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The chemokine receptors CCR5 and CXCR4 were found to function in vivo as the principal coreceptors for
M-tropic and T-tropic human immunodeficiency virus (HIV) strains, respectively. Since many primary cells
express multiple chemokine receptors, it was important to determine if the efficiency of virus-cell fusion is
influenced not only by the presence of the appropriate coreceptor (CXCR4 or CCR5) but also by the levels of
other coreceptors expressed by the same target cells. We found that in cells with low to medium surface CD4
density, coexpression of CCR5 and CXCR4 resulted in a significant reduction in the fusion with CXCR4
domain (X4) envelope-expressing cells and in their susceptibility to infection with X4 viruses. The inhibition
could be reversed either by increasing the density of surface CD4 or by antibodies against the N terminus and
second extracellular domains of CCR5. In addition, treatment of macrophages with a combination of anti-
CCR5 antibodies or b-chemokines increased their fusion with X4 envelope-expressing cells. Conversely,
overexpression of CXCR4 compared with CCR5 inhibited CCR5-dependent HIV-dependent fusion in
3T3.CD4.401 cells. Thus, coreceptor competition for association with CD4 may occur in vivo and is likely to
have important implications for the course of HIV type 1 infection, as well as for the outcome of coreceptor-
targeted therapies.

Most of the cells that were found to be targets for human
immunodeficiency virus (HIV) infection in vivo (i.e., T cells,
macrophages, and dendritic cells) express both CD4 and mul-
tiple chemokine receptors. Among the chemokine receptors
that were shown in recent years to function as coreceptors for
HIV type 1 (HIV-1) viral entry in vitro, CCR5 and CXCR4
emerged as the predominant coreceptors for primary isolates
in vivo. The potential of a given chemokine receptor to func-
tion as an HIV-1 coreceptor may depend on multiple pa-
rameters such as its surface density (29), posttranslational
modifications (11), and interactions with other membrane
components such as CD4 and other chemokine receptors. Pre-
viously, we demonstrated that exposure of human cell lines to
soluble T-tropic HIV-1 envelope at 37°C can induce the for-
mation of a trimolecular complex between CD4, gp120, and
the chemokine receptor CXCR4 that was evidenced by their
coimmunoprecipitation with CD4 (22). In the promonocytic
cell line U937, a low-level coprecipitation of CD4 and CXCR4
was seen prior to treatment with gp120, suggesting that some
constitutive association between CD4 and chemokine recep-
tors may exist in certain cells. Recently, in a study on human
monocytes and macrophages, we found preexisting CD4-
CCR5 and CD4-CXCR4 complexes in the absence of prior

exposure to HIV-1 or soluble gp120 (sgp120), which correlated
with the fusion potential of the cells with X4 and R5 (CXCR4-
and CCR5-dependent HIV) envelope-expressing cells (22). In
a separate study, using either murine 3T3.CD41 cells infected
with a recombinant vaccinia-CCR5 virus (vCCR5) or primary
human monocytes and macrophages, coprecipitation of CD4
with CCR5 was demonstrated in the absence of exposure to
viral envelope (36). Together, these findings suggested that in
certain cells with low CD4 densities, the relative levels of
CCR5 and CXCR4 expression and their ability to associate
with CD4 may influence the susceptibility of the cells to infec-
tion with X4 and R5 viruses, as was previously speculated (5).
In the present study, we provide evidence that CCR5 and
CXCR4, when expressed in the same cell, interfere with each
other’s function during HIV-1 envelope-mediated cell fusion
and viral cell entry. This interference is likely manifested
through competition for association with limiting CD4 mole-
cules and can be reversed by various coreceptor-specific anti-
bodies and b-chemokines.

MATERIALS AND METHODS

Recombinant vaccinia viruses and fusion assay. Constructions of the recom-
binant vaccinia viruses vCB3 (human CD4 [huCD4]) (6), vCBFY1 (huCXCR4)
(12), vHC-1 (huCCR5) (36), vCB28 (JR-FL envelope) (4), and vCB43 (Ba-L
envelope) (4) were previously described. Syncytium formation was measured
after 2.5 to 4 h (for T-tropic envelopes) and 5 to 18 h (for M-tropic envelopes)
coculture (1:1 ratio, 105 cells each, in triplicates) of target cells with CD4 12E1
cells infected with recombinant vaccinia viruses expressing HIV-1 M-tropic en-
velopes (JR-FL [vCB28] and Ba-L [vCB43] at 10 PFU/cell) or with the human
lymphoid cell line TF228.1.16, which stably expresses HIV-1 IIIB/BH10 (T-
tropic) envelope (a gift from Z. L. Jonak, SmithKline Beechham Pharmaceuti-
cals) (19). Where indicated, preimmune rabbit immunoglobulin G (IgG), rabbit
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anti-CXCR4, anti-CCR5, and anti-STRL33 (all produced in our laboratory) (22,
38) or monoclonal antibodies (MAbs) against CCR5 and CXCR4 (NIH AIDS
Reagent Repository, R&D Systems, Minneapolis, Minn., or PharMingen, San
Diego, Calif.) were added to the target cells for 1 h at 37°C at 10 mg/ml before
the addition of envelope-expressing effector cells.

