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ABSTRACT This study demonstrates that several CC-
chemokines, including those that inhibit entry and replication
of macrophage-tropic strains of HIV, increase the replication
of T cell (T)-tropic strains in CD41 T cells. Enhancement of
T-tropic HIV replication is observed at early stages of repli-
cation, requires signaling through inhibitory guanine nucle-
otide-binding regulatory (Gi) proteins, and is associated with
increased cell surface colocalization of CD4 and the T-tropic
HIV coreceptor CXCR4. These findings may further our
understanding of the factors that inf luence the replication and
spread of T-tropic strains of HIV in vivo and suggest that the
use of cell signaling CC-chemokines as therapeutic agents for
the purpose of limiting HIV replication in vivo should be
approached with caution.

The identification of certain chemokine receptors as strain-
specific HIV-1 coreceptors has greatly increased our under-
standing of the determinants of susceptibility to infection.
Macrophage (M)-tropic strains, which are the dominant viral
species replicating in vivo at the time of seroconversion and
during the asymptomatic stage of disease (1–3), primarily use
the CC-chemokine receptor CCR5 as an entry cofactor (4–8).
In '40–50% of HIV-infected individuals, T cell (T)-tropic
strains emerge and replace M-tropic strains as the major viral
population; this transition is generally associated with rapid
CD41 T cell decline and disease progression (1–3, 9). T-tropic
HIV strains are characterized by the usage of the CXC-
chemokine receptor CXCR4 as their major entry cofactor. In
addition, numerous primary M-tropic and T-tropic HIV iso-
lates also can use, albeit less efficiently, additional chemokine
receptors as entry coreceptors (11–13). The factors that in-
f luence the emergenceyreplication of T-tropic HIV strains in
vivo in certain HIV-infected individuals are not well under-
stood.

The inhibitory effects of the natural CCR5 ligands macro-
phage inflammatory protein (MIP)-1a, MIP-1b and regulated
upon activation, normal T cell expressed and secreted
(RANTES) on the entry of M-tropic strains of HIV into CD41

T cells in vitro are well established (4–8, 10) and have led to
the consideration of these CC-chemokines as potential ther-
apeutic agents for limiting HIV replication in vivo (14, 15).
However, the possibility that CC-chemokines may exert indi-
rect selective pressure in vivo in favor of the replication of
T-tropic strains, which do not require CCR5 for entry, has
been a source of considerable concern. The present study
demonstrates that several CC-chemokines can directly en-
hance the replication efficiency of T-tropic HIV strains and

primary isolates in CD41 T cells, an effect that is evident only
at low inocula of virus. RANTES-mediated enhancement of
T-tropic HIV replication can be detected at early stages of the
HIV replication cycle, is dependent on signaling through Gi
proteins, and is associated with increased colocalization of
CD4 and CXCR4 on primary CD41 T cells. These findings
may provide insight regarding the factors that favor the
replication and spread of T-tropic strains of HIV in vivo and
suggest that the therapeutic use of signal-inducing CC-
chemokines in HIV disease should be approached with cau-
tion.

