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The antigenic diversity of human immunodeficiency virus type 1 (HIV-1) represents a significant challenge
for vaccine design as well as the comprehensive assessment of HIV-1-specific immune responses in infected
persons. In this study we assessed the impact of antigen variability on the characterization of HIV-1-specific
T-cell responses by using an HIV-1 database to determine the sequence variability at each position in all
expressed HIV-1 proteins and a comprehensive data set of CD8 T-cell responses to a reference strain of HIV-1
in infected persons. Gamma interferon Elispot analysis of HIV-1 clade B-specific T-cell responses to 504
overlapping peptides spanning the entire expressed HIV-1 genome derived from 57 infected subjects demon-
strated that the average amino acid variability within a peptide (entropy) was inversely correlated to the
measured frequency at which the peptide was recognized (P = 6 x 10~7). Subsequent studies in six persons
to assess T-cell responses against p24 Gag, Tat, and Vpr peptides based on autologous virus sequences
demonstrated that 29% (12 of 42) of targeted peptides were only detected with peptides representing the
autologous virus strain compared to the HIV-1 clade B consensus sequence. The use of autologous peptides
also allowed the detection of significantly stronger HIV-1-specific T-cell responses in the more variable
regulatory and accessory HIV-1 proteins Tat and Vpr (P = 0.007). Taken together, these data indicate that
accurate assessment of T-cell responses directed against the more variable regulatory and accessory HIV-1
proteins requires reagents based on autologous virus sequences. They also demonstrate that CD8 T-cell

responses to the variable HIV-1 proteins are more common than previously reported.

An important first step in the development of an effective
human immunodeficiency virus type 1 (HIV-1) vaccine is to
understand the correlates of protective immunity in infected
persons. An increasing body of evidence points to a central
role of HIV-1-specific cytotoxic T lymphocytes (CTL) and T
helper cells in controlling viral replication (4, 6, 9-11, 14, 23,
24, 28,38, 41, 43). Recent advances in immunological methods,
including Elispot assays and flow-based techniques, have al-
lowed for the first time a more comprehensive assessment of
the magnitude and breadth of T-cell responses directed against
all expressed HIV-1 proteins in large numbers of infected
individuals (3, 13, 34, 35, 50).

Initial data emerging from these studies demonstrate that
HIV-1-specific T-cell responses are broadly directed against all
HIV-1 proteins, with the strongest responses clustering in the
more conserved regions of HIV-1 Gag, Pol, and Nef (3, 13, 34,
35). Despite the comprehensive assessment of the breadth and
magnitude of virus-specific T-cell responses, the majority of
these recent studies have failed to demonstrate a correlation
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between gamma interferon (IFN-y) production of virus-spe-
cific T cells and viral load or CD4™ T-cell counts (3, 13, 34, 35),
suggesting either a true lack of correlation or limitations in the
currently used assays to identify the correlates of protective
immunity in HIV-1 infection.

Studies dissecting the role of virus-specific CD8" and CD4*
T-cell responses in HIV-1 infection are complicated by the
HLA heterogeneity in many cohorts and the substantial ge-
netic diversity within the viral population that results from high
replication and mutation rates as well as from immunological
selection pressure (7, 15, 19, 20, 25, 26, 31-33, 42, 46, 48, 49,
51). Viral strains from the same HIV-1 clade can differ by more
than 5 to 25% of the amino acids, depending on the particular
HIV-1 protein under consideration (49). This sequence vari-
ability has an important influence on the cellular immune re-
sponses generated in an infected individual, as each step in the
recognition of T-cell epitopes and the generation of virus-
specific T-cell responses has potential constraints imposed by
sequence specificity.

Single amino acid changes within and flanking a CD8" T-
cell epitope impact the processing of the epitope by the intra-
cytoplasmic immunoproteasome and peptidases in the endo-
plasmic reticulum (12, 17, 47). In addition, the binding of an
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8- to 12-amino-acid epitope to the binding groove of HLA
class I molecules and the recognition of the HLA-epitope
complex by the T-cell receptor are highly specific (40, 44, 45).
A number of studies have demonstrated that single amino acid
substitutions within T-cell epitopes can reduce or abrogate
binding to class I and/or recognition by CD8™ T cells (4, 6, 10,
15, 18, 20, 25, 26). Thus, the use of reagents based on se-
quences derived from laboratory prototype HIV-1 isolates or
clade consensus sequences is likely to favor detection of re-
sponses in well-conserved areas of the genome, as T-cell re-
sponses directed against more variable regions may be missed
due to sequence differences between the autologous virus se-
quence and the reagents used (51). The high degree of both
intra- and interclade sequence variability of HIV-1 may there-
fore pose a major challenge for the accurate characterization
of HIV-1-specific T-cell responses.

