
Introduction
Individuals exhibit different susceptibility to infection
by HIV-1, with a minority of individuals remaining
uninfected despite repeated viral exposure (1–3). HIV-
1–specific immune responses, in particular cytotoxic T
lymphocytes (CTL), may play an important role in pro-
tection from infection in HIV-1–exposed, persistently
seronegative (HEPS) subjects (1–3). The generation of
HIV-1 CTL responses has therefore been identified as a
key goal in the effort to develop a preventative HIV-1
vaccine (4). However, the durability and protective effi-
cacy of CTL responses in HEPS subjects is unclear.

HIV-1–specific CTL may play an important role in
controlling viremia (1). High levels of HIV-1–specific
CTL are found in acute infection and may fall below
the limits of detection as the early peak in viral load
decreases, particularly in the context of complete viral
suppression with antiretroviral therapy (5–7). In chron-
ic infection there is an inverse correlation between the
numbers of circulating HIV-specific CD8+ T cells and
the plasma viral load (8), but this population also

declines to undetectable levels after successful anti-
retroviral therapy (5, 9, 10). These observations suggest
that the maintenance of a circulating HIV-1–specific
effector CTL population, which directly kills infected
cells and produces antiviral cytokines such as IFN-γ, is
dependent on an ongoing antigenic stimulus. Howev-
er, a memory CTL population, which can undergo mul-
tiple divisions and replenish the effector population
(11), is maintained in HIV-1–infected subjects after
antiretroviral therapy has reduced viremia below the
limits of detection (6).

Transient HIV-1 exposure in seronegative individu-
als may result in the generation of HIV-1–specific CTL
(1–3), but whether this exposure results in long-lived
HIV-1–specific CTL memory is unknown. CTL
responses can be detected after a single percutaneous
exposure to infected blood, but fall below the limits of
detection within 2–8 months (12). Most studies of
HIV-specific CTL after transient exposure (12–18)
have studied CTL activity by in vitro culture of PBMCs
after restimulation with HIV antigens, which is pre-
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sumed to expand both memory and effector CTL pop-
ulations (19). The loss of these responses within
months of viral exposure therefore suggests a loss of
both effector and memory CTL in the periphery. This
is in keeping with other virus infections, where main-
tenance of protective memory CTL in the periphery is
short-lived in the absence of antigen (20).

The waning of protective CTL immunity in the
absence of antigen therefore constitutes a potential
problem confronting a CTL-based HIV vaccine. A sec-
ond theoretical problem is the evasion of protective epi-
tope-specific CTL by viral variants bearing amino acid
substitutions within the target epitope, as has been
seen in a vaccine model of simian immunodeficiency
virus (SIV) infection (21). The phenomenon of CTL
“escape” is well described in HIV-1–infected subjects,
where it may be associated with increased viral load and
disease progression (22–24).

A small group of sex workers in Nairobi, Kenya, has
remained uninfected by HIV-1 despite intense expo-
sure and are defined as resistant to HIV-1 infection
(25). HIV-1 resistance in this cohort is not due to
altered cellular susceptibility to HIV-1 or to known
chemokine-receptor polymorphisms (26), but has
been associated with certain HLA class I and II alleles
(27), CD8+ responses to HIV-1 CTL epitopes (18, 28),
T-helper responses (29), and HIV-1–specific IgA (29).
In the 4-year period from 1996 to 2000, eleven women
who had met criteria for HIV-1 resistance seroconvert-
ed. We have examined these late seroconverters for evi-
dence of preceding HIV-1–specific CD8+ responses and
have explored the possibility that late seroconversion
may represent infection by primary viral escape vari-
ants or waning of epitope-specific immunity.

Methods
Study populations and general laboratory methods. Women
were enrolled through a dedicated sex worker clinic in
Nairobi, Kenya (30, 31) and were classified as HIV-
1–resistant if they remained HIV-1 seronegative and
PCR negative for at least 3 years while continuing in sex
work (25). Late seroconverters (cases) comprised
women who had met criteria for HIV-1 resistance, but
subsequently seroconverted between January 1996 and
December 1999. Each case was compared with two per-
sistently seronegative sex workers (controls) who: (a)
had been reviewed in the clinic in the same year as the
index case; (b) had at least one PBMC sample available;
and (c) had been enrolled in the cohort at as close a
time as possible to the index case to control for changes
in sexual behavior over time. Lower-risk HIV-1 unin-
fected control women were enrolled from a family-
planning clinic in Nairobi that is participating in ongo-
ing HIV-1 surveillance. Informed consent was obtained
from all study participants, and the study conformed
to ethical guidelines from the University of Manitoba
and the University of Nairobi.