MATERIALS AND METHODS

Tissue Culture. Informed consent in the context of a
National Institute of Allergy and Infectious Diseases Institu-
tional Review Board approved protocol was obtained before
subjecting HIV-infected and uninfected donors to apheresis.
Peripheral blood mononuclear cells (PBMC) were obtained by
FicollyHypaque density gradient centrifugation, and CD8-
depleted PBMC were obtained by using immunomagnetic
beads (Dynal, Great Neck, NY). CD41 T cells were obtained
after 3-days stimulation of CD8-depleted PBMC with anti-
CD3 mouse ascites plus IL-2 (10 unitsyml; Boehringer Mann-
heim) by negative selection (depletion of CD14, CD19, and
CD16y56 positive cells). Anti-CD3 plus IL-2-stimulated CD8-
depleted PBMC or CD41 T cells from HIV-infected donors
were cultured at 106 cellsyml in 48-well plates in media (RPMI
medium 1640 supplemented with Hepes buffer, glutamine, and
antibiotics plus 10% fetal bovine serum) plus IL-2 in the
absence or presence of a mixture of rhMIP-1a, rhMIP-1b, and
rhRANTES (100 ngyml each) (R & D Systems). To determine
viral phenotype of isolates obtained from cells of HIV-infected
subjects, supernatants harvested at time points of peak viral
production were filtered and used to infect MT-2 (16) and
U87-hCD4-h chemokine receptor (CR) cells (kind gift of D.
Littman, New York University Medical Center, New York) by
standard techniques. Anti-CD3 plus IL-2-stimulated CD41 T
cells or CD8-depleted PBMC from uninfected donors were
plated in replicates of five in 96-well plates at 5 3 104 cellsywell
in the absence or presence of various CC-chemokines (100
ngyml) and infected with dilutions of different HIV-1 strains.
The phenotype and chemokine receptor usage (determined by
using U87hCD4hCR) of HIV strains used are as follows:
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Purified HIV-1 strains (Advanced Biotechnologies, Columbia,
MD) BaL (M-tropic, CCR5), MN (T-tropic, CXCR4), and
IIIB (T cell line-adapted [TCLA], CXCR4); JR-fl and JR-csf
(M-tropic, CCR5) (National Institute of Allergy and Infectious
Disease AIDS Repository, Bethesda, MD), primary T-tropic
HIV-1 isolates SG and #3 (isolated from PBMC of symptom-
atic HIV-infected subjects; CXCR4, weak CCR5) or molecular
HIV-1 clones NL4.3 (TCLA, CXCR4; kind gift from M.
Martin, LMM, NIAID), and ELI-1 (T-tropic, CXCR4, weak
CCR3; kind gift from Keith Peden, Food and Drug Admin-
istration). Supernatants of cell cultures from both HIV-
infected and uninfected donors were harvested every 3 days for
later analysis of HIV production by reverse transcriptase (RT)
assay by using standard [32P]dTTP incorporation techniques
(17). Cultures were refed with media plus IL-2 without or with
CC-chemokines, and cells from cultures of both HIV-infected
and uninfected subjects were removed once a week for analysis
of proliferative capacity ([3H]thymidine uptake) and coexpres-
sion of cell surface markers CD3 and CD4 and either the
activation markers CD25, CD69, and HLA-Dr (Beckton Dick-
inson) or the T-tropic coreceptor, CXCR4 (analyzed by using
the 12G5 mAb) by fluorescence-activated cell sorter.

Single Round HIV Replication by Using env(-) HIV NL4.3
Pseudotyped with Various HIV Envelopes. Anti-CD3 plus
IL-2-stimulated CD41 T cells (105 cellsywell) from HIV-
uninfected donors were incubated for 30 min (37°C) with
media, which contained either mouse isotype control mAb,
RANTES (100 ngyml) that had been preincubated (30 min,
4°C) with control mAb, or RANTES that had been preincu-
bated with neutralizing anti-RANTES mAb (R & D Systems).
Cells were then infected with single round replication compe-
tent virus containing an HIV-1 NL4.3-luciferase genome
(pNL4.3 Env(2)Luc(1); NIAID AIDS repository)
pseudotyped with envelope from either the T-tropic SF33
(pTEJ8-SD-envSF33; a generous gift from Louise Poulin,
Quebec, Canada) or M-tropic JR-fl (NIAID AIDS repository)
strains. Three days later cells were lysed and 20 ml of extract
was assayed for luciferase activity with commercially available
reagents (Promega) by using a Dynax MLX luminometer
(Chantilly, VA).

Determination of Levels of Early HIV Transcripts. Anti-
CD3 plus IL-2-stimulated CD41 T cells from HIV seronega-
tive donors were washed twice; 5 3 105 cells were untreated or
preincubated with pertussis toxin (300 ngytest) (Calbiochem)
for 30 min followed by treatment with RANTES (100 ngyml),
aminooxypentane (AOP)-RANTES (100 ngyml) or no che-
mokine. Thirty minutes later cells were infected with RNase-
free DNase-treated M-tropic (BaL) strain, a primary T-tropic
HIV-1 isolate (SG) or the T-tropic strain MN. Four to six hours
after infection cells were washed twice with PBS, and cell
pellets were frozen. Control cells were exposed to HIV at 4°C
for 10 min before making lysates. Cell lysates were analyzed for
early HIV RT products by PCR using the long terminal repeat
(LTR) primers M667 and AA55 for 30 cycles by using standard
methods (18). Semi-quantitative HIV entry results were con-
firmed by analysis of the late RT product, gag, by using SK38
and SK39 primers. Products were detected by liquid hybrid-
ization with the end-labeled-specific LTR probe CG24 or the
gag-specific SK19 probe and quantified by using ACH-2 cells
that contain a single proviral copy as standards. b2-
microglobulin primers were used to standardize samples for
cell numbers.

