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CD8 T-cell responses are thought to be crucial for control of viremia in human immunodeficiency virus
(HIV) infection but ultimately fail to control viremia in most infected persons. Studies in acute infection have
demonstrated strong CD8-mediated selection pressure and evolution of mutations conferring escape from
recognition, but the ability of CD8 T-cell responses that persist in late-stage infection to recognize viruses
present in vivo has not been determined. Therefore, we studied 24 subjects with advanced HIV disease (median
viral load � 142,000 copies/ml; median CD4 count � 71/�l) and determined HIV-1-specific CD8 T-cell
responses to all expressed viral proteins using overlapping peptides by gamma interferon Elispot assay.
Chronic-stage virus was sequenced to evaluate autologous sequences within Gag epitopes, and functional
avidity of detected responses was determined. In these subjects, the median number of epitopic regions targeted
was 13 (range, 2 to 39) and the median cumulative magnitude of CD8 T-cell responses was 5,760 spot-forming
cells/106 peripheral blood mononuclear cells (range, 185 to 24,700). On average six (range, one to 8) proteins
were targeted. For 89% of evaluated CD8 T-cell responses, the autologous viral sequence was predicted to be
well recognized by these responses and the majority of analyzed optimal epitopes were recognized with medium
to high functional avidity by the contemporary CD8 T cells. Withdrawal of antigen by highly active antiret-
roviral therapy led to a significant decline both in breadth (P � 0.032) and magnitude (P � 0.0098) of these
CD8 T-cell responses, providing further evidence that these responses had been driven by recognition of
autologous virus. These results indicate that strong, broadly directed, and high-avidity gamma-interferon-
positive CD8 T-cells directed at autologous virus persist in late disease stages, and the absence of mutations
within viral epitopes indicates a lack of strong selection pressure mediated by these responses. These data
imply functional impairment of CD8 T-cell responses in late-stage infection that may not be reflected by
gamma interferon-based screening techniques.

In 1987, the existence of circulating human immunodefi-
ciency virus (HIV)-specific cytotoxic CD8 T cells was reported
in persons with chronic HIV infection (42, 52). Since then
methods to screen for virus-specific CD8 T-cell responses have
improved substantially. Comprehensive screening techniques
with gamma interferon-based Elispot or intracellular cytokine
staining assays and overlapping peptides have allowed assess-
ment of T-cell responses towards the entire expressed genome
of HIV type 1 (HIV-1) (1, 10). When these techniques are
used, the breadth and magnitude of CD8 T-cell responses can
be evaluated at the single epitope level (1, 24). These studies
demonstrate that HIV is highly immunogenic and that all ex-
pressed proteins are targets of CD8 T-cell responses.

There is a correlation between disease progression in HIV
infection and the level of set-point viral load that subjects
reach in untreated acute HIV infection after the initial high
viremia (34). The finding that HIV-specific CD8 T-cell re-
sponses appear coincident with the drop in viremia suggests a

role for these cells in immune containment (12, 20, 33). Fur-
ther evidence is provided by the simian AIDS model, in which
animals fail to contain initial viremia if their CD8 T cells are
depleted at the time of infection (30, 44), whereas depletion of
B cells does not affect initial control (45). Moreover, there is
growing evidence of viral escape within CD8 T-cell epitopes
during the acute phase of simian immunodeficiency virus or
HIV infection indicative of strong immune selection pressure
(3, 13, 38, 43.) Therefore, there is strong evidence for the
antiviral activity of CD8 T-cell responses during acute HIV
infection.

The situation in the chronic phase of infection is less clear.
CD8 T-cell depletion studies indeed showed an increase in
viral load in the majority of SIV-infected animals (30). In
contrast, there is no clear connection between the gradual rise
in viremia during chronic infection and changes in CD8 T-cell
responses. The best documented association between loss of
immune control and CD8 T-cell responses in chronic HIV
infection is escape within the HLA B27-restricted epitope
KRWIILGLNK (26, 31). On the contrary, it was shown re-
cently that there is no correlation between the viral load and
the total magnitude or the total breadth of CD8 T-cell re-
sponses (1, 10, 24). Nevertheless, a primary aim of vaccine and
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immunotherapy trials is to induce HIV-specific CD8 T-cell
responses with the intention of achieving control of viremia.

