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Human immunodeficiency virus type 1 (HIV-1)-specific CD8* T-cell responses generated during acute
infection play a critical role in the initial control of viremia. However, little is known about the viral T-cell
epitopes targeted during acute infection or about their hierarchy in appearance and relative immunodomi-
nance over time. In this study, HIV-1-specific CD8* T-cell responses in 18 acutely infected individuals
expressing HLA-A3 and/or -B7 were characterized. Detailed analysis of CD8 responses in one such person who
underwent treatment of acute infection followed by reexposure to HIV-1 through supervised treatment inter-
ruptions (STI) revealed recognition of only two cytotoxic T-lymphocyte (CTL) epitopes during symptomatic
acute infection. HIV-1-specific CD8* T-cell responses broadened significantly during subsequent exposure to
the virus, ultimately targeting 27 distinct CTL epitopes, including 15 different CTL epitopes restricted by a
single HLA class I allele (HLA-A3). The same few peptides were consistently targeted in an additional 17
persons expressing HLA-A3 and/or -B7 during acute infection. These studies demonstrate a consistent pattern
in the development of epitope-specific responses restricted by a single HLA allele during acute HIV-1 infection,
as well as persistence of the initial pattern of immunodominance during subsequent STI. In addition, they
demonstrate that HIV-1-specific CD8" T-cell responses can ultimately target a previously unexpected and
unprecedented number of epitopes in a single infected individual, even though these are not detectable during
the initial exposure to virus. These studies have important implications for vaccine design and evaluation.

Twenty years after the first clinical evidence of AIDS was
reported, more than 60 million people have been infected with
human immunodeficiency virus type 1 (HIV-1). AIDS is now
the leading cause of death in sub-Saharan Africa and the
fourth-biggest killer worldwide. The need to develop an effec-
tive HIV vaccine to either protect people from HIV-1 infection
or attenuate the course of disease is urgent. Understanding the
correlates of protective immunity is a logical first step in the
development of immune-system-based approaches to the con-
trol of HIV-1 infection. Increasing evidence indicates that
HIV-1-specific CD8" cytotoxic T lymphocytes (CTL) and
CD4* T helper cells play a critical role in the control of viral
replication in HIV-1 infection (reviewed in references 4, 14, 19,
25, 26, 36, and 40). The critical role of virus-specific CTL
responses in control of viremia has been directly demonstrated
by CD8" T-cell depletion studies of simian immunodeficiency
virus (SIV) infection in macaques, where CD8" T cells are
necessary to effectively suppress viral replication (22, 38). The
immune activity generated during acute infection in particular
appears to be a critical determinant of the ultimate speed of
progression to disease (2, 10-12, 24, 35). Therefore, induction
and maintenance of HIV-1-specific CD8* T-cell responses are
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considered a key element in the development of effective
HIV-1 vaccines (2, 8-10, 41).

Studies on acute retroviral infections in animal models have
suggested that CD8™ T-cell responses directed against immu-
nodominant CTL epitopes may be importantly involved in the
initial control of viral replication (2, 9). Recent data on HIV-
1-infected individuals indicate substantial differences between
the viral CTL epitopes targeted by CD8"* T-cell responses
during acute and chronic HIV-1 infection (5, 18). However,
these studies have largely focused on the characterization of
CD8" T-cell responses directed against previously described
epitopes during chronic HIV-1 infection. Very little is known
about the immunodominant HIV-1-specific CD8" T-cell re-
sponses during acute infection, since CD8" T-cell responses
directed against full-length HIV-1 during acute infection have
never been comprehensively assessed. These early-recognized
CTL epitopes might represent crucial targets, due to their early
presentation, high immunogenicity, and apparent involvement
in the initial control of viremia.

In this study, a large panel of 504 overlapping 15- to 18-mer
peptides spanning the full-length sequences of HIV-1 clade B
was used to comprehensively characterize CD8" T-cell re-
sponses during acute HIV-1 infection. The evolution of the
magnitude, breadth, and hierarchy of CD8" T-cell responses
was monitored longitudinally for individuals identified and
treated during acute HIV-1 infection, and the impact of su-
pervised treatment interruptions (STI) on the evolution and
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immunodominance of responses was assessed. The data show
that a previously unexpected and unprecedentedly large num-
ber of HIV-1-specific CTL epitopes can be presented by a
single HLA class I allele in an infected individual and that the
temporal appearance of these responses follows similar pat-
terns in persons of the same HLA type with acute HIV-1
infection.

MATERIALS AND METHODS

Subjects. All 18 subjects were enrolled in Boston. Study subject AC-06 is an
HIV-1-infected individual diagnosed with symptomatic acute HIV-1 infection
and treated with highly active antiretroviral therapy (HAART), including two
nucleoside analogs and one protease inhibitor, prior to HIV-1 seroconversion.
At diagnosis, the viral load was 8.1 million copies of HIV-1 RNA per ml and the
CD4" T-cell count was 551 cells/pl. After 18 months of effective antiretroviral
treatment, this individual underwent two cycles of STI. The study protocol
required that during STI, treatment had to be reinitiated once the viral load rose
above 50,000 copies of HIV-1 RNA per ml at a single time point or remained
above 5,000 copies of HIV-1 RNA per ml for more than 3 consecutive weeks
(35). The HLA type of this individual was homozygous in the HLA class I A, B,
and Cw alleles (A3, B7, Cw7), as determined by sequence-specific primer PCR
performed at the Massachusetts General Hospital (MGH) Tissue Typing Lab-
oratory (15).

