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ABSTRACT

HIV-1-specific CD8 T cells can influence HIV-1 disease progression during untreated HIV-1 infection, but the functional and
phenotypic properties of HIV-1-specific CD8 T cells in individuals treated with suppressive antiretroviral therapy remain less
well understood. Here we show that a subgroup of HIV-1-specific CD8 T cells with stem cell-like properties, termed T memory
stem cells (Tgcy, cells), is enriched in patients receiving suppressive antiretroviral therapy compared with their levels in un-
treated progressors or controllers. In addition, a prolonged duration of antiretroviral therapy was associated with a progressive
increase in the relative proportions of these stem cell-like HIV-1-specific CD8 T cells. Interestingly, the proportions of HIV-1-
specific CD8 Ty, cells and total HIV-1-specific CD8 Ty, cells were associated with the CD4 T cell counts during treatment
with antiretroviral therapy but not with CD4 T cell counts, viral loads, or immune activation parameters in untreated patients,
including controllers. HIV-1-specific CD8 Ty, cells had increased abilities to secrete interleukin-2 in response to viral antigen,
while secretion of gamma interferon (IFN-vy) was more limited in comparison to alternative HIV-1-specific CD8 T cell subsets;
however, only proportions of IFN-y-secreting HIV-1-specific CD8 Ty, cells were associated with CD4 T cell counts during anti-
retroviral therapy. Together, these data suggest that HIV-1-specific CD8 Ty, cells represent a long-lasting component of the
cellular immune response to HIV-1 that persists in an antigen-independent fashion during antiretroviral therapy but seems un-
able to survive and expand under conditions of ongoing viral replication during untreated infection.

IMPORTANCE

Memory CD8 T cells that imitate the functional properties of stem cells to maintain lifelong cellular immunity have been hy-
pothesized for many years, but only recently have such cells, termed T memory stem cells (Tgcy, cells), been physically identified
and isolated in humans, mice, and nonhuman primates. Here, we investigated whether cellular immune responses against HIV-1
include such T memory stem cells. Our data show that HIV-1-specific CD8 T memory stem cells are detectable during all stages
of HIV-1 infection but occur most visibly at times of prolonged viral antigen suppression by antiretroviral combination therapy.
These cells may therefore be particularly relevant for designing antiviral immune defense strategies against the residual reservoir

of HIV-1-infected cells that persists despite treatment and leads to viral rebound upon treatment discontinuation.

ytotoxic T cell responses against HIV-1 are mounted early in

the disease process and can be readily detected in the vast
majority of untreated HIV-1-infected patients (1, 2). Evidence
from a number of investigations, including animal models (3),
immunogenetic associations (4, 5), human cohort studies (6, 7),
and phylogenetic explorations of viral sequence evolution (8, 9),
suggests that these cells can importantly modulate clinical HIV-1
disease progression, particularly in rare groups of patients who
spontaneously control HIV-1 infection in the absence of treat-
ment. In these patients, HIV-1-specific CD8 T cells typically ex-
hibit a polyfunctional profile characterized by strong abilities to
proliferate, secrete antiviral cytokines, and execute major histo-
compatibility complex (MHC) class I-restricted cytolysis through
perforin and granzyme B (6, 10, 11). In contrast, HIV-1-specific
CD8 T cells in persons with progressive untreated disease seem to
have markedly weaker cytotoxic activities, upregulate markers of
immune senescence and functional exhaustion, and exhibit a
monofunctional effector cell profile that focuses on secretion of
gamma interferon (IFN-vy) (12-14). The role of HIV-1-specific
CD8 T cells in patients undergoing suppressive antiretroviral
therapy (ART) is less well understood. These individuals represent
the majority of HIV-1-infected patients in Western countries and
in most cases do not exhibit clinical signs of immune deficiency
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but typically demonstrate abnormal levels of immune activation
which can be associated with accelerated immune aging, higher
cardiovascular risks, and specific metabolic abnormalities (15).
Prior studies have shown that HIV-1-specific cytotoxic T cells can
persist when active viral replication is pharmacologically sup-
pressed, although their frequency typically declines (16-18).
Whether HIV-1-specific CD8 T cells from such patients influence
the levels of immune activation, antiviral immune defense, or the
reservoir of HIV-1-infected cells that persists despite treatment is
uncertain and represents an area of ongoing investigation.
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Antigen-specific memory T cells can be classified according to
a hierarchical developmental program during which immature,
long-lasting memory cell populations transition toward more
short-lived, effector memory cells (19). Experimental animal
studies, as well as theoretical considerations, suggested that the
most immature antigen-specific memory T cells consist of small
cell populations that exhibit stem cell-like properties otherwise
encountered in classic tissue-specific stem cells. Recent studies
have phenotypically identified such cells within the CD4 and the
CD8 memory T cell compartments in humans (20), mice (21),
and nonhuman primates (22) and indicated that these cells,
termed T memory stem cells (T cells), have superior abilities to
proliferate homeostatically, persist long term, and resist apopto-
sis. Simultaneously, T memory stem cells can give rise to more
differentiated central memory T cells (T, cells), effector mem-
ory T cells (Tgy cells), and terminally differentiated effector mem-
ory T cells (Trppy cells) through transitional proliferation and
effectively reconstitute cellular immunity in immunocompro-
mised hosts during serial transplantation experiments in animal
models (23). A recent study also showed that Ty, cells are able to
persist and to preserve their precursor potential for up to 12 years
after lymphocyte infusion in immunodeficient patients (24) and
play important roles for regenerating the memory T cell pool after
hematopoietic stem cell transplantation (25, 26). So far, T mem-
ory stem cells recognizing influenza virus (Flu), cytomegalovirus
(CMV), and tumor antigens have been identified (20), but it is
likely that T memory stem cells contribute to cellular immune
responses against virtually any type of antigen.