In order to determine the significance of CD8 T-cell re-
sponses in chronic HIV infection, we studied the extent of CD8
T-cell responses in subjects with high viral loads and/or low
CD4 counts—a group that is largely underrepresented in stud-
ies to date. We then sequenced the chronic-stage autologous
virus to evaluate to what extent the overlapping peptides used
matched the autologous virus. Finally, we determined the func-
tional avidity of epitope-specific responses, as it has been
shown in animal models that high-avidity T-cell responses may
preferentially be able to control viral infections (2, 22).

MATERIALS AND METHODS

Study subjects. Twenty-four chronically HIV-1 infected individuals were stud-
ied at the Massachusetts General Hospital (MGH) and the Lemuel Shattuck
Hospital, Boston, Mass. Participants had to fulfill one of the following criteria: a
viral load of �45,000 copies/ml (Roche Amplicor Assay Version 1.0) or a CD4
count that was � 350/�l or an AIDS-defining illness. The upper cutoff for viral
load testing was 500,000 copies/ml (Lemuel Shattuck Hospital) and 750,000
copies/ml (MGH). All subjects had been without antiretroviral treatment for at
least 3 months at the time of the first blood draw. Relevant clinical data for all
study subjects are summarized in Table 1. Eight individuals started highly active
antiretroviral therapy (HAART) after the first blood draw and were evaluated at
a second time point 8 to 12 weeks after starting treatment. Five HIV-1 seroneg-
ative individuals were studied as control subjects.

HLA class I typing was performed at Dynal Biotech (Oxford, United King-
dom) by using sequence-specific primer-PCR. The HLA class I genotypes of the
study population were diverse and were not selected for a certain HLA allele.
The study was approved by the Institutional Review Board of MGH and the
Lemuel Shattuck Hospital. All individuals gave informed consent for participa-
tion in the studies.

Peptides. Peptides were synthesized with an automated peptide synthesizer
(MBS 396; Advanced Chemtech, Louisville, Ky.) by using fluorenylmethoxycar-
bonyl chemistry. Four hundred and ten peptides (16 to 19 amino acids long,

10-amino-acid overlap, consensus sequence clade B 2001 [http://hiv-web.lanl
.gov]) spanning all expressed HIV proteins (Gag, Nef, Rev, Tat, Vpu, Vpr, Pol,
Env, and Vif) were synthesized. To detect single-epitope responses, we used a
matrix containing pools of peptides; since each peptide was present in two
different wells, this allowed for independent confirmation of results in a second
assay (1). In addition, peptides according to the sequence of the autologous virus
of subjects and peptides corresponding to the optimal epitope indicated were
synthesized and tested for recognition.

CD8 T-cell avidity was investigated by using peptide titrations in an Elispot
assay and was defined as peptide concentration that resulted in 50% maximum
gamma interferon production (38). Experiments were done in duplicate, and
values are the mean of both experiments.

Elispot assay. HIV-1 specific CD8 T-cell responses were quantified by Elispot
assay by using fresh or frozen peripheral blood mononuclear cells (PBMC) (0.5
to 1 � 105 per well) and single peptides (final concentration: 14 �g/ml), as
described previously (7). The incubation period was 14 to 16 h. Gamma inter-
feron-producing cells were counted by direct visualization and are expressed as
spot-forming cells (SFC) per 106 PBMC. Negative controls were always � 30
SFC per 106 input cells. The positive controls consisted of incubation of PBMC
with phytohemagglutinin. Wells were counted as positive if they were at least 50
SFC/106 PBMC and exhibited at least three times the background level. We
chose an upper cutoff of 200 spots per well, i.e., 2000 SFC/106 PBMC, when
adding 105 PBMC per well and 4000 SFC/106 PBMC when adding 0.5 � 105

PBMC per well. CD8 dependence for the majority of responses in Elispot assays
was confirmed by intracellular cytokine staining and flow cytometry (23).

