
Introduction
There is substantial variation in susceptibility to HIV-1
infection, with some subjects remaining HIV-1 seroneg-
ative despite repeated exposure to virus (1–3). HIV-
1–specific cytotoxic T-lymphocytes (CTLs) have been
described in several HIV-1–exposed, persistently
seronegative (HEPS) populations, and the generation of
HIV-1–specific CTLs has become a key goal in the devel-
opment of a protective HIV-1 vaccine (4). HIV-1–specif-
ic CTLs are also found in seropositive donors, where
they are important in suppressing viremia and prevent-
ing disease progression (5–7), but are ultimately unable
to prevent eventual immunosuppression and death (8).
It remains unclear how HIV-1–specific CTL could play
a role in protection against HIV-1 infection in HEPS
subjects, while failing to eliminate the virus in the
majority of those who are infected.

The epidemiology and immunology of HIV-1 has
been studied for over 15 years in an observational
cohort of sex workers based in the Pumwani slum area
of Nairobi, Kenya (9). It is estimated that these women

have over 60 unprotected sexual exposures to HIV-1 per
year, resulting in intense HIV-1 infection pressure on
women who are seronegative when joining the cohort.
Rates of HIV-1 seroconversion are highest during the
first year of cohort enrollment and reach a plateau after
3 years of seronegative follow-up, although seroconver-
sion may occur as late as 10 years after enrollment (10).
The subgroup of women who remain both seronegative
and negative as determined by PCR for at least 3 years
while continuing sex work are operationally defined as
HIV-1 resistant (11). HIV-1–specific CTL have been
described previously in both the both the blood and
genital tract of this HIV-1–resistant subgroup, using
IFN-γ enzyme-linked immunospot (ELISPOT) respons-
es to HIV-1 CTL epitopes (10, 12, 13), lysis of autolo-
gous vaccinia HIV-1 env– and gag–infected targets (14),
and peptide-stimulated bulk CTL assays (13).

Protection in HEPS subjects is unlikely to be due to a
stronger HIV-specific CD8+ T-cell response, at least
directed against epitopes defined in infected subjects,
since the magnitude of this response to predefined epi-
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HIV-1–specific cytotoxic T-lymphocyte (CTL) responses have been detected at a low frequency in many
HIV-1–exposed, persistently seronegative (HEPS) subjects. However, it is unclear how CTLs could pro-
tect against HIV acquisition in HEPS subjects, when high levels of circulating CTL fail to prevent dis-
ease progression in most seropositive subjects. To address this issue we studied CD8+ lymphocyte
responses to a panel of HIV-1 CTL epitopes in 91 HEPS and 87 HIV-1–infected Nairobi sex workers.
HIV-specific responses in seropositive women focused strongly on epitopes rarely or never recognized
in HEPS subjects, who targeted epitopes that were subdominant or unrecognized in infected women.
These differences in epitope specificity were restricted by only those HLA class I alleles that are asso-
ciated with a reduced risk of HIV-1 infection in this cohort. Late seroconversion in HEPS donors was
associated with a switch in epitope specificity and/or immunodominance to those epitopes preferen-
tially recognized by HIV-1–infected women. The likelihood of detecting HIV-1–specific responses in
HEPS women increased with the duration of viral exposure, suggesting that HIV-1–specific CD8+

responses are acquired over time. The association between differential recognition of distinct CTL epi-
topes and protection from HIV-1 infection may have significant implications for vaccine design.
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topes is generally lower in both blood and genital tract
than in those with persistent infection (12, 13).
Reduced HIV-1 susceptibility is associated with specif-
ic class I HLA molecules (15); these alleles might restrict
particularly efficient HIV-specific CTLs or present spe-
cific “protective” epitopes (13). Differential epitope
recognition has been seen in primary HIV-1 infection,
with dramatic differences between the specificity of
HIV-1–specific CD8+ responses seen during primary
and late HIV infection (16, 17). It is also possible that
protective CTL responses are qualitatively different in
these HEPS subjects from those in persistently infect-
ed women, since HIV-specific CTLs in infected subjects
demonstrate impaired maturation and reduced per-
forin expression when compared with cytomegalovirus
-specific (CMV-specific) CTLs (18).

To address these questions, we examined the magni-
tude and specificity of CD8+ T-cell responses to a panel
of predefined CTL epitopes in the Kenyan sex worker
cohort, using the IFN-γ ELISPOT assay. We confirm
that the magnitude of responses in HEPS women is
approximately tenfold lower than in infected subjects,
and thus protection is not due to a stronger HIV-spe-
cific CD8+ response. The proportion of HEPS women
demonstrating HIV-specific responses increases with
increasing duration of HIV exposure, consistent with
the development of acquired immunity to HIV. Final-
ly, we demonstrate that class I–restricted CD8+ respons-
es in chronically infected sex workers often focus on
certain dominant epitopes. However, these epitopes are
rarely recognized by HEPS sex workers, who often tar-
get different epitopes, particularly restricted through
those HLA alleles prospectively shown to be associated
with HIV resistance in this cohort (15). These findings
suggest that qualitative, rather than quantitative, dif-
ferences discriminate HEPS CD8+ responses from
those of chronically infected subjects.