HIV-1 serological testing employed a synthetic pep-
tide 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). All HIV-
1–seronegative sex workers were confirmed to be 
HIV-1 uninfected by employing a PCR system that uses
primers for env, nef, and vif HIV-1 provirus genes specif-
ically adapted to detect African clades and that is sen-
sitive to below five viral copies per 2 × 105 PBMC (32).
Molecular HLA typing was performed on all study sub-
jects using amplification refractory mutation system
PCR with sequence-specific primers, as described pre-
viously (33). Peripheral blood T-lymphocyte subset
analysis was performed using anti-CD4 FITC/CD8
phycoerythrin (PE; Becton-Dickinson Immunocytom-
etry Systems, San Jose, California, USA).

HIV-1 epitope selection and peptide synthesis. HIV-1 pep-
tides were selected from a panel of previously defined
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 Analytical synthe-
sizer (Advanced Chemtech Inc., Louisville, Kentucky,
USA), and purity was established by high-pressure liq-
uid chromatography (HPLC).

Peptide-based IFN-γ ELISPOT assays. A modified ELISPOT
assay was used to detect epitope-specific IFN-γ release by
either freshly separated or cryopreserved PBMCs, as pre-
viously described (28). Ninety-six–well nitrocellulose
plates were precoated with a first layer IFN-γ mAb, 1-DIK
(MABTECH AB, Nacka, Sweden). At least 105 PBMCs 
(2 × 105 cells with a 1:2 dilution where cell numbers
allowed) 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 positive control;
Murex Biotech Ltd., Dartford, United Kingdom; ). Plates
were incubated overnight at 37°C in 5% CO2, the cells dis-
carded, and the plate incubated at room temperature for
3 hours with a second biotinylated anti–IFN-γ mono-
clonal (7-B6-1 biotin; MABTECH AB), followed by strep-
tavidin-conjugated alkaline phosphatase (MABTECH
AB) for 2 hours. Individual IFN-γ–producing cells were
detected as dark-blue spots using an alkaline phos-
phatase-conjugate substrate kit (Bio-Rad Laboratories
Inc., Hercules, California, USA). Spots were counted by
using a dissecting microscope (×40), and positive results
were confirmed using an automated ELISPOT reader
(Autoimmun Diagnostika GmbH, Strassberg, Germany).

Criteria for a positive HIV-1–specific ELISPOT assay. HIV-
1–specific IFN-γ responses were reported as the num-
ber of spot-forming units (SFU) per 106 mononuclear
cells, after subtraction of background IFN-γ secretion.
An HIV-1–specific ELISPOT response was defined pre-
viously (28) as: (a) IFN-γ release seen in response to
1:100 PHA; (b) greater than or equal to 20 HIV-1–spe-
cific SFU/106 mononuclear cells; (c) SFU in HIV-1 pep-
tide wells exceeded background by a factor of at least 2;
and (d) where serial dilutions had been established, a
titratable response was required.
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CTL bulk cultures. Peptide-stimulated CTL bulk assays
were performed as described previously (18). Cells were
pelleted and pulsed for 1 hour with 100 µM of syn-
thetic peptides selected on the basis of HLA haplotype,
then suspended in RPMI with 10% FCS (R10) and cul-
tured at 2 million cells per well in a 24-well Costar
plate. Recombinant IL-7 was added to a final concen-
tration of 25 ng/ml on day 1, and IL-2 (Lymphocult-T;
Biotest, Solihull, United Kingdom) was added to a
dilution of 10% on day 3. After 10–14 days in culture,
assays for HIV-1–specific CTL activity were carried out
using class I–matched B-lymphoblastoid target cells
pulsed with the appropriate peptides in a Cr51 release
assay. Lysis of peptide-pulsed targets was considered
to be HIV-1 specific if lysis was at least 10% more than
that of the unpulsed control.

