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We have studied the effects of CC-chemokines on human immunodeficiency virus type 1 (HIV-1) infection,
focusing on the infectivity enhancement caused by RANTES. High RANTES concentrations increase the infec-
tivity of HIV-1 isolates that use CXC-chemokine receptor 4 for entry. However, RANTES can have a similar
enhancing effect on macrophagetropic viruses that enter via CC-chemokine receptor 5 (CCRS), despite binding
to the same receptor as the virus. Furthermore, RANTES enhances the infectivity of HIV-1 pseudotyped with
the envelope glycoprotein of murine leukemia virus or vesicular stomatitis virus, showing that the mechanism
of enhancement is independent of the route of virus-cell fusion. The enhancing effects of RANTES are not me-
diated via CCRS or other known chemokine receptors and are not mimicked by MIP-1ac or MIP-1(3. The
N-terminally modified derivative aminooxypentane RANTES (AOP-RANTES) efficiently inhibits HIV-1 infec-
tion via CCRS but otherwise mimics RANTES by enhancing viral infectivity. There are two mechanisms of
enhancement: one apparent when target cells are pretreated with RANTES (or AOP-RANTES) for several
hours, and the other apparent when RANTES (or AOP-RANTES) is added during virus-cell absorption. We
believe that the first mechanism is related to cellular activation by RANTES, whereas the second is an increase

in virion attachment to target cells.

The infection of CD4 ™" target cells by human immunodefi-
ciency virus type 1 (HIV-1) is initially mediated by interactions
between the viral envelope glycoproteins, the CD4 receptor,
and coreceptors. The most commonly used coreceptors are
CXC-chemokine receptor 4 (CXCR4) and CC-chemokine re-
ceptor 5 (CCRS) (2, 9, 10, 15, 20, 24-26, 29, 51, 81, 89, 92).
Virus entry can be inhibited by either CXC- or CC-chemo-
kines, depending on whether fusion is mediated by CXCR4 or
by CCRS (11, 17, 20, 26, 60, 61). The most active of these
chemokines are the CCRS ligands RANTES, MIP-1«, and
MIP-1B8 (71, 72) and the CXCR4 ligand SDF-1a (11, 60).
Natural or synthetic modifications of the N termini of these
chemokines to alter the nature of their interactions with re-
ceptors can affect their anti-HIV-1 activity (5, 37, 62, 70, 76). A
few other CC-chemokines, macrophage chemotactic proteins 2
and -3 (MCP-2 and MCP-3), macrophage-derived chemokine
(MDC), and 1-309 have also been reported to inhibit HIV-1
infection (30, 40, 64, 75). The inhibitory effects of MDC and
MCP-3 are probably not exerted via a known HIV-1 corecep-
tor (64, 75), and the status of MDC as an antiviral agent is now
in question (6, 21, 46).

How chemokines inhibit HIV-1 infection is complex. The
cognate chemokines can directly inhibit the interaction be-
tween the viral gp120 glycoprotein and the coreceptor (79, 89).
Down-regulation of coreceptors as a result of chemokine bind-
ing reduces the efficiency of viral entry (3, 4, 35, 47, 81). In
addition, signals transduced into the cell by the receptor inter-
actions of chemokines might interfere with transcription of the
HIV-1 genome, although this has not been demonstrated (31).
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We have also found significant donor-to-donor variation in the
effect of CC-chemokines on HIV-1 replication in primary
CD4™" T cells (80, 81). Contributing to this variation could be
the considerable range in CCRS expression (50, 65, 79, 90),
and/or in the extent of endogenous CC-chemokine production
(65, 66), that occurs between different individuals.

Adding to the complexity are cell-type-dependent variations
in the sensitivity of HIV-1 replication to CC-chemokines. This
is manifested by studies of macrophages/monocytes. RANTES,
MIP-1a, and/or MIP-18 have been variously described as
strong inhibitors (2, 12, 91), weak inhibitors (22, 26, 33, 36, 42,
58, 76), or activators (74) of HIV-1 Env-mediated membrane
fusion and/or replication in these cells. HIV-1 infection of hu-
man osteosarcoma cells is also insensitive to CC-chemokines
(20). In addition, high concentrations of RANTES, MIP-1q, or
MIP-1B can increase the replication of T-cell line-tropic (X4
or R5X4) HIV-1 strains that enter CD4™" T cells via CXCR4,
which is not a receptor for CC-chemokines (22, 43, 56, 75).
Lower concentrations of MIP-1« also have an enhancing effect
on X4 or R5X4 virus replication in tissue blocks (48). These
effects of CC-chemokines are presumably exerted indepen-
dently of any direct interaction with a functioning HIV-1 co-
receptor, although it is uncertain whether a single mechanism
can account for all of the observations (22, 43, 48, 56, 75).

