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Control of viremia in natural human immunodeficiency virus type 1 (HIV-1) infection in humans is
associated with a virus-specific T-cell response. However, still much is unknown with regard to the extent of
CD8� cytotoxic T-lymphocyte (CTL) responses required to successfully control HIV-1 infection and to what
extent CTL epitope escape can account for rises in viral load and ultimate progression to disease. In this study,
we chose to monitor through full-length genome sequence of replication-competent biological clones the
modifications that occurred within predicted CTL epitopes and to identify whether the alterations resulted in
epitope escape from CTL recognition. From an extensive analysis of 59 biological HIV-1 clones generated over
a period of 4 years from a single individual in whom the viral load was observed to rise, we identified the
locations in the genome of five CD8� CTL epitopes. Fixed mutations were identified within the p17, gp120,
gp41, Nef, and reverse transcriptase genes. Using a gamma interferon ELIspot assay, we identified for four of
the five epitopes with fixed mutations a complete loss of T-cell reactivity against the wild-type epitope and a
partial loss of reactivity against the mutant epitope. These results demonstrate the sequential accumulation of
CTL escape in a patient during disease progression, indicating that multiple combinations of T-cell epitopes
are required to control viremia.

Viral disease prevention typically is accomplished by global
campaigns with vaccines that prevent systemic infection by
inducing virus-specific humoral and cellular immunity. The
only human immunodeficiency virus (HIV) vaccine that ac-
complishes this level of protection in experimental animals is
based on a live, attenuated virus (11), but this approach al-
ready has encountered major setbacks (2, 3, 5, 15, 30). Alter-
natives such as DNA vaccines and vaccines based on viral
vectors, such as poxviruses, prevent AIDS but not viral infec-
tion in monkey models (4, 31, 46). Their protection against
AIDS is based on the prevention of CD4�-T-cell decline
through a reduction of the viral load below the detection level
in the first year after seroconversion, mimicking what occurs
naturally in humans with long-term nonprogressing HIV type 1
(HIV-1) infections (13, 32, 33).

Control of viremia in monkeys infected experimentally with
simian-human immunodeficiency virus or simian immunodefi-
ciency virus (45) and in human HIV-1 infection (25, 35, 38, 39)
is related directly to virus-specific cytotoxic T-lymphocyte
(CTL) response levels. Evidence from HIV-exposed but sero-
negative African commercial sex workers suggests that CTLs

may protect against infection (23). HIV-specific CTL re-
sponses have been associated with the viremic phase shortly
after virus transmission and prior to antibody development and
are believed to control the number of cells producing HIV (7,
28), thereby determining the viral load set point that predicts
clinical outcome. Given that viruses replicate and genomic
mutations accumulate even when the viral load is undetectable
(52), T-cell epitopes may change, allowing for virus escape
from a controlling immune response.

Immunodominant responses generally are effective, but HIV
generates variants at an extremely rapid pace, exposing CTLs
to a large pool of mutants that can all impair immune respon-
siveness. Escape from CTL control is indicated by a mutation
that occurs in the T-cell epitope and becomes fixed in the virus
population, resulting in an in vivo competitive advantage for
viruses with this mutation and the reduction of the T-cell
response to the wild-type epitope. Escape mutants can arise
early or late in HIV infection (8, 24, 40, 41, 43) and even can
be transmitted (21). Identifying HIV-1 escape mutants may
reveal the T-cell response(s) that plays a role in controlling
viral load (37).

To identify T-cell responses associated with the control of
viremia, we studied an HIV-1 seroconverter whose viral load
was low at the set point but rose steadily during study follow-
up. This patient steadily lost CD4�-T-cell counts and eventu-
ally lost control of viremia (17). We obtained 59 biological virus
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clones from peripheral blood mononuclear cells (PBMCs)
collected over a 4-year period. The clones were representative of
the virus population in vivo, and the number of productively
infected cells in the original PBMC samples paralleled the HIV
RNA load in serum. Complete RNA genome sequencing was
performed on seven HIV-1 clones selected from three time points
(early, intermediate, and late) during infection. Based on these
sequences and the patient’s HLA type (A3,32; B51,15; Cw3,6), we
identified a large number of potential CTL epitopes and sepa-
rated the stable epitopes from those with fixed mutations. For
potential epitopes with fixed mutations over time, we evaluated
the frequency distributions of wild-type versus mutant epitopes in
all 59 clones. Sequential PBMC samples were analyzed by using a
gamma interferon (IFN-�) ELIspot assay for general T-cell re-
sponses with HIV-1 region-specific peptide pools and for epitope-
specific T-cell responses with peptides resembling wild-type or
mutant epitopes. Using this approach, we identified fixed muta-
tions in five epitopes and the loss of T-cell reactivity against four
of these epitopes. These results demonstrate the loss of multiple
T-cell responses in an HIV-1-infected individual who progressed
to disease, suggesting that combinations of T-cell responses ini-
tially control virus replication.