In this study we assessed the impact of viral sequence vari-
ability on the characterization of virus-specific T-cell responses
against conserved and variable proteins of HIV-1. We demon-
strate that overlapping peptides spanning relatively conserved
regions of HIV-1 are significantly more frequently recognized
by HIV-1-specific T cells than peptides spanning highly vari-
able regions of the virus. Furthermore, the use of peptides
based on the autologous virus allowed enhanced detection of
T-cell responses directed against the variable regions of HIV-1
Tat and Vpr, indicating that these variable regions serve as
targets for cellular immune responses. These data highlight the
importance of assessing virus-specific immune responses di-
rected against the autologous virus in HIV-1-infected individ-
uals in order to characterize the actual breadth and magnitude
of the cellular immune response.

MATERIALS AND METHODS

Subjects. A data set of HIV-1-specific T-cell responses that had been gener-
ated by comprehensive screening of blood samples from 57 infected individuals
at different stages of HIV-1 infection (3) was used to correlate peptide entropy
and recognition by T cells. In addition, HIV-1-specific T-cell responses directed
against peptides spanning HIV-1 clade B consensus sequences or spanning the
autologous virus sequences of HIV-1 p24 Gag, Vpr, and Tat were compared in
six individuals with symptomatic acute HIV-1 infection. The mean viral loads at
the time of diagnosis of acute HIV-1 infection in these six individuals were
7.95 X 10° copies of HIV-1 RNA per ml of plasma (range, 0.25 X 10° to 30.7 X
10° copies of HIV-1 RNA), and the mean CD4* T-cell count was 501 cells per
wl (range, 365 to 667 cells). Five of the six individuals were treated at the time
of acute HIV-1 infection with highly active antiretroviral therapy. Study subjects
were recruited from the Massachusetts General Hospital, the Fenway Commu-
nity Health Center and the Lemuel Shattuck Hospital in Boston. The study was
approved by the institutional review boards, and all subjects gave written in-
formed consent.

Sequencing of autologous virus. Viral DNA was isolated from peripheral
blood mononuclear cells (PBMC) (5 X 10° cells) as described previously (6). We
determined the proviral template copy number by serial dilution of PBMC DNA
in nested PCR amplifications. All PCR amplifications were done with procedural
safeguards, including aliquoting of all reagents and physical separation of sample
processing and post-PCR handling steps. Replicate control amplifications with
no template were included in every PCR experiment to test for carryover con-
tamination. Amplifications with 10 genome equivalents of 8E5 cell DNA were
also performed as an internal control to monitor the efficiency of the PCR.

To reduce template resampling, we pooled multiple first-round PCR products
and reamplified the pool in a second round for derivation and sequence analysis.
The first-round products were used to amplify the desired regions. PCR cycling
conditions were generally 94°C for 2 min, 35 to 50 cycles of 30 s at 94°C, 30 s at
56°C, and 2 min at 72°C, and a final extension of 68°C for 20 min. Purified PCR
fragments were then either bulk sequenced or cloned (TOPO TA; Invitrogen,
Carlsbad, Calif.) with plasmid DNA isolated by miniprep (QiaPrep Turbo Mini-
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prep), as described elsewhere (6, 46). At least 10 clones were sequenced per
study subject. All PCR products were sequenced bidirectionally on an ABI 3100
Prism automated sequencer. Sequencher (Gene Codes Corp., Ann Arbor, Mich.)
and MacVector 4.1 (Oxford Molecular) software programs were used to edit and
align sequences. Sequences were subjected to Blast and phylogenetic analysis to
test for the presence of carryover contaminants from other samples in the
laboratory (27, 29).

