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Abstract

Rare individuals report repeated unprotected HIV-1 sexual exposures, yet remain seronegative for years. We
investigated the possibility that reduced in vitro CD4� T cell susceptibility to HIV-1 infection protects such
highly exposed seronegative (ES) individuals. Susceptibility to three R5-tropic HIV-1 isolates, regardless of in-
oculating dose, was remarkably similar between 81 ES and 33 low-risk controls. In 94% (99/105) of donors, we
observed a 1.36 log-unit range in HIV-1JR-CSF production, with similar results for HIV-11192. The median fre-
quency of intracellular Gag� T cells after single-round infection was similar in ES (5.2%) and controls (7.2%),
p � 0.456. However, in repeated testing, CD4� T cells from two controls (6.1%) and four ES (4.9%) exhibited a
10- to 2500-fold reduction in HIV-1 production and required 5- to 12-fold greater HIV-11192 and HIV-1JR-CSF in-
ocula to establish infection (TCID50). Reduced viral entry cannot explain the low producer phenotype; no dif-
ferences in CCR5 receptor density or �-chemokine production were observed. In conclusion, we have identi-
fied a remarkably narrow range of HIV-1 susceptibility in seronegative donors regardless of risk activity, which
can be applied as a benchmark to assess vaccine-induced antiviral effector activities. However, CD4� T cells
from a subset of individuals demonstrated reduced HIV-1 susceptibility unexplained by impaired entry, lend-
ing support to the possibility that cellular restriction of HIV-1 may account for continued seronegativity in some
of those having repeated sexual exposure. Identifying the host–virus interactions responsible for diminished in
vitro susceptibility may contribute to the development of novel therapeutic strategies.
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Introduction

RARE INDIVIDUALS remain human immunodeficiency virus
type 1 (HIV-1) SERONEGATIVE despite repeated unpro-

tected sexual exposures.1–5 Apart from the relatively low
transmission frequency during sexual contact, mechanisms
of protection for exposed seronegative (ES) persons are
largely undefined and are likely to be multifactorial. The role
of HIV-1-specific adaptive immunity and immune activation
has received significant consideration in evasion of infection
by ES.1,3,4,6–23 Further, homozygosity for a 32-base pair dele-
tion in the HIV-1 coreceptor CCR5 (CCR5�32) confers strong
protection against R5-dependent strains, and CCR5�32 ho-
mozygous persons are frequently overrepresented in ES co-
horts of European descent.24 Nonetheless, persistent host im-

munity and coreceptor polymorphisms cannot explain why
the majority of ES worldwide resist infection.

That CD4� T cells and monocyte-derived macrophages
from individual donors differ in their permissiveness to HIV-
1 infection in vitro25–28 is well recognized. We hypothesized
that diminished target cell susceptibility to incoming HIV-1
can confer relative protection in ES, much as in vitro CD4�

T cell susceptibility to simian immunodeficiency virus (SIV)
in rhesus macaques correlates closely with their in vivo set-
point viremia after viral challenge.29 Previous efforts to ad-
dress CD4� T cell susceptibility in ES led to the identifica-
tion of the CCR5 coreceptor and the CCR5�32 mutation that
results in its loss at the cell surface.30,31 Furthermore, reduced
CD4� T cell susceptibility and the ES phenotype have been
associated with lower CCR5 coreceptor surface expression

1Medical Scientist Training Program and 2Molecular and Cellular Biology Program, University of Washington, Seattle, Washington
98105.

3Vaccine and Infectious Disease Institute, Fred Hutchinson Cancer Research Center, Seattle, Washington 98109.
Departments of 4Medicine and 5Laboratory Medicine, University of Washington School of Medicine, Seattle, Washington 98105.



or elevated production of its natural ligands, the �-
chemokines.18,32–39 Recently, variable CCL3L1 copy number
resulting in increased MIP-1�P production has been associ-
ated with HIV-1 seronegativity,40 although the importance
of this finding remains in dispute.41

Whether ES demonstrate diminished target cell permis-
siveness to HIV-1 exclusive of coreceptor defects is not clear,
in part because systematic analyses in sufficient numbers of
ES and relevant control populations are lacking.24,31,33,35,36,42

In one cohort of serodiscordant men who have sex with men
(MSM), lack of transmission was correlated with reduced
HIV-1 susceptibility in peripheral blood mononuclear cells
(PBMC) from the uninfected partner.18,24 By contrast, inves-
tigations of highly exposed female commercial sex workers
and intravenous drug users were unable to associate con-
tinued seronegativity with altered PBMC susceptibility35,36,42

or enhanced �-chemokine production.35 Notably, in many
studies,18,24,33,35,36 the antiviral activities of natural killer cells
and CD8� T cells contained within PBMC may have ob-
scured differences in CD4� T cell susceptibility to HIV-1 in-
fection. Therefore, the role of CD4� T cell permissiveness in
defining an individual’s propensity to become infected dur-
ing a given sexual exposure remains uncertain.

Since 1995, we have followed an ES cohort reporting re-
peated high-risk sexual behavior with at least one known
HIV-1-infected partner. Only 3.7% (3/81) of volunteers have
the CCR5�32/�32 genotype. Examination of viral isolates
from the infected sexual partners of the ES revealed no in-
fectivity defects and viral loads in infected sexual partners
are similar to a matched control population.3,22 Additionally,
cytolytic or IFN-�-secreting HIV-1-specific CD8� cells in this
ES cohort have been either undetectable or sustained longi-
tudinally in only a minority of volunteers.3,14,22,43 Therefore,
the basis for HIV-1 resistance in the majority of participants
remains unidentified. To explore factors that may confer rel-
ative resistance to infection, we analyzed CD4� T cell sus-
ceptibility to HIV-1 in ES and low-risk controls.

Materials and Methods

Study population

Enrollment criteria and study procedures have been de-
scribed for 81 ES subjects in Seattle.3 The institutional review
board approved the study protocol, and each subject pro-
vided written informed consent prior to enrollment. All ES
reported here remained HIV-1 seronegative throughout fol-
low-up. Sexual contacts for low-risk control volunteers (n �
33) were known to be HIV-1 uninfected.

