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We have studied the mechanisms by which the CC-chemokine RANTES can enhance the infectivities of
human immunodeficiency virus type 1 (HIV-1) and other enveloped viruses, when present at concentrations in
excess of 500 ng/ml in vitro. Understanding the underlying mechanisms might throw light on fundamental
processes of viral infection, in particular for HIV-1. Our principal findings are twofold: firstly, that oligomers
of RANTES can cross-link enveloped viruses, including HIV-1, to cells via glycosaminoglycans (GAGs) present
on the membranes of both virions and cells; secondly, that oligomers of RANTES interact with cell-surface
GAGs to transduce a herbimycin A-sensitive signal which, over a period of several hours, renders the cells more
permissive to infection by several viruses, including HIV-1. The enhancement mechanisms require that
RANTES oligomerize either in solution or following binding to GAGs, since no viral infectivity enhancement
is observed with a mutant form of the RANTES molecule that contains a single-amino-acid change (glutamic
acid to serine at position 66) which abrogates oligomerization.

Infection of target cells by human immunodeficiency virus
type 1 (HIV-1) is mediated by interactions of the viral enve-
lope glycoproteins with CD4 and a coreceptor (32). Among the
latter, the CC-chemokine receptor CCR5 and the CXC-che-
mokine receptor CXCR4 are the most physiologically impor-
tant (8, 27, 56). The cognate chemokines can influence HIV-1
infection in several ways in vitro, the most commonly observed
being inhibition of virus entry because of competition between
the virus and the chemokine for binding sites on the same
receptor (5, 17, 22, 29, 64, 66, 80, 84, 85, 94). Receptor down-
regulation in response to chemokine binding and signaling can
also interfere with virus entry by reducing the density of avail-
able coreceptors on the cell surface (2, 4, 51). However, CC-
chemokines have also been reported to enhance HIV-1 infec-
tion of various cells in vitro (26, 36, 45, 58, 78).

Previously, we showed that the CC-chemokine RANTES
could enhance HIV-1 infection of target cells in a manner that
was independent of CD4 and any known coreceptor and even
independent of the route of virus entry (36). Other CC-che-
mokines, such as macrophage-inhibitory protein (MIP)-1a and
MIP-1b, did not have this effect (36). The extent of infectivity
enhancement caused by RANTES was significant: in excess of
100-fold under some conditions. Two components of the en-
hancement mechanism were noted: one was apparent when the
target cells were preincubated for several hours with RANTES
prior to the addition of virus, and the other was evident when
RANTES was added simultaneously with the virus (36). Here,
we further analyze how RANTES can increase viral infectivity.
We conclude that a major mechanism of infectivity enhance-
ment is caused by the cross-linking of virions to the cell surface

by oligomers of RANTES. These oligomers form after binding
to glycosaminoglycans (GAGs), such as heparan sulfate, on
both the virion and cell membranes. Of note is the fact that
RANTES variants that do not oligomerize do not enhance
viral infectivity (24). A second mechanism of viral infectivity
enhancement arises from the prolonged interaction of RAN-
TES oligomers with cell surface GAGs, which activates a her-
bimycin A-sensitive, tyrosine-kinase-dependent signal trans-
duction pathway.

MATERIALS AND METHODS

Cells. HeLa-CD4 cells were provided by David Kabat (47). They were main-
tained in Dulbecco’s minimal essential medium containing 10% fetal calf serum
(FCS), glutamine, and antibiotics and split twice a week. Chinese hamster ovary
(CHO)-K1 cells, heparan sulfate-mutant CHO cells (psgD-677 cells), and chon-
droitin sulfate-mutant CHO cells (psgA-745 cells) were all obtained from the
American Type Culture Collection (Rockville, Md.) (30, 31, 49). These lines
were maintained in F12K nutrient mixture (Kaighn’s modification) supple-
mented with 10% FCS.

Chemokines. Human MIP-1a was purchased from R&D Systems Inc. (Min-
neapolis, Minn.). Recombinant human RANTES was produced in the bacterial
host Escherichia coli as previously described (75). AOP-RANTES was derived
from RANTES, as reported elsewhere (80). Rat RANTES was purchased from
Peprotech Inc., Rockville, N.J. RANTES(3-68) was made by total peptide syn-
thesis and provided by RMF DICTAGENE, Epalinges, Switzerland. The RAN-
TES(3-68) molecule has the wild-type RANTES sequence but lacks the two
N-terminal amino acids, serine and proline (65, 74). Its N-terminal sequence is
therefore YSSDTPP. . . . The mutated, nonaggregating RANTES molecule, BB-
10520 RANTES, was made at British Biotechnology Ltd. (Oxford, United King-
dom) (24). It has the wild-type RANTES sequence except for a single-amino-
acid change: glutamic acid to serine at residue 66 (E66.S). The RANTES
E66.S gene was expressed and secreted from the yeast Pichia pastoris at high
yield. The purified protein, designated BB-10520 RANTES, had undergone
truncation of the two N-terminal amino acids so that its N-terminal sequence was
YSSDTPP. . . (24). This molecule and RANTES(3-68) are therefore identical
except for the E66.S substitution.

Viruses. Env-pseudotyped, luciferase-expressing reporter viruses were pro-
duced by the calcium phosphate technique (15, 23, 29). Thus, 293T cells were
cotransfected with the envelope-deficient HIV-1 NL4-3 construct, pNL-Luc, and
with a pSV vector expressing viral envelope glycoproteins (15, 23, 29). The
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pNL-Luc virus carries the luciferase reporter gene; the pSV vectors express
envelope glycoproteins derived from HIV-1, amphotropic murine leukemia virus
(MuLV), or vesicular stomatitis virus (VSV). The Env-pseudotyped viruses are
designated HIV-1MuLV, HIV-1VSV, HIV-1HXB2, etc., with the subscript repre-
senting the pseudotyped env gene.

