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Abstract
Elevated expression of inhibitory receptors on virus-specific T cells has been implicated as a
mechanism by which viruses evade host immune surveillance. Blockade of these pathways during
chronic infection leads to increased T cell function and improved immune control of viral
replication. To explore the association between costimulatory receptors and HIV replication, we
examined the expression of programmed death 1 (PD-1), CTLA-4, T cell Ig domain and mucin
domain 3 (TIM-3), and CD28 on HIV-specific CD4+ T cells from HIV-infected subjects. Greater
than 30% of HIV-specific CD4+ T cells from untreated subjects coexpressed PD-1, CTLA-4, and
TIM-3, whereas <2% of CMV- or varicella-zoster virus-specific CD4+ T cells expressed all three
receptors. Coexpression of all three inhibitory receptors on HIV-specific CD4+ T cells was more
strongly correlated with viral load compared with the expression of each receptor individually.
Suppression of HIV replication with antiretroviral therapy was associated with decreased
expression of all three inhibitory receptors on HIV-specific CD4+ T cells. Surprisingly, a high
percentage of HIV-specific CD4+ T cells that expressed inhibitory receptors also coexpressed
CD28. In vitro blockade of PD-1 binding concurrent with stimulation through CD28
synergistically increased HIV-specific CD4+ T cell proliferation to a greater extent than did either
alone. These findings indicate that HIV-specific CD4+ T cell responses during chronic infection
are regulated by complex patterns of coexpressed inhibitory receptors and that the synergistic
effect of inhibitory receptor blockade and stimulation of costimulatory receptors could be used for
therapeutic augmentation of HIV-specific CD4+ T cell function.

Virus-specific memory CD4+ T cells are crucial for effective control of viral replication (1,
2) and are regulated by a delicate balance between costimulatory signals that activate T cells
and inhibitory signals that attenuate harmful inflammatory responses (3–5). Simultaneous
recognition of the cognate MHC-peptide complex by the TCR (signal 1) and B7
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costimulatory family members (CD80/CD86) by CD28 (signal 2) results in T cell activation,
proliferation, and differentiation. Conversely, coligation of the TCR with inhibitory
receptors results in cell cycle arrest, decreased function, and cell death (3, 4). During chronic
viral infection, the balance between positive and negative signals is skewed toward negative
regulatory pathways that attenuate virus-specific T cell function, contributing to ongoing
viral replication and viral persistence (4, 6–9).

During HIV infection, virus-specific CD4+ T cells undergo exhaustion, which is
characterized by progressive loss of effector functions and leads to ineffective T cell
responses (4, 6, 9, 10). Although the relationship between HIV-specific CD4+ T cell
dysfunction and HIV disease progression is incompletely understood, recent studies suggest
that signaling through inhibitory receptors, such as programmed death 1 (PD-1), CTLA-4,
and T cell Ig domain and mucin domain 3 (TIM-3), plays a role (7–9, 11–16). PD-1 and
CTLA-4 are members of the B7-CD28 family of immunoregulatory molecules (17). PD-1, a
negative regulator of T cells (17), was originally identified as a surface receptor involved in
apoptosis (18). Engagement of PD-1 with its ligands PD-L1 and PD-L2 inhibits T cell
proliferation and cytokine production (17). An increasing body of evidence revealed that
PD-1 has a critical role in the regulation of HIV-specific (11, 12, 14–16, 19), SIV-specific
(20, 21), and lymphocytic choriomeningitis virus (LCMV)-specific (22–24) T cell
responses. CTLA-4 binds to the same ligands as CD28, antagonizes the positive secondary
signal mediated by CD28, and inhibits T cell activation by reducing the production of IL-2
and arresting cell-cycle progression (17). Its expression is also increased on total and virus-
specific T cells during chronic HIV and hepatitis C virus (HCV) infection (14, 25–27).
TIM-3, an Ig superfamily member, was identified as a specific cell surface marker of mouse
Th1 CD4+T cells (28). Interaction of mouse TIM-3 with its ligand galectin-9 regulates Th1
responses by promoting the death of IFN-γ– producing Th1 cells (29). TIM-3 was recently
shown to be upregulated on T cells from HIV-infected (13) and HCV-infected (30) subjects.
Importantly, transient blockade of these inhibitory receptors enhances the function of HIV-
specific T cells in humans (11–14), LCMV-specific T cells in mice (22), and SIV-specific T
cells in rhesus macaques (20, 21, 31).

In addition to the increased expression of inhibitory receptors, stimulatory receptor
expression is also affected by HIVinfection (4). We recently demonstrated that 4-1BB, an
inducible costimulatory receptor (5), is downregulated on HIV-specific CD4+ T cells (32).
Furthermore, decreased CD28 expression on HIV-specific CD8+T cells has long been
implicated as a cause for reduced HIV-specific CTL function (33, 34). Stimulation through
CD28 and 4-1BB increased proliferation and cytokine production by HIV-specific CD8+ T
cells (35–37). Taken together, these findings suggest that simultaneous blockade of
inhibitory receptors and signaling through stimulatory receptors may enhance HIV-specific
CD4+ T cell function and may represent a novel therapeutic strategy to control HIV
replication.

A recent study using the LCMV model of chronic infection demonstrated that exhausted T
cells simultaneously expressed many inhibitory receptors (38). Therefore, we hypothesize
that examination of multiple inhibitory receptors on HIV-specific CD4+ T cells will provide
a stronger correlate of CD4+ T cell dysfunction than analysis of each receptor alone and that
simultaneous blockade of inhibitory receptor ligation and stimulation through a
costimulatory receptor will enhance HIV-specific CD4+ T cell function more than each
alone. Using intracellular cytokine staining and multiparametric flow cytometry, we show
that HIV-specific CD4+ T cells express high levels of CTLA-4, PD-1, and TIM-3 and that
the simultaneous expression of these markers on HIV-specific CD4+ T cells correlates more
strongly with plasma HIV viral load than with their individual expression. In addition, in
vitro blockade of PD-1/PD-L1 pathway and stimulation via CD28 synergistically enhanced
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HIV-specific CD4+ T cell proliferation. These findings describe the expression of a complex
network of costimulatory receptors that can be exploited to increase HIV-specific CD4+ T
cell function to potentially better control HIV replication.

Materials and Methods
Study population

Sixty four HIV-1–infected subjects with progressive disease were enrolled into two clinical
cohorts based on their treatment status: on antiretroviral therapy (ART) with virological
suppression (suppressed) or untreated (viremic). Inclusion criteria for the suppressed cohort
(n = 18) included receiving a combination of antiretroviral agents with suppression of
plasma viral load to <48 copies of HIV-1 RNA/ml plasma for ≥6 mo (median CD4+ T cell
count: 574 cells/μl; range, 396–2,444 cells/μl). Untreated subjects (n = 46) were treatment
naive or off treatment for ≥6 mo with a median viral load of 22,000 copies HIV-1 RNA/ml
plasma (range, 223–179,000) and a median CD4+ T cell count of 476 cells/μl (range, 306–
1,053 cells/μl). HIV-1-seronegative subjects (n = 7) were normal healthy adult volunteers.
All study subjects participated voluntarily and gave informed consent. The study was
approved by the University of Colorado Denver Institutional Review Board.

