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Understanding the mechanisms underlying potential altered susceptibility to human immunodeficiency
virus type 1 (HIV-1) infection in highly exposed seronegative (ES) individuals and the later clinical conse-
quences of breakthrough infection can provide insight into strategies to control HIV-1 with an effective vaccine.
From our Seattle ES cohort, we identified one individual (LSC63) who seroconverted after over 2 years of
repeated unprotected sexual contact with his HIV-1-infected partner (P63) and other sexual partners of
unknown HIV-1 serostatus. The HIV-1 variants infecting LSC63 were genetically unrelated to those sequenced
from P63. This may not be surprising, since viral load measurements in P63 were repeatedly below 50
copies/ml, making him an unlikely transmitter. However, broad HIV-1-specific cytotoxic T-lymphocyte (CTL)
responses were detected in LSC63 before seroconversion. Compared to those detected after seroconversion,
these responses were of lower magnitude and half of them targeted different regions of the viral proteome.
Strong HLA-B27-restricted CTLs, which have been associated with disease control, were detected in LSC63
after but not before seroconversion. Furthermore, for the majority of the protein-coding regions of the HIV-1
variants in LSC63 (except gp41, nef, and the 3� half of pol), the genetic distances between the infecting viruses
and the viruses to which he was exposed through P63 (termed the exposed virus) were comparable to the
distances between random subtype B HIV-1 sequences and the exposed viruses. These results suggest that
broad preinfection immune responses were not able to prevent the acquisition of HIV-1 infection in LSC63,
even though the infecting viruses were not particularly distant from the viruses that may have elicited these
responses.

Understanding the mechanisms of altered susceptibility or
control of human immunodeficiency virus type 1 (HIV-1) in-
fection in highly exposed seronegative (ES) persons may pro-
vide invaluable information aiding the design of HIV-1 vac-
cines and therapy (9, 14, 15, 33, 45, 57, 58). In a cohort of
female commercial sex workers in Nairobi, Kenya, a small
proportion of individuals remained seronegative for over 3
years despite the continued practice of unprotected sex (12, 28,
55, 56). Similarly, resistance to HIV-1 infection has been re-
ported in homosexual men who frequently practiced unpro-
tected sex with infected partners (1, 15, 17, 21, 61). Multiple
factors have been associated with the resistance to HIV-1 in-
fection in ES individuals (32), including host genetic factors (8,
16, 20, 37–39, 44, 46, 47, 49, 59, 63), such as certain HLA class
I and II alleles (41), as well as cellular (1, 15, 26, 55, 56),
humoral (25, 29), and innate immune responses (22, 35).

Seroconversion in previously HIV-resistant Nairobi female
commercial sex workers, despite preexisting HIV-specific cy-
totoxic T-lymphocyte (CTL) responses, has been reported
(27). Similarly, 13 of 125 ES enrollees in our Seattle ES cohort

(1, 15, 17) have become late seroconverters (H. Zhu, T.
Andrus, Y. Liu, and T. Zhu, unpublished observations). Here,
we analyze the virology, genetics, and immune responses of
HIV-1 infection in one of the later seroconverting subjects,
LSC63, who had developed broad CTL responses before se-
roconversion.

MATERIALS AND METHODS

Study subjects. The Seattle MSM (men having sex with men) ES cohort was
initiated in 1995. Detailed information about this cohort, including procedures
for subject recruitment, has been published previously (1, 15, 17, 61, 66). This
cohort enrolled HIV-1-seronegative subjects who repeatedly practiced unpro-
tected sex with known HIV-1-infected partners; some also reported sexual part-
ners with unknown HIV-1 serostatus (1, 15, 17). All ES enrollees completed a
questionnaire concerning risk behavior and provided blood during visits sched-
uled monthly during the initial 3 months and every 3 to 6 months thereafter.

