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Although the HLA B*5701 class I allele is highly overrepresented among human immunodeficiency virus
(HIV)-infected long-term nonprogressors (LTNPs), it is also present at the expected frequency (11%) in
patients with progressive HIV infection. Whether B57� progressors lack restriction of viral replication because
of escape from recognition of highly immunodominant B57-restricted gag epitopes by CD8� T cells remains
unknown. In this report, we investigate the association between restriction of virus replication and recognition
of autologous virus sequences in 27 B*57� patients (10 LTNPs and 17 progressors). Amplification and direct
sequencing of single molecules of viral cDNA or proviral DNA revealed low frequencies of genetic variations
in these regions of gag. Furthermore, CD8� T-cell recognition of autologous viral variants was preserved in
most cases. In two patients, responses to autologous viral variants were not demonstrable at one epitope. By
using a novel technique to isolate primary CD4� T cells expressing autologous viral gene products, it was found
that 1 to 13% of CD8� T cells were able to respond to these cells by gamma interferon production. In
conclusion, escape-conferring mutations occur infrequently within immunodominant B57-restricted gag
epitopes and are not the primary mechanism of virus evasion from immune control in B*5701� HIV-infected
patients. Qualitative features of the virus-specific CD8� T-cell response not measured by current assays
remain the most likely determinants of the differential abilities of HLA B*5701� LTNPs and progressors to
restrict virus replication.

Direct evidence from the rhesus macaque model of simian
immunodeficiency virus (SIV) infection and correlative data
from human studies have convincingly shown that CD8� T
cells play a major role in restricting lentivirus replication and
determining the rate of disease progression (28, 30, 33, 36, 49).
However, the reasons why cellular immune responses ulti-
mately fail to contain virus replication in the majority of human
immunodeficiency virus (HIV)-infected patients remain un-
clear. The accumulation of sequence mutations within or near
epitopes targeted by HIV- or SIV-specific CD8� T cells during
the acute (1, 7, 29, 47) and chronic phases of infection (4, 10,
15, 25, 29, 45) has been demonstrated and is consistent with
selection pressure exerted by dominant HLA-restricted im-
mune responses. When associated with loss of recognition by
cytotoxic T lymphocytes (CTLs), as measured in standard in
vitro assays, stable sequence variations are thought to repre-
sent a major mechanism of virus escape from immune control
(4, 7, 8, 10, 15, 23, 25, 29, 45, 47).

To better understand the components of an effective HIV-
specific immune response, we have focused our investigation

on a unique group of HIV-infected long-term nonprogressors
(LTNPs), who maintain normal CD4� T-cell counts and �50
copies of HIV RNA/ml of plasma despite almost 20 years of
infection. The HLA B*5701 class I allele has been found to be
dramatically overrepresented in this cohort (15 of 17 thus far
identified). However, the B*5701 allele is also present in 11%
of patients with progressive disease, similar to the frequency in
the Caucasian U.S. population (41). The virus-specific CD8�

T-cell response of LTNPs is typically highly focused on four
conserved B*5701-restricted epitopes within the product of the
HIV gag gene, suggesting that these epitopes and the B5701
molecule are critically involved in the restriction of viral rep-
lication in these patients. In contrast, the response in progres-
sors is broader and includes responses restricted by other class
I alleles carried by an individual patient. These observations
have suggested that the difference between the HIV-specific
CD8� T-cell responses in B*5701� LTNPs and progressors is
either qualitative or due to partial or complete virus escape
from immune recognition at these epitopes (20).

In this study, we investigated the prevalence and recognition
of autologous viral sequence variants in patients with highly
divergent abilities to restrict virus replication but with a com-
mon HLA B*5701 allele. To determine their role in escape
from immune system-mediated control over virus replication,
sequence changes in immunodominant HLA B57-restricted
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gag epitopes and the responses to these variations in 10 B*57�

LTNPs and 17 B*57� progressors were examined. In addition,
we estimated the total frequency of CD8� T cells that respond
to autologous virus by using primary CD4� T-cell targets ex-
pressing high levels of autologous viral gene products. These
results confirm that high frequencies of HIV-specific CD8� T
cells persist in most patients. They also suggest that mutations
within highly immunodominant B5701-restricted gag epitopes
do not result in a loss of recognition by CD8� T cells and do
not account for the vast differences in the ability to restrict
virus replication between LTNPs and patients with progressive
infection.

MATERIALS AND METHODS

Patients. HIV infection in study participants was documented by HIV type 1
(HIV-1) and -2 enzyme immunoassay. All subjects signed informed-consent
forms approved by the National Institute of Allergy and Infectious Diseases
investigational review board. HLA class I and II typing was performed by hy-
bridization with sequence-specific oligonucleotide probes following amplification
of the corresponding genes by PCR as described elsewhere (41). CCR5 deletion
mutations were detected as described previously (9). Patients 5 to 9, 12 to 14, 25,
30, 34, 35, and 101 to 107 have been described in separate reports (19, 37, 39–41).

