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In this report, we present evidence that R5 human immunodeficiency virus type 1 (HIV-1) replicates more
efficiently in primary CD4� T cells than X4 HIV-1. By comparing CD3/CD28-costimulated CD4� T-cell
cultures infected by several X4 and R5 HIV-1 strains, we determined that R5-infected CD4� T cells produce
more virus over time than X4-infected CD4� T cells. In the first comparison, we found that more cells were
infected by the X4-tropic strain LAI than by the R5-tropic strain JR-CSF and yet that higher levels of viral
production were detected in the R5-infected cultures. The differential viral production was partially due to the
severe cytopathic effects of the X4 virus. We also compared cultures infected with the isogenic HIV-1 strains
NL4-3 (X4) and 49.5 (R5). We found that fewer cells were infected by the R5 strain, and yet similar levels of
viral production were detected in both infected cultures. Cell death played less of a role in the differential viral
production of these strains, as the cell viability remained comparable in both X4- and R5-infected cultures over
time. The final comparison involved the primary R5-tropic isolate KP1 and the primary dual-tropic isolate
KP2. Although both strains infected similar numbers of cells and induced comparable levels of cytopathicity,
viral production was considerably higher in the R5-infected culture. In summary, these data demonstrate that
R5 HIV-1 has an increased capacity to replicate in costimulated CD4� T cells compared to X4 HIV-1.

Human immunodeficiency virus type 1 (HIV-1) infects cells
by binding to the CD4 receptor and to one of several corecep-
tors expressed on the surface of target cells (2, 13, 15, 16, 18,
26). The chemokine receptors CCR5 and CXCR4 serve as the
major coreceptors for HIV-1, although several other chemo-
kine receptors have been linked to minor HIV-1 coreceptor
usage (2, 8, 15, 18, 32, 52). Characteristically, non-syncytium-
inducing (NSI) isolates utilize CCR5 as a coreceptor and are
referred to as R5 strains (2, 14–16). R5 strains often represent
the dominant viral population detected during the early stages
of clinical HIV-1 infection (9, 14, 41, 43, 46, 53). In contrast,
syncytium-inducing (SI) isolates utilize CXCR4 as a coreceptor
and are referred to as X4 strains (18, 20, 24, 25, 28, 30, 40, 45,
48). X4 strains are typically detected in the later stages of
infection and are associated with rapid CD4� T-cell loss (11,
14, 24, 25, 46, 48, 49). Despite the link between X4 emergence
and disease progression, approximately half of all individuals
with AIDS continue to harbor predominantly R5 viruses, sug-
gesting that CXCR4 coreceptor usage alone is not responsible
for disease progression (9, 43, 46, 53).

Several mechanisms have been proposed to explain the R5
dominance of early HIV-1 infection. There is evidence that R5
strains may be transmitted at an increased frequency compared
to X4 strains. For example, individuals that carry a 32-bp
deletion mutation (�32) in the CCR5 gene are highly resistant
to HIV-1 infection (10, 33, 38, 44). Although these individuals
are susceptible to X4 infection, very few cases have been re-

ported, suggesting that X4 transmission occurs with lower fre-
quency (3, 5, 23, 29, 37, 47, 50). Another mechanism leading to
R5 dominance in vivo may involve preferential spread of R5
strains. It has been reported that dendritic cells preferentially
transport R5 rather than X4 virions, which may lead to selec-
tive spread of R5 virus to lymph nodes (19, 41). Also, intestinal
epithelial cells have been shown to selectively transport R5
virions to the lamina propria, which may lead to the preferen-
tial spread of R5 infection to activated CD4� T cells (34).
Recent evidence suggests that the immune response may also
play a role in R5 selection in vivo. Harouse et al. report that
both X4 and R5 SHIV replication can be detected in macaques
early after coinfection; however, X4 replication is no longer
detected after CD8� T-cell-mediated antiviral immune re-
sponses are elicited (22). Furthermore, X4 replication re-
emerges in coinfected animals following depletion of the an-
tiviral immune response by in vivo infusion with anti-CD8
antibodies. Collectively, these data suggest that X4-infected
cells may be more susceptible to immune-mediated killing than
R5-infected cells (22).