As shown in Fig. 1A, LSC63 had frequent unprotected anal insertive and
receptive sex with his HIV-1-infected partner P63 for more than 6 months before
enrollment into the Seattle ES cohort. The seronegative status of LSC63 upon
enrollment was confirmed by HIV-1/HIV-2 enzyme-linked immunosorbent assay
and Western blot assay (60), HIV-1 plasma RNA reverse transcription-PCR
(Amplicor HIV-1 monitor; Roche, Branchburg, NJ), and peripheral blood
mononuclear cell (PBMC) DNA PCR (52). The HIV-1/HIV-2 enzyme-linked
immunosorbent assay and Western blot assay were repeated every 3 months.
HIV-1 PBMC DNA PCR was performed again at 4 and 8 weeks after enrollment
and then repeated yearly. LSC63 seroconverted 582 days after enrollment, after
which the relationship with P63 ended. LSC63 reported engaging in unprotected
anal insertive and receptive sex with four HIV-1-infected partners other than P63
and two partners with unknown HIV-1 serostatus during the period 6 to 12
months prior to seroconversion (Fig. 1A) (there is no information as to whether
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or not these HIV-positive partners were on antiretroviral medications). How-
ever, LSC63 engaged in sex only with P63 during the last 6 months prior to
seroconversion. No other sexually transmitted diseases were reported for LSC63,
nor did he receive antiretroviral treatment during the 2.5 years of follow-up after
seroconversion (Fig. 1A).

Before his relationship with LSC63, P63 had a sexual relationship with subject
PP63 (who reported having acute symptoms of HIV-1 infection 3 months before
the relationship) and subsequently developed acute symptoms. Both PP63 and
P63 were enrolled in the University of Washington Primary Infection Clinic. As
shown in Fig. 1B, PP63 and P63 were found to be HIV-1 seropositive 2.8 years
and 2.7 years, respectively, before the seroconversion of LSC63.

Amplification and sequencing of viral genes. Viral sequences that covered
nearly the entire HIV-1 coding region (Table 1) were amplified from cellular
genomic DNA of LSC63 24 days after seroconversion, from P63 on day 831 after
seroconversion (�148 days from the seroconversion of LSC63), and from PP63 on
day 14 after seroconversion (�994 days from the seroconversion of LSC63), after
which PP63 started highly active antiretroviral therapy (HAART). In addition,
HIV-1 sequences corresponding to the env C2-V5 region were obtained from P63 on
days 12, 530, 831, 1104, 1377, and 2037 after his seroconversion (�967, �449, �148,
125, 398, and 1058 days from the seroconversion of LSC63, respectively) (40). P63
received HAART from day 21 to 1052 after his seroconversion (�2.7 years to 2
months relative to the seroconversion of LSC63).

Genomic DNA was extracted from PBMC, purified CD4� T cells, and CD14�

monocytes by using a QIAmp DNA mini kit (Qiagen, Valencia, CA) (13, 40).
HIV-1 genome fragments were amplified by nested PCR using the primers listed
in Table 1. PCR conditions for env C2-V5 have been described previously (13, 36,
40). The conditions for amplification of fragments that covered nearly the entire

coding region were as follows for first-round PCR: 3 min at 95°C; 30 cycles of 40 s
at 95°C, 40 s at 55°C, and 2.5 min at 72°C; and 7 min at 72°C. The conditions for
second-round PCR were as follows: (i) for gag, 2 min at 95°C; 35 cycles of 15 s
at 95°C, 30 s at 58°C, and 2 min at 72°C; and 7 min at 72°C; (ii) for polA,
vif-vpr-vpu, and gp120, 2 min at 95°C; 35 cycles of 15 s at 95°C, 30 s at 55°C, and
2 min at 72°C; and 7 min at 72°C; (iii) for polB, 2 min at 95°C; 35 cycles of 15 s
at 95°C, 30 s at 61°C, and 2 min at 72°C; and 7 min at 72°C; and (iv) for gp41-nef,
2 min at 95°C; 35 cycles of 15 s at 95°C, 30 s at 60°C, and 2 min at 72°C; and 7
min at 72°C. All PCR products were gel purified and cloned using a pcR2.1
TOPO TA cloning kit (Invitrogen, Carlsbad, CA). Sequencing was performed
with a BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems, Foster
City, CA) as previously described (13, 40).

Host genetic polymorphisms associated with HIV-1 transmission. A multiplex
PCR strategy was used for genotyping of CCR5-�32, CCR5 promoter �2459A/G,
CCR2-64I, and SDF-1-3�A, and PCR-restriction fragment length polymorphism
analysis was used for genotyping of the RANTES promoter, RANTES-403 and -28,
DC-SIGN, and DC-SIGNR, as previously described (36, 38).

Humoral immunity to HSV-1 and HSV-2. Antibodies to herpes simplex virus
type 1 (HSV-1) and HSV-2 were detected by Western blot assays using plasma
from LSC63 obtained at four time points (1.6 and 1.3 years before and 0 and 3
days after seroconversion) (3, 4).