Plasma HIV-1 virion RNA isolation and cell-associated proviral DNA extrac-
tion. Plasma was concentrated by centrifugation at 150,000 � g for 1 h, and virion
RNA was extracted from the subsequent pellet by use of the QIAamp viral RNA
minikit (Qiagen, Inc., Valencia, Calif.). The isolated RNA was resuspended in
RNase-free water, and then reverse transcription was done with Superscript-II
reverse transcriptase (Invitrogen, Carlsbad, Calif.). Primer 5�-CTAATAGAGC
TTCCTTTAGTTGCC-3� (antisense; nucleotides 2302 to 2325 of HIV-1 HXB2)
was used for cDNA synthesis of the gag gene. Proviral DNA was isolated from
106 cells by use of the PUREGENE DNA isolation kit (Gentra Systems, Min-
neapolis, Minn.).

Gag PCR and sequencing. Single molecules of viral cDNA, obtained through
limiting dilution, were amplified and sequenced directly, as described elsewhere
(27). PCRs were performed with the Expand High Fidelity PCR system (Roche
Molecular Biochemicals, Mannheim, Germany). Amplification of 1.4 kbp of the
fragment encompassing the p17, p24, p2, p7, and p6 regions of the HIV-1 gag
gene was done in a 50-�l reaction mixture containing 1� Expand high-fidelity
buffer 3, 0.2 mM deoxynucleoside triphosphates, 2.4 mM MgCl2, 20 pmol of
primers, and 1.75 U of Expand High Fidelity PCR system enzyme mixture. The
forward primer was 5�-GCGAGAGCGTCAGTATTAAGC-3� (sense; nucleo-
tides 796 to 816), and the reverse primer was 5�-CTAATAGAGCTTCCTTTA
GTTGCC-3� (antisense; nucleotides 2302 to 2325) in a first-round reaction. Two
microliters of the PCR product from the first reaction was used in a second-
round reaction with the following primer pair: 5�-GGGAAAAAATTCGGTTA
AGGCC-3� (sense; nucleotides 836 to 857; forward primer) and 5�-CGAGGG
GTCGTTGCCAAAGA-3� (antisense; nucleotides 2264 to 2283; reverse
primer). Each round of PCR consisted of 25 cycles, with the initial denaturation
at 94°C for 2 min, followed by 25 cycles of denaturation at 94°C for 15 s,
annealing at 50°C for 30 s, and extension at 72°C for 1 min 30 s, with the final
extension at 72°C for 7 min. The PCR products were purified by the QIAquick
PCR purification kit (Qiagen Inc.). The DNA was sequenced with the dRho-
damine terminator cycle sequencing ready reaction kit with AmpliTaq DNA
polymerase FS (PE Applied Biosystems, Foster City, Calif.) and analyzed with a
model 377 automated sequencing system (Applied Biosystems). The nucleotide
sequences of the gag region were translated and edited with the MASE (multiply
aligned sequence editor) program.

Phylogenetic analysis and sequence alignment. Phylogenetic relationships
among the p24 regions of HIV-1 gag sequences were estimated by the neighbor-
joining method. The neighbor-joining tree was constructed by using the HKY85
model of evolution (data not shown). Three HIV-1 reference sequences (HXB2,
JRFL, and RF) were included in the analysis, and the HIV-1 U455 was used as
an outgroup. The phylogenetic tree showed that gag sequences were well con-
fined within a distinct clade with bootstrap supports of 83 to 100 and that HIV-1
reference sequences fell well outside this clade. Also, all new sequences reported
in this study were scanned against sequences that are commonly used in our
laboratory. The phylogenetic tree showed that newly reported sequences were
free from contamination with material that was recently used in the laboratory.

Thus, these sequences are free from known contaminants. Patient-specific clus-
tering was observed.

All of the sequences obtained from the patients were aligned with HIV-1
Consensus_B as a reference. A total of 35 HIV-1 clade B sequences (obtained
from the Los Alamos HIV sequence database) were also included in the align-
ment.

Autologous targets. Autologous Epstein-Barr virus (EBV)-transformed B cells
were infected for 16 h at 37°C with recombinant vaccinia viruses containing vVK1
(HIV-1HXB2 gag-pol gene), vP1287 (HIV-1IIIB gag), vP1289 (HIV-1IIIB p24),
vP1290 (HIVIIIB p17), vP1288 (HIVIIIB pol), vPE16 (HIV-1BH10 env), vTFnef
(HIV-1pNL432 nef), vP1490 (HIVIIIB rev), HIVIIIB tat, or the negative-control
virus vSC8 (Escherichia coli �-galactosidase) as previously described (19, 41).
The vP1287 (HIV-1IIIB gag), vP1289 (HIV-1IIIB p24), vP1290 (HIVIIIB p17),
vP1288 (HIVIIIB pol), and vP1490 (HIVIIIB rev) viruses were contributed to the
National Institutes of Health AIDS Research and Reference Reagent Program
by Virogenetics Corp. The vTFnef virus was contributed by MedImmune Cor-
poration, and vPE16, vVK1, HIVIIIB tat, and vSC8 viruses were contributed by
Bernard Moss (16).