Flow cytometry. The following antibodies were used: fluorescein isothiocya-
nate (FITC)-labeled mouse anti-huCD4 MAb (Leu3a; Becton Dickinson, San
Jose, Calif.), MAb against CXCR4 (12G5) or CCR5 (2D7) (PharMingen), or
murine isotype controls followed by FITC-conjugated goat anti-mouse IgG (Fc
specific; Sigma). Gating on live cells was assisted by using propidium iodide at 5
mg/ml. Ten thousand events were collected per sample and analyzed by fluores-
cence-activated cell sorting (FACS) using the FL-1 (FITC channel) on a
FACScan (Becton Dickinson) with CellQuest software. Delta mean fluorescence
channels (DMFC) were calculated by subtracting the isotype control antibody
MFC from the experimental values. In some experiments, cells infected with
vCCR5 were sorted into CCR5neg, CCR5med, and CCR5hi subsets. The sorted
cells were acquired on a Becton Dickinson FACStar Plus with a 5-W 488 Argon
Laser Coherent Innova 90, using CellQuest (Becton Dickinson) on an Apple
Macintosh Quadra 650. Coulter’s Immuno-Check beads were used to maximize
the PMTs, and Becton Dickinson’s CaliBrite beads were used to show the
efficiency of separation between positive and negative cells (linear scale). Live/
dead separation of cells was based on side scatter on the x axis and forward
scatter on the y axis. A live gate (R3) encompassed the live cells. The cell surface
phenotypic marker was mouse 2D7 plus goat anti-mouse FITC. Therefore, the
PMT of choice was FL-1. Appropriate filters floating positive gate (bright/dulls)
(R1) and a negative gate (R2) were used to separate the positives from the
negatives. The sort mode was set on normal R (high purity, high recovery). A
100-mm sorting nozzle was used, as well as a moderately slow event rate of
approximately 2,200 events/s, and EDTA was added due to the size and clumping
of the cells. The threshold forward scatter/side scatter was set at 20 to give a more
accurate event count of nozzle passage.

Infection of A2.01.CD4.401 cells with X4 and R5 HIV-1. Infections of
A2.01.CD4.401 cells and PCR analyses were performed as previously described
(39). Two million cells were infected with NL4-3 (multiplicity of infection [MOI]
of 0.05) or LAI (MOI of 0.02). Viral stocks were treated with DNase for 45 min
at 37°C before infection. After incubation with the virus for 1 h, cells were
washed four to five times to remove unbound particles. After overnight incuba-
tion at 37°C, cells were recovered and counted. DNA lysates (the equivalent 104

cells/group) were amplified by PCR with gag-specific primers (SK38 and SK39),
and the products were hybridized to a 32P-end-labeled SK19 probe as previously
described (39). When indicated, target cells were preincubated with various
murine anti-CCR5 MAbs, rabbit polyclonal anti-CCR5 IgGs, or control antibod-
ies (at 10 mg/ml) for 1 h at 37°C before viral infection.

Coprecipitation of CD4 and CXCR4. A2.01.CD4.401 cells were infected with
a control recombinant vaccinia virus or with vCCR5 (15 PFU/cell, 7 h, 37°C) and
were lysed at a concentration of 2 3 107 cells/ml in buffer containing 1% Brij 97
(22). CD4 was immunoprecipitated by mixing MAb OKT4-conjugated protein
G-Sepharose beads with cell lysates at 4°C for 3 h. Preliminary data confirmed
that under these conditions, CD4 was precipitated to completion. Beads were
washed five times with lysis buffer and boiled with an equal volume of 23
Laemmli sample buffer containing 8 M urea. Samples (4 3 107 cells per lane)
were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis on
10% gels and electrophoretically transferred to nitrocellulose membranes. Mem-
branes were blocked and incubated with a rabbit polyclonal antibody raised
against a peptide corresponding to the N terminus of CXCR4. The membranes
were washed and incubated with horseradish peroxidase (HRP)-conjugated anti-
rabbit antibody diluted in blocking buffer at 4°C (Amersham), followed by Su-
persignal Ultra chemiluminescent substrate (Pierce) for 5 min, and exposed to
film. Membranes were stripped by wetting in 100% methanol and washing with
blotting buffer. They were incubated in 0.5 M glycine (pH 2.5) with 0.05% Tween
for 30 min at 60°C, washed in blotting buffer, and blocked. The membranes were
reacted with rabbit polyclonal anti-CD4 (Intracel), HRP-conjugated anti-rabbit
chemiluminescent reagent and were exposed to film. The relative amounts of
CD4 and CXCR4 coimmunoprecipitated from cells infected with control vac-
cinia virus (vSC8) or vCCR5 were determined by densitometry.

Generation of MDM. Elutriated monocytes and differentiated macrophages
(MDM) were 100% CD3neg, .85% CD141, and .95% HLA-DR1 as deter-
mined by flow cytometry. MDM were derived from elutriated monocytes in 5- to
7-day cultures in Dulbecco modified Eagle medium supplemented with recom-
binant human granulocyte-macrophage colony-stimulating factor (1,000 U/ml)
and 10% pooled human serum (heat inactivated) (23, 38). Prior to use in the
fusion assay, MDM were treated for 1 h at 37°C with various anti-CCR5 anti-
bodies (10 mg/ml) or b-chemokines (1 to 100 ng/ml) and were then mixed (1:1
ratio) with target cells expressing X4 or R5 envelopes. Syncytium formation was
scored after 18 h. In some experiments, MDM were first treated with pertussis
toxin (PT; Sigma) at 1 mg/ml for 1 h at 37°C, washed twice, and then incubated
with b-chemokines. This treatment with PT blocked protein G-dependent Ca21

flux response to b-chemokines and SDF-1a (M. Zaitseva, unpublished data).

RESULTS

Introduction of CCR5 into CD41 CXCR41 cell lines results
in a reduction of fusion with target cells expressing X4 enve-
lopes. To study the effects of CCR5 expression on CXCR4
function, a recombinant vaccinia virus expressing human
CCR5 was used to infect CEM cells and two CEM-derived cell
lines that express different levels of CD4. The A2.01.CD4.401
cells express tailless CD4 molecules (A2.01.401) (13). The
17D9 cell clone was derived from CEM cells in our laboratory
(18). The rank order of surface CD4 expression levels was
found to be CEM . A2.01.CD4.401 . 17D9. CXCR4 was
expressed at similar levels on CEM and 17D9 cells and some-
what lower levels on A2.01.CD4.401 cells (Table 1). Infection
of the three cell lines with vCCR5 did not affect CD4 expres-
sion and only modestly reduced CXCR4 surface expression (1
to 20% reduction in .20 experiments) (Table 1 and data not
shown). The ability of these cells to fuse with X4 and R5 HIV-1
envelopes was evaluated in a syncytium assay using 12E cells
(CD4neg) infected with recombinant vaccinia viruses express-
ing X4 or R5 envelope. In all cells, vCCR5 infection resulted in
similar levels of surface CCR5 expression and the acquisition
of fusion potential with various R5 envelopes such as JR-FL
(Table 1), ADA, and Ba-L (not shown). The effect of CCR5
expression on fusion with X4 envelopes varied in accordance
with the levels of CD4 expression. In the case of CEM cells
(CD4high), CCR5 expression resulted in a moderate reduction
(5 to 30% in 10 experiments) of fusion with IIIB envelope-
expressing cells. In contrast, introduction of CCR5 into either
17D9 or A2.01.CD4.401 (CD4med) resulted in a reproducibly
significant diminution of the X4 fusion (40 to 65% inhibition in
.20 experiments [Table 1 and data not shown]). Similar results
were obtained with other X4-dependent (RF and SF2) enve-
lope-expressing effector cells (data not shown).