The subjects studied here have lower CD4 counts, which might lead to a higher
percentage of CD8 T cells within PBMC than for controllers with normal CD4
counts. The percentage of CD8 T cells within the PBMC in fluorescence-acti-
vated cell sorter analysis in the study cohort was between 32 and 59% (normal
range, 9 to 48% [MGH]), and adjusting the value to absolute CD8 counts did not
change the results significantly (data not shown). Therefore, we expressed the
magnitude as SFC/106 PBMC, as this is the widely used standard.

Sequencing of autologous virus with viral RNA or proviral DNA. Viral RNA
was extracted from the patients’ plasma with the QIAamp RNA Viral Mini Kit
(Qiagen, Valencia, Calif.), or viral DNA was extracted from PBMC by using the
Puregene DNA Isolation Kit (Gentra, Minneapolis, Minn.) according to the
manufacturer’s protocol. Viral RNA was transcribed into cDNA by using the
SuperScript First-Strand Synthesis System for reverse transcriptase PCR (In-

TABLE 1. Clinical characteristics of study subjects

Patient code
HLA class I type Viral load

(copies/ml)
CD4 count
(cells/�l) Opportunistic diseasea

HLA A HLA B HLA Cw

PR 1 2, 3 35, 44 4, 7 12,900 12 MAC infection, AIDS dementia
PR 2 23, 68 7, 57 7 24,400 55 HIV wasting
PR 3 1, 3 8, 58 7 25,362 329 A
PR 4 24, 30 13, 40 6, 7 30,000 290 A
PR 5 3, 25 42, 57 3 48,700 408 A
PR 6 24, 68 7, 13 7, 8 50,600 488 A
PR 7 29, 31 35, 40 2, 4 61,000 29 A
PR 8 2, 11 35, 40 3, 4 96,100 436 A
PR 9 2, 30 49, 51 7, 16 98,500 423 A
PR 10 33, 68 15, 53 3, 4 98,800 28 PCP
PR 11 1, 2 15, 53 2, 6 118,000 27 KS
PR 12 1, 2 15, 44 3, 5 124,000 82 PCP
PR 13 1 8, 57 6, 7 160,000 60 A
PR 14 1, 3 7 7 171,000 277 KS
PR 15 2, 26 38, 44 5, 12 200,000 150 A
PR 16 1, 2 18, 27 2, 12 249,000 115 KS
PR 17 2, 68 7, 44 7 269,000 220 A
PR 18 2, 26 8, 44 5, 7 292,000 129 PML
PR 19 2, 26 44, 45 5, 6 376,000 3 MAC infection
PR 20 30, 36 35, 58 6, 7 �500,000 0 A
PR 21 29, 68 40, 52 2, 15 �500,000 11 PCP
PR 22 2, 24 18, 35 4, 7 �500,000 17 Cryptococcal meningitis
PR 23 2, 66 15, 41 14, 17 �750,000 33 Oral candidiasis
PR 24 1, 3 7, 57 6, 7 �750,000 24 PCP

a MAC, Mycobacterium avium complex; PCP, Pneumocystis carinii pneumonia; KS, Kaposi’s sarcoma; PML, progressive multifocal leukoencephalopathy; A, no
opportunistic diseases.
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vitrogen, Carlsbad, Calif.) and the specific primer 5�-TGG TGG GGC TGT
TGG CT-3�. DNA was amplified by using nested PCR and primers as described
earlier (5). PCR cycling conditions were as follows: 94°C for 2 min, 35 to 40 cycles
of 30 s at 94°C, 30 s at 56°C, 1.5 min at 72°C, and a final extension of 68°C for
20 min. In the nested PCR the extension time was shortened to 1 min. For five
subjects (PR1, PR3, PR7, PR8, and PR18) regions were cloned: PCR fragments
were gel purified (QIAquick Gel Extraction Kit; Qiagen) and were cloned by
using the TOPO TA Cloning Kit (Invitrogen). Plasmid DNA was isolated by
using QiaPrep Turbo Miniprep (Qiagen). PCR products or plasmid DNA were
sequenced bidirectionally by the Sequencing Core Facility, MGH. Sequencher
4.1 (Gene Codes Corporation) was used to edit and align sequences. Clone data
confirmed population sequence data.

