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We have studied the breadth and potency of the inhibitory actions of the CC chemokines macrophage
inhibitory protein 1o (MIP-1at), MIP-13, and RANTES against macrophage-tropic (M-tropic) primary iso-
lates of human immunodeficiency virus type 1 (HIV-1) and of the CXC chemokine stromal cell-derived factor
1« against T-cell-tropic (T-tropic) isolates, using mitogen-stimulated primary CD4* T cells as targets. There
was considerable interisolate variation in the sensitivity of HIV-1 to chemokine inhibition, which was especially
pronounced for the CC chemokines and M-tropic strains. However, this variation was not obviously dependent
on the genetic subtype (A through F) of the virus isolates. Peripheral blood mononuclear cell donor-dependent
variation in chemokine inhibition potency was also observed. Among the CC chemokines, the rank order for
potency (from most to least potent) was RANTES, MIP-13, MIP-1a.. Some M-tropic isolates, unexpectedly,
were much more sensitive to RANTES than to MIP-1(, whereas other isolates showed sensitivities comparable
to those of these two chemokines. Down-regulation of the CCRS and CXCR4 receptors occurred in cells treated
with the cognate chemokines and probably contributes to anti-HIV-1 activity. Thus, for CCRS, the rank order

for down-regulation was also RANTES, MIP-1$3, MIP-1c.

The CC chemokines macrophage inhibitory protein-la
(MIP-1a), MIP-1B, and RANTES inhibit the replication of
certain human immunodeficiency virus type 1 (HIV-1) strains
in CD4 " T cells (10, 11, 29, 43, 46). The HIV-1 isolates that are
most sensitive to these CC chemokines have the macrophage-
tropic (M-tropic) phenotype and do not form syncytia in MT-2
cells (29). These viruses are therefore alternatively described
as non-syncytium inducing (NSI). M-tropic viruses enter CD4"
T cells by fusion at the plasma membrane in a pathway that
involves the CD4 molecule and the CC chemokine receptor
CCRS5 (1, 9, 15, 17, 18), for which the known ligands are
MIP-1a, MIP-1B, and RANTES (45, 48). These CC chemo-
kines inhibit HIV-1 replication because they are antagonists of
HIV-1 entry (or env-mediated membrane fusion) (1, 11, 15,
42). Competition for CCRS5 binding between the above-men-
tioned CC chemokines and the HIV-1 surface glycoprotein
gp120 contributes to the inhibitory mechanism (27, 55, 59).
Taken together, these studies suggest that the development of
inhibitors of viral entry based on the CC chemokines might be
a viable approach to antiviral therapy against HIV-1. Indeed,
derivatives of RANTES have been shown to be more effective
than RANTES itself, in vitro (4, 52).

The CXC chemokine stromal cell-derived factor (SDF)-1a
has been shown to inhibit the replication of T-cell-tropic (T-
tropic) primary isolates, or T-cell line-adapted strains, at the
level of virus entry (7, 41). Usually, these viruses form syncytia
in MT-2 cells, and they are often called syncytium-inducing
(ST) strains. T-tropic viruses can enter CD4" T cells by using
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the CXC chemokine receptor CXCR4 (22), of which the only
known ligand is SDF-1a (7, 41). However, many T-tropic pri-
mary isolates can use both CCRS and CXCR4 and so are
considered dual tropic (12, 53). T-tropic viruses are usually
relatively insensitive to the above-mentioned CC chemokines
(10, 29).

A decade ago, gp120 antagonists that inhibit the binding of
HIV-1 to its primary receptor, CD4, such as the soluble CD4
molecule, were found to be highly effective at neutralizing the
infectivity of the T-cell line-adapted HIV-1 strains on which
they were tested initially (23, 39). However, it was later appar-
ent that primary viruses were relatively resistant to the effects
of soluble CD4 (8, 13, 38). With this lesson in mind, we set out
to investigate the broadness of the spectrum of HIV-1 strains
on which the CC and CXC chemokines were active. A second
consideration was to determine whether there were genetic
subtype-dependent patterns in the sensitivity of HIV-1 strains
to these chemokines, since therapeutic agents should ideally
not act on only a single genetic subtype. Finally, we wished to
know which of the CC chemokines was the most active inhib-
itor of HIV-1 replication (hence, the best template for thera-
peutic development) and whether we could discern subtleties
in the mechanisms of action of the individual CC chemokines.

We therefore assembled panels of M- and T-tropic HIV-1
strains from genetic subtypes A through F and tested the
effects of MIP-1a, MIP-1B3, RANTES, and SDF-1a on their
replication in primary CD4" T cells. Our conclusions are that
there is no obvious restriction on the actions of the CC che-
mokines or SDF-1a that relates to the genetic subtypes, that
RANTES was the most potent inhibitor among the three CC
chemokines we tested, and that RANTES is better than
MIP-1B and MIP-1a at down-regulating CCRS, which proba-
bly contributes to its actions in vitro.
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MATERIALS AND METHODS

Viruses and chemokines. Many virus isolates were obtained as part of the
National Institute of Allergy and Infectious Disease HIV-1 Antigenic Variation
study or from similar programs organized by the U.S. Department of Defense or
the World Health Organization. Their precise origins and their use in previous
studies have been described previously (36, 37, 56). Other isolates were obtained
as follows: isolate C 7/86 was from R. Connor (12), the molecular clone of SF-2
was from C. Cheng-Mayer (34), the biologically cloned isolate HC4 was from S.
Forte and J. Sullivan (24), the molecular clone DH123 was from R. Shibata and
M. Martin (50), and the biologically cloned isolate 2076 clone 3 was from P.
Clapham (53).

