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ABSTRACT

During HIV infection, increased CD57 expression among CD8" T cells has been associated with immune senescence and defec-
tive immune responses. Interestingly, CD57-expressing CD8™* T cells exhibit a dual profile, being simultaneously highly cyto-
toxic (terminally differentiated effectors) and poorly proliferative (replicative senescent). Recent publications point toward a
positive role of CD57-expressing CD8™ T cell subsets, presumably due to their high cytolytic activity. We further investigated the
phenotype of CD57-expressing CD8* T cells in healthy donors and during HIV infection combining CD57 expression to Eome-
sodermin (EOMES), a T box transcription factor which determines, coordinately with T-bet, effector and memory CD8™ T cell
differentiation. We defined in healthy donors two functionally distinct CD57-expressing CD8* T cell subsets exhibiting different
levels of EOMES expression: EOMES™ CD57* and EOMES™ CD57* CD8™" T cells. EOMES™ CD57" cells exhibited low cyto-
toxic activity but preserved proliferative capacity and interleukin 7 (IL-7) receptor expression, whereas EOMES™ CD57™ cells
exhibited obvious cytotoxic functions and a more terminally differentiated phenotype. We next performed a similar analysis in
different contexts of HIV infection: primary infected patients, long-term viremic patients, aviremic patients treated with antiret-
roviral therapy, and HIV controllers; we demonstrated a higher percentage of CD57-expressing cells in all HIV-infected patients
regardless of virological status. When heterogeneity in EOMES expression among CD57 cells was taken into account, we de-
tected significantly higher proportions of EOMES™ CD57™ cells among HIV-specific and nonspecific CD8" T cells from HIV
controllers than in aviremic antiretroviral-treated patients and viremic patients. Importantly, such a peculiar non-terminally
differentiated EOMES™ CD57* phenotypic profile was associated with viral control.

IMPORTANCE

This study demonstrates that functional heterogeneity exists among CD57-expressing CD8 T cells, which include both termi-
nally differentiated, highly cytotoxic EOMES™ CD57* CD8™ T cells and less differentiated EOMES" CD57* CD8 T cells, which
do not exhibit immediate cytotoxic functions but present high proliferative capacity. Interestingly, HIV controllers present a
high proportion of EOMES™ CD57 cells among CD57-expressing HIV-specific CD8 T cells compared to both long-term viremic
and aviremic antiretroviral therapy (ART)-treated patients, suggesting a beneficial role for this cell subset in viral control.

uring chronic HIV infection, virus-specific CD8" T cells
functionally decline, progressively losing their proliferative
capacity and cytotoxic potential and progressing to exhaustion
and/or senescence (1, 2) except in rare individuals: the HIV con-
trollers (HIC). These patients exhibit persistently undetectable
HIV RNA in the absence of antiretroviral therapy (ART) (3) and
maintain polyfunctional HIV-specific CD8™ T cells which retain
proliferative potential (4-6) as well as the ability to produce effec-
tor cytokines and cytotoxic molecules (5-8). Such a peculiar,
nonexhausted profile has been related to the presence of longer
telomeres and higher levels of constitutive telomerase activity in
HIV-specific CD8™ T cells from HIC (2). CD57 expression iden-
tifies senescent human T cells displaying a terminally differenti-
ated phenotype (1, 10-12) and increases during HIV infection,
probably as a result of chronic immune activation (11, 13). Inter-
estingly, CD57-expressing CD8" T cells exhibit a dual profile,
being simultaneously highly efficient cytotoxic cells (terminally
differentiated effectors) (14) and poor proliferative (replicative
senescence) subsets (1).
However, recent publications provided new insights on the
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role of CD57-expressing cells during HIV infection. Lee et al.
demonstrated that HIV and cytomegalovirus (CMV) differently
regulate CD57 expression on CD8' T cells, inducing terminal
differentiation in CMV infection but accumulation of less differ-
entiated cells in HIV infection, as assessed by a decreased propor-
tion of CD57-expressing cells among CD28~ CD8™ T cells (15).
The same group also demonstrated that proportions of CD57-
expressing CD28~ CD8™" T cells were increased following ART
treatment (16). Additionally, low proportions of CD28~ CD8" T
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cells expressing CD57 were a predictive marker of mortality
among ART-treated HIV-infected patients with advanced disease
(16). These recent data point toward a positive role for CD57-
expressing CD8 ™ T cell subsets, presumably due to their high cy-
tolytic activity, in contrast to the deleterious impact of immune
senescence, usually associated with the CD57-expressing subsets.
We further investigated the phenotype of CD57-expressing CD8*
T cells combining CD57 expression to Eomesodermin (EOMES),
a T box transcription factor which determines, coordinately with
T-bet, effector CD8" T cell differentiation, regulating interferon
gamma (IFN-vy), perforin, and granzyme B expression (17-19), as
well as memory CD8™ T cell transition and maintenance (20-22).
EOMES expression has been reported to be upregulated in early
effectors and to further increase during memory differentiation
(20). During murine chronic viral infections, maintained high
T-bet expression has been associated with terminal effector differ-
entiation (23, 24), whereas high EOMES expression correlates
with the long-term memory fraction (25) and characterizes cells
exhibiting increased proliferative potential, granzyme B produc-
tion, and cytotoxicity (26). At present, the precise role performed
by EOMES during HIV infection remains unclear: a recent report
showed that EOMES expression was increased in viremic HIV
patients (27), whereas Eomes mRNA has been shown to signifi-
cantly decrease in HIV-specific CD8" T cells from primary HIV
infection to chronic phase (28), suggesting that loss of EOMES
expression could be associated with CD8™ T cell functional de-
cline.