We propose that an additional mechanism may be involved
in R5 dominance. In this report, we present evidence that R5
HIV-1 replicates more efficiently in CD3/CD28-costimulated
CD4� T cells than X4 HIV-1. We tested several viral strains in
this system, including the molecular clones LAI (X4) and JR-
CSF (R5), the isogenic viral pair NL4-3 (X4) and 49.5 (R5),
and two primary isolates that were recovered from the same
patient at different time points, KP1 (R5) and KP2 (X4/R5).
We found that the R5 HIV-1 JR-CSF strain infected a smaller
percentage of costimulated CD4� T cells than the X4 HIV-1
strain LAI and yet produced more progeny virus over time
than the X4-infected culture. It is likely that this result is
partially due to the fact that the cell viability of X4-infected

* Corresponding author. Mailing address: Gladstone Institute of
Virology and Immunology, P.O. Box 419100, San Francisco, CA
94141-9100. Phone: (415) 695-3826. Fax: (415) 826-8449. E-mail:
bschweighardt@gladstone.ucsf.edu.

† B.S. and A.-M.R. contributed equally to this manuscript.

9164



cultures decreased rapidly, whereas cell viability remained rel-
atively high in R5-infected cultures over time. Analysis of cul-
tures infected with the isogenic viral pair provided further
confirmation that R5-infected CD4� T cells produce more
progeny virus than X4-infected CD4� T cells. Despite the fact
that fewer costimulated CD4� T cells were infected by the
R5-tropic 49.5 strain than by its isogenic X4 counterpart
NL4-3, similar amounts of viral production were detected in
both infected cultures. Cell death seemed to play less of a role
in the differential levels of viral release between these two
strains, as the viability characteristics of both infected cultures
remained comparable over time. Interestingly, similar results
were obtained with the primary R5 isolate KP1 and the pri-
mary dual-tropic isolate KP2. Although both KP1 and KP2
infected equivalent numbers of costimulated CD4� T cells and
induced comparable amounts of cell death, viral production
was considerably higher in cultures infected by the R5-tropic
KP1 strain. In summary, we report that R5 HIV-1 has an
increased capacity to replicate in CD4� T cells compared to
X4 HIV-1 and propose that this increased fitness may allow R5
viruses to out-compete X4 viruses in the early stages of HIV-1
infection.

MATERIALS AND METHODS

Antibodies. The following fluorescently labeled monoclonal antibodies were
purchased from Becton Dickinson (San Jose, Calif.) and used for flow cytometric
analysis: CD3-APC (clone SK7), CD69-FITC (clone FN50), CD38-PE (clone
HIT2), CXCR4-APC (clone 12G5), CD4-PerCP (clone SK3), CCR5-APC (clone
2D7), and IFN-�-PE (clone 25723.11). Monoclonal p24-FITC antibody (clone
KC57) was purchased from Coulter Clone (Miami, Fla.), and annexin V-PE was
purchased from Caltag Laboratories (Burlingame, Calif.). The following anti-
bodies were used for CD3/CD28 stimulation: CD28 (Leu-28) clone L293 (Becton
Dickinson) and CD3 clone SPV-T3b (Zymed, South San Francisco, Calif.).

CD4� T-cell isolation. Peripheral blood mononuclear cells (PBMC) were
isolated by Ficoll-Hypaque (Amersham BioSciences, Uppsala, Sweden) gradient
centrifugation of leukopacks (Stanford Blood Bank, Stanford, Calif.) obtained by
apheresis of healthy donors. CD4� T cells were purified by negative selection
using Microbeads (Miltenyi Biotec, Auburn, Calif.). Cell purity was determined
by staining cells with fluorescently conjugated antibodies directed against CD4,
CD3, CD8, and CD14. Cell populations were found to be �95% CD3� CD4�.

CD4� T-cell stimulation. CD4� T cells were activated by phytohemagglutinin
(PHA) stimulation or by CD3/CD28 costimulation. For PHA stimulation, cells
were cultured at a density of 2 � 106 cells/ml with 1 �g of PHA (Sigma, St. Louis,
Mo.)/ml for 24, 48, or 72 h. Cells were then washed to remove PHA and cultured
for 48 h in RPMI 1640 medium (MediaTech, Herndon, Va.) supplemented with
15% fetal bovine serum (FBS) (Gemini, Woodland, Calif.) and 50 U of inter-
leukin-2 (IL-2) (AIDS Research and Reference Reagent Program, Division of
AIDS, National Institute of Allergy and Infectious Diseases [NIAID], National
Institutes of Health [NIH])/ml. For CD3/CD28 costimulation, tissue culture
plates were precoated with CD3 antibody. Briefly, wells were washed with 1�
phosphate-buffered saline (PBS) and then coated with a 50 �g/ml stock solution
of CD3 antibody. Excess liquid was removed, and plates were incubated at 37°C
until dry. Cells were then cultured on coated plates at a concentration of 2 � 106

cells/ml in the presence of 1 �g of soluble CD28 antibody (Becton Dickinson)/ml
for 24, 48, or 72 h. Cells were removed from the CD3 coated plates, washed to
remove soluble CD28, and then cultured in RPMI 1640 medium supplemented
with 15% FBS and 50 U of IL-2/ml.