The interactions between HIV-1, chemokines, and target
cells are clearly multifaceted. To understand some of the un-
derlying phenomena, we have studied the effects of CC-che-
mokines on HIV-1 replication in nonlymphoid cell lines ex-
pressing different coreceptors. We conclude that RANTES
and AOP-RANTES, but not MIP-1a or MIP-1B, increases
HIV-1 infection independently of the nature of the corecep-
tor used for viral entry. Indeed, RANTES and the N-termi-
nally modified derivative aminooxypentane RANTES (AOP-
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RANTES) enhance the infectivity of pseudotyped viruses that
do not enter cells via known chemokine receptors. The activa-
tion of HIV-1 infection by RANTES could help explain why
CC-chemokines are often found to be relatively poor inhibitors
of HIV-1 replication in macrophages or other nonlymphoid
cells; any inhibitory action of RANTES on virus-cell fusion
mediated via CCRS5 may be counteracted, wholly or in part, by
an increase in the efficiency of other processes involved in viral
infection.

MATERIALS AND METHODS

Cells. HeLa-CD4 and HeLa-CD4-CCRS cell lines were obtained from D.
Kabat (44). GHOST cell lines and U87MG-CD4 cell lines stably expressing
CCRS5 and CXCR4 were provided by V. KewalRamani and D. Littman (38, 92).
COS-CD4 and 3T3-CD4 cells were from T. Dragic (26), and 293T cells were
from the American Type Culture Collection (Rockville, Md.) (20). All cell lines
were maintained in Dulbecco’s minimal essential medium containing 10% fetal
calf serum, glutamine, and antibiotics and were split twice a week. The medium
for GHOST cell lines was supplemented with G418 (500 pg/ml), puromycin
(1 pg/ml), and hygromycin (100 pg/ml). The medium for US7MG-CD4 cell lines
was supplemented with puromycin (1 pg/ml) and neomycin (300 pg/ml). All of
these chemicals were obtained from Sigma Chemicals, Inc. (St. Louis, Mo.).

Chemokines. The recombinant human chemokines MIP-1a, MIP-183, MCP-1,
MCP-3, and RANTES were purchased from R&D Systems Inc. (Minneapolis,
Minn.). RANTES was also provided by Serono Pharmaceutical Research Insti-
tute (Geneva, Switzerland). Since the two preparations gave identical results, we
do not indicate which was used in what experiments. AOP-RANTES was also
provided by Serono (76). SDF-1a was from Gryphon Sciences (San Francisco,
Calif.).

Viruses. Pseudotyped luciferase reporter viruses were produced by the calcium
phosphate technique (14, 18, 20, 26). Thus, 293T cells were cotransfected with
the envelope-deficient NL4-3 construct pNL-Luc and with a pSV vector express-
ing viral envelope glycoproteins (14, 18, 20). The pNL-Luc virus carries the
luciferase reporter gene; the various pSV vectors express envelope glycoproteins
derived from HIV-1 isolate ADA or HxB2, the amphotropic murine leukemia
virus (MuLV), or the vesicular stomatitis virus (VSV) G protein (VSV-G) (18,
20, 26, 27).

Pseudotyped viruses carrying the guanine-hypoxanthine phosphoribosyltrans-
ferase (Gpt) resistance gene (R7-3/gpt viruses) were prepared by cotransfecting
293T cells with the envelope-deficient R7-3/HIV-gpt vector and the pSV vector
expressing the amphotropic MuLV envelope glycoproteins (45, 87). Pseudotyped
Moloney MuLV (MoMuLV) carrying the puromycin resistance gene (MoMuLV/
puromycin) was prepared by cotransfecting 293T cells with the puromycin vector
pBABEpuro, the MoMuLV gag-pol core vector, and the pSV vector expressing
the MoMuLV envelope (45, 52).

In each case, fresh medium was added to the cells 20 h after transfection. The
supernatant was collected 48 h posttransfection, centrifuged for 10 min at 6,000
rpm, and filtered through a 0.22-um-pore-size filter. Virus stocks were analyzed
for p24 antigen concentration by an in-house p24 antigen enzyme-linked immu-
nosorbent assay as described previously (82). Pseudotyped MoMuLV was used as
a 1:25 dilution of the stock. This virus preparation was not adjusted for core
protein concentration.

Infection assay with luciferase readout. The extent of HIV-1 entry was deter-
mined by an assay based on single-cycle infection (14, 18, 20, 26). One day before
infection, cells were seeded into 96-well tissue culture plates at a density of 10*
per well unless otherwise stated. After 24 h, the cells were infected with virus (5
ng of p24 antigen unless otherwise stated) for 2 h at 37°C in the presence or
absence of chemokines, in a total infection volume of 100 pl. Unbound virus was
then removed by washing, and fresh medium containing or lacking chemokines
(as appropriate) in a total volume of 100 wl was added back to the cells, unless
otherwise stated. Seventy-two hours postinfection, the cells were washed once
with phosphate-buffered saline and lysed in 50 wl of 1X reporter lysis buffer
(Promega Inc.). The luciferase activity in a mixture of 100 wl of luciferase
substrate (Promega) and 30 pl of cell lysate was measured in relative light units,
using a DYNEX MLX microplate luminometer.