ELISPOT assays. CTL responses were measured in gamma interferon en-
zyme-linked immunospot (ELISPOT) assays, using cryopreserved PBMC as de-
scribed previously (15, 17, 61). Fifteen-mer peptides, overlapping by 11 amino
acids, were synthesized by the Biotechnology Center at Fred Hutchinson Cancer
Research Center or by Synpep (Dublin, CA) or were kindly provided by the
National Institutes of Health AIDS Research and Reference Reagent Program.

FIG. 1. Clinical, virological, and behavioral data for LSC63, P63, and PP63. (A) Numbers of unprotected sexual contacts, viral loads, and CD4�

T-cell counts of LSC63. For the numbers of unprotected sexual contacts, the blue line shows reported sexual contacts with P63, the green line shows
reported sexual contacts with other partners, and the horizontal line sections represent the total number of unprotected sexual contacts reported
by LSC63 during the periods encompassed. (B) Viral loads and CD4� T-cell counts of subjects PP63 and P63. For both panels, the areas shaded
gray represent the period in which LSC63 had frequent unprotected sex with P63 and the black dashed lines indicate a viral load level of 50
copies/ml. , onset of acute symptoms of viral infection; *, seroconversion; , viral sequences covering nearly the entire HIV-1 coding region were
obtained; �, viral sequences of env C2-V5 were obtained.
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These peptides spanned the entire HIV-1 HXB2 (subtype B) Gag, Env, Pol, and Nef
proteins, with Vpr, Rev, Vif, and Vpu proteins corresponding to the 2001 HIV-1
subtype B consensus sequence. Predefined optimal epitopes restricted by LSC63’s
HLA alleles were also tested. Spot-forming cells (SFC) were counted using an
automated ELISPOT reader (Immunospot; Cellular Technology, Cleveland, OH).

Phylogenetics, genetic distance, and statistical analysis. Gene sequences were
aligned using the program MacClade (42). Neighbor-joining trees were con-
structed, and average nucleotide pairwise distances were calculated using the
HKY85 evolutionary model with the program PAUP* (64). Synonymous and
nonsynonymous distances were calculated using a modified version of SNAP
(www.hiv.lanl.gov) (30). For each sequenced region, we compared the genetic
distances between the viral sequences from LSC63 (at 24 days after seroconver-
sion) and viral sequences from P63 (at �148 days from seroconversion of LSC63)
to the genetic distances between 142 random subtype B whole-genome se-
quences and viral sequences from P63. For a given region, the P value reported
is the fraction of random sequences that have an average distance to P63 viruses
greater than the average distance between viruses from LSC63 and P63. A P
value of �0.05 was taken to indicate that the distances between viral sequences
from LSC63 and P63 were significantly greater than the distances between
random sequences and those from P63.

Nucleotide sequence accession numbers. The nucleotide sequences reported
in this paper have been submitted to GenBank and were given accession num-
bers GQ859273 to GQ859460.

RESULTS

Transmission partnerships among LSC63, P63, and PP63.
Nucleotide sequences of env C2-V5 from P63 and PP63 around
the time of their seroconversions were homogeneous and clus-

tered (Fig. 2), confirming the reported transmission partner-
ship. LSC63 seroconverted after more than 25 months and
more than 200 reported instances of unprotected sex with P63,
as well as more than 80 reported unprotected sexual contacts
with other partners (Fig. 1A). However, nucleotide sequences
of env C2-V5 from LSC63 formed two related clusters that
were phylogenetically unlinked to sequences from P63 (Fig. 2),
indicating infection of LSC63 by a source other than P63.
LSC63, receiving no HAART during the 2.5-year study, main-
tained a plasma viral load of �103 copies/ml and a CD4�

T-cell count of more than 500 cells/�l (Fig. 1A).
During his relationship with LSC63, P63 received HAART,

which effectively suppressed plasma viremia to a level below 50
copies/ml (Fig. 1B) and resulted in a low level of genetic
diversification [0.047% per nucleotide per year in diversity
increase in the C2-V5 region of env compared to an average of
1% per nucleotide per year in untreated subtype B-infected
subjects (62)] (Fig. 2). The viral load in P63 increased to more
than 103 copies/ml after the termination of HAART. LSC63
was found to be heterozygous for CCR5-�32 and CCR5 pro-
moter �2459A/G mutations (Table 2). This host gene combi-
nation has been shown to offer an advantage in resisting sexual
HIV-1 transmission (8, 18, 19, 31, 43, 47, 59, 63). Although
symptoms of HSV primary infection were not observed during