In the present study, we performed a detailed analysis of HIV-
1-specific CD8 Ty, cell responses in patients with different rates
of spontaneous HIV-1 disease progression and in persons with
viral suppression by antiretroviral combination therapy. These
studies demonstrate that HIV-1-specific CD8 Ty, cells accumu-
late under conditions of pharmacological antigen withdrawal,
gradually increase with prolonged durations of antiretroviral
therapy, and correlate with the levels of CD4 T cells in patients
treated with antiretroviral agents. As such, HIV-specific CD8
Tscm cells may be responsible for maintaining long-term, anti-
gen-independent cellular immune memory to HIV-1.

MATERIALS AND METHODS

Patients. Cryopreserved peripheral blood mononuclear cells (PBMCs)
from HIV-1-infected individuals and HIV-1-negative individuals were
used for this study according to protocols approved by the Institutional
Review Board of the Massachusetts General Hospital (MGH). All study
subjects gave written consent to participate.

Lymphocyte separation. Fresh blood was collected in tubes contain-
ing acid citrate dextrose. PBMCs were extracted from whole blood by
Ficoll-Hypaque density gradient centrifugation and cryopreserved in liq-
uid nitrogen.

HLA typing. High- and intermediate-resolution HLA class I typing
was performed by sequence-specific PCRs according to standard proce-
dures.

Synthetic peptides and peptide-MHC class I multimer complexes.
HIV-1 peptides corresponding to previously described optimal epitopes
were synthesized at the MGH Peptide Core Facility on an automated
peptide synthesizer using the 9-fluorenylmethoxy carbonyl technology.
Peptide pools containing CMV, Epstein-Barr virus (EBV), and Flu (CEF)
peptides or overlapping 15- to 20-mer peptides spanning the entire clade
B consensus sequence of the HIV-1 gag sequence were similarly produced.
Peptide-MHC class I multimers were purchased from Prolmmune.
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Antibodies. Monoclonal antibodies directed against CD8, CD3,
CD56, CD19, CD14, CD4, CCR7, CD45R0O, CD95, HLA-DR, CD38, an-
nexin V, IFN-v, and interleukin-2 (IL-2) were purchased from BioLegend
or Becton Dickinson (BD).

Immune phenotyping. Cryopreserved T cells were thawed, purified
using an EasySep human T cell enrichment kit (Stem Cell Technologies),
and stained with blue viability dye (Invitrogen) for 20 min at 4°C, fol-
lowed by staining with appropriately titrated, HLA class I-matched pep-
tide-MHC class I tetramer complexes and antibodies directed against
CCR?7 at 37°C for 15 min in Ca*>*-free medium as previously described
(27). Cells were then washed and stained at 4°C for 20 min with different
combinations of antibodies against the following molecules: CD3, CD8,
CD4, CD56, CD19, CD14, CD45R0O, CD95, HLA-DR, CD38, and an-
nexin V. Afterwards, cells were fixed in 2% paraformaldehyde solution,
acquired on a 5-laser Fortessa flow cytometer (BD), and analyzed using
FlowJo (version X) software (Tree Star). Analysis and presentation of cell
distributions were performed using GraphPad Prism (version 6) and
SPICE (version 5.32; http://exon.niaid.nih.gov/spice/) software (28).