In addition to study subject AC-06, 17 other individuals identified during
primary HIV-1 infection and expressing either HLA-A3 (n = 7), HLA-B7 (n =
4), or both alleles (n = 6) were enrolled in this study. The median initial viral
load at presentation for these individuals was 750,000 (range, 22,000 to
1,100,000) copies of HIV-1 RNA per ml. HIV-1-specific CD8" T-cell responses
in these individuals were assessed during early HIV-1 infection, as well as after
1 year of treated infection and following STI for a subset of six individuals. The
study was approved by the MGH Institutional Review Board, and each subject
gave informed consent for participation in the study.

Cell lines and media. Epstein-Barr virus-transformed B-lymphoblastoid cell
lines (B-LCL) were established from peripheral blood mononuclear cells
(PBMC) and maintained in R20 medium (RPMI 1640 medium [Sigma, St. Louis,
Mo.] supplemented with 2 mM L-glutamine, 50 U of penicillin per ml, 50 pg of
streptomycin per ml, 10 mM HEPES, and 20% heat-inactivated fetal calf serum
[Sigmal) as previously described (45). For culture of CTL clones, RPMI medium
containing 10% fetal calf serum (R10) supplemented with 50 U of recombinant
interleukin-2 (rIL-2, kindly provided by M. Gately, Hoffmann-La Roche, Nutley,
N.J.) per ml was used.

Synthetic HIV-1 peptides. Five hundred and four overlapping peptides (15- to
18-mers with 10-amino-acid overlaps) spanning all the HIV-1 clade B Gag (p15,
pl17, and p24), Pol (Int, Prot, and RT), Env (gp120 and gp41), regulatory (Rev
and Tat), and accessory (Vpr, Vpu, Vif, and Nef) protein sequences were syn-
thesized on an automated peptide synthesizer (MBS 396; Advanced ChemTech,
Louisville, Ky.) using fluorenylmethoxycarbonyl chemistry. In addition, peptides
corresponding to optimal HIV-1 CTL epitopes described for the individual’s
HLA class I type (13) and truncated peptides for the fine mapping of novel
optimal CTL epitopes were used.

Characterization of HIV-1-specific CD8* T-cell responses by ELISPOT assay.
HIV-1-specific CD8" T-cell responses were quantified by enzyme-linked immu-
nospot (ELISPOT) assay as previously described (7). In brief, PBMC were plated
out at 100,000 cells per well with peptides at a final concentration of 107> M in
96-well polyvinylidene difluoride-backed plates (MAIP S45; Millipore, Bedford,
Mass.) precoated with 0.5 pg of the anti-gamma interferon (IFN-y) monoclonal
antibody (MAb) 1-DIK (Mabtech, Stockholm, Sweden)/ml overnight at 4°C. A
total of 100,000 PBMC were incubated with R10 alone as a negative control or
with phytohemagglutinin (PHA) as a positive control. Plates were incubated
overnight (14 to 16 h) at 37°C under 5% CO, and then processed as described
previously (7). The number of specific IFN-y-secreting T cells was counted by
direct visualization, calculated by subtracting the negative-control value, and
expressed as spot-forming cells (SFC) per 10° input cells. Negative-control values
were always <30 SFC per 10° input cells. Results of 50 or more SFC per 10°
input cells above background were considered positive. The CD8* T-cell depen-
dence of all responses to synthetic peptides was confirmed by CD4*/CD8" T-cell
depletion and enrichment studies using magnetic beads (MACS; Miltenyi Bio-
tech, Cologne, Germany) according to the manufacturer’s protocol (7).

Fine mapping of epitopes was performed by ELISPOT assay using serial
dilutions of truncated peptides (7). A total of 50,000 to 100,000 freshly isolated
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PBMC per well were incubated with peptides at concentrations ranging from
107* to 107" M overnight on the ELISPOT plate. All assays were run in
duplicate. The optimal peptide was defined as the peptide that induced 50%
maximal specific IFN-y production by T cells at the lowest peptide concentration
™).

Generation of CTL clones. CTL clones were isolated by limiting dilution as
previously described (45), using the CD3-specific MAb 12F6 as a stimulus for
T-cell proliferation. Developing clones were screened for HIV-1-specific CTL
activity by a chromium-51 release assay against autologous B-cell lines (BCL)
pulsed with the peptides recognized in the ELISPOT assays (45). HIV-1-specific
clones were maintained by stimulation every 14 to 21 days with an anti-CD3 MAb
and irradiated allogeneic PBMC (46). HLA restriction of CTL epitopes was
determined by using a panel of target cells matched through only one of the
HLA-A, HLA-B, or HLA-C class I alleles expressed by the effector cells, as
described previously (7).

Generation of peptide-specific CD8* T-cell lines. CD8" T cells were nonspe-
cifically expanded from PBMC over 10 days by using a bispecific anti-CD3/CD4b
MAD (48). Peptide-specific CD8" T cells were subsequently isolated by using an
IFN-y capture assay, as described previously (3). Briefly, 107 CD8" T cells were
incubated with 20 pM peptide and the anti-CD28 and anti-CD49d MAbs (1
pg/ml each; Becton Dickinson, San Jose, Calif.) on 24-well plates at 37°C under
5% CO, for 6 to 8 h. Cells were subsequently labeled with a bispecific CD45/
IFN-vy Catch Reagent and incubated for 45 min at 37°C under 5% CO,. After
several washes, IFN-y producing cells were stained with a second, phycoerythrin
(PE)-conjugated IFN-y detection antibody and separated by use of anti-PE
MicroBeads on a MACS separator. The isolated cells were then expanded for 10
days by using autologous irradiated feeders as described previously (3).