Since we often noted variations in the levels of surface
CCR5 expression following vCCR5 infection, it was of interest
to sort for cell subsets expressing different levels of surface
CCR5 (Fig. 1). Importantly, no reduction in the expression of
surface CXCR4 was seen even on the CCR5hi subset (data not
shown). As can be seen in Table 2, the vCCR5-infected un-

TABLE 1. The relative density of surface CD4 on human T cells
may determine the ability of CCR5 to reduce CXCR4-mediated

cell fusion

Cell Vaccinia virus
(PFU/cell)

Expression (DMFCa) Mean no. of syncytiab

6 SD (% reduction)

CD4 CXCR4 CCR5 IIIB JR-FL

CEM vSC8 (15) 403 258 7 433 6 35 0
vCCR5 (15) 400 209 262 303 6 6 328 6 8

(30)
A2.01.401 vSC8 (15) 240 144 17 327 6 48 0

vCCR5 (15) 246 131 392 152 6 28 426 6 17
(54)

17D9 vSC8 (15) 186 283 2 329 6 40 0
vCCR5 (15) 183 239 340 164 6 18 301 6 41

(50)

a Cells were stained with anti-CD4 (Leu3a), anti-CXCR4 (12G5), or anti-
CCR5 (2D7) MAb, or with murine isotype control antibody and analyzed by
FACS. DMFC was calculated by subtracting the MFC value of the control
antibodies from the specific antibody staining.

b Number of syncytia was determined 2 to 4 h after mixing of vSC8- or
vCCR5-infected T cells (at 15 PFU/cell) with either TF228 cells (expressing
IIIB/BH10 envelope) or 12E1 (CD42) cells infected with vCB28 (JR-FL enve-
lope), at a 1:1 ratio in triplicates. Data represent one of three experiments.
Percent reduction was calculated as 100 2 (no. of syncytia produced by vCCR5-
infected cells/no. of syncytia produced by vSC8-infected cells) 3 100.
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sorted A2.01.CD4.401 cells exhibited 44% reduction in fusion
with IIIB-expressing target cells compared with the control
(vSC8)-infected cells. In contrast, the sorted CCR5med and
CCR5hi populations showed 65 and 93% reduction in IIIB
envelope-mediated fusion, respectively (Table 2). Thus, intro-

duction of CCR5 into CXCR41CD4med T cells interfered with
their ability to fuse with an X4 envelope in a CCR5 surface
concentration-dependent manner.

Introduction of CCR5 into CD41 CXCR41 cells reduces
their ability to be infected with a T-tropic HIV-1 strain. To
further determine the biological relevance of the observed
reduction in cell fusion, vSC8- and vCCR5-infected A2.01.
CD4.401 cells were exposed to the T-tropic HIV-1 strain
NL4-3 for 1 h. Viral entry was measured after 12 to 18 h by a
viral DNA PCR analysis. As shown in Fig. 2, a significantly
reduced signal was seen in vCCR5-infected cells compared
with CCR5neg vSC8-infected cells. Based on the ACH-2-de-
rived standard curve, the frequency of infected cells was re-
duced twofold in CCR51 cells. Thus, introduction of CCR5
into CD41 CXCR41 cells resulted in twofold reduction in
both X4 envelope fusion and X4 HIV-1 cell entry.

Competition for association with CD4 may be responsible
for the reduction of fusion with X4 envelopes in cells express-
ing CCR5. Several mechanisms may explain the observed re-
duction in the potential for fusion of CD41 CXCR41 cells,
expressing surface CCR5 molecules, with X4 envelope-ex-
pressing cells. It is possible that CCR5 expression, especially
after infection with a recombinant vaccinia virus, reduces
CXCR4 (or CD4) transcription or interferes with their trans-
port to the cell surface. Indeed, in murine 3T3.CD4.401 cells
that were coinfected with recombinant vaccinia viruses ex-
pressing CXCR4 (vCBYF1; 5 PFU/cell) and CCR5 at increas-
ing PFU per cell, a gradual reduction in surface CXCR4 ex-
pression was noted (data not shown). However, in all
experiments with T-cell lines that express endogenous CXCR4,
even high expression of surface CCR5 following infection with
a recombinant vaccinia virus resulted in a minimal (Table 1) or
no reduction in the surface expression of either CXCR4 or
CD4 as mentioned before. Another possibility is that surface
CCR5 and CXCR4 have a natural affinity for CD4 molecules
and compete for association with limiting CD4 molecules ei-
ther before or after encounter of the HIV-1 envelope.

To test this hypothesis, A2.01.CD4.401 cells were infected
with either vCCR5 (15 PFU/cell) or vCCR5 plus vCD4 (vCB3;
3 PFU/cell). Fusion with IIIB Env-expressing cells was inhib-
ited by 60% after infection with vCCR5 compared with control
(vSC8)-infected cells. However, this inhibition was completely
reversed in cells coinfected with vCCR5 and vCD4, even
though only a modest increase in the density of surface CD4
was measured (DMFC, 206 and 251, respectively) (Table 3).