Viral infection assay with luciferase readout. The extent of HIV-1 entry was
determined by using a single-cycle infection assay (15, 23, 29). One day before
infection, cells were seeded at a density of 104 per well of a 96-well tissue culture
plate (HeLa-CD4) or at 5 3 104 per well of a 24-well tissue culture plate
(CHO-K1, psgD-677, and psgA-745). After 24 h, the cells were infected with
Env-pseudotyped HIV-1 (e.g., HIV-1MuLV) for 2 h at 37°C in the presence or
absence of chemokines in a total infection volume of 100 (HeLa-CD4) or 500
(CHO-K1, psgD-677, and psgA-745) ml. The amount of input virus was deter-
mined by measuring its HIV-1 p24 antigen content. Unbound virus was removed
by washing, and fresh medium lacking chemokines was added to the cells.
Seventy-two hours postinfection, the cells were washed once with phosphate-
buffered saline (PBS) and lysed in 50 ml of Reporter Lysis Buffer (Promega Inc.).
The luciferase activity in a mixture of 100 ml of luciferase substrate (Promega)
and 30 ml of cell lysate was measured in relative light units (RLU) with a
DYNEX MLX microplate luminometer. Statistical analyses were performed by
an unpaired Student t test (95% confidence interval; two tailed) to estimate
significance.

Cell-cell fusion assay. In the cell-cell fusion assay, a luciferase reporter gene is
transactivated when cell-cell fusion occurs (28, 61). The T7-luciferase system and
the recombinant vaccinia viruses were provided by Bernard Moss and Robert
Doms. Two days before a fusion experiment, the target HeLa-CD4 cells were
transfected with the T7-luciferase construct by using Lipofectin (Gibco BRL-Life
Technologies), according to the manufacturer’s instructions. The next day, 4 3
104 lipofected target cells were seeded into each well of a 96-well plate in the
presence or absence of chemokines and then incubated for 24 h at 37°C. One day
before the experiment, the T7 RNA polymerase and Env proteins were intro-
duced into the effector HeLa cells by infection for 2.5 h with recombinant
vaccinia viruses at a multiplicity of infection of 10 in Dulbecco’s minimal essen-
tial medium supplemented with 2.5% FCS. The cells were then trypsinized,
washed in PBS, and incubated overnight in medium containing rifampin (Sigma
Chemicals; 100 mg/ml) at room temperature. For the fusion experiment, the
effector cells were washed in PBS and resuspended in medium containing ri-
fampin and cytosine b-D-arabinofuranoside (10 mM; Sigma Chemicals). The
effector cells (8 3 104), with or without chemokine, were added to each well.
Fusion took place for 2.5 h at 37°C, and then the luciferase activity in cell lysates
was determined with the Promega system described above.

RANTES oligomerization assay. The ability of RANTES and RANTES de-
rivatives to oligomerize was assayed on heparin beads as described previously
(37). Heparin-Sepharose CL-6B beads (Pharmacia; 0.5 mg/ml) were shaken with
0.23 nM 125I-labeled RANTES or RANTES derivative (each custom labeled by
Amersham International, Little Chalfont, United Kingdom) in the presence of
increasing concentrations of unlabeled protein in 100 ml of binding buffer (50
mM HEPES, pH 7.4, containing 5 mM MgCl2, 1 mM CaCl2, 150 mM NaCl, and
0.5% bovine serum albumin [BSA]) for 4 h at room temperature. The beads were
then washed three times with 200 ml of binding buffer adjusted to contain 500
mM NaCl. The bound radioactivity was measured in a MicroWallac beta
counter, and the data were plotted as described elsewhere (37).

Virus-cell adsorption assay. The virus-cell adsorption assay was performed as
described previously (54, 88). Briefly, sucrose gradient-purified HIV-1IIIB parti-
cles grown on H9 cells and sucrose gradient-purified control microvesicles from
uninfected H9 cells were provided by Larry Arthur (Frederick Cancer Research
and Development Center, Frederick, Md.) (9). The two preparations were stan-
dardized for total protein content. For the binding reactions, 1 mg of protein was
added to 2 3 105 target cells. These were either from the CD4-positive, T-
lymphoid cell line A3.01 or the related CD4-negative A2.01 line (54, 88).

For experiments in which RANTES was added to target cells simultaneously
with virions, 2 3 105 cells were incubated for 2 h on ice with virions (or control
microvesicles) and the anti-HLA-DR antibody G46-6 (0.5 mg/ml; Pharmingen) in
the presence or absence of various concentrations of RANTES or BB-10520
RANTES. The cells were washed three times with ice-cold binding buffer (Dul-
becco’s PBS containing 1% BSA and 0.1% sodium azide [D-PBS–BSA]), and
then bound particles were detected with goat-anti-mouse-phycoerythrin second-
ary antibody (DAKO Diagnostics) and quantitated by fluorescence-activated cell
sorter (FACS).

For experiments in which target cells were pretreated with RANTES, the cells
(106/ml in culture medium) were incubated for 24 h at 37°C in the presence or
absence of various concentrations of RANTES or BB-10520 RANTES. After
being washed in ice-cold binding buffer, 2 3 105 cells were incubated for 2 h on
ice with virions or microvesicles and the G46-6 antibody (0.5 mg/ml). The cells
were then washed three times with binding buffer before detection and quanti-
tation of bound particles as described above.

Virion binding to immobilized RANTES. Two methods were used for virion
binding. In the first, 4 3 107 magnetic beads coated with anti-murine immuno-
globulin G (Dynal Inc.) were reacted with 5 mg of monoclonal anti-RANTES
antibody (MAB-278; R&D Systems Inc.)/ml for 30 min at 37°C. Unbound anti-
body was removed by washing with D-PBS–BSA, and then the beads were
incubated with 10 mg of RANTES or BB-10520 RANTES/ml for 30 min at 37°C

in the presence or absence of chondroitin sulfate. Unbound chemokine was
washed away, and the beads were incubated with HIV-1MuLV (250 ng of HIV-1
p24 antigen per sample) for 2 h at 37°C. Unbound virus was washed away and the
beads were pelleted, resuspended, and analyzed for their p24 antigen content.