Determination of CD4 and CXCR4 Colocalization by Con-
focal Microscopy. CD41 T cells (in PBS plus 5% deionized
BSA, pH 7.4) were allowed to adhere to glass slides precoated
with purified tenascin protein (30 mgyml) 8-h overnight at 37°C
in a humidified atmosphere. Cells were either left untreated or
were treated with RANTES (100 ngyml) for 30 min. Cells were
then stained with fluorescein isothiocyanate-conjugated anti-
CD4 mAb (Becton Dickinson) and phycoerythrin-conjugated

anti-CXCR4 (clone 12G5) mAb (PharMingen) or fluorescein
isothiocyanate and phycoerythrin-conjugated isotypic MIgG
controls (Becton Dickinson) at 1 mgytest for 30 min at 4°C.
Slides were washed twice in PBS plus 5% BSA, fixed with 2%
paraformaldehyde for 1 h, washed, and mounted. Laser scan-
ning confocal f luorescence microscopy was performed using a
Zeiss LSM 410 microscopic systems built around a Zeiss 135
Axiovert inverted scope. Image processing was done by using
the Zeiss LSM 410 (v.3.8) software.

RESULTS

CC-Chemokines Enhance the ReplicationyEmergence of
Endogenous T-Tropic HIV Strains in CD41 T Cells from
HIV-Infected Subjects. As previously reported (19), HIV
replication in cells from the majority of healthy asymptomatic
HIV-infected individuals harboring M-tropic strains of HIV
was dramatically suppressed in cultures containing CC-
chemokines (Fig. 1A). However, HIV replication in cultures of
CD41 T cells from the majority of individuals with more
advanced disease, from whom T-tropic strains were isolated,
was enhanced by the presence of CC-chemokines (Fig. 1B).
Furthermore, in cultures of CD41 T cells from certain subjects,
T-tropic strains of HIV were isolated only if exogenous
CC-chemokines were added (Fig. 1C).

Effect of CC-Chemokines on the Replication of T-Tropic
HIV-1 in CD8-Depleted PBMC from HIV Seronegative Do-
nors Acutely Infected in Vitro. To delineate the parameters
necessary to mediate increased replication of T-tropic HIV,
RANTES, a CCR5 ligand, and monocyte chemotactic protein
(MCP)-1, a CC-chemokine that does not bind CCR5 (20), were
compared for their effects on the replication of M-tropic and
T-tropic HIV in CD41 T cells or in CD8-depleted PBMC from
HIV-uninfected subjects. As expected, replication of the pu-
rified M-tropic JR-fl strain of HIV was inhibited by RANTES
but not by MCP-1; no enhancement of virus replication was
observed regardless of the concentration of the virus inoculum
(Fig 2A). In this regard, MCP-1 failed to significantly (#2-fold
changed compared with untreated culture) alter the replica-
tion of the M-tropic HIV-1 strains JR-csf and BaL in CD8-
depleted PBMC or CD41 T cells from four HIV uninfected
donors (data not shown). In contrast, the concentration of the
primary T-tropic HIV isolate SG that was required to initiate
productive infection of CD41 T cells was decreased tenfold by
the addition of either RANTES or MCP-1 (Fig. 2B). Of note,
this enhancement of virus replication by RANTES and MCP-1
was observed only at suboptimal concentrations of virus;
replication of T-tropic HIV strains was not increased by either
CC-chemokine in cultures infected with high concentrations of
virus (Fig. 2B). In addition to RANTES and MCP-1, MIP-1a
and MIP-1b also were found to increase the replication
efficiency of T-tropic HIV in CD8-depleted PBMC from
certain HIV-uninfected donors. T-tropic (MN) HIV replica-
tion was enhanced by one or more individual CC-chemokines
in cells from most donors tested (9 of 11); however, there was
considerable donor-to-donor variability with regard to which
CC-chemokine(s) mediated this effect (Fig. 2C). The most
consistent enhancing effect on T-tropic HIV replication was
observed with RANTES and MIP-1b. The CXC-chemokine
IL-8 had no significant effect on the replication of either
M-tropic or T-tropic strains of HIV-1 (Fig. 2C).