MATERIALS AND METHODS

Patient. Patient H671 entered the Amsterdam Cohort Studies on 5 June 1986
and tested seropositive for HIV-1-specific antibodies on 22 March 1995. Serum
samples and PBMCs were collected every 3 months. The viral load was deter-
mined by using the NucliSens assay or HIV-1 RNA QT NASBA (Organon
Teknika B.V., Boxtel, The Netherlands), and CD4�-cell counts were determined
by flow cytometry with FACscan and monoclonal antibodies (both from Becton
Dickinson, San Jose, Calif.). The CD4�-cell count at the set point was 1,120
cells/ml. By linear regression analysis, the intercept of CD4�-cell decline was
found to be 1,154 cells/ml (standard deviation, 100), and the negative slope was
found to be 58 cells/ml (standard deviation, 65). Testing by standard PCR and
sequencing techniques of patient H671 for CCR5, CCR2, and SDF-1 revealed
wild-type homozygosity for CCR2 and SDF-1 but heterozygosity for CCR5�32.
The patient’s complete HLA type was A3,32; B51,15; CW3,6; DR4,8; DQ7. He
still undergoes monitoring and has not received antiretroviral therapy despite a
rise in viral load. Patient H671 was infected with a zidovudine (AZT)-resistant
virus, as indicated by mutations at codon positions 41 and 215 (12) of reverse
transcriptase (RT). Since the 215Y mutation reverts in the absence of drug
pressure, it served as a marker for characterizing the sequential virus clones in
PBMCs versus serum (18, 19).

Figure 1 shows the HIV-1 RNA copy numbers, the 50% tissue culture infective
doses per 106 CD4� cells, reflecting the number of productively infected cells,
and the CD4�-cell counts during follow-up.

Biological cloning. To isolate biological virus clones and estimate the propor-
tion of productively infected cells, limiting-dilution cultures were set up (26).
Briefly, participant PBMCs (0.5 � 104 to 4 � 104 cells per well; 24 to 96 replicates
per concentration) were cocultivated with phytohemagglutinin (PHA)-stimu-
lated healthy donor PBMCs (105 cells per well) in 96-well microtiter plates.
Every week for 5 weeks, 65 �l of each culture supernatant was collected for
detection of p24 antigen by an in-house p24 antigen capture enzyme-linked
immunosorbent assay. At the same time, half of the cells were transferred to new
96-well plates, and 105 fresh PHA-stimulated healthy donor PBMCs were added
to propagate the cultures. The proportion of productively infected CD4� T cells
was estimated by the formula for a Poisson distribution as �1n(F0), where F0 is
the fraction of negative cultures. PBMCs from wells with positive results were
transferred to 25-ml culture flasks containing 5 � 106 fresh PHA-stimulated
PBMCs in 5 ml of culture medium to grow virus stocks. Fifty-nine replication-
competent biological clones were generated and grown on target PBMCs from a
seronegative blood donor. Replication rates were determined as previously de-
scribed (49).

Full-length HIV-1 sequencing. Of the 59 biological clones, 7 (time points A, D,
and G in Fig. 1c) were selected for complete genomic sequencing with PALM, a
newly developed proportional amplification and labeling method (J. Zhang et al.,
European patent application WO 01/51661 A2, Jan. 2001). This protocol allows

amplification of (long) nucleic acid sequences by use of primers containing
nonspecific tails (NNNNNG), which enable random annealing on the target
sequence. Two rounds of amplification with these primers yield a pool of random
sequence amplimers. The protocol is completed by amplification with HIV-1-
specific primers, sequencing, and analysis.

Briefly, viral RNA was isolated from seven selected virus supernatants by the
method of Boom et al. (6). After denaturation for 10 min at 80°C, viral RNA was
subjected to the first, nonspecific RT step. The reaction mixture (mixture A) had
a total volume of 20 �l and contained 50 mM KCl, 10 mM Tris-HCl (pH 8.3), 5
mM MgCl2, 4 �M deoxynucleoside triphosphates, 0.5 U of RNasin, 25 U of
murine leukemia virus RT (all from Perkin-Elmer, Foster City, Calif.), and 50 ng
of primer JZH2R (5�-GCTATCATCACAATGGACNNNNNG-3�). After incu-
bation for 10 min at room temperature, 30 min at 42°C, and 5 min at 80°C, RT