Detection of cell surface protein expression by flow cytometry. To detect cell
surface protein expression, 5 � 105 CD4� T cells were incubated with appro-
priate concentrations of fluorescently conjugated monoclonal antibodies diluted
in 1� phosphate-buffered saline containing 1% bovine serum albumin (Sigma).
Cells were incubated with antibodies for 20 min at 4°C, washed twice, and then
fixed in 1% paraformaldehyde. Samples were acquired on a FACSCalibur in-
strument (Becton Dickinson), and the resulting data were analyzed using
CellQuest software (Becton Dickinson).

Measurement of cellular proliferation and IFN-� expression. Stimulated
CD4� T cells were incubated with 2 �M CFSE (5- and 6-carboxyfluorescein

diacetate, succinimidyl ester) (Molecular Probes, Eugene, Oreg.) for 10 min at
37°C and then washed twice. Stained cells were incubated for 72 h at 37°C.
Brefeldin A (Sigma) was added at a final concentration of 10 �g/ml for the last
6 h of culturing. Cells were then washed, fixed in 4% PFA, permeabilized with
1% fluorescence activated cell sorter (FACS) Perm solution (Becton Dickinson),
and stained with monoclonal antibodies against CD3, CD4, and gamma inter-
feron (IFN-�). After antibody staining, cells were washed twice and then stored
in 1% paraformaldehyde until acquisition on a FACSCalibur instrument. Sub-
sequent analysis was performed using FlowJo software (Tree Star, Inc).

Virus preparation. The HIV-1 strains LAI, JR-CSF, NL4-3, and 49.5 were
prepared by introducing proviral constructs into 293T cells (American Type
Culture Collection, Manassas, Va.) by CaPO4 transfection. The following pro-
viral plasmids were obtained through the AIDS Research and Reference Re-
agent Program, Division of AIDS, NIAID, NIH: pLAI.2 (39) from Keith Peden,
courtesy of the Medical Research Council AIDS Directed Programme; pYK-
JR-CSF (6, 21, 27) from Irvin S. Y. Chen and Yoshio Koyanagi; pNL4-3 (1) from
Malcom Martin; and p49.5 (51) from Bruce Chesebro. After the media were
changed approximately 16 h after transfection, the virus-containing supernatants
were harvested 72 h posttransfection. Viral stocks were centrifuged at 1,000 � g
for 10 min to remove cell debris and then passed through a 45-�m-pore-size
filter. The infectious titer of each viral preparation was determined by 50% tissue
culture infective dose assay. Briefly, PHA-stimulated PBMCs from multiple
donors were pooled and infected with serially diluted virus in quadruplicate
wells. Cell supernatants were collected 5 days postinfection, and HIV p24 anti-
gen was quantitated by p24 enzyme-linked immunosorbent assay (ELISA). In-
fections were scored positive for replication when p24 levels were higher than 50
pg/ml. The 50% tissue culture infective dose value represents the virus dilution
at which 50% of wells scored positive for infection.

Coreceptor phenotyping assay. GHOST indicator cells were used to determine
coreceptor usage of each viral strain. The GHOST-X4 and GHOST-Hi5 cell
lines (35) were obtained through the AIDS Research and Reference Reagent
Program, Division of AIDS, NIAID, NIH, from Vineet N. Kewalramani and Dan
R. Littman. These cell lines were originally derived from human osteosarcoma
(HOS) cells. The GHOST-X4 cell line was transduced with a retroviral vector
that confers high-level CXCR4 expression, and the GHOST-Hi5 cell line was
transduced with a retroviral vector that confers high-level CCR5 expression. The
GHOST-Hi5 cells also express low levels of CXCR4 due to endogenous expres-
sion in the parental HOS cells. Each cell line was also transduced with a CD4-
expressing retroviral vector and a construct that drives expression of green
fluorescent protein (GFP) under the control of the HIV long-terminal-repeat
(LTR) promoter.