TABLE 1. PCR primers used in this study

Gene
amplified
and PCR

round

Forward
primer Sequence (position in HXB2) Reverse

primer Sequence (position in HXB2)

C2-V5
1st P5-3 ATCCTTTGAGCCAATTCCCATACATTATTG

(6848–6877)
P2 GACGTGCAGCCCATAGTGCTTCCTGCTGCT

(7825–7800)
2nd P5 ACACATGGAATTCGGCCAGTAGT (6966–6988) P120 AAGAACCCAAGGAACATAGCTCC (7792–7770)

gag
1st PG3 TGACTAGCGGAGGCTAGAAGGAGAGAG

(763–789)
PG4 ACCTCCAATTCCCCCTATCATTTTTGG

(2408–2382)
2nd PG1 ATGGGTGCGAGAGCGTCGGTATTAA

(790–814)
PG2 TTCTTCTAATACTGTATCATCTGCTCCTGT

(2357–2328)
polA

1st POL3 GCAGGGCCCCTAGGAAAAAGGGCTGTT
(2003–2029)

P58 GACAAACTCCCACTCAGGAATCCA (3800–3777)

2nd POL1 GAAATGTGGAAAGGAAGGACACCAAAT
(2031–2057)

P56 TGTCCACCATGCTTCCCATGTTTCCTTTTG
TATG (3758–3725)

polB
1st POL9-1 AGTACCACTAACTGAAGAAGCAGA

(3425–3448)
POL8 CTGCTAGGTCAGGGTCTACTTGTGTG

(5350–5325)
2nd POL7-1 GACTTAATAGCAGAAATACAGAA

(3519–3541)
POL6 CCCTAGTGGGATGTGTACTTCTGAAC

(5220–5195)
vif-vpr-vpu

1st P11 TGGAAAGGTGAAGGGGCAGTAGTAATA
(4956–4982)

HY-P3R CATGGCTTTAGGCTTTGATCCCAT (6580–6557)

2nd PF1 ATGGAAAACAGATGGCAGGTGATGATTGT
GTGG (5041–5073)

POR2 GCTTTAGCATCTGATGCACAAAA (6403–6381)

gp120
1st PE0 GCCTTAGGCATCTCCTATGGCAGGAAG

(5954–5980)
PE3 GGTGCAAATGAGTTTTCCAGAGCAACCCCA

(8039–8010)
2nd PE1 TAGAAAGAGCAGAAGACAGTGGCAATGA

(6201–6228)
PE2 GCCTGGAGCTGTTTGATGCCCCA (7957–7935)

gp41-nef
1st PE11 ATGAGGGACAATTGGAGAAGTGAATTA

(7647–7673)
Nef4 TGGTACTAGCTTGAAGCACCATCCAAA

(9237–9211)
2nd P31 TAGGAGTAGCACCCACCAAGGCAAAGAGA

AGAG (7705–7737)
Nef2 CCAATCAGGGAAGTAGCCTTGTGT (9168–9145)
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the course of the study, we also examined HSV-1 and HSV-2
infection in LSC63, since HSV-2 is associated with a threefold-
increased risk for HIV acquisition (6, 7). LSC63 was both
HSV-1 and HSV-2 positive by Western blot assay in all four
samples examined between 1.6 years before and 3 days after
seroconversion.

CTL responses in LSC63 before and after seroconversion.
In a previous study, broad CTL responses were detected using
peptides derived from consensus or reference strain sequences
(as described in Materials and Methods) in LSC63 before
seroconversion (17). At day �172, 13 peptide pools, including
9/10 pools of Pol peptides, 2/9 pools of Env peptides, and 2/2
pools of Nef peptides, were recognized by CD8� T cells, with

a median magnitude of 198 SFC/106 PBMC (range, 49 to 380)
(17). However, no viral DNA was detected by PCR at days
�286, �161, and �90, even when 100 million or more PBMC
were tested at each time point using an ultrasensitive PCR
assay designed for the detection of low levels of HIV-1 infec-
tion (66). Three days after seroconversion, CTL recognition of
13 peptides, including five optimally defined epitopes (Table
3), was detected, with a median magnitude of 164 SFC/106

PBMC (range, 57 to 1543). Of these peptides, two were located
in Gag, three in Pol, two in Vpr (pools of Vpr peptides were
not examined before seroconversion), and six in Env.