Infection assay with virus carrying the Gpt resistance gene. One day before
infection, HeLa-CD4 cells were seeded into 24-well tissue culture plates at a
density of 2 X 10* per well. Infection was with 10 ng of virus (as determined by
p24 antigen content) in a total volume of 300 pl, in the absence of Polybrene.
RANTES was added to the cells simultaneously at a concentration of 2.5 or
5 pg/ml, and the infection was allowed to proceed for 2 h at 37°C. The cells were
then washed once with medium and fed with fresh medium containing the
appropriate concentration of RANTES. After a further 48 h, the cells were split
1/16, 1/32, 1/320, 1/3,200, 1/32,000, and 1/320,000 into Gpt selection medium (45)
and then fed every 3 days with selection medium. On day 17 postinfection,
Gpt-resistant colonies were stained with an aqueous solution of 0.2% crystal
violet-25% isopropanol-5% acetic acid and counted.

Infection assay with virus carrying puromycin resistance gene. The procedure
was as used with the Gpt-resistant virus except that after the 48-h incubation, the
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cells were split into selection medium containing 2 g of puromycin per ml (52).
The cells were then fed every 3 days with selection medium. On day 13 postin-
fection, puromycin-resistant colonies were stained as described above and
counted.

RESULTS

Differential effect of RANTES and AOP-RANTES on HIV-1
infection of human cell lines. Previous studies had suggested
that HIV-1 replication in several nonlymphoid cells, includ-
ing macrophages, was relatively insensitive to inhibition by
RANTES (22, 29, 33, 36, 42, 58, 74, 76). In contrast, AOP-
RANTES, a modified RANTES molecule with altered biolog-
ical properties, is a potent inhibitor of HIV-1 replication in
CD4™" T cells, macrophages, and CD4~ and CCR5-transfected
GHOST cells (47, 76). We therefore compared the effects of
these two CCRS ligands on the early stages of HIV-1 replica-
tion in different human, nonlymphoid cell lines, engineered to
express CCRS (Fig. 1). For these experiments, we used a sin-
gle-cycle assay with Env-pseudotyped, luciferase-expressing
HIV-1 recombinants (14, 18, 20, 26). In such an assay, a pos-
itive luciferase readout requires that the pseudotyped virus
enter the target cell, integrate its genome into the host DNA,
and have its genome (including the luciferase enzyme) tran-
scribed and translated.

Using pseudotypes containing the envelope glycoproteins of
HIV-1 ADA, a classic macrophagetropic, R5 virus (23), we
observed that the simultaneous addition of RANTES strongly
increased luciferase expression in HeLa-CD4-CCRS5 (cervical
carcinoma) cells (Fig. 1a), in HOS-CD4-CCRS5 (human osteo-
sarcoma) cells (Fig. 1b), and in U§7MG-CD4-CCRS (human
glioblastoma-astrocytoma) cells (Fig. 1c). The extent of en-
hancement was significant; in some experiments involving
HIV-1 ADA infection of HeLa-CD4-CCRS5 cells, the increase
in luciferase activity was >100-fold (see below), but a 5- to
20-fold enhancement was more common in HeLa and HOS
cells at the highest RANTES concentrations routinely tested (5
pg/ml) (Fig. 1). A lesser but still obvious effect was seen with
U87MG-CD4-CCRS cells (Fig. 1c). For all cell types, the en-
hancement of viral infectivity by RANTES was dose dependent
in the range 0.5 to 5.0 ng/ml (Fig. 1).

In contrast to RANTES, AOP-RANTES was almost invari-
ably an inhibitor of HIV-1 ADA infection under the same
assay conditions. Dose-dependent inhibitory effects were ob-
served at AOP-RANTES concentrations above approximately
50 ng/ml, the extent of suppression being usually around 10-
fold (Fig. 1d to f). However, in HOS-CD4-CCRS5 cells there
was a modest but consistent reversal of the inhibitory effect of
AOP-RANTES at the highest concentrations tested (Fig. le).

RANTES, but neither MIP-1a nor MIP-1f3, enhances HIV-1
infection independently of the coreceptor used for entry. The
HIV-1 ADA pseudotypes did not detectably infect HeLLa-CD4,
HOS-CD4, or U87-CD#4 cells that did not express CCRS5, wheth-
er RANTES was present or not, indicating that entry of this virus
was strictly CCRS dependent (data not shown). The enhance-
ment of luciferase expression by RANTES in the CCRS5-express-
ing cells therefore presents an apparent paradox: RANTES
should occlude and/or down-regulate CCRS and prevent
HIV-1 ADA pseudotypes from using it for entry, but instead it
significantly increases the extent of CCR5-dependent HIV-1
infection. The pattern of data observed therefore suggests that
RANTES must have multiple effects on the early stages of the
HIV-1 life cycle.