Synthetic HIV-1 peptides. Peptides were synthesized on an automated peptide
synthesizer (MBS 396; Advanced Chemtech, Louisville, Ky.) with fluorenylme-
thoxycarbonyl chemistry. Overlapping peptides (17- to 19-mers, overlapping by
10 amino acids) spanning the expressed 2001 HIV-1 clade B consensus sequence
(http://hiv-web.lanl.gov/immunology/index.html) of p24 Gag, Vpr, and Tat as
well as overlapping peptides corresponding to the autologous virus sequence of
these HIV-1 proteins in the six individuals studied were synthesized. The over-
lapping autologous sequence peptides were of the same length and overlapped
and spanned the same amino acids as the corresponding consensus sequence
overlapping peptides.

Calculation of peptide variability. A Shannon entropy score was calculated as
described previously (51) for each position of the 504 overlapping peptides after
alignment to the 2002 alignment of sequences published in the Los Alamos
National Database (http://hiv-web.lanl.gov), and an average entropy score for all
positions in each overlapping peptide was determined. Entropy at each amino
acid position was calculated as 3P, logP,,, where P, is the proportion of each
amino acid in the respective position (51). Positions where the majority of the
sequences had gaps were excluded from consideration. When only a minority of
sequences had gaps, however, the position was included and the gaps were
treated as separate symbols.

Elispot assay. Frozen PBMC were plated on 96-well polyvinylidene difluoride-
backed plates (MAIP S45; Millipore, Bedford, Mass.) that had been coated with
100 pl of anti-IFN-y monoclonal antibody 1-D1k (0.5 pg/ml; Mabtech, Stock-
holm, Sweden) overnight at 4°C. Overlapping peptides spanning the expressed
HIV-1 clade B consensus sequence of HIV-1 p24 Gag, Vpr, and Tat or over-
lapping peptides spanning the autologous virus sequence of these HIV-1 proteins
were added directly to the wells at a final concentration of 107> M along with
100,000 cells. The plates were incubated at 37°C in 5% CO, overnight (14 to
16 h) and then processed as described previously (3, 8). IFN-y-producing cells
were counted by direct visualization and are expressed as spot-forming cells
(SFC) per 10° cells. The number of specific IFN-y-secreting T cells was calcu-
lated by subtracting the number of spots counted in the negative control wells.
For negative controls, 100,000 PBMC were incubated with R10 alone, without
adding peptides. Responses of >50 SFC per 10° input cells and higher than 3
times the mean background activity were considered positive. The positive con-
trol consisted of incubation of 100,000 PBMC with phytohemagglutinin.

Flow cytometric detection of antigen-induced intrac IFN-y. Intracellu-
lar cytokine staining assays were performed as described elsewhere with minor
modifications (13, 22, 39). HIV-1 p24 Gag, Tat, and Vpr overlapping peptides
were combined in two pools of overlapping peptides per protein (p24 Gag: pool
1, peptides 1 to 12; pool 2, peptides 13 to 25; Tat: pool 1, peptides 1 to 6; pool
2, peptides 7 to 12; Vpr: pool 1, peptides 1 to 5; pool 2, peptides 6 to 11). Briefly,
0.5 X 10° to 1.0 X 10° PBMC were incubated with pools of overlapping peptides
(final concentration of each peptide in the assay was 2 uM) and 1 wg/ml each of
the monoclonal antibodies anti-CD28 and anti-CD49d (Becton Dickinson) at
37°C and 5% CO, for 1 h before the addition of 10 g of brefeldin A (Sigma, St.
Louis, Mo.) per ml. Following a further 5-h incubation, the cells were placed at
4°C overnight. After surface marker labeling with anti-CD8 and anti-CD4 (Bec-
ton Dickinson), cells were fixed and permeabilized with a Caltag fixation/per-
meabilization kit (Caltag, Burlingham, Calif.), and anti-IFN-y monoclonal anti-
body (Becton Dickinson) was added. Cells were analyzed on a FACSCalibur flow
cytometer (Becton Dickinson Immunocytometry Systems, San Jose, Calif.). Con-
trol conditions were established by the use of autologous PBMC which had not
been stimulated with peptide but otherwise had been treated identically.

Statistical analysis. Statistical analysis and graphic presentation were done
with SigmaPlot 5.0 (SPSS Inc., Chicago, Ill.). Results are given as mean *
standard deviation or median with range. Statistical analyses of significance (P
values) were done with a nonparametric Pearson’s rank statistic and Wilcoxon
rank sum tests with the GNU free software R project for statistical computing,
version 1.4.1, 2002 (www.R-project.org).