To determine whether CC-chemokine-mediated enhance-
ment of virus replication was common to T-tropic HIV-1
strains, the effect of RANTES on the replication of a panel of
M-tropic and T-tropic HIV strains in CD8-depleted PBMC
from HIV-uninfected donors was determined. The replication
of all M-tropic HIV strains tested was dramatically suppressed
by RANTES, whereas the replication of all T-tropic strains
thus far tested was enhanced to variable degrees (Fig. 3A). The
dichotomous strain-specific effects of RANTES on HIV rep-
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lication also was demonstrated by using single round replica-
tion competent HIV-1-env pseudotyped virus in which early
replication events (nef production) are detected by a luciferase
reporter. Both the enhancing effect on T-tropic (SF33env) and
the inhibitory effect on M-tropic (JR-flenv) HIV ‘‘replication’’
in CD41 T cells was neutralized by anti-RANTES mAb but not
by control mIgG1 isotype control mAb (Fig. 3B).

CC-chemokines, particularly RANTES, have been demon-
strated to increase cellular activation and proliferation (21,
22), and it is well known that productive HIV infection of
CD41 T cells requires cellular activation (18, 23). However,
CC-chemokine-mediated enhancement of T-tropic HIV rep-
lication in anti-CD3 plus IL-2-stimulated CD41 T cells did not
correlate with significant increases in cellular proliferation

([3H]thymidine uptake) or with an increase in expression of
cell surface activation markers (CD25, CD69, and HLA-DR;
data not shown).

Effect of RANTES and its Antagonist AOP RANTES on
Early Events (Early LTR Transcript Levels) of T-Tropic
HIV-1 Replication in CD41 T Cells: Dependence on Gi Protein
Signal Transduction. To delineate the mechanism(s) whereby
CC-chemokines enhance T-tropic HIV replication, the effect
of RANTES on the levels of early HIV RT transcripts in
primary CD41 T cells was determined by semi-quantitative
PCR analysis by using LTR primers. A significant increase in
the levels of T-tropic HIV LTR transcripts was observed in
cells that were treated with RANTES before exposure to low

FIG. 1. CC-chemokines suppress the replication of M-tropic, but
enhance the emergenceyreplication of T-tropic, HIV quasispecies in
CD41 T cells from HIV-infected individuals. CD41 T cells from
HIV-infected subjects were maintained in the absence (closed sym-
bols) or presence of a mixture of MIP-1a, MIP-1b, and RANTES
(open symbols) (100 ng/ml each). Culture supernatants from peak RT
time points were used to infect the MT-2 T cell line to determine the
presence or absence of T-tropic HIV strains. CD41 T cells were
obtained from (A) an asymptomatic individual with 585 CD41 T
cellsyml; bDNA ,500 copies HIV RNAyml (data are representative
of experiments performed with CD41 T cells obtained from 15
different asymptomatic HIV-infected subjects); (B) a symptomatic
subject with 197 CD41 T cellsyml; bDNA 99,000 copies HIV RNA/ml
(data are representative of experiments performed with CD41 T cells
obtained from six different HIV-infected subjects harboring T-tropic
strains of HIV-1); and (C) an asymptomatic subject with 660 CD41
T cells/ml; bDNA 30,000 copies HIV RNAyml (data are representative
of experiments performed with CD41 T cells obtained from two
different HIV-infected subjects).

