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CD8� T cell responses are thought to play an important role during HIV infection, particularly in HIV controllers (HIC) in
whom viral replication is spontaneously controlled without any treatment. We have demonstrated that CD8� T cells from these
subjects are able to suppress viral replication in vitro. In parallel, HIV-specific CD8� responses were shown to be strong and of
high quality, with proliferative abilities and cytotoxic capacities, in HIC. The HLA-B*57 allele, which is associated with a better
clinical outcome in HIV infection, is overrepresented in HIC. However, we showed that these patients constitute a heteroge-
neous group that includes subjects who present weak suppression of viral replication in vitro and HIV-specific responses. We
performed an extensive study of 101 HIC (49 HLA-B*57� and 52 HLA-B*57�) to determine the impact of HLA-B*57 on the HIV-
specific CD8� response. The HLA-B*57-restricted response displayed better qualitative features, such as higher functional avid-
ity, higher proliferation capacity, and a higher level of cytokine production, than responses not restricted by HLA-B*57. How-
ever, the highest frequencies of HIV-specific CD8� T cells were observed only in a subset of HLA-B*57� subjects. They were
tightly associated with the ability to suppress viral replication in vitro. In contrast, the subset of HLA-B*57� subjects with a
weak ability to suppress viral replication had significantly lower ultrasensitive viral loads than all the other groups of controllers.
In conclusion, both HLA-B*57 and the amount of ultrasensitive viral load seem to play a role in HIV-specific CD8� T cell re-
sponses in HIC.

Despite the lack of eradication of HIV, it is well documented
that CD8� T cells play a major role in controlling viral repli-

cation, and this has been shown in HIV-infected individuals (1–3)
as well as in simian models of infection (4, 5) and at different
periods during the course of infection (6, 7). This is particularly
the case in the subset of patients who spontaneously control in-
fection in the absence of treatment for very long periods and who
have been referred to as HIV controllers (HIC) or elite controllers
(8, 9). The role of CD8� T cells in these patients was first suggested
by an overrepresentation of patients bearing specific major histo-
compatibility complex class I (MHC-class I) alleles, such as HLA-
B*57, HLA-B*27, or a few other alleles (10–14), all described as
protective. We and others have further shown a powerful antiviral
activity of HIV-specific CD8� T cells from HIC which are able ex
vivo to kill virally infected autologous CD4� T cells and therefore
suppress viral replication (15, 16). However, this CD8� T cell viral
suppression activity is not present in all HIC (17). Most studies
have been performed with HLA-B*57� or HLA-B*27� patients,
since they represent a large part of HIC and the HIV-specific
CD8� T cell responses restricted by these alleles are well docu-
mented. However, only a minority of HLA-B*57� or HLA-B*27�

patients become HIC when infected, even though plasma HIV
RNA levels are lower in these patients than in those who do not
bear protective HLA alleles (18–20). In addition, 15% to 70% of
HIC in the different cohorts are not HLA-B*57� (14, 21–23), and
in the Agence Nationale de Recherche sur le SIDA (ANRS), French
National Agency for Research on AIDS, cohort of controllers, 43%
of HIC patients are HLA-B*57� and HLA-B*27� subjects.

To gain greater insight into the role of HLA-B*57 in the HIV-
specific CD8� response in HIC and the heterogeneity of this re-
sponse, we conducted an extensive study of the HIV-specific

CD8� T cell response in a large cohort of HIC (the French ANRS
CODEX cohort). We compared the responses observed in HLA-
B*57� and HLA-B*57� individuals as well as the responses re-
stricted or not restricted by HLA-B*57 for activation and differ-
entiation markers, proliferation potential, and cytokine
production as well as for HIV-suppressive capacity. In addition, as
a group control, we studied HLA-B*57-restricted responses in a
group of HLA-B*57� chronic progressors.

MATERIALS AND METHODS
Study population. With their informed consent, we collected samples
from 121 HIC enrolled in the multicenter CODEX cohort of the ANRS.
Inclusion criteria were (i) known infection for more than 5 years, (ii) viral
load of �400 copies/ml for at least the last five consecutive measurements,
and (iii) never having had any antiretroviral treatment.

In this study, we focused on CD8� T cell responses in HLA-B*57� and
HLA-B*57� HIC. Of the 121 subjects studied, 55 (45%) were HLA-B*57�

and 20 (17%) HLA-B*27�. Six subjects were both HLA-B*57� and HLA-
B*27�. Fifty-nine subjects were women, 59 were men, and 2 were trans-
sexuals; we had no documentation on the gender of 1 subject. At inclu-
sion, the median age was 47 years (interquartile range [IQR], 41 to 52
years), and the subjects had been infected for a median of at least 13 years
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(IQR, 9 to 16 years). Seventy-two subjects presented undetectable viral
loads (the threshold was from 10 to 50 copies/ml) at inclusion; the median
number of copies of HIV RNA per milliliter of plasma was 74 (IQR, 32 to
164 copies/ml) for the others, and the median CD4� T cell count was 723
cells/�l (IQR, 529 to 946 cells/�l). All data presented are from samples
collected at inclusion in the CODEX cohort.

We also studied nine HLA-B*57� untreated chronic progressors from
the ANRS Co-6 PRIMO cohort (eight men and one woman with a median
age of 32 years; IQR, 31 to 38 years). The median number of copies per
milliliter of plasma HIV RNA was 3.85 log10 (IQR, 3.44 to 4.39 log10

copies/ml), and the median CD4� T cell count was 670 cells/�l (IQR, 517
to 828 cells/�l). The subjects had been untreated since primary HIV in-
fection, and the median duration of infection was 42 months (IQR, 24 to
48 months).