RESULTS

Average entropy and fraction of conserved amino acids
within a peptide correlated with frequency of recognition by
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FIG. 1. Influence of average peptide entropy on frequency of rec-
ognition. The average entropy score of an overlapping peptide was
calculated based on the alignment of HIV-1 clade B sequences pub-
lished in the Los Alamos National Database. The average entropy
score is given for peptides targeted by none of the 57 tested individuals
as well as for peptides targeted by one, two, three, four, five, six, and
more than six individuals. The number of peptides targeted in each
group is shown in the columns. A total of 504 overlapping peptides
were tested.

HIV-1-specific T cells. The sequence diversity of HIV-1 poses
a challenge for vaccine design and may influence the compre-
hensive assessment of HIV-1-specific immune responses in
infected persons, as the sequence of the infecting strain is
rarely used to assess immune responses. To estimate the im-
pact of sequence variability of HIV-1 on the characterization
of virus-specific T-cell responses, we compared reported se-
quence variability with the frequency of responses against a set
of overlapping peptides spanning all HIV-1 proteins. These
frequencies were derived from a comprehensive characteriza-
tion of HIV-1-specific T-cell responses against a set of 504
overlapping peptides spanning the entire expressed clade B
sequence with PBMC from 57 infected subjects in an IFN-y
Elispot assay (3). T-cell responses were broadly directed
against a median of 14 epitopic regions, ranging from 2 to 42
targeted regions per study subject. The median total magni-
tude of HIV-1-specific T-cell responses in the 57 study subjects
was 4,245 SFC/10° PBMC, ranging from 280 to 25,860 SFC/10°
PBMC (3). Of the 504 overlapping peptides tested, 315 pep-
tides (63%) were targeted by HIV-1-specific T cells of at least
1 of the 57 study subjects (range, 1 to 27 study subjects; me-
dian, 2).

For each of the 504 overlapping peptides, an average en-
tropy score was calculated based on the 2002 alignment of
HIV-1 clade B sequences of the Los Alamos Database. En-
tropy in each amino acid position was calculated as described
in Materials and Methods. The median entropy score per pep-
tide ranged from 0 in a peptide spanning a highly conserved
region within reverse transcriptase to 1.475 in a peptide span-
ning a highly variable region of gp120 Env, with a median
entropy score of 0.181 for all 504 peptides. Comparison of
entropy values to T-cell responses detected against each pep-
tide demonstrated that the average entropy correlated nega-
tively with the frequency of recognition (Spearman’s rho =

J. VIROL.

—0.22, P = 6 X 1077). The set of completely nonreactive
peptides had higher entropy values than did reactive peptides
(Wilcoxon rank sum P = 5.7 X 10™%), and the negative corre-
lation between entropy and reaction frequency persisted even
when the peptides that were not targeted in at least one indi-
vidual were excluded from the analysis (tho = —0.21, P = 2 X
107%).

The relationship between the number of people that tar-
geted a peptide and the entropy of the peptide is illustrated in
Fig. 1; the mean entropy score gradually declined for peptides
that were more frequently targeted. In a similar analysis, the
fraction of invariant amino acid positions within a tested pep-
tide increased with increased recognition of this peptide (data
not shown; Spearman’s rho = 0.22, P = 1.1 X 10~ °). Overall,
both peptide entropy and the fraction of invariant amino acid
positions within a peptide tended to level off for peptides
recognized by more than 5% of tested individuals (three or
more individuals). At the protein level, the percentage of pep-
tides within that protein that were targeted by at least one
individual correlated inversely with the protein entropy (Fig. 2)
and correlated positively with the fraction of invariant amino
acid positions within the protein (data not shown). Taken to-
gether, these data suggest that overlapping peptides spanning
more variable regions of HIV-1 are less frequently recognized
by HIV-1-specific T-cell responses.

Detection of stronger HIV-1-specific CD8* T-cell responses
with the autologous virus sequence. The above data suggest
that immune responses to more variable regions of HIV-1 may
be underestimated by current methods of detection that rely
on single reference strains of HIV-1. We hypothesized that
T-cell responses directed against peptides derived from autol-
ogous virus sequences would be stronger and more broadly
directed than T-cell responses directed against peptides based
on HIV-1 reference strain sequences or clade consensus se-
quences.

