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Topical microbicides that effectively block interactions between CCR5� immature Langerhans cells (LC)
residing within genital epithelia and R5 human immunodeficiency virus (HIV) may decrease sexual transmis-
sion of HIV. Here, we investigated the ability of synthetic RANTES analogues (AOP-, NNY-, and PSC-RANTES)
to block R5 HIV infection of human immature LC by using a skin explant model. In initial experiments using
activated peripheral blood mononuclear cells, each analogue compound demonstrated marked antiviral activity
against two R5 HIV isolates. Next, we found that 20-min preincubation of skin explants with each RANTES
analogue blocked R5 HIV infection of LC in a dose-dependent manner (1 to 100 nM) and that PSC-RANTES
was the most potent of these compounds. Similarly, preincubation of LC with each analogue was able to block
LC-mediated infection of cocultured CD4� T cells. Competition experiments between primary R5 and X4 HIV
isolates showed blocking of R5 HIV by PSC-RANTES and no evidence of increased propagation of X4 HIV, data
that are consistent with the specificity of PSC-RANTES for CCR5 and the CCR5� CXCR4� phenotype of im-
mature LC. Finally, when CCR5 genetic polymorphism data were integrated with results from the in vitro LC
infection studies, PSC-RANTES was found to be equally effective in inhibiting R5 HIV in LC isolated from in-
dividuals with CCR5 diplotypes known to be associated with low, intermediate, and high cell surface levels of
CCR5. In summary, PSC-RANTES is a potent inhibitor of R5 HIV infection in immature LC, suggesting that
it may be useful as a topical microbicide to block sexual transmission of HIV.

Sexual transmission across genital mucosa is the most com-
mon mode of acquiring human immunodeficiency virus (HIV)
(5, 13, 30). It is also well established that most HIV isolates
obtained from patients soon after primary infection utilize the
coreceptor CCR5 (and not CXCR4) for cellular entry (termed
R5 HIV isolates) (40, 44, 45). In addition, genetic studies have
shown that individuals with homozygous deletions in the open
reading frame (ORF) of CCR5 are largely protected from
initial HIV infection despite numerous exposures (4, 12, 16,
35). These observations point to the importance of CCR5 as a
critical cofactor involved in sexual transmission of HIV.
Whether CCR5 restricts entry of only R5 HIV isolates at the
level of the genital mucosa or at sites internally (e.g., in the
submucosa or lymph nodes), however, is unknown.

The initial cell types infected following sexual exposure of
humans to HIV are also unknown, and transmission is likely to
be influenced by a number of factors (e.g., ulceration, presence
of other sexually transmitted organisms, menstrual cycle) (21,
26). In female rhesus monkeys, Langerhans cells (LC), resident
dendritic cells located with genital mucosal epithelium and
other stratified squamous epithelial layers (29), have been
shown to be the dominant cell type infected following nontrau-
matic intravaginal exposure to simian immunodeficiency virus

(SIV) (11). It was previously shown that human immature LC
express surface CCR5, but not CXCR4, and preferentially bind
gp120 envelope protein derived from R5 HIV when compared
with envelope protein derived from CXCR4-using X4 HIV
(43). It has also been shown that human immature LC are
preferentially infected by R5 HIV (14, 28) and that infection is
mediated by CD4 and CCR5 (15). These findings suggest that
human CCR5� CXCR4� immature LC act as gatekeepers to
allow entry of R5 HIV, but not X4 HIV, at mucosal surfaces.

Based upon this LC gatekeeper hypothesis, we have been
engaged in designing and studying agents that could potentially
block interactions between CCR5 and R5 HIV at mucosal sur-
faces. AOP-RANTES {aminooxypentane oxime of [glyoxylyl1]
RANTES (amino acids 2 to 68)} was the first synthetically
modified chemokine discovered that demonstrated potent an-
tiviral activity against R5 HIV (36). More recently, in an effort
to develop even more potent and durable inhibitors of R5 HIV
replication, a series of amino-terminally modified RANTES
analogues have been designed and tested (10, 18, 22, 25, 32,
38). The aim of the present study was to investigate the ability
of three of these RANTES analogues (AOP-RANTES, NNY-
RANTES, and PSC-RANTES) to block R5 HIV infection of
human immature LC by using an ex vivo skin explant model
that mimics early biologic events of HIV transmission (14).
Although an excellent model to study HIV infection events in
human LC, epidermal tissue explants used in these experi-
ments are devoid of CD4� T cells. Thus, it is possible that
results from this study may not correlate well with actual HIV
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transmission events if T cells (and not LC) are the first cells
infected with HIV following sexual exposure to virus.