GHOST-X4 and GHOST-Hi5 cells were seeded on 12-well plates at a density
of 5 � 105 cells per well. Cells were cultured at 37°C overnight prior to infection
with HIV-1 strains. Cells were infected with each viral strain at a multiplicity of
infection (MOI) of 0.01 in the presence of 20 �g of Polybrene/ml to enhance
infection efficiency. Each infection was performed in a total volume of 300 �l at
37°C for 4 h. After incubation, virus was removed and 1 ml of fresh culture
medium was added to each well. Cells were then incubated for an additional 48 h
prior to harvest. GFP expression was analyzed by FACS analysis. Samples were
acquired on a FACSCalibur instrument, and the resulting data were analyzed
using Cell Quest software.

HIV infection. CD4� T cells were activated by CD3/CD28 costimulation for
72 h prior to infection. Cells were then washed and incubated with virus at an
MOI of 0.01 (for strains LAI, JR-CSF, NL4-3, and 49.5) or 0.001 (for strains KP1
and KP2) for 4 h at 37°C. After infection, cells were washed three times to
remove any unbound virions and then cultured in RPMI 1640 medium supple-
mented with 15% FBS and 50 U of IL-2/ml.

Quantification of viral replication. Viral replication was assessed by measur-
ing the amount of soluble HIV p24 antigen in culture supernatants. Aliquots (200
�l) of supernatant were removed from infected cell cultures at 3, 5, 7, and 10 days
postinfection. Supernatants were stored at �80°C until completion of the exper-
iment. Quantification of p24 was determined using an ELISA (PerkinElmer Life
Science, Inc., Boston, Mass.) according to the manufacturer’s protocol.

Intracellular p24 staining. The percentage of infected cells was determined by
intracellular staining for the viral p24 antigen. CD4� T cells (5 � 105) were
removed from infected cultures at 3, 5, 7, and 10 days postinfection. Cells were
washed, fixed in 4% paraformaldehyde, permeabilized with 1% FACS Perm
solution (Becton Dickinson), and then incubated with a fluorescently conjugated
monoclonal p24 antibody for 30 min at 4°C. Cells were then washed twice and
suspended in 1% paraformaldehyde. Samples were acquired by use of a
FACSCalibur instrument, and the resulting data were analyzed using FlowJo
software.
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RESULTS

Costimulation with plate-bound CD3 and soluble CD28 an-
tibodies induces high levels of activation in CD4� T-cell cul-
tures. To study X4 and R5 HIV-1 replication in primary CD4�

T cells, we first optimized in vitro stimulation conditions for
these cells. CD4� T cells were isolated from the PBMC of
three donors by magnetic separation. The isolated cells were
found to be �95% CD3� CD4� (data not shown). In vitro
stimulation conditions were optimized by treating cells with
increasing concentrations of plate-bound CD3 antibody and
increasing concentrations of soluble CD28 antibody for various
lengths of time (data not shown). Cellular activation was as-
sessed by monitoring the expression levels of the activation
markers CD38 and CD69 by flow cytometry at 0, 24, 48, and
72 h poststimulation. The highest level of activation was
achieved following treatment with 50 �g of plate-bound CD3
antibody/ml and 1 �g of soluble CD28 antibody/ml (Fig. 1).
CD38 and CD69 expression increased rapidly in these cultures,
and by 48 h, an average of 29% of cells coexpressed both
activation markers (Fig. 1). Activation marker expression was
twofold lower in PHA-stimulated cultures, indicating that
CD3/CD28 costimulation is a better method for activating pu-
rified CD4� T cells in vitro (Fig. 1).

Cellular activation was also assessed by a second, indepen-
dent assay that measures cellular proliferation and IFN-� ex-
pression. To measure activation-induced proliferation, stimu-
lated CD4� T cells were stained with the green fluorescent dye
CFSE. CFSE is a cytoplasmic dye that is equally divided among
daughter cells during cell division. Consequently, the fluores-
cence of each daughter cell is half as bright as that of the
parental cell, allowing for the reduction in fluorescence to be
used as a marker of cellular proliferation. After CFSE staining,
cells were cultured for 72 h and then fixed, permeabilized, and
stained with fluorescently labeled antibodies directed against
IFN-�, CD3, and CD4. A large population of proliferating,
IFN-�-expressing CD4� T cells was detected in CD3/CD28-
costimulated cultures (Fig. 2). This population of cells was not
detected in PHA-stimulated cultures, confirming that CD3/
CD28 costimulation induces higher levels of activation and
proliferation in purified CD4� T-cell cultures than PHA treat-
ment (Fig. 2).