In order to assess HIV-1-specific T-cell responses directed
against the autologous virus sequence, we determined autolo-
gous virus sequences encoding HIV-1 p24 Gag, Vpr, and Tat in
six individuals within 2 weeks of presentation with acute HIV-1
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FIG. 2. Correlation between percentage of reactive peptides per
protein and protein entropy. The mean protein entropy was calculated
for p17 Gag, p24 Gag, p15 Gag, reverse transcriptase, integrase, pro-
tease, g4l Env, gp120 Env, Vpr, Vif, Vpu, Rev, Tat, and Nef. Mean
protein entropy scores were correlated to the percentage of overlap-
ping peptides per proteins that were targeted by HIV-1-specific T cells
in the 57 study subjects. The greatest percentage of reactive peptides
per protein was observed in p24 Gag; the least was observed in Vpu.
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FIG. 3. Alignments of autologous virus sequences of p24 Gag, Vpr, and Tat from the study subjects to HIV-1 clade B 2001 consensus sequence. The amino acid sequence of the autologous
virus determined in acute HIV-1 infection is shown for the six study subjects and aligned to the HIV-1 clade B consensus sequence of p24 Gag, Vpr, and Tat. The number of amino acids per
protein that differed from the consensus sequence is given at the end of each sequence, and the average percent amino acid differences between autologous sequences and the clade B consensus
sequence was calculated.
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TABLE 1. Percentage of CD8" T cells producing IFN-vy in response to stimulation with pools of overlapping peptides
spanning autologous or consensus sequences of p24 Gag, Vpr, and Tat using ICS

% of CD8" T cells producing IFN-y

Subject p24 Gag Vpr Tat
Autologous Consensus Autologous Consensus Autologous Consensus

AC-09 5.21 5.12 0.93 0.27 0.94 0.68
AC-41 0.36 0.32 0.42 0.31 0.19 0.23
AC-13 0.16 0.04 0.06 0.05 0.02 0
AC-59 0.03 0.02 0.01 0.01 0.11 0.05
AC-02 0.03 0.01 0 0 0 0
AC-07 0 0.01 0.01 0 0.09 0
Mean = SD 0.97 £2.08 0.92 = 2.06 0.24 = 0.38 0.11 = 0.14 0.23 = 0.36 0.16 = 0.27

infection. These three proteins were chosen for the present
studies because previous data (51) have shown high sequence
conservation (low average entropy) in HIV-1 p24 Gag, inter-
mediate entropy in Vpr, and high average entropy in Tat, and
they represented the spectrum of variability found in HIV-1.
Persons with primary HIV-1 infection were chosen because
virus is more homogeneous during acute infection (7), and
isolates from later time points may already carry escape mu-
tations that would hinder detection of early CTL responses (4,
37).

Alignment of the autologous virus sequences in these six
study subjects was in line with these previous observations.
Within HIV-1 p24 Gag, an average of 1.8 amino acids per 100
(1.8%) differed from the HIV-1 clade B consensus sequence
(range, 0.87% to 3.5%), while an average of 9.7% (range, 7.3%
to 13.5%; P < 0.001 compared to p24 Gag) and 12.3% (8.4%
to 15.8%; P < 0.001 compared to p24 Gag) of amino acids
differed from the HIV-1 clade B consensus sequence for Vpr
and Tat, respectively (Fig. 3). The differences in sequence
variability between HIV-1 Vpr and Tat did not reach statistical
significance (P = 0.12).

In order to generate overlapping peptides spanning the au-
tologous virus sequence, an average of 26% (range, 8% to
52%) of the peptides spanning HIV-1 p24 Gag, 61% (range,
27% to 91%) of the peptides spanning HIV-1 Vpr, and 68%
(range, 17% to 100%) of the peptides spanning HIV-1 Tat
were different from the consensus sequence and had to be
resynthesized. HIV-1-specific T-cell responses directed against
pools of peptides spanning the consensus sequence of HIV-1
p24 Gag, Vpr, and Tat were compared to T-cell responses
directed against pools containing the autologous variants of
peptides spanning these proteins by intracellular IFN-y stain-
ing analysis. Data are shown for individual AC-09 (Fig. 4), in
whom 7.08% of CD8" T cells produced IFN-y after activation
with pools of overlapping peptides spanning autologous se-
quences of HIV-1 p24 Gag, Vpr, and Tat, compared to 6.07%
of CD8" T cells activated by consensus sequence peptides.