T cell stimulations for Ag-specific cytokine production
Blood was collected in BD Vacutainer tubes containing sodium heparin. Within 4 h of
venipuncture, PBMCs were isolated from whole blood by density gradient centrifugation on
Ficoll (GE Healthcare, Piscataway, NJ). PBMCs (2.5–5 × 106) were resuspended in RPMI
1640 plus 10% human Ab serum and placed in 12 × 75-mm culture tubes. anti-CD28 and -
CD49d mAbs (1 μg/ml; BD Biosciences, San Jose, CA) were added, and the cells were
stimulated under the following conditions: pooled HIV-1 Gag 15mers (1 μg/ml final
concentration of each peptide; clade B HXB2 strain HIV-1; National Institutes of Health
AIDS Research and Reference Reagent Program), CMV lysate (1/20 dilution, derived from
a G-lung cell line infected with CMV strain AD169, virus titer 2 × 107 PFU/ml; provided by
A. Weinberg, University of Colorado Denver), varicella-zoster virus (VZV) lysate (1/10
dilution, derived from a H-lung cell line infected with VZV strain Oka, virus titer 1 × 106

PFU/ml, provided by A. Weinberg), staphylococcal enterotoxin B (SEB, 1 μg/ml; Toxin
Technologies), or medium alone. Cells were incubated at a 5° slant for a total of 6 h at 37°C
in a humidified 5% CO2 atmosphere with 1 μg/ml brefeldin A (BD Biosciences, San Jose,
CA) added after 2 h of stimulation.

Immunofluorescent staining of stimulated T cells
Stimulated PBMCs were washed with PBS containing 1% BSA and stained with
biotinylated anti-human TIM-3 Ab (R&D Systems, Minneapolis, MN) for 30 min at 4°C.
Cells were then washed and surfaced stained with anti-CD4 (PE-Cy5-5; Invitrogen,
Carlsbad, CA), anti-CD3 (Qdot 605; Invitrogen), anti-CD8 (Alexa Fluor 405; Invitrogen),
anti-PD-1 (FITC; BD Biosciences), and streptavidin (allophycocyanin; BD Biosciences) for
30 min at 4°C. Cells were washed, fixed, permeabilized (Invitrogen), and intracellularly
stained with anti–IFN-γ (PE-Cy7; BD Biosciences), anti–IL-2 (Alexa Fluor 700;
BioLegend), and anti–CTLA-4 (PE; BD Biosciences) mAbs for 30 min at 4°C, washed, and
fixed with 1% formaldehyde. Fluorescence – 1 (FMO) controls were used in all staining.

CFSE proliferation assay with blockade of PD-1/PD-L1 pathway and stimulation of CD28
To track cell division, PBMCs from untreated subjects with chronic HIV infection (n = 17;
median viral load: 28,100 copies HIV-1 RNA/ml plasma [range, 1930–70,000] and median
CD4+ T cell count: 518 cells/μl [range, 360–1053]) were isolated as described above.
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PBMCs were labeled with 1 μM CFSE (Molecular Probes, Eugene, OR) in PBS for 15 min
in a 37°C water bath, followed by two washes with PBS. Labeled PBMCs were resuspended
in RPMI 1640 supplemented with 10% human Ab serum and incubated for 30 min at 37°C
in a humidified 5% CO2 atmosphere. After incubation, PBMCs were plated at 1 × 106 cells/
ml in a 48-well plate and stimulated with 2 μg/ml HIV-1 Gag peptides, 2 μg/ml CMV
peptides (HCMV pp65 peptide pool), 1 μg/ml SEB, or medium alone (no Ag). Each
stimulation condition was incubated with anti–PD-L1 (5 μg/ml; eBioscience, San Diego,
CA), anti-CD28 (2 μg/ml; BD Biosciences), anti–PD-L1 and anti-CD28, or nothing at all.
The cells were cultured for 6 d in RPMI 1640 plus 10% human serum at 37°C in a
humidified 5% CO2 atmosphere. On day 7, cells were washed with PBS containing 1% BSA
and surfaced stained with anti-CD4 (PE-Cy5-5; BD Biosciences), anti-CD3 (Qdot 605;
Invitrogen), or anti-CD8 (Alexa Fluor 405; Caltag Laboratories) for 30 min at 4°C, washed,
and fixed with 1% formaldehyde.

Flow cytometry
Cells were analyzed using an LSR-II flow cytometer (BD Immunocytometry Systems, San
Jose, CA); between 1 and 3 million events were collected. Electronic compensation was
performed with Ab capture beads (BD Biosciences) stained separately with individual mAbs
used in the test samples. To ensure the accuracy and precision of the measurements taken
from day to day, quality control was performed on the LSR-II daily using the Cytometer
Setup & Tracking (CS&T) feature within BD FACSDiva software. The program uses
standardized CS&T beads (BD Biosciences) to determine voltage, laser delays, and area
scaling and to track these settings over time. A manual quality control using rainbow beads
was also performed daily to verify the laser delay and area scaling determined by CS&T.
The data files were analyzed using Diva software (BD Biosciences) and FlowJo Software
(Tree Star, Ashland, OR). Lymphocytes were gated by their forward and side scatter profile.
CD3+ cells were selected, and expression of CD4 was analyzed in a bivariate dot plot with
CD8 to exclude CD4/CD8 double-positive T cells. Biexponential scaling was used in all dot
plots. The expression of TIM-3, PD-1, and CTLA-4 was examined on cytokine-producing
cells with frequencies ≥0.04% above the background (media control tube) to ensure an
adequate number of events for analysis, as previously validated by our laboratory (12, 32,
39, 40). The cutoff value was calculated by stimulating seronegative controls with HIV Gag
to determine the background response of the assay and by calculating the frequency needed
to obtain a minimum of 100 cytokine-positive events when 2.5 × 106 cells were analyzed on
the flow cytometer. FMO controls were used to set the gates for determining the percentage
of TIM-3, PD-1 and CTLA-4–positive T cells. The Boolean gating function of FlowJo, in
which cells are divided into all possible receptor combinations measured by using the
Boolean operations `and' and `not' on analysis gates applied to those measurements, was
used to assess each possible inhibitory receptor-expression pattern. Coexpression patterns
were analyzed using Simplified Presentation of Incredibly Complex Evaluations (Mario
Roederer, National Institutes of Health, Bethesda, MD). The proliferation data are presented
as net values after subtracting the percentage of CD3+CD4+ CFSElow T cells observed in
unstimulated culture from the corresponding Ag-stimulated culture.