Methods
Study population and sampling. Sex workers were enrolled
from a dedicated sex worker clinic in Nairobi, Kenya
(9), between 1995 and 1999. Seronegative sex workers
were subdivided into three groups, based on the dura-
tion of previous HIV-1–uninfected follow-up in the
cohort: those enrolled for over 3 years (thereby meeting
criteria for HIV-1 resistance; group 1) (11), those
enrolled for 1–3 years (group 2), and sex workers fol-
lowed for less than 1 year (group 3). All HEPS women
were confirmed to be HIV-1 uninfected using a PCR
system that uses primers for env, nef, and vif HIV-1
provirus genes that have been specifically adapted to
detect African clades and that is sensitive to below five
viral copies per 2 × 105 PBMCs (19). Lower-risk HIV-
1–uninfected control women with no history of sex
work were enrolled from a mother-child health care
clinic in the Pumwani district of Nairobi and from an
infertility clinic in Nairobi’s Kenyatta National Hospi-
tal. Women with clinical or laboratory evidence of cer-
vicitis were excluded. The Scientific and Ethical Review

Committees of the University of Nairobi and the Uni-
versity of Manitoba approved the study, and informed
consent was obtained from all study participants.

General laboratory methods. Molecular HLA typing was
performed on all study subjects using amplification
refractory mutation system PCR (ARMS-PCR) with
sequence specific primers, as described previously (20).
HIV-1 serological testing employed a synthetic peptide
enzyme immunoassay (Detect HIV; Biochem
ImmunoSystems Inc., Montreal, Quebec, Canada), and
positive tests were confirmed using a recombinant anti-
gen enzyme immunoassay (Recombigen HIV-1/2 EIA;
Cambridge Biotech Corp., Galway, Ireland). PBMCs were
isolated from blood in acid citrate dextran, using Ficoll-
Hypaque (Sigma Chemical Co., St. Louis, Missouri, USA)
density-gradient centrifugation. All cell-culture assays
were performed in RPMI-1640 supplemented with 10
mM HEPES and L-glutamine, pH 7.2 (Sigma Chemical
Co.), 50 mM β-mercaptoethanol (Sigma Chemical Co.),
10 U/ml penicillin, 0.1 mg/ml streptomycin, 0.25 mg/ml
amphotericin B, and 10% FCS (Sigma Chemical Co.),
which had been heat inactivated at 56°C for 40 minutes.

HIV-1 epitope selection and peptide synthesis. HIV-1 pep-
tides were selected from a panel of 54 previously
defined (21) A, B, and D clade CTL epitopes based on
the class I HLA haplotype of the donor. Peptides were
synthesized by F-moc chemistry using a Zinnser ana-
lytical synthesizer (Advanced Chemtech Inc., Louisville,
Kentucky, USA), and purity was established by HPLC.

Peptide-based IFN-γ ELISPOT assays. A modified ELISPOT
assay was used to detect epitope-specific IFN-γ release
from PBMCs, as described previously (12). Ninety-six-well
nitrocellulose plates were precoated with a first-layer IFN-
γ mAb, 1-DIK (MABTECH AB, Nacka, Sweden). At least
105 PBMCs were added to duplicate wells, either with pre-
defined HIV-1 class I–restricted peptide epitopes at a con-
centration of 20 µM, with media alone (negative control),
or with 1:100 phytohemagglutinin (PHA) (Murex
Biotech Limited, Dartford, United Kingdom) as positive
control). All peptides were run separately, without pool-
ing of peptide epitopes. Where cell numbers permitted,
assays were run with 2 × 105 PBMCs/well for HEPS sub-
jects, and 1 × 105 for seropositive subjects. Plates were
incubated overnight at 37°C in 5% CO2, cells discarded,
and the plate incubated at room temperature for 3 hours
with a second biotinylated anti–IFN-γ mAb (7-B6-1
biotin; MABTECH AB), followed by streptavidin-conju-
gated alkaline phosphatase (MABTECH AB) for 2 hours.
Individual IFN-γ–producing cells were detected as dark
blue spots using an alkaline phosphatase-conjugate sub-
strate kit (Bio-Rad Laboratories, Hercules, California,
USA). Spots were counted with a dissecting microscope
(×40) prior to 1998, and from 1998 onward by using an
automated ELISPOT reader (Autoimmun Diagnostika
GmbH, Strassberg, Germany).

Criteria for a positive HIV–specific ELISPOT assay. HIV-
1–specific IFN-γ responses were reported as number of
spot-forming units (SFUs) per 106 mononuclear cells,
after subtraction of background IFN-γ secretion. To con-
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trol for varying levels of background IFN-γ secretion,
SFU in the HIV-1 peptide wells needed to be at least
double that seen with media alone to be considered
positive. An HIV-1–specific ELISPOT response was
defined as described previously (10, 12, 22): (a) IFN-γ
release seen in response to 1:100 PHA; (b) greater than
or equal to 20 HIV-1–specific SFU/106 mononuclear
cells; and (c) SFU in HIV-1 peptide wells exceeded
background by a factor of at least 2.