The recombinant human CC chemokines MIP-1a, MIP-1B, and RANTES
were purchased from R&D Systems Inc. (Minneapolis, Minn.). Synthetic
SDF-1a stocks were provided by Gryphon Sciences (M.A.S. and D.A.T.) (51)
and Berlex Biosciences (R.H.) (30). These proved to be of comparable purity and
potency in blocking HIV-1 replication. Initial experiments were performed with
both stocks, but only data derived from using the Gryphon preparation are
shown. The CXCR4 down-regulation experiments (see Fig. 5b and 6b) were only
performed with Gryphon SDF-1a.

Determination of viral phenotype and coreceptor use. The phenotypes of
many of the test viruses have been described previously (36). Others were tested
by the same method: their ability to form syncytia in MT-2 cells. These cells were
cultured in RPMI 1640 medium containing 10% fetal calf serum (FCS), glu-
tamine, and antibiotics and split twice a week. For infection assays, 10° cells were
incubated with virus for 16 h and then unbound virus was removed by two washes
in culture medium. From days 3 through 7 postinfection, the cultures were
examined microscopically for syncytium formation and the supernatant was an-
alyzed for p24 antigen production by an in-house enzyme-linked immunosorbent
assay, as described previously (56).

US8TMG-CD4 cell lines stably transfected with the CCR5 or CXCR4 genes
were a gift from Dan Littman (Skirball Institute for Molecular Medicine, New
York, N.Y.) (27). These cells were maintained in Dulbecco’s minimal essential
medium containing 10% FCS, glutamine, antibiotics, puromycin (1 pg/ml; Sigma
Chemicals), and neomycin (300 pg/ml; G418; Sigma) and split twice a week. For
HIV-1 infection experiments, 5 X 10* cells were incubated with virus for 16 h,
and then unbound virus was removed by two washes in culture medium. On days
3 and 6 postinfection, the cultures were examined microscopically for syncytium
formation and the supernatant was analyzed for the presence of p24 antigen.

Chemokine inhibition of HIV-1 replication in primary CD4* T cells. Periph-
eral blood mononuclear cells (PBMC) were isolated from healthy blood donors
by Ficoll-Hypaque centrifugation and then stimulated for 2 to 3 days with phy-
tohemagglutinin (5 pg/ml) and interleukin-2 (IL-2) (100 U/ml) (a gift from
Hoffmann-LaRoche, Nutley, N.J.). CD4" T cells were purified from the acti-
vated PBMC by positive selection with anti-CD4 immunomagnetic beads (DY-
NAL Inc.). The purified lymphocytes were cultured for at least 3 days at 2 X
10%ml in medium containing IL-2 (200 U/ml) before being used in the '*I-
chemokine binding assay and for at least 1 day before being used in infection
assays. The cells were screened for CCR5-defective alleles (32), and only cells
from wild-type donors were used (except when specified).

Inhibition of infection by chemokines was assessed as follows: 2 X 10° CD4*
T cells in 100 pl of assay medium (RPMI 1640, 10% FCS, 100 U/ml IL-2,
glutamine, and antibiotics) were incubated with serial dilutions of the chemo-
kines (50 pl) for 1 h at 37°C. The virus inoculum was adjusted to 400 to 1,000
50% tissue culture infectious doses/ml, and a 50-ul aliquot was added to each
culture. The calculated inhibitory doses refer to the final concentration of che-
mokine in the culture on day 0. On days 4 and 6 postinfection, 50 pl of super-
natant was assayed for p24 antigen. As the virus inoculum was not washed out at
any stage of the experiment, we also measured the residual input p24 concen-
tration, which was subtracted from all test results. If virus production in the
cultures had not reached its peak on day 6, the cultures were fed with 100 pl of
medium without adding fresh chemokines and then reanalyzed for p24 produc-
tion on days 8, 10, and 12. Virus production in the absence of chemokine was
designated as 100%, and the ratios of p24 antigen production in chemokine-
containing cultures were calculated relative to this. The chemokine concentra-
tions (in picograms per milliliter) causing 50% and 90% reduction in p24 antigen
production were determined by linear regression analysis. If the appropriate
degree of inhibition was not achieved at the highest or lowest chemokine con-
centration, a value with “>” or “<” was recorded.

Competition between gp120 and labeled chemokines. These experiments, us-
ing activated CD4" T cells (2 X 10° in 200 pl), were performed as described
previously (55). '>*I-RANTES and '**I-MIP-1p (specific activity, 2,200 Ci/mmol;
Dupont-NEN) were used at 220 wCi/ml (0.1 nM). Monomeric gp120 from the
M-tropic JR-FL strain was a gift from Paul Maddon (Progenics Pharmaceuticals
Inc.) (55).

Fluorescence-activated cell sorter analysis of CCRS and CXCR4 expression
levels. Phytohemagglutinin- and IL-2-stimulated CD4" T cells were adjusted to
2 X 10°ml in RPMI 1640 medium containing 10% FCS, 100 mM glutamine,
antibiotics, and IL-2 (200 U/ml). The cells were incubated for 3 days with or
without RANTES (1 pg/ml), MIP-1a, MIP-1B, or SDF-1a. On day 3, the cells
were washed twice with Dulbecco’s phosphate-buffered saline (PBS) containing
1% bovine serum albumin and 0.05% sodium azide (staining buffer) and then

CC AND CXC CHEMOKINES IN HIV-1 REPLICATION INHIBITION 397

1000~

100+

p24 ng/ml

0.01

— L Lr
4 7 10 14

days post infection
FIG. 1. Replication of representative M-tropic isolates in CD4+ T cells from
donors homozygous for either wild-type or A32 CCRS alleles. T cells from
individuals homozygous for wild-type or A-32 CCRS5 alleles are indicated by
closed and open symbols respectively. Results for replication of the M-tropic
isolates 92RW026 (m, [J), JRCSF (A, A), DJ259 (V, V), BZ162 (@, O), and
CM235 (#, <) and the T-tropic isolate NL4/3 (wild type [X]; A-32 [*]) are shown.

incubated for 20 min at room temperature with the murine anti-CCRS mono-
clonal antibody (MAb) 2D7 (10 pl of hybridoma supernatant) (60, 61), the
murine anti-CXCR4 MAb 12G5 (10 wg/ml in staining buffer; 10 pl) (19), or
murine immunoglobulin G1 (IgG1) and IgG2a isotype control MAbs (Becton
Dickinson). The cells were then washed three times with staining buffer and
resuspended in 25 pl of R-phycoerythrin-labeled goat-anti mouse IgG (1:50 in
staining buffer; DAKO). After 20 min at room temperature, the cells were again
washed three times with staining buffer, resuspended in 50 pl of PBS, and fixed
with 200 pl of PBS containing 1% formaldehyde. Surface staining was analyzed
with a FACScalibur machine (Becton Dickinson). Mean and median fluores-
cence intensity values were derived by using CellQuest software.