FIG. 1. Sorting of vCCR5-infected A2.01.401 cells. Cells were infected with
vCCR5-1107 at 10 PFU/cell for 6 h and then stained with the CCR5-specific
MAb 2D7 (or isotype control antibody) followed by FITC-conjugated goat anti-
mouse IgG. vSC8-infected cells were used as negative controls. The cells were
analyzed and sorted on a Becton Dickinson FACSStar Plus. Profiles of the
presorted cells (A) and of the three sorted populations (CCR5neg, CCR5med, and
CCR5hi) (B) are shown. Data shown are from one of two experiments with
similar results.

FIG. 2. Introduction of CCR5 into CD41 CXCR41 A2.01.401 cells reduces
their ability to be infected with a T-tropic HIV-1 strain. A2.01.401 cells (104)
were infected (in duplicate) with vaccinia virus recombinant control (vSC8) or
vCCR5-1107 at 20 PFU/cell and 7 h later were infected with the T-tropic HIV-1
strain NL4-3 (MOI of 0.02) for 24 h. DNA lysates were PCR amplified with
gag-specific primers. In parallel, DNA extracts from serially diluted ACH-2 cells
were amplified as an internal standard control. The data represent four experi-
ments.

TABLE 2. Sorting of surface CCR5hi A2.01.CD4.401 cells (vCCR5
infected) increases the observed reduction in fusion with T-tropic

envelope-expressing cellsa

Vaccinia virus CCR5
(DMFC)

Mean no. of syncytia 6 SD
(% reduction)

IIIB JR-FL

vSC8 (presort) 43 261 6 38 0
vCCR5 (presort) 228 148 6 2 (44) 182 6 10

vCCR5 (CCR5neg) 60 300 6 32 (0) 2 6 1
vCCR5 (CCR5med) 341 107 6 18 (65) 191 6 32
vCCR5 (CCR5hi) 438 21 6 4 (93) 305 6 42

a A2.01.CD4.401 cells were infected with vSC8 (control) or with vCCR5 at 10
PFU/cell. After 7 h of infection, the cells were left unsorted or were sorted into
three subsets based on their surface CCR5 expression using MAb 2D7, as shown
in Fig. 1. Syncytium formation and percent reduction were determined as de-
scribed in the footnote to Table 1. Data represent one of two experiments with
similar results.
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These findings support the hypothesis put forward by Pratt et
al. (29) and by our previous study (23) that the fusion potential
of a cell with X4 or R5 envelopes may depend on threshold
concentrations of CD4 and coreceptors (and possibly of CD4-
CCR5 and CD4-CXCR4 complexes). Thus, even a modest
increase in CD4 surface concentration may be sufficient to
increase the interactions between CD4 and CXCR4 above the
threshold required for initiation of fusion with T-tropic enve-
lope-expressing cells (despite the presence of CCR5 at high
density). In a second approach, we used a biochemical assay
that directly evaluates CD4-CXCR4 interactions. We have pre-
viously demonstrated that coimmunoprecipitation of surface
CD4 and CXCR4 from CD41 CXCR41 human cell lines was
achieved after exposure of cells to sgp120 at 37°C (22). In the
present study, vSC8- or vCCR5-infected A2.01.401 cells were
incubated with sgp120 (LAI) for 1 h at 37°C followed by cell
lysis and immunoprecipitation with OKT4-conjugated Sepha-
rose beads. The relative amounts of CXCR4 and CD4 in the
immunoprecipitates were determined by Western blotting us-
ing anti-CXCR4 and anti-CD4 polyclonal antibodies (Fig. 3).
In four experiments, the ratios of CXCR4/CD4 precipitation in
CCR5-expressing A2.01.CD4.401 cells were two- to fourfold
lower than in cells infected with control vaccinia virus (Fig. 3).
Thus, direct evidence was provided in support of the hypoth-
esis that in cells expressing both CXCR4 and CCR5, the ability
of CXCR4 to associate with CD4 molecules (after exposure to
HIV-1 envelope) is reduced.

Anti-CCR5 antibodies can reverse the reduction in fusion
with X4 envelopes seen in A2.01.401 cells infected with vCCR5.
The data described above support the possibility that CCR5

competes with CXCR4 for association with CD4 molecules.
This competition may take place either after binding of the
HIV-1 envelope or due to constitutive interactions between
CD4 and coreceptors as previously demonstrated (9, 23, 36).
To further dissect these interactions, a panel of murine MAbs
and rabbit polyclonal antibodies specific for either the N ter-
minus (identified by “N”) or the three extracellular loops
(EC1, EC2, and EC3) of CCR5 (17, 24) were used. These
antibodies were tested in parallel for their ability to block the
fusion of vCCR5-infected A2.01.CD4.401 cells with R5 (JR-
FL) Env-expressing cells and to reverse the reduction in fusion
of the same cells with X4 Env-expressing cells (Table 4). Of the
panel of antibodies used, MAb 2D7 (EC2) was the most ef-
fective in blocking R5-envelope fusion (85%). However, MAbs
502 (CCR5/N) and rabbit anti-CCR5 (N peptide) also blocked
R5 envelope fusion by 50 to 60% (Table 4 and reference 37).
In the same experiment, infection of A2.01.CD4.401 cells with
vCCR5 resulted in 45% inhibition of their fusion with X4
Env-expressing cells. This reduction was reversed by the same
murine anti-CCR5 MAbs (2D7; R&D product no. 502) and
rabbit anti-CCR5 (N) IgG that blocked the R5-envelope fu-
sion. Interestingly, one MAb (R&D product no. 549) did not
block R5 Env-mediated cell fusion but did reverse the inhibi-
tion of fusion with X4 Env-expressing cells. This MAb was
recently categorized as recognizing a multidomain (MD)
CCR5 epitope (24). In a separate set of experiments, the same
panel of antibodies were tested for the ability to reverse the
reduction in LAI (or NL4-3) entry into A2.01.CD4.401 cells
infected with vCCR5. In the infectivity experiments, vCCR5
infection of A2.01.CD4.401 cells resulted in 53% reduction of
X4 viral entry. In three experiments, the CCR5-specific MAbs
2D7 (EC2), 502 (N), and 549 (MD) and rabbit polyclonal IgG