An immunodominant epitope was defined as that
HIV-1 epitope generating the highest-frequency
IFN-γ response, provided that this response fulfilled
criteria for a positive ELISPOT assay. Likewise, an
allele-specific immunodominant epitope was
defined as the epitope generating the highest fre-
quency IFN-γ response from the panel of epitopes
restricted by a particular HLA allele.

CD8+ lymphocyte depletion assays. CD8+ lymphocyte
depletion was performed using anti-CD8+ Ab–coat-
ed immunomagnetic beads (Dynabeads HLA cell
prep I; Dynal Inc., Lake Success, New York, USA),
according to the manufacturer’s instructions. Sig-
nificant reduction of an ELISPOT response was
defined as 50% or greater reduction in HIV-1–spe-
cific IFN-γ release after CD8+ lymphocyte depletion.

Data analysis. Statistical analysis used the SPSS for
Windows Rel. 9.0.0, 1998 package (SPSS Inc., Chica-
go, Illinois, USA). Comparison of means between
study groups was performed by one-way ANOVA.
Mantel-Haenszel χ-square test with calculation of
likelihood ratios and confidence intervals was used to
compare dichotomous variables between study
groups. If ELISPOT assays had been performed on
any individual at several time points, only the earliest
result was included in the general analysis of response
associations. However, an epitope-specific response
detected in an individual at any time point was
included in the analysis of epitope specificity. In com-
paring patterns of epitope recognition, the specifici-
ty of ELISPOT responses was examined within class I
HLA alleles where at least two different HIV-1 epi-
topes had been studied (since two or more epitopes
are needed to examine differences in specificity) in a
minimum of eight subjects (to avoid basing conclu-
sions on overly small subject numbers). To control for
multiple comparisons at each class I allele, the P value
calculated for epitope recognition at any given class I
allele was corrected for the total number of epitopes
tested for that allele.

Results
Frequency and magnitude of HIV-specific responses in
Kenyan sex workers. CD8+ T-cell responses were tested
against a panel of 54 predefined CTL epitopes (listed
in Table 1) in 178 sex workers (91 HEPS and 87 HIV-
1–infected women, respectively), including all those
seronegative women sampled during the 1995–1999
period for whom CTL epitopes appropriate for their
HLA class I type were available. HIV-1 epitope–spe-
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Table 1
Panel of 54 predefined HIV-1 CTL peptide epitopes used in IFN-γ
ELISPOT assays

Peptide Gene Position Clade HLA
sequence product specificity restriction

GSEELRSLY p17 71-79 B A1
ISERILSTY Rev 55-63 B A1
ILKD/EPVHGV Pol 476-484 A/B A2
SLF/YNTVATL p17 77-85 A/B A2
TLNAWVKVI/V p24 150-159 A/B A2
ALKHRAYEL/
AFHHVAREL Nef 190-198 A/B A2
KIRLRPGGK p17 18-26 A,B,D A3
RLRDLLLIVTR gp41 775-785 B A3
S/AIFQSSMTK Pol 325-333 A/B A3, A11, A33
DLSHFLKEK Nef 86-94 B A3
QVPLRPMTYK Nef 73-82 B A11
AVDLSHFLK Nef 84-92 B A11
IYQEPFKNLK Pol 508-516 B A11
TLYCVHQRI p17 84-92 B A11
(R)YLR/KDQQLL gp41 591-598 A/B A24
LFCASDAKAY gp120 53-62 B A24
DSRLAFHHM Nef 186-194 B A24
RDYVDRFFKTL p24 296-306 A A24
VSFEPIPIHY gp120 263-272 B A29
DTVLEDINL Pol 85-93 A A*6802
ETAYFYILKL Pol 744-752 A,B,D A*6802
ITLWQRPLV Pol 58-67 A,B,D A74
IPRRIRQGL gp41 848-856 A,B,D B7
TPGPGV/IRYPL Nef 128-137 B B7
FPVTPQVPLR Nef 68-77 B B7
SPRTLNAWV p24 148-156 B B7
GPKVKQWPL Pol 171-180 A,B,C,D B8
YLKDQQLL gp41 586-593 B B8
GGKKKYRL p17 24-31 A B8
DRFF/WKTLRA p24 298-306 A/B B14
DLNMMLNIV/
DLNTMLNVV p24 183-191 A/B B14
ERYLRDQQL gp41 589-597 A B14
RAEQASQEV p24 305-313 B B14
YPLTFGWCY/F Nef 135-143 B/D B18, B49
FRDYVDRFY/FK p24 293-302 B,D/A,C B18
KRWIIL/MGLNK p24 263-272 B B27
TAVPWNASW gp41 606-614 B B35
VPLRPMTY Nef 75-82 B B35
H/NPDIVIYQY Pol 342-350 A/B B35
PPIPVGDIY p24 260-268 B B35
IPLTEEAEL Pol 447-455 B B51
DPNPQEVVL gp120 77-85 B B51
LPCRIKQII gp120 378-385 B B51
AT/SQEVKNWM p24 177-185 A/B B53
DTINEEAAEW p24 203-212 A B53
QATQEVKNW p24 308-316 A B53
EVKNWMTETL p24 313-322 A B53
TSTLQEQIGW p24 235-243 A,B B57/58
L/ISPRTLNAW p24 147-155 A/B B57/58
KAFSPEVIPMF p24 153-164 B B57/58
QAISPRTL p24 145-152 B Cw3
SFNCGGEFF gp120 376-383 B Cw4
KYRLKHLVW p17 728-736 A Cw4
QASGEVKNW p24 176-184 B Cw4