HIV-1-specific CD8" T-cell responses in the additional five
study subjects were of lower magnitude for both autologous
and consensus peptides compared to those of subject AC-09
but still showed stronger responses against peptides spanning
autologous virus sequences compared to consensus sequences
(Table 1). However, these differences did not reach statistical
significance in the six individuals studied. No significant HIV-
1-specific CD4™ T-cell responses were detectable in the six

study subjects by intracellular IFN-y staining on frozen sam-
ples (Fig. 4 and data not shown), and no peptide-specific IFN-y
production above background activity was observed in five
HIV-1-negative control subjects with the same peptide pools.
Taken together, these data indicate that HIV-1-specific CD8*
T-cell responses directed against the autologous virus may be
underestimated with peptides based on HIV-1 clade B consen-
sus sequences.

Overlapping peptides spanning the autologous virus se-
quence allow the detection of HIV-1-specific T-cell responses
missed by the use of peptides spanning HIV-1 consensus se-
quences. We subsequently characterized the HIV-1-specific
T-cell responses against HIV-1 p24 Gag, Vpr, and Tat at the
single-peptide level in order to determine whether the above-
described underestimation of responses was due to stronger
responses directed against peptides spanning the autologous
sequences, to the detection of additional responses with autol-
ogous sequences, or to a combination of both. In Fig. 5, the
magnitude and breadth of HIV-1 p24 Gag-, Vpr-, and Tat-
specific T-cell responses assessed by peptides spanning either
the consensus sequence or the autologous sequence are com-
pared.

In all six individuals, stronger peptide-specific T-cell re-
sponses were observed with the peptides spanning the autolo-
gous sequences, with significantly higher mean peptide-specific
T-cell responses directed against autologous sequence pep-
tides (P = 0.005). In addition, a total of 12 of 42 (29%)
peptide-specific responses in these six individuals were only
detected with peptides spanning the autologous sequence,
while all responses detected by consensus sequence peptides
were also detected by the use of autologous sequence peptides.
The underestimation of the magnitude of HIV-1-specific T-cell
responses with consensus sequence peptides was most pro-
nounced for the more variable proteins Vpr and Tat (mean
magnitude of combined Vpr- and Tat-specific responses *
standard deviation: consensus peptides, 179 + 221 SFC/10°
PBMGC; autologous peptides, 514 + 522 SFC/10° PBMC, P =
0.007), while differences between the two peptide sets did not
reach statistical significance for the more conserved protein
p24 Gag (consensus peptides, 328 = 396 SFC/10° PBMG;
autologous peptides, 464 = 443 SFC/10° PBMC, P = 0.34).

Remarkably, T-cell responses directed against autologous
Tat and Vpr (514 + 522 SFC/10° PBMC) were of equal or even
higher magnitude than responses directed against autologous
p24 Gag (464 = 443 SFC/10° PBMC, P = 0.7), while mean p24
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Gag-specific T-cell responses against consensus sequence pep-
tides were higher than mean responses against Vpr and Tat
(p24 Gag, 328 = 396 SFC/10° PBMC; Vpr and Tat, 179 = 221
SFC/10° PBMC; P = 0.16). Finally, a total of 4 out of 18 (22%)
p24 Gag-specific T-cell responses were missed in the six study
subjects with consensus sequence peptides, while 8 of 24 (33%)
Vpr- and Tat-specific T-cell responses were missed. A number
of these responses solely detected by autologous virus peptides
represented immunodominant responses in the study subjects
(Fig. 5).

Longitudinal studies comparing the T-cell recognition of
autologous and consensus sequence based peptides were per-
formed in five of the six subjects. At all time points tested over
a study period of up to 5 years, HIV-1-specific T-cell responses
directed against the autologous virus were always stronger than
responses directed against the consensus sequence peptides
(Fig. 6). Taken together, these data demonstrate a significant
underestimation of the magnitude and breadth of HIV-1-spe-
cific T-cell responses against the more variable regulatory and
accessory HIV-1 proteins Vpr and Tat when peptides based on
HIV-1 clade B consensus sequences are used.