To reduce the complexity of the experimental system and
facilitate an analysis of the underlying phenomena, we studied
the actions of chemokines on infection mediated by the enve-
lope glycoproteins of the T-lymphotropic X4 virus HxB2. The
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FIG. 1. Effects of RANTES and AOP-RANTES on infection of different target cells by HIV-1 ADA pseudotypes. Cells were infected with HIV-1 ADA pseudotypes
in the presence or absence of the indicated concentrations of RANTES (a to ¢, m) or AOP-RANTES (d to f, [J). Unbound virus was removed after a 2-h incubation, and
cultures were replenished with medium containing the same concentration of CC-chemokine. Luciferase expression was measured on day 3 postinfection and presented
as percentage of control (no RANTES, considered 100%). a and d, HeLa-CD4-CCRS5 cells; b and e, HOS-CD4-CCRS cells; ¢ and f, US7MG-CD4-CCRS cells.

HxB2-pseudotyped virus enters HeLa-CD4 cells via CXCR4
that is endogenously expressed by these cells, and so infection
is CCRS5 independent. Infection of HeLa-CD4 cells by HxB2
pseudotypes was enhanced by the simultaneous addition of
RANTES, but MIP-1a, MIP-1B3, MCP-1, and MCP-3 had no
effect, and the CXCR4 ligand SDF-1a inhibited infection (Fig.
2a and b). The same pattern of data was found when HeLa-
CD#4 cells which stably expressed transfected CCRS5 were used
instead (Fig. 2c and data not shown). These results therefore
establish that the enhancing effect of RANTES is independent
of the coreceptor used by HIV-1 to enter the target cells (in
this case, CXCR4) and that the presence of CCRS on the
target cells is not necessary for RANTES to exert its effect
(since it occurs both in HeLa-CD4 cells and HeLa-CD4-CCRS

cells). The latter conclusion is consistent with the inability
of MIP-1la and MIP-1B to mimic the enhancing effect of
RANTES (Fig. 2a to c).

RANTES enhances infection by MuLV and VSV pseudo-
types of HIV-1. To investigate whether RANTES could en-
hance viral infectivity independently of the use of any chemo-
kine receptor, we studied its effect on the entry of HIV-1
pseudotyped by the envelope glycoproteins of amphotropic
MuLV. This virus does not possess HIV-1 envelope glycopro-
teins and is not known to use a chemokine receptor for entry;
its receptor is an ubiquitously expressed phosphate transporter
(49).

Infection of HeLLa-CD4 cells mediated by the MuLV enve-
lope glycoproteins was enhanced by RANTES to approximate-
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FIG. 2. Effects of CC- and CXC-chemokines on infection of different target cells by HIV-1 pseudotypes. Cells were infected with pseudotyped viruses in the presence or absence of indicated
concentrations of chemokines. Unbound virus was removed after a 2-h incubation, and cultures were replenished with medium containing the same concentration of chemokine. Luciferase expression was
measured on day 3 postinfection and presented as percentage of control (no chemokine, considered 100%). (a) HeLa-CD4 cells were infected with HIV-1 HxB2-pseudotyped in the presence of 2.5 pg
of RANTES, MIP-1a, MIP-13, MCP-1, MCP-3, or SDF-1a per ml or with no added chemokine. (b to g) The cells were incubated with the indicated concentrations of RANTES (m), AOP-RANTES (0O),
MIP-1B (@), or SDF-1a (V). The target cells were HeLa-CD4 (a, b, d, f, and g) and HeLa-CD4-CCRS5 (c and e). The Env pseudotypes were HIV-1 HxB2 (a, b, ¢, and f) MuLV (d and g), and HIV-1 ADA
(e). Viral inocula were the equivalents of 5 ng (a, b, and d), 1.5 ng (c), 3.5 ng (e), 30 ng (f), and 4 ng (g) of p24 antigen.
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FIG. 3. RANTES enhances infection of nonhuman cells by MuLV pseudotypes. Murine 3T3-CD4 cells (5 X 10* per well of a 24-well plate) (a) and simian COS-CD4
cells (10* per well of a 96-well plate) (b) were infected with MuLV Env-pseudotyped HIV-1 in the presence or absence of the indicated concentrations of RANTES.
Viral inocula were the equivalents of 200 ng of HIV-1 p24 antigen for the 3T3-CD4 cells 11 ng for the COS-CD4 cells. Unbound virus was removed after a 2-h
incubation, and cultures were replenished with medium containing the same concentration of RANTES. Luciferase expression was measured on day 3 postinfection

and presented as percentage of control (no RANTES, considered 100%).

ly the same extent as infection supported by envelope glyco-
proteins from HIV-1 HxB2 or HIV-1 ADA (Fig. 2). Indeed,
MuLV Env-mediated infection of HeLa-CD4 cells was indis-
tinguishable from HIV-1 ADA infection of HeLa-CD4-CCR5
cells in respect of its responsiveness to RANTES, MIP-1p3, and
SDF-1a (compare Fig. 2d and e). Unlike HxB2 entry, however,
infection of HeLa-CD4 cells by the MuLV envelope pseudo-
types was not inhibited by SDF-1aq, since it is CXCR4 inde-
pendent (compare Fig. 2b and d). The presence of CCRS was
not necessary for RANTES enhancement of MuLV pseudo-
types, since similar results were obtained in HeLa-CD4 and
HeLa-CD4-CCRS cells (data not shown).