Statistical analysis
Statistical analysis was performed using GraphPad Prism (GraphPad, San Diego, CA). One-
way ANOVAwith the Tukey posttest was used to examine the variation of TIM-3, PD-1,
and CTLA-4 expression on total and Agspecific CD4+ T cells. The Wilcoxon signed-rank
test was used to determine significance of differences between groups. Correlations were
calculated using the nonparametric Spearman test. The Friedman test with the Dunn posttest
was used to examine the variation of Ag-specific CD4+ T cell proliferation. A p value < 0.05
was considered statistically significant.
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Results
HIV-specific IFN-γ–producing CD4+ T cells express high levels of inhibitory receptors

We previously demonstrated that PD-1 expression is elevated on HIV-specific CD4+ T cells
(12). In this study we examined the simultaneous expression of PD-1, CTLA-4, and TIM-3
on HIV-, CMV-, and VZV-specific CD4+ T cells from chronically HIV-infected subjects.
Because of the heterogeneity in the phenotype and function of virus-specific T cell
responses previously described (15, 41, 42), we chose to examine responses directed against
two contained (immune controlled) infections (CMV and VZV) as a control for HIV-
specific responses. Virus-specific CD4+ T cells were identified by their ability to produce
IFN-γ, a T cell function that was shown to persist into the late stages of exhaustion (43). We
and other investigators previously demonstrated that in untreated HIV-infected subjects,
IFN-γ–producing HIV-specific CD4+ T cells are less functional, exhibiting decreased
proliferative capacity compared with CMV-specific IFN-γ–producing CD4+ T cells (40, 44,
45).

Fig. 1A illustrates representative plots of CTLA-4, PD-1, and TIM-3 expression on HIV-,
CMV-, and VZV-specific IFN-γ–producing CD4+ T cells in an untreated HIV-infected
subject. As shown in Fig. 1B, the percentage of CTLA-4–, PD-1–, and TIM-3–expressing
CD4+ T cells was significantly greater on HIV-specific IFN-γ–producing CD4+ T cells
(median: 85%, range, 36–94%; median: 71%, range, 22–91%; median: 50%, range, 5.4–
93%, respectively) compared with CMV-specific (median: 46%, range, 16–82%; median:
11%, range, 3.0–55%; median: 18%, range, 2.2–74%, respectively) or VZV-specific IFN-γ–
producing CD4+ T cells (median: 35%, range, 23–66%; median: 8.1%, range, 1.3–22%;
median: 22%, range, 4.8–86%, respectively). The median expression of these inhibitory
receptors on HIV-specific IFN-γ–producing CD4+ T cells was greatest for CTLA-4,
followed by PD-1 and TIM-3. HIV-specific IL-2-producing CD4+ T cells also expressed
significantly greater levels of CTLA-4 and PD-1 than did CMV- and VZV-specific CD4+ T
cells (data not shown). However, unlike on IFN-γ–producing CD4+ T cells, TIM-3
expression was not significantly different on the virus-specific CD4+ T cells that produced
IL-2 (data not shown).

We also examined the effects of viral suppression on inhibitory receptor expression by
examining virus-specific CD4+ T cells from subjects receiving successful ART. The
percentage of CTLA-4, PD-1, and TIM-3–expressing HIV-specific IFN-γ–producing CD4+

T cells was significantly lower in ART-treated subjects compared with untreated viremic
subjects (Fig. 1C). The percentage of CTLA-4, PD-1, and TIM-3–expressing CMV- and
VZV-specific IFN-γ–producing CD4+ T cells was not different between viremic and
suppressed HIV-infected subjects or HIV seronegative controls (data not shown). Taken
together, these findings suggest an association between HIV viremia and increased
expression of inhibitory receptors on HIV-specific CD4+ T cells (12, 14).

Expression of inhibitory receptors on HIV-specific IFN-γ–producing CD4+ T cells correlate
with one another

To determine whether an association exists between CTLA-4, PD-1, and TIM-3 expression,
we evaluated the relationship between their expressions on HIV-specific CD4+ T cells.
There was significant positive correlation between the expression of PD-1 and CTLA-4 (r =
+0.71, p < 0.0001; Fig. 2A), PD-1 and TIM-3 (r = +0.52, p = 0.01; Fig. 2B), and TIM-3 and
CTLA-4 (r = +0.48, p = 0.02; Fig. 2C) on HIV-specific IFN-γ–producing CD4+ T cells.
There was also a significant positive correlation between the expression of PD-1 and
CTLA-4 on HIV-specific IL-2–producing CD4+ T cells (r = +0.71, p = 0.0001; data not
shown). No correlation was observed between the expression of TIM-3 and PD-1 (r = +0.09,
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p = 0.7) or TIM-3 and CTLA-4 (r = +0.3, p = 0.1) on HIV-specific IL-2–producing CD4+ T
cells (data not shown). Because we observed a correlation in the expression of the receptors,
we next examined whether the expression of PD-1, CTLA-4, and TIM-3 identifies the same
or a distinct population of HIV-specific CD4+ T cells. A larger percentage of IFN-γ–
producing HIV-specific CD4+ T cells coexpressed PD-1 and CTLA-4 than either alone (Fig.
2D). However, coexpression of PD-1 and TIM-3 (Fig. 2E) and of CTLA-4 and TIM-3 (Fig.
2F) on IFN-γ–producing HIV-specific CD4+ T cells was more heterogeneous. Taken
together, these data indicate covariant expression of PD-1 and CTLA-4 on HIV-specific
cytokine-producing CD4+ T cells that is distinct from TIM-3, indicating differential
expression pattern of inhibitory receptors.

Concurrent expression of CTLA-4, PD-1, and TIM3 on HIV-specific CD4+ T cells
We next examined the simultaneous expression of CTLA-4, PD-1, and TIM-3 on virus-
specific CD4+ T cells in subjects with chronic HIV infection. Fig. 3A illustrates the Boolean
gating scheme used to analyze the simultaneous expression of the three inhibitory receptors
on HIV-specific CD4+ T cells. Eight subpopulations of virus-specific CD4+ T cells were
identified based on the different combinations of inhibitory receptors expressed, ranging
from cells that did not express any inhibitory receptors to those that expressed all three (Fig.
3B). The pie chart (Fig. 3C) shows the proportion of virus-specific CD4+ T cells expressing
three, two, one, or no inhibitory receptors. HIV-specific IFN-γ–producing CD4+ T cells
coexpressed significantly greater levels of all three inhibitory receptors (median: 31%;
range, 1.8–74%) compared with CMV-specific (median: 1.6%; range, 0.09–14%; p < 0.001)
and VZV-specific (median: 1.4%; range, 0.0–6.7%; p < 0.001) CD4+ T cells (Fig. 3B, 3C).
About 70% of HIV-specific CD4+ T cells expressed more than one inhibitory receptor
compared with 21% of CMV-specific and 18% of VZV-specific CD4+ T cells (Fig. 3C). In
addition, only 14% of the HIV-specific CD4+ T cells did not express any inhibitory receptor,
whereas 38% and 41% of the CMV- and VZV-specific CD4+ T cells, respectively, did not
express these receptors (Fig. 3B, 3C).