CXCR4 and CCR5, the HIV-1 coreceptors, are expressed on
CD3/CD28-costimulated CD4� T cells. To assess the potential
susceptibility of costimulated CD4� T cells to HIV-1 infection,
we examined coreceptor expression on these cells by flow cy-
tometry. Cells from three independent donors were stimulated
with either CD3/CD28 antibodies or PHA. At 0, 24, 48, and
72 h poststimulation, cells were stained with fluorescently con-
jugated monoclonal antibodies directed against CD4, CXCR4,
and CCR5. At each time point, nearly all CD4� T cells from
each donor expressed high levels of CXCR4, regardless of the
stimulation method (Fig. 3). In contrast, very low levels of
CCR5, the R5 coreceptor, were detected in PHA- and CD3/
CD28-stimulated CD4� T-cell culture, and a high degree of
variation among donors was detected (Fig. 4). CCR5 expres-
sion levels in both PHA- and CD3/CD28-costimulated cultures
from each donor were found to increase over time, with ex-
pression levels peaking at 72 h poststimulation (Fig. 4).

The coreceptor usage of each HIV-1 strain was determined
by GHOST cell assay. Prior to assessing the susceptibility of
costimulated CD4� T cells to X4 and R5 strains of HIV-1, we
first used GHOST-X4 and GHOST-Hi5 indicator cells to ex-
amine coreceptor usage of each strain. These cell lines were
originally derived from HOS cells and express low levels of
endogenous CXCR4. In addition, the GHOST-X4 cells were
transduced with retroviral vectors carrying the human genes
CD4 and CXCR4 and therefore express high levels of each
receptor. The GHOST-Hi5 cells were transduced with vectors
carrying the human genes CD4 and CCR5 and express high
levels of each receptor as well as low levels of endogenous
CXCR4. Each of these cell lines was also stably transfected
with a construct carrying the GFP gene under the control of
the HIV-1 LTR promoter. This permits HIV infection of these
cells to be detected by flow cytometric analysis of GFP expres-
sion.

We infected the GHOST-X4 and GHOST-Hi5 cells with the
following HIV-1 strains: LAI, JR-CSF, NL4-3, 49.5, KP1, and
KP2. GFP expression was detected in GHOST-X4 cells in-
fected with LAI, NL4-3, and KP2, confirming X4 coreceptor
usage of these viral strains (Fig. 5). JR-CSF, 49.5, and KP1 did
not induce GFP expression in these cells, indicating that these
strains do not utilize the X4 coreceptor. High levels of GFP
expression were detected in GHOST-Hi5 cells infected with
strains JR-CSF, 49.5, KP1, and KP2, indicating R5 coreceptor
usage of these strains (Fig. 5). The X4-tropic strain NL4-3 did
not infect the GHOST-Hi5 cells; however, the X4-tropic strain
LAI did infect a small population of these cells. This low-level
infection was likely due to utilization of the endogenous
CXCR4 expressed on the GHOST-Hi5 cells. The ability of
KP2 to infect both GHOST-X4 and GHOST-Hi5 cells at
equivalent levels indicates that this primary isolate has a dual-
tropic phenotype.

R5-infected CD4� T cells produce more progeny virus over
time than X4-infected CD4� T cells. CD4� T cells were iso-
lated from PBMC and then stimulated for 72 h with CD3/
CD28 antibodies. Costimulated cultures were infected with
several strains of X4 and R5 HIV-1. Strains included the
HIV-1 molecular clones; LAI (X4) and JR-CSF (R5), an iso-
genic viral pair, which differ only in the V1-V3 loop of gp120;
NL4-3 (X4) and 49.5 (R5), two primary viral isolates recovered
from the same patient at different stages of clinical infection;
and KP1 (R5, early infection) and KP2 (X4/R5, late infection).
Cells were infected with strains LAI, JR-CSF, NL4-3, and 49.5
at an MOI of 0.01 and with strains KP1 and KP2 at an MOI of
0.001. At several time points postinfection, the percentage of
apoptotic cells was determined by surface staining with fluo-
rescently labeled annexin V, and the percentage of infected
cells was determined by intracellular p24 staining with a fluo-
rescently conjugated antibody directed against HIV-1 p24 an-
tigen (Fig. 6 and 7). The FACS plots from the flow cytometric
analysis of the annexin V and intracellular p24 staining are
shown in Fig. 6. Percentages of infected cells detected in each
culture over time are summarized graphically in Fig. 7. In
addition, the amount of viral production released by each in-
fected culture was determined by p24 ELISA by measuring the
amount of HIV-1 p24 antigen in the culture supernatants.
Results of these assays are shown in Fig. 7, with error bars
representing the standard deviations among triplicate infec-
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tions. Also, the cell viability of each infected culture over time
was monitored using the trypan blue exclusion assay. Results of
these assays are depicted in Fig. 7.