In contrast to RANTES, AOP-RANTES is an efficient in-
hibitor of CCR5-mediated entry of HIV-1 ADA pseudotypes
(Fig. 1). However, when viral infection was independent of
CCRS, AOP-RANTES mimicked RANTES by causing infec-
tivity enhancement. This was observed for both HIV-1 HxB2
pseudotypes (Fig. 2f) and MuLV pseudotypes (Fig. 2g), again
showing that the enhancement was not dependent on the re-
ceptor used for virus entry. Slightly higher concentrations of
AOP-RANTES than of RANTES were required for infectivity
enhancement; typically, the dose-response curves for AOP-
RANTES were shifted to the right about threefold (Fig. 2f and
g; see also Fig. 1b and e).

HIV-1 pseudotyped by the MuLV envelope glycoproteins
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will also efficiently enter nonhuman cells. The infection of 3T3-
CD4 (murine) and COS-CD4 (simian) cells by MuLV pseudo-
types was also enhanced by RANTES, showing that the effects
of this chemokine are not restricted to human cells (Fig. 3).

Both the HIV-1 and MuLV envelope glycoproteins enable
the pseudotyped virus to enter the host cell via fusion at the
cell membrane. To see whether RANTES was able to enhance
viral replication irrespective of the route of entry, we prepared
pseudotypes that contained VSV-G. VSV enters cells by recep-
tor-mediated endocytosis triggered by an interaction of VSV-G
with its cell surface receptor. The viral core is then released
into the cytoplasm by a pH-dependent fusion reaction with the
endosomal membrane (1). When RANTES was added with the
viral inoculum, there was significantly enhanced infection of
HeLa-CD4 cells by the VSV Env-pseudotyped virus (Fig. 4b).
This was indistinguishable from the enhancement seen with
MuLV Env pseudotypes (Fig. 4a). The enhancing effect of
RANTES is therefore independent of the mechanism of virus-
cell fusion, not just of the receptor system used to mediate
fusion at the plasma membrane.

RANTES does not increase transcription of the HIV-1 ge-
nome postentry. RANTES can be a comitogen for T-cell
proliferation stimulated via CD3 (41, 78, 83, 88). A unifying
explanation for the enhancement of viral replication by
RANTES would therefore be that the chemokine promotes
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FIG. 4. RANTES enhances the infectivity of both VSV and MuLV pseudotypes. HeLLa-CD4 cells were infected with various concentrations of MuLV-pseudotyped
(a) and VSV-G-pseudotyped (b) viruses in the presence (m) or absence (A) of 5 ug of RANTES per ml. Unbound virus was removed after a 2-h incubation, and cultures

were replenished with medium containing the same concentration of RANTES.
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TABLE 1. Integration of pseudotyped HIV and MoMuLV
in the presence of RANTES®

MuLV Env + MuLV Env + MoMuLV/
RANTES R7-3/gpt puromycin
concn (p.g/ml) No. of resistant % No. of resistant %
colonies Control colonies Control
0 (untreated control) 464 100 2,695 100
2.5 11,840 2,552 ND ND
5.0 13,760 2,966 33,050 1,226

“ HeLa-CD4 cells were infected with MuLV-pseudotyped R7-3/gpt and Mo-
MuLV/puromycin constructs in the presence or absence of the indicated con-
centrations of RANTES (see Materials and Methods). Drug-resistant colonies
were counted after 13 to 17 days of drug treatment, to provide a measurement of
viral integration. ND, not determined.

cell proliferation, leading to an increase in the efficiency of
HIV-1 genome transcription. Such an effect would enhance
luciferase expression from the Env-pseudotyped reporter vi-
ruses we have used, in addition to increasing the replication of
wild-type virus in more conventional assays used by others (22,
44, 48, 56, 75). However, when RANTES was added at 2.5
pg/ml to HeLa-CD4 cells under the culture conditions used in
the infection experiments, there was no increase in [*H]thymi-
dine incorporation (data not shown). It therefore seems un-
likely that a nonspecific effect of RANTES on cellular metab-
olism could account for the enhancement of viral replication.