Six of the 13 peptides recognized after seroconversion were
located in pools recognized prior to seroconversion; however,
the corresponding CTL responses were of low magnitude (105
to 276 SFC/106 PBMC) (Table 3). The three peptides (Env
IP11 and the HLA-B27-restricted Gag KK10 and Env GY10)
associated with the highest-magnitude responses (1,152 to
1,264 SFC/106 PBMC) at day 3 were not located in the pools
recognized before seroconversion. To determine whether se-
quence discrepancy between the infecting viruses in LSC63
and the viruses to which he was exposed through P63 (termed
the exposed virus) contributed to the discordant CTL recog-
nition, we compared their sequences within the peptides rec-
ognized after seroconversion and extending 5 amino acids into
the flanking regions.

Of the six peptides in peptide pools recognized before sero-
conversion, viral sequences from P63 and LSC63 were identi-
cal to each other within the peptides and the flanking regions
of PW10 and CF15 but different from the tested peptide se-
quence (Tables 3 and 4). Peptide YL10 was found in both P63
and LSC63, with flanking sequences differing. Peptide KI15
was found in LSC63 but not in P63. Peptides GI15 and KQ15
were not found in LSC63 or P63, and the corresponding se-
quences differed between the two subjects. Due to a lack of
available PBMC for CTL recognition testing, we do not know
whether these six peptides were recognized in LSC63 before
seroconversion.

Of the seven peptides that were not recognized before se-
roconversion, the sequences of peptides KK10, GH11, and
IP11 were found in both P63 and LSC63, with flanking se-
quences differing for GH11 and IP11 (Tables 3 and 4). We
predicted epitope processing of GH11 and IP11 in silico by
using the NetChoP 3.0 server (48) and found that the differ-
ences in the flanking regions should not affect the processing of
the two epitopes (data not shown). Viral sequences corre-
sponding to the other four peptides were different in LSC63

TABLE 2. Genetic polymorphisms of LSC63 at sites associated
with increased resistance against HIV-1 infection

Polymorphism Genotype in LSC63

CCR5-�32 ..........................................................................Heterozygous
CCR5-P-2459A/G .............................................................Heterozygous
CCR2-64I ...........................................................................Wild type
SDF-1-3�A..........................................................................Wild type
RANTES-403.....................................................................Heterozygous
RANTES-28.......................................................................Wild type
DC-SIGNR ........................................................................7/5a

DC-SIGN ...........................................................................7/7a

a Number of repeats of the 23-amino-acid sequence in the neck region of
DC-SIGNR or DC-SIGN.

FIG. 2. Unrooted neighbor-joining tree of env C2-V5 nucleotide
sequences from PP63, P63, and LSC63. To assess possible infecting-
partner-to-recipient relationships, env C2-V5 nucleotide sequences
from each subject were aligned with randomly chosen HIV-1-B se-
quences from the Los Alamos HIV Sequence Database.
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and P63. The RW9 peptide was present only in LSC63, while
the GY10 peptide was found only in P63. Sequences corre-
sponding to peptides GC15 and RV11 were not found in either
subject. Hence, the lack of preseroconversion recognition for
six of the seven peptides recognized after seroconversion was
associated with differences between viral epitopes or their im-
mediate flanking regions in the exposed versus infecting vi-
ruses of LSC63.

CTL responses to HLA-B27-restricted epitopes. The class I
HLA alleles expressed by LSC63 were A26, A32, B27, Cw01,
and Cw02. HLA-B27 has been associated with control of HIV
infection (23, 50). Two B27-restricted epitopes were recog-
nized in LSC63 after seroconversion (Table 3 and 4). KK10 in
Gag, the most commonly recognized HLA-B27 epitope (2),
was recognized with the second-highest magnitude (1,264 SFC/

106 PBMC) in LSC63 after seroconversion. However, this
epitope was not recognized before seroconversion despite the
fact that the sequences of the exposed and the infecting viruses
were identical at the epitope and the flanking regions. GY10
(GRRGWEVLKY) of Env-gp41 was the epitope recognized
with the highest magnitude (1,543 SFC/106 PBMC) after sero-
conversion, despite the fact that the viral sequences corre-
sponding to GY10 in LSC63 were different at two amino acids
(GRRGWEVIKI). The viral sequences in P63 were identical
to the testing peptide, and it is possible that low-level CTL
responses to GRRGWEVLKY were elicited by the exposure
to P63 viruses and the infecting viruses of LSC63 were escape
mutants; however, recognition of the pool containing GY10
was not detected in LSC63 before seroconversion. It is also
possible that the infecting viruses of LSC63 initially had the