Our data demonstrate that R5-infected costimulated CD4�

T-cell cultures produce more progeny virus than X4-infected
CD4� T-cell cultures. In comparing cultures infected by the
molecular clones LAI (X4) and JR-CSF (R5), we found that a
much larger percentage of cells was infected by LAI than by
JR-CSF at the early time points postinfection (Fig. 6 and 7A).
For example, 29% of CD4� T cells were infected by clone LAI
at day 3 postinfection, but only 8% were infected by clone
JR-CSF (Fig. 6 and 7A). This was likely due to the high ex-
pression level of CXCR4 and low expression level of CCR5 on
these cells (Fig. 3 and 4). At the later time points postinfection,
however, the percentage of apoptotic cells increased in the
LAI-infected cultures, and the number of infected cells de-
creased (Fig. 6 and 7A). By day 7 postinfection, more than half
of the cells in the LAI-infected culture were dead, obscuring

the FACS analysis due to the large amount of background
autofluorescence caused by the dead and dying cells (Fig. 6 and
7A). Despite the small number of JR-CSF-infected cells, high
levels of viral production were detected in these cultures (Fig.
7A). The differential in viral production levels between the
R5-tropic JR-CSF and the X4-tropic LAI clones was partially
due to the fact that the cell viability in the LAI-infected cul-
tures decreased rapidly whereas the cell viability remained
relatively high in the JR-CSF-infected cultures over time (Fig.
7A). Analysis of costimulated CD4� T-cell cultures infected
with the isogenic pair NL4-3 (X4) and 49.5 (R5) provided
further confirmation that R5-infected CD4� T cells produce
more progeny virus than X4-infected CD4� T cells. A smaller
percentage of costimulated CD4� T cells was infected by the
R5-tropic 49.5 at the early time points postinfection compared
to the results seen with its isogenic X4 counterpart, NL4-3
(Fig. 6 and 7B). At day 5, 11.5% of CD4� T cells were infected
by the X4 strain whereas only 4.45% were infected by the R5
strain (Fig. 6 and 7B). Despite the presence of fewer R5-
infected cells, similar levels of viral production were detected
in the R5- and X4-infected cultures (Fig. 7B). Cell death
seemed to play less of a role in the differential viral production

FIG. 1. CD3/CD28 costimulation induces high levels of activation
marker expression in CD4� T cells. CD4� T cells were isolated from
PBMC of three donors and then stimulated with CD3/CD28 antibod-
ies or PHA for 0, 24, 48, or 72 h. At each time point, cells were stained
with fluorescently conjugated monoclonal antibodies directed against
CD4 and the activation markers CD38 and CD69. Samples were ac-
quired with a FACSCalibur system (Becton Dickinson), and the re-
sulting data were analyzed using CellQuest software (Becton Dickin-
son). (A) Representative flow cytometric results from one donor. The
number in the upper-right hand corner of each FACS plot represents
the percentage of CD38� CD69�-coexpressing cells. (B) The percent-
age of CD38� CD69�-coexpressing cells detected in each donor was
averaged and plotted as a line graph, with error bars representing the
variation among donors.
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levels between these two strains, as the viability characteristics
of both infected cultures remained comparable over time (Fig.
7B). Similar results were obtained in comparisons of cultures
infected with the primary R5 isolate KP1 and the primary
dual-tropic isolate KP2. Although KP1 and KP2 were found to
infect similar numbers of cells and induce comparable amounts
of cell death, viral production was considerably higher in cul-
tures infected by the R5-tropic KP1 strain compared to the
results seen with the dual-tropic KP2 strain (Fig. 6 and 7C). In
summary, these data demonstrate that R5 HIV-1 has an in-

creased capacity to replicate in costimulated CD4� T cells
compared to X4 HIV-1.

DISCUSSION

Our data provide evidence that R5 HIV-1 replicates more
efficiently in primary CD4� T cells than X4 HIV-1. Our first
experiments focused on optimizing the in vitro stimulation
conditions of primary CD4� T cells. We found that costimu-
lation with plate-bound anti-CD3 antibodies and soluble anti-

FIG. 2. CD3/CD28 costimulation induces high levels of cellular proliferation and IFN-� expression in CD4� T-cell cultures. Stimulated CD4�

T cells were stained with CFSE and then cultured for 72 h. Cells were then fixed, permeabilized, and stained with fluorescently labeled monoclonal
antibodies directed against CD3, CD4, and IFN-�. Samples were acquired on a FACSCalibur instrument (Becton Dickinson), and the resulting
data were analyzed using FlowJo software (Tree Star, Inc.). The number in the each corner of each FACS plot represents the percentage of cells
in that quadrant.