FIG. 3. Reduced coprecipitation of CD4 and CXCR4 from A2.01.401 cells
infected with vCCR5. vSC8- or vCCR5-infected A2.01.CD4.401 cells (7-h infec-
tion, 15 PFU/cell) were incubated with gp120 (LAI; Intracel, Seattle, Wash.) at
10 mg/ml for 1 h at 37°C. Cell lysates were immunoprecipitated with antibody
OKT4 covalently linked to protein G-Sepharose beads. Eluted samples were
analyzed by Western blotting with rabbit polyclonal IgG raised against the N
terminus of CXCR4. The same membranes were reacted with polyclonal rabbit
antiserum against huCD4, followed by HRP-conjugated antibody against rabbit
IgG. The bands were detected using chemiluminescence, and the CXCR4/CD4
ratios in the immunoprecipitates were determined by densitometric analysis. The
data are representative of four experiments.

TABLE 3. Increased density of surface CD4 on human T cells can
reverse the ability of CCR5 to reduce CXCR4-mediated cell fusiona

Vaccinia virus
(PFU/cell)

Surface expression
(DMFC)

Mean no. of syncytia 6 SD
(% reduction)

CD4 CXCR4 CCR5 IIIB JR-FL

vSC8 (15) 200 227 17 192 6 10 0
vCCR5 (15) 206 229 266 77 6 8 (60) 230 6 4
vCCR5 (151) 251 241 269 205 6 1 243 6 13
vCD4 (3) (0)

a A2.01.CD4.401 cells were infected with the indicated recombinant vaccinia
viruses for 7 h. Surface staining and syncytium formation were determined as
described in the footnote to Table 1. Data represent two experiments.

TABLE 4. Anti-CCR5 MAb and rabbit IgG that block fusion with
cells expressing M-tropic envelope can reverse the reduction in

fusion with T-tropic envelope due to CCR5 expression
in A2.01.CD4.401 cellsa

Vaccinia virus
(PFU/cell)

MAb or rabbit IgG
during fusion

Mean no. of syncytia 6 SD
(% reduction)

IIIB JR-FL

vSC8 (15) 275 6 45 0
vCCR5 (15) 152 6 8 (45) 200 6 26

Mouse IgG2a 138 6 38 (50) 191 6 10 (5)
5C7 (CCR5/N) 162 6 3 (42) 193 6 41 (4)
502 (CCR5/N) 282 6 49 (0) 83 6 24 (59)
2D7 (CCR5/EC2) 293 6 45 (0) 31 6 8 (85)
523 (CCR5/EC2) 130 6 9 (53) 187 6 11 (7)
531 (CCR5/EC2) 132 6 6 (52) 197 6 13 (2)
549 (CCR5/MD) 263 6 16 (4) 186 6 15 (7)
Normal rabbit IgG 144 6 7 (48) 185 6 21 (7)
R (CCR5/N) 283 6 6 (0) 79 6 2 (60)
R (CCR5/EC1) 155 6 14 (44) 198 6 21 (1)
R (CCR5/EC2) 135 6 17 (51) 194 6 4 (3)
R (CCR5/EC3) 141 6 12 (49) 202 6 15 (0)
R (STRL33/N) 138 6 1 (50) 199 6 2 (1)

a A2.01.CD4.401 cells infected with vCCR5 were preincubated with a control
antibody (mouse IgG2a or normal rabbit IgG), with an anti-CCR5 MAb (from
the NIH AIDS Reagent Repository or R&D), or with rabbit (R) polyclonal IgG
antibodies specific for different extracellular domains of CCR5 (or the N termi-
nus of CCR5 or STRL33). After 1 h of incubation with antibodies (10 mg/ml) at
37°C, cells were mixed (at 1:1 ratio) with effector cells expressing IIIB/BH10 or
JR-FL envelopes. Syncytia were scored after 2.5 h (IIIB) or 5 h (JR-FL). Percent
reduction in syncytium formation compared to vSC8-infected cells (IIIB/BH10)
or to vCCR5-infected cells (JR-FL; untreated) was calculated as for Table 1.
Data represent four experiments.
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(CCR5/N) restored viral entry to 80 to 95% of level for control
(vSC8)-infected A2.01.401 cells, as determined by densitome-
try (Fig. 4 and data not shown). Together, these data suggest
that the reduction in X4-envelope fusion potential resulting
from the introduction of CCR5 into cells expressing endoge-
nous CD4 and CXCR4 was mediated by the surface CCR5
molecules in a specific manner.

Overexpression of CXCR4 can reduce CCR5-dependent cell
fusion with R5 envelope-expressing cells. Thus far, it was
found that a competition for association with CD4 molecules
favors CCR5-CD4 association and results in an inhibition of
CXCR4-dependent fusion. It was of interest to determine if
this competition could be reversed by increasing the expression
of CXCR4 in the same cells. To address this question,
3T3.CD4.401 (14) cells were coinfected with vCXCR4 or
vCCR5 at different ratios. Since this CD4.401-transfected cell
line expresses a higher level of CD4 than do A2.01.401 cells, no
significant inhibition of fusion with either a T-tropic or M-
tropic envelope was seen in cells infected with vCCR5 and
vCXCR4 at a 1:1 ratio (each at 5 PFU/cell) (data not shown).
However, coinfection with vCCR5 and vCXCR4 at a 1:4 ratio
resulted in a reduced fusion capacity with target cells express-
ing the JR-FL, Ba-L, or ADA R5 envelope (Table 5 and data
not shown). Under these conditions, the cells expressed 20 to
30% lower levels of surface CCR5 compared with cells in-
fected only with vCCR5. However, the reduction in fusion
ranged between 50 and 65% in three separate experiments.