cific responses were more common in HIV-1–infected
than HEPS sex workers (79 of 87, 91%, vs. 43 of 91, 47%;
likelihood ratio (LR) = 42.4; P < 0.001), and dominant
responses were approximately tenfold stronger in
seropositive women (mean 983.4 vs. 85.8 SFU/million
PBMCs; P < 0.001). On average, responses in HEPS sex
workers exceeded background by a factor of 3.3 (range
1–26.7) and in HIV-1–infected sex workers by a factor of
36.1 (range 1–272).

Responses were directed against a mean of 2.7 CTL
epitopes overall and were broader in infected sex work-
ers, directed against a mean of 3.1 epitopes versus 2.0
in HEPS (P = 0.007), although there was no significant
difference in the number of gene products recognized
(1.6 in infected vs. 1.4 in HEPS; P = 0.15). There was no
difference between HIV-1–infected and HEPS subjects
in the number of HLA alleles restricting ELISPOT
responses (overall mean = 1.5 class I HLA alleles; 1.6 vs.
1.4 respectively; P = 0.2). Responders and nonrespon-
ders were similar in the number of epitopes screened
and restricting HLA class I alleles tested. CD8+ deple-
tion assays performed for 14 HEPS and 7 seropositive
women confirmed that ELISPOT responses were medi-
ated by CD8+ lymphocytes (data not shown). Thus
CD8+ T-cell responses to predefined HIV-1 epitopes in
HEPS women were neither stronger nor more broadly
directed than in HIV-1–infected women.

Lack of HIV-specific responses in lower-risk controls.
ELISPOT assays were performed in 18 lower-risk
Kenyan women with no history of commercial sex
work. No HIV-1–specific responses were detected
against a total of 130 CTL epitope peptides, using
predefined criteria for a positive ELISPOT assay (12)
(see Methods). The mean HIV-specific response in
controls was 5.4 SFU/106 PBMCs, with an SD of
7.66, so that the mean + 2 SD was equal to 20.7
SFU/106. This correlated closely with our predefined
cut-off for a positive assay.

Association of HEPS CD8+ responses with duration of HIV
exposure. HEPS women with CD8+ responses (n = 43)
were compared with those without CD8+ responses
(n = 48) (Table 2). Responses were detected intermit-
tently, and the proportion of time points with a pos-

itive assay was 0.62 (mean number of total assays 3.3,
range 2–8; mean number with positive response 2.1,
range 1–7). Responses were not associated with self-
reported levels of condom use, the number of daily
clients, absolute CD4/CD8 lymphocyte counts,
CD4/CD8 ratio, or any single class I allele. However,
women with a positive response had been engaged in
commercial sex work for a longer time (11.5 vs. 7.6
years; P = 0.02), and there was a stepwise increase in
the frequency of ELISPOT responses with increasing
duration of seronegative clinical follow-up (Figure 1;
LR = 14.3; P = 0.001). In addition, there was a positive
correlation between the duration of uninfected clin-
ical follow-up and the magnitude of HIV-1–specific
responses (Pearson correlation = 0.31; P < 0.001). The
association between the duration of uninfected HIV
exposure and both the frequency and magnitude of
HIV epitope-specific responses strongly suggests that
immunity to HIV is acquired after cohort enrollment.

These data were generated using the
predefined cut-off for a positive assay of
20 SFU/106 PBMCs above background
(12). In the absence of universally estab-
lished criteria for a positive ELISPOT
assay, the robustness of this association
was tested by using positive cut-offs of
both 50 SFU and 100 SFU/106 PBMCs.
In each case, a similar association was
found between duration of follow-up
and a positive ELISPOT assay (LR = 7.0,
P = 0.03; and LR = 5.4, P = 0.07, respec-
tively), although the proportion of HEPS
women with a positive assay decreased as
the cut-off was increased, reducing the
statistical power of any comparisons.
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Table 2
Epidemiologic and immunologic associations of HIV-1–specific CD8+ lymphocyte
responses among 91 seronegative Nairobi sex workersA

Variable Positive assay (n = 43) Negative assay (n = 48) P valueB

CD4 count/mm3 929 881 0.5
CD8 count/mm3 810 779 0.7
CD4/CD8 ratio 1.3 1.3 0.9
Clients/day 2.4 3.1 0.2
Condom use (%) 93.5 91.5 0.5
Duration of prostitution (years) 11.5 7.6 0.02
Epitopes screened 6.6 5.5 0.2
HLA alleles screened 2.2 1.9 0.2

ASee text for definition of HIV-1 epitope–specific ELISPOT assay. BMeans were compared using
one-way ANOVA; dichotomous variables were compared using the Mantel-Haenszel χ-square test.