FIG. 1. Clinical parameters for patient H671. Longitudinal analy-
ses of serum HIV RNA load (a), frequency of productively infected
cells (50% tissue culture infective doses [TCID50]) (b), and CD4� T
cells (c) are shown. CD4� T cells and viral load were measured every
3 months during follow-up. Arrows on the x axis indicate time points
(A through G) at which biological clones were obtained. A total of 59
replication-competent HIV clones were obtained: 7 at time point A, 2
at B, 2 at C, 13 at D, 11 at E, 11 at F, and 13 at G (see also Fig. 4 and
5). Clones obtained at time points A, D, and G were selected for
whole-genome sequencing. T-cell responses (see Fig. 4) were mea-
sured at four time points (ES1 to ES4).
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reactions were stopped by incubation for 30 min at 37°C with 0.5 U of RNase H
(Roche Diagnostics, Almere, The Netherlands). cDNA strands were made (10
min on ice, 10 min at room temperature, and 10 min at 37°C) by combining 20
�l of mixture A with a total volume of 40 �l of mixture B, which contained 17.5
mM Tris-HCl (pH 7.5), 12.5 mM NaCl, 8.75 mM MgCl2, 4 �M deoxynucleoside
triphosphates, 100 ng of primer JZH2R, and 2.6 U of Sequenase (Amersham
Pharmacia, Piscataway, N.J.). Final amplifications (Perkin-Elmer 9700 PCR ma-
chine) were carried out (5 min at 95°C; 45 cycles of 20 s at 95°C, 30 s at 55°C, and
2 min at 72°C; 10 min at 72°C; and 10 min at 4°C) with a total volume of 50 �l
containing mixture B, 100 ng of primer JZH1 (5�-GTATCATCACAATGGAC-
3�), and 1.7 U of Amplitaq (Perkin-Elmer).

Randomly amplified viral DNA was analyzed on agarose gels before being
subjected to multiple PCRs with multiple primer sets to allow amplification of
the entire HIV-1 genome. PCR conditions were the same as those described
above. Positive PCR products were sequenced by using a BigDye terminator
cycle sequencing kit (ABI, Foster City, Calif.) and analyzed by using an ABI 377
automated sequencer (ABI). Sequences were manually edited and assembled
with Autoassembler (PE Biosystems Software). Analysis of synonymous and
nonsynonymous substitution rates across viral regions was conducted with
MEGA software, version 2.1 (29), based on the method of Nei and Gojobori
(36). A statisical comparison of synonymous and nonsynonymous substitution
rates was performed by using the t test.

Peptides. Synthetic peptides were custom ordered from SynPep Corporation
(Dublin, Calif.). Peptide sequences were based on the HIV sequences most
closely related to the clade B consensus sequences (Los Alamos National Lab-
oratory, Los Alamos, N.Mex.; http://hiv-web.lanl.gov). Peptides were 15-mers
overlapping by 11 amino acids (aa) unless specified otherwise. They were dis-
solved in dimethyl sulfoxide (DMSO) at 20 to 50 mg/ml and stored in small
aliquots at �70°C. Peptide pools were composed of an equal volume of each
peptide, with up to 120 peptides per pool. The final concentration for each
peptide in a pool was 0.4 mg/ml.

IFN-� ELIspot assay. Wells of sterile 96-well microtiter plates containing
polyvinylidene difluoride (MAIP S45; Millipore, Bedford, Mass.) were coated
overnight at 4°C with 100 �l of mouse anti-human IFN-� monoclonal antibody
clone 1-D1K (MabTech, Stockholm, Sweden) diluted to 10 �g/ml in sterile
Dulbecco phosphate-buffered saline (PBS; Gibco-BRL, Grand Island, N.Y.).
Wells of coated plates were washed four times and blocked for 2 h in a humid-
ified CO2 incubator at 37°C with 200 �l of complete RPMI 1640 medium
complemented with 10% fetal bovine serum (R-10; Gibco-BRL). This blocking
buffer was removed, and 2 � 100 �l of PBMCs diluted in R-10 was added per
well to result in 2 � 105 and 1 � 105 cells/well. Peptides or peptide pools were
diluted in R-10 and added at 25 �l/well, and the final concentration of each
peptide in the pools was 2 to 3 �g/ml. Peptide-free DMSO diluent at the same
concentration as DMSO in the peptide solutions was used as a negative control
(mock antigen). Plates were incubated overnight in a humidified CO2 incubator
at 37°C and then washed seven times with PBS containing 0.05% Tween 20
(Sigma, St. Louis, Mo.). Biotinylated anti-human IFN-� monoclonal antibody

clone 7-B6-1 (MabTech) was diluted to 1 �g/ml in assay diluent consisting of PBS
and 0.5% bovine serum albumin (Sigma). The diluted antibody was added to the
plates at 100 �l/well and incubated for 2 to 4 h at room temperature. Plates were
washed four times with PBS-Tween, and 100 �l of alkaline phosphatase-conju-
gated antibiotin monoclonal antibody (Vector Laboratories, Burlingame, Calif.)
diluted 1:750 in assay diluent was added to each well. Plates were incubated for
2 h at room temperature and washed four times with PBS-Tween.

To develop the spots, 100 �l of precipitating alkaline phosphatase substrate
nitroblue tetrazolium–5-bromo-4-chloro-3-indolylphosphate (Pierce, Rockford,
Ill.) was added to each well and incubated at room temperature until spots
became visible (usually 5 to 10 min). Spots were counted by using a digital imager
and automated spot-counting software (AutoImmun Diagnostika, Strassberg,
Germany). The number of spots per well was normalized to 106 cells and
averaged for each sample and antigen to give a final result of spot-forming cells
per 106 cells.