RESULTS

Characterization of test panels of HIV-1 isolates. To assess
the anti-HIV-1 activity of the CC chemokine ligands of CCRS,
it was necessary to assemble a suitable panel of isolates, using
viruses from multiple genetic subtypes. We first chose those
known from our previous studies to have the NSI phenotype
(36, 37, 56), in that they did not form syncytia in MT-2 cells and
so were unlikely to use the CXCR4 coreceptor efficiently (12,
53). These isolates were then tested for their ability to replicate
in PBMC from individuals with two wild-type or two defective
(A-32) CCRS alleles (depicted for representative isolates in
(Fig. 1). An inability of HIV-1 to replicate efficiently in cells
from A-32 CCRS homozygotes indicates a dependency on
CCRS for their entry and replication (18, 32, 43), although
some caveats as to the interpretation of these experiments are
noted below (see Discussion section).

The final test panel comprised two isolates from each of the
genetic subtypes A, D, E, and F, three isolates from subtype C,
and four isolates from subtype B (Table 1). We tested the
coreceptor usage of these isolates with U§7MG-CD4 cells sta-
bly expressing either CCRS or CXCR4 (27). Each isolate could
use only CCRS5 under these circumstances (Table 1). This
panel is referred to, for convenience, as the M-tropic panel,
although we have not tested the ability of all the isolates to
replicate in macrophages.

We also assembled a panel of CXCR4-using viruses for
studies of the antiviral effect of CXC chemokine SDF-1a. The
viruses chosen were all of the SI phenotype, in that they
formed syncytia in MT-2 cells, and all the SI strains that were
tested replicated in PBMC from individuals homozygous for
A-32 CCRS alleles (Table 1). Each SI virus could replicate in
U87MG-CD4 cells stably expressing CXCR4, but some also
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TABLE 1. Panels of M- and T-tropic HIV-1 isolates”
Replication in CD4™ T cells Replication in U87¥G'CD4
: Genetic b transfectants
i subtype Phenotype CCR5 CCRS wild-type p24 CCR5
wild typec (ng/ml)‘l d32/d32( CCRS CXCR4

M-tropic isolates
92RW026 A NSI + 18 - + -
DJ258 A NSI + 32 - + _
JRFL B NSI + 16.5 - + -
JRCSF B NSI + 64 - + _
SF162 B NSI + 225 - + -
92US657 B NSI + 65 - + —
DJ259 C NSI + 18 - + -
94ZW103 C NSI + 59.5 - + -
94ZW109 C NSI + 89.5 - + -
94KE102 D NSI + 235 - + -
94KE103 D NSI + 245 - + -
CM235 E NSI + 22 - + _
92THO001 E NSI + 14 - + _
BZ162 F NSI + 10 - + —
R1 F NSI + 17.5 - + -

T-tropic isolates
92UG029 A SI + 7 + - +
2076 cl1.3 B SI + 27.5 + + +
C 7/86 B SI + 235 + + +
DH123 B SI + 21 + + +
SF2 B SI + 12 + + +
HC4 B SI + 16 + - +
NLA4-3 B SI + 11 + - +
ZAM20 C SI + 14.5 + - +
94ZW106 C SI + 4 + — +
UG270 D ST + 15 + - +
92UG046 D SI + 36 + - +
92UG024 D SI + 345 + - +
94TH304 E SI + 6.5 + - +

“ The designations and properties of M-tropic and T-tropic primary HIV-1 isolates are recorded.

 Phenotype determined by ability of isolate to form (SI) or not form (NSI) syncytia in MT-2 cells.

¢ Ability (+) or inability (—) of isolate to replicate efficiently in activated CD4* T cells from individuals homozygous for either wild-type or A-32 CCR5 alleles.
4 Amount of p24 antigen produced in wild-type CD4* T cells. Values are derived from a single experiment typical of several performed.

¢ Ability of isolate to replicate in US7MG-CD4 cells stably expressing either CCRS5 or CXCR4.

replicated in CCR5-expressing US7MG-CD4 cells (27), indi-
cating that they were dual tropic (Table 1). This panel is re-
ferred to as the T-tropic panel. It comprised one isolate from
each of the genetic subtypes A and E, two isolates from sub-
type C, three isolates from subtype D, and six isolates from
subtype B; we were unable to identify a T-tropic primary virus
from subtype F (Table 1).

CC chemokine sensitivity of M-tropic isolates. The M-tropic
isolates were tested for sensitivity to inhibition by each of the
CC chemokines MIP-1a, MIP-1B, and RANTES and by a 1:1:1
mixture of the three, in mitogen-stimulated PBMC (Table 2;
Fig. 2 and 3). Recorded in Table 2 are the median 50% inhib-
itory doses (IDs,s) and ID,s for each CC chemokine and the
equimolar mixture against each virus. There was, clearly, con-
siderable variation in the sensitivity of different isolates to
inhibition by CC chemokines; for example, the virus most
sensitive to RANTES was the Romanian subtype F isolate R1
(IDgy, 25 ng/ml); the one least sensitive was the North Amer-
ican subtype B strain SF162 (IDo, 413 ng/ml [a 16.5-fold
higher concentration]).