Figure 1
Association between duration of previous HIV-1 exposure and HIV-
1–specific IFN-γ ELISPOT responses in HEPS sex workers. HIV-
1–seronegative sex workers (n = 91) were divided into three groups,
according to the duration of enrollment in the sex worker cohort: ≥3
years (group 1; n = 67); 1–3 years (group 2; n = 16); <1 year (group
3; n = 8). Group 4 consisted of 18 HIV-1–seronegative Kenyan
women with no history of commercial sex work. The vertical bars rep-
resent the percentage of each group demonstrating HIV-1 CTL epi-
tope-specific ELISPOT responses (see text for definition).



Epitope specificity of responses in HEPS and HIV-infected
donors. Results meeting selection criteria (see Methods)
were available for 168 women (n = 83 HEPS, n = 85 HIV
infected). When HEPS and HIV-infected subjects with
CD8+ responses restricted through a particular class I
allele were compared, HIV-infected sex workers often rec-
ognized epitopes rarely or never recognized by HEPS sub-
jects. For instance, p17 epitope SLF/YNTVATL was rec-
ognized by 22 of 26 (85%) infected women who had a
CD8+ response restricted through HLA class I allele A2,
compared with only one of ten (10%) of HEPS (odds ratio
[OR] 17.7; P < 0.004) (Table 3). Likewise, HIV-infected sex
workers with responses restricted through A24 were more
likely to respond to the p24 epitope RDYVDRFFKTL,
through A*6802 to the pol epitope ETAYFILKL, through
B14 to the nef epitope DRFF/WKTLRA, and through B18
to the nef epitope YPLTFGWCY/F (Table 3). In some
cases, HEPS sex workers were also seen to preferentially
recognize a different peptide epitope, in particular A*6802
pol epitope DTVLEDINL and the B18 p24 epitope
FRDYVDRFY/FK. Almost all A2-restricted responses in
HEPS were directed toward the pol epitope
ILKD/EPVHGV (seven of ten responders), but responses
to this epitope were also relatively common in HIV-infect-
ed subjects (14 of 25 responders). Strikingly, these differ-
ences in epitope specificity were only seen for responses
restricted by class I HLA alleles A2, A24, A*6802, B14, and
B18, previously shown to be associated with resistance to
HIV-1 in this cohort (15). In addition, HEPS sex workers
with at least one of the class I HLA alleles associated with
protection from HIV-1 infection (15) were more likely to
have an HIV-1–specific CD8+ response than those without
any of these alleles (33 of 60 vs. 10 of 31; LR = 4.3, P = 0.04).

There were no differences between HEPS and HIV-
1–infected sex workers in A2 allele subtypes, and no dif-
ferences were apparent in A2-restricted epitope recog-
nition based on A2 allele subtype (data not shown).
There were no differences in the epitope specificity of
CD8+ responses restricted by seven other class I alleles,
with similar patterns of epitope recognition seen in
HEPS and infected subjects (A1, A3, B7, B35, B53,
B57/58, Cw4; Table 3). Insufficient subjects and/or epi-
topes were studied to examine differences in specifici-
ty at the remaining nine class I alleles.

Taken together, these data suggest that the pro-
tective effect of these HLA alleles in resistance to
HIV infection could be related to a greater likelihood
of generating a CTL response to a repertoire of “pro-
tective” HIV-1 epitopes.

Epitope immunodominance in HEPS and infected sex work-
ers. As noted, HIV–infected sex workers tended to focus
CD8+ responses on epitopes infrequently recognized by
HEPS sex workers, while epitopes recognized by HEPS
women were not recognized, or were recognized at a
lower frequency, by seropositive women. We therefore
compared patterns of epitope immunodominance
between HEPS and infected sex workers at specific class
I alleles, correcting P values for the number of epitope
pairs compared at each allele. Significant differences or

strong trends in epitope immunodominance were seen
for responses restricted by all those class I alleles asso-
ciated with protection in the Nairobi sex worker cohort
(A2, A24, A*6802, B14, and B18), but not for the other
seven alleles analyzed (Table 4).

Effect of late seroconversion on specificity of HIV-specific
CD8+ responses. Over the course of this study, HIV-1
seroconversion was observed in eight sex workers for
whom preseroconversion ELISPOT assays had been
performed (10). Seven of these women had met criteria
for HIV-1 resistance, and one had not. Epidemiological
correlates of late seroconversion have been described
for six of these formerly HIV-resistant donors, which
was strongly linked to reduced HIV-1 exposure (10).
Prospective studies in other cohort members taking a
break from sex work showed an associated fall in HIV-
1–specific responses below the levels of detection, sug-
gesting that repeated HIV-1 exposure was necessary to
maintain protective effector T-cell responses (10).