Intracellular cytokine staining. Cryopreserved blood mononuclear
cells were stimulated overnight in complete medium (RPMI [Invitrogen],
10% fetal bovine serum [FBS; Invitrogen], 100 wg/ml penicillin, 100
units/ml streptomycin [BioConcept], HEPES) in the presence of brefeldin
A (1 pg/ml; BioLegend), anti-CD28 (0.5 pg/ml; BD), and 2 pg/ml of
synthetic peptide. Stimulation with anti-CD3/CD28 magnetic beads (Life
Technologies) served as a positive control. After stimulation, the cells
were stained for CCR7 at 37°C for 15 min, followed by incubation with
blue viability dye (Invitrogen) at 4°C for 20 min. Subsequently, surface
antibodies against CD8, CD3, CD4, CD56, CD19, CD14, CD95, and
CD45RO were added, and cells were treated with a fixation and permea-
bilization solution (BioLegend) according to the manufacturer’s proto-
col. Cells were stained for 20 min at room temperature with antibodies
directed to IFN-y and IL-2. Cells were then resuspended in 2% parafor-
maldehyde (Affymetrix), acquired on an LSR Fortessa flow cytometer
(BD), and analyzed using Flow]Jo (version X) software (Tree Star). Anal-
ysis and presentation of the distributions were performed using GraphPad
Prism (version 6) and SPICE (version 5.32; http://exon.niaid.nih.gov
/spice/) (28) software. The number of lymphocyte-gated events ranged
from 0.6 X 10° to 3 X 10°. The background in the unstimulated controls
never exceeded 0.03%. To be considered a positive response, the propor-
tion of cytokine-secreting cells had to be greater than 0.03% after subtrac-
tion of the background (obtained with medium only) and to be over
5-fold higher than the background.

Statistics. Results are given as means or medians with ranges. Statis-
tical analysis was performed using the Kruskal-Wallis test (for unpaired
comparisons) and Friedman’s test (for paired observations), followed by
post hoc analysis with Dunn’s test for multiple comparisons. A P value of
<0.05 was considered significant. A nonparametric Spearman’s rank cor-
relation test was performed to assess the association between measured
variables. The associations of measured variables across multiple time
points from the same group of patients were assessed by generalized esti-
mating equation (GEE) analysis adjusted for repeated measures. Statisti-
cal comparison of T cell subset distributions was performed using x> tests
in SPICE (version 5.32) (28). Statistical analyses and illustrations were
performed using FlowJo (version X), SPICE (version 5.32), GraphPad
Prism (version 6), and R software.

RESULTS

Elevated proportions of HIV-1-specific CD8 Ty, cells in ART-
treated HIV-1-infected patients. To analyze the role of HIV-1-
specific CD8 Ty cells during HIV-1 infection, we determined
the proportion of these cells within total populations of epitope-
specific CD8 T cells in patients with untreated progressive HIV-1
infection, untreated controllers (with viral loads below 1,000
copies/ml), and patients receiving suppressive antiretroviral ther-
apy. The clinical and demographic characteristics of the study
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TABLE 1 Clinical and demographic characteristics of the study cohorts

HIV-Specific CD8 T Memory Stem Cells

Viral load (log,, no.

CD4 count (no. of

No.of Avg of RNA copies/ml) cells/pl)
Cohort males age (yr) Mean SD Range Mean SD Range Epitopes
Untreated progressors 13 39 5.8 6.2 3-6.8 541 181 240-974 A02-SL9 (SLYNTVATL), A02-NV9 (NLVPMVATV-CMV),
(n=14) B08-EI8 (ETYKRWII), B08-RLL8 (RAKFKQLL-EBV),
B14-DA9 (DRFYKTLRA)
Untreated controllers 11 50 2.1 2.3 1.3-2.8 1,015 322 552-1,746 A02-SL9 (SLYNTVATL), A02-NV9 (NLVPMVATV-CMV),
(n=16) A03-QK10 (QVPLRPMTYK), A03-AK11 (ALVEICTEME
K), A11-IK10 (IYQEPFKNLK), B07-GL9 (GPGHKAR
VL), B08-EI8 (EIYKRWII), B27-KK10 (KRWIILGLNK),
B57-TW10 (TSTLQEQIGW)
ART treated (n = 33) 28 51 1.7 1.9 1.3-27 781 243 241-1,367 A02-SL9 (SLYNTVATL), A02-NV9 (NLVPMVATV-CMV),