HIV-1 viral isolates

HIV-1JR-CSF was generated by 293T cell transfection44 with
proviral plasmid pYK-JRCSF [contributed by I.S.Y. Chen and
Y. Koyanagi45 and provided by the NIH AIDS Research and
Reference Reagent Program (NARRRP)]. Primary isolates
HIV-11192 and HIV-11196 were obtained from PBMC of Seat-
tle area HIV-1-infected, treatment-naive participants. HIV-
11192 was isolated 3 months postinfection and HIV-11196 4.5
months postinfection. Both primary isolates were expanded
only twice on pooled CD8-depleted PBMC from 10 HIV-1-
uninfected donors. Titers for all HIV-1 stocks were deter-
mined using the MAGI-CCR5 assay46,47 (UT3-MAGI-CCR5
cells kindly provided by M. Emerman).

Infection kinetics assay

We investigated 10 different multiplicities of infection
(MOI) ranging from 3.84 � 10�8 to 3.0 � 10�2 in each viral
strain to select test inocula. The following MOI were inves-
tigated: HIV-11192, MOI 0.003 and 0.0006; HIV-11196, MOI
0.015 and 0.003; and HIV-1JR-CSF, MOI 0.003 and 0.006.

For all experiments described, primary CD4� T cells were
isolated from cryopreserved PBMC by negative selection using
magnetic antibody bead separation (Miltenyi, Auburn, CA) and
stimulated by 1.5 �g/ml phytohemagluttinin (Remel, Lenexa,
KS) for 3 days at 37oC and 5% CO2. CD4� lymphoblasts were
incubated with virus supernatant at 37oC for 4 h, washed, and
cultured in four replicates of 2 � 105 each in HEPES-buffered
RPMI 1640 (Gibco, Carlsbad, CA) supplemented with penicillin
(50 U/ml, Gibco), streptomycin (50 �g/ml, Gibco), L-glutamine
(2 mM, Gibco), 10% heat-inactivated fetal bovine serum (Gem-
ini Bio-Products, Woodland, CA), and 100 U/ml interleukin-2
(Chiron, Emeryville, CA). At 3, 5, 7, 10, and 12 days postinfec-
tion (dpi), 100 �l of supernatant was harvested and stored at
�70oC for batch HIV-1 quantitation.

HIV-1 in harvested supernatants was quantified by either
p24 ELISA (Perkin Elmer, Boston) or MAGI-CCR5 assay,46,47

with results reported as total pg p24 Ag or blue-forming
units (BFU), respectively, in culture. Between 3 and 12 repli-
cates were measured for viral production. Statistically out-
lying results (less than the 25th percentile minus 1.5 times
the interquartile range) were defined as corresponding to re-
duced HIV-1 productive capacity.48,49

Characterization of uninfected primary CD4� lymphoblasts

Viability of purified uninfected CD4� lymphoblasts main-
tained under the same conditions as infected cultures was
characterized by trypan blue exclusion using phase-contrast
light microscopy. Infected culture supernatants whose cor-
responding uninfected cultures had �60% viability at 7 dpi
were excluded from further analysis.

On the day of infection, uninfected cells were character-
ized by fluorescent monoclonal antibody (mAb) staining for
CD3, CD4, CD8, and CCR5 expression (all BD Biosciences,
San Diego, CA). Cultures with CD8� cells in excess of 3% of
CD3� T lymphocytes were excluded from further analysis.
Anti-CD14 mAb PE staining in a subset of 20 samples veri-
fied the absence of CD14� cells at the time of infection.

Quantitation of first-round HIV-1 infection

Frequency of first-round infection was quantified as pre-
viously described.50 Purified CD4� lymphoblasts were in-
fected with HIV-1JR-CSF (MOI 0.75) in the presence of 1 �M
indinavir (NARRRP). Forty-eight hours postinfection har-
vested cells were stained by fluorescent mAb for CD3, CD4,
and HLA Class I expression (all BD Biosciences), followed
by fixation, permeabilization, and staining with anti-Gag
mAb FITC (KC57-FITC; Beckman Coulter, Miami, FL). In-
fections were performed in duplicate or triplicate, and re-
ported with the percentage of mock-infected CD3�CD4lo-

Gag� cells (less than 0.2%, median 0.01%) subtracted.

Pseudotyped HIV-1�envGFP infection assay

For single-round infection using a GFP-expressing
pseudotype, an HIV-1SF162 or HIV-1HXB2 envelope was used
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to package vector HIV-1LAI�envGFP51 (provided by M.
Emerman, FHCRC) by 293T cotransfection. Purified CD4�

lymphoblasts (1 � 105) were infected with serial viral dilu-
tions by spinoculation52 for 1 h at 1900 � g and 30oC. After
40–44 h infection in medium containing recombinant inter-
leukin (IL)-2 (final concentration, 50 U/ml), cells were fixed
in 2% paraformaldehyde and assessed for Tat-mediated
green fluorescent protein (GFP) expression by flow cytome-
try using FlowJo software (Tree Star, Inc., Ashland, OR) for
analysis.

TCID50 determination

For TCID50 determination, six replicates of 5 � 104 puri-
fied CD4� lymphoblasts were incubated with one of ten 2.5-
fold HIV-1 serial dilutions (37oC, 5% CO2, 4 h), washed, and
maintained in culture media containing 50 U/ml IL-2. The
presence of p24 antigen in the supernatant was tested at 7
dpi, and wells containing �2.5 pg/ml (the limit of detection)
were considered positive for virus replication. TCID50 was
calculated according to the Reed and Muench formula,53

with results expressed as the number of virions required to
establish infection in 50% of cultures, based on titer of the
virus stock on PBMC from four HIV-1 low-risk individuals.