Cells. Peripheral blood mononuclear cells (PBMC) were isolated from
EDTA-anticoagulated blood by Ficoll density gradient centrifugation and
stored in liquid nitrogen. Human leukocyte antigen typing was done with
the complement-dependent microlymphocytotoxic technique (InGen
[International Genetic Technologies]).

In vitro HIV suppression assay. The method used to assess the capac-
ity of CD8� T cells to suppress HIV-1 infection of autologous CD4� T
cells ex vivo is described in detail in reference 24. Briefly, CD4� and CD8�

T cells were isolated from freshly purified PBMC by, respectively, positive
and negative magnetic-bead sorting (Stemcell Technologies). CD4� T
cells were activated with phytohemagglutinin (PHA; 1 mg/ml) and inter-
leukin-2 (IL-2; 100 IU/ml) for 3 days. They were then infected in vitro with
HIV-1 BaL using a spinoculation protocol (24) and cultured alone or
cocultured with autologous CD8� T cells in a 1:1 ratio. Nonsuperinfected
CD4� T cells were also cultured in parallel to assess replication of autol-
ogous virus. Viral replication was measured by p24 production in culture
supernatants as determined by enzyme-linked immunosorbent assay
(ELISA; ZeptoMetrix). The index of in vitro superinfection for each ex-
periment was determined by comparing the peak level of p24 in culture
supernatants of PHA-activated CD4� T cells infected in vitro with HIV-1
BaL with that in culture supernatants of PHA-activated CD4� T cells not
exposed to HIV-1 BaL. The capacity of CD8� T cells to suppress HIV
infection was calculated as the log drop in p24 production when superin-
fected CD4� T cells were cultured in the presence of CD8� T cells. Exper-
iments were conducted in triplicate with cells from each patient.

IFN-� ELISpot assay and functional avidity. Gamma interferon
(IFN-�) enzyme-linked immunosorbent spot (ELISpot) assays were used
to measure specific responses to peptides corresponding to optimal HIV
cytotoxic T lymphocyte (CTL) epitopes (National Institutes of Health
HIV Molecular Immunology Database; http://www.hiv.lanl.gov/content
/immunology/index) according to the subjects’ HLA type. Optimal pep-
tides were used at 2 �g/ml in pools according to the HLA allele and the
HIV protein and were tested in duplicate. Data were expressed as numbers
of spot-forming cells (SFC) per 106 PBMC. Results were considered pos-
itive if there were �50 SFC/106 PBMC after subtraction of the mean
background obtained with cells alone. Data are presented as the cumula-
tive data observed for all specificities.

Functional avidity was measured in an IFN-� ELISpot assay using
single epitopic peptides with limiting dilutions with concentrations rang-
ing from 10�5 to 10�11 M for each peptide. Functional avidity was defined
as the peptide concentration required to achieve 50% of the maximal
response (EC50%) and expressed as log EC50%.

Peptide-HLA class I multimers. HIV-specific CD8� T cells were
identified by using soluble allophycocyanin (APC)-labeled peptide-HLA
class I multimers (Proimmune; Beckman Coulter) or dextramer (Immu-
dex) derived from the HIV Gag, Nef, Pol, and Env proteins. The following
epitopes were used: HLA-A*0201-restricted peptide ligands SLYNTVATL
(Gag 77 to 85) and ILKEPVHGV (Pol 476 to 484), A*0301-restricted
peptide ligands RLRPGGKKK (Gag 20 to 28) and QVPLRPMTYK (Nef 73
to 82), A*1101-restricted ligand AVDLSHFLK (Nef 84 to 92), A*2402-
restricted peptide ligand RYPLTFGWCY (Nef 134 to 143), B*0702-re-

stricted peptide ligand IPRRIRQGL (Env 848 to 856), B*0801-restricted
peptide ligands GEIYKRWII (Gag 259 to 267) and FLKEKGGL (Nef 90 to
97), B*2705-restricted peptide ligand KRWIILGLNK (Gag 263 to 272),
and B*5701-restricted peptide ligands ISPRTLNAW (Gag 147 to 155),
KAFSPEVIPMF (Gag 162 to 172), TSTLQEQIGW (Gag 240 to 249),
QASQDVKNW (Gag 308 to 316), and HTQGYFPDW (Nef 116 to 124).

Flow cytometry. PBMC were analyzed by 6-color flow cytometry.
Samples were first stained with APC-conjugated HLA class I peptide mul-
timers for 20 min at room temperature and then incubated with labeled
specific antibodies for 15 min at 4°C. The following antibodies were used
to characterize HIV-specific CD8� T cells: antibodies coupled to fluores-
cein isothiocyanate (FITC), CCR7, CD27, and CD38 (BD Pharmingen);
to phycoerythrin (PE), CD127 (Beckman Coulter) and CD57 (BD Phar-
mingen); to peridin chlorophyll protein-cyanine 5.5 (PerCP-Cy5.5), CD8
(BD Pharmingen); to PE-cyanine 7 (PE-Cy7), CD45RO and HLA-DR
(BD Pharmingen); and to allophycocyanin-H7 (APC-H7), CD3 (BD
Pharmingen). Samples were acquired on a BD FACSCanto flow cytometer
(Becton, Dickinson) and analyzed with DIVA software (Becton, Dickin-
son).

CFSE proliferation assay. PBMC were stained with 0.35 �M carboxy-
fluorescein succinimidyl ester (CFSE; Molecular Probes) for 10 min at
37°C. After washes, they were cultured for 6 days in RPMI medium con-
taining 10% fetal calf serum and antibiotics, as well as HIV-specific pep-
tides (2 �g/ml). After incubation, the cells were washed and stained as
described above (see “Flow cytometry”). A negative control (medium)
and a positive-control staphylococcal enterotoxin B (SEB) were included
in each experiment. Samples were acquired on a BD FACSCanto flow
cytometer (Becton, Dickinson) and analyzed with DIVA software (Bec-
ton, Dickinson).