HIV-1–specific ELISPOT responses had been present
before seroconversion in five of seven of women who
had met criteria for HIV-1 resistance (10) and had not
been detected in the one woman who had not. In these
five women, CD8+ responses before seroconversion
were compared with responses seen within 1 year after
HIV infection. More epitopes and more gene products
were recognized after infection (mean of 3.0 vs. 1.4 epi-
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Table 3
Proportion of sex workers with a positive MHC class I–restricted
CD8+ response who recognize certain HIV-1 epitopesA

Restricting class I HIV-1 HEPS HIV- Likelihood ratio
HLA allele epitope infected (P value)B

A1 GSEELRSLY 1/1 3/3 NS
A2 SLF/YNTVATL 1/10 22/26 18.3 (P < 0.004)

ILKD/EPVHGV 7/10 14/26 NS
A3 S/AIFQSSMTK 2/2 3/3 NS
A*6802 ETAYFILKL 3/12 9/11 7.9 (0.01)

DTVLEDINL 11/12 6/11 4.4 (0.08)
A24 RDYVDRFFKTL 0/4 6/10 7.2 (0.03)

(R)YLR/KDQQLL 3/4 10/10 NS
B7 IPRRIRQGL 2/5 5/6 NS

TPGPGV/IRYPL 4/5 5/6 NS
B14 DRFF/WKTLRA 0/4 6/7 14.4 (0.004)

DLNMM/TLNI/VV4/4 3/7 4.8 (0.1)
B18 YPLTFGWCY/F 1/4 8/9 5.3 (0.04)

FRDYVDRFY/FK 3/4 1/9 5.3 (0.04)
B35 H/NPDIVIYQY 2/3 1/4 NS

PPIPVGDIY 1/3 3/4 NS
B53 AT/SQEVKNWM 1/2 5/9 NS

DTINEEAAEW 0/2 7/9 4.9 (0.1)
QATQEVKNW 1/2 7/9 NS

B57/58 L/ISPRTLNAW 4/6 14/17 NS
KAFSPEVIPMF 4/6 12/17 NS

Cw4 SFNCGGEFF 1/2 10/11 NS
KYRLKHLVW 2/2 7/11 NS

AOnly those subjects in each group with an HIV-specific response restricted
through the relevant class I allele are included in this analysis; see text for def-
inition of positive HIV-1–specific ELISPOT response. BP values are corrected
for the number of epitopes compared at each class I allele.



topes and 2.4 vs. 1.2 gene products; P = 0.08 and 
P = 0.004, respectively), and dominant CD8+ responses
were stronger (1244.8 vs. 180.4 SFU/million PBMCs; 
P = 0.05). HIV-1 infection was therefore associated with
broadening and strengthening of CD8+ responses.

In addition, CD8+ responses before and after HIV-1
infection showed the same pattern of differential epi-
tope recognition as was seen in our larger cross-sec-
tional analysis of the cohort (Table 5). An A*6802-
restricted response to DTVLEDINL was seen in three
subjects before seroconversion (ML 857, ML 1203, ML
1707), but after seroconversion was either lost (ML 857,
ML 1707) or was superceded by responses to A*6802
ETAYFILKL (ML 1203). Likewise, A2-restricted respons-
es to ILKD/EPVHGV in two HEPS sex workers were
either lost completely (ML 1250) or became subdomi-
nant (ML 1760). In both these cases, the dominant A2-
restricted epitope after HIV infection was SLF/YNT-
VATL. In the remaining three sex workers, no
HIV-1–specific responses had been seen before infec-
tion, but dominant responses after infection recognized
epitope A2 SLF/YNTVATL in two cases (ML 1575, ML
1592), and A*6802 ETAYFILKL in one case (ML 1830).
It therefore seems that CD8+ epitope specificity is relat-
ed to the HIV-1–infection status of an individual donor
and is unlikely to reflect selection through polymorphic
antigen-processing or other immune-response genes.

Discussion
The extraordinarily high risk of HIV-1 infec-
tion in the Nairobi sex worker cohort
plateaus after 3 years of HIV-1–uninfected
follow-up, an observation best explained by
the presence of biologic factors mediating
HIV-1 resistance in a minority of women
(11). Both classical CTL responses (10, 13,
14) and IFN-γ responses directed against
HIV-1 CTL epitopes (10, 12, 13) have been
demonstrated previously in these HIV-
1–resistant women, despite a lack of
detectable HIV-1 infection or plasma IgG
Ab responses. The current study constitutes
the most complete examination of CD8+

lymphocyte responses performed in this
cohort, examining 91 seronegative sex work-
ers who had been followed previously for a
mean of 5.4 years (range, 0–14 years).

The finding that HIV-1–specific CD8+

lymphocyte responses become more fre-
quent and stronger in the seronegative
women with the longest duration of HIV-1
exposure is the clearest association to date
between CD8+ responses and resistance to
HIV-1 infection and strongly suggests that
HIV-1–specific immunity is acquired over
time. However, because an observational
study cannot prove causality, it remains pos-
sible that HIV-1–specific CD8+ lymphocyte
responses are not protective, but constitute
an epiphenomenon related to exposure of

sex workers protected from HIV-1 infection by an alter-
nate mechanism (which we know is not likely to be
intrinsic resistance of CD4 cells, increased production
of CC chemokines, or HIV-1 coreceptor abnormalities)
(23). In addition, since HIV proviral DNA can been
detected in the PBMCs of some HEPS subjects in other
cohorts (24), it is also possible that HIV-“resistant” sex
workers have been infected by HIV, but have been able
to control viral replication to a level that is unde-
tectable by conventional means.