The role of surface CXCR4 in this inhibition was demon-
strated by treatment with phorbol ester myristate acetate
(PMA), which was shown to induce downmodulation of
CXCR4 but not of CCR5 (15). While CD4 molecules are
normally highly susceptible to PMA-induced downmodulation,
the tailless CD4.401 molecules do not internalize following
PMA treatment (1, 14). As shown in Table 5, PMA-treated
cells lost 80% of their surface CXCR4 molecules, but no in-
crease in surface CCR5 was observed. However, the PMA-
treated cells fully recovered their ability to fuse with R5 enve-
lopes (Table 5 and data not shown). These data suggest that
under conditions of CXCR4 overexpression compared with
CCR5, cells may be more predisposed to infection with T-
tropic (X4-dependent) viral strains. In subsequent experi-
ments, we tested a panel of commercially available CXCR4-
specific MAbs, as well as our rabbit polyclonal anti-CXCR4
IgG. We found that the only antibodies that could inhibit
X4-envelope fusion were 12G5 (30 to 40% inhibition) and
rabbit anti-CXCR4 (N) IgG (45 to 55% inhibition). These
antibodies could also reverse the reduction of fusion with R5
Env-expressing cells observed when 3T3.CD4.401 cells were
coinfected with vCCR5 and vCXCR4 at a 1:4 ratio (data not
shown).

Treatment of macrophages with anti-CCR5 antibodies or
b-chemokines can enhance their fusion with X4 envelope-ex-
pressing cells. Based on the above findings in cell lines, It was
important to determine if the coreceptor competition for as-
sociation with CD4 is operative in vivo. To address this ques-
tion, we chose to examine primary cells known to express
multiple coreceptors and a relatively low number of surface
CD4 molecules. It was previously shown by several laboratories
that MDM preferentially fuse with M-tropic (R5) HIV enve-
lopes and support infection with M-tropic better than T-tropic
lab-adapted viral strains (4, 7, 8, 30). This restricted suscepti-
bility could not be attributed simply to lack of CXCR4 expres-
sion on MDM (9, 23, 30, 38) and may, at least partially, be due
to a decrease in “fusion-active” CXCR4 molecules on macro-
phages (23). In addition, this restricted tropism profile could
also be explained by the competition phenomenon described
above (9, 23). Thus, we treated MDM with the panel of anti-
CCR5 MAbs and rabbit IgGs, alone or in combination, and

FIG. 4. Treatment of vCCR5-infected A2.01.401 cells with anti-CCR5 anti-
bodies can increase their susceptibility to infection with a T-tropic HIV-1 strain.
A2.01.401 cells were infected with recombinant vaccinia virus vSC8 or vCCR5
(20 PFU/cell) for 7 h. When indicated, cells were treated for 1 h with anti-CCR5
or control antibodies at 37°C. Treated and untreated cells were exposed to
HIV-1 strain LAI (MOI of 0.02) for 1 h at 37°C, after which the virus and
antibodies were washed away. DNA extraction and PCR analysis (gag primers)
were conducted after 24 h as described in Material and Methods and in the
legend to Fig. 2. The data represent one out of four experiments with similar
results. NRIgG, normal rabbit IgG.

FIG. 5. Anti-CCR5 antibody treatment can modestly increase the fusion
efficiency of macrophages with X4 envelopes. Elutriated monocytes (Mon) and
the macrophages derived from them after 5-day cultures (MDM) were untreated
or treated with various CCR5-specific murine (mouse [M] or normal rabbit
[NR]) MAbs (or isotype control antibody) or with rabbit (R) polyclonal anti-
CCR5 IgG (or preimmune IgG) at 10 mg/ml for 1 h at 37°C; the cells were then
mixed at 1:1 ratio with TF228 cells expressing IIIB/BH10 envelope in triplicates.
Syncytia were scored after 18 h. Data represent one of four experiments.

TABLE 5. Overexpression of CXCR4 can reduce CCR5-dependent
cell fusion with R5 envelope-expressing cellsa

Vaccinia virus
(PFU/cell) PMA

FACS (DMFC) Mean no. of syncytia 6 SD
(% reduction)

CD4 CXCR4 CCR5 IIIB JR-FL

vSC8 (20) 2 368 7 2 6 6 2 8 6 1
vCCR5 (5) 2 396 9 305 7 6 1 476 6 18
vCCR5 (5)1 2 369 459 230 1,042 6 21 207 6 1 (56)

vCXCR4 (20)
vCCR5 (5)1 1 347 101 225 191 6 4 531 6 36 (0)

vCXCR4 (20)

a NIH.3T3.CD4.401 cells (11) were infected with vCCR5 and vCXCR4 (or
with control virus [vSC8]) for 7 h. When indicated, cells were treated with the
phorbol ester PMA at 100 ng/ml for the last 3 h before they were stained and
used in a fusion assay with IIIB/BH10 or JR-FL envelope-expressing cells as
described in the footnote to Table 1. Data represent three experiments.
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tested their ability to fuse with cells expressing the IIIB enve-
lope. As depicted in Fig. 5, elutriated monocytes generated
high numbers of syncytia with TF228 (IIIB/BH10 Env) cells
(269 6 5 syncytia), while the MDM derived from them fused
very poorly with the same cells (8 6 1 syncytia). Treatment
with MAb 2D7, 502, or 549 or with the rabbit anti-CCR5 (N)
antibody increased the number of syncytia only modestly (25 to
35 syncytia per well). However, treatment of cells with a com-
bination of antibodies against the EC2 (2D7) and N terminus
(MAb 502 or rabbit polyclonal IgG) resulted in a more signif-
icant increase in fusion with IIIB Env-expressing cells (87 6 7
syncytia). Since b-chemokine analogs are under development
as therapeutic agents for HIV-1-infected individuals (33) it was
important to determine whether treatment of MDM with
CCR5-binding b-chemokines could result in augmented fusion
with X4 envelopes. As depicted in Fig. 6, treatment of MDM
with increasing concentrations of MIP-1a-, MIP-1b-, and
RANTES (1 to 100 ng/ml) resulted in a dose-dependent re-
duction of R5-fusion (JR-FL) and in a gradual increase in the
X4 (IIIB) syncytium formation. No such increase was seen in
MCP-1 (or I309 [not shown])-treated MDM. The observed
increase in X4 fusion could not be attributed to protein G
signaling via the CCR5 receptor (20), since treatment of cells
with PT did not prevent it (Fig. 6). Thus, one likely explanation
for both findings is that binding of the b-chemokines (or anti-
CCR5 antibodies) either reversed or prevented the association
of CCR5 to surface CD4 molecules, which in turn allowed