Nucleotide sequence accession numbers. The sequences described here have
been submitted to GenBank and assigned accession numbers AY423381 through
AY423387.

RESULTS

Generation of biological clones. From a single HIV-1-in-
fected individual, a total of 59 replication-competent (PBMC-
derived) biological clones were generated from seven time
points: 2, 7, 13, 20, 26, 35, and 47 months postseroconversion
(psc) (Fig. 1c, A to G). The numbers of clones recovered from
the different time points were as follows: A, 7; B, 2; C, 2; D, 13;
E, 11; F, 11; and G, 13. The time points covered a 4-year period
during which patient H671 showed an increasing viral load and
declining CD4�-T-cell counts (Fig. 1a and c).

To verify whether the obtained biological clones were a fair
representation of the circulating, biologically relevant virus (in
serum), we analyzed the distribution of virus clones over time.
As a marker we used the shift from AZT resistance to AZT
sensitivity (RT position 215) in the absence of drugs. Figure 2
shows that the shift was evident, with the 215Y mutation in the
RT gene being replaced by 215D and subsequently by 215N,
and was seen in both the replication-competent biological
clones and the virus population in serum. We conclude that the
distribution of position 215 mutants over time among the bi-
ological clones is a direct reflection of the virus population
found in serum.

FIG. 2. Correlation of in vivo and in vitro virus quasispecies through evolution at position 215 of RT for patient H671. Serum-derived viruses
(sera) were compared with replication-competent clones (biological clones) isolated at the same time points.
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Overall T-cell responses to Gag, Pol, Nef, Rev, and Tat. The
overall T-cell responses were measured as IFN-� responses
over time with overlapping peptides as antigens. Initially, we
determined the hierarchy of T-cell responses during the period
when the viral load remained below 1,000 copies/ml (up to 17
months psc) and when it surpassed 10,000 copies/ml (39 or
more months psc). In these experiments, we used peptide
pools containing 20-mers overlapping by 10 aa. The strongest
responses were found against the Gag pool, followed by Pol
and Nef; negligible responses were observed for Tat and Rev

(data not shown). While responses to Pol and Nef remained
stable, responses to Gag increased over time (data not shown).

We subsequently mapped responsive regions in Gag to de-
termine whether the observed increases in T-cell responses
reflected a shift in epitope recognition. As shown in Fig. 3a,
four major epitope-containing regions in Gag (aa 1 to 31, 61 to
91, 261 to 291, and 361 to 391) (27) were recognized, suggest-
ing that the specificity of the T-cell responses had not changed.
Based on these results, we next examined the T-cell responses
against the most reactive gene products (Gag, Pol, and Nef)

FIG. 3. Patient H671 general T-cell responses. (a) Mapping of H671 T-cell responses against Gag regions containing known epitopes for the
patient’s haplotype (Los Alamos National Laboratory Immunology Database; http://hiv-web.lanl.gov) at 17 and 39 months psc. Amino acids (aa)
1 to 31; 61 to 91; 261 to 291, and 361 to 391 were spanned by four pools, and another pool spanned the rest of the Gag regions. Bars represent
the mean IFN-� spot-forming units/106 PBMCs in duplicate wells. (b) Profiles of overall H671 T-cell responses to HIV-1. Four time points (4, 13,
26, and 66 months psc) were screened by an IFN-� ELIspot assay. The Pol region was divided, with Pol-1 representing aa 1 to 430 and Pol-2
representing aa 420 to 840. Bars represent the mean IFN-� spot-forming units/106 PBMCs in duplicate wells.
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over the complete follow-up period by using 15-mer peptide
pools overlapping by 11 aa. Again, we observed that the strong
T-cell responses to Gag became even stronger despite declin-
ing CD4�-cell counts, while the responses to Pol and Nef
remained relatively constant (Fig. 3b).

Full-genome analysis of virus clones and CTL epitopes. To
obtain an indication as to whether immune pressure had af-
fected regions important for immune recognition, we selected
7 of the 59 clones for full-genome sequencing. Clones were
selected from three time points: two at 2 months psc (Fig. 1c,
time point A), when the viral load was below 1,000 copies/ml;
three at 20 months psc, when the viral load first rose above
1,000 copies/ml (time point D); and two at 47 months psc (time
point G), when the viral load exceeded 10,000 copies/ml. Based
on the HLA type of patient H671 (A3,32; B51,15; CW3,6;
DR4,8; DQ7), we identified 29 potential CTL epitopes or
reactive regions (27). We found 17 epitopes with no alterations
over time in the seven complete genomes: 3 epitopes localized
in Gag p17 and p24, 7 in Pol, 1 in Vif, 5 in gp120 and gp41, and
1 in Nef (Table 1). When we tested T-cell reactivity to a pool
of nine peptides covering nonchanging epitopes, the reactivity
was initially just above the background but rose over time (data
not shown). In seven other epitopes, localized in Pol (three),
Env (two), and Nef (two), mutations displayed a nonfixed
character, either being unfixed over time or not being present
in all clones at a certain time point (Table 2). Nonfixed muta-
tions appeared throughout the infection. We found five previ-
ously defined epitopes or reactive regions with fixed mutations
(Table 3): Gag p17 (A3-restricted epitope: RLRPRGGKKK),
Pol-RT (B51: TAFTIPSI), Env gp120 (B15: SFNCGGEFF),
Env gp41 (A32-restricted reactive 20-mer: VLSIVNQVRRQ
GYSPLSFQT), and Nef (B15: FFPDWKNYT). Mutations
were considered fixed if they were identical and occurred in
�80% of the clones taken from the same time point and if
�80% of the clones recovered at later time points all con-
tained the same nonsilent mutations. Fixed mutations which
did not localize in the described epitopes were analyzed for
HLA-binding motifs specific for the patient’s haplotype to de-
termine whether these mutations had arisen in undocumented