To test more directly whether RANTES increased HIV-1
genome transcription, we used two separate envelope-defec-
tive proviral constructs: the HxB2 derivative R7-3/gpt, which
encodes the Gpt resistance gene (44), and MoMuLV/puromy-
cin (53). Both viruses were pseudotyped with the amphotropic
MuLV envelope glycoproteins and used in single-round infec-
tion assays in the presence and absence of RANTES. The
addition of RANTES increased by 25- to 30-fold the number of
HeLa-CD4 cells transduced by the HIV-1 and MoMuLV drug-
resistant pseudotypes (Table 1).

The readout of these assays should be unaffected by any
factors that influence transcription efficiency, since the number
of drug-resistant cell colonies, not just the amount of a specific
gene product (e.g., p24 antigen or luciferase), is recorded.
However, to confirm that there was no effect of RANTES at
the transcription level, we performed control experiments in
which RANTES-treated and untreated cells were transfected
with the R7-3/gpt and MoMuLV/puromycin proviral con-
structs used in the infection experiments. In these experiments,
RANTES had no effect on the number of colonies scored in
either system (data not shown). Hence, these assays provide a
direct measure of virus entry and integration and not of tran-
scription. The enhancing effect of RANTES is therefore inde-
pendent of the transcriptional level. Furthermore, the nature
of the viral core is also irrelevant, since similar degrees of
enhancement were observed with the R7-3gpt virus (HIV-1
core) and the MoMuLV/puromycin (MoMuLV core) (Table
1).
RANTES and AOP-RANTES have multiple effects on early
stages of the HIV-1 life cycle. Taken together, the above ex-
periments show that RANTES and AOP-RANTES activate a
stage in the virus life cycle that is independent of the specific
receptors and fusion mechanism and that does not occur at the
transcriptional stage. To gain further insights into the nature of
the enhancement effect, we performed experiments in which
the time of RANTES addition to the target cells was varied. In
one such experiment (Fig. 5a), the infecting virus was MuLV
Env-pseudotyped HIV-1 and the target cells were HeLa-CD4.
The enhancement of viral infection was greatest when the
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target cells were pretreated with RANTES for 24 h and then
washed prior to virus addition. In the experiment shown,
MuLV Env-pseudotyped HIV-1 infection was increased 114-
fold under these conditions (Fig. 5a). Decreasing the RANTES
preincubation period to 16 h reduced the extent of enhance-
ment to 58-fold; after a 1-h preincubation, only a 2.5-fold in-
crease in viral infection occurred in the presence of RANTES.
However, when the virus inoculum and RANTES were added
simultaneously and left together on the cells for the standard
2-h infection period, the extent of the RANTES-induced en-
hancement increased to 20-fold (Fig. 5a). When RANTES was
added immediately after the cells were washed to remove free
virus, some enhancement of infection occurred (9.7-fold). How-
ever, little or no enhancement occurred when RANTES was
added as soon as 1 h postinfection, in the absence of any
cell-free virus (1.6-fold).

Qualitatively very similar results were obtained with HIV-1
HxB2 pseudotypes and with both HeLa-CD4 and HeLa-CD4-
CCRS cells (Fig. 5b and data not shown), indicating that the
effects recorded above were independent of the virus-cell fu-
sion mechanism. Quantitatively, less enhancement was gener-
ally observed with HxB2 pseudotypes than with MuLV pseu-
dotypes, for reasons that are not yet clear.

Preincubation of HeLa-CD4 cells with MIP-1a or MIP-1B
(2.5 pg/ml) caused no enhancement of MuLV infectivity
under the conditions of the experiment shown in Fig. 5a
(data not shown). Thus, the observed effect is not a general
property of CC-chemokines. However, AOP-RANTES mi-
micked RANTES in enhancing viral infectivity, both when it
was used to pretreat the target cells and when it was added
simultaneously with the inoculum (Fig. 6). The magnitude of
the enhancement observed with AOP-RANTES was less than
occurred with RANTES when each chemokine was added at
2.5 pg/ml, as predicted by Fig. 2f and g, but the temporal
patterns were qualitatively indistinguishable (Fig. 6).

The magnitude of RANTES-induced enhancement varied
between experiments, but the pattern of responses recorded in
Fig. 5 and 6 was consistent; in multiple experiments RANTES
always had a greater effect when added simultaneously with the
infecting virus than when added to the cells for 1 to 4 h prior
to the virus and then removed before virus addition. However,
prolonged (=16-h) exposure of the cells to RANTES always
caused a greater increase in virus infection.