HIV-1 epitope sequencing. Two to four million postsero-
conversion PBMCs were incubated in R10 with 1:100
PHA (Murex Biotech Ltd.) for 36–48 hours. All PBMC
samples were obtained within 6 months of seroconver-
sion. DNA was extracted using the Purgene system (Gen-
tra Systems Inc., Minneapolis, Minnesota, USA). CTL
epitopes recognized by donor PBMCs prior to serocon-
version were amplified using nested PCR with Expand
High Fidelity Taq (Roche Molecular Biochemicals,
Mannheim, Germany), as described previously (24). DNA
fragment size was confirmed using a PhiX 174 Hae lad-
der (New England Biolabs Inc., Beverly, Massachusetts,
USA), and DNA was purified by passage over Sephadex
G-50 beads (Sigma Chemical Co., St. Louis, Missouri,
USA). DNA insertion into the plasmid PCR4-TOPO and
transformation of Escherichia coli were performed using
the TOPO-TA system (Invitrogen, Gronigen, The Nether-
lands), according to the manufacturer’s instructions.
Bacteria were grown overnight at 37°C on an LB ampi-
cillin plate coated with 40 µl of 40 mg/ml X-gal in
dimethyl formamide (DMF). Twenty transformed
colonies were selected, cultured
overnight in LB ampicillin
medium, and plasmid DNA iso-
lated using the QIAprep Spin
Miniprep Kit (QIAGEN, Craw-
ley, United Kingdom). DNA
sequencing was performed
using the Beckman Coulter
CEQ-200 (Beckman Coulter
Inc., Miami, Florida, USA).

Case-control study. Behavioral
data up to the time of sero-
conversion was obtained from
standardized questionnaires
administered at recruitment
to the clinic and annually
thereafter (31). Data collected
include the number of daily
clients, consistency of condom
use, methods of contracep-
tion, prior duration of prosti-
tution, sexual practices with

clients, and other HIV-1 risk factors such as blood
transfusion and intravenous drug use. Additional
information obtained at the time of seroconversion
included any break from sex work over the past year,
any recent medical events such as vaccination or any
new medication(s), and whether the subject had been
raped during the past year or had had known contact
with an HIV-1–infected partner.

Data analysis. Statistical analysis used the SPSS for
Windows Rel. 9.0.0 1998 package (SPSS Inc., Chicago,
Illinois, USA). Dichotomous variables were compared
between groups using the Mantel-Haenszel common
odds ratio estimate. Comparison of means between
study groups was performed by ANOVA. Kaplan-Meier
survival analysis was performed to examine the proba-
bility of seroconversion as a function of time.

Results
Preceding HIV-1 epitope–specific responses in seroconverters.
Late seroconversion was documented over the study
period in eleven of 114 (9.6%) sex workers meeting cri-
teria for HIV-1 resistance (25). Preseroconversion PBMC
specimens had been drawn in 7 of 11 cases, and prede-
fined HLA class I CTL epitope peptides were available
for six of seven cases. HIV-1–specific responses were
found at the last time tested before seroconversion in
four of six (67%) cases, 5–18 months before HIV-1 sero-
conversion (Table 1), with response frequencies from
20–168 SFU/106 PBMCs. In cases ML 857 and ML 1203,
epitope-specific responses were detected at greater than
or equal to two time points before seroconversion and
were confirmed using a bulk CTL chromium-release
assay (including the low-frequency ELISPOT response
in ML 1203 on January 3, 1997, to epitope
DTVLEDINL at 20 SFU /106 PBMCs). Cases where pre-
seroconversion PBMCs were available did not differ
from cases without PBMCs in HIV-exposure parameters
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Table 1
HIV-1 CTL epitope–specific assays run before seroconversion in six cases

Subject Assay date Peptide epitope HLA restriction, HIV SFU/106

(conversion date) response gene product (clade) PBMCs

ML 857 03/01/97 DTVLEDINL A*6802 pol (A) 100A

(08/28/98) H/NPDIVIYQY B35 pol (A/B) 100A

10/21/97 DTVLEDINL A*6802 pol (A) 65
06/09/98 DTVLEDINL A*6802 pol (A) 113

H/NPDIVIYQY B35 pol (A/B) 75
ML 1203 03/01/97 DTVLEDINL A*6802 pol 20A

(06/04/98) FPVTPQVPLR B7 nef (B) ndA

12/17/97 DTVLEDINL A*6802 pol (A) 168
FPVTPQVPLR B7 nef (B) 43

ML 1575 06/10/97 none
(05/08/98) 10/21/97 none
ML 1592 04/18/96 none
(07/07/96)
ML 1707 10/23/97 DTVLEDINL A*6802 pol (A) 36
(01/05/98)
ML 1760 05/30/97 ILKD/EPVHGV A2 pol (A/B) 90
(05/16/98)

See text for definition of an HIV-1 epitope–specific response. AThese ELISPOT results were confirmed using
bulk cytotoxic T-lymphocyte assay (see text for assay methods).



over the year preceding seroconversion, either in the
duration of previous seronegative follow-up (7.7 vs. 6.2
years; P = 0.2), the number of clients per day (3.8 vs. 3.2;
P = 0.7), or condom use (78% vs. 55%; P = 0.4). No sam-
ples drawn from seroconverters within 2 months before
their presumed date of infection were tested.