In this report, we demonstrate functional heterogeneity among
CD57-expressing CD8™ T cells. By combining CD57 with EOMES
expression, we were able to identify in healthy donors (HD) two
functionally distinct subsets: EOMES™ CD57% CD8™ T cells dis-
playing a memory phenotype and EOMES™ CD57" CD8™ T cells
exhibiting high cytotoxic functions and a terminally differentiated
phenotype. We performed a cross-sectional analysis of EOMES
and CD57 expression in CD8" T cells isolated from different
groups of HIV-infected patients: primary infected patients, ART-
treated aviremic patients, chronically viremic patients, and HIV
controllers. We showed that CD57 expression is increased in all
HIV-infected patient groups studied, including HIV controllers.
Taking into account heterogeneity in EOMES expression among
CD57-expressing CD8™ T cells, we showed that HIV controllers
maintained significantly lower proportions of EOMES™ CD57*
cells and higher fractions of EOMES™ CD57" cells among both
HIV-specific and nonspecific CD8" T cells than both untreated
viremic and ART-treated aviremic patients and that such a pecu-
liar phenotype was associated with viral control.

These data suggest that CD57 expression per se is not a reliable
marker of terminal differentiation, whereas the combination of
EOMES and CD57 provided a more accurate insight on the tight
balance between proliferating memory and cytotoxic terminally
differentiated cells during HIV infection.

MATERIALS AND METHODS

Study participants. We collected samples from 147 HIV-infected individ-
uals with their informed consent. Thirty-two primary infected untreated
patients were enrolled in the French ANRS multicenter PRIMO cohort
(Agence Nationale de Recherche sur le SIDA, CO06). Primary infection
was defined by HIV RNA positivity and by a negative or emerging anti-
body response. We also studied 30 untreated chronically infected patients
who are referred to as viremic patients. Thirty-one ART-treated aviremic
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TABLE 1 Characteristics of HIV-infected patients and healthy controls”

Viral load

(log10 CD4 count
Group (no. of individuals) Age (yrs) copies/ml) (cells/pl)
Healthy donors (21) 49 (31-58)
Primary infected patients (32) 35 (30-40) 5.2 (4.7-5.8) 469 (363—614)
ART untreated patients (30) 37 (29-42) 4.4 (3.9-4.8) 488 (361-732)
ART treated patients (31) 40 (33-48) <1.7 771 (544-893)
HIV controllers (54) 47 (40-53) <2.6 771 (596-931)

@ A total of 168 subjects were included in this study, in the 5 groups listed: healthy
donors, HIV-infected patients studied during primary HIV infection, non-ART-treated
viremic patients, aviremic (viral load < 50 copies/ml) ART-treated patients, and HIV
controllers, defined as showing spontaneous viral control for more than 5 years (viral
load < 400 copies/ml). Median values and 25th and 75th percentiles are presented (in
parentheses) for age, viral load, and CD4 count for each group.

individuals presenting plasma HIV RNA levels of <50 copies/ml and
treated for at least 12 months were included in the study. Fifty-four pa-
tients were enrolled in the French HIV controller cohort (ANRS, CO21
CODEX) (inclusion criteria: no ART, HIV infection for >5 years, five last
consecutive plasma HIV RNA values of <400 copies/ml). HIV RNA de-
tection assay with a detection limit reaching <40 copies/ml was per-
formed for all samples from HIV controllers. Clinical and biologic char-
acteristics of participants are shown in Table 1. All HIV-infected patient
groups were age matched with the exception of HIV controllers, which by
definition are long-term HIV-infected patients and are older than others.
Peripheral blood samples from 21 non-HIV-infected blood donors were
obtained from the Etablissement Frangais du Sang (Saint Louis Hospital,
Paris, France). These donors were selected to be age matched with HIV
controllers.

Laboratory studies. (i) Cell preparation. Peripheral blood mononu-
clear cells (PBMCs) were isolated from anticoagulated blood by Ficoll
density gradient centrifugation. Human leukocyte antigen (HLA) typing
was done with the complement-dependent microlymphocytotoxic tech-
nique (One Lambda, Montpellier, France). Cells were cryopreserved in
liquid nitrogen for subsequent analysis.