CCR5 genotyping, expression, and ligand levels

CCR5�32 genotype30 was determined using DNA restric-
tion fragment length polymorphism (RFLP) analysis.54 CCR5
coreceptor surface expression among resting, cryopreserved
PBMC was characterized using a previously described two-
step staining protocol.55 MIP-1� and RANTES in culture su-
pernatants at 7 dpi were quantified by ELISA (R&D Sys-
tems), used according to the manufacturer’s instructions. For
quantitation of MIP-1�, an in-house ELISA was employed.

MIP-1�P copy number was determined by quantitative PCR,
as described previously.40

Statistical analyses

Demographic and genotypic comparison of ES volun-
teers and low-risk controls was performed using Fisher’s
exact test. First-round HIV-1 infection data and log-trans-
formed MAGI assay and p24 ELISA results were assessed
by Student’s t test. When no HIV-1 production was de-
tectable, the value of 10 pg p24 Ag or 10 BFU, was used
to represent the limit of detection. Mann–Whitney ranked
comparison was employed to contrast low producers 
to as many as nine normally susceptible individuals. 
Data from CCR5�32 homozygous individuals were 
excluded.

To estimate the basic reproductive number in vitro, R0, we
employed a four-compartment rate-equation (ODE) model.
The model contains uninfected target cells (T), infected cells
in the eclipse phase (I), infected cells in the productive phase
(P), and free infectious virions (V). Target cells were infected
at rate �TV and progressed to production at rate 	I. Produc-
tively infected cells produced virus at rate �P and died at
rate �PP. Free virions lost infectivity at rate �VV. To convert
between p24 and infectious virions, we used an empirical re-
gression relation: log(V) � 0.97 log(p24). We fixed 	 � 1.0,
�P � 1.0, and �V � 2.8 (all inverse days), leaving two free pa-
rameters in the model: � (infectivity) and � (productivity). R0

is related to these parameters by R0 � (��T0)/(�P�V), where
T0 is the initial target cell density. From the branching pro-
cess version of the same model, we derived the expression
for the extinction probability, p, given � and R0. The relation
TCID50 � log(p) � log(0.5) eliminated one parameter. We fit
the remaining one-parameter ODE model to the growth rate
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TABLE 1. DEMOGRAPHIC AND GENOTYPIC COMPARISON OF EXPOSED SERONEGATIVE AND LOW-RISK STUDY GROUPS

Low Low-risk
producers ES controls
(n � 6) (n � 81) (n � 33) p-valuea

Gender 0.359
Male 4 (67%) 71 (88%) 26 (79%)
Female 2 (33%) 10 (12%) 7 (21%)

Sexual activity 0.668
Homosexual 4 (67%) 67 (83%) 26 (79%)
Bisexual 0 (0%) 1 (1.2%) 0 (0%)
Heterosexual 2 (33%) 13 (16%) 7 (21%)

Ethnicity 0.054b

European-American 5 (83%) 76 (94%) 26 (79%)
African-American 1 (17%) 1 (1.2%) 4 (12%)
Latino 0 (0%) 3 (3.7%) 2 (6.1%)
Other 0 (0%) 1 (1.2%) 1 (3.0%)

Age (median, range) 38 (25–51) 41 (25–68) 37 (26–55) 0.028c

CCR5 genotype 0.961d

�32/�32 0 (0%) 3 (3.7%) 1 (3.0%)
WT/�32 3 (50%) 18 (22%) 8 (24%)
WT/WT 3 (50%) 60 (74%) 24 (76%)

aFisher exact probability test unless otherwise noted.
bEuropean Americans vs. all others.
cMann–Whitney ranked comparison.
dWT/�32 vs. WT/WT. All comparisons between ES and low-risk controls.



data (mean of observations of each subject) by least-squares,
equivalent to maximum likelihood for a measurement-error
model. We report log likelihood-based confidence intervals.

Results

Study population

ES and low-risk control volunteers were well matched by
gender, sexual orientation, and CCR5 genotype (Table 1). ES
subjects were slightly older than low-risk volunteers. More
non-European Americans were in the low-risk group, but
this was unrelated to CCR5�32 genotype (Table 1). Exclud-
ing CCR5�32 homozygous negative controls, the frequency
of the CCR5�32 allele was 0.115 (18/156) in ES and 0.125
(8/64) in low-risk participants (p-value � 1.0).

CD4� T cell susceptibility screen results

To determine whether decreased CD4� T cell susceptibil-
ity contributes to relative resistance to HIV-1 infection
among ES, we quantified HIV-1 production during extended
culture of infected CD4� T cells from 81 ES and 33 low-risk
controls. Cells were challenged with two different MOI for
each of three R5-tropic viral strains, including the well-de-
scribed molecular clone HIV-1JR-CSF and two local primary
isolates, HIV-11192 and HIV-11196. We excluded data for nine
study participants from the analysis because CD8� T cell
contamination exceeded 3% (n � 3), cell viability in day 7
mock-infected cultures was less than 60% (n � 2), or
CCR5�32 homozygosity was demonstrated (n � 4). We ob-
served no overall differences in CD4� T cell susceptibility
between the ES and control groups regardless of the viral
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TABLE 2. COMPARISON OF CD4� T CELL CAPACITY