Statistical analysis. Statistical analysis was performed by using Graph Pad
Prism 3.0. In order to avoid overestimation of the total breadth of the HIV-1-
specific CD8 response, responses to two adjacent overlapping peptides were
counted as responses to one epitopic region (1), since some T-cell epitopes can
be located in the overlapping region of two adjacent peptides, resulting in
responses to both overlapping peptides. Similarly, in the analysis of the total
magnitude of HIV-1 specific CD8 T-cell response, we also considered only the
higher response of two adjacent overlapping peptides for final calculations.
While avoiding overestimation of responses, this approach can potentially un-
derestimate the total breadth and magnitude of responses (27).

In order to take the length of each protein into consideration to calculate the
immunogenicity of each protein, we calculated the relative size of each protein
as amino acids of the protein divided by the amino acids of all expressed HIV
proteins together. We then used a score dividing the relative contribution of each
protein to the total breadth of responses by the relative size of the protein. The
results are grouped as a score of �1, a score that is � 1, or a score of �1.

RESULTS

HIV-specific, gamma interferon-positive CD8 T-cell re-
sponses are strong and broadly directed in subjects with pro-
gressing HIV infection. Twenty-four HIV-infected individuals
who did not control viremia (Table 1) were evaluated for
breadth and specificity of CD8 T-cell responses by using an
gamma interferon Elispot assay and peptides spanning all ex-
pressed viral proteins. The median viral load was 142,000 cop-
ies/ml (range, 12,900 to �750,000 copies/ml); the median CD4
count was 71/�l (range, 0 to 488/�l). No subject had received
HAART for at least 3 months prior to the first blood draw.
Results of cumulative responses for each individual are shown
in Fig. 1A, stratified by CD4 count. HIV-specific CD8-T-cell
responses to at least two epitopic regions were detected in all
HIV-infected subjects, and no HIV-specific CD8 T-cell re-
sponses were detected in five uninfected controls (data not
shown). The weakest CD8 T-cell responses were those in sub-
ject PR 20, with a viral load of �500,000 copies/ml and a CD4
count of 0/�l. In this individual, only three CD8 T-cell re-
sponses were detected, with a total magnitude of 185 SFC/106

PBMC. However, overall there was no consistency between
viral load and breadth or strength of the CD8 T-cell response.
For example, subject PR 24 (viral load � �750,000 copies/ml;
CD4 count � 24/�l) had a higher level of responses than did
subject PR 6 (viral load � 50,600 copies/ml; CD4 count �
488/�l). The median breadth of epitopic regions for each sub-
ject was 13 (range, 2 to 39), and the median cumulative mag-
nitude was 5,760 SFC/106 PBMC (range, 185 to 24,700 SFC/
106 PBMC) (Fig. 1B). When compared to a group of 21
controllers (defined as subjects with a normal CD4 count and
viral load that was � 2,000 copies/ml in the absence of anti-
retroviral treatment for at least 2 years), there was no signifi-
cant difference in either breadth or magnitude of responses:
for the breadth of responses, it was 13 versus 16 epitopic
regions/person (P � 0.69), and for the magnitude of responses,

it was 5,760 SFC/106 PBMC versus 9,800 SFC/106 PBMC (P �
0.22).