A03-QK10 (QVPLRPMTYK), B07-GL9 (GPGHKARVL),
B08-EI8 (ETYKRWII), B08-RLL8 (RAKFKQLL-EBV),
B14-DA9 (DRFYKTLRA), B27-KK10 (KRWIILGLNK),
B57-TW10 (TSTLQEQIGW)

cohorts are summarized in Table 1. For this analysis, we used
MHC class I multimers to identify HIV-1-specific CD8 T cells, in
combination with surface phenotyping antibodies, allowing us to
classify cells as CD45RO ™ CCR7" CD95 ™ naive cells (Ty, cells),
CD45RO™ CCR7™ central memory cells (Tqy cells), CD45RO™
CCR7™ effector memory cells (T, cells), and CD45RO™ CCR7 ™
terminally differentiated effector memory cells (Trppy cells).
CD8 Ty, cells were identified as CD45RO ™~ CCR7™ cells express-
ing CD95, as described earlier (Fig. 1A) (20). CD8 Ty, cells spe-
cific for CMV, EBV, or Flu were simultaneously analyzed in a
similar fashion.

Overall, we observed that HIV-1-specific CD8 T cells were
most frequently detected in untreated controllers, followed by un-
treated progressors; the smallest quantities of HIV-1-specific cy-
totoxic T lymphocytes (CTLs) were observed in ART-treated
individuals (see Fig. S1A in the supplemental material). Interest-
ingly, HIV-1-specific CD8 Ty, cells were readily detectable in all
patient cohorts; however, the relative contributions of these cells
to individual multimer-positive HIV-1-specific CD8 T cell popu-
lations were the largest in ART-treated persons (Fig. 1B to D). The
proportions and the subset compositions of HIV-1-specific CD8
T cells were not associated with the restricting HLA class I alleles
(see Fig. S1B to D in the supplemental material). The absolute
counts of HIV-1-specific CD8 Ty, cells also tended to be the
highest in patients receiving antiretroviral combination therapy
(Fig. 1E and F). An opposite trend was seen for the relative pro-
portions and absolute levels of HIV-1-specific effector memory
CD8 T cells, which were the highest in untreated progressors,
followed by untreated controllers and ART-treated patients (Fig.
1B, C, and E). No substantial differences between the proportions
of HIV-1-specific central memory and terminally differentiated
HIV-1-specific CD8 T cells from the different study cohorts were
observed (Fig. 1B and C).

Notably, the proportions of CMV-, EBV-, and Flu-specific
CD8 Ty cells approximated those of HIV-1-specific CD8 Tgcy,
cells in ART-treated patients, while they were significantly higher
than the corresponding proportions of HIV-1-specific CD8 Tgy,
cells in untreated controllers or progressors (Fig. 1B to D). The
proportions and absolute counts of CMV-, EBV-, or Flu-specific
central memory or effector memory CD8 T cells were not different
from the proportions and absolute counts of the respective pop-
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ulations of HIV-1-specific CD8 T cells in the different study
groups (Fig. 1B, C, and E).

For comparative purposes, we also analyzed the proportions of
total CD8 and CD4 Ty, cells in these study cohorts (see Fig. S2
and S3 in the supplemental material). Corresponding to our ob-
servations for HIV-1-specific CD8 T cells and consistent with the
findings of prior studies (29), we noted that the relative propor-
tions and absolute counts of total CD8 Ty, cells in ART-treated
HIV-1-infected patients were significantly higher than those in the
other two HIV-1-infected patient cohorts and reached approxi-
mately the same levels observed in HIV-1-negative individuals
(see Fig. S2 in the supplemental material). In line with the findings
of previously published studies (29), ART-treated patients had a
higher proportion of CD8 Ty, cells and a lower proportion of
Tg cells than untreated patients with chronic progressive HIV-1
infection. Moreover, no differences in the proportions or the
counts of CD4 Ty, cells were observed among the different study
cohorts (see Fig. S3 in the supplemental material).