Intracellular cytokine production. PBMC were stimulated for 15 h in
medium containing the relevant optimal HIV peptide (2 �g/ml). After 1 h
of stimulation, cytokine secretion was blocked by adding brefeldin A (10
�g/ml; Sigma-Aldrich Chemie). After further incubation, samples were
stained using the following antibodies to characterize HIV-specific CD8�

T cells: antibody coupled to FITC, CCR7 (R&D Systems Europe, Lille,
France); to PerCP-Cy5.5, CD8 (BD Pharmingen); to PE-Cy7, CD45RO
(BD Pharmingen); and to APC-H7, CD3 (BD Pharmingen). To detect
intracellular cytokines, we incubated samples with anti-IFN-�-APC and
anti-IL-2-PE antibodies (BD Biosciences) for 30 min at 4°C after incuba-
tion with fluorescence-activated cell sorter (FACS) permeabilizing solu-
tion (BD Biosciences). A negative control (medium) and a positive-con-
trol SEB were included in each experiment. Samples were acquired on a
BD FACSCanto flow cytometer (Becton, Dickinson) and analyzed with
DIVA software (Becton, Dickinson).

Statistical analysis. Data were analyzed with GraphPad Prism 5 soft-
ware (GraphPad Software, Inc.). Qualitative variables (HLA-B*57 fre-
quencies, strong or weak suppressor status) were compared as categorical
data using Fisher’s exact test or the chi-square test when appropriate. All
quantitative variables were analyzed as continuous data with the nonpara-
metric Mann-Whitney U test. Correlations were identified with Spear-
man’s correlation test. P values of �0.05 were considered to denote sig-
nificant differences in multiple comparisons (Fig. 2A and 3 to 6; *, P �
0.05; **, P � 0.01; ***, P � 0.001).

RESULTS
Study population. In this study, we focused on HIV-specific
CD8� responses and the role of the HLA-B*57 allele in this re-
sponse. Accordingly, we excluded the 20 HLA-B*27� subjects
present in the cohort from the analyses, since HLA-B*27, whose
frequency is increased in HIV controllers (17% in our series), is
also associated with better control of HIV replication (10–13). The
immunovirological characteristics of the 49 HLA-B*57� subjects
and 52 HLA-B*57� subjects are presented in Table 1. The 2 groups
of patients did not differ in terms of gender, age, CD4 and CD8
counts, and plasma HIV RNA. The frequencies of subjects who
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never experienced a viral blip (referred to as elite controllers) or
with cellular HIV DNA below 10 copies/106 PBMC were also sim-
ilar for HLA-B*57� and HLA-B*57� patients. We observed that
HLA-B*57� subjects had a longer follow-up, since the median
time between the diagnosis of HIV infection and inclusion in the
cohort was 13 years (10 to 17 years) compared to 11 years (7 to 14
years) in HLA-B*57� subjects (P � 0.02), and that they exhibit
lower cellular HIV DNA viral load than HLA-B*57� subjects (11
copies/106 PBMC [10 to 27 copies/106 PBMC] versus 20 copies/
106 PBMC [10 to 46 copies/106 PBMC]; P � 0.03).

High frequencies of HIV-specific CD8� T cells in HIV con-
trollers. HIV-specific CD8� T cell responses were quantified by
means of an IFN-� ELISpot assay in 98 subjects. Cumulative fre-
quencies of these responses were higher in HLA-B*57� individu-
als than in HLA-B*57� ones (3,250 [969 to 7,625] versus 1,308
[115 to 2,331] SFC/106 PBMC, respectively; P � 0.0003) (Fig. 1A).
This difference was mainly driven by Gag-specific responses that
were higher in the HLA-B*57� group (1,637 [518 to 4,180] versus
118 [0 to 1,216] SFC/106 PBMC, respectively; P � 0.0001)
(Fig. 1B). In contrast, the frequencies of responses directed at Env,

Pol, and Nef antigens were comparable in the 2 groups. The me-
dian number of peptides tested in HLA-B*57� and HLA-B*57�

subjects was 40 and 38 peptides, respectively, which makes it un-
likely that a bias in peptide selection could explain the difference.
However, the breadth of the repertoire (evaluated based on the
percentages of positive responses among the peptides tested) was
higher in the HLA-B*57� group than in the HLA-B*57� group
(frequencies of recognition of 33% [17% to 47%] and 23% [8% to
36%], respectively; P � 0.02). The contribution of HLA-B*57-
restricted responses accounted for 80% [50% to 100%] of the
HIV-specific CD8� T cell response in HLA-B*57� subjects. Most
of this response was directed to Gag antigens (60% [44% to 94%]),
but substantial responses were also directed to Nef (16% [0% to
40%]); the peptides Gag 147 to 155 and Gag 162 to 172 were the
most frequently recognized (76% and 79% of cases, respectively),
while Gag 240 to 249, Gag 308 to 316, and Nef 116 to 124 were
recognized in nearly half of samples and Env 424 to 432 and Nef
120 to 128 were less frequently recognized (see the upper panel of
Fig. S1 in the supplemental material). Responses not restricted by
HLA-B*57 were also broad, with comparable frequencies between
HLA-B*57� and HLA-B*57� subjects (Fig. S1, lower panel).