In the second assay, 6.7 3 107 streptavidin-coated magnetic beads (Dynal Inc.)
were reacted with 5 mg of biotinylated polyclonal anti-RANTES or anti-MIP-1b
antibodies (BAF 278 and BAF 271; R&D Systems Inc.)/ml for 30 min at 37°C.
The rest of the procedure was as described above, except that the HIV-1MuLV
input was 500 ng of HIV-1 p24 antigen per sample.

RESULTS

Enhancement of viral infectivity by RANTES is dependent
upon the RANTES sequence. We have demonstrated previ-
ously that RANTES, but not other CC-chemokines such as
MIP-1a and MIP-1b, is able to enhance viral infectivity inde-
pendently of the envelope glycoproteins and the route used by
the test viruses to enter target cells (36). To gain further insight
into the underlying mechanisms, we tested several different
sequence variants of the RANTES molecule. The origins and
properties of these RANTES variants are described in Mate-
rials and Methods. To eliminate any direct influences of RAN-
TES on the receptor used for virus entry, we used as a test virus
MuLV envelope glycoprotein pseudotypes of HIV-1 (HIV-
1MuLV); the entry of HIV-1MuLV occurs via a plasma mem-
brane phosphate transporter which is not known to be a RAN-
TES receptor (53). As target cells, we used the HeLa-CD4 cell
line, since RANTES enhances HIV-1MuLV infection of HeLa
cells just as it does HIV-1 infection via CD4 and the CCR5 or
CXCR4 coreceptors (36).

Based on our previous observations, RANTES enhance-
ment of HIV-1MuLV infectivity was studied in two ways (36).
The target cells were pretreated with CC-chemokines for 24 h
and then washed before the addition of virus for 2 h in the
absence of CC-chemokine (Fig. 1a); alternatively, CC-chemo-
kines were added to the cells for a 2-h period, simultaneously
with the viral inoculum, and then washed away (Fig. 1b).

As was found previously, RANTES but not MIP-1a substan-
tially enhanced HIV-1MuLV infectivity in a dose-dependent
manner, whether it was added to the target cells 24 h prior to
the virus (Fig. 1a) or simultaneously with the virus (Fig. 1b)
(36). Significant, but somewhat reduced, infectivity enhance-
ments were also observed with RANTES(3-68), a variant of
RANTES that is N-terminally truncated by two residues (Fig.
1). In contrast, BB-10520 RANTES, which differs from the
conventional RANTES molecule at only a single position
(E66.S) and by a two-residue truncation at the N terminus
(24), caused a modest decrease in HIV-1MuLV infectivity when
added to the cells 24 h prior to the virus (Fig. 1a). Further-
more, BB-10520 RANTES stimulated only a very slight in-
crease in infectivity when added at the highest concentration
tested (10 mg/ml) simultaneously with HIV-1MuLV (Fig. 1b).
Clearly, whether viral infectivity enhancement occurs is a func-
tion of the RANTES sequence, which presumably affects an
important structural feature of this molecule. Of note is the
fact that AOP-RANTES and rat RANTES both behave like
the wild-type human RANTES molecule in that they also en-
hance viral infectivity (references 24 and 36 and data not
shown). Each of these molecules, and also RANTES(3-68), is
identical to wild-type human RANTES at residue 66, but each
differs from BB-10520 RANTES at this position. The two-
residue N-terminal truncation of BB-10520 RANTES is not
responsible for its inability to enhance viral infectivity, since
RANTES(3-68) has the same truncation yet still causes infec-
tivity enhancement (Fig. 1).

RANTES promotes virion adsorption to target cells. The
experiments described above (Fig. 1a), taken together with our
previous findings (36), show that RANTES causes a significant
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increase in the infectivity of cell-free virus when it is present
during the virus-cell adsorption phase of the viral life cycle.
One explanation of this would be that RANTES promotes
virion binding to the cells. To test this directly, we measured
the attachment of HIV-1IIIB to target cells (Fig. 2), using an
assay developed by Mandor, Ugolini, and colleagues (54, 88).
Virions grown in cells expressing HLA-DR (e.g., H9 cells)
incorporate this protein into their membranes on budding
from the cell membrane. The virions are then added to cells
that do not express HLA-DR (e.g., A2.01 or A3.01 cells), and
bound HLA-DR (i.e., virion membrane derived) is detected by
FACS, using an anti-HLA-DR antibody. Cells that grow in
suspension were used for this assay, to avoid damage to the
membrane composition of adherent cells when they are de-
tached for FACS analysis. By using CEM.NKR cells that are
closely related to A3.01 cells, we have confirmed that RAN-
TES causes viral infectivity enhancement in T cells which grow
in suspension (data not shown).

Because cells produce small vesicles derived from cell mem-
branes that are of a size similar to that of virions, it is necessary
to control for the binding of these vesicles to target cells (9,
35). Consequently, we used sucrose gradient-purified prepara-
tions from both HIV-1IIIB-infected and uninfected H9 cells,
designated IIIB/H9 vesicles and H9 vesicles, respectively. The
former contain virions and microvesicles; the latter contain
only microvesicles.

The binding of virions and microvesicles to CD4-positive
A3.01 cells was measured in the presence and absence of
RANTES and BB-10520 RANTES (Fig. 2). In one set of
experiments, we mimicked what happens when RANTES and
virions are added simultaneously to target cells in infectivity
assays (Fig. 1b and 2a); in a second set, we treated the cells for
24 h with the RANTES molecules before adding virions in the
absence of chemokine, again mimicking what happens in some
infectivity assays (Fig. 1a and 2b).