(ii) Flow cytometry. PBMCs were analyzed by 10-color flow cytom-
etry. Cryopreserved cells were thawed, and after incubation with purified
Fc receptor binding inhibitor (e-Bioscience), samples were stained with
labeled antibodies against surface markers for 15 min at 4°C. Conjugated
antibodies against the following were used: CD4 (fluorescein isothiocya-
nate [FITC]), CD57 (phycoerythrin [PE]-CF594), CD27 (Alexa Fluor
700), CD45RA (allophycocyanin [APC]-H7), CD8 (V450), and CD3
(V500) from BD Biosciences (San Jose, CA) and CD57 (FITC or PE) from
Miltenyi. Intracellular staining for cytotoxic molecules was performed
using anti-granzyme B (FITC or Alexa Fluor 700; clone GB11 [BD Biosci-
ences]) and antiperforin (FITC; clone B-D48 [Diaclone]). Intranuclear
detection of EOMES (anti-EOMES Alexa Fluor 647; clone WD1928 [e-
Bioscience]) and T-bet (anti-T-bet peridinin chlorophyll protein
[PerCP]-Cy5.5; clone 4B10 [e-Bioscience]) was performed on fixed and
permeabilized cells by following the manufacturer’s instructions (e-Bio-
science). Detection of perforin and granzyme B was performed ex vivo
without any stimulation or brefeldin/monensin incubation. Samples were
acquired on an LSRFortessa cell analyzer (BD Biosciences), and data files
were analyzed using Flow]Jo software (Tree Star Inc.).

Peptide-HLA class 1 pentamers. HIV-specific CD8" T cells were
identified by employing soluble PE-labeled peptide-HLA class 1 pentam-
ers (Proimmune, Oxford, United Kingdom) derived from the HIV Gag,
Nef, Pol, and Env proteins. The following epitopes were used: the HLA-
A*0201-restricted peptide ligands SLYNTVATL (Gag residues 77 to 85)
and ILKEPVHGV (Pol residues 476 to 484), the A*0301-restricted pep-
tide ligands RLRPGGKKK (Gag residues 20 to 28) and QVPLRPMTYK
(Nef residues 73 to 82), the A*1101-restricted ligand AVDLSHFLK (Nef
residues 84 to 92), the A*2402-restricted peptide ligand RYPLTFGWCY
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(Nef residues 134 to 143), the B*0702-restricted peptide ligand IPRRI
RQGL (Env residues 848 to 856), the B*0801-restricted peptide ligands
GEIYKRWII (Gag residues 259 to 267) and FLKEKGGL (Nef residues 90
t0 97), and the B*2705-restricted peptide ligand KRWIILGLNK (Gag res-
idues 263 to 272).

Statistical methods. Statistical analysis was performed using Graph-
Pad prism software. Nonparametric Mann-Whitney test was employed to
compare cell subsets or patient groups. Spearman’s rank test was used to
determine correlations. P values above 0.05 were considered not statisti-
cally significant.

RESULTS

CD57 expression is increased on both total and HIV-specific
CD8" T cells in chronically HIV-infected patients indepen-
dently of viral load. We first compared degrees of CD57 surface
expression in CD8™ T cells isolated from HIV-negative subjects
and from different HIV-infected patient groups, namely, subjects
with primary HIV infection (PHI), long-term viremic (VIR) pa-
tients, ART-treated aviremic patients, and HIV controllers (HIC).
For HIV-infected patients, analysis was performed on both total
and HIV-specific CD8"* T cells identified using HIV epitope-
HLA-I pentamers (Fig. 1A). In healthy donors, 11.5% (median;
interquartile range [IQR], 3.5% to 38.0%) of CD8" T cells ex-
pressed CD57 (Fig. 1B). Analysis of CD57 expression in HIV-
infected individuals revealed a significant increase in CD57-ex-
pressing CD8" T cell proportions in primary HIV-infected
patients (24.5%; IQR, 9.0% to 64.0%; P = 0.0036), untreated
viremic chronically infected patients (30.5%; IQR, 10.0% to
58.6%; P = 0.0004), and aviremic ART-treated patients (32.7%;
IQR, 12.0% to 58.9%; P < 0.0001) compared with healthy donors
(Fig. 1B). Interestingly, CD8* T cells isolated from HIV control-
lers also expressed increased levels of CD57 (34.6%; IQR, 3.7% to
66.4%; P < 0.0001) compared to those expressed by healthy do-
nors (Fig. 1B). These results indicate that CD57 expression in
CD8™ T cells is increased during early and more advanced phases
of HIV infection, independently of active viral replication.