Gradual increase of HIV-1-specific CD8 Ty, cells during
prolonged antiretroviral therapy. Since CD8 Ty, cells have en-
hanced abilities to persist long term and do not seem to depend on
continuous antigenic challenge for their survival (22, 24), they
may become enriched during prolonged periods of antiretroviral
therapy. To analyze this, we individually assessed the proportions
of HIV-1-specific CD8 Ty, cells in ART-treated patients strati-
fied according to their duration of antiretroviral therapy. These
studies indicated that prolonged periods of antiretroviral therapy
are associated with gradual increases in the relative proportions
(Fig. 2A to C) and absolute counts (Fig. 2D and E) of HIV-1-
specific CD8 Ty, cells; this was also true for total CD8 and CD4
Tscm cell populations (Fig. 3; see also Fig. S4 in the supplemental
material). Of note, we observed a statistically significant positive
correlation between the duration of suppressive antiretroviral
therapy and the relative proportions or the absolute counts of
HIV-1-specific CD8 Tgy, cells (Fig. 4A; see also Fig. S5A in the
supplemental material) and total CD8 Ty, cells (Fig. 4B; see also
Fig. S5B in the supplemental material). The duration of antiretro-
viral therapy was also positively associated, although at a weaker
level, with the proportions of HIV-1-specific and total central
memory CD8 T cells (Fig. 4A and B). In contrast, the proportions
of HIV-1-specific and total effector memory CD8 T cells and total
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used for the identification of total and multimer-specific CD8 T, cells. FSC-H, forward scatter height. (B) Pie charts summarizing the composition of
HIV-1-specific CD8 T cell populations in 6 untreated progressors (UP; n = 10 responses), in 14 untreated controllers (UC; n = 27 responses), and in 20
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terminally differentiated effector memory CD8 T cells were nega-
tively associated with the duration of antiretroviral therapy (Fig.
4A and B). Notably, the proportions and absolute counts of total
memory stem cell and central memory CD4 T cells were also pos-
itively associated with the duration of antiretroviral therapy, while
the proportions of effector memory and terminally differentiated
CD4 T cells were negatively associated with the duration of anti-
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retroviral therapy (see Fig. S5C and D in the supplemental mate-
rial). Together, these data support the notion that HIV-1-specific
CD8 Ty cells represent a very stable and durable form of the
adaptive cellular immune response against HIV-1 that persists
long term and becomes increasingly visible when viral antigen
exposure is suppressed by antiretroviral therapy for prolonged
periods of time.
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Associations between HIV-1-specific CD8 Ty, cells and  specific CD8 T cell population (data not shown) also did not correlate
clinical HIV-1 disease progression. We subsequently analyzed the =~ with CD4 T cell counts. Notably, when patients treated with suppres-
possible influence of HIV-1-specific CD8 T, cells on clinical pa-  sive antiretroviral therapy were selectively considered, we observed
rameters of HIV-1 disease progression during untreated infection. In  that the CD4 T cell counts were positively associated with the relative
a cross-sectional analysis, we observed that the proportions of total  proportions and the absolute counts of HIV-1-specific CD8 Ty
CD8 Ty cells and CD8 Ty, cells were positively associated with  cells (Fig. 5C and D) and with the absolute counts of total CD8 Ty,
CD4 T cell counts (Fig. 5A), as opposed to the proportions of alter-  cells (Fig. 5E and F).
native total CD8 T cell subsets that were unrelated to CD4 T cell We subsequently assessed the associations between the differ-
counts (data not shown). The counts of total HIV-1-specific CD8 T  ent total and HIV-1-specific CD8 T cell subsets and the corre-
cells, HIV-1-specific CD8 Tgy cells (Fig. 5B), or any other HIV-1-  sponding plasma viral loads in untreated HIV-1-infected patients.
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The proportions of total CD8 Ty, CD8 Tya, and CD8 T, cells
were inversely correlated with HIV-1 loads, while the proportions
of total CD8 Tty cells were positively associated with HIV-1 loads
(Fig. 5G). However, there was no association between the viral
loads and the proportions of either total HIV-1-specific CD8 T
cells or HIV-1-specific CD8 Tgcpy, T OF Try cells (Fig. 5H).
We also analyzed possible connections between HIV-1-specific
CD8 Tgcy cells and immune activation parameters, which can
independently predict HIV-1 disease progression in untreated
HIV-1-infected patients and are associated with immune dysfunc-
tion and accelerated immune senescence in patients treated with
antiretroviral therapy. The proportions of total and HIV-1-spe-
cific HLA-DR/CD38-coexpressing CD8 T cells decreased during
antiretroviral treatment (see Fig. S6A and B in the supplemental
material) and were unrelated to the proportions of total and HIV-
1-specific CD8 Ty, cells but were positively associated with the
proportions of total and HIV-1-specific Tppy CD8 T cells, con-
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sistent with immune activation as a driving force for CD8 T cell
differentiation (data not shown). We also noted that within un-
treated HIV-1-infected patients, the proportions of total CD38/
HLA-DR™ CD8 T cells, CD38/HLA-DR™ CD8 Tqy, cells, and
total CD38/HLA-DR™ HIV-1-specific CD8 T cells were inversely
related to CD4 T cell counts (see Fig. S6C to E in the supplemental
material). Inverse relationships between the proportions of total
CD38/HLA-DR™* CD8 T cells and CD4 T cell counts were also
observed when ART-treated patients were selectively considered
(see Fig. S6F to H in the supplemental material).