TO SUSTAIN HIV-1 INFECTION BETWEEN

ES AND LOW-RISK INDIVIDUALS

p24 antigen production
Median log10 pg p24/ml

Study population

HIV-1 strain MOI ES Low risk p-value

5 days postinfection
JR-CSF 0.003 4.65 4.80 0.712

0.0006 4.28 4.62 0.577
1192 0.003 4.68 4.79 0.461

0.0006 4.18 4.15 0.531
1196 0.015 4.74 4.71 0.451

0.003 4.63 4.12 0.288
7 days postinfection

JR-CSF 0.003 4.49 4.50 0.705
0.0006 4.41 4.37 0.928

1192 0.003 4.57 4.62 0.387
0.0006 4.40 4.36 0.316

1196 0.015 4.29 4.31 0.655
0.003 4.25 4.37 0.945

Infectious virion production
Median log10 BFU/ml

Study population

HIV-1 strain MOI ES Low risk p-value

5 days postinfection
JR-CSF 0.003 4.68 4.65 0.859

0.0006 3.22 3.69 0.864
1192 0.003 4.69 4.74 0.782

0.0006 4.00 4.15 0.475
1196 0.015 4.52 4.47 0.759

0.003 3.84 3.57 0.969
7 days postinfection

JR-CSF 0.003 4.37 4.28 0.225
0.0006 4.72 4.76 0.565

1192 0.003 4.56 4.47 0.475
0.0006 4.70 4.65 0.637

1196 0.015 4.48 4.46 0.332
0.003 4.26 4.12 0.578

FIG. 1. Rare individuals display markedly reduced capac-
ity to sustain HIV-1 infection in vitro. Supernatants harvested
at 5 and 7 days postinfection (dpi) were analyzed for p24
content. Results were similar for 5 and 7 dpi and for all HIV-
1 strains and MOI examined. Data for 7 dpi are shown. (A)
Screen results when CD4� T cells were infected with HIV-
1JR-CSF; (B) screen results when CD4� T cells were infected
with HIV-11192. Closed symbols represent the log-trans-
formed mean of repeated experiments conducted in cells
from venipuncture dates spanning a median of 9.1 months,
where applicable (see text). Open symbols denote data from
CCR5�32 homozygotes. Volunteers having reduced CD4� T
cell infection as measured by p24 Ag ELISA (defined as sta-
tistical outliers, less than the 25th percentile minus 1.5 times
the interquartile range) are shown as asterisks and with the
log-transformed mean of three separate experiments noted
as a dashed line.



isolate or inoculating dose (Fig. 1 and Table 2). This was true
whether HIV-1 was quantified by production of p24 Ag
(ELISA) or infectious virions (MAGI assay), or whether the
comparison was made in supernatants harvested at 5 dpi
(p � 0.288) or 7 dpi (p � 0.316, Table 2).

Furthermore, with the exception of rare individuals hav-
ing substantially reduced in vitro HIV-1 productive capacity
(see below), we observed remarkably uniform HIV-1 pro-
duction across each group (Fig. 1). In 99/105 (94%) of donors,
we observed only a 1.36 log-unit range in HIV-1JR-CSF pro-
duction by CD4� lymphoblasts at MOI 0.003. Similarly,
CD4� lymphoblast infection with local primary isolate HIV-
11192 (MOI 0.003) yielded a 1.47 log-unit range in p24 pro-
duction in 88/94 (94%) of donors tested. Thus, CD4� T cells
from volunteers reporting either high- or low-risk behaviors
were equally able to sustain HIV-1 production during in vitro
infection, and the conspicuously narrow range of HIV-1 pro-
duction observed at all inocula and viral strains tested per-
mitted identification of outlying individuals having pro-
found defects in CD4� T cell susceptibility.

Identification of subjects whose activated CD4� T cells
produce low-level HIV-1

Strikingly, we identified 6 of 105 (5.7%) volunteers in
whom CD4� T cell cultures produced a statistically outlying
reduction in HIV-1 during extended in vitro culture (Table
3). These low producers were not restricted to the ES cohort;
we identified two low-risk and four ES individuals in this
class. HIV-1 production in infected cultures from these in-
dividuals commonly was 100-fold lower (range, 10– to 2500-
fold decrease) than that observed in the remaining 99 indi-
viduals examined, suggesting that reduced CD4� T cell
susceptibility is not a broadly acting mechanism of resistance

in our ES cohort. However, select individuals in both risk
groups exhibited remarkably reduced susceptibility to HIV-
1 infection among circulating CD4� T cells. Markedly di-
minished HIV-1 productive capacity may provide a means
of in vivo protection from infection in these volunteers, and
thus we explored further the characteristics of HIV-1 sus-
ceptibility in these subjects, designated “low producers.”

Low-producer phenotype is reproducible and 
stable over time

To confirm our observation of diminished HIV-1 produc-
tion in CD4� T cells from six low producers, we twice re-
peated the in vitro infection experiment in cells from sepa-
rate venipuncture dates. We quantified HIV-1 production in
supernatants from three separate infected replicates from
each experiment. We included as controls samples from vol-
unteers who had previously demonstrated normal HIV-1
production (between the 25th and 90th percentiles) in each
infection experiment. In total, extended in vitro infection with
HIV-1JR-CSF MOI 0.003 was repeated in CD4� T cells from 32
individuals (four independent experiments conducted in six
subjects, three experiments in six, and two experiments in 20
volunteer samples), in addition to the one experiment con-
ducted in the remaining 77 subjects (including four CCR5�32
homozygotes exempted from analysis). Similarly, 123 obser-
vations of HIV-11192 infection at MOI 0.003 were made in 97
volunteers (including three CCR5�32 homozygotes ex-
empted from analysis).

Replicate wells from a single infection produced strongly
concordant results (Fig. 2A). In addition, independent ex-
periments using CD4� T cells isolated from different
venipuncture dates were highly reproducible (Fig. 2A and
Table 3). Infection assay in low-producer CD4� T cells was
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TABLE 3. p24 AG PRODUCTION IN CD4� T CELL CULTURES FROM SIX LOW PRODUCERS

VS. ALL NORMALLY SUSCEPTIBLE STUDY PARTICIPANTS, 7 DAYS POSTINFECTION

log10 pg p24/ml in supernatant

Expt 1a Expt 2 Expt 3 Mean Median

HIV-1JR-CSF, MOI 0.003
C24 4.27 1.64 2.13 2.68 2.13
C38 2.50 2.56 2.83 2.63 2.56
ES29 4.08 1.58 2.05 2.57 2.05
ES54 2.81 2.61 3.05 2.82 2.81
ES89 3.09 1.74 2.01 2.28 2.01
ES105 3.62 3.41 3.63 3.55 3.62
Other ES 4.51 4.50
Other low risk 4.49 4.52