All expressed HIV proteins are broadly targeted by the study
cohort. As there was no difference in breadth or magnitude of
CD8 T-cell responses in these subjects from that found in
cohorts who appear to contain HIV-1 replication, we were
interested in determining if their responses were more nar-
rowly focused on certain regions of the HIV genome. As shown
in Fig. 2A, all nine expressed HIV proteins are targeted by this
cohort. Twenty-two of the 24 (92%) subjects had at least one
response towards Env, Gag, and Pol. Eighty-eight percent had
a response towards Nef. Vpu was the least targeted protein,
which is consistent with reports in cohorts examined at earlier
stages of diseases (4). Figure 2B shows the percentage of sub-
jects recognizing each individual peptide. Overall the re-
sponses are broadly distributed within each protein. Clusters of
responses were present within Gag and Nef, again similar to
findings in cohorts examined at earlier stages of disease (1).
Figure 2C shows the relative contribution of individual pro-
teins to the total breadth of HIV-specific CD8 T-cell responses
of all subjects evaluated together. Gag was the most immuno-
genic (28%), followed by Pol (21%), Env (20%), and Nef
(16%). In order to take the length of each protein into con-
sideration, we used a score dividing the relative contribution of
each protein to the total breadth of responses by the relative
size of the protein for all expressed HIV proteins. Here Gag
and Nef were the most immunogenic (score � 1), followed by
Vpr and Vif (score � 1) and Rev, Tat, Pol, Env, and Vpu
(score � 1).

Peptide sequences match the autologous virus for most of
the evaluated CD8 T-cell responses. Viral escape by mutation
of critical amino acids within epitopes is the best studied mech-
anism of immune evasion from CD8 T-cell responses (3, 26, 31,
38). Therefore, we next addressed whether there was a fre-
quent mismatch between the overlapping peptides used to
screen for CD8 T-cell responses and the autologous viral se-
quence, as nonrecognition of the autologous virus could be an
explanation for the discrepancy between CD8 T-cell responses
and high viral loads.

Gag was sequenced, since it was the most frequently tar-
geted protein and the medium strong and strong responses
(�200 SFC/106 PBMC) were evaluated. In Table 2, the se-
quences of autologous virus are presented for 13 subjects ac-
cording to the individual CD8 T-cell responses detected. The
top row shows the sequence of the peptide that was used for
screening (which is the consensus sequence of 2001 for clade B
[http://hiv-web.lanl.gov]), and the bottom row shows the se-
quence of the autologous virus of the indicated subject. Con-
firmed optimal epitopes are shown in gray shading. For 28 out
of the 46 (61%) responses, the sequence of the peptide
matched exactly the sequence of the autologous virus.

For 18 of 46 responses tested, the consensus sequence and
the autologous sequence did not match. We next synthesized
peptides according to the autologous sequence and compared
recognition of both peptides in peptide titration assays (Table
2 and Fig. 3). For two patients (PR 10 and PR 13), the amino
acid changes were outside the optimal epitope that the subjects
recognized (A2 SLYNTVATL in both cases), and previous
studies suggest that these changes did not alter antigen pro-
cessing (15). In the cases in which the optimal epitope con-
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tained an amino acid change compared to the consensus se-
quence, recognition of the autologous optimal epitope was
tested. For 13 of these 18, the response towards the autologous
peptide was equal to or stronger than towards the consensus
sequence, indicating that the autologous virus should be tar-
geted by the established response and the autologous peptide
was a better match. For 5 out of the 18 responses, the response
towards the autologous peptides was weaker than towards the
consensus peptide, suggesting that the amino acid change
might represent escape variants.

Taken together, these data indicate that, for 41 out of 46
(89%) responses within Gag, the virus in vivo should be well
recognized by the persistent CD8 T-cell response.

Functional avidity of detected responses. It has been re-
ported that high-functional-avidity CD8 T-cell responses can
preferentially recognize virally infected cells and therefore may
represent particularly potent CTL responses (2, 22). We inves-
tigated next if the responses that persisted in the setting of high
viral load were of a low functional avidity and therefore not
likely to control viremia to a low level. This evaluation was
done for 13 CD8 T-cell responses from a total of nine subjects
for whom the optimal epitope was defined (Table 2 and Fig. 4).
For six of those responses, we found a high functional avidity
(1 to 10 nM). Five displayed an intermediate avidity (10 to 100

nM), and two displayed a low avidity (�100 nM) (Table 3). Of
the 11 high- or intermediate-avidity responses, 8 were immu-
nodominant responses of the corresponding subject. Interest-
ingly, the functional avidity for the B57-restricted epitope
KAFSPEVIPMF was high in subject PR 13 and intermediate
in subject PR 24 (Fig. 4 and Table 3).