In experiments using HIVSF162-infected primary CD4� T cells, autologous
CD4� T cells were positively selected from peripheral blood mononuclear cells
(PBMC) by magnetic automated cell sorting (autoMACS; Miltenyi Biotec),
stimulated with media containing anti-CD3 (OKT3; Coulter, Hialeah, Fla.),
anti-CD28 (BD-Pharmingen, San Diego, Calif.), and human interleukin-2
(Roche Diagnostics Corp., Indianapolis, Ind.), infected with 5,000 50% tissue
culture infectious doses of HIVSF162, and depleted of CD8� T cells as described
previously (17, 41). Purity (�98%) was confirmed by flow cytometry. The per-
centage of HIV-infected CD4� T cells (17 to 45%) was documented by intra-
cellular p24 staining with Kc57-fluorescein isothiocyanate (FITC; Coulter).

In experiments using autologous primary CD4� T cells expressing autologous
viral gene products, CD4� T cells were positively selected and stimulated with
blasting media as described above. On day 3, the cells were resuspended in RPMI
medium containing 20% human interleukin-2 and maintained in culture for 6
days before undergoing CD8� T-cell depletion. The CD4� T-cell lymphoblasts
were sampled daily starting on day 10 to check for intracellular p24 expression
with Kc57-FITC (Coulter). The frequency of cells expressing HIV p24 (10 to
46% Kc57� CD3� T lymphocytes) was confirmed prior to use in 6-h stimulation
assays.

CD8� T-cell stimulation and intracellular cytokine detection assay. PBMC
were obtained by sodium diatrizoate density centrifugation (Organon-Teknika,
Durham, N.C.) of apheresis donor packs and were cryopreserved in freezing
medium (Gibco BRL, Grand Island, N.Y.) at �140°C. Cryopreserved PBMC
were cultured overnight at 37°C in RPMI medium–10% fetal bovine serum prior
to use.

Intracellular cytokine detection was performed as previously described (19,
41). Briefly, PBMC were incubated with autologous EBV-transformed B cells,
either uninfected or infected with vac–�-galactosidase or recombinant vac-HIV,
at an effector-to-target cell (E:T) ratio of 10:1 or with autologous primary CD4�

T-cell targets (expressing either autologous virus or HIVSF162) at an E:T ratio of
1:1. In peptide stimulation experiments, autologous EBV-transformed B cells
were pulsed for 1 h in 50 �l of RPMI medium containing 10% fetal bovine serum
with the relevant peptide before addition of effector PBMC at an E:T ratio of
40:1 (39, 41). The HLA B5701-restricted HIV Gag p24308-316 peptides
QASQEVKNW and QASQDVKNW were purchased from Multiple Peptide
Systems (San Diego, Calif.). These E:T ratios gave optimal responses with low
background or bystander activation. At 2 h of incubation, brefeldin A (Sigma, St.
Louis, Mo.) was added to the medium at a final concentration of 10 �g/ml to
inhibit cytokine secretion. At 6 h of incubation, the cells were washed twice, fixed
in 4% paraformaldehyde (Sigma), and permeabilized and blocked overnight
prior to staining as described previously (19).

Flow cytometry. Multiparameter flow cytometry was performed according to
standard protocols (26). Surface and intracellular staining was performed with
the following antibodies: FITC-conjugated anti-CD3 and anti-CD8; phyco-
erythrin (PE)-conjugated anti-CD3 and anti-CD8, mouse immunoglobulin G1
(IgG1) isotype control and anti-CD69; PerCP-conjugated anti-CD3 and anti-
CD8; and allophycocyanin-conjugated anti-CD3, anti-CD4, anti-CD8, mouse
IgG1 isotype control, and anti-gamma interferon (IFN-	) (BD-Pharmingen). In
addition, FITC-conjugated anti-HIV Gag p24 (Kc57) and the IgG1 isotype
(Coulter) were used. By gating on CD3� CD8� lymphocytes, 15,000 to 200,000
events were collected. Color compensation settings were made with each round
of data acquisition by using patient cells labeled with a fluorochrome-conjugated
anti-CD3 antibody. Data were analyzed with FlowJo software (TreeStar, Cuper-
tino, Calif.).
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Statistical methods. Comparisons of the mean total CD8� T-cell responses for
the two patient groups were done by Student’s t test. The median total numbers
of sequence mutations within B57-restricted gag epitopes in each group were
compared by Wilcoxon’s two-sample test. The frequencies of the E312D muta-
tion in the two patient groups were compared by the one-sided Fisher’s exact
test. Adjustment of P values for multiple testing was done by the Bonferroni
method.