Although HIV-1 CTL epitope-specific responses were
common in both HEPS and seropositive women, we
demonstrated significant differences between these
groups in the epitope specificity of responses restricted
by certain class I HLA alleles. This differential epitope
recognition was seen only for responses restricted by
class I alleles associated previously with a reduced risk of
HIV-1 seroconversion in this cohort (15), namely HLA
A2, A*6802, A24, B14, and B18 (allele B14 was associat-
ed with reduced seroconversion in this HLA study,
although this did not reach statistical significance due
to low subject numbers: OR = 0.36; 95% confidence inter-
val [CI] 0.1–1.4; P = 0.1). The same phenomenon of dif-
ferential recognition applied to eight HEPS sex workers
who seroconverted. Either a switch in immunodomi-
nance was seen from a “resistant” to an “infected” epi-
tope (three of eight: ML 1203, 1707, 1760), or a response
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Table 4
Dominant epitopes restricted by various MHC class I alleles in HEPS and HIV-
infected sex workersA,B

Restricting HIV-1 Immunodominant Immunodominant Likelihood ratio
class I allele epitope (HEPS)B (HIV infected)B (P value)C

A1 GSEELRSLY 1/1 3/3 NS
A2 ILKD/EPVHGV 7/10 5/26 11.8 (0.05)

SLF/YNTVATL 1/10 18/26
A3 S/AIFQSSMTK 1/2 1/2 2.7 (NS)
A24 (R)YLR/KDQQLL 3/4 4/10 7.2 (0.15)

RDYVDRFFKTL 0/4 6/10
A*6802 DTVLEDINL 10/12 2/11 10.6 (0.001)

ETAYFILKL 2/12 9/11
B7 IPRRIRQGL 0/5 2/6 2.9 (NS)

TPGPGV/IRYPL 3/5 2/6
B14 DLNMM/TLNI/VV 4/4 1/7 9.4 (0.01)

DRFF/WKTLRA 0/4 6/7
B18 FRDYVDRFY/FK 3/4 1/9 5.3 (0.02)

YPLTFGWCY/F 1/4 8/9
B35 H/NPDIVIYQY 1/3 0/4 5.1 (NS)

PPIPVGDIY 1/3 3/4
B53 AT/SQEVKNWM 1/2 1/9 3.8 (NS)

DTINEEAAEW 0/2 4/9
B57/58 L/ISPRTLNAW 2/6 7/17 1.7 (NS)

KAFSPEVIPMF 2/6 7/17
Cw4 SFNCGGEFF 0/2 6/10 4.1 (0.4)

KYRLKHLVW 2/2 3/10

ASee text for definition of positive HIV-1–specific ELISPOT response; dominant response
defined as the highest-frequency ELISPOT response restricted by a given class I HLA allele.
BOnly subjects from group with an HIV-specific response restricted through the relevant
class I allele are included in this analysis. CP values are corrected for the number of epi-
tope pairs compared at each class I allele.



to a “resistant” epitope was lost completely (two of seven:
ML 857, 1250), or a lack of response was superceded by
a response to an “infected” epitope (three of seven: ML
1575, 1592, 1830). This was not due to mutational
escape within the resistant epitopes due to CTL-mediat-
ed immune pressure, since no viral sequence variation
was seen in these epitopes from subjects ML 857, 1203,
1707, or 1760 (10). Although it is disappointing that
seroconversion occurred despite preexisting HIV-1–spe-
cific CD8+ responses in these women, it is possible that
late seroconversion in these women represents infection
after waning of a protective CTL response in the tempo-
rary absence of antigen exposure (10).

The phenomenon of differential epitope recognition
has been described recently in the context of primary
versus chronic HIV-1 infection (16, 17). A2-restricted
responses to the epitope SLYNTVATL were immun-
odominant during chronic infection (as they were with-
in our cohort of HIV-1–infected sex workers), but were
not seen in any of eleven subjects with primary infec-
tion. A SLYNTVATL-specific response did develop in
two subjects 5–20 months after primary infection, but
was not important in the initial control of viremia. We
would likewise conclude that responses to the A2-
restricted epitope SLYNTVATL, as well as to several
other epitopes commonly recognized in the context of
chronic HIV-1 infection, are not important in protec-
tion against HIV-1 infection. This is despite the
fact that SLYNTVATL-specific CTL have been
shown to be important in controlling viremia
and disease progression in chronic HIV infec-
tion (6, 7). However, the timing of our sampling
does not allow a detailed analysis of changes in
epitope specificity during primary infection.