In principle, differences in virus replication rates could affect
the degree of inhibition by CC chemokines, since several
rounds of replication take place in the PBMC cultures. To limit
this effect, we took care to record HIV-1 antigen production
when virus replication initially peaked, by sampling the cul-

tures repeatedly from 4 days after infection onwards. Rapidly
replicating viruses were therefore harvested earlier than slowly
replicating ones, which means that we measured the inhibitory
effects of the CC chemokines after a similar number of repli-
cation rounds irrespective of the replication kinetics. Typical
p24 values at the time of harvest for each isolate are recorded
in Table 1. We found no correlation between the replication
efficiency of an isolate and its sensitivity to CC chemokine
inhibition (Tables 1 and 2).

There was also no obvious relationship between the genetic
subtype of the test isolate and CC chemokine sensitivity, a
point illustrated for RANTES in Fig. 2. Although the number
of test isolates from each individual subtype was small, some
isolates from each subtype were RANTES sensitive (IDgs,
<100 ng/ml). Relatively insensitive isolates (IDy,, >100 ng/ml)
were identified from subtypes A, B, E, and F (Fig. 2; Table 2).
The absence of insensitive subtype C and D strains from our
panel is probably attributable to chance.

Figure 2 also illustrates another point: interdonor variability
in the CC chemokine sensitivity of HIV-1 replication in mito-
gen-stimulated PBMC. Thus, the standard deviations of the
median values can be quite large (also for MIP-1a and MIP-13
[not shown]). Our experience is that this is due to the use of
cells from different donors in repeat experiments (within an
individual experiment, variation among replicates is much less
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TABLE 2. Inhibition of M-tropic viruses by CC-chemokines®
RANTES MIP-1a MIP-1p Mix
Virus Subtype

Dy, IDso IDgo D5, Dy, IDso Dy, IDso
92RW026 A 175 53.8 >456* 177 272 61.4 201 94.5
DJ258 A 66 28.7 281.9 142 339 55.9 54.7 <12.2%
JRFL B 107 32.0 >499* 236 439 156 152 75.5
JRCSF B 223 99.2 >485* 369 463 295 122 59.3
SF162 B 413 50.8 >500 >500 >500 >500* >500% 296
92US657 B 359 97.9 >348* 281* 467 86.8 >294% 15.5
DJ259 C 273 11.4 255 27.5% 403 69.3 27 13.8
947ZW103 C 74.2 42.0 303 79.4 297 153 198 54.0
94ZW109 C 88.9 <13.9% 460 205 381* <1927 226 15.1
94KE102 D 39.9 16.3 376 60.1 190 101 83.4 18.4
94KE103 D 28.9 19.7 91.3 19.6 27.7 5.9 24 9.6
CM235 E 227 70.6 >500 >500 >500 >500* >500% 313
92THO001 E 74.6 51.2 >500 168 275.2 176 118 87.5
BZ162 F 256 49.2 >500 455 246.2 184 408 108
R1 F 24.6 <1.95F 376 <1.95 310.5 <1.95 255 <1.95

“ The median IDsys and IDggs (in nanograms per milliliter) for the CC chemokines RANTES, MIP-1a, and MIP-1B, and a 1:1:1 mixture of all three (Mix) against
each M-tropic isolate are recorded. A value of >500 indicates that 50 or 90% inhibition was not achieved at a CC chemokine concentration of 500 ng/ml (the highest
tested) in any experiment. A value of <1.95 indicates that 50 or 90% inhibition was always achieved at a CC chemokine concentration of 1.95 ng/ml (the lowest tested).
Some median values are marked with an asterisk or dagger because in some of several experiments with this virus and CC chemokine combination, the IDs or IDg,
recorded was <1.95 ng/ml or >500 ng/ml. For the purposes of calculating the medians of multiple determinations, the off-scale values were set at 1.95 or 500, and the
resulting median is considered a lower or upper limit, respectively. The “<” or “>” symbols by these values also indicate this.

profound). Overall, HIV-1 replication in some donors’ cells is
quite sensitive to these three CC chemokines and that in others
is quite insensitive, and the range of variation in IDg,s can
exceed 1 log. This does not obscure interisolate variation in
sensitivity but obviously complicates analysis of it. Because of
the anonymous nature of the blood donors whose cells we
used, we were unable to explore any gender, racial, or other
personal factors that could impact the variation observed.
When we compared the three CC chemokines for their in-
dividual potencies as HIV-1 inhibitors, RANTES was clearly
the most effective, MIP-1a was the least active, and MIP-13
had intermediate potency. This is best illustrated in Fig. 3, in
which the individual median IDy,s for each isolate and each
CC chemokine (Table 2) are presented as a scatter plot, with
the overall median values indicated by bars. The equimolar
mixture of the three CC chemokines was actually less effective
than RANTES alone, presumably reflecting the dilution of the
most active agent by less active ones. Thus, the three CC

500+

=

£ 4004

=]

£

$ 300-

a

m

uEJzoo-

<

& 1004 : . -

3 e e S

© @ J W N NN oM o A M
N O L o © 1 u o O O O
$SS5 0L 855 Lk
g 9 § o 3298 R/ % %
S o & 3 > 0
A B c D E F

FIG. 2. Inhibition of M-tropic primary isolates by RANTES. The genetic
subtypes of the test isolates are recorded below the isolate designations. The
values shown are the medians + standard deviations (error bars) of two to five
determinations, each on CD4" T cells from different donors who were each wild
type for CCRS.

chemokines are not synergistic (or even additive) in their ac-
tions. The data points in Fig. 3 that are marked with an asterisk
and a dagger represent, respectively, the isolates most (94KE103,
subtype D) and least (SF162, subtype B) sensitive to CC chemo-
kines (Table 2). Note that both these isolates replicated with
similar efficiencies (Table 1). Why there should be interiso-
late variation to this extent remains obscure, but 94KE103
was particularly unusual in its sensitivity to MIP-1a.. Note
also that RANTES and MIP-1B had very similar effects on
some isolates (e.g., 94KE103, sensitive; BZ162 and 92US657,
insensitive) but widely differing effects on many others (e.g., R1
and DJ259, RANTES sensitive, MIP-1 insensitive) (Table 2).