We next assessed CD57 expression at the surface of HIV-spe-
cific CD8™ T cells. HIV-specific CD8™ T cells from PHI patients
displayed only low proportions of CD57-expressing cells (18.50%;
IQR, 1.0% to 43.0%) (Fig. 1C). Conversely, untreated viremic
chronically infected patients displayed significantly higher pro-
portions of CD57-positive HIV-specific CD8™* T cells (46.3%;
IQR, 17.0% to 79.4%) than PHI patients (P = 0.0011) (Fig. 1C).
Among aviremic patients, HIV-specific CD8" T cells from ART-
treated patients and from HIC contained high proportions of
CD57-positive cells (ART-treated patients, 54.0% [IQR, 15.0% to
88.3%]; HIC, 38.8% [IQR, 5.9% to 92.7%]) (Fig. 1C). All chron-
ically infected groups exhibited significantly higher proportions of
CD57-expressing HIV-specific CD8" T cells than did PHI pa-
tients (P = 0.0011, P = 0.0006, and P = 0.0067 for VIR and
ART-treated patients and HIC, respectively). These results indi-
cate that chronically HIV-infected patients, including HIV con-
trollers, display high proportions of CD57-expressing HIV-spe-
cific and nonspecific CD8* T cells.

Identification of two distinct CD57-expressing CD8™ T cell
subsets based on EOMES expression. Expression of the T box
transcription factor EOMES has been recently associated with ter-
minal differentiation, CD57 being coexpressed with EOMES (29).
In an analysis of EOMES and CD57 coexpression in CD8™ T cells,
four cell subsets were identified (Fig. 2A and B): (i) a double neg-
ative subset, EOMES™ CD57 ", represented approximately half of
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FIG 1 CD57 expression in CD8™" T cells during HIV infection. (A) Represen-
tative dot plot of CD57 expression on CD8 ™" T cells costained with pentamers
folded with HIV-derived peptides recovered from one HIV-infected patient.
(B) CD57-expressing cells among CD8™" T cells in peripheral blood mononu-
clear cells (PBMCs) from healthy donors (HD; open circles), primary HIV-
infected patients (PHI; open squares), untreated viremic patients (VIR; filled
gray squares), aviremic patients treated with ART (ART; open triangles), and
HIV controllers (HIC; filled gray triangles). (C) CD57-expressing cells among
HIV-specific CD8* T cells, identified by pentamer staining as shown in panel
A. Median percentages are represented for each group, and P values are indi-
cated when significant.

CD57+
among HIV-specific CD8+ T cells (%)

CD8™ T cells in healthy donors (median, 49.8% [IQR, 34.8% to
66.1%)); (ii) an EOMES™ CD57~ population represented the sec-
ond most represented subset (median, 34.7% [22.7% to 42.3%]).
Finally, EOMES™ CD57" cells showed a heterogeneous level of
EOMES expression, allowing us to identify two smaller subsets:
(ili) an EOMESM" CD57% (EOMES™ CD57") and (iv) an
EQMES™ermediate 057+ subset (EOMES™ CD577), represent-
ing in healthy donors 7.6% (3.7% to 11.4%) and 4.0% (1.4% to
8.7%) of total CD8 ™" T cells, respectively. When surface expression
of CD45RA and CD27 was analyzed to characterize cellular differ-
entiation of the four CD8™ T cell subsets identified on the basis of
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FIG 2 Phenotypic and functional characterization of EOMES™ CD8™ T cells. (A) Representative dot plot of EOMES and CD57 expression in CD8™" T cells from
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EOMES and CD57 expression, we found that among CD57~
CD8™" T cells, EOMES ~ cells were mainly composed of CD45RA*
CD27" naive T cells (Fig. 2C). Conversely, EOMES* CD57 " cells
contained the highest proportions of CD45RA™ CD27" memory
CD8™" T cells and an important proportion of CD45RA™ CD27 "~
effector/memory CD8" T cells (Fig. 2C). CD57" cells, either
EOMES" or EOMES™, were mainly represented by CD45RA ™
CD27" effector/memory and CD45RA™ CD27~ terminally dif-
ferentiated CD8" T cells (TEMRA) (Fig. 2C). The EOMES™
CD57" CD8™ T cell subset contained the highest proportions of
CD45RA™ CD27~ TEMRA CD8™" T cells, suggesting higher dif-
ferentiation of this cell subset. However, we could not associate
clear phenotypic discrimination between EOMES" and EOMES™
CD57-expressing CD8 ™" T cell fractions.

The EOMES™ CD57* phenotype is associated with higher
cytotoxic potential and T-bet coexpression in CD8* T cells. We
next studied the cytotoxic potential of the four CD8™ T cell sub-
sets defined by EOMES and CD57 expression based on granzyme
B and perforin expression. CD57~ CD8™ T cells, either EOMES
negative or positive, were almost completely deprived in cytotoxic
molecule-producing cells (Fig. 2D and E). EOMES™ CD57" cells
contained significantly higher proportions of cells expressing per-
forin (16.6% [9.5% to 25.9%]), granzyme B (57.4% [31.1% to
63.0%]), or both (15.3% [9.0% to 25.4%]) than did EOMES™
CD57~ or EOMES™ CD57™ cell subsets (Fig. 2D and E). Finally,
EOMES™ CD57" cells presented the highest proportions of per-
forin-expressing (73.1% [41.4% to 87.2%]) and granzyme B-ex-
pressing (93.8% [91.9% to 97.5%]) cells, the great majority of
EOMES™ CD57" CD8" T cells (72.3% [40.1% to 84.5%]) coex-
pressing both granzyme B and perforin (Fig. 2D and E). We thus
demonstrated that CD57-expressing CD8™ T cells include two
fractions exhibiting highly different cytotoxic potentials that can
be segregated using EOMES expression.