We could detect the binding to A3.01 cells of HIV-1IIIB
virions (IIIB/H9 vesicles) and, to a lesser extent, of the control
microvesicles (H9 vesicles) (Fig. 2). The simultaneous addition
of RANTES (5 mg/ml) caused a substantial increase in the
number of A3.01 cells to which virions or microvesicles were
attached. The effect of RANTES was greater with the virion-
containing preparation than with the microvesicles, especially
at a RANTES concentration of 1 mg/ml (Fig. 2a). In contrast,

BB-10520 RANTES only slightly increased the number of cells
that had virions attached and only at the highest concentration
tested (5 mg/ml). BB-10520 RANTES had no effect on mi-
crovesicle attachment (Fig. 2a). Furthermore, when virion at-
tachment was quantified by measuring the median fluores-
cence intensity levels, as opposed to the percentage of
fluorescence-positive cells, BB-10520 RANTES caused no in-
crease whereas the same concentration of RANTES raised the
median fluorescence intensity by 20-fold (data not shown). A
similar pattern of results was found when A3.01 cells were
treated with the CC-chemokines for 24 h before the addition of
virions or microvesicles (Fig. 2b). RANTES, but not BB-10520
RANTES, pretreatment caused an increase in the attachment
of IIIB/H9 vesicles and, to a lesser extent, of H9 vesicles,
although only at the highest concentration tested (5 mg/ml).

Analogous experiments were performed with CD4-negative
A2.01 cells. In the absence of RANTES, no binding of either
the IIIB/H9 virions or the control H9 vesicles was detectable
(data not shown). This is consistent with previous observations
that CD4 is required on the target cells for specific, stable virus
attachment in this assay (54, 88). However, RANTES, either
added simultaneously with the virions or used to pretreat the
cells, caused a large increase in the binding of both virions and
microvesicles to the A2.01 cells (data not shown). These effects
of RANTES were not mimicked by BB-10520 RANTES (data
not shown). Thus, RANTES can promote the attachment of
virions and cell membrane-derived vesicles to target cells in a
CD4-independent manner.

RANTES binds to virions. One mechanism by which RAN-
TES could promote virus-cell attachment would be for it to
bind simultaneously to both virions and cells, cross-linking the
former to the latter. It is well established that RANTES binds
to cell surfaces via multiple receptors, including both classical
chemokine receptors (73, 92) and GAGs (10, 37, 66, 89). To
test whether RANTES can also bind to virions, we used two
assays. In the first, we attached RANTES to magnetic beads
via indirectly adsorbed anti-RANTES antibodies and then
added HIV-1MuLV and determined the extent of virion binding
by measuring how much HIV-1 p24 antigen was associated
with the beads. There was significantly greater binding of viri-
ons to RANTES-coated beads than to control beads lacking
RANTES (Fig. 3a). Virion attachment to the RANTES-coated
beads was inhibited by the soluble GAG chondroitin sulfate,

FIG. 1. Effect of RANTES and RANTES variants on infection with MuLV pseudotypes. (a) CC-chemokines at the indicated concentrations were added to
HeLa-CD4 cells for 24 h and then washed from the cells immediately before infection was initiated by the addition of HIV-1MuLV (3.2 ng of HIV-1 p24 antigen) for
2 h. No CC-chemokines were present during the infection period or subsequently. (b) CC-chemokines were added during the 2-h viral infection period but were not
present before or after that time. In all experiments, unbound virus and CC-chemokines (if present) were washed away after the infection period and the cultures were
replenished with fresh medium without CC-chemokine. The extent of viral infection was measured by determination of luciferase expression in quadruplicate cultures
on day 3 postinfection; the data (mean 6 standard deviation) are presented as percentages of control (no chemokine 5 100%). The chemokines used were RANTES
(■), RANTES(3-68) (Œ), BB-10520 RANTES (�), and MIP-1a (F). The untreated control values were 5,063 6 948 RLU for both panels a and b. To test for statistical
significance, we compared the data sets obtained in the presence and absence of CC-chemokine by the unpaired Student t test (95% confidence interval; two-tailed P
values). Treatment of the cells for 24 h with 10, 5, and 1 mg of RANTES/ml (a) caused a significant increase in HIV-1MuLV infection compared to the untreated control
(P , 0.0001). A significant increase in HIV-1MuLV infection was also caused by 10 mg of RANTES(3-68)/ml (P 5 0.001) but not by MIP-1a (P 5 0.299). Treatment
with BB-10520 RANTES significantly decreased HIV-1MuLV infection (P , 0.001). In the experiment shown in panel b, all four compounds significantly increased
HIV-1MuLV infection; even the moderate increases observed with BB-10520 RANTES and MIP-1a at 10 mg/ml achieved statistical significance (P , 0.001 and P 5
0.011, respectively).
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suggesting that the process was GAG mediated (see Fig. 6).
The BB-10520 RANTES molecule did not promote significant
virion attachment to beads (Fig. 3a), despite being able to
recognize the anti-RANTES monoclonal antibody coating the
beads (data not shown). In a similar assay, RANTES and
MIP-1b were immobilized on streptavidin-coated beads via
biotinylated polyclonal antibodies. The amount of virus cap-
tured on the beads was 20-fold greater in the presence of
RANTES than when MIP-1b was used (Fig. 3b), which is
consistent with the ability of RANTES, but neither MIP-1a
nor MIP-1b, to enhance viral infectivity (36) (Fig. 1).

RANTES forms oligomers induced by binding to GAGs. The
results discussed above demonstrate that RANTES molecules
which enhance viral infectivity promote virion attachment to
cells and also bind to virions. In contrast, a RANTES variant
(BB-10520 RANTES) that does not enhance virus-cell attach-
ment also does not cause virus-cell binding and is not virion
reactive. This correlation suggests that RANTES cross-links
viruses to cells by binding simultaneously to receptors present

on both the virion and cell membranes. But does a single
RANTES molecule cause cross-linking or must RANTES oli-
gomerize? To test this, we measured the extent to which RAN-
TES and its variants can oligomerize, using an assay in which
the RANTES molecules that bind to immobilized heparin, a
typical GAG, are quantitated (Fig. 4).