HIV-11192, MOI 0.003
C24 1.00 ndb 1.00 1.00 1.00
C38 1.97 2.67 1.55 2.06 1.97
ES29 nd 2.67 1.08 1.88 1.88
ES54 1.93 2.67 1.51 2.04 1.93
ES89 2.67 1.05 1.40 1.71 1.40
ES105 2.90 3.08 3.91 3.30 3.08
Other ES 4.40 4.56
Other low risk 4.40 4.62

aPBMC from independent venipuncture dates used in each experiment.
bnd, not done.



repeated on either three (C24, C38, ES29, ES54) or four (ES89,
ES105) occasions, employing cells from venipuncture dates
with a median span of 9.1 months. Likewise, normally sus-
ceptible cells queried in independent experiments (n � 32)
corresponded to venipuncture dates with a median span of
11.7 months. Results from independent experiments in low
producers and normally susceptible cells were similarly re-
producible. The normally susceptible phenotype was stable
over time, with the median experimental range of 0.22 log-
units. In no instance did data from a single experiment con-
ducted in cells having normal susceptibility fall into the
range of the low producers. Two exceptions to this trend
were seen in the low producers C24 and ES29. Experiments
using these subjects’ cells from two different visit dates pro-
duced minimally detectable HIV-1 p24 antigen, while HIV-
1 production fell within the lowest quartile of the median re-
sponse in an experiment from a third venipuncture date.
Taken together, the six low producers maintained lower lev-
els of HIV-1 production during repeated testing of cells iso-
lated at different time points. These findings demonstrate
that in vitro susceptibility to infection is highly reproducible
between replicates and is stable over time.

Peak HIV-1 levels are diminished in low producers

To distinguish between delayed versus lower peak HIV-
1 production, we contrasted HIV-1 infectivity from serial cul-
ture time points in four individuals having normal p24 pro-
duction in the initial screen (mean 80th percentile) and six
low-producer subjects. In supernatants harvested at 3, 5, 7,
10, and 12 dpi, we consistently observed markedly reduced
HIV-1 in the low producers, with p24 Ag reaching a plateau
between 7 and 10 dpi in all cases (Fig. 2B). Of note, the peak
and plateau phase of infection was similar between the low
and normal producers. With the exception of the two low
producers noted previously, C24 and ES29, the kinetics and
level of HIV-1 production in volunteers having diminished
susceptibility to HIV-1 infection were similar between ex-
periments conducted independently (Fig. 2B). The reduced
peak HIV-1 production achieved by infected CD4� T cells in
these volunteers was profound and reproducible.

Screening by single-round infection

We also investigated the frequency and quantity of Gag
production following a single round of HIV-1 infection in
CD4� T cells from 46 ES and 20 low-risk controls, from which
four CCR5�32 homozygotes were removed from further
analysis (Fig. 3A). The protease inhibitor indinivir was added
to achieve single cycle replication without secondary spread.
As in the extended infection assay, we observed no differ-
ences between ES and low-risk groups in the susceptibility
of CD4� lymphoblasts to HIV-1 infection (Fig. 3B), with the
median frequency of CD3�Gag� T cells in ES and controls
being 5.61% and 6.30%, respectively (p-value � 0.456). Sig-
nificantly lower percentages of Gag� cells were observed in
CD4� T cells from low producers (median, 1.20%) than in
the remaining samples (median, 6.0%), p-value � 0.007. We
observed a modest, but statistically significant, decrease in
Gag expression per infected cell (Fig. 3C) among low pro-
ducers relative to normally susceptible cells (median mean
fluorescent intensity 178 vs. 208, respectively; p-value �
0.010). In addition, in a subset of volunteers, CD3�Gag� per-

centages were quantified following in vitro infection in the
presence of the reverse transcriptase inhibitor AZT to con-
firm that any differences in Gag positivity were not due to
a reduction in intracellular Gag from the infecting virions.
For this assay, CD4� T lymphoblasts from four low pro-
ducers in whom cell numbers were not limiting were com-
pared to eight volunteers having normally susceptible cells
(data not shown). In this case, percentages of CD3�Gag�

cells did not differ between low producers (median, 0.53%;
range, 0–1.05%) and susceptible cells (median, 0.81%; range,
0.18–3.72%), p-value � 0.222.

Despite the statistical significance of our findings follow-
ing CD4� lymphoblast infection in the presence of indinavir,
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FIG. 2. Low-producer phenotype is consistent over time.
(A) HIV-1 core antigen production in three different repli-
cate cultures from three separate CD4� T cell infection ex-
periments with HIV-1JR-CSF (MOI 0.003) is shown, with data
from different replicates within each experiment clustered
together. (B) Infection kinetics curves for six low-producer
individuals and four individuals having normal capacity for
productive in vitro infection with HIV-1JR-CSF (MOI 0.003). A
solid line indicates low producers; a dashed line indicates
normally susceptible. For HIV-1 low producers, lines repre-
sent the log-transformed mean of results from three separate
experiments involving cells isolated from different venipunc-
ture dates. SEM are shown.



the wide range of Gag� T cell frequencies impeded de novo
identification of volunteers having a low-producer pheno-
type by this single-round infection assay using the criterion
that they be statistical outliers, as in the extended infection

assay. Indeed, 16/56 volunteers having normal HIV-1 p24
production in the extended infection assay demonstrated sin-
gle-round CD3�Gag� percentages similar to the low pro-
ducers. Likewise, the difference in intracellular Gag expres-
sion was not complemented by a marked difference in the
values observed (mean fluorescent intensity range, 160–211
in low producers vs. 162–334 in normally susceptible cells).
The broad range of percentage of infected cells and minimal
change in Gag expression per cell obscures interpretation of
the biological relevance of these statistically significant re-
sults.