RESULTS

Patient characteristics. All subjects were confirmed to be
HLA B*5701� and were divided into three groups (Table 1).
Patients in the LTNP group are included in a unique cohort of
LTNPs that have been infected for a median of 16 years yet
typically maintain normal CD4� T-cell counts and �50 copies
of HIV RNA/ml of plasma. In most of these patients, plasma
virion RNA could not be isolated. In a subset of LTNPs (pa-
tients 6, 8, and 25), there was intermittent or low-level viremia,
which permitted plasma virion RNA to be isolated. Only pa-
tients 12, 25, and 34 were found to be heterozygous for the
32-bp deletion within CCR5. Detailed characteristics of most
LTNPs have been provided in recent reports (19, 39–41).
B*57� progressors were studied a median of 8 years after
diagnosis of HIV infection. In the untreated group, patients 35,
101, 102, 105, 110, 114, and 123 were antiretrovirally naive at

the time of study. Patients 14, 106, 107, 119, and 203 had not
received antiretroviral drugs in the previous 6 months. To
increase the sample size and include some progressors with
more modest levels of plasma viral RNA, five patients (103,
104, 115, 116, and 122) with progressive disease receiving an-
tiretroviral therapy were included.

gag sequencing. In previous studies, it has been shown that
the highest frequencies of HIV-specific CD8� T cells are typ-
ically directed against the gag gene product in both B*57�

LTNPs and B*57� patients with progressive infection. Further-
more, peptide mapping has demonstrated that the gag-specific
CD8� T-cell response is more narrowly focused on B57-re-
stricted epitopes in B*57� LTNPs than in progressors, even
though the frequencies of the individual peptide-specific cells
for the two patient groups are similar (19, 24, 39, 41). To
investigate the role that sequence mutations in HLA B57-
restricted gag epitopes might play in escape from immunologic
control of virus replication, plasma virion gag gene sequences
in 17 B*57� patients with progressive HIV infection and 10
B*57� LTNPs were examined. Despite multiple attempts, 7 of
10 LTNPs with �50 copies of viral RNA/ml of plasma were
reverse transcription-PCR negative. Therefore, proviral DNA
sequencing was performed for these seven patients so that a

TABLE 1. Patient characteristics

Patient no.

Allele(s) for HLA class I
Yr of

diagnosis
Sample

date

No. (cells/�l) of:
Viral load
(copies/ml) Source QW9

5th aaa
A B C CD4� T

cells
CD8� T

cells

LTNPs
5 2, 24 57 6, 7 1985 9/99 971 870 �50 Proviral DNA E
7 1, 2 57 6 1985 8/98 371 551 �50 Proviral DNA E
9 23, 26 57, 44 1, 7 1997 3/99 1,079 985 �50 Proviral DNA E
12 3, 11 57, 7 6, 7 1986 3/01 500 218 �50 Proviral DNA D
13 1, 11 57, 35 4, 6 1986 4/99 1,016 767 �50 Proviral DNA E
34 1, 2 57, 8 6, 7 1989 3/01 1,523 1,111 �50 Proviral DNA E
30 31, 74 57, 51 7, 16 1990 11/00 450 828 56 Proviral DNA E
6 11, 30 57, 52 7, 12 1986 6/99 737 998 152 Virion RNA E
8 11, 23 57, 44 4, 6 1985 5/00 490 1,033 567 Virion RNA E
25 3, 24 57, 27 2, 6 1986 4/00 541 727 1,089 Virion RNA E

Untreated
progressors

35 2, 3 57 6, 7 2000 8/00 636 618 1,149 Virion RNA E
203 30, 32 57, 18 8, 14 1989 1/97 1,360 1,170 8,255 Virion RNA D
106 3, 30 57, 18 5, 18 1986 7/00 546 1,959 24,245 Virion RNA D
119 2, 25 57, 44 4, 6 1985 3/98 512 1,638 24,640 Virion RNA E
105 2, 80 57, 8 2, 7 1992 10/96 333 866 25,040 Virion RNA D
14 36, 68 57, 45 7, 16 1998 7/98 306 838 26,260 Virion RNA E
107 3 57, 40 3, 7 1987 7/00 530 1,519 26,740 Virion RNA D
123 1, 11 57, 55 3, 6 1992 6/93 189 852 52,960 Virion RNA E
110 36, 68 57, 45 7, 16 1985 6/98 226 704 63,480 Virion RNA E
101 1, 31 57, 51 6, 15 1986 11/94 260 588 91,910 Virion RNA E/D
114 2 57, 51 6, 14 1989 5/98 317 382 156,700 Virion RNA E
102 24, 68 57, 15 6, 7 1993 11/95 624 798 183,000 Virion RNA E

Treated
progressors

116 32, 68 57 7 1993 8/96 1,433 1,538 1,200 Virion RNA E
115 2, 25 57, 44 4, 6 1995 8/96 393 437 1,245 Virion RNA D/E
103 2, 11 57, 55 3, 6 1991 6/98 463 678 2,249 Virion RNA D/E
104 2 57, 58 3, 6 1988 3/98 291 1,028 3,507 Virion RNA D
122 1, 2 57, 51 6, 14 1986 12/96 595 984 5,371 Virion RNA E

a Amino acids (aa) in boldface indicate the E312D variation. E/D, admixture of consensus sequence and the E312D variation.
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comparison of viral genotypic characteristics between the
LTNPs and progressors could be made (Table 1 and Fig. 1).