epitopes. None of these mutations localized in possible binding
regions specific for the patient’s haplotype (data not shown).

Escape from T-cell recognition would be visualized by a
higher ratio of nonsynonymous substitutions to synonymous
substitutions (dN/dS ratio) in regions with CTL recognition
sites than in regions without CTL recognition sites. We ana-
lyzed the seven full genomes from the three time points to
determine whether mutational pressure was exerted on CTL
epitopes. dN/dS ratios were calculated for different HIV-1
regions between CTL epitopes and non-CTL epitopes (back-
ground). For the Nef gene, the dN/dS ratio in the CTL recog-
nition sites and the dN/dS ratio in the background sequences
were approximately equal, both within the group of seven
sequences (Nefintra, 0.79 vs. 0.84) and between early (early and
middle time points) and later sequences (Nefinter, 0.64 vs.
0.94). These results indicate that selective pressure to substi-
tute at nonsynonymous nucleotide positions in the CTL rec-
ognition sites in Nef was absent. For the Gag, Pol, and Env
genes, the dN/dS ratio in the CTL recognition sites was higher
than that in the background sequences, both within the group
of seven sequences and between sequences (Gagintra, 0.39 vs.
0.30; Gaginter, 0.85 vs. 0.38; Polintra, 0.55 vs. 0.13; Polinter, 1.0 vs.
0.23; Envintra, 2.0 vs. 0.82; and Envinter, 1.56 vs. 0.81). The high
dN/dS ratio in the CTL recognition sites in Pol was remarkably
high (0.55). The dN/dS ratio in the entire Pol region was
determined before to range from 0.09 to 0.19 within a subtype
as well as between subtypes (10).

The numbers of nonsynonymous mutations over the entire
period were significantly higher in epitopes located in Pol and

TABLE 1. Seventeen stable epitopes

Region (positions) Sequence HLA type

p17 (18–26) KIRLRPGGK A3
p24 (8–20) GQMVHQAISPRTL Cw3
RT (42–50) EKEGKISKI B51
RT (113–120) DAYFSVPL B51
RT (158–166) AIFQSSMTK A3
RT (269–277) QIYPGIKVR A3
RT (309–317) ILKEPVHGVY B15
RT (432–440) EPIVGAETF B51
Vif (17–26) RIRTWKSLVK A3
gp160 (37–46) TVYYGVPVWK A3
gp160 (416–429) LPCRIKQII B51
gp160 (557–565) RAIEAQQHL B15,51
Nef (73–82) QVPLRPMTYK A3
p24 (193–201) NANPDCKTI B51
RT (293–301) IPLTEEAEL B51
gp160 (78–86) DPNPQEVVL B51
gp160 (308–322) RIQRGPGRAFVTIGK A3

TABLE 2. Seven nonfixed epitopesa

Region
(positions of

epitope
boundaries)

Sequenceb HLA type

Pol (192–201) D L E I G Q H R T K A3
Mc

Pol (260–271) L V G K L N W A S Q I Y B15
Xc

Pol (28–36) L P P V V A K E I B51
Id

Env (770–780) R L R D L L L I V T R A3
VcId

Env (835–843) R A Y R A I L H I B51
Te

Fe Xd

Id

Nef (186–194) D S R L A F H H V B51
Le Le

Re Me

Vd

Nef (190–198) A F H H V A R E K B51
Le

Re Me

Vd

Xc Ic

a Consensus sequences and epitope boundaries were derived from HIV-1
HXB2.

b Consensus sequences are shown above variant sequences. Only variant res-
idues are shown for the latter; when no variant residue is noted, the wild-type
residue was found.

c Variant residue which arose at late time points (47 months psc).
d Variant residue which arose at intermediate time points (20 months psc).
e Variant residue which arose at early time points (2 months psc).
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Nef sequences than in background sequences, as determined
by the t test (P 	 0.001). Nonsynonymous mutations in Env
epitopes were borderline significant, as determined by the t test
(P 
 0.056), whereas no significance for Gag epitopes was
found. The higher dN/dS ratio in the CTL recognition sites
indicates that positive selection for amino acid substitutions is
operational at these domains and that the mutations are in-
deed CTL escape mutations. Finally, we found no fixed muta-
tions in the flanking regions (15 aa) of the five CTL recognition
sites (data not shown).