FIG. 2. Dichotomous effect of CC-chemokines on the replication
of M-tropic vs. T-tropic HIV-1 strains in CD8-depleted PBMC from
HIV seronegative donors infected in vitro. CD8-depleted PBMC from
an HIV-uninfected donor were infected with various dilutions of
either (A) an M-tropic HIV strain, JR-fl, or (B) a T-tropic primary
isolate, SG, without (■) or with the addition of either RANTES (;)
or MCP-1 (o) (100 ngyml). Data are representative of three indepen-
dent experiments. (C) One or more CC-chemokines (100 ngyml)
enhance the replication of a T-tropic HIV-1 strain (MN) in CD8-
depleted PBMC or CD41 T cells from nine different HIV seronegative
donors (A–I). The CXC chemokine IL-8 was tested in CD8-depleted
PBMC cultures from four different HIV seronegative donors. Data
are represented as fold increase in peak viral replication (RT activity)
in chemokine treated as compared with untreated cultures.
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inoculum of virus. This effect was inhibited by prior exposure
of cells to pertussis toxin, an inhibitor of Gi protein signal
transduction, a major signaling pathway of CC-chemokine
receptors (20) (Fig. 4A), as well as by preincubation of
RANTES with neutralizing anti-RANTES mAb (data not
shown). In contrast, and as previously reported (24, 25), the
inhibitory effect of RANTES on the entry of the M-tropic BaL
strain was not abrogated by pertussis toxin treatment (Fig. 4B).
Parallel cultures were incubated for an additional 14 h, and the
late RT product gag was quantitated with similar results (data
not shown). Similar experiments were conducted by using the
RANTES “antagonist,” AOP-RANTES. This RANTES an-
tagonist is particularly attractive as a candidate therapeutic
agent for HIV disease as it inhibits M-tropic HIV replication
in macrophages as well as in CD41 T cells without inducing
biological activity such as chemotaxis, even at micromolar
concentrations (26). AOP-RANTES did not enhance the
levels of T-tropic, yet it dramatically reduced the levels of the
M-tropic, early HIV LTR transcripts (data not shown).

CC-Chemokine-Mediated Enhancement of T-Tropic HIV-1
Replication Is Associated with Increased Cellular Colocaliza-
tion of CD4 and CXCR4 but Not with Increases in the Levels
of CXCR4 Surface Expression. The ability of RANTES to
up-regulate early events (early LTR transcripts) in the repli-
cation of T-tropic HIV suggested that RANTES may alter the

expression of the primary T-tropic HIV coreceptor, CXCR4,
on CD41 T cells. However, no increase in the cell surface
expression of the T-tropic HIV coreceptor CXCR4 was ob-
served by fluorescence-activated cell sorter analysis upon
treatment of cells from HIV seronegative donors with MIP-1b
or RANTES (tested at 6 h, day 1, 3, 5, and 7 post-treatment;
data not shown).

Although some HIV-2 isolates have been reported to use
CXCR4 in the absence of CD4 (27), HIV-1 strains appear to
require both chemokine receptor and CD4 molecules for
efficient entry into CD41 T cells. The possibility that
RANTES increases the association of CD4 and CXCR4, thus
elevating the level of efficiency of entry of T-tropic HIV-1, was
investigated by using confocal microscopy. Pretreatment of
CD41 T cells with RANTES was found to enhance the
colocalization of CD4 and CXCR4 (visualized as gold) as
determined by pixel quantitation software (Zeiss SM410 v.3.8)
(Fig. 5).

DISCUSSION

The present study demonstrates that certain CC-chemokines,
including those that inhibit entry of M-tropic HIV, enhance
the replication of T-tropic HIV in CD41 T cells in vitro. This
effect is observed only at suboptimal concentrations of virus
and can be detected at very early stages of viral replication.
Enhancement of T-tropic replication by RANTES is depen-
dent on Gi protein-coupled signal transduction and is associ-
ated with increased colocalization of CD4 and CXCR4 on
CD41 T cells.

Although CC-chemokines have been reported to exert a
variety of effects on M-tropic HIV replication in macrophages
(28, 29), including enhancement (29, 30), initial studies inves-
tigating the inhibitory effects of CC-chemokines on the rep-
lication of M-tropic strains of HIV-1 in T cells observed no
discernible effects on the replication of T-tropic primary
isolates or laboratory adapted strains in these cells (4–8, 31,
32). In the present study, CC-chemokine-mediated enhancing
effects on T-tropic HIV replication in in vitro-infected CD41

T cells were clearly viral dose-dependent and were observed
only at suboptimal concentrations of virus. A possible expla-