The most common HIV-1 CTL epitope recognized
was DTVLEDINL, an A-clade, A*6802-restricted
HIV-1 pol epitope (n = 3: ML 857, ML 1203, ML 1707).
Other epitopes recognized included ILKDPVHGV, an
A-clade, A2-restricted pol epitope (n = 1: ML 1760);
FPVTPQVPLR, a B7-restricted nef epitope (n = 1: ML
1203); and HPDIVIYQY, a B35-restricted, A-clade pol
epitope (n = 1: ML 857).

Control assays were run at a single time point for 18
lower-risk, seronegative Kenyan women, and all were
negative. The mean number of epitopes screened in
lower-risk women was 5.9; epitope DTVLEDINL was
tested in six women; epitope ILKDPVHGV in two; epi-
tope HPDIVIYQY in three; and epitope FPVTPQVPLR
in one woman.

DNA sequencing of HIV-1 CTL epitopes. A total of six
HIV-1 CTL epitopes were recognized in preserocon-
version ELISPOT assays from four women and were
amplified and sequenced from the infecting viral
strains (Table 2). Twenty epitope sequences were
obtained in each case to rule out sequence variation in
rare quasispecies. In five of six viral epitopes, the
infecting sequence was identical (20/20 sequences) to
that recognized in preseroconversion ELISPOT and/or
CTL assays (see Table 1). However, the sequence of the
B35-restricted HIV-1 pol epitope in seroconverter ML
857 differed from that recognized preseroconversion
(NPEIIIYQY vs. HPDIVIYQY; amino acid substitu-
tions shown in bold), although these amino acid sub-
stitutions have all been described previously in clade A
HIV-1 strains (34).

Potential CTL escape variant detected in donor ML 857.
Bulk CTL assays were performed for ML 857 using pre-
seroconversion PBMCs stimulated by either the HPDI-
VIYQY or NPEIIIYQY epitope variants (Figure 1). The
HPDIVIYQY-stimulated CTL line demonstrated low-
level specific lysis of targets pulsed with epitope HPDI-
VIYQY (as recognized in the ELISPOT assay), but not

with epitope NPEIIIYQY. The NPEIIIYQY-stimulated
CTL line did not recognize targets pulsed with either
epitope. This confirms that preseroconversion PBMCs
from this HEPS subject recognized epitope HPDI-
VIYQY, but not the infecting variant NPEIIIYQY.

Case-control analysis. Demographics and HIV-1 risk-
taking behavior did not differ significantly between the
11 seroconverters and 22 matched, persistently
seronegative controls (Table 3). Risk factors such as
anal sex, sex during menses, and intravenous drug use
were rare, and no subject reported nonconsensual sex
during the past year, recent vaccination, or recent blood
transfusion. There was no association between sero-
conversion and method of contraception or the occur-
rence of a sexually transmitted infection (STI) over the
past year. Having stopped sex work entirely for at least
2 months during the preceding year was associated
with seroconversion (82% of seroconverters vs. 41% of
controls; odds ratio [OR] = 6.5, 95% confidence inter-
val [CI], 1.1–37.5; P = 0.04), as was a reduction in the
number of daily clients by two or more per day (55% vs.
18%; OR = 5.4, 95% CI, 1.1–26.9; P = 0.04). Overall
reduction in sex work, defined as either having taken a
break or having reduced the number of daily clients,
was therefore also significantly associated with late

344 The Journal of Clinical Investigation | February 2001 | Volume 107 | Number 3

Table 2
Amino acid sequences of HIV-1 CTL epitopes recognized in presero-
conversion ELISPOT assays and sequence of infecting virus

Subject Epitope sequence: Epitope sequence: 
preseroconversion infecting virus (proportion

ELISPOT of isolates sequenced)

ML 857 DTVLEDINL DTVLEDINL (20/20)
HPDIVIYQY NPQIIIYQY (20/20)

ML 1203 DTVLEDINL DTVLEDINL (20/20)
FPVTPQVPLR FPVTPQVPLR (20/20)

ML 1707 DTVLEDINL DTVLEDINL (20/20)
ML 1760 ILKDPVHGV ILKDPVHGV (20/20)

See text for definition of an HIV-1 epitope–specific response.