Sequencing was performed with a single transcript in every
case, and sequences were aligned with the HIV-1 clade B
consensus sequence as a reference. Thirty-five other clade B
sequences obtained from the Los Alamos HIV sequence da-
tabase were included for comparison. In Fig. 1, sequencing
results for four regions of the Gag protein that contain well-
characterized HLA B57-restricted epitopes (highlighted) are
shown for both patient groups.

Responses targeting the HLA B57-restricted epitope
KAF11 in peptide 17 (KAFSPEVIPMF; residues 162 to 172)
have been previously shown to be quantitatively immunodom-
inant in B*57� HIV-infected patients, including several indi-
viduals in the present study (22, 24, 39, 41). Interestingly, this
sequence was completely homologous to the consensus clade B
sequence in 9 of 10 LTNPs and in 15 of the 17 patients with
progressive infection despite very prolonged durations of HIV
infection (as late as 14 years after initial diagnosis) (Table 1;
Fig. 1). The highly conserved nature of this epitope, despite a
high-frequency response that likely exerts considerable im-
mune selection pressure, may reflect the inability of the virus to
tolerate changes in these positions without compromising its
own fitness.

Overall, progressors had a slightly higher cumulative num-
ber of sequence variations within all four B57-restricted gag
epitopes compared with the consensus clade B sequence than
LTNPs (medians, 3 [range, 1 to 7] versus 2 [range, 0 to 4]),
respectively; P � 0.01). However, most of these mutations
were not highly overrepresented in progressors relative to
LTNPs and/or in the clade B sequences. Furthermore, with the
exceptions of an A162G (peptide 17) mutation in patient 106
and a W320X (peptide 30) mutation in patient 12, most of the
mutations did not alter the motifs of the anchor residues re-
quired for optimal peptide binding to HLA B57: serine (S),
threonine (T), or alanine (A) at position 2 and tryptophan (W)
or phenylalanine (F) at positions 9 to 11 (3, 24). This result
suggests that the predicted peptide sequences of a majority of
these epitopes should retain the ability to bind HLA B5701.

In the QW9 epitope (QASQEVKNW; residues 308 to 316),
a glutamic acid-to-aspartic acid mutation (E312D) was com-
mon at position 5 in many progressors. Although this mutation
was present among clade B sequences, it tended to occur at a
higher frequency in progressors than in LTNPs (8 of 17 versus
1 of 10, respectively, P 
 0.06; Table 1 and Fig. 1). This
sequence was of particular interest given that the percentages
of CD8� T cells targeting this particular epitope were previ-
ously found to be more variable in five B*57� progressors than
in eight B*57� LTNPs (39, 41). Although the E312D mutation
should not affect binding to HLA B5701, sequence mutations
that spare the anchoring residues might still lead to virus eva-

sion from immune control by other mechanisms such as im-
paired recognition of the peptide-HLA complex by the T-cell
receptor (10, 13, 15). For these reasons, we examined CD8�

T-cell recognition of this variant epitope in these patients.
HIV-specific CD8� T-cell responses. The ability of CD8� T

cells to respond to either the mutated (E312D) or consensus
sequence peptides over a broad range of concentrations was
explored. The CD8� T-cell responses to these synthetic pep-
tides for five B*57� LTNPs and five progressors are shown in
Fig. 2A. Although the frequencies of CD8� T cells that up-
regulate CD69 expression and produce IFN-	 in response to
the mutated peptide were lower in almost every case, the
concentration at which the highest frequency of IFN-	� cells
was observed for both peptides was approximately 10 �M.
Consistent with our previous observations, the CD8� T-cell
responses directed against this B57-restricted epitope were
more variable in B*57� progressors than in LTNPs (Fig. 2B)
(39, 41). Both virus variants were recognized, to various de-
grees, by CD8� T cells of five progressors whose autologous
viruses contained either the consensus sequence or both the
mutated and consensus sequences (patients 35, 14, 101, 115,
and 103). Of the four patients in whom the E312D sequence
was the only sequence found in the plasma (patients 203, 106,
105, and 107), the CD8� T cells of only two patients, 106 and
105, did not recognize this variant.

In addition to sequence changes within a given epitope,
changes in amino acid sequences that surround it within the
protein, which might affect processing or presentation, may
affect CD8� T-cell recognition (10, 12, 14). For this reason, the
potential effect of the alanine-to-proline change in the flanking
sequence of autologous virus on recognition of peptide 15 was
also investigated (Fig. 1). For two patients (106 and 35) in
whom this change was found in all clones, the ability of B5701-
peptide 15-tetramer� CD8� T cells to produce IFN-	 in re-
sponse to autologous virus was measured. In both cases B5701-
peptide 15-tetramer� CD8� T cells produced IFN-	 whether
they were stimulated with CD4� T cells expressing autologous
gene products or HIVSF162 (not shown). Taken together, these
data suggest that the majority of progressor patients main-
tained recognition of the mutated and/or consensus clade B
peptide(s) that corresponded to their autologous virus se-
quences yet were still unable to restrict virus replication to low
levels.