Increased HIV-1 inoculum required to establish infection
in low-producer cells

To ascertain whether diminished capacity to produce HIV-
1 in vitro was correlated with an increase in the viral inocu-
lum required to establish infection, we determined relative
HIV-1JR-CSF TCID50 in CD4� T cells from six low producers
and four volunteers with normal HIV-1 production. The me-
dian HIV-1JR-CSF TCID50 for low producers was 16.4 (range,
9.6–81.43) compared to 1.3 (range, 1.0–1.8) for normally sus-
ceptible subjects (Table 4). TCID50 values for low and nor-
mal producers were nonoverlapping, with the six low pro-
ducers requiring a one-log increase in HIV-1JR-CSF inoculum
required to establish infection. The large magnitude of this
increase in TCID50 was strongly significant (p-value � 0.010).
Furthermore, this finding was not limited to the molecular
clone HIV-1JR-CSF. Although samples from ES54, ES89, and
ES105 were not available, we tested relative TCID50 of the
local primary isolate HIV-11192 in three low producers com-
pared to five volunteers with normal HIV-1 production. Me-
dian TCID50 for the three low producers assessed was 3.2
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TABLE 4. MINIMUM INFECTING INOCULUM REQUIRED TO

ESTABLISH INFECTION IS INCREASED IN LOW PRODUCERS

RELATIVE TO NORMALLY SUSCEPTIBLE VOLUNTEERS

TCID50

HIV-1 strain

JR-CSF 1192

Low producers
C24 7.0700 1.88
C38 81.4300 9.38
ES29 17.6800 3.21
ES54 24.0000 nda

ES89 9.6000 nd
ES105 15.1800 nd
Median 16.4300 3.21

Normally susceptible
ES31 nd 0.84
ES36 0.9700 0.84
ES42 nd 0.29
ES76 1.1300 0.64
ES96 1.7900 0.64
ES102 1.5400 nd
Median 1.3300 0.64

p-valueb 0.0095 0.025

and, not done.
bMann–Whitney statistical comparison.

FIG. 3. Single-round infection of primary CD4� T cell blasts
with HIV-1JR-CSF. (A) Infected cells are identified by p55 Gag
expression and CD4 downregulation in the CD3� population.
(B) Low-producer cells demonstrate lower infected cell per-
centages during the first round of infection, p-value � 0.007.
(C) Gag� cells from low producers show a modest, but sig-
nificant, reduction in mean Gag expression, p-value � 0.010.
Closed symbols represent the mean of repeated experiments,
where applicable. Open symbols denote data from CCR5�32
homozygotes. Data from infection of low-producer cells are
shown as asterisks, with the mean of separate experiments
noted as a dashed line, where applicable. Gag densities for
CCR5�32 homozygotes were set to zero.



(range, 1.9–9.4) compared to 0.6 (range, 0.3–0.8) for five nor-
mal producers. Again, TCID50 values for the two groups
were nonoverlapping, and despite the very small numbers
of samples available for this experiment, this difference was
statistically significant (p-value � 0.025), reflecting a strong
biological difference in HIV-11192 susceptibility between low
and normal producers.

Low-producer phenotype not dependent on 
CCR5-mediated entry

We evaluated whether diminished infection in low pro-
ducers is dependent on the coreceptor usage of the infecting
HIV-1 strain. We assessed the frequency of infection by a
GFP-encoding HIV-1LAI vector pseudotyped with the HIV-
1SF162 or HIV-1HXB2 envelopes to measure HIV-1 suscepti-
bility based on viral entry alone. Infection frequency was
quantified over a range of viral inputs, and the area under
the curve was determined for each of 15 volunteers (six low
producers and nine normally susceptible volunteers) over
the dynamic range of the assay. We observed a modest re-
duction in infection among low producers regardless of
whether the HIV-1SF162 or HIV-1HXB2 pseudotype was used
(Fig. 4). Infection with the HIV-1HXB2 pseudotype resulted in
1.4-fold greater infection (mean area under the curve) in nor-
mal producers than in low producers (p-value � 0.016),
whereas the HIV-1SF162 pseudotype produced 1.8-fold
greater infection in normal producers than in low producers
(p-value � 0.008). In addition, among infected cells there was
a modest but significant reduction in GFP production ob-
served in low producers (data not shown). Infection with the
HIV-1HXB2 pseudotype resulted in median 1.3-fold greater
intracellular GFP in normal producers than in low produc-
ers (p-value � 0.003), while infection with the HIV-1SF162

pseudotype yielded a median 1.2-fold greater GFP expres-
sion in normal producers than in low producers (p-value �
0.002). While the impairment in Tat-driven GFP expression
in first-round HIV-1 infection was small in magnitude, the
strong statistical significance of this reduction mirrors that
detected in our assessment of Gag expression following first-
round infection with native virus, above. The reduction in
low-producer infection observed during single-round infec-
tion with HIV-1-enveloped pseudotypes may be amplified
over extended infection to yield the marked reduction in
HIV-1 susceptibility apparent in TCID50 or p24 production
following challenge with either HIV-1JR-CSF or HIV-11192. Be-
cause this effect is observed when either the R5 or X4 HIV-
1 envelope is used for entry, the low-producer phenotype
cannot be attributed to a reduction in viral entry due to core-
ceptor tropism.

Similarly, surface expression of CCR5 on resting CD4� T
cells also did not differ between five of six low-producer vol-
unteers (C38 not assessed due to lack of cells) and 73/99 vol-
unteers having normal susceptibility. Normally susceptible
individuals who were tested for CCR5 expression exhibited
the same range of p24 production for infection with HIV-1JR-

CSF at an MOI of 0.003 (median log10 4.47) as all 99 normal
producers screened (median log10 4.49). The frequency of
CCR5 expression among CD3�CD4� T cells did not differ
between samples from low producers (median 13.4%, range,
8.6–31.8%) and normal producers (median 20.0%, range
4.5–62.9%), with low producer CCR5� cell frequency falling

between the 15th and 86th percentiles (p-value � 0.557, data
not shown). The median CCR5 density in low producers was
2547 (range, 1198–2751) compared with the median of 3761
(range, 1205–8859) in normally susceptible individuals, a
trend that did not reach statistical significance (p-value �
0.08). Twenty-nine volunteers having similar or less CCR5
surface expression than the low producers were capable of
producing as much as 3 logs greater p24 Ag during in vitro
infection. Thus, low CCR5 expression may contribute to the
low-producer phenotype, but cannot fully explain it.