In a similar approach, we used the Boolean gating analysis to determine the simultaneous
expression of CTLA-4, PD-1, and TIM-3 on virus-specific IL-2-producing CD4+ T cells in
subjects with chronic HIV infection. We observed significantly increased coexpression of
CTLA-4, PD-1, and TIM-3 on HIV-specific (median: 5.70%; range, 0.83–52.70%) versus
CMV-specific (median: 0.9%; range, 0.1–26%; p < 0.05) and VZV-specific (median: 0.8%;
range, 0.0–5.9%; p < 0.01) IL-2–producing CD4+ T cells (Fig. 3C). More than 50% of HIV-
specific IL-2–producing CD4 T cells expressed more than one inhibitory receptor compared
with 20% of CMV-specific and 13.6% of VZV-specific similar cells (Fig. 3C). In addition,
only 17% of HIV-specific IL-2–producing CD4+ T cells did not express the three inhibitory
receptors compared with 41% of CMV-specific and 48% of VZV-specific similar cells (Fig.
3C). Taken together, these data indicate a substantial coexpression of multiple inhibitory
receptors on HIV-specific CD4+ T cells during chronic HIV infection.

Suppression of HIV replication is associated with reduced simultaneous expression of
inhibitory receptors

Because we observed a significant reduction in the expression of CTLA-4, PD-1, and TIM-3
on HIV-specific CD4+ T cells in subjects on ART with suppressed plasma viral load
compared with viremic subjects (Fig. 1C), we next investigated the level of simultaneous
expression on virus-specific CD4+ T cells from the same subjects. IFN-γ–producing HIV-
specific CD4+ T cells from viremic subjects expressed significantly greater levels of
CTLA-4, PD-1, and TIM-3 (median: 31.3%; range, 1.8–74.10%) than did suppressed
subjects (median: 0.54; range, 0.0–2.4%; p = 0.002) or IL-2–producing HIV-specific CD4+

T cells in viremic subjects (median: 5.7%; range: 0.8–53%; p = 0.003; Fig. 3D). In addition,
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the percentage of CTLA-4, PD-1, and TIM-3–expressing HIV-specific IL-2–producing
CD4+ T cells was significantly greater in untreated viremic subjects (median: 5.7%; range,
0.8–53%) compared with its level in subjects on ART with suppressed plasma viral load
(median: 0.7%; range, 0.0–4.6%; p = 0.004; Fig. 3D). The percentage of CTLA-4, PD-1, and
TIM-3–coexpressing CMV- and VZV-specific IFN-γ–producing CD4+ T cells was not
different between viremic and suppressed subjects (data not shown). However, their
coexpression was significantly greater on CMV-specific IFN-γ–producing CD4+ T cells in
HIV-infected subjects compared with similar cells in healthy HIV-seronegative controls
(data not shown). The findings suggest that there is an association between HIV viremia and
elevated coexpression of inhibitory receptors on HIV-specific CD4+ T cells.

CTLA-4, PD-1, and TIM-3 expression on HIV-specific CD4+ T cells correlates with plasma
HIV viral load

To determine whether an association exists between expression of CTLA-4, PD-1, and
TIM-3 and markers of HIV disease progression, we evaluated the relationship between their
expression on HIV-specific CD4+ T cells, HIV plasma viral load, and CD4 count.
Significant positive correlation was observed between HIV plasma viral load and CTLA-4 (r
= +0.44, p = 0.03; Fig. 4A), PD-1 (r = +0.54, p = 0.008; Fig. 4B), and TIM-3 (r = +0.58, p =
0.004; Fig. 4C) expression on IFN-γ–producing HIV-specific CD4+ T cells. Except for
TIM-3 (r = +0.37, p = 0.07), expression of CTLA-4 (r = +0.54, p = 0.008) and PD-1 (r =
+0.54, p = 0.008) on IL-2–producing HIV-specific CD4+ T cells also correlated positively
with viral load (data not shown). Interestingly, the simultaneous expression of CTLA-4,
PD-1, and TIM-3 on IFN-γ–producing (r = +0.70, p = 0.0002; Fig. 4D) and IL-2–producing
(r = +0.62, p = 0.002; data not shown) HIV-specific CD4+ T cells correlated more strongly
with plasma viral load than did their individual expression. These correlations were not
significant when data from only viremic subjects were used (CTLA-4: r = +0.14, p = 0.6;
PD-1: r = +0.21, p = 0.4; TIM-3: r = +0.18, p = 0.5; CTLA-4, PD-1, and TIM-3: r = +0.40,
p = 0.09; data not shown). Although we observed a significant negative correlation between
CD4 count and PD-1 expression on HIV-specific IFN-γ+ CD4+ T cells (r = −0.45, p = 0.02),
no such correlation was observed with CTLA-4 and TIM-3 or their simultaneous expression
(data not shown). There was no correlation between expression of the inhibitory receptors
on CMV- and VZV-specific CD4+ T cells and HIV viral load or CD4 count (data not
shown).

CTLA-4, PD-1, and TIM-3 expression is greater on HIV-specific IFN-γ–producing than on
IL-2–producing CD4+ T cell subsets

We previously showed that IFN-γ–producing HIV-specific CD4+ T cells are more
differentiated than IL-2–producing cells. The production of IFN-γ was also associated with
an effector memory phenotype and greater levels of the senescence marker CD57, whereas
IL-2 production was associated with a less-differentiated central memory phenotype and a
paucity of CD57 (39, 40). To determine whether inhibitory receptor expression differs
during the various stages of CD4+ T cell differentiation, we compared the expression of
CTLA-4, PD-1, and TIM-3 on HIV-specific CD4+ T cells that produced IFN-γ only (IFN-
γ+IL-2−), IL-2 only (IFN-γ−IL-2+), or IFN-γ and IL-2 (IFN-γ+IL-2+) from untreated
chronically HIV-infected subjects (Fig. 5A). HIV-specific CD4+ T cells producing IFN-γ
alone expressed greater levels of CTLA-4, PD-1 (p < 0.05), and TIM-3 (p < 0.05) than did
similar cells producing only IL-2 (Fig. 5B). HIV-specific CD4+ T cells producing IFN-γ and
IL-2 expressed significantly greater levels of CTLA-4 than did HIV-specific CD4+ T cells
producing IL-2 alone (p < 0.05). However, PD-1 and TIM-3 expression was not
significantly different between HIV-specific CD4+ T cells producing both IFN-γ and IL-2 or
IL-2 alone, although the median level of PD-1 was greater on dual cytokine-producing cells,
unlike that of TIM-3, which was the same as the level on cells producing only IL-2 (Fig.
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5B). Taken together, our data show that CTLA-4 and PD-1 are expressed on a large
percentage of HIV-specific CD4+ T cells that produce IFN-γ only and dual cytokines (IFN-
γ+IL-2+), unlike TIM-3, which was expressed on a very low percentage of dual cytokine-
producing HIV-specific CD4+ T cells.