These results indicate that lack of sufficient immune control
in progressive HIV infection occurs despite the presence of
CD8 T-cell responses of high functional avidity.

CD8 T-cell responses decline when antigen is withdrawn.
Eight of the study subjects were further evaluated following
initiation of HAART. Figure 5A shows the results prior to
treatment (time point 1) and 8 to 12 weeks after the initiation
of HAART (time point 2). In seven out of eight subjects, the
breadth of CD8 T-cell responses declined, while the total mag-
nitude of responses decreased for all eight subjects studied.
Differences were statistically significant (P � 0.032 for the
breadth and P � 0.0098 for the magnitude). Four of these eight
subjects remained on HAART with a suppressed viral load and
were studied at additional time points after the initiation of
HAART (Fig. 5B [time points 3 and 4]). This shows that there
is a continuous decrease in magnitude and also in breadth of
CD8 T-cell responses.

These results suggest that the CD8 T-cell responses are

FIG. 2. (A) Percentage of individuals who recognize at least one peptide of each HIV protein. (B) Peptide recognition across the entire
expressed HIV genome. Shown is the percentage of subjects who recognize each individual of the 410 overlapping peptides (listed on the x axes).
(C) Relative contribution of each protein to the total breadth of the HIV-specific CD8 T-cell responses of all subjects together.
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TABLE 2. Comparison of peptide sequence (top lines) and autologous sequence (bottom lines) corresponding to
the CD8 T-cell responses detected in study subjectsa

Patient
code

Position in
HXB2 Matching sequences SFC/106

PBMC
Position in

HXB2
Nonmatching

sequences
SFC/106

PBMC

PR 1 pr55 304–321 600

PR 3 pr55 196–212 1,470 pr55 1–18 560

pr55 304–321 2,000 pr55 17–34 520

pr55 257–274 1,710

PR4 pr55 37–51 330 pr55 17–34 900

pr55 209–224 1,360 pr55 49–64 720

pr55 223–237 200 pr55 70–86 690

PR 5 pr55 288–305 750 pr55 228–243 1,460

pr55 265–282 410
PR 7 pr55 32–46 460 pr55 209–224 480

pr55 70–86 1,570 Nef 155–171 1,530

pr55 134–150 1,540

pr55 201–218 620

pr55 325–341 580

pr55 332–349 990

Nef 88–105 1,320

Nef 112–127 1,400

PR 8 pr55 25–41 540 pr55 70–86 830

pr55 178–194 310 pr55 215–232 290

pr55 304–321 300 pr55 349–366 640

pr55 317–334 570

pr55 332–349 390

PR 11 pr55 304–321 1,170 pr55 70–86 390

PR 12 pr55 265–282 2,000

pr55 288–305 500

PR 13 pr55 155–172 1,210

pr55 257–274 270

PR 16 pr55 70–86 1,660

pr55 257–274 2,000

PR 18 pr55 257–274 2,000 pr55 304–321 2,000

PR 19 pr55 70–86 440

PR 24 pr55 155–172 2,000 pr55 17–34 640

a Shaded in gray are confirmed, recognized optimal epitopes. Positions of the peptides within Gag or Nef are given according to the HXB2 numbering system of the
Los Alamos database.
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being driven by persistent exposure to antigen and provide
further evidence that they recognize the viral sequence in vivo.

DISCUSSION

CD8 T-cell responses are thought to be crucial for control of
viremia in HIV-1 infection (9, 12, 14, 30, 44). In the presence
of a functional CD8 T-cell response, antigenic variation is an

important mechanism of immune evasion caused by immune
selection pressure (41). Based on the knowledge about viral
escape derived largely from acute and early-stage infection
with AIDS viruses, the CD8 T-cell response usually declines
after escape occurs, since the antigen is essentially withdrawn
(3, 13, 26, 31). We demonstrate here that strong and broadly
directed, gamma interferon-positive CD8 T-cell responses ex-
ist in the presence of high viral loads and progressive disease
course. Based on the sequence data presented, the predomi-
nant viral population in vivo in subjects who are failing to
contain HIV-1 replication is predicted to be well recognized
for 89% of evaluated CD8 T-cell responses. The fact that these
CD8 T-cell responses are present at high frequencies and de-
cline when antigen exposure is diminished by HAART sup-
ports the conclusion that they recognize the autologous virus.
Therefore, these data strongly suggest a lack of strong immune
selection pressure mediated by the majority of CD8 T-cell
responses detected by gamma interferon secretion in the
chronic progressive phase of HIV infection.