FIG. 3. CD3/CD28-costimulated CD4� T cells express high levels of CXCR4. CD4� T cells were isolated from PBMC of three donors and then
stimulated with CD3/CD28 antibodies or PHA for 0, 24, 48, or 72 h. At each time point, cells were stained with fluorescently conjugated
monoclonal antibodies directed against CD4 and CXCR4. Samples were acquired on a FACSCalibur instrument (Becton Dickinson), and the
resulting data were analyzed using CellQuest software (Becton Dickinson). Representative results from one donor are shown. The number in the
upper-right hand corner of each FACS plot represents the percentage of cells that express both CD4 and CXCR4.
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CD28 antibodies induced high levels of activation and ren-
dered cells permissible to X4 and R5 HIV-1 infection. This
contradicts earlier reports that stimulation with CD3 and
CD28 antibodies induced an R5-resistant state in CD4� T-cell
cultures (7, 31, 42). Reports from subsequent studies have
indicated that the R5 resistance only occurred when CD4� T
cells were stimulated with CD3 and CD28 antibodies immobi-
lized on magnetic beads. This phenotype was thought to be
mediated by down-regulation of the CCR5 receptor and in-
creased expression levels of �-chemokines (4, 12). Following
costimulation with our protocol, CD4� T cells were found to
express low levels of CCR5 but were still able to replicate R5
virus efficiently. This may be due in part to the high activation
state of the CD4� T cells following CD3/CD28 costimulation.

In addition, costimulated CD4� T cells were found to express
high levels of CXCR4 and to be highly susceptible to infection
by X4 HIV-1.

We present evidence that R5-infected CD4� T cells produce
more progeny virus than X4-infected cells. Direct comparisons
were made between costimulated CD4� T-cell cultures in-
fected with X4 and R5 HIV-1 strains. We first compared cul-
tures infected with two molecular clones of HIV-1, LAI (X4)
and JR-CSF (R5). The R5-tropic JR-CSF clone infected far
fewer cells than the X4-tropic LAI clone and yet produced
greater amounts of progeny virus over time. The striking dif-
ference in the replication capacity characteristics of these two
strains can partly be explained by the variation in virus-induced
cell death in these infected cultures. Cell viability decreased
rapidly in LAI-infected cultures and yet remained relatively
high in JR-CSF-infected cultures during the course of the
experiment. These data demonstrate that X4 replication can
be limited in CD4� T-cell cultures by extensive virus-induced
cell death, whereas viral production remains high in cultures
infected by less-cytopathic viruses. We next compared cultures
infected with the isogenic HIV-1 strains NL4-3 (X4) and 49.5
(R5). Because these viruses differ only in the V3 region of the
envelope gene, differences in viral replication kinetics are
likely mediated by coreceptor usage. We found that a smaller
percentage of costimulated CD4� T cells was infected by the
R5-tropic 49.5 strain than by its isogenic X4 counterpart strain
NL4-3, and yet similar levels of viral production were detected
in both infected cultures. Virus-induced cell death played less
of a role in the differential viral production of these two vi-
ruses, since the viability characteristics of the two infected
cultures remained comparable over time. The final comparison
between the R5-tropic primary isolate KP1 and the dual-tropic
primary isolate KP2 yielded similar results. Although KP1 and
KP2 infected similar percentages of costimulated CD4� T cells
and induced comparable amounts of cell death, viral produc-
tion was considerably higher in KP1-infected cultures. Taken
together, these data provide evidence that R5-infected CD4�

FIG. 4. CD3/CD28-costimulated CD4� T cells express low levels of
CCR5. CD4� T cells were isolated from PBMC of 3 donors and then
stimulated with CD3/CD28 antibodies or PHA for 0, 24, 48, or 72 h. At
each time point, cells were stained with fluorescently conjugated
monoclonal antibodies directed against CD4 and CCR5. Samples were
acquired on a FACSCalibur instrument (Becton Dickinson), and the
resulting data were analyzed using CellQuest software (Becton Dick-
inson). The average of the CCR5 expression levels of all three donors
was plotted as a line graph, with error bars representing the standard
deviations among donors.