better CD4-CXCR4 association and improved the ability of
cells to fuse with T-tropic envelopes. We still observed consid-
erably fewer IIIB syncytia than with the elutriated monocytes
of the same donor, suggesting that several mechanisms may be
responsible for the reduced function of CXCR4 molecules in
differentiated macrophages. We have previously shown that
the predominant form of CXCR4 on the surface MDM (but
not in monocytes) appears as high-molecular-weight species
rather than as a monomer. These high-molecular-weight spe-
cies do not associate with CD4 molecules, as determined by
coimmunoprecipitation experiments (23). In contrast, CCR5
molecules were coprecipitated equally well with CD4 in mono-
cytes and MDM. Thus, the functionality of CXCR4 molecules
in primary cells such as monocytes/macrophages may be de-
termined by multiple factors including posttranslational mod-
ifications, relative densities of other coreceptors, and a com-
petition for association with surface CD4 molecules.

DISCUSSION

This study was designed to test the hypothesis that the effi-
ciency of HIV-1–cell fusion is influenced not only by the pres-
ence of CD4 and the appropriate coreceptor (CXCR4 or
CCR5) but also by the levels of other coreceptors expressed by
the same target cells. Therefore, in the setting of limited sur-
face CD4, the presence of both CCR5 and CXCR4 at given
concentrations will yield fewer successful viral interactions
than in the presence of a single chemokine receptor at the
same concentration, using viruses (or target cells expressing
viral envelopes) of the appropriate tropism. This is an impor-
tant issue to address since most of the target cells for HIV-1
infections in vivo express multiple coreceptors and may be
subjected to in vivo factors that differentially affect the levels of
individual coreceptors. Among the cellular targets for HIV-1
at the mucosal surfaces are dendritic cells and macrophages,
both of which cell types express relatively low levels of surface
CD4 (25). In previous studies, we and others provided evi-
dence that CD4, the primary receptor of HIV-1, may have a
natural affinity for the chemokine receptors CCR5 and
CXCR4 (9, 23, 32, 35, 36). Thus, the susceptibility of cells with
limited CD4 to infection with viral strains of different tropism
may be influenced not only by the density of the appropriate
coreceptors but also by a competition for association with CD4
either before or after exposure to viral envelopes. In this study,
we tested this hypothesis by introducing CCR5 into CD41

CXCR41 cells and measuring their ability to fuse with X4 and
R5 envelopes and their susceptibility to infection with T-tropic
HIV-1 strains. We also coinfected NIH 3T3.CD4.401 cells with
recombinant vaccinia viruses expressing CCR5 or CXCR4 at
different ratios.

The principal findings in this current study were as follows.
(i) Infection of CD41 CXCR41 T cells with recombinant
vCCR5 resulted in a significant reduction in their fusion with
effector cells expressing X4 envelopes. Consistent with these
findings, a similar reduction was seen in their susceptibility to
infection with the T-tropic strains LAI and NL4-3 (Table 1;
Fig. 2). (ii) The reduction in X4-dependent fusion and infec-
tion was inversely correlated with the density of surface CD4
and positively correlated with the levels of CCR5 surface ex-
pression (Tables 1 to 3; Fig. 1 and 2; data not shown). (iii)
CCR5 surface expression played a direct role in the reduction
of CXCR4-dependent fusion, since several antibodies against
the N terminus and second extracellular loop of CCR5 (EC2)
reversed this inhibition. (iv) The inhibitory effects of CCR5
correlated with a competition for association with CD4, since
coimmunoprecipitation of CD4 and CXCR4 molecules was

FIG. 6. Treatment of MDM with b-chemokines result in a PT-resistant re-
duction of R5 fusion and a parallel increase in X4 fusion. MDM were generated
as described in the legend to Fig. 5. MDM were treated (open symbols) or
untreated (closed symbols) with PT (1 mg/ml) at 37°C for 1 h and washed twice.
Treated and untreated cells were incubated with a combination of MIP-1a,
MIP-1b, and RANTES at increasing concentrations (1, 10, and 100 ng/ml) for 1 h
at 37°C. All groups were then mixed at 1:1 ratio with either 12E1/vCB28 (JR-FL
envelope) (E, F) or TF228 cells expressing IIIB/BH10 envelope (Œ, ‚). Control
cells were treated with MCP-1 at 100 ng/ml and were mixed with 12E1/vCB28 (■,
h) or TF228 cells (}, {). Syncytia were scored after 18 h. The experiment was
repeated three times.
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reduced two- to threefold in vCCR5-infected cells. Further-
more, the inhibition was reversed by increasing the levels of
surface CD4 (Table 3). (v) Overexpression of CXCR4 com-
pared with CCR5 resulted in reduced fusion with R5 Env-
expressing cells. (vi) Treatment of macrophages with a combi-
nation of anti-CCR5 antibodies (N plus EC2) or with a mixture
of CCR5-binding b-chemokines resulted in augmented fusion
with X4 Env-expressing cells.