Interactions of chemokines with their receptors: gp120 com-
petition and receptor down-regulation. The observation that
MIP-1a is a relatively weak inhibitor of HIV-1 replication is
consistent with reports that this ligand has the lowest ability
among MIP-la, MIP-1B, and RANTES to activate signal
transduction through CCRS (3, 45). However, these three CC
chemokines have similar affinities for CCRS in radioligand
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FIG. 3. Inhibition of M-tropic viruses by CC chemokines. The individual
median IDggs for each isolate and each CC chemokine (Table 2) are presented,
with the overall median values indicated by bars. The data points marked with an
asterisk and a dagger represent, respectively, the isolates most (94KE103, sub-
type D) and least (SF162, subtype B) sensitive to inhibition. MIX (1:1:1), 1:1:1
mixture of all three CC chemokines.
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FIG. 4. Inhibition of RANTES and MIP-18 binding to CCRS by gp120 from
the M-tropic strain, JRFL. JRFL gp120 at the concentrations indicated was used
to compete for the binding of '**I-labeled RANTES (A) or MIP-1p (m) to CCRS
on activated CD4" T cells. Each value recorded represents the percentage in-
hibition of radioligand binding at each gp120 concentration. The experiments
shown are representative for two to three experiments performed with cells from
different donors.
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binding assays (3, 45, 48); indeed, RANTES actually had the
lowest CCRS affinity among them, in one study (3). To explore
why RANTES was, despite this, often significantly the most
potent at suppressing HIV-1 replication (Table 2, Fig. 3), we
first tested whether there was a difference in the ability of an
M-tropic gp120 to compete with radiolabeled RANTES and
MIP-1pB for binding to CCRS on mitogen-stimulated primary
CD4™ T cells (55). We were not able to test MIP-1a under the
same conditions, as the level of specific binding of ***I-MIP-1a
to activated CD4" T cells was too low at the radioligand
concentrations used for the experiments with RANTES and
MIP-1B (data not shown).

The rationale for the gp120 competition experiment was that
ligand affinities for CCRS5 had been determined previously with
CCRS5-transfected nonlymphoid cells and that the cellular con-
text might conceivably impact on RANTES or MIP-18 bind-
ing. In fact, we found no significant difference in the interac-
tions of RANTES or MIP-1B with CCR5 on activated CD4" T
cells, in that gp120 was able to block the binding of each of
them equivalently (Fig. 4). This suggested that the greater
efficacy of RANTES as an inhibitor of HIV-1 replication could
be attributable to another mechanism(s).

We took into consideration that, although RANTES can
interact with receptors other than CCRS (44, 57), the viruses in
our M-tropic test panel replicated poorly in CD4" T cells from
individuals lacking a functional CCRS protein (Table 1). This
focused our attention on CCRS. Because ligand binding can
cause receptor down-regulation as part of a desensitization
mechanism (3, 21, 25, 54), we investigated whether this oc-
curred when chemokines interacted with CCRS and CXCR4
on activated CD4" T cells. We therefore used the CCR5-
specific MAb 2D7 (60, 61) and the CXCR4-specific MAb 12G5
(19) to measure the levels of coreceptor expression on the sur-
face of these cells, before and after exposure to chemokines.

Both MAbs have been shown to bind to epitopes which
overlap with the chemokine binding sites on these receptors
(19, 60, 61). It was therefore necessary to demonstrate that
residual chemokines did not interfere with the binding of 2D7
and 12G5 to CCRS and CXCR4 under the assay conditions we
used. Thus, we compared 2D7 binding to activated CD4" T
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cells in the presence of CC chemokines (1 wg/ml) with that in
the absence of CC chemokines. When RANTES (1 pg/ml) was
added simultaneously with 2D7, only a 7.2% reduction in 2D7
binding was observed (Fig. 5a). When cells were pretreated for
10 min with RANTES, followed by two washes (to mimic more
closely our staining protocol), and then stained with 2D7, there
was only a 0.9% decrease in 2D7 binding. Analogous experi-
ments were performed with 12G5 and SDF-1a (Fig. 5b). Si-
multaneous addition of the chemokine and the MAb resulted
in a 16.8% decrease in 12G5 binding, but when the cells were
preincubated with SDF-1a and then washed, there was only a
7.4% reduction in 12G5 binding. Residual chemokines do not,
therefore, significantly interfere with the use of the 2D7 and
12G5 MADbs to monitor CCRS and CXCR4 expression.

We then treated activated CD4" T cells for 2 h and 3 days
with MIP-1a, MIP-1B8, RANTES, or the CXC chemokine SDF-
la. We used a chemokine concentration of 1 pg/ml, which is
saturating for each CC chemokine in terms of CCRS binding
(3, 45, 48) and which is comparable with the highest concen-
tration used in the infection-inhibition studies. All three CC
chemokines reduced the surface expression of CCRS signifi-
cantly within 2 h and to a greater extent after 3 days (Fig. 6a).
In a separate experiment, significant down-regulation of CCRS

a) 50+
@
2 . 404
T
$ 3 30-
ox
2
c & 20+
©c
@
E 10
0_
pretreatment: none none RANTES
1ug/ml/10min
treatment: 2D7 2D7+ 2D7
RANTES
(Tug/ml)
b) 10001
]
Q —
SE 7504
2=
£z
.,—E 2 5004
cl
]
g7 2504
0-
pretreatment: none none SDF-1a
1ug/ml/10min
treatment: 12G5 12G5+ 12G5
SDF-1a
(1pg/ml)