Flow cytometric detection of antigen-induced intracellular IFN-y secretion.
Intracellular cytokine staining assays were performed as described elsewhere
with minor modifications (20, 32). Briefly, 0.5 X 10° to 1 X 10° PBMC or CTL
lines were incubated with 4 wM peptide and the anti-CD28 and anti-CD49d
MADbs (1 pg/ml each; Becton Dickinson) at 37°C under 5% CO, for 1 h before
addition of 10 pg of brefeldin A (Sigma)/ml. Following a further 6 h of incuba-
tion at 37°C under 5% CO,, cells were placed at 4°C overnight. Cells were then
washed and stained with the surface antibodies anti-CD8-PerCP and anti-CD4-
APC (Becton Dickinson) at 4°C for 30 min. After a wash, cells were fixed and
permeabilized by using a Caltag (Burlingame, Calif.) fixation or permeabilization
kit, respectively, for 15 min at room temperature in the dark, and fluorescein
isothiocyanate-conjugated anti-IFN-y (Becton Dickinson) was added at 4°C for
30 min. Cells were then washed and analyzed on a FACScalibur flow cytometer
(Becton Dickinson). Control conditions were established by use of autologous
PBMC, which were treated identically but without peptide stimulation. Assays
using HLA-matched or -mismatched BCL were run for the determination of
HLA restriction of responses as described elsewhere (17): BCL that were pulsed
with 10 pM peptide for 1 h were washed four times prior to incubation with
effectors at 10° BCL and 4 X 10° effectors in 1 ml of R10. The anti-CD28 and
anti-CD49d MADs were then added, and the assay was run exactly as described
above.

Statistical analysis. Statistical analyses and graphic presentation were done
using SigmaPlot 5.0 (SPSS Inc., Chicago, Ill.). Results are given as means =
standard deviations or medians with ranges. Statistical analysis of significance (P
values) was based on two-tailed ¢ tests.

RESULTS

Comprehensive characterization of HIV-1-specific CD8* T-
cell responses during STI in study subject AC-06. In order to
examine the initial induction of immune responses in HIV-1
infection, we performed a detailed analysis of CD8 T-cell re-
sponses to all viral proteins expressed in the acute phase of
infection. Early treatment followed by treatment interruption
allowed for longitudinal analysis of the subsequent evolution of
these responses. Initial studies were performed with subject
AC-06, who was diagnosed during symptomatic acute HIV-1
infection with a viral load of 8.1 X 10° copies of HIV-1 RNA
per ml of plasma. Following treatment with HAART prior to
HIV-1 seroconversion, viremia dropped to undetectable levels
within 6 weeks and remained undetectable for 18 months of
treatment prior to initiation of STI. The evolution of viral
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FIG. 1. Viral loads (HIV-1 RNA copies per ml of plasma) in study
subject AC-06 during the 34-month study period are shown on a
logarithmic scale. Shading represents periods on HAART. The num-
ber of regions targeted by CD8" T cells in AC-06 is given below the
graph.
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loads in individual AC-06 during acute HIV-1 infection and
two cycles of STI is shown in Fig. 1.

A comprehensive characterization of HIV-1-specific CTL
responses during the study period of 34 months following acute
infection was performed for individual AC-06 by using an
ELISPOT assay and a panel of 504 individual overlapping 15-
to 18-mer peptides spanning the full-length sequences of
HIV-1 clade B. During acute infection, virus-specific T-cell
responses were narrowly directed against one peptide in p24
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Gag (TACQGVGGPGHKARYVL) and one peptide in gp4l
Env (HIPRRIRQGLERALL). The virus-specific T-cell re-
sponses were enhanced and broadened during reexposure to
antigen, such that at the end of the second ST1I, 34 months after
acute infection, subject AC-06 had developed T-cell responses
against a total of 26 regions of HIV-1 proteins, including 15
responses against structural proteins and 11 responses against
regulatory and accessory proteins (Fig. 1 and 2). Except for
HIV-1 Tat and Vpu, all HIV-1 proteins were targeted by virus-
specific T cells in this individual. All responses were CD8"
T-cell mediated, as confirmed by CD4*/CD8™" T-cell depletion
and enrichment studies, except for one CD4 " T-cell-mediated
response to an overlapping peptide in HIV-1 integrase
(TKELQKQITKIONFRVYY). The magnitude of responses
to the individual overlapping peptides ranged from 60 to 1,800
SFC/10° PBMC (median, 710 SFC/10° PBMC). These data
show that HIV-1-specific CD8" T-cell responses are narrowly
directed during acute HIV-1 infection, despite exposure to
enormous levels of virus in the plasma, but that these re-
sponses broaden during reexposure to lower subsequent levels
of viral antigen, ultimately targeting a large variety of different
HIV-1 proteins.

Characterization of optimal CTL epitopes targeted by HIV-
1-specific CD8* T cells. The data above describe the regions
within HIV-1 targeted by CD8 T cells in subject AC-06 but
do not indicate the number of epitopes contained within each
of the proteins (e.g., some overlapping peptides may contain
the same minimal epitope in their overlap, or a single overlap-
ping peptide may contain more than one epitope [5, 21]). In
addition, they indicate recognition of a number of epitopes not
previously described as presented by these HLA alleles. Opti-
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FIG. 2. HIV-1-specific CD8" T-cell responses to overlapping peptides in subject AC-06. The amino acid sequences and locations within HIV-1
proteins of all overlapping peptides targeted by virus-specific CD8" T lymphocytes in subject AC-06 are shown. A total of 25 different regions