Next, we determined the proportion of the cytokine-producing HIV-specific CD4+ T cell
subsets (IFN-γ only, IFN-γ/IL-2, and IL-2 only) that coexpress CTLA-4, PD-1, and TIM-3.
This analysis was performed on a subset of untreated chronically HIV-infected subjects who
had significant responses in all three cytokine-producing populations. A greater percentage
of HIV-specific CD4+ T cells that produced only IFN-γ coexpressed all three inhibitory
receptors (median: 44.6%, range, 2.8–63.0%) than did dual cytokine-producing cells
(median: 18.4%; range, 3.4–24.4%) or cells producing only IL-2 (median: 1.6%; range, 0–
4.3%) (Fig. 5C), indicating an association between increased coexpression of multiple
inhibitory receptors and IFN-γ production.

We previously showed an association between a costimulatory receptor (4-1BB) expression
and the ability of virus-specific CD4+ T cells to produce cytokine on a per-cell basis (32). In
the current study, we also examined whether HIV-specific CD4+ T cells expressing
inhibitory receptors produced less cytokine on a per-cell basis than did cells that did not
express inhibitory receptors. We found no significant difference in the amount, as measured
by the mean fluorescence intensity, of IFN-γ made by PD-1, CTLA-4, and TIM-3–positive
and -negative subsets (data not shown). We also examined the frequency of IFN-γ–
producing CD4+ T cells that expressed the inhibitory markers compared with those that did
not express the markers by segregating total CD4+ T cells into PD-1, CTLA-4, or TIM-3–
positive and -negative populations. The majority of HIV-specific IFN-γ–producing CD4+ T
cells fall into the PD-1– and CTLA-4–expressing fractions (p = 0.03 and 0.001, respectively;
data not shown). However, when the same analysis was performed on the TIM-3–positive
and -negative populations, the percentage of IFN-γ–producing CD4+ T cells was similar in
both populations (p = 0.7; data not shown). Analysis of the data using the three-tiered gating
system described by Jones et al. (13) (Fig. 6A) showed that HIV-specific IFN-γ–producing
CD4+ T cells were found in the TIM-3+ and TIM-3− subsets (Fig. 6B). In line with Jones et
al. (13), we revealed a similar trend, with significantly lower frequencies of IFN-γ–
producing CMV-specific, VZV-specific, and SEB-reactive CD4+ T cells in the TIM-3+

fractions (Fig. 6B).

Substantial coexpression of inhibitory receptors and CD28 on HIV-specific IFN-γ+ CD4+ T
cells

We previously showed that 4-1BB, an inducible costimulatory molecule receptor, is
downregulated on HIV-specific CD4+ T cells (32). However, unlike HIV-specific CD8+ T
cells, CD4+ T cells were reported to maintain the expression of CD28 (46). To confirm this
and to determine the relationship between CD28 and the expression of inhibitory receptors,
we examined the level of coexpression of CD28 and inhibitory receptors on HIV- and
CMV-specific CD4+ T cells from subjects with untreated chronic HIV infection.
Surprisingly, a large percentage of CD28+ T cells also expressed inhibitory receptors (Fig.
7A). As shown in Fig. 7B, a large proportion of HIV-specific CD4+ T cells coexpressed
CD28 and PD-1, CD28 and CTLA-4, and CD28 and TIM-3. This indicates the expression of
costimulatory and inhibitory core-ceptors on the same HIV-specific CD4+ T cell, suggesting
that these cells may be dysfunctional, despite the expression of a costimulatory molecule.
Unlike on HIV-specific CD4+ T cells, the coexpression of CD28 with PD-1, CTLA-4, or
TIM-3 on CMV-specific CD4+ T cells was not remarkable (Fig. 7B). Consistent with a
previous report (46), the percentage of CD28-expressing CD4+ T cells was significantly
greater on HIV-specific IFN-γ+ CD4+ T cells than on CMV-specific IFN-γ+ CD4+ T cells (p
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< 0.01; Fig. 7C). CD28 expression on total CD4+ T cells (median: 84%; range, 56–94%)
was slightly greater than on HIV-specific CD4+ T cells (median: 75%; range, 41–97%), but
it was significantly greater than on CMV-specific CD4+ T cells (median: 34%; range, 8–
67%; p < 0.001; Fig. 7C). The expression of CD28 on total CD4+ T cells was reported to
decline with HIV disease progression (47).

Because cooperation between costimulatory and inhibitory receptors is required for driving
T cell responses toward immunity or tolerance (3–5), we hypothesized that blockade of
inhibitory receptor binding and activation of a costimulatory molecule might synergistically
improve HIV-specific CD4+ T cell responses. To examine whether simultaneous blockade
of inhibitory receptor binding and stimulation through CD28 improved HIV-specific CD4+

T cell proliferation, PBMCs from untreated subjects were labeled with CFSE and incubated
for 6 d with anti–PD-L1, anti–CTLA-4, anti–TIM-3, and anti–CD28 mAbs or each anti-
inhibitory receptor mAb with anti-CD28 mAb in the presence of HIV-1 Gag peptide pool or
media. Proliferation was measured by calculating the percentage of CFSElow (divided)
CD4+ T cells using multiparametric flow cytometry. These preliminary experiments
revealed that the combination of anti–PD-L1 and CD28 mAbs induced the greatest increase
in HIV-specific CD4+ T cell proliferation (Fig. 7D).

Blockade of PD-1/PD-L1 pathway with concurrent stimulation though CD28 enhances HIV-
specific CD4+ T cell proliferation

Because we observed the greatest increase in HIV-specific CD4+ T cell proliferation using
anti–PD-L1 and anti-CD28 mAbs (Fig. 7D), we focused the proliferation studies on
blockade of the PD1/PD-L1 pathway and stimulation of CD28. Fig. 8A shows representative
flow-cytometry dot plots depicting the CFSE staining and proliferation of HIV-specific
CD4+T cells. Background-adjusted pooled data showing the percentage of CFSElow HIV-
specific CD4+ T cells in the presence and absence of the blocking and/or stimulating Abs are
shown in Fig. 8B. Stimulation with HIV-1 Gag peptide and CD28 alone or blockade of PD-
L1 alone resulted in a 1.14- and a 1.43-fold increase, respectively, in the expansion of Gag-
specific CD4+ T cells compared with expansion following stimulation with peptide alone.
Interestingly, stimulation with Gag peptide in the presence of anti–PD-L1 and anti-CD28 Ab
further enhanced proliferation, resulting in a 3.51-fold increase in HIV-specific CD4+ T
cells compared with each separately (p < 0.001; Fig. 8B), indicating that there was a
synergistic effect of targeting the inhibitory and costimulatory receptors simultaneously. In
contrast, there was no significant effect on CMV-specific CD4+ T cell proliferation in the
same subjects (data not shown). In a subset of subjects, we also assessed the effect of PD-1
blockade on IFN-γ production by HIV-specific CD4+ T cells using a 6-h intracellular
cytokine-secretion assay. In line with a previous report on HIV-specific CD8+ T cells (15),
we saw no significant difference in the amount of IFN-γ/cell (mean fluorescence intensity)
or an increase in the frequency of HIV-specific CD4+ T cells producing IFN-γ with or
without PD-1 blockade (Fig. 8C). These data suggest that PD-1 blockade did not directly
affect cytokine production by HIV-specific CD4+ T cells in a short-term assay.