FIG. 5. Coreceptor usage of each HIV-1 strain was determined by GHOST cell assays. The GHOST-X4 and GHOST-Hi5 cells were infected
with virus for 48 h prior to measurement of GFP expression by flow cytometry. Samples were acquired on a FACSCalibur instrument (Becton
Dickinson), and the resulting data were analyzed using CellQuest software (Becton Dickinson). The top row of FACS plots represents GHOST-X4
infections, and the bottom row represents GHOST-Hi5 infections. The thin-lined peak in each plot represents the background fluorescence of
uninfected cells, and the bold-lined peak represents the GFP fluorescence detected in cells infected with the indicated HIV-1 strain. The HIV-1
strains LAI and NL4-3 utilize the X4 coreceptor, the strains JR-CSF, 49.5, and KP1 utilize the R5 coreceptor, and the KP2 strain utilizes both the
X4 and R5 coreceptors.
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T cells produce more virus over time than X4-infected CD4�

T cells.
Other groups have also observed a connection between R5

coreceptor usage and increased viral replication. In these stud-
ies, X4 and R5 isogenic strains were used to infect human
lymphoid tissue cultures (17, 20; A. M. Roy, D. A. Eckstein,
and M. A. Goldsmith, Abstr. 2002 Keystone Symposia: HIV
Pathogenesis, abstr. 329, 2002). These cultures contain various
cell types in addition to CD4� T cells and require no exoge-
nous stimulation to confer susceptibility to HIV-1 infection.
Infection with R5 and X4 HIV-1 isogenic strains resulted in
similar amounts of viral production in the lymphoid cultures
despite the presence of fewer R5-infected cells (17, 20; Roy et
al., 2002 Keystone Symposia). The results of these studies
support the conclusion that R5 HIV-1 has a higher replication
capacity than X4 HIV-1.

We propose that the increased replication capacity of R5
strains may contribute to the R5 dominance of early HIV-1
infection. R5 viruses have the selective advantage of targeting
the more activated CD4� T cells that express higher levels of
transcription factors, such as NF	B, which have been linked to
increased HIV LTR promoter activity (36). This may lead to
higher viral production levels and preferential spread of R5
viruses in vivo. In addition, X4 viral strains are often associated
with increased cytopathicity, which may lead to differential life
spans of X4- and R5-infected CD4� T cells. As a result, R5-

infected CD4� T cells may live longer and release more virus
over time than X4-infected CD4� T cells.

It has been suggested that R5-infected CD4� T cells may be
less susceptible to immune-mediated killing than X4-infected
CD4� T cells. Experiments performed in the macaque model
have shown that both X4 and R5 SHIV replication can be
detected early after coinfection; however, R5 dominance de-
velops within weeks of the initial infection (22). Interestingly,
experimental depletion of CD8� T cells in these animals re-
sults in reemergence of X4 replication, suggesting that the
CD8-mediated immune response is more effective at eliminat-
ing X4-infected cells (22). This may partially be due to com-
partmentalization of X4- and R5-infected cells. X4 viruses are
more likely to infect circulating CD4� T cells, which may be
more accessible to CD8� T-cell surveillance than R5-infected
activated CD4� T cells and macrophages that are located deep
within tissues. The idea that X4-infected cells are more sus-
ceptible to immune-mediated elimination suggests that the
emergence of X4 strains in the later stages of disease may be
the result of immune exhaustion.

In summary, we present evidence that R5 HIV-1 strains
replicate more efficiently in CD3/CD28-costimulated CD4� T
cells than X4 HIV-1 strains. We found that noncytopathic R5
HIV-1 has a greater capacity to replicate in CD4� T cells than
cytopathic X4 strains. In addition, we further analyzed the
impact of coreceptor usage on viral production by comparing

FIG. 6. The percentage of costimulated CD4� T cells infected by each viral strain was determined by intracellular p24 staining. CD3/CD28-
costimulated CD4� cells were infected with LAI, JR-CSF, NL4-3, and 49.5 at an MOI of 0.01 and with KP1 and KP2 at an MOI of 0.001. Apoptotic
cells were detected by surface staining with fluorescently conjugated annexin V, and infected cells were detected by intracellular staining for HIV-1
p24 antigen. Samples were acquired on a FACSCalibur instrument (Becton Dickinson), and the resulting data were analyzed using FlowJo software
(Tree Star, Inc.). Results from days 3, 5, and 7 postinfection are shown. The number in each corner of each FACS plot represents the percentage
of cells in that quadrant.
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X4 and R5 viruses that share greater homology and induce
similar cytopathic effects. These experiments have provided
evidence that R5-infected CD4� T cells produce more virus
over time than X4-infected CD4� T cells. We suggest that this
replication advantage may contribute to the preferential
spread of R5 viruses during the early stages of HIV-1 infection.
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