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FIGURE 6. TIM-3 expression on Ag-specific IFN-y—producing CD4*
T cells A, Representative flow-cytometry plots showing a three-tiered gat-
ing system (13) for analyzing IFN-y responses to HIV, CMV, VZV, and
SEB in TIM-3"%, TIM-3"°", and TIM-3"%" CD4* T cells from untreated
subjects with chronic HIV infection. B, Pooled data showing IFN-y
response in TIM-3"°¢, TIM-3""%, and TIM-3"8" CD4" T cells.

(32). However, unlike HIV-specific CD8* T cells, CD4" T cells
were reported to maintain the expression of CD28 (46). To con-
firm this and to determine the relationship between CD28 and the
expression of inhibitory receptors, we examined the level of coex-
pression 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 cos-

timulatory 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-y* CD4*
T cells than on CMV-specific IFN-y* CD4* T cells (p < 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 re-
ceptors is required for driving T cell responses toward immunity or
tolerance (3-5), we hypothesized that blockade of inhibitory recep-
tor binding and activation of a costimulatory molecule might syner-
gistically 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 pro-
liferation, 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 CESE"" (divided) CD4" T cells using multiparametric flow cy-
tometry. These preliminary experiments revealed that the combina-
tion 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-LI pathway with concurrent stimulation
although 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. 84 shows represen-
tative flow-cytometry dot plots depicting the CFSE staining and pro-
liferation of HIV-specific CD4" T cells. Background-adjusted pooled
data showing the percentage of CESE'" 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 syn-
ergistic effect of targeting the inhibitory and costimulatory recep-
tors simultaneously. In contrast, there was no significant effect on
CM V-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-y production by HIV-specific CD4™ T cells
using a 6-h intracellular cytokine-secretion assay. In line with a pre-
vious report on HIV-specific CD8" T cells (15), we saw no significant
difference in the amount of IFN-y/cell (mean fluorescence intensity)
or an increase in the frequency of HIV-specific CD4" T cells pro-
ducing IFN-y with or without PD-1 blockade (Fig. 8C). These data
suggest that PD-1 blockade did not directly affect cytokine produc-
tion 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).

6T0Z ‘0z JequinoN uo 1sanb Aq /610" jounwiwi i :mmmy/:dny woly papeojumoq



The Journal of Immunology

A

3015

100+
°
CD3+CD4+T cells E 904 l
6% 74% 3% 67% |\ 8% 61% 380-
o 3 70
+ =
HIV ¥ 60
. [ 50+
4% | 16%| | [1% 23% T 29%| @ 401
g_ 30
o Py ¢ 204
35% 28% 30%| | [38% 24% 3
S 104
X
04
CMV |« T T T v 7
>I'~ 3 i T e AX x ﬂ‘,x IS x ,5)(
< f
Z . Z RAPS It S P
- .
- T 35% 1%| E 21% 17% & oo'ﬁ’x s S o°'§ s
D4 —> CD28
HIV CMV
P<0.001 1.254
| P<0.01 |
100 2
T 3 1.004
o
90 I [ ;-
o
804 T 0.754
3 704 5
- +
3 60+ | éo.so-
? o J— +§ 0.25
& 407 g
S 301
X 20- 0.00-
Y ® N » i) @ @ >
X 4 v v v o
104 I P QN e
o 2 O > LRSS
0 o o 0,,9 <] L /\\y R

Total  HIV-specific CMV-specifi

FIGURE 7. Coexpression of CD28 and inhibitory receptors on HIV-specific IFN-y* 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-y—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-y—
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-y—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 CESE'™" 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).

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. Under-
standing the relationship 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 in-
dividual 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 per-
centage of HIV-specific CD4" T cells that express inhibitory re-
ceptors also express CD28; and activation of a costimulatory path-
way (CD28) and blockade of an inhibitory pathway (PD-1) syner-
gistically 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 posi-
tive 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, pro-
viding 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
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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 CESE'®™ 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 CFSE'" 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-y—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.

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, with-
out 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, sug-
gesting that expression of these inhibitory receptors is driven, in
part, by HIV replication. Alternatively, it is possible that the expres-
sion of these inhibitory receptors is upregulated, with low levels of
replicating virus, indicative of a threshold eftect. 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 repli-
cation (51). In addition, decreased 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 per-

sistent 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-y—
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-y—
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 sub-
jects, 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-y 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, al-
though the expressions of PD-1 and CTLA-4, which have been im-
plicated 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-y 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 ad-
vanced stages of T cell exhaustion where cytokine production is
impaired. PD-1 and CTLA-4 inhibit T cell activation by using dis-
tinct (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 phosphory-
lation motifs, its downstream signaling targets leading to the death of
Th1 cells remain unknown (58). These findings suggest that inhibi-
tory receptors PD-1 and CTLA-4, which belong to the B7/CD28
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family and are involved in decreased proliferation, act together,
whereas TIM-3, a T cell Ig and mucin domain-containing molecule
involved in regulating Thl cytokine responses, is not linked as
closely.

TIM-3 was shown to negatively regulate Thl 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-y. Populations of TIM-3—expressing HCV-specific
CD4" T cells that produce IFN-y 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-y—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-y—producing CD4" T cells was similar in both
populations. This suggests that although there clearly are TIM-3*
CD4* T cells that produce IFN-vy, 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-y 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 dif-
ference in PD-1 and CTLA-4—positive and -negative populations,
we assumed that cells that expressed TIM-3 would produce less
IFN-v, 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, techno-
logical limitations 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 LCM V-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 block-
ade alone. We chose to evaluate the effects of stimulation although
CD28 because its expression was elevated on HIV-specific CD4"
T cells compared with CMV-specific CD4" T cells (46), and its ex-
pression 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 stimu-
lation 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 although
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 coex-
pression 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
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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 although
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 si-
multaneous targeting of inhibitory and stimulatory receptor path-
ways synergistically augments virus-specific CD4™ T cell function
to a greater extent than inhibitory receptor blockade alone.
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