Cytokine secretion of HIV-1-specific CD8 T, cells. To an-
alyze the functional properties of HIV-1-specific CD8 Ty, cells,
we determined the IFN-y and IL-2 production in these cells (Fig.
6A). Consistent with prior findings (7, 16, 30), the proportions of
total IFN-vy-secreting HIV-1-specific CD8 T cells were reduced in
ART-treated patients compared to those in untreated controllers
(see Fig. S7A in the supplemental material), and the proportions
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FIG 4 Correlations between the proportions of HIV-1-specific or total
CD8 Ty cells and duration of antiretroviral therapy. Data show associa-
tions between the indicated HIV-1-specific CD8 T cell subsets from 23
patients (A) (n = 59 responses) or total CD8 T cells from 45 patients (B)
and the corresponding durations of antiretroviral therapy. Data from all
study patients and all available time points were cumulatively analyzed
using generalized estimating equation (GEE) analysis adjusted for repeated
measures for the same patients. N/A, not applicable.

of total IFN-y- and IL-2-coproducing HIV-1-specific CD8 T cells
appeared to be the lowest in untreated progressors (see Fig. S7B
and C in the supplemental material). Overall, we observed that
virus-specific CD8 Ty, cells made only very small contributions
to the total CD8 T cell population secreting IFN-y or IL-2 after
stimulation with HIV-1 or alternative viral antigens (see Fig. S7D
in the supplemental material), suggesting that these cells have
more limited roles for direct antiviral immune defense. However,
HIV-1-specific CD8 Tgy cells able to coproduce IFN-y and IL-2
were enriched in ART-treated patients, with the proportions of
cells in ART-treated patients exceeding the corresponding pro-
portions of cells in untreated controllers (Fig. 6B). Throughout all
patient groups, IFN-y- and IL-2-coproducing HIV-1-specific
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CD8 T cells were preferentially detected in the more immature
CD8 Ty and Tgy, cell compartments (Fig. 6C). In contrast,
IFN-vy-monosecreting cells were most dominantly observed in
HIV-1-specific CD8 T cells with a Ty, cell or terminally differen-
tiated phenotype and less frequently in HIV-1-specific CD8 T cells
with a Ty or Ty cell phenotype (Fig. 6D). Notably, IFN-y- and
IL-2-cosecreting HIV-1-specific CD8 Tg,, cells were almost
completely absent in untreated HIV-1 progressors (data not
shown) but accounted for a clearly detectable proportion of all
cytokine-secreting HIV-1-specific CD8 Tgy cells in ART-treated
persons and, to a lesser extent, in untreated controllers (Fig. 6C).
The proportions of IFN-y- and IL-2-cosecreting cells within
CMV-, EBV-, or Flu-specific CD8 Ty, cells were also detectable
at levels similar to those measured in ART-treated patients (Fig.
6C). The proportions of IFN-y- and IL-2-cosecreting HIV-1-spe-
cific CD8 Tscpy Tonp O Trrppm cells were unrelated to CD4 T cell
counts (Fig. 7A); however, the proportions of IFN-y-monosecret-
ing HIV-1-specific CD8 Tgy, cells, but not the proportions of
Tewm or Trpey cells, were positively associated with CD4 T cell
counts (Fig. 7B). There was no association between the cytokine
secretion profiles of HIV-1-specific CD8 Ty, cells and the dura-
tion of antiretroviral therapy (data not shown).