within HIV-1 were targeted by CD8" T cells.
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mal epitopes as well as restricting HLA alleles were therefore
determined by an adaptation of previously described tech-
niques. Following nonspecific polyclonal expansion of PBMC
for 10 days using a bispecific anti-CD3/CD4b MAD, an adapted
IFN-y capture assay was performed to isolate peptide-specific
CD8* T-cell lines (3). By use of this approach, 13 different
cytotoxic CD8* T-cell lines specific for novel epitopes were
isolated from PBMC. The HLA restriction of these CTL
epitopes was determined by a chromium-51 release assay using
partially HLA class I matched antigen-presenting cell lines
(BCL). Subsequently, the optimal epitope sequences were de-
termined by an ELISPOT assay using PBMC and serial dilu-
tions of truncated peptides. This is exemplified for two novel
HLA-A3-restricted and two novel HLA-B7-restricted epitopes
in Fig. 3A and B, respectively. For one response to a subdomi-
nant HIV-1 Gag epitope, CD8" T-cell frequencies were too
low (80 SFC/10° PBMC) for isolation of peptide-specific lines
by using the IFN-y capture assay, and epitope-specific CD8"
T-cell lines could be isolated only by using standard limiting-
dilution assays (data not shown). Overall, 10 novel HLA-A3-
restricted and 3 novel HLA-B7-restricted optimal CTL
epitopes were defined for subject AC-06, as well as the first
HLA-Cw7-restricted CTL epitope described for HIV-1. This
brought the total number of HLA-A3-restricted epitopes to 15,
and the total number of HLA-B7-restricted epitopes to 11, in
this individual (Table 1). The newly described epitopes in-
cluded two epitopes which were previously reported to be
restricted by HLA-A11, an allele closely related to HLA-A3
(39). The majority of the novel epitopes exactly fit the pub-
lished HLLA-A3, -B7, and -Cw7 peptide binding-motifs (Table
1). These results indicate a previously unexpected and unprec-
edented breadth of virus-specific CD8" T-cell responses, in-
cluding simultaneous recognition by CD8" T cells of 15 HLA-
A3-restricted, 11 HLA-B7-restricted, and 1 HLA-Cw7-
restricted optimal HIV-1-specific CTL epitope.

Longitudinal evaluation of CTL responses. Following the
characterization of all optimal HIV-1-specific CTL epitopes
targeted in subject AC-06, the evolution of HIV-1-specific
CD8* T-cell responses over time and the impact of reexposure
to antigen on these responses were addressed. For this pur-
pose, virus-specific CD8" T-cell responses in this individual
were determined at 11 different time points during the 34-
month study period, starting from acute HIV-1-infection. This
also allowed us to assess the hierarchy in the appearance of
responses to CTL epitopes restricted by the same HLA class I
allele over time.

During acute HIV-1 infection, CD8" T-cell responses in
subject AC-06 were directed only against two HLA-B7-re-
stricted epitopes, in p24 Gag (GPGHKARVL) and gp41 Env
(IPRRIRQGL) (Table 2 and Fig. 4), with no detectable in-
volvement of HLA-A3-restricted epitopes resulting from this
initial exposure to the virus. During the short first treatment
interruption, reexposure to antigen following viral rebound
(see Fig. 1) was accompanied by enhancement of the magni-
tude of preexisting CD8" T-cell responses, as well as by induc-
tion of 12 novel responses to different epitopes (Table 2 and
Fig. 4). These included six HLA-B7-restricted epitopes, as well
as five HLA-A3-restricted epitopes and one HLA-Cw7-re-
stricted epitope. The initial HLA-B7-restricted p24 Gag
epitope  GPGHKARVL remained the immunodominant
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epitope. The HLA-A3-restricted pl7 Gag epitope RLRPGG
KKK was targeted for the first time after the first treatment
interruption and evolved to become the immunodominant
HLA-A3-restricted epitope at 29.5 months, prior to reinitia-
tion of antiretroviral treatment (Table 2). Total HIV-1-specific
CD8" T-cell responses were augmented from 980 SFC/10°
PBMC prior to the first cycle of STI to 5,100 SFC/10° PBMC
at the end of the first cycle (P < 0.01). These responses were
further enhanced in magnitude and breadth during the second
treatment interruption, augmenting the total HIV-1-specific
CD8" T-cell responses to optimal CTL epitopes from 7,750
SFC/10° PBMC prior to the beginning of the second cycle of
STI to 28,300 SFC/10° PBMC at the end of the second cycle (P
< 0.00001). This enhancement of responses was due to the
augmentation of the magnitude of responses to previously tar-
geted epitopes, as well as to development of a total of 9 newly
detectable CD8™ T-cell responses to optimal epitopes during
this second cycle, raising the total number of CTL epitopes
targeted to 27 (Table 2 and Fig. 4).

At the end of the second STI, CD8* T-cell responses di-
rected against epitopes within the accessory proteins (Vpr, Vif,
and Nef) dominated total HIV-1-specific CD8" T-cell re-
sponses (Table 2). Ten responses to different optimal epitopes
in these proteins were defined, with a total magnitude of
11,920 SFC/10° PBMC (representing 42% of total HIV-1-spe-
cific CD8" T-cell responses). CD8" T-cell responses directed
against optimal CTL epitopes within HIV-1 Gag and HIV-1
Pol were similar in both breadth and magnitude, with six re-
sponses to Gag (5,680 SFC/10° PBMC) and seven responses to
Pol (6,880 SFC/10° PBMC). Only three responses to optimal
CTL epitopes within HIV-1 Env (2,520 SFC/10° PBMC) and
one response to HIV-1 Rev (1,300 SFC/10° PBMC) were de-
tectable, respectively, and no CD8" T-cell activity against the
HIV-1 proteins Tat and Vpu was detectable.