FIG. 5. Determination of surface expression of CCR5 and CXCR4 on che-
mokine-treated cells. Chemokine receptor expression on CD4* T cells was
determined by MAD staining on untreated cells, on cells pretreated for 10 min
with 1 pg of chemokine per ml and then washed, and in the continuous presence
of 1 ug of chemokine per ml, as indicated. Shown are mean fluorescence inten-
sities obtained for CCRS5 staining with MAb 2D7 in the presence and absence of
RANTES (a) and for CXCR4 with MADb 12G5 in the presence and absence of
SDF-1a (b). Error bars, standard error of the mean.
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1501 g)

CCRS5 surface expression
(% control)

none MIP-1e MIP-13 RANTES SDF-1a

1254 b)

CXCR4 surface expression
(% control)

MIP-18

none MIP-10 RANTES SDF-10

FIG. 6. Surface expression of CCRS5 and CXCR4 after exposure to CC and
CXC chemokines. CD4* T cells were treated for 2 h (gray bars) and 3 days
(black bars) with CC or CXC chemokines (1 pg/ml) and the stained for surface
expression of CCRS (a) and CXCR4 (b) with MAbs 2D7 and 12G5, respectively.
The median fluorescence intensities of the CCRS- and CXCR4-positive popu-
lations are shown as percentages of the levels for untreated control cells. The
data shown were derived from one of two independent experiments on cells from
two different donors.

was also observed after a 1-h incubation (data not shown).
Among the three CC chemokines, RANTES was the most
potent at down-regulating CCRS, whereas SDF-1a had no
effect (Fig. 6a and data not shown). Similar results were ob-
tained with a mouse pre-B lymphoma cell line (L1.2) express-
ing human CCRS5 (60).

On the CD4™" T cells, the rank order for the extent of CCR5
down-regulation (from greatest to least) was reproducibly
RANTES, MIP-1B, MIP-1q, which is the same as the rank
order for their inhibition of HIV-1 replication (cf. Fig. 3 and
S5a) and also for their activation of signal transduction (3,
45). However, in absolute terms, RANTES was only a little
more potent than MIP-1a at down-regulating CCRS (Fig.
5a). Whether the additional down-regulation of CCRS by
RANTES is sufficient to account for the greater HIV-1-inhib-
itory effect of this ligand in the CD4™ T-cell cultures remains
to be resolved. Although the cells were preincubated with CC
chemokines for only 1 h before HIV-1 addition and there is
less CCRS down-regulation at this time (Fig. 6a and data not
shown), the chemokines were not subsequently removed from
the cultures. A more sustained down-regulation of CCR5
might significantly impact the efficiency of subsequent rounds
of HIV-1 replication in these cultures.

Effect of CXC chemokine SDF-1« on replication of T-tropic
strains. The CXC chemokine SDF-1a is a ligand for CXCR4
and inhibits the infection of CD4™ T cells by T-tropic HIV-1
strains (7, 41). We tested the breadth of SDF-1la activity by
using the T-tropic HIV-1 panel described in Table 1. As found
with the CC chemokines, there could be significant variation in
the potency with which SDF-1a inhibited the replication of
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different HIV-1 isolates in activated primary CD4™ T cells with
wild-type CCRS alleles (Table 3). Thus, the ID,, of SDF-1a
for the most-sensitive strain (ZAM?20, subtype C) was 0.2 pg/
ml, whereas the least-sensitive strain (DH123, subtype B) was
not inhibited by 90% at 5 pg/ml, a 20-fold higher SDF-1la
concentration. However, most of the test isolates had IDgys
between 2.7 and 4.9 pg/ml, a relatively narrow range (Table 3).
Analogous to what was observed with the M-tropic isolates,
replication efficiency was not correlated with sensitivity to
SDF-1a inhibition (Tables 1 and 2). Although some of the test
isolates were dual tropic, in that they were able to use both
CCRS5 and CXCR4 to enter transfected US7TMG-CD4 cells,
they were not, on average, differentially sensitive to SDF-1a
compared to the isolates that could use only CXCR4 (Table 3).

The limited number of T-tropic isolates from outside subype
B limits any conclusion that can be drawn about the relation-
ship between SDF-1a sensitivity and the genetic subtypes, but
no pattern was obvious from inspection of the available data
(Table 3). The subtype B strains were also tested for SDF-1a
sensitivity with CD4™ T cells from individuals homozygous for
A-32 CCRS alleles, to assess whether the absence of CCRS5
affected entry via CXCR4. Any differences observed with these
cells compared to CCRS5 wild-type cells were minor (Table 3).
SDF-1a was also tested for its effects on the replication of
M-tropic isolates in CD4™ T cells. Under certain circumstances, it
was observed to cause enhancement of HIV-1 replication. The
results of these studies will be described elsewhere.

We also assessed whether CXCR4 was down-regulated after
SDF-la binding, by staining with the CXCR4-specific MAb
12G5 (19). SDF-1a, but none of the three CC chemokines,
significantly reduced surface expression of CXCR4 after 3 days
of culture (Fig. 6b). In contrast to what was observed with the
CC chemokines and CCRS, down-regulation of CXCR4 ex-
pression was greater after 2 h of incubation with SDF-1a than
it was after 3 days (Fig. 6b). This is consistent with observations
that after 2 h of SDF-1a treatment of CXCR4-expressing cell
lines, up to 90% of surface CXCR4 is down-regulated (28).
Thus, CXCR4 down-regulation could contribute to the mech-
anism by which SDF-1« inhibits HIV-1 entry and replication.