Figure 1
Effect of epitope variation on recognition of peptide-pulsed targets
by ML 857, using PBMCs obtained before seroconversion. (a) HPDI-
VIYQY-stimulated bulk CTL line recognizes autologous B lym-
phoblastoid cell line (BCL) targets pulsed with peptide HPDIVIYQY,
but not infecting variant NPQIIIYQY. (b) NPEIIIYQY-stimulated bulk
CTL line does not recognize autologous BCL targets pulsed with
either peptide HPDIVIYQY or NPEIIIYQY. Recognition is defined as
greater than 10% specific lysis of peptide-pulsed target cells by a bulk
CTL line (see text for assay details).



seroconversion (91% vs. 45%; OR = 12.0, 95% CI,
1.3–110.5; P = 0.03). Seroconverters who had stopped
sex work temporarily had done so for an average of 12.4
months (range 2–60 months), and there was no signif-
icant difference in “break” duration between sex work-
ers who seroconverted and persistently seronegative
controls (12.4 vs. 5.7 months; P = 0.4).

Reasons for temporarily stopping sex work were
most commonly social (traveling home, other employ-
ment, social commitments). Of the 9 of 11 cases who
had taken a break from sex work, four reported no sex-
ual activity over this time, and one reported sex with a
single partner who tested HIV-1 seronegative. The
remaining four women reported monogamy or serial
monogamy with partner(s) of unknown serostatus
and who were unwilling to present for HIV-1 testing.
No late seroconverter had stopped sex work due to ill-
ness, although four of 11 women described flulike
symptoms upon resumption of sex work, which could
have been compatible with acute HIV-1 infection.

Late seroconversion was seen in two women who had
not taken a break from sex work, ML 1575 and ML 1760.
An HIV-1–specific response had been detected 1 year
before seroconversion in ML 1760, but no responses had
been found in ML 1575 (Table 1). While ML 1760 had
not reduced the number of daily clients (n = 5 clients per
day), condom use had increased from 86% to 100% over
the year preceding seroconversion and then fallen again
to 80% at the time of seroconversion.

HIV-1 epitope responses in persistently seronegative controls.
Seroconverter samples from the appropriate time points
were not available to demonstrate that stopping sex
work had been followed by a decline in epitope-specific
responses with subsequent seroconversion. We therefore
elected to study HIV-1 epitope–specif-
ic responses prospectively in the 22
persistently HIV-1–seronegative sex
worker controls who did or did not
report a period of reduced sex work.
HLA class I epitopes were not available
for ML 1705. No HIV-1–specific
ELISPOT responses were found at any
time for 7 of 21 controls (33%), while
responses were demonstrated at one or
more (range 1–5) time points for 14 of
21 controls (68%; Table 4).

Seven ELISPOT-positive controls
(ML 851, ML 1192, ML 1250, ML
1437, ML 1693, ML 1732, and ML
1749) reported a break from sex work
of 2 months or more during the study.
In six of seven cases, HIV-1–specific
responses were no longer seen in
PBMCs drawn 2–8 months after this
break. Retirement from sex work was
associated with the loss of HIV-1–spe-
cific responses in three of four cases
(ML 1192 and ML 851 shown in Fig-
ure 2, a and b), although one of four

cases maintained a response to the B18 p24 epitope
FRDYVDRFFK for more than 1 year (ML 1732; Figure
2c). The HIV-1 serostatus of her regular sex partner was
unknown. ML 1437 reported two breaks from sex work
and lost an initial response to A*6802 pol epitope
DTVLEDINL (Figure 2d). Three women resumed sex
work after a break (ML 1250, ML 1749, and ML 851, who
later retired completely), and in each case HIV-1–specif-
ic responses were redetected after a lag of 1–12 months
(Figure 2, e, f, and b). In ML 1250 a broad response was
detected after restarting sex work, but waned 8 months
later without any change in risk behavior.

HIV-1–specific responses were detected in seven per-
sistently seronegative controls who had not taken a
break from sex work. PBMCs were only available for
ML 1573 at a single time point so that serial assays
could be performed in six women. In four cases (ML
887, ML 1601, ML 1671, ML 1792) HIV-1–specific
responses could be detected throughout the study. The
specificity of these responses was constant in two con-
trols (ML 1601, A*6802 pol epitope DTVLEDINL and
ML 1671, A*6802 RT epitope ETAYFILKL; Figure 2g)
and varied in two women (in ML 1792 from B14
restricted p24 epitope DLNMMLNIV to RAEQASQEV;
in ML 887 as shown in Figure 2h). In ML 1589 an ini-
tial response was lost over the course of the study with-
out a reported break from sex work or change in risk
behavior. ML 1668 had no initial response, but devel-
oped responses to A33 pol epitope AIFQSSMTK and
B49 nef epitope YPLTFGWCY/F after 9 months, while
reducing condom use from 100% to 33%.