DISCUSSION

We have confirmed previous reports that the CC-chemokine
RANTES is a weaker inhibitor of HIV-1 infection via CCRS
than the derivative AOP-RANTES (47, 76). We have also
confirmed that RANTES can enhance the infectivity of some
HIV-1 strains under certain circumstances (22, 43, 56, 74, 75).
RANTES clearly has multiple, opposing effects on the HIV-1
life cycle. It can inhibit viral entry mediated by CCRS, as a
direct (i.e., competition) or indirect (i.e., down-modulation)
consequence of its interaction with the same receptor (3, 4, 35,
47, 79, 81, 89). Countering this inhibition are at least two
mechanisms by which RANTES can increase the efficiency of
HIV-1 infection; one involves a sustained effect of the chemo-
kine on the cells, and the other is a process which occurs when
the virus initially interacts with the cells in the presence of
RANTES. The consistent lack of enhancement seen when
RANTES is added as early as 1 h postinfection may indicate
that stages in the virus life cycle which involve nuclear import,
integration, or transcription are not affected, since all of these
steps are not completed until at least 12 h postinfection. This
conclusion is supported by the experiments showing that the
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For all postinfection time points, RANTES remained in the cultures until the end of the experiment. Luciferase expression was measured on day 3 postinfection and

presented as percentage of control (no RANTES, considered 100%).

enhancing effect of RANTES is independent of the transcrip-
tional level (Table 1). Alternatively, some facets of the early
postentry events in the HIV-1 life cycle may be inherently
labile; their timing may be such that RANTES does not affect
them unless it is in contact with the cells for many hours prior
to virus addition.

Which of the various opposing effects dominates the overall
responsiveness of HIV-1 infection to RANTES will depend

upon the virus strain, its coreceptor of choice, and other facets
of the target cell that remain to be determined. The particular
in vitro assay system used will probably be another variable,
given the complexity of the underlying phenomena. For in-
stance, quantitatively different results are likely to be derived
from assays of viral entry, viral replication, and Env-mediated
membrane fusion. Under some circumstances, enhancing ef-
fects will reduce the inhibitory actions of RANTES on CCRS5-
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mediated entry from what they might have been; under others,
such as when X4 or R5X4 viruses enter via CXCR4, an overall
increase in viral infectivity may occur. There can even be net
enhancement of macrophagetropic HIV-1 infection via CCRS5
(for example, HIV-1 ADA in HeLa-CD4-CCRS cells [Fig. 1]);
despite the competition that must occur between RANTES
and the virus for CCRS, the infection-promoting effects of
RANTES dominate overall.

In contrast to RANTES, with AOP-RANTES the infection-
inhibiting component is paramount for the infection of mac-
rophagetropic viruses via CCRS5 (Fig. 1). This is probably due
to the altered interactions of AOP-RANTES with CCRS cre-
ated by the N-terminal modification, which cause an increased
rate of CCRS5 down-modulation and diminished recycling (47,
76). AOP-RANTES should not, however, be described as a
CCRS antagonist since true antagonists are not able to drive

chemokine receptor internalization (77). Like RANTES,
AOP-RANTES enhances the infection of HIV-1 HxB2 via
CXCR4 and that of MuLV via a different receptor system. The
altered interactions of AOP-RANTES with CCRS are irrele-
vant to the enhancement phenomenon, since CCRS is not
involved in the entry of HxB2 or MuLV and is not expressed
on the target cells (Fig. 2f and g; Fig. 6). Other properties of
the RANTES and AOP-RANTES molecule must therefore be
involved in the enhancement effects, which are notably not
induced by other CC-chemokines such as MIP-1a and MIP-1p3.

RANTES is often reported to cause only very limited inhi-
bition, or an overall enhancement, of HIV-1 infection in mac-
rophages (22, 26, 33, 36, 42, 58, 74, 76). However, strong inhi-
bition by RANTES in macrophages is sometimes observed (2,
12, 91), the conflicting results perhaps reflecting variation in
CCRS expression due to the differentiation state of the cells
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(28, 42, 59). Another variable might be the cell surface content
of heparan sulfate binding sites for chemokines (39, 63, 84).
We have found that in CD4" T cells, RANTES can either
inhibit or enhance infection by X4 and R5X4 viruses and that
what happens is donor dependent (80). The reasons for this
variation are not known.

We observed enhancing effects of RANTES on viral in-
fection in multiple human and nonhuman cells of different
lineages; human cervical carcinoma, osteosarcoma, and glio-
bastoma-astrocytoma cells, simian kidney cells, and murine
fibroblasts. In all cells, the dose-response curves for RANTES-
mediated infectivity enhancement were very similar. This com-
monality suggests the presence of a ubiquitously expressed,
low-affinity RANTES receptor(s). All of the known RANTES
receptors would be saturated by G-protein-coupled RANTES
at concentrations at least 10-fold, and perhaps 100-fold, lower
than the concentration at which enhancement is observed (69,
86). We have tried to identify the relevant receptor(s) but have
not yet succeeded. None of the presently characterized G-
protein RANTES receptors is expressed in all of the cells in
which viral infectivity enhancement can be observed (34).