DISCUSSION

Recent advances in immunological methods for the first
time have allowed more comprehensive assessment of the
magnitude and breadth of HIV-1-specific T-cell responses in
large numbers of infected individuals with the Elispot assays
and flow-based techniques (3, 13, 34, 35, 50). A limitation of
these studies is that the sets of overlapping peptides used for
the assessment of responses are based on sequences of proto-
type laboratory HIV-1 isolates or clade consensus sequences.
Here we show a negative correlation between the variability of
a tested overlapping peptide and the frequency of recognition
of this peptide with a comprehensive data set of HIV-1-specific
T-cell responses in 57 HIV-1-infected individuals. These data
suggest that peptides based on HIV-1 reference strains under-
estimate responses directed against the virus in more variable
regions of the genome.

We subsequently tested this hypothesis in six individuals
identified during acute HIV-1 infection by comparing virus-
specific T-cell responses directed against overlapping peptides
based on the HIV-1 clade B consensus sequence and autolo-
gous virus sequences of HIV-1 p24 Gag, Vpr, and Tat. The
data demonstrate that HIV-1-specific T-cell responses directed
against the autologous virus are significantly underestimated
with peptides based on HIV-1 consensus sequences. This un-
derestimation of T-cell responses was most pronounced within
proteins of relatively high sequence variability (Vpr and Tat)
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and corresponded to some of the strongest peptide-specific
responses detected.

The HIV-1 epidemic is characterized by high intraclade se-
quence diversity even within a defined geographic region, with
regional epidemics clearly dominated by a single clade (49).
This sequence diversity poses a significant challenge for both
HIV-1 vaccine design and the comprehensive assessment of
virus-specific immune responses in an infected subject, as the
sequence of the infecting virus is rarely known. We have re-
cently shown that HIV-1-specific optimal CD8" T-cell epi-
topes are preferentially located within regions of low sequence
diversity (51). Here we extend these initial studies with a com-
prehensive data set of HIV-1-specific T-cell responses gener-
ated in 57 HIV-1-infected individuals at different stages of
disease and demonstrate that overlapping peptides spanning
regions of low sequence variability (entropy) are recognized
significantly more frequently than peptides spanning areas of
high viral diversity.

Our data are in line with a number of recent comprehensive
studies of HIV-1-specific T-cell responses with HIV-1 refer-
ence strain or clade consensus sequences that demonstrated
that the relatively conserved HIV-1 regions of Gag, Pol, and
Nef are frequently targeted by virus-specific T cells, while the
variable proteins Vpu, Tat, Rev, and Env are less frequently
targeted (1-3, 5, 13, 34, 35, 50). These data suggest that re-
agents based on HIV-1 reference strains or consensus se-
quences may have a limited potential to detect HIV-1-specific
T-cell responses directed against more variable regions of the
HIV-1 genome, although the consensus sequence may have
more cross-reactive potential than single reference strains used
in a heterologous setting (19, 49). Therefore, it is possible that
the inability of recent studies to detect a negative association
between HIV-1-specific T-cell responses and viral load or CD4
T-cell counts could be due to the use of reagents derived from
laboratory prototype or clade consensus sequences, resulting in
the lack of detection of responses directed against variable
regions of the virus.

In order to further explore the basis for potential differences
between T-cell responses directed against the autologous virus
and responses detected by the use of HIV-1 clade B consensus
sequences, we determined the autologous sequence of HIV-1
p24 Gag, Vpr, and Tat in six individuals with acute HIV-1
infection within 2 weeks of presentation with clinical symp-
toms. Individuals with acute HIV-1 infection were chosen for
this study because viral sequences from later time points in an
infected individual may have already escaped from key early
CTL responses. In line with previous reports on HIV-1 se-
quence variability, the sequences of p24 Gag were highly con-
served among the different individuals (and closely related to

FIG. 5. Comparison of magnitude and breadth of HIV-1-specific T-cell responses determined with peptides spanning autologous virus
sequences or HIV-1 clade B consensus sequences. For each of the six study subjects (top six panels) the magnitude of T-cell responses, given as
spot-forming cells per million input PBMC (SFC/Mill PBMC), is shown for responses detected with overlapping peptides spanning the autologous
virus (y axis) or the HIV-1 clade B consensus sequences (x axis). The dotted line indicates values equal for both conditions. In the bottom left panel,
responses for all six individuals are combined. T-cell responses directed against HIV-1 p24 Gag are shown by open circles, responses directed
against HIV-1 Vpr by black triangles, and responses directed HIV-1 Tat by black squares. In the lower right panel, the mean peptide-specific T-cell
responses are compared between peptides spanning the autologous virus (black bar) and the HIV-1 clade B consensus sequences (white bar).