One limitation of the IFN-y ELISPOT assay is a potential
underestimation of the frequency of high-magnitude re-
sponses, due to the limited number of SFC per well that can be
quantified. We therefore used intracellular IFN-y quantifica-
tion by flow cytometry to more accurately quantify the contri-
butions of HLA-A3- and HLA-B7- or -Cw7-restricted CD8"
T-cell responses to total HIV-1-specific CD8" T-cell re-
sponses. Autologous BCL were pulsed with pools of peptides
containing either the 15 HLA-A3-restricted or the 12 HLA-
B7- or -Cw7-restricted optimal HIV-1 CTL epitopes targeted
by AC-06, or all 27 epitope peptides. A total of 14.5% of CD8™
T cells were specific for the tested epitopes at the end of the
second treatment interruption (Fig. 5C). Virus-specific re-
sponses were dominated by HLA-B7- or -Cw7-restricted
CD8™" T-cell responses (9.5%), which contributed more than
60% to total HIV-1-specific CD8* T-cell response (Fig. 5D).
The p24 Gag epitope GPGHKARVL, the first epitope tar-
geted during acute infection, induced peptide-specific IFN-y
production by 3.7% of CD8" T cells, contributing more than
24% to total virus-specific responses (Fig. 5B). These data
demonstrate on the single-epitope level that HIV-1-specific
CD8" T-cell responses can be sequentially enhanced and
broadened by reexposure to antigen and can ultimately target
15 different CTL epitopes (an unexpectedly high number) re-
stricted by a single HLA class I allele in an infected individual
homozygous for the HLA class I A, B, and Cw alleles. These
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FIG. 3. Characterization of HLA-A3- and HLA-B7-restricted optimal HIV-1-specific CTL epitopes in subject AC-06. Graphs show the HLA
class I restriction (left panels) and optimal amino acid sequences (right panels) of two novel HLA-A3-restricted CTL epitopes (A) and two novel
HLA-B7-restricted CTL epitopes (B). HLA restriction was determined using peptides presented by autologous and partially HLA matched BCL
in a >'Cr release assay. Solid bars, percent specific lysis of target cells pulsed with peptide; hatched bars, percent specific lysis of control target cells
pulsed with no peptide. Fine mapping of the optimal epitope was done using serial dilutions of truncated peptides in an IFN-y ELISPOT assay,
and results are given as SFC per 10° PBMC.

data also indicate that the first HIV-1 epitope targeted during Hierarchy of HLA-A3- and HLA-B7-restricted CD8* T-cell
acute HIV-1 infection (GPGHKARVL) can remain the immu- responses during acute HIV-1 infection and after STI. The
nodominant epitope during the broadening of virus-specific studies of subject AC-06 demonstrate that only a limited num-
CD8™" T-cell responses following STL. ber of HIV-1-specific CD8" T-cell epitopes are detectable in
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TABLE 1. Optimal CTL epitopes in AC-06

Binding motif and HIV-1 protein Optimal epitope® HLA restriction Designation
A3 binding motif 2 C term nus
L K
\% Y
M F
pl7 Gag KI' RLRPGEK A3 A3-KK9
pl7 Gag RLRPGGKKK A3 A3-RK9
RT Pol KLVDFRELNK A3 A3-KK10
RT Pol G PHPAGLK A3 A3-GK9
RT Pol Al FQSSMIK A3 A3-ATK9
RT Pol Q YPG KVR A3 A3-QR9
RT Pol RIVRGAHTNDVK A3 A3-RK11
Int Pol AVFI HNFKRK A3 A3-AK10
gp 41 Env RLRDLLLI VTR A3 A3-RR11
Nef QVPLRPMI'YK A3 A3-QK10
Nef AVDLSHFLK A3 A3-ALK9
Rev ERI LSTYLGR A3 A3-ER10
Vif Rl RTWKSLVK A3 A3-RK10
Vit HWY1 SKKAK A3 A3-HKO9
Vif KTKPPLPSVKK A3 A3-KK11
B7 binding motif 123 C term nus
P L
A R
R K
p24 Gag SPRTLNAW/ B7 B7-SV9
p24 Gag TPQDLNTM B7 B7-TL9
p24 Gag HPVHAGPI A B7 B7-HA9
p24 Gag GPGHKARVL B7 B7-GL9
RT Pol SPAI FQSSM B7 B7-SM9
gpl120 Env RPNNNTRKSI B7 B7-RI10
gp41l Env | PRRI RQGL B7 B7-1L9
Nef TPQVPLRPM B7 B7-TM9
Nef RPMTYKAAL B7 B7-RLY
Vpr FPRI WLHGL B7 B7-FL9
Vif HPRVSSEVHI B7 B7-HI10
Cw7 binding motif 23456 C term nus
YPDW Y
PGEYI F
RAVI L
Nef RRQDI LDLW Y Cw7 Cw7-RY11

“ Novel epitopes are boldfaced. Based on the described epitope binding motif for each HLA class I allele (13, 33), the amino acids preferentially located at the

corresponding positions of the epitopes are shown.

acute infection and that additional responses appear following
reexposure to viral antigen. We next studied whether the ap-
pearance and hierarchy of responses to CTL epitopes re-
stricted by a particular HLA class I allele follow a common
pattern in individuals expressing the same allele, by using a
cohort of 17 additional individuals diagnosed and treated dur-
ing acute HIV-1 infection and expressing either HLA-A3 (n =
7), HLA-B7 (n = 4), or both (n = 6). HIV-1-specific CD8™
T-cell responses directed against all optimal CTL epitopes
described for the HLA class I types of the study subjects,
including all newly defined HLA-A3 and -B7 CTL epitopes,
were tested for these 18 individuals (including study subject
AC-06) during acute infection, as well as after 1 year of treat-
ment with HAART. Furthermore, in addition to subject AC-
06, HIV-1-specific CD8" T-cell responses in a subset of six
additional individuals (three expressing A3 and three express-
ing A3 and B7) were studied after their reexposure to viral
antigen during one cycle of STI.