Total response to heterologous and autologous viral se-
quences. Although responses to the conserved Gag or variant
E312D peptides in LTNPs and progressors were not consis-
tently different, it remained possible that differences may lie in
the frequency of CD8� T cells specific for other peptides or
gene products. We and others have previously shown that the
response to a single peptide is not an accurate representation
of the patient’s global HIV-specific CD8� T-cell response (5, 6,

FIG. 1. gag gene sequencing results and alignment with references. Thirty-five reference sequences from the Los Alamos HIV sequence
database and sequencing results from 10 B*57� LTNPs and 17 B*57� progressors are shown for four regions of Gag that contain known HLA
B57-restricted epitopes (highlighted). Peptide numbers (15, 17, 23, and 30) correspond to 20-mers used previously to map the Gag peptide-specific
CD8� T-cell responses in B*57� patients: 15, residues 141 to 160; 17, residues 161 to 180; 23, residues 231 to 250; 30, residues 301 to 320. Only
sequence differences are shown. X, position corresponding to a stop codon; #, position of amino acid whose codon has an ambiguous base. Anchor
residues within the epitope that stabilize binding with B57 are located at positions 2 (S, T, and A) and 9 to 11 (W and F).
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19, 39). As shown in Fig. 3, the total frequencies of CD8� T
cells that produce IFN-	 in response to EBV-transformed B
cells infected with vaccinia virus-HIV recombinants (means,
10.48% � 2.91% versus 5.97% � 1.02% for LTNPs and pro-
gressors, respectively; P 
 0.5) and primary CD4� T cells
infected with HIVSF162 (means, 8.26% � 2.01% versus 5.49%
� 1.27% for LTNPs and progressors, respectively; P 
 0.2)
were not statistically different between the two patient groups.
Consistent with previous results, high frequencies of HIV-
specific CD8� T cells targeting multiple gene products were
detected in all patients, even those with poor restriction of
virus replication (5, 11, 19, 32, 39, 41). Although the responses
to heterologous virus in the two patient groups are not differ-
ent, it remained possible that substantial differences may be

apparent when the total response to autologous virus is exam-
ined.

An estimate of the frequencies of CD8� T cells specific for
autologous virus has not been well characterized thus far. To
address this, we adapted a technique to culture autologous
virus in autologous CD4� T-cell lymphoblasts. These cells
were then used to stimulate effector PBMC to examine the
global CD8� T-cell responses to a patient’s autologous virus
(Fig. 4). This approach offers a number of theoretical advan-
tages over other techniques in that culture in heterologous
cells or synthesis of large numbers of peptides is not required.
In addition, this system maintains surface major histocompat-
ibility complex (MHC) expression and peptide-MHC stoichi-
ometry that may be closer to the in vivo situation.

This response was measured in six progressors and three
LTNPs from whom high levels of autologous virus could be
cultured (Fig. 5). Between approximately 1 and 13% of periph-
eral blood CD8� T cells produced IFN-	 in response to au-
tologous virus. The frequencies of CD8� T cells responding to
CD4� T cells expressing autologous virus for LTNPs and pro-
gressors were similar (means, 7.93% � 2.92% versus 8.02% �
1.97%, respectively; P � 0.5) and were similar to or exceeded
the responses to CD4� T cells infected with HIVSF162 in most
cases. In addition, some patients with modest responses to the
QW9 peptide or E312D variant had strong total responses to
the autologous virus. For example, although patient 106 did
not have a detectable response to the E312D variant that
predominates in the plasma, 12.6% of peripheral blood CD8�

T cells were specific for autologous virus. These results suggest
that even in those patients with modest responses to QW9 or
the variant E312D peptide sequences, a high frequency of
CD8� T cells capable of recognizing autologous viral se-
quences persists in the peripheral blood. They also suggest that
the difference in the abilities of these patients to restrict viral
replication does not lie simply in the total number of cells
capable of responding to autologous virus.

DISCUSSION

These results provide some additional insight into the po-
tential factors that might underlie the differential ability of
LTNPs and progressors to restrict HIV replication. Our pre-
vious work has indicated that the extraordinary ability of
B*5701� LTNPs to restrict HIV replication compared to
B*5701� or B*5701� progressors is not simply explained by the
epitopes restricted by this allele (39, 41). B*5701� progressors
that target these conserved epitopes do not appear to restrict
HIV replication any better than B*5701� progressors. Some of
the B*5701� patients described in this report have some of the
highest plasma viral RNA levels in our untreated cohorts. In
addition, B*5701� LTNPs and progressors maintain similar
conserved-epitope-specific or total CD8� T-cell responses to
heterologous HIV viruses yet have vast differences in the abil-
ity to restrict HIV replication during the chronic phase of
infection. These results suggested that differences may lie ei-
ther in qualitative aspects of the CD8� T-cell response or,
alternatively, in the ability to recognize autologous viral vari-
ants.