Platt et al. (29) have shown that the concentrations of CD4
and CCR5 required for efficient infection of HeLa cells by
M-tropic HIV-1 are interdependent, and the requirement for
each is increased when the other component is present in a
limiting amount. Our data suggest that this interdependence is
further complicated by the presence of other coreceptors in the
same cells. Several mechanisms may explain the observed com-
petition. (i) Overexpression of one chemokine receptor may
result in a reduction in the expression of other coreceptors
(i.e., transport interference). However, in most of the experi-
ments described in this study, expression of CCR5 in CD41

CXCR41 T cells reduced their X4 fusion without significant
alterations in their CXCR4 surface expression. (ii) According
to the second model, the fusion process is a multistep event
that requires recruitment first of CD4 and then of the appro-
priate coreceptor into a stable trimolecular complex. Unlike
the high-affinity binding between envelope and CD4, the bind-
ing of envelope to the coreceptors is of much lower affinity.
The additional interactions between the coreceptors and CD4
within the same complexes may further stabilize them. As
shown in this study, the recruitment of the appropriate core-
ceptor into the fusion complex may be negatively affected by
the presence (and density) of other coreceptors on the cell
membrane. According to this model, agents that can bind spe-
cifically to relevant regions of the wrong coreceptor could
indirectly promote recruitment of the appropriate coreceptor
into the trimolecular complex. Such a mechanism is at least
partially supported by our finding that several antibodies
against CCR5 (or CXCR4) N terminus and EC2 could reverse
the fusion inhibition observed in our experimental system. It is
also supported by a recent study (10) in which the half-life of
CD4-Env binding was calculated to be ,1 min, while the half-
life for coreceptor recruitment was 5.8 min (for JR-FL enve-
lope). (iii) According to the third model, CCR5 and CXCR4
may have a tendency to constitutively associate with CD4 mol-
ecules in some cells. In cells with limited CD4 molecules, the
ratio of preexisting CD4-CCR5 to CD4-CXCR4 complexes
may contribute to the susceptibility profile of the cells. In this
scenario, changes in the relative densities of the coreceptors
could have a major impact due to competition for association
with a limited number of CD4 molecules. Two independent
studies from our laboratories provided evidence that CD4-
coreceptor complexes can be coimmunoprecipitated from
monocytes and macrophages by using either an anti-CD4
(OKT4 MAb) or anticoreceptor antibody as the precipitating
agent (9, 23, 36). This spontaneous association may be stronger
for CCR5-CD4 than for CXCR4-CD4, although no direct
measurements of their association rates were attempted in this
or previous studies. Furthermore, in this study, we demon-
strated that treatment of macrophages with combinations of
anti-CCR5 antibodies or with b-chemokines resulted in a dose-
dependent reduction in R5 fusion and an increase in R4 fusion.
Importantly, the increase in X4 fusion was not sensitive to
treatment of cells with the G-protein inhibitor PT. Thus, the
observed effect was not due to signaling and/or cell activation
as previously suggested by Kinter et al., based on experiments
with peripheral blood mononuclear cells (20). In a separate set
of experiments, it was found that treatment of macrophages

with a combination of anti-CCR5 antibodies (2D7 and 3C3)
plus staphylococcal protein G, and with RANTES, resulted in
a significant increase (78%) in their fusion with LAV Env-
expressing cells (T. Stanchev and C. Broder, unpublished
data).

Both mechanisms may be operational in vivo to various
degrees in different cell types. We and others have demon-
strated constitutive and gp120-induced association between
CD4 and coreceptors (9, 23, 32, 36). Such mechanisms may
also shed some light on the recent findings by Yi et al. that the
dualtropic viruses 89.6 and DH12 utilize primarily CCR5 dur-
ing infection of normal macrophages but use only CXCR4
during infection of CCR5neg macrophages (37). It is conceiv-
able that the preferential use of CCR5 in normal macrophages
reflects the higher density of preexisting CD4-CCR5 com-
plexes in these cells (23). Competition for association with
CD4 may be a contributing factor to the efficiency of viral cell
entry and cell-to-cell transmission in vivo, since most HIV-1-
susceptible cells express multiple chemokine receptors. Fur-
thermore, several important target cells of HIV-1, such as
macrophages and dendritic cells, express relatively low concen-
trations of surface CD4 molecules (26).

Coreceptor competition may also explain earlier studies with
human thymocytes in which preferential infection of double-
positive thymocytes with T-tropic viruses was observed (3, 21,
28, 33), despite expression of low-level CCR5 in both double-
positive and single-positive thymocyte subpopulations as re-
cently demonstrated (39). Significantly higher expression of
CXCR4 compared with CCR5 was found on immature double-
positive thymocytes (but not on the mature single-positive thy-
mocytes) (21, 39). Based on the findings in the present study
with 3T3.CD4.401 cells (Table 5), high surface CXCR4/CCR5
ratios may result in the inhibition of CCR5-mediated cell fu-
sion with M-tropic envelope-expressing cells.

In addition to the absolute numbers of coreceptor mole-
cules, posttranslational modifications may affect their ability to
form complexes with CD4 and/or HIV-1 envelope, resulting in
a reduced or enhanced fusion potential. In addition to previ-
ously published studies (11, 23), it was recently found that
CXCR4 with removed N-linked glycosylation sites can func-
tion as a coreceptor for R5 HIV-1 envelope glycoproteins
(D. J. Chabot, X. Xiao, D. S. Dimitrov, and C. C. Broder,
submitted for publication).

Coreceptor competition in vivo may also be affected by the
cytokine milieu in the tissues and mucosal surfaces. Several
cytokines were shown to upregulate or downmodulate CD4
and coreceptor surface expression in various cell types (16, 26,
40). Thus, changes in the cytokine milieu due to infections or
vaccinations, and high local production of b-chemokines, may
result in either increase or decrease in the susceptibility of
target cells to infection with X4 and R5 viruses. Recent find-
ings in our laboratory showed that macrophages treated with
several proinflammatory cytokines are more susceptible to in-
fection with X4 viruses while demonstrating increased resis-
tance to R5 infection. Both phenomena could not be attributed
to changes in surface expression of CCR5 or CXCR4 but
correlated better with b-chemokine production (M. Zaitseva
and S. Lee, submitted for publication).

Together, these data contribute to understanding the possi-
ble effects of in vivo alterations in CD4 and coreceptor densi-
ties (or coreceptor availability) on HIV-1 cell entry and disease
progression. Furthermore, the development of b-chemokine
analogs as antiviral agents (28, 32, 35) should take into account
their potential to alter coreceptor-CD4 interactions and to
alter the susceptibility of target cells to infection with viruses of
different coreceptor usage (2, 27, 31).
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