Discussion
An optimal balance between positive and negative signals delivered through costimulatory
receptors on the surface of T cells is critical for the generation of an effective cellular
immune response (3–5). However, during chronic HIV infection, this balance is skewed
toward increased expression of inhibitory receptors (11–13, 15), with a commensurate
downregulation of costimulatory receptors (32–34, 48) on HIV-specific T cells.
Costimulatory receptor dys-regulation contributes to impaired effector function of HIV-
specific T cells in subjects with chronic HIV infection. Understanding the relationship
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between inhibitory receptor expression on HIV-specific CD4+ T cells and HIV disease is
critical, because functional impairment of HIV-specific CD4+ T cells during chronic HIV
infection is closely linked to disease progression (7–9, 49, 50). We previously reported that
HIV-specific CD4+ T cells in subjects with untreated chronic HIV infection expressed
increased levels of an inhibitory receptor PD-1 (12) and decreased levels of a costimulatory
receptor 4-1BB (32). A recent study using the LCMV mouse model of chronic infection
demonstrated the involvement of multiple inhibitory pathways in regulating T cell function
(38). In the current study, we show for the first time that HIV-specific CD4+ T cells from
subjects with chronic HIV infection simultaneously express high levels of PD-1, CTLA-4,
and TIM-3; coexpression of the inhibitory receptors correlate more strongly with HIV
plasma viremia than their individual expression; TIM-3 expression is greater on HIV-
specific cells than on CMV-specific CD4+ T cells; TIM-3 expression is greater on HIV-
specific CD4+ T cells from viremic subjects than from suppressed subjects with chronic HIV
infection; a large percentage of HIV-specific CD4+ T cells that express inhibitory receptors
also express CD28; and activation of a costimulatory pathway (CD28) and blockade of an
inhibitory pathway (PD-1) synergistically enhance HIV-specific CD4+ T cell proliferation.
These novel findings confirm the earlier observations for the individual receptors, as well as
extend them by relating the expression of all three receptors and demonstrating the
usefulness of targeting positive and negative costimulatory receptor pathways to enhance the
function of HIV-specific CD4+ T cells during chronic HIV infection.

Previous studies reported an elevated expression of PD-1 and CTLA-4 on HIV-specific
CD4+ T cells from subjects with untreated chronic infection (12, 14). However, unlike the
previous studies, we found for the first time that >30% of HIV-specific CD4+ T cells
simultaneously express PD-1, CTLA-4, and TIM-3, suggesting that multiple inhibitory
receptor pathways cooperate to restrain CD4+ T cell responses during chronic infection with
HIV. These findings were in contrast with the low expression of inhibitory receptors on
CMV- and VZV-specific CD4+ T cells from the same subjects, providing evidence for
differential regulation of virus-specific T cell function during chronic viral infections (41,
42). Furthermore, we report that extrinsic control of HIV replication by ART is associated
with reduced expression of all three inhibitory receptors compared with untreated subjects
with chronic infection. The link between the expression of inhibitory receptors and viral
replication is much stronger when the simultaneous expression of all three, rather than single
expression, is compared, suggesting that analysis of multiple receptors provides a better
marker of disease progression. However, these correlations are only significant when all
subjects (viremic and ART suppressed) are included, although examination of all three
trends toward significant correlation with viral load (r = +0.40, p = 0.09), unlike that of each
receptor separately. No published study links the expression of PD-1 or TIM-3 on HIV-
specific CD4+ T cells from untreated subjects with chronic HIV infection to viral load. We
previously reported a correlation between the expression of PD-1 on HIV-specific CD4+ T
cells and viral replication (12), although like in this study we only saw a significant
correlation when subjects on and off ART were combined. However, a correlation between
CTLA-4 expression on HIV-specific CD4+ T cells and viral replication, without including
highly active ART-treated subjects, was reported, but the cohort included subjects with
acute HIV infection, elite and viremic controllers, as well as those with chronic HIV
infection (14). Expression of all three receptors correlates more strongly with viral
replication than does each alone, and this correlation is strengthened by the addition of data
from suppressed subjects, suggesting that expression of these inhibitory receptors is driven,
in part, by HIV replication. Alternatively, it is possible that the expression of these
inhibitory receptors is upregulated, with low levels of replicating virus, indicative of a
threshold effect. This is supported by recent findings that demonstrate PD-1 is upregulated
during SIV and HIV infection on virus-specific T cells even with low viral load, indicating
that PD-1 is a sensitive indicator of low-level viral replication (51). In addition, decreased
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expression of CTLA-4 in HIV-specific CD4+ T cells in elite controllers compared with
viremic controllers or subjects with ART-suppressed viral load was shown, suggesting that
the presence of even very small amounts of persistent Ag is sufficient to upregulate CTLA-4
expression on HIV-specific CD4+ T cells (14).

TIM-3 expression was also increased on HIV-specific IFN-γ- producing CD4+ T cells
compared with CMV- and VZV-specific CD4+ T cells from subjects with untreated chronic
HIV infection. In addition, subjects on ART with suppressed plasma viral load had
significantly lower levels of TIM-3–expressing HIV-specific IFN-γ–producing CD4+ T cells
than did viremic subjects. These findings are in line with a recent study by Jones et al. (13)
that demonstrated TIM-3 expression was greater on HIV-specific CD8+ T cells than on
CMV-specific CD8+ T cells from chronically infected HIV subjects, and TIM-3 expression
on total CD4+ and CD8+ T cells declined with the initiation of ART. Unlike CTLA-4 and
PD-1, which were expressed on a substantial proportion of HIV-specific CD4+ T cells that
produced IFN-γ and IL-2, TIM-3 was expressed on a very low percentage of dual cytokine-
producing HIV-specific CD4+ T cells, indicating differential expression of the inhibitory
receptors on cytokine-producing HIV-specific CD4+ T cells. Furthermore, although the
expressions of PD-1 and CTLA-4, which have been implicated in the control of proliferation
(52–54), are highly correlated, the correlations between these two receptors and TIM-3,
implicated in the control of IFN-γ production (55), are less robust. It is likely that PD-1 and
CTLA-4 expression marks populations exhibiting features of relatively early HIV-specific
CD4+ T cell exhaustion, where cell survival and proliferation are impaired but cytokine
production remains intact (9, 43, 56), whereas TIM-3 expression denotes advanced stages of
T cell exhaustion where cytokine production is impaired. PD-1 and CTLA-4 inhibit T cell
activation by using distinct (53) but partially overlapping signaling pathways that converge
on inhibition of phosphorylation of the kinase Akt (17, 57). Although the intracellular
domain of TIM-3 contains six tyrosine phosphorylation motifs, its downstream signaling
targets leading to the death of Th1 cells remain unknown (58). These findings suggest that
inhibitory receptors PD-1 and CTLA-4, which belong to the B7/CD28 family and are
involved in decreased proliferation, act together, whereas TIM-3, a T cell Ig and mucin
domain-containing molecule involved in regulating Th1 cytokine responses, is not linked as
closely.