RANTES and AOP-RANTES clearly form oligomers in this
assay at concentrations above 100 ng/ml, whereas BB-10520
RANTES only dimerizes at similar concentrations (Fig. 4).
The single-amino-acid change (E66.S) introduced into the
RANTES molecule to make BB-10520 RANTES therefore
prevents oligomerization, an observation also made by others
(24). The extent of the RANTES multimerization shown here
is greater than that previously described (37). This may be due
to a variation in bivalent cation concentration in the assay
buffers used in the present and earlier sets of experiments. We
have noticed that EDTA completely abolishes the oligomer-
ization of RANTES, indicating that the process is cation de-
pendent (data not shown).

FIG. 2. RANTES promotes virion adsorption to target cells. (a) A3.01 cells
were incubated for 2 h on ice with preparations containing HIV-1IIIB virions
(IIIB/H9 vesicles) or control microvesicles (H9 vesicles) in the presence of the
indicated concentrations of RANTES (hatched bars) or BB-10520 RANTES
(shaded bars) or with no CC-chemokine (solid bars). (b) A3.01 cells were treated
for 24 h at 37°C with RANTES, BB-10520 RANTES, or no CC-chemokine, as
described above. IIIB/H9 vesicles or control H9 vesicles were subsequently
added for 2 h on ice in the absence of CC-chemokine. In both panels, cell-bound
particles were detected by FACS after HLA-DR monoclonal antibody staining.
The values shown are the percentages of positive cells that were gated.

FIG. 3. RANTES binds to virions. (a) RANTES was captured on magnetic
beads via an anti-murine immunoglobulin G antibody and a murine anti-RAN-
TES antibody (solid bars). HIV-1MuLV virions were then reacted with the beads
for 2 h in the presence or absence of the indicated concentrations of soluble
chondroitin sulfate (CS). The use of BB-10520 RANTES is indicated by the
shaded bar, and the background binding in the absence of RANTES is repre-
sented by an open bar. The extent of virion capture was measured by p24 antigen
determination and is expressed as the percentage of that achieved in the pres-
ence of RANTES but absence of CS (6.5 ng/sample, defined as 100%). The data
shown are from one of two to three independent experiments. (b) Biotin-labeled
antibodies to CC-chemokines were immobilized on streptavidin-coated magnetic
beads and incubated with the appropriate CC-chemokines (solid bars, RANTES;
shaded bars, MIP-1b) before the addition of HIV-1MuLV virions for 2 h. The
extent of virion capture was measured by p24 antigen determination. The data
shown are from one of three independent experiments.
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Qualitatively, there is a correlation between the abilities of
RANTES-based molecules to oligomerize and to enhance viral
infectivity (Fig. 1 and 4). Quantitatively, the concentration
range at which RANTES binding to immobilized heparin oc-
curs should not be precisely compared with what happens
when RANTES binds to the cell surface, because the efficiency
of the latter varies with the cell surface GAG composition and
concentration. Overall, the results shown in Fig. 4 are consis-
tent with the hypothesis that RANTES oligomers attach simul-
taneously to both virions and cells, cross-linking one to the
other and promoting viral infectivity by increasing the amount
of cell-bound virus.

GAGs are involved in the attachment of virions to cells via
RANTES. To what receptor(s) on virions and cells do oli-
gomers of RANTES bind? We reported previously that we
could not identify a seven-transmembrane-spanning receptor
common to all the human and nonhuman cell lines in which
RANTES enhanced viral infectivity (36). These negative find-
ings, together with knowledge of the RANTES concentration
range over which enhancement occurred, focused our atten-
tion on cell surface GAGs. These molecules, typified by hepa-
ran sulfate and chondroitin sulfate, are known to be low-affin-

ity cell surface RANTES receptors (10, 37, 66). Indeed,
RANTES is secreted from CD81 cells as GAG complexes
(89).

To address the involvement of GAGs, we first used two cell
lines defective in GAG synthesis, derived by treating wild-type
CHO-K1 cells with a chemical mutagen (31, 49). These CD4-
negative lines have been used to demonstrate that GAGs are
required for adhesion of the malarial circumsporozoite protein
to target cells (34). The pgsA-745 line contains a mutation
resulting in a defect in xylosyltransferase, an enzyme that at-
taches xylose to a serine residue of the core protein in the first
sugar transfer reaction of GAG synthesis (31). This cell line
does not, therefore, produce any GAGs. The psgD-677 line
expresses altered forms of N-acetylglucosaminyltransferase
and glucuronosyltransferase, enzymes required for heparan
sulfate polymerization. These cells specifically lack heparan
sulfate and accumulate three- to fourfold more chondroitin
sulfate than wild-type cells (49).

Because HIV-1 and HIV-1MuLV pseudotypes do not effi-
ciently infect CHO-K1 cells (41) (or mutants thereof), we used
HIV-1 pseudotyped with the VSV envelope glycoproteins
(HIV-1VSV); RANTES enhances the infectivity of this virus
just as it does HIV-1 and HIV-1MuLV (36). The enhancement
of HIV-1VSV infectivity by RANTES was significantly reduced
in simultaneous-addition experiments with both CHO-K1 cell
mutants, especially with the pgsA-745 GAG-deficient cell line
(Fig. 5b). Similar, but more pronounced, reductions in the
extent of infectivity enhancement were observed when both
mutant CHO-K1 cell lines were pretreated with RANTES for
24 h before the addition of HIV-1VSV in the absence of RAN-
TES compared to what was observed with the wild-type
CHO-K1 cells. Indeed, there was no significant enhancement
of infectivity with the pgsA-745, GAG-deficient cells under
these conditions (Fig. 5a).