High functional avidity of HLA-B*57-restricted HIV-spe-
cific CD8� T cells. Since plasma viral loads were comparable be-
tween the two groups of HIC (Table 1), we checked whether the
higher frequencies of HIV-specific CD8� T cell responses could be
linked to a higher functional avidity of the T cell receptor (TCR)-
peptide interactions previously described in the context of HLA-
B*27 and HLA-B*57 molecules (25–27). Indeed, a higher func-
tional avidity would allow strong HIV-specific responses even in
the context of small amounts of antigen. To address this hypoth-
esis, we measured the functional avidity of HIV-specific CD8� T
cells in ELISpot assays with limiting dilution of antigenic peptides.
Functional avidity was then expressed as the molar concentration
of peptide giving 50% of the maximal response and referred to as
EC50%. HLA-B*57-restricted responses were 1 log more sensitive
than responses not restricted by HLA-B*57, whether the latter
were evaluated in HLA-B*57� or HLA-B*57� subjects: 10�7.9 [7.0–8.5]

M for HLA-B*57-restricted responses versus 10�6.9 [6.0 –7.5] M for
responses not restricted by HLA-B*57 in HLA-B*57� subjects
(P � 0.005) and 10�6.9 [6.5–7.1] M in HLA-B*57� subjects (P �
0.002) (Fig. 2A). We also observed that peptide functional avidity

TABLE 1 Study population

Characteristic
HLA-B*57�

subjects
HLA-B*57�

subjects P value

No. of subjects 49 52
Gender (% men) 52 37 0.16
Age (yr) 47 (42–51) 46 (40–51) 0.54
Time since diagnosis (yr) 13 (10–17) 11 (7–14) 0.02
CD4/�l 649 (465–951) 752 (567–914) 0.23
% CD4 36 (28–47) 37 (32–43) 0.78
CD8/�l 677 (495–1,012) 740 (586–918) 0.54
% CD8 37 (29–42) 37 (33–44) 0.58
CD4/CD8 1.0 (0.7–1.4) 1.0 (0.8–1.3) 0.83
Plasma RNA (copies/ml) 12 (2–67) 20 (4–62) 0.52
% elite controllersa 40 24 0.13
Amt of cellular HIV DNA

(copies/106 PBMC)
11 (10–27) 20 (10–46) 0.03

% with �10 copies/106

PBMC of cellular HIV
DNA

43 30 0.20

a Elite controllers have always had a viral load of �50 copies/ml at clinical follow-up
since HIV diagnosis.

FIG 1 CD8� T cell responses were measured by IFN-� ELISpot assay in HLA-B*57� (black circles) and HLA-B*57� (clear circles) subjects and are expressed as
SFC/106 PBMC. (A) Total HIV-specific response. (B) Response directed against Env, Gag, Pol, and Nef proteins. Horizontal bars represent median values.
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(expressed as EC50%) and HIV-specific CD8� T cell frequencies
were highly correlated (Spearman’s correlation, P � 0.0004, r �
0.43), further supporting our hypothesis. Interestingly, this corre-
lation was found when considering HLA-B*57-restricted re-
sponses (Spearman’s correlation, P � 0.002, r � 0.56), whereas it
was not maintained for the responses not restricted by HLA-B*57
(Spearman’s correlation, P � 0.23) (Fig. 2B and C). Since HLA-
B*57 responses were characterized by a significantly higher func-
tional avidity than responses not restricted by HLA-B*57, we then
compared the functional profiles of HIV-specific CD8� T cells
whether restricted or not restricted by HLA-B*57.

Improved functionality of HLA-B*57-restricted HIV-spe-
cific CD8� T cells. We first evaluated whether the higher avidity of
HIV-specific CD8� T cells could lead to a greater ability of these
cells to proliferate. We observed a strong correlation between the
functional avidity to a viral peptide (expressed as EC50%) and the
percentage of cells proliferating in response to this peptide (as-
sessed by CFSE labeling) (Spearman’s correlation, P � 0.0001, r �
0.61). Accordingly, the percentage of proliferating cells was higher
for HLA-B*57-restricted responses than for those restricted by
other alleles (81% [67% to 91%] versus 27% [3% to 72%], respec-
tively; P � 0.0001) (Fig. 3A). This increased ability to proliferate in
vitro could also account for the higher frequencies of HIV-specific

CD8� T cells detected ex vivo, since the proliferation rate and the
number of SFC were correlated (Spearman’s correlation, P �
0.004, r � 0.32).

To gain further insight into the characteristics of HIV-specific
CD8� T cells, we evaluated several functional and phenotypic fea-
tures associated with high proliferative rates in the two groups of
responses. Proliferation is known to be associated with IL-2 pro-
duction. Accordingly, IL-2 production by HLA-B*57-restricted T
cells was higher than that observed for responses not restricted by
HLA-B*57 (0.07% [0.02% to 0.18%] versus 0.01% [0.00% to
0.04%], respectively; P � 0.0001) (Fig. 3B). In addition, prolifer-
ative potential and the magnitude of IL-2 production were highly
correlated (Spearman’s correlation, P � 0.0001, r � 0.58). In the
same way, at the peptide level, the frequency of IFN-�-producing
CD8� T cells was higher for HLA-B*57-restricted peptides than
for peptides not restricted by HLA-B*57 (0.30% [0.10% to 0.60%]
versus 0.12% [0.03% to 0.36%], respectively; P � 0.002) (Fig. 3C).