Eight out of the 14 individuals expressing HLA-A3 had

detectable HIV-1-specific CD8" T-cell responses restricted by
HLA-A3 during acute infection. Only 5 out of 15 HLA-A3-
restricted CTL epitopes tested were targeted following acute
HIV-1 infection in these individuals (Fig. 6A). Of the HLA-
A3-restricted epitopes, two within p17 Gag (p17-RK9 and p17-
KK9) were targeted by 50% (7 of 14) of the individuals tested
(Fig. 6A), representing 88% (7 of 8) of the individuals with
detectable HLA-A3-restricted responses during acute infec-
tion. The p17 Gag epitope RLRPGGKKK was the immuno-
dominant A3-restricted CTL response during acute infection.
Both p17 Gag epitopes remained the most frequently targeted
HLA-A3-restricted CTL epitopes after 1 year of treatment
with HAART (Fig. 6A), as well as after reexposure following
STI (Fig. 6B), for the seven individuals studied. In addition, for
the four of seven individuals with no detectable HLA-A3-
restricted responses during acute infection, the two p17 Gag
epitopes RLRPGGKKK and KIRLRPGGK again represented
the first HLA-A3 epitopes targeted (data not shown), as de-
scribed for subject AC-06 above. Following reexposure to an-
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TABLE 2. Longitudinal evolution of the magnitude of HIV-1-specific CD8" T-cell responses in subject AC-06 at the single-epitope level

No. of SFC/10° PBMC at the following mo after infection:

HIV-1 protein Epitope
0 2 6 12 18 20 24 29.5 34

Gag A3-RK9 0 0 0 0 0 420 590 1,600 1,100
A3-KK9 0 0 0 0 0 220 370 1,400 1,000

B7-SV9 0 0 0 0 0 0 0 680 120

B7-TL9 0 0 0 0 0 0 0 740 1,300

B7-HA9 0 0 0 0 0 0 0 700 360

B7-GL9 320 380 680 870 900 1,000 1,200 1,300 1,800

Pol A3-KK10 0 0 0 0 0 0 70 1,200 1,800
A3-GK9 0 0 0 0 0 0 0 240 1,800

B7-SM9 0 0 0 0 0 90 130 1,400 1,000

A3-ATK9 0 0 0 0 0 0 0 290 420

A3-QR9 0 0 0 0 0 760 1,000 1,200 840

A3-RK11 0 0 0 0 0 0 0 840 900

A3-AK10 0 0 0 0 0 0 0 260 120

Env B7-1L9 60 60 60 70 80 840 1,000 1,600 1,400
A3-RR11 0 0 0 0 0 0 260 230 320

B7-RI10 0 0 0 0 0 0 0 0 800

Accessory B7-TM9 0 0 0 0 0 150 200 320 1,300
A3-QK10 0 0 0 0 0 110 70 1,100 1,000

B7-RL9 0 0 0 0 0 120 180 600 360

A3-ALK9 0 0 0 0 0 450 350 1,200 1,100

Cw7-RY11 0 0 0 0 0 0 0 720 1,000

B7-FL9 0 0 0 0 0 0 210 380 960

B7-HI10 0 0 0 0 0 500 880 1,800 1,800

A3-RK10 0 0 0 0 0 180 270 1,100 1,600

A3-HK9 0 0 0 0 0 110 320 1,000 1,600

A3-KK11 0 0 0 0 0 150 340 600 1,200

Regulatory A3-ER10 0 0 0 0 0 0 310 460 1,300
Total 380 440 740 940 980 5,100 7,750 22,960 28,300

tigen, all 15 HLA-A3-restricted CTL epitopes were targeted by
at least one individual. However, five epitopes were recognized
only by subject AC-06 and not by the other individuals express-
ing HLA-A3 (Fig. 6B and Table 1).

All 11 individuals expressing HLA-B7 had detectable HIV-
1-specific CD8" T-cell responses during acute HIV-1 infec-
tion. Among the HLA-B7-restricted epitopes, two (the gp41l
epitope IPRRIRQGL and the gp120 epitope RPNNNTRKSI)
were targeted by more than 50% (6 of 11) and 36% (4 of 11)
of individuals with acute infection, respectively (Fig. 6C). How-
ever, B7-restricted responses were directed against a larger
variety of different epitopes (10 of 15 tested epitopes) follow-
ing acute infection. Following STI for 4 individuals expressing
HLA-B7, the majority (13 of 15) of described HLA-B7 CTL
epitopes were targeted by at least 1 individual (Fig. 6D).

It was demonstrated above for study subject AC-06 that the
earliest targeted CTL epitope, B7-GPGHKARVL in p24 Gag,
remained the immunodominant CTL epitope during the entire
study period (Fig. 5). We extended these studies to the five of
six individuals who had detectable CD8" T-cell responses dur-
ing acute infection and for whom follow-up samples during STI
were available. In the sixth individual, no CD8"* T-cell re-
sponses against optimal CTL epitopes were detectable during
acute infection. HIV-1-specific CD8* T-cell responses broad-
ened in all individuals following reexposure to antigen during
STI. Nevertheless, in all five study subjects, the immunodom-

inant CD8" T-cell response during acute infection remained
the dominant response at the last available time point follow-
ing reexposure to antigen. In three of five individuals this
response was restricted by HLA-A3; in the other two individ-
uals it was restricted by HLA-BS and HLA-B60, respectively
(data not shown). In addition, the p17 Gag epitope RLRPGG
KKK remained the immunodominant HLA-A3-restricted re-
sponse in all five of six individuals targeting this epitope after
treatment interruptions. Taken together, these data show that
a subset of epitopes is preferentially targeted during acute
HIV-1 infection and that these early targeted epitopes remain
immunodominant during subsequent enhancement of HIV-1-
specific CD8 T-cell responses following reexposure to viral
antigen.

