-3/CD223
phycoerythrin-cyanine 7 (PE-Cy7) (3DS223H; eBioscience), anti-2B4/CD244 PE (C1.7; BioLegend), anti-PD-
1/CD279 BV605 (EH12.2H7; BioLegend), anti-CTLA-4/CD152 PE-CF594 (BNI3; BD), and anti-Tim-3/CD366
BV421 (F38-2E2; BioLegend) for 30 min at 4°C. Cells then were washed and fixed in Fix/Perm buffer A (Life
Technologies) for 15 min at RT. Intracellular staining was done in Fix/Perm Buffer B at RT with anti-human
anti-CD3 Alexa Fluor 700 (UCHT1; BD), anti-CD4 fluorescein (RPA-T4; BioLegend), anti-CD8 allophyco-
cyanin (APC)-Cy7 (RPA-T8; BioLegend), and one of the following cytokine-specific antibodies: anti-CD40L/
CD154 (24-31; BioLegend), anti-interferon gamma (IFN-�) (B27; BioLegend), anti-IL-2 (MQ1-17H12; Bio-
Legend), or anti-TNF-� (MAb11; BioLegend), conjugated to APC. Cells were washed twice and
resuspended in PBS for flow cytometry. Data were collected on a four-laser LSR II flow cytometer using
FACSDiva software (BD) and subsequently analyzed using FlowJo (version 9.410; TreeStar).

Mouse cell surface and intracellular staining by flow cytometry. Surface and intracellular staining
were performed as described previously (79). For surface staining, we used antibodies specific against
mouse anti-CD3 APC-Cy7 (17A2; BioLegend), anti-CD4 BV605 (RM4-5; BioLegend), anti-CD8 Alexa Fluor
700 (53-6.7; eBioscience), CD11b BV650 (M17/4; BioLegend), CD43 PE or PerCP (peridinin chlorophyll
protein; 1B11; BioLegend), CD62L PE-Cy7 (MEL-14; eBioscience), and CD69 PE (H1.2F3; BioLegend), and
for intracellular staining we used a cross-reactive antibody specific against human granzyme B, AF700
(GB11; ThermoFisher) (80). Intracellular staining for IFN-� fluorescein isothiocyanate (XMG1.2; eBiosci-
ence), TNF-� BV510 (MP6-XT22; BioLegend), and IL-2 eF450 (JES6-5H4; eBioscience) was performed as
described previously (81). Data were acquired on a four LSR II flow cytometer (Becton Dickinson) from
350,000 to 500,000 lymphocyte-gated events per sample. Analyses were done using FACSDiva software
(Becton Dickinson) and FlowJo software v10 (TreeStar).

Statistical analyses. Monovariate statistical analysis was performed using GraphPad Prism, v6
(GraphPad Software, Inc.). For comparison between flow cytometry groups, nonparametric Mann-
Whitney U tests or Wilcoxon signed-rank tests were used for data sets which were nonpaired or paired,
respectively. Data are presented as means and standard errors of the means (SEM). Flow cytometry
analysis and presentation of distributions was performed using SPICE, version 5-1.2, downloaded from
http://exon.niaid.nih.gov/spice (62). Comparison of distributions was performed using a Student’s t test
and a partial permutation test.
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