Several phenotypic markers associated with the degree of dif-
ferentiation or senescence are also linked to functional abilities.
Cells expressing CD127, the IL-7-R	 chain, are known as memory
cells with high proliferating capacities (28, 29). Indeed, HLA-
B*57-restricted CD8� T cells had higher percentages of CD127-
expressing cells than T cells not restricted by HLA-B*57 (69%

FIG 2 Functional avidity was determined in an IFN-� ELISpot assay using peptide dilutions and defined as the peptide concentration required to induce 50%
of the maximal response (EC50%). (A) Functional avidity was measured for HLA-B*57-restricted peptides (black circles for peptides derived from Gag protein
and gray triangles for peptides derived from Nef protein), HLA-B57-nonrestricted peptides in HLA-B*57� subjects (gray circles), and HLA-B*57-nonrestricted
peptides in HLA-B*57� subjects (clear circles). (B) Functional avidity is correlated with the frequency of HIV-specific CD8� T cells measured by ELISpot IFN-�
assay for HLA-B*57-restricted peptides (left panel) but not for HLA-B*57-nonrestricted peptides (right panel) whether in HLA-B*57� (gray circles) or
HLA-B*57� subjects (clear circles).
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[40% to 81%] and 35% [16% to 62%], respectively; P � 0.0002)
(Fig. 3D). Expression of CCR7, CD27, and the RA/RO isoforms of
CD45 are other independent markers associated with differentia-
tion. Central memory cells, defined by CCR7 and CD45RO ex-
pression, are described as highly functional (30). A very low pro-
portion of HIV-specific CD8� T cells usually belongs to this
subtype (31), and percentages of central memory HIV-specific
CD8� T cells were actually low in the patients studied. However,
percentages were significantly higher for HLA-B*57-restricted re-
sponses than for responses not restricted by HLA-B*57 (9% [2%
to 11%] and 2% [1% to 5%], respectively; P � 0.002) (Fig. 3E).
Effector memory cells, which lack CCR7 but express CD27 and
CD45RO, are more differentiated than the central memory ones
but are considered to be endowed with greater proliferative abili-
ties than the CD27� effector cells. Once again, phenotypic analysis
of HIV-specific CD8� T cells showed higher percentages of this
subtype for HLA-B*57-restricted responses than for the other

ones (53% [42% to 69%] versus 42% [29% to 58%], respectively;
P � 0.016) (Fig. 3F). Finally, CD57 is a marker of senescence and
its expression is associated with the lack of proliferative capacities
(32). Figure 3G shows a slight difference, although not reaching
significance, between HLA-B*57-restricted and nonrestricted re-
sponses (27% [17% to 37%] and 34% [20% to 48%], respectively;
P � 0.22). Concerning the responses not restricted by HLA-B*57,
no differences were ever observed in the phenotypes in HLA-
B*57� or HLA-B*57� patients.

As for the activation markers CD38 and HLA-DR, we con-
firmed the paradoxical profile of activation on HIV-specific CD8�

T cells that we reported previously (16), with a low level of expres-
sion of CD38 contrasting with a high level of expression of HLA-
DR. Conversely, we did not observe any difference in the levels of
expression of these markers between HLA-B*57-restricted and
nonrestricted responses (13% [8% to 22%] and 45% [34% to
65%], 12% [7% to 18%] and 42% [29% to 57%] for CD38 and

FIG 3 Qualitative features of HIV-specific CD8� T cell responses restricted by HLA-B*57 (black circles) or nonrestricted by HLA-B*57 (gray circles in
HLA-B*57� subjects and clear circles in HLA-B*57� subjects). (A) Percentages of HIV-specific CD8� T cells CFSELow after 6 days of culture with the appropriate
peptide. (B and C) Percentages of cytokine-producing CD8� T cells after 15 h of HIV-specific stimulation: IL-2 production (B) and IFN-� production (C). (D
to G) Differentiation phenotype of HIV-specific CD8� T cells: CD127 expression (D), central memory phenotype (CCR7� CD45RO�) (E), effector memory
phenotype (CD27� CD45RO�) (F), and expression of the senescence marker CD57 (G). (H and I) Expression of the activation markers CD38 (H) and HLA-DR
(I) by HIV-specific CD8� T cells.
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HLA-DR, in HLA-B*57-restricted and nonrestricted, respec-
tively) (Fig. 3H and I).

Higher functional avidity and improved functionality of
HLA-B*57-restricted HIV-specific CD8� T cells are observed in
HIC patients. In order to evaluate whether the higher avidity and
the improved functionality were associated with the HIC status or
only with the presence of the HLA-B*57 allele, we analyzed the
HLA-B*57-restricted CD8� T cell responses in nine untreated
viremic HLA-B*57� chronic progressors and compared these re-
sponses to those observed in the HLA-B*57� HIC group. As
shown on Fig. S2 in the supplemental material, the functional
avidity of HLA-B*57-restricted T cells for their cognate peptides
was significantly higher in the HIC group than in the progressors
(EC50% � 10�7.9 [7.0 – 8.5] M in the HIC group versus 10�7.2 [6.2–7.6]

M in the progressor group; P � 0.02). However, the cumulative
frequencies of HLA-B*57-specific CD8� T cells were comparable
in both groups and no correlation was found between functional
avidity and these frequencies in the progressor group (Spearman’s
correlation, P � 0.84), in contrast to what we observed in the HIC
group (Fig. 2B) (Spearman’s correlation, P � 0.0004, r � 0.43).

The proliferative capacity of HLA-B*57-restricted HIV-specific
CD8� T cells was decreased in the progressor group, the percent-
age of proliferating cells being 55% (41% to 78%) (compared to
81% [67 to 91%] in the HIC group; P � 0.001). In line with this
decreased proliferative capacity, HIV-specific CD8� T cells pro-
duced significantly less IL-2 and expressed lower levels of CD127
(see Fig. S2 in the supplemental material).