Finally, we investigated the level of �-chemokines, the nat-
ural ligands of CCR5, in the culture supernatants following
infection with either HIV-1JR-CSF or HIV-11192 in the six low
producers and in 13 participants having normal in vitro sus-
ceptibility. No differences in the concentration of MIP-1�,
MIP-1�, or RANTES were observed in supernatants har-
vested at 7 dpi between the two groups (data not shown).
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FIG. 4. Coreceptor tropism only partially contributes to the
low-producer phenotype. The frequency of infection is
shown in six low producers (solid lines) and nine normally
susceptible subjects (dashed lines) when infected with HIV-
1LAI�envGFP vector pseudotyped with (A) HIV-1HXB2 or (B)
HIV-1SF162, envelope. Infection with an HIV-1HXB2 pseudo-
type was 1.4-fold greater in normal producers than in low
producers. Infection with HIV-1SF162 pseudotype was 1.8-
fold greater in normal producers than in low producers.
Mean background-subtracted results are shown. The exper-
iment was performed in duplicate and was repeated in three
low producers and four normally susceptible volunteers.



Furthermore, the MIP-1�P copy number was unexceptional
in the four low-producer volunteers in whom it was deter-
mined (ES29, one copy/cell; ES54, ES89, ES105, two
copies/cell). Taken together, we conclude that the low-pro-
ducer phenotype observed in these six individuals cannot be
attributed to diminished viral entry into CD4� T cells, in con-
trast to previous findings in other ES cohorts.18,32–36

Basic reproductive number is strongly diminished in HIV-1
low producers

To quantify the potential effect of diminished CD4� T cell
susceptibility on the probability of in vivo infection, we fit
our data to a rate-equation (ODE) model of HIV-1 infection
of CD4� T cells in order to estimate the basic reproductive
number in vitro (R0) for six low producers and four normally
susceptible volunteers. Because data were most complete for
experiments employing HIV-1JR-CSF, we used this virus
strain in our rate-equation model. The R0 values show a clear
distinction between these two groups (Table 5). The low-pro-
ducer phenotype was associated with a substantial reduc-
tion in R0, with a median R0 of 1.575 (range, 1.13–1.8) com-
pared to a median R0 of 5.45 (range, 5.2–6.6) in volunteers
having normal susceptibility. The difference in R0 values be-
tween these two groups was strongly significant, with p-
value � 0.010.

Discussion

While the role of host proteins affecting viral entry has
been vigorously investigated in ES cohorts, the importance
of downstream events in maintaining prolonged seronega-
tivity has been largely overlooked. Recent identification of
cellular antiviral proteins such as TRIM5�, which disrupts
reverse transcription,56,57 and APOBEC3G and APOBEC3F,
which induce G to A hypermutation in viral genomes,58–64

suggests that postentry restriction of HIV-1 replication may
explain the ES phenotype. Resequencing of TRIM5� in this
ES cohort did not identify any polymorphisms resulting in
resistance to HIV-1 infection in vitro.65 While APOBEC3 ge-
netic polymorphisms have not been thoroughly examined in

ES cohorts, such groups may be enriched for rare variants
having increased deamination activity or the ability to es-
cape HIV-1 Vif-induced degradation. Likewise, the ability of
Vpu to counteract endocytosis of nascent virions66 might be
diminished by as-yet unidentified mutations within the
CD317 tetherin gene that allowed CD317 escape from bind-
ing by Vpu.67 Certain ES individuals may be protected from
HIV-1 infection via postentry restriction due to alteration of
these host–virus interactions.

Alternatively, continued seronegativity in ES may result
from a mutation abrogating interaction between a required
host protein and its viral partner. Myriad host proteins are
complicit in viral disassembly,68,69 nuclear import,70 genomic
integration,71 assembly,72 and budding.73,74 The level of ge-
netic variation in host proteins required for late events, such
as ABCE1, remains unknown. Whether polymorphisms in
required host proteins result in abortive infection in select
ES requires investigation. Elucidation of the heterogeneous
mechanisms by which ES volunteers evade infection may
have profound impact on the treatment of HIV-1-infected in-
dividuals. While CCR5�32 homozygosity provides protec-
tion for only a minority of ES persons, their identification
has contributed to our understanding of HIV-1 entry re-
quirements and the eventual development of entry inhibi-
tors such as maraviroc and vicriviroc.

In this study, we investigated the possibility that dimin-
ished CD4� T cell susceptibility to productive HIV-1 infec-
tion may contribute to continued seronegativity among
highly exposed persons. Despite the commonly held view
that primary CD4� T cell susceptibility varies substantially
between subjects, we found that cells from 94% (99/105) of
volunteers supported HIV-1JR-CSF infection similarly, with
only a 1.36 log-unit difference in p24 produced at 7 dpi. Sim-
ilar results were observed following infection with HIV-11192,
with 94% (88/94) of volunteers demonstrating a 1.47 log-unit
range in p24 production. Importantly, our findings indicate
that with rare exceptions, exposed seronegative CD4� T cells,
upon activation in vitro, can efficiently support HIV-1 repli-
cation, and the levels of viral production and susceptibility
are similar to those from normal low-risk control donors.
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TABLE 5. BASIC REPRODUCTIVE NUMBER IN VITRO IS SIGNIFICANTLY REDUCED IN

SIX LOW PRODUCERS RELATIVE TO FOUR NORMALLY SUSCEPTIBLE VOLUNTEERS

R0 95% CIa p-valueb

Low producers
C24 1.7 (1.5, 1.7)
C38 1.45 (1.33, 1.53)
ES29 1.25 (1.15, 1.33)
ES54 1.7 (1.6, 1.8)
ES89 1.13 (1.11, 1.18)
ES105 1.8 (1.4, 2.0)
Median 1.58

Normally susceptible 0.095
ES04 5.2 (3.2, 7.3)
ES42 5.7 (4.7, 6.7)
ES76 6.6 (5.7, 7.5)
ES96 5.2 (4.6, 5.7)
Median 5.45

aLog-likelihood ratio test.
bMann–Whitney statistical comparison.