TABLE 3. Inhibition of T-tropic viruses by SDF-1a

Genetic Vi Use of“: Wild type® A-32/A-32°

subtype CCR5 CXCR4 1Dy, IDsy 1Dy  IDsy
A 92UG029 - + >4.8 3.5 ND ND
B 2076 cl.3 + + 3.2 03 1.7 0.2
B C 7/86 + + >4.5 02 26 1.2
B DH123 + + >50 >50 47 24
B SF2 + + >4.6 03 3.0 <03
B HC4 - + 43 13 39 1.3
B NL4-3 - + 3.5 04 0.7 0.4
C ZAM20 - + 02 <02 ND ND
C 947ZW106 - + 2.7 1.5 ND ND
D UG270 - + 39 <18 ND ND
D 92UG046 - + 49 32 ND ND
D  92UG0K4 - + 45 23 ND ND
E 94TH304 - + >50 >3.8 ND ND

“ The test isolates’ abilities (+) or inabilities (—) to use CXCR4 and CCRS to
enter transfected USTMG-CD4 cells are recorded.

? The median IDsys and IDgs (in micrograms per milliliter) for the CXC
chemokine SDF-1a against T-tropic isolates in cells from individuals homozy-
gous for wild-type or A-32 CCRS alleles are recorded. The data represent the
means of two independent experiments. A value marked by “>” indicates that 50
or 90% inhibition was not achieved at the highest SDF-1a concentration tested.
A value marked by “<” indicates that 50 or 90% inhibition was always achieved
at the lowest SDF-1a concentration tested. ND, not done.
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DISCUSSION

The CC chemokines quite broadly inhibit primary, M-
tropic HIV-1 viruses; most isolates were sensitive to, at
least, RANTES. However, there was a wide spectrum of sen-
sitivity, even to RANTES, and some isolates were only inhib-
ited at relatively high chemokine concentrations. Certain iso-
lates were far more sensitive to RANTES than to MIP-1a and
MIP-1B. It would be prudent to include both sensitive and
relatively insensitive isolates, such as those identified here,
when testing the activity of CC chemokine-based inhibitors
targeted at CCRS. Similarly, we also observed variation in the
sensitivity of T-tropic isolates to SDF-1a; one isolate (ZAM?20)
was unusually sensitive.

It is not clear why HIV-1 isolates are differentially sensitive
to CC or CXC chemokines. Replication efficiency was clearly
not correlated with the sensitivity of chemokine inhibition.
Most of the viruses in the M-tropic panel were uncloned iso-
lates (as opposed to molecular clones), because few clones are
available. It is appropriate to use uncloned isolates in vitro,
because antiviral agents have to be effective in the face of
quasispecies variation in vivo to be of any value. However, the
use of uncloned isolates does impact analyses of the mecha-
nisms of chemokine insensitivity. We were careful to check that
the M-tropic isolates did not replicate efficiently in CD4" T
cells from individuals homozygous for A-32-CCRS alleles (18,
32, 43). Thus, the presence of CCRS is necessary for entry of
these viruses into human CD4" T cells. The simplest explana-
tion is that CCRS5 is the only coreceptor used efficiently for
entry into these cells, but an alternative possibility is discussed
below. None of the M-tropic isolates induced syncytia in MT-2
cells, indicating they have the NSI phenotype and do not use
CXCR4 efficiently. Nonetheless, some CC chemokine-insensi-
tive entry, via CXCR4 perhaps, of some quasispecies of certain
M-tropic isolates could occur, reducing the inhibitory effect of
CC chemokines.

Similar arguments could be made to explain the variable
sensitivity of T-tropic isolates to SDF-1a. However, whether a
T-tropic isolate could use CCRS as well as CXCR4 in trans-
fected cells (i.e., whether it was capable of dual tropism) did
not have a major effect on SDF-1a inhibition among the lim-
ited number of isolates we tested. Furthermore, although there
were outliers, most T-tropic isolates were inhibited by SDF-1a
in a concentration range that was relatively narrow compared
to that found for (e.g.) RANTES.

Notwithstanding the mechanisms that could contribute to
the efficiency of inhibition, most HIV-1 isolates were sensitive
to some degree to either CC or CXC chemokines. We could
find no evidence for a genetic subtype-dependent component
to the inhibitory mechanism(s). Thus, although the number of
isolates we could test from each individual subtype was limited
(especially for T-tropic viruses), no subtype was either chemo-
kine sensitive or insensitive. For M-tropic isolates, this is con-
sistent with observations that all subtypes require CCRS5 for
entry into CD4™ T cells (62) and can use the cloned CCR5
coreceptor (9, 62). Thus, genetic variation at the subtype level
is unlikely to be a major limitation to the development of antiviral
therapies aimed at CCRS and CXCR4. However, genetic varia-
tion on a less-profound scale cannot be ignored; the possible
presence of CC chemokine-insensitive viruses in uncloned M-
tropic isolates suggests that escape mutants may develop.

Among the three CC chemokines we tested, RANTES
clearly had the greatest breadth and potency of action, whereas
MIP-1a was only weakly active (Fig. 3). Assuming that this is
not an artifact of the use of recombinant proteins in vitro (35,
58), drug development based on the CC-chemokines should
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focus on the RANTES structure and not on MIP-la. This
conclusion was, perhaps, anticipated by the creators of the
Met-RANTES and AOP-RANTES derivatives (4, 52). But
why is RANTES the most potent CC chemokine and MIP-1a
the least potent? Since gpl20 and CC chemokines mutually
compete for binding to CCR5 (27, 55, 59), variations in ligand
affinities for CCRS5 could be relevant. However, MIP-1«, MIP-
1B, and RANTES have comparable affinities for CCRS (3, 45,
48). In one study, MIP-1a was actually found to have a 10-
fold-higher affinity than RANTES for CCRS5 (3), yet RANTES
is much more potent at inhibiting HIV-1 replication. Further-
more, an M-tropic gp120 competed equally well for the binding
of MIP-1B and RANTES to CCRS5 (Fig. 4), implying that a
factor other than CCRS affinity may contribute to the more
potent antiviral activity of RANTES. Together, these observa-
tions suggest that competitive inhibition of the gp120-CCRS
interaction, although it occurs (27, 55, 59), is not the sole mech-
anism by which CC chemokines inhibit HIV-1 replication.