DISCUSSION

Recent studies suggest that memory CD8 T cell development orig-
inates from a small population of highly immature and long-lived
lymphocytes whose characteristics imitate many of the functional
characteristics typically ascribed to tissue stem cells and that serve
as precursor cells for more differentiated effector memory CD8 T
cells (20). This view is supported by data from two long-term gene
therapy clinical trials demonstrating that these T memory stem
cells are able to persist and preserve their precursor potential for
up to 12 years, consistent with the critical role of these cells for
maintaining lifelong pathogen-specific immune defense (24).
Moreover, CD4 T, cells have recently been shown to provide an
important cellular source of HIV-1 long-term persistence, further
supporting the role of Tsc,, cells as extremely long-lasting mem-
ory cells (31, 32). Although HIV-1-specific T cells can influence
HIV-1 disease progression in untreated patients to some extent
(33), numerous studies suggest that these cells are disturbed and
dysfunctional during progressive disease (12, 13, 34-36). Here, we
performed the first characterization of HIV-1-specific CD8 T
memory stem cells in individuals with untreated progressive, un-
treated controlled, or ART-treated HIV-1 infection. Interestingly,
we found that the proportions of HIV-1-specific Tgcy cells are
reduced during untreated infection with persistently high levels of
viremia, as well as in individuals who spontaneously controlled
HIV-1 replication; this suggests that the pool size and integrity of
the HIV-1-specific CD8 Ty, cells are compromised in chronic
HIV-1 infection, even when viral loads are very low or undetect-
able. In contrast, pharmacological inhibition of HIV-1 replication
restored normal populations of HIV-1-specific CTLs, and the fre-
quencies of CD8 Ty, cells gradually increased for the duration of
antiretroviral therapy. Moreover, CD4 T cell counts during anti-
retroviral therapy, but not during untreated infection, were asso-
ciated with the HIV-1-specific CD8 Tgcy, cell frequency. These
observations suggest that HIV-1-specific CD8 Ty, cells are un-
able to survive and expand under conditions of chronic antigenic
stimulation, even if it is occurring at very low levels. Continuous
antigenic challenge may possibly inhibit self-renewal and homeo-
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FIG 5 Associations between total and HIV-1-specific CD8 Ty, cells and markers of clinical HIV-1 disease progression. (A) Association between CD4 T cell

counts (number of cells per microliter) and proportions of CD8 T

Naive OF Ty cells in 14 untreated progressor (UP) and 16 untreated controller (UC) patients.

(B) Association between CD4 T cell counts (number of cells per microliter) and proportions of HIV-1-specific CD8 T cells or HIV-1-specific CD8 Tqy cells in
6 untreated progressor (n = 10 responses) and 14 untreated controller (n = 23 responses) patients. (C and D) Association between CD4 T cell counts (number
of cells per microliter) and proportions (C) or absolute counts (D) of HIV-1-specific CD8 Ty, cells in 28 ART-treated patients (n = 46 responses). (E and F)
Association between proportions (E) and absolute counts (F) of total CD8 Ty, cells and the absolute CD4 T cell counts in 64 ART-treated patients. (G)
Association between HIV-1 loads (number of RNA copies per milliliter) and the proportions of CD8 T cells or the indicated T cell subsets in 14 untreated
progressor and 16 untreated controller patients. (H) Association between HIV-1 loads (number of RNA copies per milliliter) and the proportions of total
HIV-1-specific CD8 T cells or the indicated HIV-1-specific T cell subsets in 6 untreated progressor (n = 11 responses) and 14 untreated controller (n = 26
responses) patients. Spearman’s rank correlation coefficients (r values) are shown.

static proliferation, which represent key features responsible for
maintaining CD8 T memory stem cells.