TIM-3 was shown to negatively regulate Th1 responses in mice (29). Recent studies suggest
that this may also be true in humans (13, 30). However, in our study, we detected TIM-3+

cells that produced IFN-γ. Populations of TIM-3–expressing HCV-specific CD4+ T cells
that produce IFN-γ have also been described (30). When total CD4+ T cells were segregated
into PD-1 and CTLA-4–positive and -negative populations, the majority of HIV-specific
IFN-γ–producing CD4+ T cells fell into the PD-1– and CTLA-4–expressing fractions.
However, when the same analysis was performed on the TIM-3–positive and -negative
populations, the percentage of IFN-γ–producing CD4+ T cells was similar in both
populations. This suggests that although there clearly are TIM-3+ CD4+ T cells that produce
IFN-γ, they are significantly more rare compared with cells that express PD-1 or CTLA-4.
We also found no significant difference in the amount of IFN-γ produced by PD-1, CTLA-4,
and TIM-3–positive and -negative subsets of HIV-specific CD4+ T cells. Although we were
not surprised to see a difference in PD-1 and CTLA-4–positive and -negative populations,
we assumed that cells that expressed TIM-3 would produce less IFN-γ, which was not the
case. These inhibitory receptors have all been shown to modulate the proliferative capacity
of HIV-specific CD4+ T cells; however, the influence on the ability to produce cytokines is
still in question (12, 14, 15). Although MHC class II tetramer analysis has been used by a
limited number of groups to examine HIV-specific CD4+ T cells (59, 60), and it would have
been highly informative for the study of dysfunctional T cells, technological limitations
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render it difficult to use in combination with Ag-specific intracellular cytokine staining (61–
65).

Stimulating an antiviral immune response to reduce persisting virus has been suggested as a
potentially promising strategy to control chronic HIV infection (66). In fact, in vivo
blockade of PD-1 binding in SIV-infected macaques (21) and LCMV-infected mice (22)
enhanced T cell responses and improved viral control. We and other investigators previously
demonstrated that blocking the PD-1 pathway enhances HIV-specific CD4+ T cell
proliferation (11, 12). In the current study, we evaluated whether blockade of an inhibitory
receptor with concurrent stimulation of a costimulatory receptor would augment
proliferation to a greater extent than blockade alone. We chose to evaluate the effects of
stimulation though CD28 because its expression was elevated on HIV-specific CD4+ T cells
compared with CMV-specific CD4+ T cells (46), and its expression greatly overlaps with
inhibitory receptors on HIV-specific CD4+ T cells. Although there was no significant
increase in HIV-specific CD4+ T cell proliferation with the addition of CD28 or PD-L1
mAbs alone, we observed a significant increase in HIV-specific CD4+ T cell proliferation
when PBMCs were cultured with both mAbs, indicating a synergistic effect of blockade and
stimulation on HIV-specific CD4+ T cell proliferation. PD-1 engagement was shown to alter
CD3- and CD28-mediated changes to the T cell transcriptional profile, resulting in
decreased activation of the cell (17, 57), suggesting that an inhibitory signal delivered
though PD-1 may override the positive signal delivered via CD28.

In summary, our data reveal that the HIV-specific CD4+ T cell response during chronic HIV
infection is regulated by complex patterns of coexpressed inhibitory receptors. The
increased coexpression of multiple inhibitory receptors may contribute to the loss of HIV-
specific CD4+ T cell function in subjects with chronic HIV infection. Expression of all three
receptors correlates more strongly with viral replication than does each alone; this
correlation is driven by the addition of data from suppressed subjects suggesting that
expression of these inhibitory receptors is, in part, a consequence of viral replication.
Enhancement of HIV-specific CD4+ T cell function via PD-1 blockade with concurrent
stimulation though CD28 is better than PD-1R blockade alone. Taken together, these data
suggest that immune dysfunction associated with chronic HIV infection is mediated by
multiple inhibitory pathways and that simultaneous targeting of inhibitory and stimulatory
receptor pathways synergistically augments virus-specific CD4+ T cell function to a greater
extent than inhibitory receptor blockade alone.
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PD-1 programmed death 1