These results implicate cell surface GAGs as mediators of
RANTES-induced viral infectivity enhancement. The most
likely explanation of the effect is that oligomers of RANTES
bind to GAGs on both the virus and cell membranes, cross-
linking the two. We investigated whether this was, in fact, the
case by adding soluble GAGs as competitors for RANTES
binding to virion- or cell-associated GAGs. When HeLa-CD4
cells were treated with RANTES (5 mg/ml) in the presence or
absence of soluble GAGs for 24 h prior to the addition of
HIV-1MuLV, both heparan sulfate and chondroitin sulfate
caused a dose-dependent inhibition of the RANTES-mediated
infectivity enhancement (Fig. 6a). In the absence of RANTES,

FIG. 4. RANTES and AOP-RANTES, but not BB-10520 RANTES, multi-
merize upon binding to heparin. Radiolabeled RANTES (■), AOP-RANTES
(Œ), or BB-10520 RANTES (F) was incubated with heparin-Sepharose beads in
the presence of increasing amounts of the same, unlabeled chemokine, and the
amount of radiolabeled chemokine bound to the beads was determined. The
values shown are the means (6 standard deviations) from five independent
experiments.

FIG. 5. RANTES-mediated infectivity enhancement is dependent upon GAG expression on target cells. CHO-K1 cells (■), heparan sulfate-deficient psgD-677 cells
(F), or GAG-deficient psgA-745 cells (Œ) were infected with HIV-1VSV (1.5 ng of HIV-1 p24 antigen) in the presence or absence of the indicated concentrations of
RANTES. Unbound virus was removed after a 2-h incubation, and the cultures were replenished with fresh medium without RANTES. (a) RANTES was added to
the cells for 24 h, and then the chemokine-containing medium was washed away immediately before the addition of virus. RANTES was absent during the 2-h infection
period and subsequently. (b) RANTES was added during the 2-h infection period but was not present prior to or after that time. The extent of viral infection was
measured by determination of luciferase expression in quadruplicate cultures on day 3 postinfection; the data (mean 6 standard deviation) are presented as percentages
of control (no RANTES 5 100%). The untreated control values (in RLU) were as follows: (a) CHO-K1 cells, 71.4 6 16.3; pgsD 677 cells, 19.9 6 4.4; pgsA 745 cells,
71.8 6 8.4; (b) CHO-K1, cells 47.4 6 11.5; pgsD 677 cells, 22.9 6 6.9; pgsA 745 cells, 37.8 6 4.0.
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neither soluble GAG affected viral infectivity (Fig. 6a). Similar
results were obtained when HIV-1HXB2 (Env pseudotype) was
substituted for HIV-1MuLV (data not shown). When RANTES
and soluble GAGs were both present during the period of
virus-cell attachment and infection, the GAGs again reversed
the enhancing effect of RANTES in a dose-dependent manner
(Fig. 6b). However, the interpretation of this result is compli-
cated by the inhibition of viral infectivity caused by GAGs in
the absence of RANTES, a phenomenon that has been de-
scribed previously (39, 63). Of note is the fact that soluble
chondroitin sulfate inhibits the attachment of HIV-1MuLV viri-
ons to RANTES-coated magnetic beads (Fig. 3a).

Effect of signal transduction inhibitors on RANTES-medi-
ated infectivity enhancement. We have noted previously the
correlation between the concentrations of RANTES that en-
hance viral infectivity and those that were reported by Bacon et
al. to cause a large, sustained increase in cytosolic Ca21 con-
centrations in CD41 T cells (6, 7, 25). This increase in intra-
cellular Ca21 was sensitive to the protein tyrosine kinase in-
hibitor herbimycin A, whereas smaller, more transient Ca21

increases induced by lower concentrations of RANTES were

blocked by pertussis toxin, an inhibitor of signaling via G-
protein-coupled receptors (6, 7, 25). We therefore tested
whether the RANTES-induced enhancements of viral infectiv-
ity were affected by herbimycin A (Fig. 7).

The enhancement of HIV-1MuLV infectivity caused by RAN-
TES pretreatment of HeLa-CD4 cells was inhibited by herbi-
mycin A in a dose-dependent manner (Fig. 7a). In the absence
of RANTES, herbimycin A had no significant effect on HIV-
1MuLV infectivity (Fig. 7a). Similar results were obtained when
herbimycin A was added to the target cells 48 instead of 25 h
prior to infection (data not shown). In contrast, herbimycin A
pretreatment for 25 h had no effect on the infectivity enhance-
ment which occurred when RANTES was added to the HeLa-
CD4 cells simultaneously with HIV-1MuLV (Fig. 7b). To ex-
clude the possibility that herbimycin A was no longer active
after it had been in contact with the cells for 25 h, we repeated
this experiment but with only a 1-h interval between the addi-
tion of herbimycin A and HIV-1MuLV; the results were iden-
tical (data not shown). Under the conditions used in both Fig.
7a and b, the same pattern of data was obtained when HIV-
1HxB2 (Env pseudotype) was substituted for HIV-1MuLV (data

FIG. 6. RANTES-mediated infectivity enhancement is inhibited by soluble GAGs. HeLa-CD4 cells were infected with HIV-1MuLV as described in Materials and
Methods. (a) The cells were pretreated for 24 h with RANTES (5 mg/ml) in the presence or absence of soluble GAGs, and then infection was initiated in the absence
of both RANTES and GAGs. (b) RANTES and GAGs were both added simultaneously with the virus at the initiation of infection. The GAG used was heparan sulfate
(■ and h) or chondroitin sulfate (Œ and ‚). Open symbols, no RANTES; closed symbols, plus RANTES. The extent of viral infection was measured by determination
of luciferase expression in quadruplicate cultures on day 3 postinfection; the data (mean 6 standard deviation) are presented as percentages of control (no RANTES 5
100%). The untreated control values were (a) 27,290 6 2,450 RLU and (b) 27,151 6 5,468 RLU.