Statistical significance was calculated with a two-tailed ¢ test.
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FIG. 6. Longitudinal assessment of HIV-1 p24 Gag-, Vpr-, and Tat-specific T-cell responses directed against peptides spanning autologous virus
or clade B consensus sequences. The magnitude of HIV-1-specific T-cell responses directed against overlapping peptides spanning autologous virus
or the HIV-1 clade B consensus sequences was determined longitudinally in five of the six study subjects. Magnitude of responses is given as
spot-forming cells per million input PBMC (SFC/Mill PBMC). Total T-cell responses against peptides spanning autologous HIV-1 p24 Gag, Vpr,
and Tat are shown as black symbols, while total responses against the corresponding clade B consensus sequence peptides are shown as open
symbols. Periods of antiretroviral treatment are indicated by the black bars above each panel.

the HIV-1 p24 Gag consensus sequence), while HIV-1 Vpr and
Tat showed significantly higher levels of sequence diversity.
About 1 in 10 amino acids within Vpr and Tat differed between
the autologous virus sequence and the HIV-1 clade B consen-
sus sequence.

Since the length of an optimal CTL epitope ranges from 8 to
12 amino acids (16), every potential epitope within Vpr and

Tat had a significant probability of containing at least one
amino acid substitution. The presentation of a CD8" T-cell
epitope on major histocompatibility complex class I alleles and
the recognition of the major histocompatibility complex-pep-
tide complex by the T-cell receptor is a highly specific process,
and single amino acid changes in an epitope can abolish pre-
sentation or recognition (4, 6, 10, 15, 18, 21, 37). Hence, these
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data highlight the potential limitations of peptides spanning
HIV-1 clade consensus sequences to detect T-cell responses
within these highly variable regions.

The comparison of the magnitude and breadth of HIV-1-
specific T-cell responses directed against p24 Gag, Vpr, and
Tat with peptides spanning autologous and consensus se-
quences confirmed these anticipated limitations of reagents
based on consensus sequences to detect responses within vari-
able regions. Twelve of 42 peptide-specific T-cell responses
detected by the use of autologous virus sequences were missed
by the sole use of consensus sequence peptides, and two-thirds
of these peptides were located within Vpr and Tat. The fine
mapping of the optimal CD8" T-cell epitopes targeted by
these T-cell responses is currently under way to determine the
exact locations of the epitopes within these HIV-1 proteins. In
addition, mean T-cell responses to peptides located within
HIV-1 Vpr and Tat were of significantly higher magnitude
when assessed with autologous virus sequences compared to
consensus sequence peptides. In contrast, differences for p24
Gag did not reach statistical significance.

The detection of stronger and broader HIV-1-specific T-cell
responses directed against the autologous peptide sequence
determined during acute infection persisted over a study pe-
riod of up to 5 years in the five individuals for whom longitu-
dinal specimen were available. These findings are in contrast to
recent data describing stronger “type-specific” CD8" T-cell
responses directed against HIV ;5 than directed against the
autologous virus in progressive disease (30). These differences
may be due to differences in the methods used, as overlapping
synthetic peptides spanning the corresponding HIV-1 proteins
were used in the present study, versus CD4" T cells infected
with virus in the study of Lee et al. (30). In addition, in our
study autologous virus sequences were derived from time
points during acute HIV-1 infection, whereas in the study by
Lee et al., sequences were derived from time points during
chronic progressive infection, when CTL escape might already
be reflected in the autologous virus (4, 6, 15, 36, 37).

Taken together, our data demonstrate that the use of autol-
ogous peptides allows the detection of significantly stronger as
well as broader T-cell responses directed against more variable
proteins of the HIV-1 genome that would otherwise have been
missed. We conclude that responses against the more variable
regulatory and accessory HIV-1 proteins appear to be more
common than previously reported. These data also demon-
strate that the role of T-cell responses directed against the
more variable regions of HIV-1 in the control of viral replica-
tion and their impact on viral escape from CTL-mediated
immune pressure can best be assessed with reagents based on
autologous sequences.
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