TABLE 3. Peptides recognized after seroconversion and corresponding viral sequences in P63 and LSC63

Peptide and status
of poola Patient Sequenceb Protein (position in

HXB2)
SFC/106

PBMC
HLA

restrictionc

Pool was recognized
PW10 PIQKETWETW Pol RT (392–401) 105 A32

P63 --------A-
LSC63 --------A-

KI15 KRKGGIGGYSAGERI Pol INT (186–196) 164 NA
P63 -------R-------
LSC63 ---------------

GI15 GIGGYSAGERIVDII Pol INT (190–204) 102 NA
P63 ---R-----------
LSC63 ----------I----

CF15 CNTSVITQACPKISF Env gp120 (196–210) 215 NA
P63 ------------V--
LSC63 ------------V--

YL10 YCAPAGFAIL* Env gp120 (218–226) 274 Cw1
P63 ----------
LSC63 ----------

KQ15 KFSGKGSCKNVSTVQ Env gp120 (232–246) 276 NA
P63 T-N-T-P-T------
LSC63 --N-T-A-T------

Pool was not recognized
KK10 KRWIILGLNK Gag p24 (131–140) 1,264 B27

P63 ----------
LSC63 ----------

GC15 GNFRNQRKIVKCFNC Gag p7 (4–18) 57 NA
P63 --------T------
LSC63 --------NI-----

HG11 HFPRIWLHGLG* Vpr (33–43) 72 NA
P63 ----P------
LSC63 ----P------

RV11 RIGCRHSRIGV Vpr (73–83) 75 NA
P63 -L--------I
LSC63 ----H-----I

RW9 RIKQIINMW Env gp120 (419–427) 73 A32
P63 -----V---
LSC63 ---------

IP11 IVNRVRQGYSP* Env gp41 (193–203) 1,152 NA
P63 -----------
LSC63 -----------

GY10 GRRGWEVLKY Env gp41 (275–284) 1,543 B27
P63 ----------
LSC63 ------I--I

a Peptides were located or were not located in pools that were recognized before seroconversion of LSC63.
b Viral sequences refer to the consensus sequences of P63 obtained at day �148 from the seroconversion of LSC63 and the consensus sequences of LSC63 obtained at day

24 from his seroconversion. �, amino acids in the viral sequences identical to the amino acid in the corresponding test peptides; those different from the test peptides are singled
out. Peptides labeled with an asterisk have corresponding viral sequences in P63 and LSC63 that differ within the 5-amino-acid flanking regions.

c Peptides with HLA restriction listed are optimally defined epitopes. NA, not applicable.
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sequence GRRGWEVLKY, which elicited strong responses to
GY10, and were replaced by the escape mutant GRRGWEV
IKI. The third possibility is that the strong responses to GY10
after seroconversion of LSC63 were from cross-reactivity of
CTL responses elicited by GRRGWEVIKI.

Genetic distances between viruses from LSC63 and P63. To
further examine whether there was protection from the P63
viruses due to prior exposure, we analyzed the genetic differ-
ences between the exposed and the infecting viruses. If genetic
distances, especially nonsynonymous distances, between vi-
ruses of P63 and LSC63 were significantly greater than those
between viruses of P63 and random subjects, exposure to P63
viruses might have provided LSC63 some degree of protection
against infection by relatively closely related viruses.

Using 142 random subtype B whole-genome sequences as
controls, we found that the nucleotide pairwise distances be-
tween P63 and LSC63 were significantly greater than the dis-
tances between P63 and random subtype B sequences in gp41
and nef (P � 0.035 and P � 0.042, respectively) (Table 5).
These differences were mostly due to greater nonsynonymous
distances between the two subjects (P � 0.021 and P � 0.049