The lack of detectable immune selection pressure presented
here is different from antiretroviral treatment, where drug
selection pressure consistently results in viral resistance muta-
tions in the presence of detectable viral loads. Reasons for this
difference could be the availability of similar drug concentra-
tions in all compartments, whereas there might be blind niches
where CD8 T cells do not reach the virus. The efficacy of CD8

FIG. 5. (A) Breadth and total magnitude of CD8 T-cell responses for eight subjects at two time points: time point 1 is without HAART; time
point 2 is 8 to 12 weeks after initiation of HAART. Statistical analysis was done with the paired t test. (B) Longitudinal follow-up of breadth and
magnitude of responses after the initiation of HAART. Time point 3 is 3 to 6 months after starting HAART, and time point 4 is at 1 year on
therapy.

TABLE 3. Functional avidity for CD8 T-cell epitopes tested

Functional avidity
(1/2max response [nM])

(range)
CD8 T-cell epitope

HLA
restric-

tion
na

High: (1–10 nM)
3.5 (1.1–5.0) SL9 (SLYNTVATL) A2 3
2.4 (1.1–4.0) QW9 (QASQEVKNW) B53,B58 2
6.5 (6.0–7.0) KF11 (KAFSPEVIPMF) B57 1

Intermediate: (10–100 nM)
32.5 (25.0–40.0) KF11 (KAFSPEVIPMF) B57 1
42 (27–67) EI8 (EIYKRWII) B8 2
13 DI8 (DIYKRWII) B8 1
18.5 (18.0–19.0) GY9 (GLNKIVRMY) B15 1

Low: (�100 nM)
430 RL11 (RDYVDRFYKTL) B44 1
1,530 (440–2,600) AW11 (AEQASQEVKNW) B44 1

a n, number of subjects recognizing each epitope.
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T-cell responses also depend on the type of infected cell and
the way that antigen is presented. Down-regulation of major
histocompatibility complex class I by Nef is one example of
impaired antigen presentation and protection against cytotox-
ic-T-lymphocyte (CTL) killing (19, 46). In addition, CD8 T-cell
responses are thought to be dependent on help by CD4 T cells
(54), which are depleted in the cohort presented here. It is also
possible that presentation of some of these epitopes may be
affected by mutations in flanking regions. However, detailed
analysis of at least one Gag A2 epitope failed to reveal this as
a mechanism (15).

These data provide additional support for the hypothesis
that lack of sufficient immune pressure is due to in vivo defects
in CD8 T-cell function. This has been widely discussed re-
cently, and previous studies have examined different features
of CD8 T-cell function. Among them are low percentages of
CD45RA�/CCR7� HIV-specific CD8 T cells (18) or high
CD27 expression (8, 49) in contrast to controlled chronic in-
fections like those with Epstein-Barr virus or cytomegalovirus.
Others have described a limited proliferative capacity and low
perforin expression of HIV-specific CD8 T cells in progressive
HIV infection (37, 56). In addition, high-avidity CD8 T cells
were shown to provide better protection against viral diseases
in mouse models (2, 22). In simian immunodeficiency virus
infection, it was shown that responses of high functional avidity
induced escape within the first 4 weeks of infection (38). The
study presented here extends the knowledge about CD8 T-cell
avidity in that high-avidity CD8 T cells can be found despite
uncontrolled viremia. Interestingly, the same epitope can dis-
play different levels of avidity in different subjects, a finding
consistent with a recent report in primary HIV infection (17).
Gag is one of the more conserved proteins of HIV-1. It has
been theorized that lack of sequence variation might be due to
major consequences for viral replicative capacity (51). If this—
and not an impairment of CD8 T-cell function—was the rea-
son for lack of escape in the present study, the subjects studied
would be expected to have lower viral loads.