The capacity of CD8� T cells to suppress viral replication ex
vivo was not restricted to HLA-B*57� HIC. We then examined
the capacity of CD8� T cells to suppress HIV replication in autol-
ogous CD4� T cells in the two HIC groups. As shown in Fig. 4A,
no differences were observed between HLA-B*57� and HLA-
B*57� subjects, the decrease in p24 production in CD8�/CD4�

cocultures being 2.44 [0.56 to 3.52] log versus 1.55 [0.39 to 3.23]
log, respectively (P � 0.41). We had previously defined a thresh-
old of 2.0 log decrease in p24 production to distinguish subjects
with a high and low capacity to suppress ex vivo HIV replication
(17). According to this threshold, subjects were then defined as
strong or weak viral suppressors (SVS or WVS). We observed a
high level of suppression (i.e., �2.0 log decrease in p24 produc-

FIG 4 Suppressive capacity was assessed in vitro in cocultures of infected or uninfected CD4� and autologous CD8� T cells and expressed as log of p24 decrease
in culture supernatants. (A, C, and D) Suppressive capacity was measured in HLA-B*57� (black circles) and HLA-B*57� subjects (clear circles) (A). The dotted
line indicates the threshold of 2 log of p24 decrease that distinguishes weak viral suppressors (WVS) from strong viral suppressors (SVS). Suppressive capacity
correlated with total HIV-specific response in HLA-B*57� subjects (C), but there was no correlation in HLA-B*57� subjects (D). (B) The total HIV-specific
response was measured by IFN-� ELISpot assay in the four groups of subjects: HLA-B*57� WVS (black squares), HLA-B*57� SVS (black circles), HLA-B*57�

WVS (clear squares), and HLA-B*57� SVS (clear circles).
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tion) in 52% of samples from HLA-B*57� subjects compared with
44% in HLA-B*57� subjects (Fisher’s exact test; P � 0.54). SVS
had higher frequencies of HIV-specific CD8� T cells than WVS
(3,031 [1,398 to 7,919] versus 920 [275 to 2,683] SFC/106 PBMC,
respectively; P � 0.0001). This difference was, however, limited to
HLA-B*57� patients. As shown in Fig. 4B, HIV-specific CD8� T
cell frequencies were much higher in HLA-B*57� SVS than in
HLA-B*57� WVS (5,360 [3,088 to 10,403] versus 950 [483 to
1,813] SFC/106 PBMC, respectively; P � 0.0001) and also signifi-
cantly higher than in HLA-B*57� subjects whether they were
WVS or SVS (853 [58 to 3151] and 1,440 [257 to 1,998] SFC/106

PBMC, respectively; P � 0.0001 for both comparisons). More-
over, in HLA-B*57� subjects, the total frequency of HIV-specific
CD8� T cells producing IFN-� was highly correlated with the
capacity to suppress HIV replication in autologous CD4� T cells
(Spearman’s correlation; P � 0.0001, r � 0.73) (Fig. 4C),

whereas no such correlation was observed in HLA-B*57� sub-
jects (Fig. 4D).

To gain a better insight into the different profiles, we checked
whether the characteristics of the HIV-specific CD8� T cell re-
sponse differed between SVS and WVS within each group of HLA-
defined individuals. Results are shown in Fig. 5 and Table S1 in the
supplemental material. Interestingly, the functional and differen-
tiation profiles shown in Fig. 3 for the HLA-B*57-restricted re-
sponses were observed in all HLA-B*57� subjects irrespective of
their strong- or weak-suppressor status (see Table S1 in the sup-
plemental material for details). HIV-specific CD8� T cells in
HLA-B*57� subjects were more sensitive, produced more IFN-�
and IL-2, and proliferated more than cells from HLA-B*57� sub-
jects. Similarly, the less favorable profiles observed in the HLA-
B*57� patients were comparable in the strong and weak suppres-
sor subgroups (see Table S1 for details).

FIG 5 Qualitative features of HIV-specific CD8� T cell responses in the 4 groups of subjects: HLA-B*57� WVS (black squares), HLA-B*57� SVS (black circles),
HLA-B*57� WVS (clear squares), and HLA-B*57� SVS (clear circles). (A) Functional avidity determined by IFN-� ELISPOT assay and expressed as log EC50%

(50% of the maximal response). (B and C) Percentages of cytokine-producing CD8� T cells after 15 h of HIV-specific stimulation: IFN-� production (B) and IL-2
production (C). (D) Percentages of HIV-specific CD8� T cells CFSELow after 6 days of culture with the appropriate peptide. (E to G) Differentiation phenotype
of HIV-specific CD8� T cells: CD127 expression (E), effector memory phenotype (CD27� CD45RO�) (F), and expression of the senescence marker CD57 (G).
(H and I) Expression of the activation markers CD38 (H) and HLA-DR (I) by HIV-specific CD8� T cells.
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Frequencies of HIV-specific CD8� T cells are highly depen-
dent on the viral burden in HLA-B*57� patients. HIV-specific
CD8� T cells from HLA-B*57� WVS had the same characteristics
as those from SVS in terms of functional avidity, IL-2 production,
and ability to proliferate. Yet the frequencies of these cells were
much lower in WVS. We checked whether these low frequencies
could then be the consequence of lower stimulation. Viral param-
eters were unique in HLA-B*57� WVS in several ways, as shown
in Fig. 6. At the time of analysis, plasma viral load (4 [2 to 12]
copies/ml) was significantly lower in these patients than the levels
observed in HLA-B*57� SVS (21 [12 to 91] copies/ml; P � 0.005),
with 50% of the former having plasma viral RNA of �4 copies/ml
compared to 17% in HLA-B*57� SVS (Fisher’s test, P � 0.003).
Indeed, we observed in all HLA-B*57� patients a positive corre-
lation between plasma viral loads and the frequencies of HIV-
specific CD8� T cells (Spearman’s correlation, P � 0.003, r �
0.43). Furthermore, 62% of patients of the HLA-B*57� WVS
group had undetectable cell-associated HIV DNA (�10 copies/
106 PBMC) compared to only 29% in the HLA-B*57� SVS group
(Fisher’s test, P � 0.03). In addition, thorough analysis of clinical
follow-ups since HIV diagnosis demonstrated that the HLA-B57�

WVS group had a higher frequency of subjects who never experi-
enced plasma viral RNA higher than 50 copies/ml (elite control-
lers) compared with the HLA-B*57� SVS group (59% versus 26%
of patients, respectively; Fisher’s test, P � 0.04). Conversely, we
did not observe any differences in the two subgroups of HLA-

B*57� patients, neither in plasma viral RNA levels, nor in cell-
associated HIV-DNA levels, nor in the frequency of elite control-
lers, and no correlation was observed between viral loads and
frequencies of HIV-specific CD8� T cells. Finally, viral quantita-
tion gave comparable data for the HLA-B*57� SVS group and the
two HLA-B*57� groups (chi-square test; P � 0.1 by all compari-
sons).

DISCUSSION

As already reported, HLA-B*57� individuals infected with HIV
have a more favorable outcome, and this allele is often overrepre-
sented in the cohorts of HIC (10, 13, 33). In this article we report
on a large cohort of HIC with regard to their HIV-specific CD8� T
cell properties, focusing on the comparison between HLA-B*57�

and HLA-B*57� individuals. Many hypotheses, not necessarily
exclusive, have been proposed to explain the role of these protec-
tive alleles during HIV infection. While some of these refer to
non-CD8� T cell-mediated mechanisms, including viral charac-
teristics and restriction at the cellular level (34–37), most hypoth-
eses point out the major influence of the HIV-specific CD8� T cell
response (38–41). Particular features of the MHC-peptide and
TCR-peptide interactions have been underlined (42, 43), and
functional avidity has been shown to be a major feature of the
HIV-specific CD8� T cell response. This was elegantly first re-
ported in the context of HLA-B*27 (25, 26, 44), another protective
allele, and more recently extended in the context of HLA-B*57

FIG 6 Virological parameters in HLA-B*57� WVS (black squares), HLA-B*57� SVS (black circles), HLA-B*57� WVS (clear squares), and HLA-B*57� SVS
(clear circles) were analyzed. (A) Ultrasensitive plasma HIV RNA was measured in the four groups at inclusion. (B to D) Percentages of subjects at inclusion with
plasma HIV RNA of �4 copies/ml (B), cellular HIV DNA of �10 copies/106 PBMC (C), and with no viral blip during the clinical follow-up since HIV diagnosis
(D) in the four groups.
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(45, 46). We report here that both enhanced functional avidity
and the level of antigen contribute to better quantitative and qual-
itative CD8� T cell responses in HLA-B*57� individuals.

The HIV-specific CD8� T cell response in HIC is markedly
impacted by the presence of the HLA-B*57 allele. The magnitude
of the response is greater in HLA-B*57� patients than in HLA-
B*57� patients. In the former, the responses restricted by HLA-
B*57 represent about three-fourths of the total response. The
HLA-B*57 repertoire is broad, mainly directed at Gag peptides,
but responses to Nef peptides were often observed in the same
range of magnitude. All these HLA-B*57-restricted responses, di-
rected either at Gag or Nef, were found to be highly sensitive,
contrasting with responses restricted by other alleles whether ob-
served in HLA-B*57� or HLA-B*57� individuals.

This higher functional avidity may play a key role in the mag-
nitude of the response in HLA-B*57� patients, since we observed,
only in HLA-B*57� subjects, positive correlations between func-
tional avidity and the magnitude of the CD8� T cell response on
the one hand and between functional avidity and the ability to
proliferate in vitro on the other hand. This may explain the high
frequencies of HIV-specific CD8� T cell responses in HLA-B*57�

patients despite the low level of antigen.
The higher functional avidity may also impact the quality of the

response. Almeida et al. have reported a tight link between func-
tional avidity and the functional abilities of HIV-specific CD8� T
cells on HIV-specific CD8� T cell clones in HLA-B*27� patients,
and polyfunctionality has been described as the hallmark of a fa-
vorable HIV-specific CD8� T cell response (25, 47). We showed
that the highly sensitive HLA-B*57-restricted responses have bet-
ter functional profiles than other responses. They produce more
IFN-� on an individual level. They express a differentiation pro-
file, in terms of CCR7, CD27, CD45RO, CD127 expression, which
is compatible with high proliferation capacities. High prolifera-
tion rates were observed, confirming original data from Migueles
et al. (14), and were correlated with increased production of IL-2.
Therefore, the high functional avidity observed in the context of
HLA-B*57 responses is associated with favorable quantitative and
qualitative features.

Functional avidity was lower in our group of HLA-B*57� pro-
gressors than in HIC. Such a difference was not observed by Berger
et al. (45) but was reported for other groups of HIC and progres-
sors (46). Differences in functional avidity levels between HIC and
progressors could be due to selection of different clonotypes (46).
Alternatively, the low functional avidity in progressors may be the
consequence of the preferential deletion of the most sensitive cells
in early infection (27). The lower functional avidity observed in
progressors was not associated with quantitative but with qualita-
tive differences. The persistent viremia in the progressor group
and the activation usually associated with it likely explain most of
these differences, as they stimulate the response while impairing
its quality.