FIG. 7. Effect of the tyrosine kinase inhibitor herbimycin A on RANTES-induced infectivity enhancement. HeLa-CD4 cells were incubated for 25 h with the
indicated concentrations of herbimycin A. The cells were then infected with HIV-1MuLV (2.5 ng of HIV-1 p24 antigen) in the presence (■) or absence (F) of 10 mg
of RANTES/ml. Unbound virus was removed after a 2-h incubation period, and the cultures were replenished with fresh medium without RANTES. (a) RANTES was
added to the cells 24 h before the initiation of infection (i.e., 1 h after herbimycin A was added) and then washed away immediately before the addition of virus. Neither
RANTES nor herbimycin A was present during the 2-h infection period or thereafter. (b) RANTES was added to the cells simultaneously with the viral inoculum so
that both RANTES and herbimycin A were present during the 2-h infection period but neither agent was present after that period. In both experiments, the extent
of viral infection was determined by measuring luciferase expression in quadruplicate cultures on day 3 postinfection; the data are presented as percentages of control
(no chemokine 5 100%). The untreated control values were (a) 183 6 63 RLU and (b) 262 6 53 RLU.
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not shown). Thus, the identity of the viral envelope glycopro-
teins which mediate entry into the target cells does not influ-
ence the RANTES-induced infectivity enhancement mecha-
nisms or their sensitivity to herbimycin A.

RANTES increases the efficiency of cell-cell fusion. To gain
more insight into the effects of treating target cells with RAN-
TES for prolonged periods, we tested whether such cells were
more permissive to cell-cell fusion and not just virus-cell fu-
sion. To do this, we used an assay in which a luciferase reporter
gene is transactivated when cell-cell fusion occurs (28, 61).
HeLa cells expressing the envelope glycoproteins of HIV-1IIIB
(HeLa-EnvIIIB cells) are the effector cells, and luciferase-con-
taining HeLa-CD4 cells are the targets.

RANTES, at 5 to 10 mg/ml, caused an increase in the extent
of cell-cell fusion, both when it was added to the mixed effector
and target cell population only during the fusion reaction and
when it was added to the effector cells for 24 h prior to the
initiation of cell-cell fusion (Fig. 8). In contrast, the same
concentrations of MIP-1a had little or no effect on cell-cell
fusion under these conditions (Fig. 8). Thus, whatever changes
are caused to HeLa cells by prolonged exposure to RANTES,
their effect is to increase the extent of both virus-cell fusion and
Env-mediated cell-cell fusion.

DISCUSSION

The purpose of this study was to understand the mechanisms
by which the CC-chemokine RANTES enhances the infectiv-
ities of HIV-1 and other enveloped viruses when present at
concentrations in excess of 500 ng/ml in vitro (36). We do not
argue that what we have observed is necessarily physiologically
relevant—plasma concentrations of RANTES rarely exceed
200 ng/ml in HIV-1-infected or uninfected people (42, 48, 52,
60)—although we note that local concentrations of RANTES
in tissues are unknown but could be rather higher than in
plasma, especially at the sites of inflammation, where RAN-
TES performs its normal physiological functions. Neither do
we expect that plasma concentrations of exogenously adminis-
tered RANTES or its derivatives would approach the range at

which viral infectivity enhancement occurs, if and when these
compounds are used therapeutically. It should not be over-
looked that concentrations of RANTES lower than those we
have studied here can inhibit the replication of R5 HIV-1
isolates in vitro by preventing the use of the CCR5 coreceptor
by these viruses (5, 10, 22, 29, 51, 64, 80, 85).

We believe, however, that understanding how RANTES en-
hances viral infectivity in vitro might throw light on the funda-
mental processes of viral infection, in particular for HIV-1.
The complexity of the phenomena described here could also
help explain the various, seemingly contradictory reports that
RANTES can either inhibit or enhance HIV-1 replication in
primary monocytes/macrophages (1, 3, 12, 29, 44, 59, 78, 96).
We have not yet studied these cells in detail, but we and others
have noted that RANTES can either inhibit or enhance the
replication of X4 and R5X4 HIV-1 isolates in primary CD41 T
cells in a donor-dependent manner (26, 45, 58, 83, 85). We are
presently investigating this phenomenon, to see whether it is
mechanistically related to what we have observed here and
previously (36).

In the present study, our principal findings are twofold:
firstly, that oligomers of RANTES can cross-link enveloped
viruses, including HIV-1, to cells via GAGs that are present on
the membranes of both virions and cells; secondly, that oli-
gomers of RANTES form on cell surface GAGs and transduce
a herbimycin A-sensitive signal which, over a period of several
hours, renders the cells more permissive to infection by HIV-1
or envelope pseudotypes of HIV-1. These phenomena may be
relevant to studies of several viruses, because we have observed
the first process with HIV-1, HIV-1MuLV, and HIV-1VSV and
the second with HIV-1, HIV-1MuLV, HIV-1VSV, and influenza
and vaccinia viruses (36, 83) (see above).

The observation that RANTES oligomers can cross-link viri-
ons to cells via GAGs is consistent with previous studies em-
phasizing the importance of GAGs in virus-cell binding. Mon-
dor et al. reported that the attachment of the TCLA strain of
HIV-1Hx10 to HeLa-CD4 cells was strongly dependent on the
binding of the virus to cell surface GAGs (heparans); attach-

FIG. 8. Effect of RANTES on HIV-1 Env-mediated cell-cell fusion. HeLa target cells expressing the HIV-1IIIB envelope glycoproteins were allowed to fuse with
HeLa-CD4 effector cells in the presence of the indicated concentrations of RANTES (solid bars), MIP-1a (shaded bars), or medium (hatched bars). The designation
0 h means that the chemokine was only added to the mixed effector-target cell population during the fusion process; the designation 24 h indicates that the effector
cells were pretreated with the chemokine for 24 h. The values shown are representative of those from four independent experiments.
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ment could be efficiently inhibited by soluble heparin, dextran
sulfate, or pentosan polysulfate but not by chondroitin sulfate
(54). The importance of virus-GAG interactions, mediated by
envelope glycoproteins or other virion components, for HIV-1
infection of various cell lines is well characterized (62, 71, 77);
indeed, the rate-limiting step in HIV-1 penetration of its target
cells is attachment to the cell surface, not the subsequent
fusion reaction (68). This is also true of many other viruses (18,
57, 72, 90), and as with HIV-1, interactions with cell surface
GAGs can be used to increase virion infectivity. For example,
GAGs play an important role in facilitating interactions of
herpes simplex virus with its fusion receptors (55, 95) and of
the following viruses with the target cell surface: Dengue virus
(16), vaccinia virus (19), foot-and-mouth disease virus (40),
Sindbis virus (46), human herpesvirus 7 (79), and pseudorabies
virus (86).