As the T box transcription factor T-bet also modulates CD8™"
T-cell differentiation and granzyme B and perforin production in
mice, we assessed T-bet expression in CD8™ T cell subsets identi-
fied based on EOMES and CD57 expression. The lowest levels of
T-bet were expressed by EOMES-negative cells (median fluores-
cence intensity [MFI], 489 [440 to 651]), in accordance with their
less differentiated resting state (Fig. 2F and G). A progressive in-
crease in T-bet expression was identified from EOMES™ CD57 "~
cells (MFL 696 [597 to 846]) to EOMESM CD57* cells (MFI, 859
[613 to 1,160]) and EOMES™ CD57* cells (MFI, 1,328 [1,013 to
1,490]) (Fig. 2F and G). Interestingly, the EOMES™ CD57" sub-
set, which presented the most terminally differentiated effector
phenotype and the highest granzyme B and perforin production,
expressed the highest levels of T-bet. Collectively, these data indi-
cate that EOMES™ CD57" CD8" T cells represent a terminally

CD57 and EOMES Expression in CD8* T Cells during HIV Infection

differentiated effector cell subset characterized by the highest cy-
totoxic potential and highest levels of T-bet expression.

The EOMES™ CD57* phenotype is associated with higher
CD127 expression and higher proliferation ability in CD57*
CD8* T cells. We next characterized CD8* T cell subsets for surface
expression of CD122 and CD127, which are necessary for transduc-
tion of interleukin 15 (IL-15) and IL-7 signaling, respectively, and
therefore essential for CD8™" T cell homeostasis. As shown in Fig. 2H,
we failed to detect any significant difference in CD122 expression at
the surface of the four CD8 " T cell subsets identified based on CD57
and EOMES expression. Conversely, we found that EOMES" and
EOMES™ CD57" cells displayed significantly lower levels of CD127
than CD57-negative subsets (Fig. 2H). However, EOMES" CD57*
cells retained higher levels of CD127 expression (mean MFI, 1,282 *+
351) than did the highly cytotoxic EOMES™ CD57" cells
(MFI, 657 = 166) (Fig. 2H).

To determine whether such a difference in CD127 was associ-
ated with any homeostatic advantage, we studied the expression of
the antiapoptotic molecule BCL-2 as a marker of survival and the
expression of Ki-67 as a proliferation marker. As shown in Fig. 21,
we failed to detect any significant difference in BCL-2 expression
among the four subsets. Conversely, we found lower proportions
of Ki-67-expressing cells in EOMES™ CD57 cells (1.0% % 0.9%)
compared to both EOMES™ CD57 (4.6% = 4.2%) and EOMES"!
CD57" CD8" (4.1% = 1.3%) T cells (Fig. 2]). Interestingly,
EOMES" CD57" cell subsets presented significantly higher pro-
portions of Ki-67 " cells than did EOMES™ CD57" CD8™" T cells
(1.9% = 0.8%) (Fig. 2J). Collectively, these data suggest a higher
homeostatic potential for EOMES™ CD57* CD8" T cells, which
exhibited higher expression of IL-7 receptor and proliferative ca-
pacity compared with the high immediate cytotoxicity provided
by the EOMES™ CD57" subset.

Higher levels of EOMES™ CD57* CD8™ T cells in HIV con-
trollers. We then investigated CD57 expression during HIV infec-
tion introducing EOMES expression. Primary HIV-infected pa-
tients displayed significantly reduced proportions of EOMES"
CD577 cells (3.4% [1.1% to 36.5%]) compared to those displayed
by healthy donors (7.6% [1.3% to 26.2]; P = 0.0440) and viremic
individuals (8.4% [1.1% to 20.0%]; P = 0.0209) (Fig. 3A, upper
graph). Conversely, proportions of EOMES™ CD57% CD8" T
cells in chronically HIV-infected patients, either viremic or avire-
mic ART treated (8.8% [2.8% to 29.4%]), were not different from
those observed in healthy individuals (Fig. 3A, upper graph). In-
terestingly, CD8™" T cells from HIV controllers displayed signifi-
cantly higher proportions of EOMES" CD57* cells (13.9% [3.3%
to 37.9%]) than did healthy donors (P = 0.0025) and primary
HIV-infected (P < 0.0001), chronically viremic (P = 0.0139), and
aviremic ART-treated (P = 0.0321) patients (Fig. 3A, upper