in gp41 and nef, respectively). Nonsynonymous distances be-
tween viruses in the two subjects were also significantly greater
in the polB region, which encodes the 3� half of the Pol protein
(P � 0.014). Before seroconversion of LSC63, no CTL re-
sponses to pools containing peptides encoded by gp41 were
detected, whereas responses to five pools containing peptides
encoded by polB (49 to 241 SFC/106 PBMC) and two pools
containing peptides encoded by nef were detected (86 and 198
SFC/106 PBMC). After seroconversion, CTL recognition of
Nef was not detected, while Pol peptides (PW10, KI15, and
GI15) (Table 4) that were recognized were encoded by polB
and located in pools recognized before seroconversion. Synon-
ymous distances between the two subjects were not signifi-
cantly different from those between P63 and random subtype B
sequences at most regions, except for vif (P � 0.042). Interest-
ingly, five pools containing peptides encoded by polA (encod-
ing the 5� half of the Pol protein) were recognized before
seroconversion, and yet the pairwise total or nonsynonymous
distances in polA between the two subjects were not signifi-
cantly different from those between P63 and random subtype B
sequences. It should be noted that the differences observed
above became nonsignificant after application of the conser-
vative Bonferroni correction for multiple testing.

DISCUSSION

In this study, we examined the genetics of breakthrough
HIV-1 in an ES subject (LSC63) who had been seronegative
for more than 2 years despite repeated unprotected sexual
contacts with an HIV-1-positive partner (P63), as well as the
HIV-1-specific CTL responses before and after LSC63’s sero-
conversion. Genetic analyses of HIV-1 sequences of LSC63,
P63, and P63’s infecting source (PP63) indicate that subject
LSC63 was not infected by P63 viruses. Low viral load (�50
copies/ml) in P63 during the sexual relationship with LSC63
may have prevented the transmission of P63’s HIV-1 to LSC63.
However, broad CTL responses were detected in LSC63 be-
fore seroconversion. Compared to those detected after sero-
conversion, these CTL responses were of low magnitude and
half of them targeted different regions of the viral proteome.

TABLE 4. Relationships of viral sequences in P63 and LSC63
encoding peptides recognized after seroconversion of LSC63

Sequence relationship
within the tested peptide

(and within in the 5 amino
acids flanking the
tested peptide)a

No. of peptides (no. of HLA-B27-
restricted peptides) that were:

Located in pools
recognized

preseroconversion

Not located in
pools recognized

preseroconversion

P63 � LSC63 � peptide
(P63 � LSC63)

0 1 (1)

P63 � LSC63 � peptide
(P63 	 LSC63)

1 (0) 2 (0)

P63 � LSC63 	 peptide
(P63 � LSC63)

2 (0) 0

P63 � peptide 	 LSC63 0 1 (1)
LSC63 � peptide 	 P63 1 (0) 1 (0)
P63	LSC63 	 peptide 2 (0) 2
Total 6 (0) 7 (2)

a Peptide, P63, and LSC63 represent the synthesized peptides (see Materials
and Methods) and the corresponding viral sequences from patients.

TABLE 5. Genetic distances between HIV-1 viruses from LSC63 and P63a

Gene or region
Pairwise

nucleotide
distance

P value Synonymous
distance P value Nonsynonymous

distance P value

gag 0.074 0.380 0.199 0.422 0.043 0.324
polA 0.061 0.338 0.163 0.570 0.035 0.127
polB 0.072 0.092 0.166 0.380 0.047 0.014

Central region 0.110 0.246
vif 0.196 0.042 0.065 0.662
vpr 0.168 0.788 0.067 0.451
vpu 0.225 0.317 0.121 0.261

gp120 0.152 0.120 0.207 0.282 0.136 0.099
gp41 0.126 0.035 0.199 0.239 0.105 0.021
nef 0.150 0.042 0.249 0.465 0.124 0.049

a Genetic distances (per nucleotide) between the exposed viruses and the infecting viruses of LSC63 were calculated. The control group was comprised of 142 random
subtype B whole-genome sequences. The P value is the percentage of random sequences whose distances to viruses of P63 were greater than the distance between the
viruses of LSC63 and P63. P values of �0.05 are in bold font.
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Furthermore, for the majority of the coding regions of HIV-1
(with the possible exceptions of polB, gp41, and nef), the ge-
netic distances between the infecting and the exposed viruses
of LSC63 were comparable to the distances between random
subtype B HIV-1 sequences and the exposed viruses. These
results suggest that repeated sexual exposure to low levels of
HIV-1 from a seropositive partner was able to elicit HIV-1-
specific CTL responses in LSC63. However, these responses
were not able to prevent HIV infection in the subject, even
though the infecting viral strain was not significantly dissimilar
from random HIV-1 strains.