Epitope frequency distribution in 59 biological clones and
T-cell responses to wild-type versus mutant epitopes. We an-
alyzed the frequency distribution of the wild-type versus mu-
tant epitopes by sequencing for the five different epitopes all 59
biological clones (Table 3; Fig. 4, upper panels) collected at
time points A through G (Fig. 1c). We found that the mutant
gp120 epitope was the first to completely replace the wild-type
epitope at 7 months psc, resulting in a genotype that oscillated
around a completely mutated virus pool from that date onward
(Fig. 4a). At 20 months psc, the wild-type p17 epitope was
replaced by the mutant epitope, resulting in the same oscillat-
ing pattern (Fig. 4b). The mutant gp41 genotype appeared at
10 months psc, resulting in a completely mutated pool at 47
months psc (Fig. 4c). The Nef epitope showed a more fluctu-
ating course over time, with a nearly totally (92%) mutated
virus pool at 47 months psc (Fig. 4d), coincident with the total
replacement of the wild-type RT epitope (Fig. 4e).

We evaluated T-cell responses to the five epitopes with fixed
mutations by using optimally sized peptides that precisely
matched the wild-type and mutant amino acid sequences (Fig.
4, lower panels) and PBMCs collected at 4, 13, 26, and 66
months psc (ES1 to ES4; Fig. 1a and 4). All of the shifts in
epitope sequences were paralleled by a dramatic decrease in
T-cell reactivity against all wild-type peptides (Fig. 4a and c to
e), except for p17 (Fig. 4b), which showed an increase in T-cell
reactivity after the mutations became fixed. The mutant pep-
tides were recognized poorly or not at all by the T cells, except
for Nef (Fig. 4d) and p17 (Fig. 4b); there was already a signif-
icant response to these mutant peptides before the switch. Due
to the length of the gp41 epitope, it is possible that the se-
quence recognized and causing the response lies outside the
region containing the mutation. However, the mutation be-
comes fixed in all the clones at the latest time point, coincident
with a decrease in T-cell reactivity, suggesting a reactive re-
gion. Figure 5 shows an overview of the temporal accumulation
of mutations in all 59 biological clones.

Thus, in the patient tested, the virus population gradually
shifted toward a population in which at 47 months psc, nearly
the entire virus population was affected by mutations in five
functional CTL epitopes or reactive regions, coincident with
decreased T-cell reactivity; these findings are indicative of a
loss of CTL control. These effects may have contributed to the
increasing viremia.

TABLE 3. Five epitopes with fixed mutations over timea

Region (positions of
epitope boundaries) mo psc (no. of clones)b Sequencec HLA type

Gag p17 (20–28) R L R P G G K K K A3
2 (7/7) - - - - - - - - -

120 (12/13) - - - - - - - - R
47 (13/13) - - - - - - - - R

Pol-RT (128–135) T A F T I P S I B51
2 (7/7) - - - - - - - -

20 (13/13) - - - - - - - -
47 (13/13) - - - - - - - T

Env gp120 (375–383) S F N C G G E F F B15
2 (7/7) - - - - - - - - -

20 (12/13) - - - - R - - - -
47 (12/13) - - - - R - - - -

Nef (120–128) F F P D W K N Y T B51
2 (6/7) Y - - - - Q - - -
2 (1/7) Y - - - - H - - -

20 (3/13) Y - - - - H - - -
20 (3/13) Y - - - - Q S - -
20 (6/13) Y L - - - Q S - -
20 (1/13) Y - - - - D - - -
47 (12/13) Y - - - - D - - -
47 (1/13) Y - - - - Q S - -

Env gp41 (691–710) V L S I V N Q V R R Q G Y S P L S F Q T B15
2 (7/7) - - - - - - - - - - - - - - - - - - - -

20 (7/13) - - - - - - K - - - - - - - - - - - - -
47 (13/13) - - - - - - K - - - - - - - - - - - - -

a See Table 2, footnote a.
b Numbers in parentheses indicate numbers of viral clones analyzed at each time out of the total number of clones.
c See Table 2, footnote b.
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DISCUSSION

Strong evidence has been obtained to indicate that cellular
immune responses are key components of protective immunity
in HIV-1 infection (16), and they have been the focus of many
HIV-1 vaccine efforts. In the past, however, it has proven
difficult to correlate ex vivo measured CTL responses with in
vivo CTL-mediated antiviral effects, which are expected to
control disease (53). The minimum set of epitopes that CTLs
must recognize to limit the number of infected cells is presently
still unknown. Whether such a set must be localized on a single
viral protein or on multiple proteins is unclear; furthermore,

variation and complexity within different HLA types compli-
cate the identification of HIV-1 T-cell recognition patterns.