Another function of CD8� T cells, and especially of HIV-spe-
cific CD8� T cells, is the capacity to suppress viral replication. Our
group was the first to describe this feature of HIC, which is the
ability of their CD8� T cells to suppress viral replication directly
without the need for in vitro stimulation. This is due to HIV-
specific CD8� T cells through cell-to-cell cytotoxic mechanisms
leading to the elimination of infected CD4� T cells. The high
cytotoxic potential of HIV-specific CD8� T cells has also been
reported by others after in vitro culture with HIV antigens (15, 48,

49). However, our first report described only 11 subjects, the ma-
jority of whom expressed HLA-B*57 or HLA-B*27 or both. We
then reported heterogeneity of the CD8� T cell response (17).
Some patients presented a high capacity to suppress viral replica-
tion and were identified as SVS, while others were described as
WVS, and the present study extends these data. Overall, the pres-
ence or absence of the HLA-B*57 allele does not impact the capac-
ity to suppress viral replication. Nearly half of the patients in each
group could be identified as either SVS or WVS, leading to the
definition of four groups either bearing HLA-B*57 or not and
being either SVS or WVS.

Thorough study of the four groups revealed a more subtle ef-
fect of HLA-B*57. The high frequencies of HIV-specific CD8� T
cells observed in HLA-B*57� patients were observed only in the
subgroup of SVS, while frequencies were comparable and moder-
ate in the group of HLA-B*57� WVS and in the two HLA-B*57�

subgroups whether they were classified as SVS or WVS. The cor-
relation between the frequencies of HIV-specific CD8� T cells and
the capacity to suppress viral replication was detected only in the
HLA-B*57� group and not in the other one. Therefore, the posi-
tive effect of HLA-B*57 on the quantitative HIV-specific CD8� T
cell response is not unequivocal. By contrast, the favorable quali-
tative features observed in the whole group of HLA-B*57� pa-
tients (high functional avidity, IFN-� and IL-2 production, ability
to proliferate, levels of CD127 and CD57 expression) were found
in the two subgroups, whether they were SVS or WVS. The lack of
suppression in the HLA-B*57� WVS group despite a substantial
level of functional avidity may appear to contrast with the results
of Almeida et al. (26), who observed, in the HLA-B*27 context, a
correlation between functional avidity and viral suppression.
However, the study of Almeida et al. was performed with T cell
clones which allowed normalization of the number of potential
effector CD8� T cells in cocultures. In addition, our suppression
assay was performed with bulk cocultures of CD4:CD8 and thus
we could not correlate the functional avidity of specific CD8� T
cells to the suppressive activity of a bulk culture often including
several specificities. All these characteristics observed in HLA-
B*57� subjects differed from what was observed in the two sub-
groups of HLA-B*57� patients in whom these properties were less
favorable, in WVS as well as in SVW.

The higher and comparable functional avidity observed in
both HLA-B*57� SVS and WVS was associated with similar qual-
itative features but not with comparable frequencies of HIV-spe-
cific CD8� T cells. The low frequencies observed in the HLA-
B*57� WVS group were likely in line with the very low levels of
viral stimulation. Indeed low levels of HIV-RNA plasma viral
loads and higher frequencies of patients with undetectable plasma
viral RNA or cellular-associated viral DNA in ultrasensitive mea-
surements were observed in the HLA-B*57� WVS group. In ad-
dition, the high frequencies of patients whose plasma viral loads
had always been undetectable in the WVS group argue for a long
history of tight viral control. Conversely, the higher frequencies of
HIV-specific CD8� T cells in the HLA-B*57� SVS group are likely
to be explained by the presence of low doses of antigens and viral
blips which, together with the high functional avidity, allow these
cells to expand. This is not the case for the low-sensitivity HIV-
specific CD8� T cells not restricted by HLA-B*57. This implies
that the high avidity of HLA-B*57-restricted CD8� T cells could
not induce by itself a strong response in HIC if the control of virus
is too tight and prevents any antigen stimulation.
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All these points also raise the question of the mechanisms in-
volved in viral control, and our data may question the relationship
between the HIV-specific CD8� T cell response and viral control.
All patients described here are HIC in vivo and had been so for
many years and most have remained controllers during the fol-
low-up of the cohort. However, the HLA-B*57� patients, who
account for about 50% of them, do not have a high specific CD8�

T cell response. In addition, half of the HLA-B*57� patients do
not have a marked CD8� T cell response, particularly those who
perfectly and durably control the virus. Therefore, alternative hy-
potheses on the origin of control may be discussed, and other
mechanisms may be linked to the virus (35, 50, 51) or to cellular
characteristics or to alternative immune parameters that have
been reported as possible clues to the control of viral replication
(52, 53; reviewed in reference 54). These alternative mechanisms
do not exclude, however, a possible role of the HIV-specific CD8�

T cell response at an earlier time point, possibly during HIV pri-
mary infection (55), in controlling viral replication. A tight con-
trol would lead, by lack of antigen stimulation, to a decrease in the
frequencies of HIV-specific CD8� effector T cells, as observed in
highly active antiretroviral therapy (HAART)-treated patients
(56). However, even at low frequencies, HIV-specific CD8� T cells
may participate in the persistence of control as memory cells able
to rapidly expand (49) and differentiate into effector cells in the
case of viral reactivation.

In summary, a high functional avidity such as that observed in
HLA-B*57� patients and also in the HLA-B*27� context (25, 26)
provides efficient qualitative features to HIV-specific CD8� T
cells which may represent a key factor in controlling viral replica-
tion. This high avidity would allow viral reactivations to enhance
the CD8� T cell response, which may maintain the control for
long periods. Further studies must be performed to better under-
stand the implication of the CD8� T cell response in the control of
HIV replication, particularly in the context of nonprotective HLA
alleles.
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