CD57" (Eo+ CD57—), EOMES" CD57" (Eo™ CD57 "), and EOMES™ CD57 " (Eo™ CD57"). (C) Phenotypic characterization of EOMES ™~ CD57~, EOMES™
CD577, EOMES" CD57%, and EOMES™ CD57" cells based on CD45RA and CD27 expression. Graphs represent proportions of CD45RA™ CD27* (white
bars), CD45RA™ CD27" (light gray bars), CD45RA™ CD27~ (dark gray bars), and CD45RA™ CD27 (black bars) CD8" T cells. (D) Representative dot plots
of granzyme B and perforin expression in CD57~ and CD57 " CD8™ T cell subsets defined based on EOMES expression from one healthy donor. (E) Percentages
of perforin-positive (left graph), granzyme B-positive (middle graph), and granzyme B- and perforin-coexpressing (right graph) cells among EOMES™ CD57
(whitebars), EOMES™ CD57 (light gray bars), EOMES" CD57" (dark gray bars),and EOMES™ CD57* (black bars) CD8* T cells from HD (1 = 10). (F) T-bet
expression in CD8" T cell subsets. Flow cytometry histograms show representative results from one individual. (G) Histograms represent the median T-bet
median fluorescence intensity (MFI) = SD in EOMES™ CD57~ (white bars), EOMES™ CD57 (light gray bars), EOMES" CD57" (dark gray bars), and
EOMES™ CD57™ (black bars) CD8* T cells from 10 HD. (H to J) Mean MFI of CD122 and CD127 (H) and BCL-2 (I) and mean percentages of Ki-67" cells (J)
in EOMES-CD57~ (white bars), EOMES™ CD57~ (light gray bars), EOMES" CD57% (dark gray bars), and EOMES™ CD57* (black bars) CD8 T cells from 10

HD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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graph). When we focused on the EOMES™ CD57" CD8™ T cell
subset, i.e., the fraction exhibiting high cytolytic content ex vivo,
we observed higher proportions in HIV-infected patient groups,
including primary infected individuals (14.1% [2.4% to 29.9%];
P = 0.0004), chronically infected patients (18.8% [4.6% to
35.2%]; P < 0.0001), aviremic ART-treated patients (23.9%
[2.7% to 40.2%]; P < 0.0001), and HIV controllers (16.4% [0.2%
to 42.3%]; P = 0.0018) than in healthy donors (4.0% [0.5% to
24.4%]), while we failed to detect any significant difference among
HIV-infected patient groups (Fig. 3A, lower graph). Because such
increases may be directly driven by the higher percentage of
CD57-expressing cells among CD8™ T cells observed in HIV-in-
fected patients (as shown in Fig. 1B), we analyzed the proportions
of EOMES™ CD57" and EOMES™ CD57" fractions among
CD57-expressing CD8 " T cells. We observed that primary HIV-
infected, chronically viremic, and aviremic ART-treated patients
presented a significant reduction in the proportions of EOMES"!
cells among CD57" CD8™ T cells associated with an increase on
the EOMES™ fraction (Fig. 3B). Interestingly, HIV controllers
represented the only patient group retaining a balance of these two
subsets similar to that observed in healthy donors (Fig. 3C). Col-
lectively, these results show that while displaying proportions of
CD57" CD8" T cells similar to those of other groups (Fig. 1B),
HIV controllers retained higher proportions of EOMES™ cells
among CD577 cells.

HIV-specific CD8™ T cells from HIV controllers present an
EOMES™ CD57* phenotype. We next assessed EOMES and
CD57 expression in HIV-specific CD8™" T cells from chronically
viremic patients (n = 10), aviremic ART-treated individuals (n =
7), and HIV controllers (n = 9) identified using HIV epitope-
HLA-I pentamers (Fig. 4A). We detected significantly higher pro-
portions of EOMES"™ CD57" cells (i.e., the fraction exhibiting
higher survival and proliferation profiles) among HIV-specific
CD8" T cells from HIV controllers (62.8% [26.3% to 91.2%])
than in cells from both chronic viremic (37.7% [25.2% to 62.9%];
P = 0.0076) and ART-treated (53.1% [35.7% to 80.2%]; P =
0.0418) patients (Fig. 4B). Conversely, lower proportions of
EOMES™ CD57" cells (i.e., the fraction exhibiting higher cyto-
lytic molecule contents ex vivo) among HIV-specific CD8™" T cells
were observed in HIV controllers (1.9% [0.2% to 10.7%]) than in
both chronic viremic (21.4% [2.7% to 40.1%]; P = 0.0010) and
ART-treated (21.1% [3.5% to 41.7%]; P = 0.0418) patients (Fig.
4C). Restricting the analysis to CD57* HIV-specific CD8™" T cells,
we observed the lowest proportions of EOMES™ cells among
CD57-expressing cells in chronical viremic HIV-infected individ-
uals (53.1% [30.9% to 90.3%]) (Fig. 4D). In contrast, CD57 "
HIV-specific CD8" T cells from HIV controllers were almost
completely constituted by EOMES™ CD57* cells (96.7% [85.5%
t0 99.7%]), EOMES™ CD57" cells being barely detectable (Fig.
4D). These data confirm in HIV-specific CD8™" T cells results ob-
tained in analyses performed on global CD8 " T cells and indicate
that CD57-expressing HIV-specific CD8 " T cells from HIV con-
trollers presented a skewed phenotype toward an EOMES"
CD57" phenotype compared with both those from viremic and
aviremic ART-treated patients.