FIG. 3. (A) RANTES (100 ngyml) inhibits the replication of
M-tropic (JR-fl, JR-csf, or BaL) but enhances the replication of
different T-tropic strains (MN, NL4.3, IIIB, and ELI-1) or primary
isolates (#3, SG) of HIV-1 in CD8-depleted PBMC from four
HIV-uninfected donors. Data are represented as mean fold change in
HIV replication of RANTES treated cells as compared with untreated
controls. (B) Dichotomous effect of RANTES on single round rep-
lication competent HIV pseudotyped with T-tropic or M-tropic HIV
envelopes. Neutralizing anti-RANTES mAb abrogates both the en-
hancing and the inhibitory effect of RANTES on the replication of
T-tropic (SF33) and M-tropic (JR-fl) envelope complemented HIV-
luc(1) virus, respectively, in CD41 T cells from two HIV seronegative
donors. Data are represented as relative light units (R.L.U.).

FIG. 4. RANTES enhances the entry of a primary T-tropic HIV
isolate in CD41 T cells, and this effect is dependent on Gi protein
signal transduction. CD41 T cells were preincubated with pertussis
toxin (300 ngyml), exposed to RANTES (100 ngyml), and then
infected with a primary T-tropic HIV isolate SG (A), or the M-tropic
strain BaL (B). Cells were washed and pelleted after 6 h, and levels of
early HIV transcripts were determined by PCR using LTR primers.
Data are representative of eight independent experiments.
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nation for this observation is that HIV envelope gp120 itself
can induce CD4-CXCR4 colocalization (34–36) and that
chemokine-mediated alterations in the colocalization of viral
receptors significantly impact HIV replication only at concen-
trations of virus below a certain threshold. However, Dolei et
al. (33) reported recently that MIP-1a, MIP-1b and RANTES
increase T-tropic HIV bindingyentry and replication in PHA-
stimulated PBMC and the C8166 T cell line irrespective of the
multiplicity of infection. Furthermore, in contrast to the
observations of the present study, Dolei et al. reported that the
CC-chemokine-mediated enhancement of T-tropic HIV rep-
lication was due to elevation in the levels of CXCR4 transcripts
(cell surface CXCR4 levels were not analyzed) and subsequent
increases in virion-cell surface binding, an effect that was
dependent on protein tyrosine kinase signal transduction. The
basis for the discrepancies between the findings of this previ-
ous study and the present study regarding the mechanisms of
CC-chemokine-mediated enhancement of T-tropic HIV rep-
lication is unclear but may be due to differences in in vitro
culture methods.

The ability of certain CC-chemokines to exert a dichoto-
mous effect on the replication of T-tropic vs. M-tropic HIV
strains in in vitro-infected CD41 T cells or CD8-depleted
PBMC from HIV-uninfected donors was a consistent obser-
vation. Replication of all four M-tropic HIV strains tested
[JR-fl, JR-csf, BaL, and ADA (ADA; data not shown)] was
inhibited .90% by the addition of RANTES, whereas repli-
cation of all T or dual-tropic strains (MN, IIIB, ELI-1, NL4–3,
and the pseudotyped SF33 envyNL4–3 HIV-1 virus and 89.6
(89.6, data not shown), or primary T-tropic isolates (SG and
no. 3) tested was enhanced to variable degrees by one or more
individual CC-chemokines. The variability observed among
CC-chemokines in their ability to enhance T-tropic HIV
replication may be due, in part, to differences in the levels of
endogenous CC-chemokines (andyor other HIV-modulating
cytokines) and or to differences in the level of chemokine
receptor expression among cells from different donors.

The stimulatory effect of CC-chemokines on the replication
of T-tropic HIV strains does not appear to be due to an
increase in the overall susceptibility of cells to productive HIV
infection independent of cellular tropism. In this regard, cell
surface markers of T cell activation and levels of cellular
proliferation were not significantly altered upon treatment

with CC-chemokines. In addition, MCP-1, which does not bind
CCR5 (20) and thus does not block M-tropic HIV infection,
failed to enhance the replication of the M-tropic strains JR-fl
(Fig. 2 A), JR-csf, and BaL (data not shown) in cells from four
different donors tested, regardless of the viral concentration
used.