There was a significant overall association between
stopping sex work and a loss of HIV-1 epitope–specif-
ic responses: six of seven women who lost responses
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Table 3
Case-control comparison of late seroconverters with enrollment-matched controls
remaining HIV-1 seronegative

Seroconverters Seronegative P valueA

(n = 11) controls (n = 22) (OR, 95% CI)

Mean age (years) 35.3 37.8 0.3
Duration of follow-up (years) 6.9 6.8 0.9
Prostitution duration (years) 10.8 12.0 0.6
Condom use at enrollment (%) 73.5 70.0 0.8
Condom use at seroconversion (%) 80 82.4 0.7
Clients/day at enrollment 5.5 6.1 0.6
Clients/day at seroconversion 2.4 3.7 0.3
≥2-month break from sex work 9/11 9/22 0.04
in past year (6.5; 1.1–37.5)
Fewer clients in past yearB 6/11 4/22 0.04

(5.4; 1.1–26.9)
Either break or fewer clients 10/11 10/22 0.03

(12.0; 1.3–110.5)
New high-risk sexual behaviorC 4/11 3/22 0.2

(3.6; 0.6–20.4)
Injection drug use, past year 1/11 0/22 0.15

(∞; NA)

AANOVA for comparison of means; Mantel-Haenszel common odds ratio estimate for comparison
of discrete variables. BReduction in number of daily clients by two or more over the past year. CEither
started to practice anal intercourse or sex during menses over the past year.



over the course of the study had stopped sex work,
while only one of six women who maintained epitope-
specific responses had stopped sex work (OR = 30.0;
95% CI, 1.5–612; P = 0.03).

Discussion
Despite intense HIV-1–infection pressure, a small sub-
group of sex workers in Nairobi, Kenya, have remained
uninfected for periods of up to 15 years (25). This 
HIV-1 resistance has been associated with various HIV-
1–specific immune responses including T-helper
responses, plasma and mucosal IgA, and CTL epitope
responses, suggesting that resistance may be immune
mediated (35). However, the phenomenon of HIV-1
resistance is not absolute: although the incidence of
new HIV-1 infections declines sharply after 2 years of
follow-up, occasional seroconversions are seen as late
as ten years after enrollment, as demonstrated by an
update of the survival analysis described previously (25)
(Figure 3). In this study we have described all 11 sex
workers who had met HIV-1–resistance criteria but
subsequently seroconverted during the period January
1, 1996 to December 31, 1999. These women had been
followed for an average of 6.9 years before seroconver-

sion, had had an estimated 527 unprotected exposures
to HIV-1 (based on mean client numbers and condom
use, assuming a 17.7% HIV-1 prevalence among clients;
ref. 36), and are quite representative of the overall HIV-
1–resistant cohort. By definition, seroconversion in this
resistant cohort is a rare event and as a result the num-
ber of study subjects is necessarily small.

If HIV-1–specific CTL are responsible for resistance
to HIV-1 infection, then the most obvious explanation
for late seroconversion is that these women did not
have preexisting CTL. However, preseroconversion
HIV-1 epitope–specific responses were found in four of
six (67%) seroconverters as long as 3 years before con-
version, in keeping with the proportion of the cohort
demonstrating responses in other studies (refs. 18 and
28; R. Kaul, unpublished observation). These respons-
es were demonstrated by IFN-γ ELISPOT in four of
four cases and were confirmed in a classic chromium-
release assay in two cases. It is therefore clear that late
seroconversion can occur despite preexisting HIV-spe-
cific CTL. Although preseroconversion responses could
be tested in only 6 of 11 seroconverters, predicted lev-
els of HIV-1 exposure in these cases did not differ from
those without available PBMCs. Ultimately, whether
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Figure 2
Association between HIV-1 epitope–specific ELISPOT responses (see text for definition of an HIV-1 epitope–specific response) and levels of
sex work in persistently HIV-1–seronegative Kenyan sex workers. HIV-1–specific ELISPOT responses are shown on the y axis as SFU/106 PBMCs.
Solid lines represent IFN-γ release in response to HIV-1 CTL peptide epitopes, and the dashed lines represent the IFN-γ response to R10 medi-
um alone. Assay date is shown on the x axis, together with the reported number of daily clients and percentage of condom use. Stopping sex
work completely was generally associated with loss of HIV-1–specific ELISPOT responses, demonstrated by ML 1192 (a) and ML 851 (b),
although ML 1732 maintained a response for over a year after stopping sex work (c). A temporary break (≥2 months) from sex work was also
associated with the loss of HIV-1–specific responses (ML 1437) (d), and responses were detected again 1–12 months after resuming sex work
in ML 1250 (e), ML 1749 (f), and ML 851 (before retirement) (b). HIV-1–specific responses tended to be maintained in the absence of a break
from sex work, shown by ML 1671 (g) and ML 887 (h).