Higher EOMES™ CD57" proportions among both global
and HIV-specific CD8™ T cells are associated with lower viral
loads. Finally, we studied whether CD57-expressing CD8™ T cells
subsets correlated with viral load in chronically HIV-infected un-
treated patients. HIV load did not correlate with CD57" proportions
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patients. P values are indicated.

of either total (Fig. 5A, upper graph) or HIV-specific (Fig. 5B, upper
graph) CD8™ T cells. However, when we took into account CD57 "
CD8" T cell heterogeneity in terms of EOMES expression, we de-
tected a significant inverse correlation between viral load and
EOMES" CD57" proportions among both total (r = —0.4269; P =
0.0054) and HIV-specific (r = —0.6062; P = 0.0077) CD8™" T cells
(Fig. 5, middle graphs). In contrast, while no association with viral
load was observed when considering the immediately cytotoxic
EOMES™ CD57" subset among total CD8 T cells (Fig. 5A, lower
graph), we found a significant, positive correlation between viral lev-
els and the proportion of EOMES™ CD57 " cells among HIV-specific

October 2014 Volume 88 Number 20

CD8" T cells (r = —0.7596, P = 0.0003) (Fig. 5B, lower graph).
Collectively, these results revealed differential impact of CD57-ex-
pressing subsets on viral load and supported the notion that the
EOMES" CD57" subset, which exhibits a higher proliferation capac-
ity and homeostatic potential but lower immediate cytotoxic poten-
tial, could play a role in viral control.

DISCUSSION

The CD57 antigen, a member of the N-CAM family initially de-
scribed as a natural killer cell marker, has been reported to identify
human CD8™ T cells displaying high cytotoxic activity and poor
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proliferative activity leading to the coexistence of terminally dif-
ferentiated phenotype and senescence. In vitro studies revealed
functional impairment of HIV-specific CD57" CD8" T cells as
indicated by their high susceptibility to apoptosis and activation-
induced cell death associated with a reduced capacity to prolifer-
ate in response to appropriate stimulation (1, 10, 11). Interest-
ingly, Lee et al. (16) recently demonstrated that the proportions of
CD57-expressing cells among CD28~ CD8" T cells were in-
creased following ART treatment and represented a favorable
prognostic factor during HIV infection, pointing toward a posi-
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tive role for the CD57-expressing fraction. We hypothesized that
such a discrepancy relied on functional heterogeneity among
CD57-expressing CD8™ T cells. We thus aimed to further charac-
terize CD57-expressing CD8" T cells during HIV infection by
analyzing the expression of Eomesodermin (EOMES) and T-bet,
two transcription factors determining coordinately memory (20,
21) and effector (30) CD8™ T cell fate.

In healthy subjects, we distinguished two functionally different
subsets among CD57-expressing cells; the EOMES™ CD57" frac-
tion but not the EOMES™ CD57" fraction exhibited high gran-
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zyme B and/or perforin contents. Our results show that highly
cytotoxic, terminally differentiated EOMES™ CD57 " CD8 T cells
presented the highest levels of T-bet expression, in accordance
with data from Hersperger et al. (31). Conversely, EOMES™
CD57" cell subsets presented lower levels of T-bet expression as-
sociated with a less differentiated memory phenotype and retain
high homeostatic and proliferative potential, as revealed by high
levels of CD127 expression and a high proportion of proliferating
cells ex vivo, respectively. Such an EOMES/T-bet coexpression
pattern supports in human CD8" T cells a model in which the
relative expression levels of T-bet and EOMES in CD8" T cells
reciprocally promote a terminal effector differentiation versus a
memory fate, as previously suggested for mice (20-22). Such het-
erogeneity may provide a rationale for discrepancies concerning
functional characteristics of CD57- or EOMES-expressing cells (1,
14, 26, 29).