SEB staphylococcal enterotoxin B

TIM-3 T cell Ig domain and mucin domain 3

VZV varicella-zoster virus
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FIGURE 1.
PD-1, CTLA-4, and TIM-3 expression is upregulated on HIV-specific CD4+ T cells in
viremic HIV-infected subjects. PBMCs isolated from viremic and suppressed subjects with
chronic HIV infection were stimulated with HIV, CMV, VZV, and SEB Ags for 6 h, with
brefeldin A added after 2 h of stimulation. Stimulated cells were washed and stained with
biotinylated anti-human TIM-3 Ab, followed by anti-CD4 PE-Cy5-5, anti-CD3 Qdot 605,
anti-CD8 Alexa Fluor 405 mAbs and streptavidin allophycocyanin for 30 min at 4°C. Cells
were washed, fixed, permeabilized, and intracellularly stained with anti–IFN-γ PE-Cy7 and
anti–IL-2 Alexa Fluor 700 and anti–CTLA-4 PE mAbs for 30 min at 4°C, washed, fixed,
and analyzed using an LSR-II flow cytometer. A, Representative flow-cytometry plots of
PD-1, CTLA-4, and TIM-3 staining on HIV-, CMV-, and VZV-specific IFN-γ–producing
CD4+ T cells and FMO control from a chronically HIV-infected viremic subject. B,
Expression of PD-1, CTLA-4, and TIM-3 on HIV-, CMV-, and VZV-specific IFN-γ–
producing CD4+ T cells from chronically HIV-infected subjects (n = 25). Dots represent
individual values, with the solid lines indicating medians. Statistical significance was
determined using one-way ANOVAwith the Tukey posttest. C, Expression of PD-1,
CTLA-4, and TIM-3 on HIV-specific IFN-γ–producing CD4+ T cells from viremic and
suppressed chronically HIV-infected subjects. Statistical significance was determined using
the Wilcoxon signed-rank test.
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FIGURE 2.
Relationship between the expression of PD-1, CTLA-4, and TIM-3 on HIV-specific CD4+ T
cells. Significant positive correlation between PD-1 and CTLA-4 (A), PD-1 and TIM-3 (B),
CTLA4 and PD-1 (C) on HIV-specific IFN-γ+ CD4+ T cells from viremic chronically HIV-
infected subjects. The Spearman correlation test was used to determine statistical
significance. Representative flow-cytometry plots of the expression of PD-1 and CTLA-4
(D), PD-1 and TIM-3 (E), and CTLA-4 and TIM-3 (F) on HIV-specific IFN-γ+ CD4+ T
cells from a viremic chronically HIV-infected subject. The pie charts show expression
patterns of PD-1 and CTLA-4 (D), PD-1 and TIM-3 (E), and CTLA-4 and TIM-3 (F) on
HIV-specific IFN-γ–producing CD4+ T cells from viremic chronically HIV-infected
subjects.
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FIGURE 3.
Simultaneous expression of PD-1, CTLA-4, and TIM-3 on HIV-specific CD4+ T cells is
greater than on CMV- or VZV-specific CD4+ T cells. A, Representative flow-cytometry
plots of the Boolean analysis used to examine overlapping expression of CTLA-4, PD-1, and
TIM-3 on HIV-specific IFN-γ–producing CD4+ T cells. B, Boolean analysis of the
simultaneous expression of PD-1, CTLA-4, and TIM-3 on HIV-, CMV-, and VZV-specific
IFN-γ–producing CD4+ T cells from viremic chronically HIV-infected subjects (n = 23). All
of the possible combinations of the different markers are shown on the x-axis, whereas their
percentages within virus-specific CD4+ T cell populations are shown on the y-axis. Dots
represent individual values, and the solid horizontal lines indicate medians. C, Boolean
gating analysis of the simultaneous expression of PD-1, CTLA-4, and TIM-3 on virus-
specific IFN-γ–producing (upper panels) and IL-2–producing (lower panels) CD4+ T cells
from viremic HIV-infected subjects. Individual populations are grouped according to total
number of inhibitory receptors expressed. D, Simultaneous expression of CTLA-4, PD-1,
and TIM-3 on HIV-specific IFN-γ+ and IL-2+ CD4+ T cells in viremic and suppressed
chronically HIV-infected subjects. Dots represent individual values, and the solid horizontal
lines indicate medians. Statistical significance was determined using the Mann–Whitney U
test.
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FIGURE 4.
Correlation between the percentage of HIV-specific CD4+ T cells expressing inhibitory
marker and plasma HIV viral load. Significant positive correlation between viral load and
expression of CTLA-4 (A), PD-1 (B), TIM-3 (C), and CTLA-4, PD-1, and TIM-3 (D) on
HIV-specific IFN-γ+ CD4+ T cells from chronically HIV-infected subjects. Statistical
analyses were performed using the Spearman correlation test.
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FIGURE 5.
Distribution of CTLA-4, PD-1, and TIM3 expression on HIV-specific cytokine-producing
CD4+ T cell subsets. A, Representative flow-cytometry plots showing staining of CTLA-4,
PD-1, and TIM-3 on HIV-specific IFN-γ only-producing (IFN-γ+IL-2−), IL-2 only-
producing (IFN-γ−IL-2+), or dual IFN-γ and IL-2–producing (IFN-γ+IL-2+) CD4+ T cells
from a chronically HIV-infected viremic individual relative to FMO control. B, Expression
of CTLA-4, PD-1, and TIM-3 on HIV-specific cytokine-producing CD4+ T cell subsets
from chronically HIV-infected viremic subjects. Individual values are presented, with the
solid lines indicating medians. Statistical significance was determined using one-way
ANOVA with the Tukey posttest. C, Simultaneous expression of CTLA-4, PD-1, and TIM-3
on HIV-specific cytokine-producing CD4+ T cell subsets from chronically HIV-infected
viremic subjects. Statistical significance was determined using one-way ANOVA with the
Dunn posttest.
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FIGURE 6.
TIM-3 expression on Ag-specific IFN-γ–producing CD4+ T cells A, Representative flow-
cytometry plots showing a three-tiered gating system (13) for analyzing IFN-γ responses to
HIV, CMV, VZV, and SEB in TIM-3neg, TIM-3low, and TIM-3high CD4+ T cells from
untreated subjects with chronic HIV infection. B, Pooled data showing IFN-γ response in
TIM-3neg, TIM-3low, and TIM-3high CD4+ T cells.

Kassu et al. Page 23

J Immunol. Author manuscript; available in PMC 2014 April 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 7.
Coexpression of CD28 and inhibitory receptors on HIV-specific IFN-γ+ CD4+ T cells and
the effect of blockade of inhibitory receptor pathway and/or engagement of stimulatory
pathway on HIV-specific CD4+ T cell function. A, Representative flow-cytometry profile of
CD28 and PD-1, CD28 and CTLA-4, and CD28 and TIM-3 expression on HIV-specific
IFN-γ–producing CD4+ T cells from a viremic subject with chronic HIV infection. B, Bar
graphs showing the percentage of CD28 and PD-1–, CD28 and CTLA-4–, and CD28 and
TIM-3–expressing HIV- and CMV-specific IFN-γ–producing CD4+ T cells from chronically
HIV-infected viremic subjects. Data are presented as median and range. C, Pooled data
showing the percentage of CD28-expressing total, HIV-specific, and CMV-specific IFN-γ–
producing CD4+ T cells from viremic patients with chronic HIV infection (n = 9). Statistical
significance was determined using the Wilcoxon signed-rank test. D, Media-adjusted data
(mean ± SEM) showing the percentage of CFSElow HIV-specific CD4+ T cells in the
presence and absence of the blocking (PD-L1, CTLA-4, TIM-3) and/or stimulating (CD28)
Abs (n = 3).
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FIGURE 8.
Effect of blockade of PD-1/PD-L1 pathway and stimulation through CD28 on HIV-specific
CD4+ T cell function. A, Representative flow-cytometry plots showing the percentage of
CFSElow CD4+ T cells after 6 d of stimulation with HIV Gag peptides or media alone in the
presence or absence of anti–PD-L1 and/or anti-CD28 Ab. B, Media-adjusted pooled data
showing the percentage of CFSElow HIV-specific CD4+ T cells in the presence and absence
of the blocking and/or stimulating Abs (n = 17). Individual values are presented, with the
solid lines indicating medians. Statistical significance was determined using the Friedman
test with the Dunn posttest. C, Percentage of HIV-1 Gag-specific IFN-γ–producing CD4+ T
cells by blockade of PD-1/PD-L1 pathway in a 6-h intracellular cytokine staining assay.
Statistical significance was determined using the Mann–Whitney U test.
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