DISCUSSION

Accumulating data indicate that the antiviral immune re-
sponses generated during acute infection may be crucial for
initial control of viral replication and the outcome of chronic
infection (2, 10-12, 24, 35). However, to date very little is
known about the specificity of CTL epitopes targeted during
acute HIV-1 infection or the evolution of these epitope-spe-
cific responses during later stages of infection. In this study, the
hierarchy in the development of epitope-specific CD8* T-cell
responses restricted by selected HLA class I alleles and their
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targeted during acute infection, but virus-specific CD8" T-cell responses targeted a total of 27 different CTL epitopes at the end of the second STL.

immunodominance during acute HIV-1 infection was assessed.
The evolution of these epitope-specific CD8" T-cell responses
was also monitored longitudinally during STI. Our data suggest
that for selected HLA alleles the hierarchy in immunodomi-
nance of epitope-specific CD8" T-cell responses is determined
early during acute infection and that this hierarchy is little
modified during the subsequent broadening of responses fol-
lowing reexposure to antigen. These early treatment studies
also show that the initial high-level viremia does not induce
detectable broadly directed responses, but that these become
detectable following repeated exposure to much lower levels of
viral antigen, ultimately targeting an unprecedented number of
HIV-1-specific CTL epitopes restricted by a single HLA class
I allele.

Recent technical advances in the assessment of antigen-
specific CD8" T-cell responses, including the IFN-y ELISPOT
assay and flow cytometry-based assays, have allowed for much
more rapid and detailed characterization of HIV-1-specific
CD8" T-cell responses in infected individuals. In this study we
used these sensitive techniques to comprehensively assess
HIV-1-specific CD8" T-cell responses in an infected individual
identified during acute infection, using a panel of 504 overlap-
ping peptides spanning the full-length sequence of HIV-1. The
regions within HIV-1 recognized by CD8™" T cells were deter-
mined, and all optimal CTL epitopes targeted, as well as their
restricting HLA class I alleles, were characterized. Longitudi-
nal studies demonstrated that only two CTL epitopes were
targeted by HIV-1-specific CD8™ T cells during acute infection
but that CD8" T-cell responses broadened significantly during

subsequent exposure to antigen. Following two cycles of STI,
27 distinct CTL epitopes were ultimately recognized by virus-
specific CD8" T cells of the study subject, including 14 novel
epitopes (10 of which are restricted by HLA-A3) described for
the first time in this report. All novel HLA-A3-, HLA-B7-, and
HLA-Cw7-restricted CTL epitopes fit the peptide-binding mo-
tifs described for the corresponding HLA class I allele very
well (13, 33). The large number of reported novel HLA-A3-
restricted epitopes is impressive, taking into account that only
eight CTL epitopes restricted by HLA-A3 had previously been
described in the literature (13). These findings are in line with
previous studies showing the enhancement of virus-specific
CD8" T-cell responses in infected individuals during reexpo-
sure to viral antigen (6, 16, 30, 31, 35, 37; J. Lisziewicz, E.
Rosenberg, J. Lieberman, H. Jessen, L. Lopalco, R. Siliciano,
B. Walker, and F. Lori, Letter, N. Engl. J. Med. 340:1683-1684,
1999). They also emphasize the importance of a comprehen-
sive approach assessing CD8* T cells directed against full-
length HIV-1 in order to determine the entire breadth and
magnitude of virus-specific immune responses.

These data indicate that numerous epitopes can be pre-
sented simultaneously by a single HLA class I allele. Fifteen
distinct CTL epitopes were restricted by HLA-A3 in one indi-
vidual, including two epitopes previously reported as restricted
by HLA-A11, a closely related HLA class I allele belonging to
the HLA-A3-superfamily (39, 43). In addition, 11 distinct
epitopes were restricted by HLA-B7 and one by HLA-Cw7.
Several factors may have contributed to this unprecedented
breadth of detectable CTL responses. To our knowledge, this
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individual represented the first HIV-1-infected person for
whom HIV-1-specific CD8 " T-cell responses were comprehen-
sively assessed on the single-epitope level, including responses
directed against all HIV-1 proteins. In addition, the study
subject was homozygous for the HLA class I A, B, and Cw
locus. Therefore, presentation of viral antigen was necessarily
limited to these three HLA class I alleles. In contrast, in het-
erozygous individuals expressing six different major HLA class
I alleles, a broader variety of differently restricted epitopes
might be presented. Furthermore, different HLA class I mol-
ecules may compete with one another for binding and presen-
tation of peptide epitopes (29). However, data from the SIV/
macaque model have shown that an animal can simultaneously
recognize as many as 15 different epitopes restricted by a single
major histocompatibility complex (MHC) class I molecule
(Mamu-A=01) (1), and preliminary data on additional HIV-1-
infected individuals screened comprehensively for all ex-
pressed HIV-1 proteins by using overlapping peptides demon-
strate that as many as 42 different regions within the virus can
be targeted in a single infected individual heterozygous for all
three major HLA class I alleles (M. M. Addo, unpublished
data). However, these studies may still underestimate the real
breadth of responses, since virus-specific CD8* T-cell re-
sponses were assessed by using HIV-1 clade B consensus se-
quences and not autologous virus sequences (34, 42, 47).
Taken together, these data suggest that HIV-1-specific CD8*
T-cell responses may be much more broadly directed in in-
fected individuals than has been expected to date.