In vitro, the enhancing effects of RANTES occur at rela-
tively high input concentrations, typically above 500 ng/ml (60
nM). This raises a legitimate question as to the physiological
relevance of the enhancement phenomenon which is difficult to
answer; information on localized concentrations of RANTES
in relevant tissues is lacking, and the biologically active form of
RANTES may be, in any case, a glycosoaminoglycan complex
of unknown tissue concentration (39, 63, 84). Although CC-
and CXC-chemokines usually signal through their receptors at
concentrations in the nanomolar range (69, 86), Bacon et al.
have reported that RANTES transduces two separate signals
in human CD4" T cells (7, 8, 19). Via an undefined recep-
tor(s), RANTES induces a transient, pertussis toxin-sensitive
Ca®" signal when added in the range 1 to 100 nM (8 to 800
ng/ml). However, at higher concentrations (1 wM, equivalent
to 8 pg/ml), RANTES stimulates a much more sustained in-
crease in intracellular Ca®" that is sensitive to the protein
tyrosine kinase inhibitor herbimycin and is driven by the influx
of extracellular Ca*" (7). Again, the receptor(s) through which
RANTES triggers this second signal is not known. The con-
centration range in which we observe RANTES-mediated en-
hancement of viral infectivity in a variety of cell types corre-
sponds closely (0.5 to 5.0 wg/ml) to that eliciting the sustained,
tyrosine kinase-mediated Ca>" signal (Fig. 1 and 2). This find-
ing suggests, but does not prove, that at least part of the
enhancement process is related to events that trigger a second
signal such as that described by Bacon et al. (7, 8, 19). Of note
is that neither MIP-1a nor MIP-1B activates the second signal
(7, 8, 19), nor does either enhance viral infectivity in our
experimental systems. Dairaghi et al. have suggested that there
may be an association between RANTES signaling and CD3
expression (19). However, the involvement of CD3 can be
ruled out in our experimental systems, since all of the various
cell lines that we used are CD3 negative, as determined by
fluorescence-activated cell sorting analysis (data not shown).

When one is considering how RANTES and AOP-RANTES
enhance HIV-1 infection, two sets of data are relevant. First,
the route of viral entry is not a relevant variable, since we
observed enhancement of infectivity mediated by HIV-1 enve-
lope glycoproteins via CCRS or CXCR4, by the MuLV enve-
lope independently of these coreceptors, and by VSV-G, which
fuses within endosomes. Second, we could find no evidence
that RANTES could enhance a postfusion stage of the viral life
cycle: there was no effect of RANTES on gene transcription,
and RANTES did not increase HIV-1 replication when added
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after virus entry was complete. How then might RANTES
increase the efficiency of virus-cell fusion in a way that is
independent of the mechanism of fusion and of the viral gly-
coproteins used to achieve it? One possibility is that RANTES
(and AOP-RANTES) increases the absorption of virions to
cells in a way that is independent of the viral envelope glyco-
proteins. Since the efficiency of the absorption step is limiting
for the infectability of retroviruses (16, 52, 68, 85), any process
that increased virion attachment to cells would undoubtedly
enhance infectivity. We are presently investigating this hypoth-
esis as an explanation for the enhancement that occurs when
RANTES is added to cells simultaneously with virus. Of note
is that any such process would have to be specific to RANTES
(and AOP-RANTES), since we did not observe enhancement
with MIP-1a, MIP-1B, MCP-1, or MCP-3 under the same
conditions.

A rather greater enhancement of infectivity was observed
when the target cells were pretreated for several hours with
RANTES or AOP-RANTES prior to virus addition. The time
course of the effect suggests that signal-induced alterations of
cellular gene expression might be responsible, perhaps trig-
gered by the sustained, tyrosine kinase-mediated Ca*" signal
noted above. We have not yet been successful with experiments
that use inhibitors of G-protein-mediated Ca*" signaling (e.g.,
pertussis toxin and herbimycin) because we find that these
inhibitors can have toxic effects on the target cells over a
multihour period. Toxicity issues need to be taken into ac-
count when one is considering whether an observed effect of
an inhibitor on a Ca®" signal in the short term is necessarily
the explanation of an inhibition of HIV-1 replication, mea-
sured many hours later.

As well as further dissection of the biological mechanisms by
which RANTES enhances viral infectivity, it would be prudent
to consider whether the phenomena that we are studying could
contribute to the restrictions on HIV-1 and simian immuno-
deficiency virus replication in certain cell types. These include
macrophages (13, 54, 73) and some subclones of U937 cells
(55, 57). The enhancement of cell-cell fusion mediated by
different viral envelope glycoproteins upon expression of the
cytomegalovirus-encoded chemokine receptor US28 might
also be a related phenomenon (67).

Extrapolations from in vitro studies to in vivo situations must
always be made with care. However, the observations that
RANTES and derivatives such as AOP-RANTES have multi-
ple effects on target cells, and can enhance viral infectivity in
general, should be taken into account when one considers
whether to use chemokines as systemic antiviral agents for
HIV-1 infection and whether chemokines are a correlate of
protection against HIV-1 disease progression (17, 32).
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