Viral loads in HIV-1-positive partners are a strong predictor
of heterosexual transmission (51, 53, 54). It has also been
reported that the HIV-1-positive partners in monogamous
homosexual relationships between whom HIV-1 transmission
had not occurred had significantly lower cellular infectious
viral loads than HIV-1-transmitting donors in monogamous
homosexual relationships (5). In addition, heterozygous
CCR5-�32 and CCR5 promoter mutations associated with re-
sistance to HIV-1 infection (18) were identified in LSC63 and
may have also contributed to the delay in HIV-1 infection in
LSC63. LSC63 was HSV-2 positive 1.6 years before his HIV-1
seroconversion. Thus, HSV-2 infection might have played a
minor role in his acquisition of HIV-1.

Consistent with findings for the late seroconverters from the
Nairobi commercial sex worker cohort (24), we found that
CTL responses in LSC63 before seroconversion were of low
magnitudes and that CTL targets before and after seroconver-
sion were different. Of the 13 peptides recognized after sero-
conversion, 6 were located in pools recognized before serocon-
version. In only 3/13 peptides were the sequences of the
exposed and the infecting viruses identical over both the tar-
geted peptides and the immediate 5-amino-acid flanking re-
gions, and two of them were located in pools recognized before
seroconversion. It has been reported that mutations flanking
CTL epitopes at least as far as the fifth position downstream
can prevent appropriate epitope processing and presentation
(67) and lead to escape (10, 65). Although our in silico analysis
did not predict alteration of epitope processing by sequence
differences at flanking regions of the epitopes between the
exposed and the infecting viruses, in vitro digestion analyses of
peptides containing those epitopes and flanking regions will be
required (34) to further determine the impact of the sequence
variation observed in the flanking regions. Therefore, discor-
dant CTL responses before and after seroconversion might
reflect the sequence differences between the exposed and the
infecting viruses.

HIV-1-specific CTL activities have been associated with re-
sistance to HIV-1 infection (1, 11, 15, 58). However, in the
study of HIV-1-resistant female commercial sex workers in
Nairobi (27, 28), most of the peptides recognized before sero-
conversion were present in the later-infecting viruses, indicat-
ing a minor role of viral escape in late seroconversion in these
individuals. We were not able to identify the individual CTL
peptides recognized before seroconversion in LSC63 or exam-
ine the functionality of CTL responses before seroconversion
due to a lack of specimens. However, our genetic analyses
suggested that, when compared to random HIV-1 subtype B
sequences, the viruses establishing infection in LSC63 had
distances similar to those of the exposed viruses over most of

the coding regions of HIV-1. Only for Nef and the 3� half of
Pol were CTL responses detected before seroconversion and
significantly greater genetic distances observed between the
exposed and the infecting viruses and random strain se-
quences. We note that the choice of random control sequences
might affect these interpretations (D. C. Nickle, Y. Liu, K.
Davis, C. Celum, G. H. Learn, and J. I. Mullins, unpublished
data). The ideal control sequences for this study would be
random sequences from subjects that had been infected for a
period of time comparable to P63 and had effective HAART
shortly after HIV-1 infection. Nevertheless, our results indi-
cate that although the viruses infecting LSC63 might contain
sequences that could have escaped some specific CTL re-
sponses elicited before seroconversion, the majority of the
protein-coding regions of HIV-1 variants in LSC63 (except
gp41, nef, and the 3� half of pol) were not unusually distant
from the viruses to which LSC63 had been previously regularly
exposed.

Without antiviral treatment, LSC63 maintained a viral load
of �103 copies/ml and a CD4� T-cell count of over 500 cells/�l
during the 2.5 years of study after seroconversion. LSC63 had
the protective B27 allele (23, 50); developed strong CTL re-
sponses after seroconversion, especially B27-restricted re-
sponses; and was CCR5-�32 and CCR5 promoter heterozy-
gous. All of these factors might have contributed to the initial
relatively benign clinical outcome. Before seroconversion,
however, in spite of broad CTL responses, no B27-restricted
CTL responses were detected.

In summary, we found that repeated exposure to low-level
HIV-1 was able to elicit multiple, although low-magnitude,
HIV-1-specific CTL responses in LSC63. However, only mar-
ginal evidence was obtained for these responses being able to
restrict infection with related viruses. Further study of ES
individuals who seroconvert and those who fail to seroconvert
may assist in the identification of protective CTL responses.
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