During acute HIV-1 infection, only two CTL epitopes were
targeted by the subject studied in most detail (AC-06), includ-

ing the immunodominant HLA-B7-restricted epitope GPG
HKARVL in p24 Gag. Interestingly, this earliest targeted CTL
epitope remained the immunodominant response, even as vi-
rus-specific CD8* T-cell responses broadened significantly to a
total of 27 epitopes targeted. We extended these studies to
another 17 individuals with acute HIV-1 infection expressing
HLA-A3 and/or HLA-B7. For HLA-A3, an immunodominant
CTL epitope within HIV-1 p17 Gag was identified (RLRPG
GKKK). This epitope was targeted during acute infection by
88% of HLA-A3-expressing individuals with detectable CD8™"
T-cell responses restricted by this allele. In addition, RLRPG
GKKK also represented the first HLA-A3-restricted epitope
targeted during reexposure to the virus in those individuals
who lacked detectable HLA-A3-restricted CD8* T-cell re-
sponses during acute infection. In contrast, HLA-B7-restricted
CD8™" T-cell responses were directed against a larger variety of
different epitopes, including the early-targeted p24 Gag
epitope GPGHKARVL described for AC-06, but also nine
additional epitopes within different HIV-1 proteins. Differ-
ences in the CTL epitopes restricted by HLA-A2 have also
been noted in acute and chronic HIV-1 infection (18). These
data indicate that immunodominant viral epitopes consistently
targeted during acute HIV-1 infection can be identified for
certain HLA class I alleles but that differences in the pattern of
development of epitope-specific CTL responses exist among
different HLA class I alleles in HIV-1 infection.

Following reexposure to antigen during treatment interrup-
tions, CD8™" T-cell responses to novel epitopes became detect-
able in all individuals. These responses might represent either
newly primed specificities or preexisting low-frequency re-
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FIG. 6. Frequency of recognition of optimal CTL epitopes during acute HIV-1 infection and after STI. (A) Percentages of individuals
expressing HLA-A3 (n = 14) who recognize the individual HLA-A3-restricted optimal CTL epitopes 1 to 15 during acute HIV-1 infection (solid
bars) and after 12 months of treatment with HAART (hatched bars). (B) Percentages of individuals expressing HLA-A3 (n = 7) who recognize
the individual HLA-A3-restricted optimal CTL epitopes 1 to 15 following STI. (C) Percentages of individuals expressing HLA-B7 (n = 11) who
recognize the individual HLA-B7-restricted optimal CTL epitopes 1 to 15 during acute HIV-1 infection (solid bars) and after 12 months of
treatment with HAART (hatched bars). (D) Percentages of individuals expressing HLA-B7 (n = 7) who recognize the individual HLA-B7-
restricted optimal CTL epitopes 1 to 15 following STI. The amino acid sequences and corresponding HIV-1 proteins for the CTL epitopes tested

are given at the bottom of the figure.

sponses that were boosted to detectable levels. However, the
immunodominant CD8" T-cell response identified during
acute infection remained immunodominant after treatment
interruptions in all individuals studied. The studies of these

additional individuals with acute HIV-1 infection were limited
by the use of described optimal CTL epitopes, due to limited
numbers of available samples, and responses to additional
epitopes may have been missed. Nevertheless, these data dem-
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onstrate a consistent pattern in the development and immu-
nodominance of epitope-specific CD8" T-cell responses and
suggest that the immunodominance and hierarchy of virus-
specific CD8" T-cell responses restricted by HLA-A3 are de-
termined early in HIV-1 infection and persist during reexpo-
sure to viral antigen later in infection. This early determination
of epitope hierarchy during acute HIV-1 infection is in line
with recent observations in animal models suggesting that the
majority of antigen-specific CD8" T-cell responses are primed
during the initial phase of infection (23, 27, 44).

Interestingly, the observed immunodominance of HLA-A3-
restricted HIV-1 Gag (p17) epitopes in both acute and chronic
infection is very similar to data from the SIV/macaque model
showing that the early-targeted SIV Gag CM9 epitope persists
as the immunodominant epitope during chronic SIV infection
(2, 10, 28) and that the virus mutates to escape this response
only late in infection (9). However, other immunodominant
epitopes targeted during acute infection have been shown to
escape earlier, and responses to these epitopes subsequently
decrease (2). The early initiation of antiretroviral treatment for
the study subjects may have modified the natural course of
infection and prevented early viral escape, resulting in the
persistence of immunodominance and hierarchy of virus-spe-
cific CD8* T-cell responses. Further studies during both acute
infection and STI, including analysis of responses directed
against the autologous virus, are needed in order to better
understand the interaction between HIV-1-specific CD8" T-
cell responses and viral escape from CTL-mediated immune
pressure.

In conclusion, this study represents the first comprehensive
characterization of HIV-1-specific CD8" T-cell responses in
an acutely infected individual, assessing responses directed
against all expressed HIV-1 proteins. It demonstrates that de-
tectable virus-specific CD8* T-cell responses are narrowly di-
rected against a limited number of CTL epitopes during acute
HIV-1 infection, despite exposure to enormous levels of viral
antigen. These responses can be sequentially enhanced in mag-
nitude and breadth during reexposure to viral antigen, reach-
ing a previously unprecedented number of targeted optimal
CTL epitopes. The temporal hierarchy in the development of
epitope-specific responses restricted by HLA-A3 and their im-
munodominance during acute infection and subsequent treat-
ment interruptions followed similar patterns in the individuals
studied. These data indicate consistent early targeting of spe-
cific immunodominant epitopes, which may be important for
the design of a highly immunogenic HIV-1 vaccine.
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