While HIV-1-specific CD8 T cells from untreated HIV-1-in-
fected individuals have been studied for many years, the function
of HIV-1-specific CD8 T cells in patients undergoing suppressive
antiretroviral therapy is less well understood. Multiple studies
suggested that the frequency of HIV-1-specific CD8 T cells is re-
duced when active viral replication is pharmacologically sup-
pressed; however, this process seems to be primarily related to the
elimination of effector memory and terminally differentiated CD8
T cells, which, upon pharmacological antigen withdrawal, appear
to undergo a process similar to the contraction phase of T cells that
occurs after natural antigenic clearance in alternative infections
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(37). In contrast, long-lasting HIV-1-specific CD8 T cells, such as
T memory stem cells and central memory CD8 T cells, seem to be
restored and to some extent expanded under these conditions
(38). In line with these findings, previous data showed that the
suppression of viral replication is associated with dynamic
changes in the T cell receptor (TCR) repertoire of HIV-1-specific
CD8 T cells, likely reflecting changes in the CD8 T cell subset
composition (16). How immature HIV-1-specific CD8 T memory
stem cells seem to be able to survive long term in an antigen-
independent fashion is an important area of future investigation.
The ability of a relatively high proportion of these cells to secrete
IL-2 may allow these cells to proliferate independently of CD4 T
helper cells (30, 39). Indeed, IL-2-secreting HIV-1-specific CD8
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Tscm cells accounted for a clearly detectable proportion of all cy-
tokine-secreting CD8 Ty, cells within ART-treated persons.
However, given that IL-2 may activate Tqq,, cells and support
transitional proliferation rather than homeostatic proliferation
into more differentiated T cell subsets, additional mechanisms are
likely to govern self-renewal and long-term persistence as well. For
example, it is tempting to speculate that T memory stem cells may
reactivate stem cell-like molecular programs for regulating long-
term maintenance of this specific cell compartment, and initial
studies indeed suggest that stem cell pathways, such as the
B-catenin signaling cascade, may regulate the behavior and fate of
T memory stem cells (21). Whether T memory stem cells ex-
panded during antiretroviral treatment can still contribute to an-
tiviral immune defense in a clinically significant way is an impor-
tant area of evaluation in future studies. Selective depletion of
these cells in models of simian immunodeficiency virus infection
in nonhuman primates treated with suppressive antiretroviral
therapy would be highly informative in this regard.

Interestingly, our work showed that the proportions of HIV-
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1-specific CD8 Ty cells did not differ substantially between pa-
tients with high-level viral replication and those with spontaneous
viral control (40, 41), despite the fact that total CD8 Ty, cells
were negatively associated with viral loads both in our work and in
a recent study (29). Moreover, the frequency of HIV-1-specific
CD8 Ty cells was not associated with CD4 T cell counts or viral
loads during untreated infection, and there was no association
between the proportions of HIV-1-specific CD8 Ty, cells and
protective HLA class I alleles. These results suggest that HIV-1-
specific CD8 Ty, cells do not directly participate in antiviral
immune defense and do not represent a correlate of immune pro-
tection during natural untreated infection. However, such a view
does not exclude the possibility that alternative, more subtle char-
acteristics of HIV-1-specific CD8 Ty cells, such as TCR affinity
to the peptide-MHC class I complex or their functional ability to
repopulate effector memory populations, may distinguish HIV-1-
specific CD8 Ty cells in HIV-1 controllers from those in pro-
gressors.

The identification of antigen-specific Ty, cells may offer
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novel opportunities for manipulating T cell immunity through
therapeutic vaccination or adoptive immunotherapy and holds
promise that the clinical induction of antigen-specific T mem-
ory stem cells would provide a long-lasting cellular source that
can continuously repopulate effector cell populations and in-
crease antigen-specific immune surveillance long term. On the
basis of the findings obtained in this study, it is less likely that
HIV-1-specific CD8 T memory stem cells could be designed to
enhance immune activity against HIV-1 during untreated in-
fection. It is, however, possible that the relative enrichment of
T memory stem cells in ART-treated patients could be ex-
ploited to increase antiviral cellular immunity during treat-
ment with agents that reverse HIV-1 latency and to reduce the
residual reservoir of HIV-1-infected cells. Prior studies have
indeed suggested that HIV-1-specific CD8 T cells may be able
to contribute to the elimination of HIV-1-infected CD4 T cells
in which viral gene expression has been pharmacologically in-
duced (42-44). The long-term persistence, the antigen inde-
pendence, and the multipotency of HIV-1-specific CD8 Ty
cells raise the possibility that these cells can be manipulated to
provide a source for cytotoxic effector cells during treatment
with latency-reversing agents and in this way may be able to
support elimination of the residual reservoir of HIV-1-infected
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cells in individuals treated with suppressive antiretroviral
therapy.
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