Several hypotheses could explain the associ-
ation between protection from HIV-1 infection
and differential epitope recognition. HEPS
responses might be directed against more
highly conserved regions of the virus, mini-
mizing the possibility of viral escape, or against
gene products critical for viral replication.
However, although three of the differential epi-
topes overlap within the highly conserved
major homology region (MHR) of HIV-1 gag,
this region does not appear to be recognized
preferentially by HEPS women: two of those
epitopes (A24 RDYVDRFFKTL and B14
DRFF/WKTLRA) are more commonly recog-
nized by HIV-1–infected women and one (B18
FRDYVDRFF/YK) by HEPS women. Further-
more, the heterogeneity of CTL epitopes pref-
erentially recognized by HEPS subjects argues
against a focus of these responses on particu-
lar viral gene products. Of the four resistant
epitopes, two are found within HIV-1 pol (A2
ILKD/EPVHGV in reverse transcriptase and
A*6802 DTVLEDINL in protease) and two
within HIV-1 p24 (B14 DLNM/TLNI/VV and
B18 FRDYVDRFY/FK).

Low-cell surface density of naturally processed CTL epi-
tope peptides may limit the effectiveness of HIV-specific
CTL. However, Tsomides and colleagues (25) have
demonstrated that the A2-restricted epitope SLYNT-
VATL (preferentially recognized by HIV-1–infected
women in our study) is displayed on the cell surface at
approximately 30 times the level of ILKEPVHGV (prefer-
entially recognized by HEPS women). Variations in cell-
surface expression of CTL epitopes are therefore unlike-
ly to explain the phenomenon of differential epitope
recognition. This observation has parallels with studies
in a murine model of lymphocytic choriomeningitis virus
(LCMV) infection, which showed that the relative abun-
dance of different CTL epitopes on infected cells closely
correlated with the magnitude of the epitope-specific
CTL response. However, the quantitative hierarchy of
CTL activity was not reflected in the ability of these CTLs
to protect against LCMV infection following adoptive
transfer: the best protection in this study was mediated
by CTLs specific for a subdominant epitope (26).

Finally, it is possible that there are functional differ-
ences between CTLs specific for different epitopes, par-
ticularly since HIV-1–specific CTLs in chronically infect-
ed donors demonstrate relatively low levels of perforin
expression and cytolytic function (18). It is feasible that
this impaired CTL function could be related in some way
to the epitope specificity of CTL in seropositive donors,
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Table 5
ELISPOT responses to predefined class I HLA-restricted HIV-1 epitopes before
and after HIV-1 seroconversion in eight sex workersA,B

Subject HIV-1 CTL HLA class I Before After 
epitope restriction (SFU/106 PBMCs) (SFU/106 PBMCs)

ML 857 DTVLEDINL A*6802 373 4
H/NPDIVIYQY B35 100 65

PPIPVGDIY B35 0 2350
VPLRPMTY B35 13 185

ML 1203 DTVLEDINL A*6802 168 133
ETAYFILKL A*6802 18 1310

FPVTPQVPLR B7 43 845
TPGPGV/IRYPL B7 33 965

IPRRIRQGL B7 0 325
SPRTLNAWV B7 0 160

ML 1250 ILKD/EPVHGV A2 235 0
SLF/YNTVATL A2 10 60

ML 1575 SLF/YNTVATL A2 0 33
ML 1592 SLF/YNTVATL A2 25 100
ML 1707 DTVLEDINL A*6802 36 0

ETAYFILKL A*6802 0 50
RDYVDRFFKTL A24 0 640

ML 1760 ILKD/EPVHGV A2 90 168
SLF/YNTVATL A2 0 400

KRWIIL/MGLNK B27 10 1864
ML 1830 DTVLEDINL A*6802 18 100

ETAYFILKL A*6802 5 400

APositive CD8+ responses are shown in bold and generally require an HIV-specific fre-
quency ≥ 20 SFU/million PBMCs and IFN-γ responses in the HIV wells greater than or
equal to twice background (see text for full definition). BHIV-specific CD8+ response fre-
quencies are shown before and after HIV infection for any epitopes that were recognized
at either time point.



but given the low frequency of PBMC responses in HEPS
subjects, detailed examination of CTL function may
require the cloning and subsequent expansion of these
low-frequency CTL, since they are generally below the
detection limit of the ex vivo tetramer assay (27).

In our study, HIV-1–specific responses were not detect-
ed in 42% of women meeting criteria for HIV-1 resistance.
This could be due to the protection of some HEPS sub-
jects in this cohort by other immune responses, includ-
ing HIV-1–specific IgA (28–30), CD4-mediated T-helper
responses (14, 30), and noncytolytic CD8+–mediated
inhibition of HIV-1 (31). However, it is also possible that
CTL epitope responses were present, but fell below the
threshold of detection of our assays. HIV-specific CTL are
detected intermittently in HEPS individuals, possibly due
to varying levels of antigen exposure or assay limitations
(10, 32). More importantly, the panel of 54 HIV-1 CTL
epitopes used in the ELISPOT assays did not include
every CTL epitope described to date, so certain epitope
responses might have been missed and the estimated
breadth of response underestimated. Finally, the finding
of differential epitope recognition raises the possibility
that HEPS women target epitopes completely distinct
from those mapped in HIV-1–infected subjects. Since
almost all HIV-1 CTL epitopes to date have been mapped
in infected donors, responses to unique HEPS epitopes
could be missed. CTL-based preventive HIV-1 vaccine
studies may benefit from a focus on previously defined
CTL epitopes that are preferentially recognized in HEPS
individuals, as well as from a search for novel protective
epitopes within HEPS cohorts.
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