In the present study, differences in epitope sequences and
responses to these changes were examined in a cohort matched

FIG. 2. The percentages of CD69� IFN-	� CD8� T cells respond-
ing to autologous B cells pulsed with either the consensus sequence
(QW9) or mutated (mutQW9) peptides corresponding to codons 308
to 316 in gag. (A) Peptide titration using the consensus sequence
peptide (top) and mutated peptide (bottom) in five B*57� LTNPs
(black) and five B*57� progressors (lime) revealed that the responses
to the consensus sequence peptide are typically higher but that the
optimal concentration for both peptides is 10 �M. (B) Summary of the
CD8� T-cell responses to QW9 (black) and the mutated peptide (red)
for five B*57� LTNPs and nine B*57� progressors. Background activity
against autologous B cells without the peptide has been subtracted.
The results shown are representative of three experiments. Patients are
listed in order of increasing plasma viral RNA levels. The autologous
sequence at position 312 (position 5 within the epitope) is listed below
the patient numbers.
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for the B*5701 allele but with very disparate abilities to restrict
HIV replication. Differences between these patient groups in
the predicted sequences of three of four immunodominant
epitopes were not observed. A single mutation within the QW9
epitope (E312D) was overrepresented in patients with progres-

sive disease. Consistent with our previous results, responses to
the consensus sequence QW9 peptide were more variable in
progressors, suggesting their CD8� T cells may not recognize
HIV at this epitope. However, this mutation did not reliably
confer loss of recognition on the E312D variant. In addition,
most progressor patients maintained high-frequency total re-
sponses to autologous virus. Thus, high-frequency epitope- and
total-HIV-specific responses to autologous viruses persisted in
B*5701� progressors. These results then suggest that differ-
ences between LTNPs and progressors in restriction of virus
replication reside not in the loss of immune system recognition
of autologous virus but rather in qualitative differences in the
CD8� T-cell response that are not accounted for in current
assays (40).

A number of additional lines of evidence suggest that the
E312D change within the QW9 epitope does not represent a
true escape mutation that permits poorly restricted viral rep-
lication in progressor patients. Changes in epitopes resulting in
true escape should result in impaired binding by MHC or loss
of recognition by CD8� T cells (4, 7, 8, 10, 13, 15, 23, 25, 45,
47, 48). In addition, the mutant epitope should be rapidly
selected for by the immune response and the epitopes at which
this selection pressure is effective should be relatively well
conserved. However, the E312D change within QW9 does not
have these characteristics since it does not result in impaired
binding or a reliable loss of recognition by CD8� T cells. It was
found at a frequency similar to that for the clade B consensus
sequence in the plasma virus of three patients and thus does
not appear to be under strong immune selection pressure. It
was also the dominant sequence in the plasma virus quasispe-

FIG. 3. A summary of the total HIV-specific CD8� T-cell responses by using two techniques of antigen presentation. The percentages of
CD69� IFN-	� CD8� T cells responding to autologous EBV-transformed B cells infected with vaccinia virus-HIV recombinants (stacked-bar
histograms) and autologous primary CD4� T cells infected with HIVSF162 (blue histograms) for five B*57� LTNPs and nine B*57� progressors are
shown. Background activity against B cells infected with the control virus vaccinia virus–�-galactosidase or uninfected autologous primary CD4�

T-cell lymphoblasts, respectively, has been subtracted. These results are representative of at least three experiments.

FIG. 4. CD8� T-cell responses to autologous primary CD4� T cells
expressing autologous virus. (A) By gating on CD3� lymphocytes, the
percentages of primary CD4� T-cell targets expressing autologous
virus are determined by intracellular p24 (Kc57) staining and esti-
mated as the sums of values in the upper left and upper right quad-
rants. Representative data are shown for two B*57� patients. (B) The
percentages of CD69� IFN-	� CD8� T cells (upper right quadrant) in
response to autologous primary CD4� T-cell targets expressing autol-
ogous virus are shown for the same two B*57� patients.
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cies of one LTNP. In addition, it occurred at a relatively high
frequency in B clade viruses. Taken together, these results
suggest that this change represents a relatively common variant
and not selection pressure-driven escape from the CD8� T-cell
response.

The results from the present study contrast with the well-
characterized role that escape mutations have been shown to
play in progressive infection in HLA B*2705� patients (23, 25,
29, 38, 43–45). Similar to HLA B*5701, B*2705 is a Bw4 allele
that has also been associated with slower progression of HIV
disease. In most B*27� patients, the immunodominant CTL
response is directed against highly conserved epitope KK10
(KRWIILGLNK; residues 263 to 272) within Gag p24 (25, 43).
The substitution of lysine (K), glycine (G), or threonine (T) for
arginine (R) at the anchoring position 264 has been shown to
result in epitopes that have diminished binding with HLA
B2705 (23, 25, 29). In two patients, the R264K mutation did
not appear until late in the course of infection and coincided
with progressive disease (25, 29). In four other B*27� adults
and in four B*27� pediatric patients, sequence variations in-
volving the critical 264 anchor position were detected at the
time of clinical immunodeficiency and/or elevated plasma HIV
RNA levels (23, 25, 29). Even though these cases associate the
presence of sequence mutations and disease progression, at
least three other B*27� patients that did not carry these mu-
tations yet experienced declining CD4� T-cell counts and high
levels of plasma viremia have been reported (25, 29). One
possible explanation for the different roles of escape mutations
in B*2705� and B*5701� patients might be the existence of