CD57% CD8™ T cell proportions increase physiologically dur-
ing aging (32), presumably mostly driven by chronic infections
such as with CMV. An increase in CD57 expression during
chronic HIV infection has also been documented, occurring prob-
ably as a result of chronic immune activation (11, 13). Taking
advantage of the study of several French cohorts of patients at
different phases of HIV infection, we confirmed in this work that
CD57 expression in both total and HIV-specific CD8™ T cells is
increased during the chronic phase of infection. Interestingly,
equally high percentages of CD57-expressing CD8™ T cells were
observed at the surface of CD8™ T cells isolated from viremic and
aviremic ART-treated patients and HIV controllers. Primary
HIV-infected patients exhibited a significantly reduced propor-
tion of CD57-expressing HIV-specific CD8™ T cells compared to
those exhibited by all chronically infected groups. Such a low pro-
portion of CD57-expressing cells, which include potent cytotoxic
CD8™ T cells, is in accordance with an important role for chronic
immune activation on CD57 expression and may participate in
the insufficient viral control during primary infection. We thus
further focused on the chronic stages of HIV infection. By inte-
grating EOMES expression in the analysis, we demonstrated that
HIV controllers exhibited a significantly higher proportion of
EOMES"™ CD57* CD8" T cells than did both viremic and avire-
mic ART-treated patients. Extending our analysis to HIV-specific
responses, we observed that HIV-specific CD8" T cells from HIV
controllers retain an EOMES™ CD57" phenotype, in contrast to
cells from viremic and ART-treated aviremic patients, which
mostly exhibited terminally differentiated EOMES™ CD57* cells.
Our study suggests that maintenance of high EOMES expression
in CD577 cells could contribute to the higher efficiency of CD8™"
T cell responses in HIC (5-8). Indeed, among untreated chroni-
cally infected patients, proportions of EOMES™ CD57" cells
among total and HIV-specific CD8" T cells inversely correlate
with viral loads, suggesting a beneficial role for this cell population
in viral control. Conversely, the proportion of EOMES™ CD57 "
cells among HIV-specific CD8™" T cells was positively associated
with viral load, suggesting that viral persistence contributed to
terminal differentiation. However, viral load is probably not the
only factor responsible for the expansion of the EOMES™ CD57 ™"
fraction, as HIV-specific CD8™ T cells from HIV controllers still
exhibited significantly lower proportions of the EOMES™ CD57 "
fraction and higher proportions of the EOMES" CD57™" fraction
than did ART-treated aviremic patients (i.e., a patient group with
an equivalent viral load).
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Previous reports have suggested that HIV-specific CD8* T
cells from HIV controllers have a greater capacity to produce cy-
totoxic molecules (5, 8). Our results, demonstrating higher fre-
quencies of non-terminally differentiated, actively proliferating
EOMES" CD57" CD8" T cells in HIV controllers, are only in
apparent contrast with previous reports. Migueles and coworkers
reported that high perforin production by CD8™ T cells from HIV
long-term nonprogressors (LNTPs) was a consequence of their
ability to more readily proliferate and undergo greater numbers of
divisions upon antigen stimulation (5). Our results using
EOMES/CD57 identification led to a similar observation: the
EOMES"™ CD57" fraction, which exhibited a higher proliferative
capacity, was associated with better viral control. It is tempting to
speculate that the large and rapid expansion of HIV-specific
CD8" T cells from LNTPs partly reflects the higher fraction of
EOMES" CD57" fraction among CD57-expressing HIV-specific
CD8™ T cells. The use of the EOMES/CD57 combination requires
intracellular staining and thus does not allow us to directly dem-
onstrate the cytotoxic potential of the EOMES™ CD57* fraction
upon in vitro simulation. CD57 expression was higher in the
EOMES™ CD57 " fraction than in the EOMES"™ CD57" fraction,
which leads us to question whether a higher level of CD57 expres-
sion may reflect higher terminal differentiation. We may therefore
speculate that EOMES"™ CD57" CD8™" T cells could represent a
progenitor subset ready to rapidly proliferate and further differ-
entiate into fully functional, perforin-producing EOMES™
CD577 cells upon antigenic encounter. Accordingly, Buckheit et
al. have previously demonstrated that HIV-specific CD8 " T cell
subsets exhibit different in vitro suppressive activities depending
on the time point considered: terminally differentiated cells were
more suppressive at an early stage, whereas a less differentiated
fraction exhibited an equally suppressive function at later time
points (33). Polyfunctionality, a marker of efficient T cell re-
sponses, may thus also rely on the diversity of CD8* T cell differ-
entiation ensuring a large timescale of cytotoxic responses balanc-
ing from immediate to late induced cytotoxic activity.

In conclusion, our results demonstrate functional heterogene-
ity among CD57-expressing CD8" T cells. CD57-expressing
CD8™ T cells include both terminally differentiated, highly cyto-
toxic CD8" T cells and less differentiated cells that may act as
progenitors capable of rapidly proliferating and further differen-
tiating into fully functional, perforin-producing EOMES™
CD57" cells upon antigenic encounter. We identified a skewed
balance between EOMES™ CD57" and EOMES™ CD57" CD8*
T cells in HIV controllers, who exhibited a more preserved
EOMES™ CD57" fraction. Importantly, such a less differentiated
profile was associated with viral control. Our study suggests that
maintenance of high EOMES expression could contribute to the
higher efficiency of cytotoxic responses by developing an adequate
balance between less differentiated and terminally differentiated
fractions.
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