Through the mechanisms by which HIV-1 evades the sup-
pressive activities of CTLs (epitope escape mutations) and the
subsequent genomic imprint left by the virus, we have identi-
fied alterations in four predicted epitopes that inhibit CTL
activity. HIV-1 mutational escape is a delicate interplay among
CTL selective pressure, the viral fitness cost of mutations, and
the tolerance of CTL for individual epitope mutations (53).

We present a set of HIV-1 epitope- or region-specific CTLs
putatively involved in the control of viremia based on a longi-

FIG. 4. Temporal relationship between the frequency distribution of wild-type or mutant epitopes and T-cell reactivity against wild-type or
mutant peptides. (Top panels) All 59 biological clones were analyzed for the five epitopes with fixed mutations in gp120, p17, gp41, Nef, and RT
(a to e, respectively). Clones exhibiting wild-type (F) and mutant (■ ) epitopes are indicated as a percentage of the total population for each time
point and are plotted longitudinally. (Lower panels) PBMCs from patient H671 were tested for their reactivity against optimally sized wild-type
and mutant synthetic peptides matching the wild-type (filled bars) and mutant (open bars) epitopes found in the virus population at four time
points (4, 13, 26, and 66 months psc). The epitope frequency distribution and T-cell reactivity were aligned.
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tudinal study of a single HIV-1-infected patient. The infecting
virus had the characteristics of a low-fitness variant, including
a 215Y mutation conferring AZT resistance (12, 18, 19). The
absence of detectable peak viremia at seroconversion may be
indicative of the transmission of a low-fitness virus population.
This unusual course of infection, characterized by a steadily
rising viral load over a 4-year period, made our study feasible,
enabling an analysis of phenomena difficult to monitor during

normal HIV-1 infection due to faster evolution. We hypothe-
sized that virus escape from T-cell control through mutations
in CTL epitopes paradoxically implies the successful clearance
of cells harboring wild-type virus. We assumed that cells har-
boring viruses with a defined set of escape mutations are at
least partly resistant to CTL-mediated lysis and thus produce
more viruses. These notions correlate with the number of pro-
ductively infected cells.

Based on the HLA type of the study individual and amino
acid predictions from HIV-1 genomic DNA sequences, we
identified 17 epitopes with no variations over time, yet the viral
load finally rose and the number of productively infected cells
increased. From the rise in viral load, despite apparent T-cell
reactivity, we conclude that many epitopes are recognized by
the immune system with little or no effect on virus clearance.
The CTLs that respond to these epitopes may not confer ef-
fective lysis of infected cells or may do so but not at a level
sufficient to effectively control viremia. Our mapping of the
strength of CTL recognition of known epitopes in Gag suggests
that these CTLs in some cases may be immunodominant but
probably not sufficiently effective. Seven predicted epitopes
that showed nonfixed variations were identified. These muta-
tions probably were unrelated to the selective pressure exerted
by epitope-specific T cells because viruses with these mutations
had no advantage over viruses without them. However, we
cannot rule out the possibility that these nonfixed mutations
affected to some degree immune recognition of the epitope,
yet the pressure was not sufficient to lead to fixed mutations.
As with the 17 epitopes described above, we found epitopes
relatively unaffected by T-cell pressure to be localized in many
viral gene products, including Gag, Pol, Env, Vif, and Nef.

FIG. 5. Schematic overviews of the appearance of escape mutations in the virus population. For each biological clone, the data indicate
whether, at the time of isolation, escape mutations had occurred in one of the five epitopes with fixed mutations. The Nef epitope is represented
as a mutant irrespective of the mutation that occurred (K3Q/H/D). For one clone at 26 months psc (mpsc), a unique I3L mutation was seen
(asterisk).

FIG. 4—Continued
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Our genome-wide screen for regions containing predicted
epitopes revealed five mutational hot spots, four of which were
previously optimally defined epitopes (gp120, p17, Nef, and
RT) and one of which was described as a reactive region
(gp41). Localized in five different gene products, these five
regions were restricted by the complete set of class I alleles of
our patient. The p17, gp41, and Nef epitopes were previously
described (20, 44, 50), and the gp120 and RT epitopes were
already associated with impaired epitope binding and/or viral
escape (48, 51). The RT epitope was also previously associated
with viral escape on a population level (34). The finding of viral
escape mutations in multiple CTL epitopes that are temporally
associated with a rise in viral load may imply that epitope-
specific CTLs can clear cells harboring viruses lacking such
mutations, thus keeping the viral load low. The observation
that recognition of the wild-type epitope is lost as soon as the
mutant peptide replaces it indicates that the set of five epitopes
plays a role in the control of viremia. All five epitopes followed
this pattern, with two variations. For the Gag p17 epitope,
responses to both wild-type and mutant peptides were detect-
able but decreased and were shown to increase after the mu-
tation became fixed. Since this is a region dense in targets for
cellular immunity, this phenomenon may be due to cross-re-
activity of CTL populations specific for an epitope located 2 aa
upstream of the tested p17 epitope (50), but this notion re-
mains to be investigated. Nevertheless, the loss of T-cell reac-
tivity seen at up to 26 months psc with fixation of the mutation
is indicative of viral escape. For the Nef epitope, the loss of
reactive T cells against the wild-type peptide accompanied the
emergence of a new T-cell response against the mutant pep-
tide. Such emergence of a de novo T-cell population was
unique in our set of escape mutants and might be specific for
Nef. Indeed, new T-cell clones specific for mutant Nef epitopes
have been reported (22, 47). Furthermore, the finding that not
all of the gp120 and Nef populations (92%) are mutated at 47
months psc suggests that the effects of pressure on the wild-
type epitope may not be within our window of analysis and/or
that CTL pressure or avidity has not been constant (9).