several codominant B57-restricted epitopes within the Gag
protein (and possibly another in the Nef protein) compared
with only a single highly immunodominant B27-restricted gag
epitope. As discussed previously, the dominant virus-specific
CD8� T-cell responses in B*57� LTNPs are typically focused
on three or four B57-restricted gag epitopes (24, 39, 41). Sim-
ilar to observations made in the murine lymphocytic chorio-
meningitis virus infection model (18, 42, 46, 53), loss of CTL
recognition at one of multiple immunodominant B5701-re-
stricted epitopes would be expected to confer minimal survival
advantage on the virus variants if the other dominant re-
sponses maintained restriction of virus replication. Conversely,
loss of recognition at a single immunodominant epitope in
B*2705� patients may have a more profound effect (44).

Based on associations with poor immunologic control, as-
signing causality to changes within viral sequences of lentivi-
ruses is particularly difficult. These host-virus dynamics are
extraordinarily complex given the large number of permuta-
tions of viral epitopes, timing of gene expression during the
viral replication cycle, and complement of MHC class I alleles.
The host CTL response is constrained by the ability of the
MHC class I alleles to bind to various viral epitopes, while the
virus is constrained by the degree to which an escape mutation
impairs viral replicative capacity or “fitness.” In addition, the
CD8� T-cell response to each of the viral proteins in the
context of each of a single patient’s MHC alleles is very broad.
Although escape mutations may be found within a single
epitope, it is likely that other conserved epitopes within the
same gene remain as targets (48). In addition, although some

FIG. 5. Summary of the total HIV-specific CD8� T-cell responses by using three techniques of antigen presentation. The percentages of CD69�

IFN-	� CD8� T cells responding to autologous EBV-transformed B cells infected with vaccinia virus-HIV recombinants (stacked-bar histograms),
autologous primary CD4� T cells infected with HIVSF162 (blue histograms), and autologous primary CD4� T cells expressing high levels of
autologous virus (gold histograms) for three B*57� LTNPs and six B*57� progressors are shown. p24� CD3� percentages are the percentages of
CD4� T cells infected with and expressing HIVSF162 or expressing autologous p24 in each experiment. These results are representative of at least
three experiments.
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responses may appear to be quantitatively larger, this does not
necessarily mean they are immunodominant with regard to
restriction of viral replication (51, 52). Thus, it remains uncer-
tain whether mutations found in cross-sectional or longitudinal
studies of lentivirus infection cause true escape from immune
system control or whether escape mutations at single epitopes
simply occur in the context of high levels of virus replication.
Although changes within HIV or SIV sequences that alter
MHC binding or CD8� T-cell recognition clearly occur, formal
proof of the precise role played by these changes in the re-
striction of viral replication is likely to come only from chal-
lenge studies using cloned variant SIV viruses in rhesus ma-
caques carrying the allele of interest.

The results of the present study confirm and extend some of
our previous work on the frequency of HIV-specific CD8� T
cells in the peripheral blood. We and others have previously
shown that up to 22% of the peripheral blood CD8� T cells are
specific for heterologous HIV viruses (41) (5, 19, 32, 39). These
frequencies are commonly present in LTNPs but also in pro-
gressors with high levels of plasma viral RNA and without
HIV-specific CD4� proliferative responses. Given that only 20
to 80% of HIV-specific monoclonal expansions or tetramer�

cells express IFN-	 following stimulation with antigen, the true
frequency might be severalfold above these frequencies (2, 19,
21, 31, 32, 34, 50). However, an estimate of the total response
to autologous virus has not been well characterized thus far. In
one recent report, diminished frequencies of CD8� T cells that
recognize autologous viral gene products were observed in
some patients with advanced disease (35). However, under the
present experimental conditions and in patients with less-ad-
vanced disease, the response to autologous virus was occasion-
ally higher than the response to heterologous virus, albeit only
modestly in some cases. Nonetheless, relatively high frequen-
cies of CD8� T cells specific for autologous virus are present in
most patients. Thus far, our understanding of how such high
frequencies of CD8� T cells persist in the absence of restric-
tion of viral replication during the chronic phase of infection
remains incomplete.

At present, a further definition of the relative role of viral
escape mutations or qualitative abnormalities within the HIV-
specific immune response is of particular importance. The ma-
jority of vaccines currently in preclinical or clinical trials are
thought to rely on CD8� T-cell responses that may alter dis-
ease progression but that are unlikely to prevent infection. In
this report, the ability of relatively high frequencies of HIV-
specific CD8� T cells of infected patients to cross recognize
autologous and heterologous viruses is encouraging. However,
the ability of vaccines to induce restriction of HIV replication
and the durability of this effect in humans remain unclear at
present. Thus a better understanding of the relative roles of
viral escape mutations or qualitative changes in the CD8�

T-cell response in control of viral replication may provide
important information on how the effects of these changes may
be avoided or possibly reversed by prophylactic or therapeutic
vaccines or immunotherapies.
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