preexisting CTL were present in 4 of 6 or 4 of 11 late
seroconverters, the fact remains that seroconversion
occurred despite HIV-specific CTL in a substantial pro-
portion of these women.

Although amino acid substitutions within immun-
odominant CTL epitopes can lead to viral escape and
disease progression in HIV-infected subjects (22–24),
viral epitope sequences from seroconverters matched
those recognized by preseroconversion ELISPOT/CTL
assays for five of six epitopes. Infection by a potential
escape variant occurred for one in six epitopes (ML 857
HPDIVIYQY→NPEIIIYQY), and a bulk CTL assay con-
firmed that preseroconversion PBMCs did not recog-
nize the epitope variant. However, no sequence varia-
tion was seen within a second CTL epitope recognized
by this subject before seroconversion, which therefore
cannot be explained entirely by CTL escape. Further-
more, it is possible that this sequence variation was due
to chance, since the amino acid substitutions seen
within this epitope have all been described previously

in clade A HIV-1 (34). Overall, it seems unlikely that
viral CTL escape was a major factor in late HIV-1 sero-
conversion in these women.

Since HIV-1 epitope–specific responses had been
demonstrated before seroconversion, we initially
hypothesized that seroconversion might have occurred
due to some behavioral factor associated with increased
viral exposure, such as an increase in the number of
clients or a new type of high-risk sex, that had over-
whelmed preexisting protective CTL responses. We per-
formed a case-control study comparing seroconverters
with enrollment-matched, persistently seronegative con-
trols. No increase in classical HIV-1 risk-taking behaviors
was seen. In fact, although the sample size was necessar-
ily small, cases were more likely than controls to have
reduced sex work (and presumably their HIV-1 exposure)
over the past year, either by stopping sex work tem-
porarily or by reducing their number of clients.

The association of HIV-1 seroconversion with
reduced sex work seems initially counterintuitive, but
it might be compatible with a loss or diminution of
HIV-1–specific CTL in the absence of ongoing anti-
genic stimulation, as is seen in chronic HIV-1 infection
in the context of complete viral suppression with anti-
retroviral therapy (5, 6, 9, 10). Antigenic stimulus is
required to maintain effector CTL (7). Even memory
CTL, which are able to undergo multiple divisions and
replenish the effector population (11) and which may
be maintained in chronic HIV-1 infection in the
absence of detectable virus (6), require persistence of
antigen for maintenance in the periphery (20).

Ideally, to test the hypothesis that late seroconversion
in these sex workers was related to the loss or waning
of HIV-1 epitope–specific responses after a break from
sex work, seroconverters should have been assayed
immediately after the break. The demonstration that
preexisting HIV-1–specific responses had been lost,
with subsequent seroconversion upon resuming sex
work, would have provided the strongest possible evi-
dence for the hypothesis. Unfortunately, women gen-
erally did not go to the clinic until several months after
resuming sex work and subsequently seroconverting,
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Table 4
HIV-1 CTL epitope–specific responses among 22 highly exposed, per-
sistently seronegative sex worker controls

Subject Epitopes recognized Proportion of Peak response 
in IFN-γ ELISPOTA assays positive (SFU/106 PBMCs)

ML 851 DTVLEDINL 2/5 45
TPGPGIRYPL 3/5 40
FPVTPQVPLR 1/5 112

ML 887 ILKDPVHGV 2/5 188
YLRDQQLL 4/5 30
PPIPVGDIY 2/5 83
NPDIVIYQY 2/5 151

ML 1192 ILKD/EPVHGV 2/4 40
ML 1250 TSTLQEQIGW 1/4 50

ISPRTLNAW 1/4 20
KAFSPEVIPMF 1/4 20
ILKDPVHGV 2/4 260

ML 1437 DTVLEDINL 1/2 85
ML 1441 none 0/1
ML 1573 KYRLKHLVW 1/1 50
ML 1589 LSPRTLNAW 2/4 50
ML 1593 none 0/1
ML 1601 DTVLEDINL 2/2 128
ML 1643 none 0/2
ML 1668 AIFQSSMTK 1/2 40

YPLTFGWCY/F 1/2 40
ML 1671 ETAYFILKL 2/2 333
ML 1693 LSPRTLNAW 1/3 20
ML 1700 none 0/3
ML 1705 N/A
ML 1726 none 0/3
ML 1732 FRDYVDRFFK 2/3 37
ML 1747 none 0/2
ML 1749 ILKD/EPVHGV 2/3 75

ALKHRAYEL 1/3 25
ML 1766 none 0/2
ML 1792 DLNMMLNIV 2/4 23

RAEQASQEV 2/4 308

ASee text for definition of an HIV-1 epitope–specific response.