Although the numbers of replication-competent clones re-
covered from time points B and C are not optimal, we still
identified the initial appearance of mutations that become
steadily fixed. The fact that the mutations do become fixed
suggests to us that conclusions with regard to the timing of
their appearance are indeed justified. The small number of
replication-competent biological clones from these two time
points (Fig. 1c, B and C) likely reflects the low viral load
observed in the patient during this period. Escape from rec-
ognition of the Env gp41and Gag p17 epitopes correlated with
the first rise in viral load and, interestingly, with the increase in
the number of productively infected cells. As viral load rose
above 10,000 copies/ml, escape in the Nef epitope clearly fol-
lowed escape in the RT epitope. These results describe a se-
quential alteration of CTL escape that correlates with an in-
crease in viremia.

The difficulty with the detailed analysis of HIV-1 pathogen-
esis in general is that pathogenesis is a multifactorial process
where, besides immune recognition, host as well as viral factors
can determine disease outcome. Solely holding the occurrence
of escape from CTL recognition responsible for the rise in viral
load is almost a certain violation of reality. Although the re-

version from an AZT-resistant to an AZT-sensitive phenotype
is known to result in increased viral fitness (12), the in vivo
scenario is that wild-type residue 215 is controlled in many
individuals, indicating that the virus can be controlled suffi-
ciently by effective immune responses. If disease progression
were solely due to the reversion at position 215, then no pres-
sure at CTL domains would be evident. Antibody-specific neu-
tralization, Th responses, and unknown changes (e.g., the de-
tected mutations outside the described epitopes) in viral fitness
likely also contribute to the increase in viral load and remain to
be investigated. However, our identification of CTL epitopes
escaping recognition suggests that strong pressure has been
placed on these regions. Analysis of the ex vivo rate of repli-
cation of the biological clones demonstrated that the increase
in viral load did not reflect increasing fitness of circulating
viruses (data not shown). Finally, although the analyzed virus
populations were derived from PBMCs and correlated with
virus in sera, it remains to be investigated whether virus in
other compartments, e.g., lymph nodes, is subject to the same
phenomena. Analyzing only the described epitopes for the
patient’s haplotype poses a bias through underestimation of
the quantity of CTL responses. It is more than likely that
within an infected individual more epitopes than have been
predicted are functional and that we have underestimated the
number of epitopes in our patient. This possibility, however,
does not affect our observation that within the patient studied,
17 epitopes remained constant and 5 epitopes belonging to
different genes were shown to mutate from recognizable to
nonrecognizable epitopes, correlating with a steady rise in the
viral load.

T-cell responses in the patient’s PBMC fraction were mea-
sured by using the IFN-� ELIspot assay. This assay sheds no
light on the responses of the different fractions constituting
PBMCs, e.g., CD4�-T-helper cells (42), as opposed to CTL
responses. This assay also does not give any indications as to
the phenotype and/or maturational state of the CTLs. The use
of the IFN-� ELIspot assay with overlapping consensus pep-
tide pools is known to underestimate true in vivo CD8 re-
sponses (14). However, autologous, epitope-specific peptides
were synthesized for monitoring epitope-specific T-cell re-
sponses, thereby limiting erroneous measurements. Moreover,
a recent study indicated that peptide pools ranging from 15 to
20 aa and with a 10- or 11-aa overlap yielded similar results in
the IFN-� ELIspot assay (14).

It is difficult to rank the contributions of the various CTL
populations described to the control of viremia. Sequence
analysis of biological clones from a progressing individual has
revealed that CTL escape mutations do occur and that they
occur in a cumulative manner. The virus population at the end
of follow-up, when virus replication appears unconstrained, is
composed almost entirely of viruses having all five mutant
epitopes. Comparisons of the described phenomena with other
situations where the immune system encounters new popula-
tions of virus, e.g., HIV-1 superinfection (1), and fails to react
to provide sufficient clearance may provide more insights into
immune escape mechanisms. Whether these findings can be
extrapolated to HIV infection on a population level requires a
thorough evaluation of key issues, e.g., HLA background.

In summary, through the unprecedented detection of the
sequential accumulation of CTL escape mutations in multiple
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HIV-1 regions followed by the (nearly) total loss of T-cell
reactivity, we can conclude that there seems to be selection
pressure at these sites and that it can be associated with in-
creased viremia. These data argue for the inclusion of multiple
HIV-1 regions in any HIV vaccine aimed at CTL control of
HIV replication.
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