The nature of the gp120-CCRS interaction could, however,
contribute to interisolate variation in CC chemokine sensitiv-
ity. If CC chemokines inhibit HIV-1 binding to CCRS by a
truly competitive mechanism, then the affinity of the gp120
ligand will be an important variable: a low-affinity gp120-CCR5
interaction would be more efficiently blocked by a CC-chemo-
kine than a high-affinity one. Because we used uncloned iso-
lates, we cannot readily test this. A related, but subtly distinct,
scenario is that different gp120s interact with nonidentical sites
on CCRS, a concept for which there is some support (5, 6, 16,
33, 47). The degree of overlap between the different gp120
binding sites and the CC chemokine site(s) might, therefore,
differ, which could impact the efficiency of what would be a
noncompetitive mechanism of inhibition (parallel arguments
can be made for CXCR4 and SDF-1a). Highly detailed com-
petitive binding studies with pure reagents (i.e., clonal gp120s
and coreceptor-transfected cells) could resolve these issues,
but they are beyond the scope of the present work.

The rank order we observed among the CC chemokines for
inhibition of HIV-1 replication might be explained by sus-
tained CCRS5 desensitization after ligand binding. Indeed, the
rank order for CCR5 down-regulation on CD4™ T cells by the
three CC chemokines after 3 days in culture (Fig. 6a) was
reproducibly the same as the rank order for their median
antiviral activity (Fig. 3). Other studies have found the same
rank order for the abilities of RANTES, MIP-18, and MIP-1«
to activate signal transduction through CCRS (3, 45). In par-
ticular, the ineffectiveness of MIP-1a against HIV-1 may be
related to its limited ability to cause signal transduction (3, 45);
indeed, MIP-1a has been described as being only a partial
agonist of CCRS5 (3). Signaling via CCRS is clearly not neces-
sary for HIV-1 entry (3, 21, 25) but might contribute to the
mechanism by which CC chemokines inhibit HIV-1 replica-
tion. There is now good evidence that CXCR4 down-regula-
tion contributes to the antiviral action of SDF-1a (2). Down-
regulation of CCRS5 could help reduce HIV-1 spread through
the PBMC cultures, which were not maintained under single-
cycle replication conditions. However, MIP-1a is also the
weakest among the three CC chemokines at blocking HIV-1
entry in a single-cycle assay (18), suggesting that effects on viral
spread are not the entire story.

The extra extent of CCRS5 down-regulation induced by
RANTES compared to MIP-1a and MIP-18 may not be suf-
ficient to account for the far greater antiviral effect shown by
RANTES against some viruses (e.g., isolates R1 and DJ259
were RANTES sensitive, but both were MIP-1a and MIP-1p3
insensitive [Table 2]). Furthermore, MIP-18 and RANTES are
almost indistinguishable in their activation of signal transduc-
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tion through CCRS (3, 45, 48). Hence, there may be additional
complexities to the antiviral action of RANTES, at least for
some isolates.

The interactions of RANTES with receptors other than
CCRS might impact the efficiency with which HIV-1 replica-
tion (as opposed to entry) is inhibited. CD4" T cells express
another coreceptor(s) that can be used by some M-tropic vi-
ruses (14, 20, 31). In principle, this could help account for both
the relative insensitivity of some isolates to MIP-1a, MIP-183,
and RANTES (these isolates would use an additional corecep-
tor unable to bind some or all of these ligands) and the supe-
riority of RANTES against a subset of isolates (the additional
coreceptor might bind only RANTES). But how could this
scenario be squared with the observations that M-tropic iso-
lates replicate poorly in CD4" T cells from individuals ho-
mozygous for A-32 CCRS alleles? A possible explanation is
that CD4™" T cells from these individuals oversecrete CC che-
mokines, especially RANTES (18, 43). In principle, this could
cause autocrine inhibition of HIV-1 entry via another core-
ceptor normally used as well as CCRS (or perhaps even in
concert with it, as has been proposed for CCR3 and CCR5
on brain monocytes [26]). If the hypothetical coreceptor were
a RANTES, but not MIP-1B, receptor, this could account for
the more potent antiviral activity of RANTES against some
isolates (both putative coreceptors, not just CCRS5, would be
blocked). However, none of the recently identified new core-
ceptors is a RANTES receptor (14, 20, 31).

It is a curious complexity that the apparent insensitivity to
CC chemokines of HIV-1 replication in monocytes/macro-
phages observed by most (but not all [1]) groups (18, 40, 49, 52)
is overcome by the use of a RANTES derivative that is unable
to activate signal transduction (52). In these cells, signalling via
CCRS may activate HIV-1 replication at a postentry stage,
whereas in T cells, signaling that leads to CCRS down-regula-
tion may contribute to the inhibition of HIV-1 replication. In
PBMC cultures, where both T cells and monocytes/macro-
phages are present, multiple, possibly opposing effects may
occur. The point at which activating and inhibitory effects of
the chemokines on HIV-1 replication balance out may be both
donor and isolate dependent, as we have observed. Much re-
mains to be discovered about precisely how the CC chemo-
kines affect HIV-1 replication in CD4" T cells and macro-
phages. Such knowledge could contribute to the rational
development of antiviral drugs aimed at blocking virus entry,
via CCRS5 and/or other coreceptors, and should be sought.
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ADDENDUM IN PROOF

All the studies we report in this paper were performed using
a single stock of RANTES (R&D Systems; Lot D012) that was
available between 1996 and 1997. Preliminary studies on new
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preparations of RANTES from the same manufacturer, and
also on stocks from Gryphon, indicate that there can be stock-
dependent variations in the efficiency with which RANTES
inhibits HIV-1 replication. Although these variations are rel-
atively minor in magnitude, they do need to be taken into
account when comparing data sets in this paper with those
obtained using other preparations of RANTES.
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