These data extend earlier studies of CD8 T-cell function by
examining autologous viral sequences in relation to detectable
responses in the chronic phase of HIV infection. There are
limited prior reports examining escape from CTL responses in
progressors, examining either a single case or one specific CTL
epitope (28, 35). Similar conclusions were recently reported in
a cohort of chronically infected B57� subjects (36), limited to
analysis of epitopes presented by HLA B57. As in this earlier
study, our study is limited to one sequencing time point since
most persons were started on HAART.

Based on the knowledge of escape in acute and early HIV
infection (3, 13, 38, 43), it is quite possible that all the subjects
studied here may have had viral escape towards CD8 T-cell
responses that may have been generated during earlier stages
of infection. This most likely includes epitopes within Gag and
other HIV proteins. One reason for the relative lack of puta-
tive escape mutations in late infection might be that CTL
specificities in chronic infection differ from those in acute in-
fection. It has been shown for the A2-restricted epitope SLYN-
TVATL and the B57-restricted KAFSPEVIPMF—both found
in the present cohort—that they arise later in the disease
course (7a, 25), and a change of immunodominance has been
described in chronic compared to acute viral infection in the

lymphocytic choriomeningitis virus model (53). One could
speculate that the responses detected in the present study
evolved late in the disease course, maybe even at a time point
when CD4 T cells had declined, and that they are therefore of
a quality different from that of CD8 T cells in the early stages
of HIV infection. On the other hand, late escape from a B27-
restricted epitope was associated with disease progression (26,
31), which suggests that functional CD8 T-cell responses and
strong immune selection pressure can exist in the chronic
phase of infection. It was also shown that CTL clones can
induce viral escape very rapidly under optimal in vitro condi-
tions (55). But the CTL clones in that study were generated
over weeks under optimal circumstances, including the pres-
ence of exogenous interleukin 2, which might restore func-
tional defects (47).

Earlier reports have found a correlation between disease
progression and CTL responses towards certain HIV proteins
(32, 39, 48), but more recent studies using comprehensive
screening techniques fail to confirm this (1, 11, 37). Although
the subjects in the present study are more advanced in their
disease course than cohorts studied before, data presented
here are in accordance with the latter observation, as differ-
ences to controllers were not statistically significant.

There are limitations to the comprehensive screening tech-
nique used here. Screening with 18-amino-acid-long peptides
might underestimate the real magnitude of a response substan-
tially compared to using the optimal epitope (6). In addition,
using the autologous sequence to screen for CTL responses
leads to the detection of a broader response than any other
sequence, even than the consensus sequence (4a). Therefore,
additional CD8 T-cell responses might have been missed in
this study.

Taken together, this study shows that, in the presence of
viral antigen, strong and broadly directed gamma interferon-
positive CD8 T-cell responses are detectable in chronic pro-
gressive HIV infection. The majority of these responses are
likely to recognize the virus as indicated by the sequence data
but most probably do not exert strong immune selection pres-
sure on the virus. Low functional avidity does not explain the
ineffectiveness of the CD8 T-cell responses, and they rapidly
decline once the antigen is withdrawn. This has implications
for the general classification of HIV-specific CD8 T-cell re-
sponses in the pathogenesis of HIV infection, because it might
imply that there are different qualities of HIV-specific CD8
T-cell responses. The distinction between CD8 T cells of dif-
ferent quality is not possible by measuring gamma interferon
production; therefore, new assays are needed to distinguish
between them. If this is true, then it is significant for vaccine
and immunotherapy trials. These trials aim at inducing func-
tional CD8 T-cell responses and mainly utilize gamma inter-
feron Elispot or intracellular cytokine assays to screen for
responses (16, 21, 29, 40, 50). The data presented here suggest
rethinking this approach.
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