The observation that treatment of CD41 T cells with
RANTES increases the association of CXCR4 and CD4,
resulting in a more efficient complex for T-tropic viral entry,
offers a potential mechanism whereby T-tropic replication is
enhanced in the presence of this chemokine. Although CD4-
CXCR4 colocalization has been demonstrated to occur upon
treatment of cells with HIV gp120 (34–36), which binds both
receptors, association of these two molecules by chemokines
has not been demonstrated previously. It has, however, been
demonstrated that stimulation of T cells with several cytokines
or chemokines induces the polarization and colocalization of
certain chemokine receptors, an effect that is sensitive to
inhibition by pertussis toxin and dependent on the extracellular
matrix environment (37). Similarly, the enhancing effect of
RANTES on early events (entryyearly RT transcripts) of
T-tropic HIV replication is dependent on Gi protein-mediated
signal transduction as determined by the loss of effect in the
presence of pertussis toxin (21). In addition, preliminary
studies suggest that pretreatment of cells with pertussis toxin
disrupts the pattern of CD4-CXCR4 colocalization induced by
RANTES (data not shown). The observation that AOP-
RANTES does not enhance T-tropic HIV entry is noteworthy
in that this chemokine antagonist binds CCR5 and can stim-
ulate calcium flux (38) but does not induce chemotaxis (26,
38). Of interest, both chemotaxis and, more recently, gp120-
mediated colocalization of CD4 and CXCR4 (36) have been
demonstrated to be dependent on components of the cytoskel-
etal network. We currently are investigating the effects of
several chemokines on the colocalization of CD4 and other
chemokine receptors. The ability of MCP-1, which is the
primary ligand of CCR2 and lacks CCR5-binding activity, to
enhance T-tropic HIV-1 replication suggests that signaling
through several chemokine receptors may influence the asso-
ciation of CD4 and CXCR4. It is possible that, under appro-
priate conditions, certain chemokines can influence associa-
tion between CD4 and various other chemokine receptors,

A B C D

E F G H

FIG. 5. RANTES increases the colocalization of CD4 and CXCR4 on primary CD41 T cells. Negatively selected CD41 T cells immobilized
on tenascin-coated slides were untreated (A–D) or treated with RANTES (E–H) for 30 min before staining. Cells were stained with
anti-CD4-fluorescein isothiocyanate mAb (A and E, visualized as green) and anti-CXCR4 12G5-phycoerythrin mAb (B and F, visualized as red).
Colocalization of CD4 and CXCR4 is illustrated in C and G (visualized as yellowygold). Quantitation of pixel colocalization is represented in D
and H; areas of strong colocalization are depleted in red on the pixelgram. Data are representative of three independent experiments.
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such as CCR5, and thus enhance M-tropic HIV entryy
replication.

The physiologic relevance of chemokine-mediated enhance-
ment of T-tropic HIV infection efficiency is supported by our
observation that CC-chemokines enhanced the emergence or
replication of T-tropic strains of HIV in CD41 T cells from
HIV-infected individuals in vitro. The observation that T-
tropic HIV replication was detectable in CC-chemokine-
treated, but not untreated, CD41 T cells from certain asymp-
tomatic HIV-infected subjects is of particular interest. These
observations suggest that in HIV-infected individuals in whom
T-tropic variants are present at very low frequencies, CC-
chemokines could result in a significant increase in the rep-
resentation of T-tropic strains within the viral population.

These findings may have considerable pathophysiologic
relevance related to the fact that HIV exists in vivo as a pool
of quasi-species (39–41), the composition of which changes
over the course of HIV-1 disease. After seroconversion and
during the asymptomatic stage of disease, the majority of
HIV-infected individuals harbor a viral pool composed virtu-
ally exclusively of M-tropic HIV-1 variants; however, in '40–
50% of HIV-infected individuals, T-tropic strains emerge (1–3,
9), and generally remain, at various frequencies, as compo-
nents of the replicating viral pool in vivo (40, 41). This shift
from exclusively M-tropic to T-tropic (6 M-tropic) viral
replication in vivo is associated with a rapid decline in CD41

T cells and disease progression (1–3, 9). CC-chemokines may
influence the rate or the magnitude of this shift by simulta-
neously blocking the replication of M-tropic viruses and
enhancing the replication of preexisting T-tropic viruses, thus
leading to the emergence of the latter as the predominant
species. This possibility must be addressed in any therapeutic
strategy that includes the use or manipulation of these proteins
for the treatment of HIV-infected individuals (14, 15).
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