Virus-cell attachment can also be mediated by virion-asso-
ciated adhesion factors binding to cell surface counterrecep-
tors (11, 33, 67, 76) or, as we show here, by oligomers of
RANTES. The mechanism and route by which virus-cell fusion
subsequently occurs are irrelevant. We have found that RAN-
TES oligomers can enhance the infectivity of VSV and MuLV
Env pseudotypes of HIV-1, which enter target cells indepen-
dently of CD4 and coreceptors (36). Similarly, the infectivities
of murine influenza virus and vaccinia virus are also enhanced
by oligomerized RANTES (83). The subsequent association of
viruses with specific fusion receptors (e.g., of HIV-1 with CD4
and coreceptors) is still necessary for fusion and infection to
occur. But an elevated concentration of virions attached to the
cell surface increases the rate of virus-cell fusion, however
fusion is achieved and also however attachment occurs.

In addition to virus-cell attachment, GAGs play an impor-
tant role in the binding of other proteins to the cell surface.
Thus, the major surface protein of the malaria sporozoites, the
circumsporozoite protein, contains a highly conserved se-
quence responsible for the specific homing of malaria sporo-
zoites to hepatocytes, the target cells for the first stage of
infection (14, 81). The conserved sequence includes a series of
positively charged amino acids whose interaction with cell sur-
face GAGs is required for target cell adhesion of the sporo-
zoite (34).

The GAG-binding region of RANTES is also positively
charged and is located close to its C terminus. Thus, Burns et
al. found that lysine and arginine residues within the C-termi-
nal a-helical region of RANTES are critical for the interaction
of this chemokine with GAGs (10). Of note is the fact that a
monoclonal antibody (4A12) whose epitope is heavily depen-
dent on residues in this region interferes with the binding of
RANTES to cell surface GAGs; this process is necessary for
the transduction of Ca21 signals and the antiviral action of low
concentrations of RANTES (10). The single-residue change
(glutamic acid to serine) in BB-10520 RANTES that abolishes
its ability to oligomerize and cause infectivity enhancement lies
at position 66, only two amino acids away from the C terminus
and within the 4A12 epitope (10, 24).

The three-dimensional structures of chemokines clearly
show that these molecules can dimerize in a manner that is not
GAG dependent. The dimeric topology of CC-chemokines, as
illustrated by RANTES (20), differs considerably from that of
CXC-chemokines, for example, interleukin-8 (21). Further-
more, the crystal structure of MCP-1 reveals that this CC-
chemokine can also form tetramers (50), yet MCP-1 binds to
its seven-transmembrane receptor as a monomer (70).
Whether it is monomeric or higher-order forms of RANTES
that bind, at low nanomolar concentrations, to high-affinity
receptors such as CCR1 and CCR5 (6, 75, 80) remains to be

determined. It should be noted that while the E66.S mutation
abrogates the ability of RANTES to form multimers, the pro-
tein is still able to dimerize (Fig. 4) (24). Dimerization is clearly
not sufficient for a CC-chemokine to cause viral infectivity
enhancement; MIP-1a is another molecule which dimerizes yet
does not enhance infectivity (36, 37). One difference between
RANTES and MIP-1a is that, at physiological pH, the former
is cationic and the latter is anionic (20). Yet charge cannot be
the sole determinant of whether a CC-chemokine can increase
viral infectivity; MCP-1 is also cationic and oligomerizes upon
binding to heparin (50), but it does not increase HIV-1 infec-
tivity (36, 37). Clearly, aspects of the chemistry and structure of
RANTES that influence its ability to cause viral infectivity
enhancement remain to be identified.

We do not yet understand how the prolonged interactions of
RANTES oligomers with cell surface GAGs render target cells
more permissive for infection by HIV-1 and other enveloped
viruses. We did, however, note the correlation between the
concentrations of RANTES that enhance viral infectivity (36)
and those found by Bacon et al. to cause a large, sustained
increase in cytosolic Ca21 concentrations in CD41 T cells (6, 7,
25). Since this increase in intracellular Ca21 was sensitive to
the protein tyrosine kinase inhibitor herbimycin A (6, 7, 25),
we tested the effect of this compound on the RANTES-in-
duced viral infectivity enhancement and found that the en-
hancement was also herbimycin A sensitive. Dairaghi et al.
suggested that intracellular Ca21 increases stimulated by high
concentrations of RANTES were associated with CD3 expres-
sion (25). Our experiments, however, were all performed on
CD3-negative cells, so the expression of CD3 is not necessary
for infectivity enhancement to occur.

We suggest, therefore, that the binding of RANTES oli-
gomers to cell-surface GAGs activates a signal transduction
pathway(s) which involves herbimycin A-sensitive tyrosine ki-
nases. Several signaling pathways activated by RANTES in T
cells have been described (6, 7, 25, 43, 82, 87, 91, 93). At
present, those involved in viral infectivity enhancement remain
to be identified, as does the stage(s) in the life cycles of HIV-1
and other viruses that is affected by this signal(s). Syndecans
are one group of prototypic proteoglycans that have been ex-
tensively studied; their expression changes dramatically during
cell development and differentiation and is influenced by cell
activation (13). Syndecans and another proteoglycan, CD44,
have been shown to associate with protein tyrosine kinases
from the Src family (38, 69). Useful information might accrue
from studies in these general areas.
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