Figure 3
Time to HIV-1 seroconversion after enrollment in the Pumwani sex
worker cohort, 1983–1999.



so this was not possible. However, persistently seroneg-
ative women who had not reduced sex work were able
to maintain epitope-specific responses, while respons-
es were consistently lost in the context of stopping sex
work. These observations suggest that HIV-1 epi-
tope–specific responses would also have been lost fol-
lowing a break from sex work in those women who sub-
sequently seroconverted. However, more frequent
testing of sex workers before and after any break from
sex work will be necessary to clearly demonstrate an
association between reduced antigen exposure, the loss
of HIV-specific CTL, and subsequent seroconversion.

The timing of HIV-1 testing does not enable us to
completely rule out that some women seroconverted
before the break from sex work. However, no serocon-
verter had stopped sex work due to illness, and 4 of 11
women described flulike symptoms upon resumption
of sex work, which could have been compatible with
acute HIV-1 infection.

The ELISPOT assay used in this study measures
IFN-γ release by CD8+ T cells in response to specific
HIV-1 CTL epitope peptides as a surrogate for con-
ventional chromium-release CTL assays (19, 37). The
use of MHC-peptide tetrameric complexes to study
this HEPS cohort is limited by the fact that precursor
frequencies are generally below the threshold of
tetramer detection (200/106 PBMCs; ref. 19), and are
frequently directed against epitopes that are not avail-
able in MHC-peptide tetrameric complexes. In the
ELISPOT assay PBMCs are exposed to antigen for a
relatively short time (6–16 hours), and so the assay
should detect circulating antigen-specific effector
(rather than memory) CTL. We did not study memo-
ry CTL in the context of stopping sex work. However,
it is not clear that a memory CTL population would
be able to protect against an infectious mucosal expo-
sure, since for other mucosal infections an effector
CTL response may be essential for protection against
subsequent challenge (38). It is therefore plausible
that CTL-mediated protection against HIV-1 may be
lost as effector CTL frequencies fell below an as yet
unknown protective threshold.

It is not clear why, after stopping sex work for several
months, restarting sex work should result in serocon-
version in some women and in the return of HIV-1 epi-
tope–specific responses in others, presumably due to
the boosting of memory CTL after antigen exposure.
There are several possible explanations. CD8+-lympho-
cyte responses may persist in some women after a break
from sex work, but below the level of ELISPOT detec-
tion. Alternatively, epitope-specific responses in blood
may not accurately reflect those at the level of the gen-
ital mucosa, which may be more relevant in protection
from sexual transmission (28). Finally, the influence of
antigen exposure on other HIV-1–specific immune
responses described previously in this cohort, such as
T-helper responses (13, 29) and HIV-1–specific IgA (29),
could not be examined in this study (although mucos-
al IgA had been tested before seroconversion in two

cases, ML 1203 and ML 1575, and had been detected in
one of two; ref. 29). The exact nature of the viral con-
tact after a period of reduced HIV-1 exposure, includ-
ing such factors as viral phenotype and the dose or
route of exposure, may be crucial in determining
whether exposure results in boosting of protective
immunity or the establishment of productive infection.

In summary, it is clear that HIV-1 resistance is not
absolute and that seroconversion can infrequently
occur despite preexisting HIV-1–specific CD8+ respons-
es. The association between late seroconversion and
reduced sex work and the finding that HIV-1–specific
effector responses fluctuate depending on levels of
antigen exposure, suggests that ongoing antigenic
exposure may be necessary to maintain a protective
CTL response. The positive implication for preventive
HIV-1 vaccine development is that HIV-1 resistance
may not be an all-or-none phenomenon, but rather an
immunologic state that is inducible given the correct
antigenic stimulus. However, it also suggests that
maintenance of HIV-1 immune resistance will require
ongoing antigenic priming, either through intermit-
tent vaccine boosters or through the use of vaccine
strategies employing persistent antigen.
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