This confirms some previous findings28,31,35,36 but stands in
contrast to others.18,42,75 However, here we have undertaken
more extensive analysis using a well-defined target cell pop-
ulation in greater numbers of ES and low-risk control vol-
unteers than has been performed previously.

The pattern of viral replication was consistently observed
with a panel of R5 HIV-1 strains, including the molecular
clone HIV-1JR-CSF and two local primary isolates, tested at
two or more MOIs. The remarkably narrow range of per-
missivity to viral infection permitted recognition of volun-
teers having profound defects in CD4� T cell susceptibility.
Indeed, we identified six volunteers, unrelated to HIV-1 risk,
with significantly diminished capacity to sustain HIV-1 in-
fection in vitro. In these six individuals, HIV-1 production by
CD4� T cells during extended infection with HIV-1JR-CSF or
HIV-11192 was markedly reduced (up to 2500-fold). This find-
ing was reproducible and persistent, with similar observa-
tions made in cells isolated on different venipuncture dates
spanning a median of 9.1 months. While low producers re-
peatedly demonstrated a statistically significant decrease
both in percent HIV-1-infected cells and in Tat-mediated pro-
tein expression following single-round infection assays in-
volving both native HIV-1 and pseudotype infection, the
modest size of these differences impedes interpretation of
their biological importance. Finally, a substantially larger vi-
ral inoculum was required to establish infection in activated
CD4� T cells, with a median 12-fold increase in HIV-1JR-CSF

TCID50 in low-producer volunteers compared to those with
normal susceptibility (p-value � 0.010), and a median 5-fold
increase in TCID50 when HIV-11192 was used to challenge (p-
value � 0.025). Although variation in donor cell permissiv-
ity has been reported in several investigations,25–27 this very
low-level HIV-1 production unrelated to CCR5 or �-
chemokine genotypic polymorphisms or expression is strik-
ing and suggests that alterations in the activities of other host
factors supporting the HIV-1 life cycle may contribute to
HIV-1 resistance.

Differences in viral entry cannot explain the low producer
phenotype. No differences in �-chemokine expression, fre-
quency of CCR5�CD4� T cells, or density of CCR5 surface
expression were identified in the low producers. In addition,
low producers did not differ from normal producers in Gag
positivity following exposure to HIV-1JR-CSF in the presence
of AZT. These findings are consistent with the report of a
postentry block in a single volunteer in a Vietnamese ES co-
hort, whereas barriers to CCR5-mediated viral entry were
found in four additional low producers.76 Furthermore, we
observed a strongly significant reduction in infection when
either R5 (p-value � 0.008) or X4 (p-value 0.015) HIV-1-en-
veloped pseudotypes were used to challenge, replicating our
earlier single-round infection assay results while holding the
viral backbone constant and varying only the viral corecep-
tor utilized. The consistent observation of a modest but re-
producible and statistically significant reduction in Tat-me-
diated gene expression may indicate the mechanism
responsible for the low-producer phenotype, but the biolog-
ical significance of this observation is unclear and requires
further investigation. Additional studies, including quanti-
tation of late reverse transcripts and integrated viral DNA,
are needed to identify the step in viral replication restricted
in these cells. Furthermore, restricted HIV-1 replication al-
lowing viral gene expression but leading to abortive infec-

tion might be associated with HIV-1-specific immune re-
sponses. While ES29 was one of the few volunteers in whom
we observed broad, strong virus-specific immune responses,
similar findings were not obtained in ES54.14 Investigation
of HIV-1-specific immune responses in the remaining low-
producer ES volunteers is needed.

Taken together, these findings suggest that a small per-
centage of persons (6% in this study) may have the ability to
acquire HIV-1 infection but not support sufficiently high lev-
els of replication and cell-to-cell spread. Of note, this may be
the situation occurring in those ES previously identified as
having very low level HIV-1 in CD4� T cells without sero-
conversion.77,78 This hypothesis is further supported by the
calculated 3.5-fold decrease in the in vitro basic reproductive
number, R0 (p-value � 0.010). In ODE models, R0 � 1.0 im-
plies that infection will spread within a community, whereas
R0 � 1.0 predicts that an infection will become extinct. We
acknowledge that the in vitro experimental conditions, such
as strong CD4� T cell activation and sustained proliferation
mediated by relatively high IL-2 concentration, do not per-
mit direct extrapolation of the reported values of R0 to those
in vivo. However, the relative values of R0 may reflect sig-
nificant biological differences between the two groups (nor-
mal and low producers). HIV-1 is poorly transmissible, and
it has been suggested that the remarkably low rate of HIV-
1 transmission by sexual exposure may be explained by ex-
tinction.79 Lower R0 values increase the probability that in-
fection will fail to propagate in a community, or fail to
transmit to an exposed individual. Therefore, the low in vitro
R0 calculated here may provide an explanation as to why a
small number of ES individuals in our cohort remain unin-
fected.

In conclusion, while altered CD4� T cell susceptibility to
HIV-1 infection does not mediate continued seronegativity
for the majority of participants in this ES cohort, a minority
of ES persons appear to restrict HIV-1 infection following
HIV-1 entry. Among these select volunteers, diminished
CD4� T cell susceptibility to HIV-1 might contribute to con-
tinued seronegativity despite frequent sexual exposures.
Further dissection of the mechanisms responsible for HIV-1
restriction in these select volunteers will elucidate postentry
host–viral interactions, which may identify novel targets for
future antiretroviral therapeutics and genetic polymor-
phisms contributing to relative HIV-1 resistance.
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