There are several additional important caveats in trying to
develop a topical microbicide that targets CCR5 to prevent
sexual transmission of HIV. Firstly, heterosexual exposure to
HIV is likely not limited to R5 HIV isolates but includes a
mixture of R5 and X4 HIV strains. Thus, exclusive inhibition
of R5 HIV isolates by a RANTES analogue may permit X4
HIV isolates to establish new HIV infections in exposed hosts.
Recent studies in vitro have supported this possibility (7, 18,
22, 31, 38). The rare occurrence of X4 HIV infection in highly
exposed individuals lacking CCR5 cell surface expression (i.e.,
those who are homozygous for the CCR5 �32 allele) (4, 16,
24), however, suggests that CCR5 entry inhibitors may be suit-
able and effective microbicides. Secondly, considerable genetic
polymorphism in the CCR5 gene (2) has been associated with
significant variation in cell surface expression levels of CCR5
and R5 HIV infection levels (15, 20, 32, 33). Thus, the blocking
efficacy of RANTES analogues may be variable from individ-
ual to individual. Because of these potential problematic is-
sues, we also investigated (i) whether blockade of R5 HIV by
RANTES analogues in the presence of X4 HIV increased
entry of X4 HIV into LC and (ii) how CCR5 genetic polymor-
phisms present among the skin donors influenced the antiviral
efficacy of RANTES analogues in LC.

MATERIALS AND METHODS

Healthy skin donors. The Institutional Review Board of the National Cancer
Institute approved all aspects of this study, and informed consent was obtained
from all healthy individuals volunteering for the suction blister procedure. Vol-
unteers reported no histories of chronic disease (including no histories of HIV
risk factors) and no use of medications on a regular basis.

Reagents and viruses. Phycoerythrin-conjugated mouse anti-human HLA-DR
monoclonal antibodies (MAbs) and isotype control antibodies were purchased
from Pharmingen (San Diego, Calif.), and fluorescein isothiocyanate-conjugated
rat anti-p24 MAb was purchased from Beckman-Coulter (Fullerton, Calif.).
RANTES analogues were synthesized and purified as previously described (36,
41). HIVC-92BRO25, a subtype C R5 primary isolate (103.5 infectious units/ml),
was propagated in peripheral blood mononuclear cells (PBMC) (see below) and
then titers were determined using a 50% tissue culture infective dose method as
previously described (38). Purified, pelleted, and titered HIVBa-L (stock at 107.17

50% tissue culture infective doses/ml), an R5 HIV laboratory isolate, was pur-
chased from Advanced Biotechnologies Inc. (Columbia, Md.). HIVCJ1.3, an R5
HIV primary isolate, was a kind gift from David I. Cohen (Queen’s College,
Flushing, N.Y.); low passage stocks of HIVCJ1.3 were prepared as previously
described (14). B2 HIV, a subtype B R5 HIV primary isolate, and B4 HIV, a
subtype B X4 HIV primary isolate, were obtained from the National Institutes of
Health AIDS Research and Reference Reagent Program (Rockville, Md.) and
propagated in PBMC, and the titers were determined (38). The relative fitness of
these subtype B isolates along with a number of other subtype B and C isolates
was determined previously (1).

Inhibition of HIV replication in PBMC by RANTES analogues. After phyto-
hemagglutinin (PHA) stimulation for 48 h, interleukin-2 (IL-2)-treated PBMC
were added to 96-well plates (2 � 105 cells/well) containing serially diluted (1:10)
drugs: AOP-RANTES, NNY-RANTES, and PSC-RANTES (100 to 0.00001
nM). HIVC-BR025, diluted in RPMI-based complete media (approximately 0.1
multiplicity of infection [MOI]), was then added to wells after a 3-h drug-PBMC
incubation. Three days following infection, virus was removed, cells were washed,
and media containing the appropriate drug concentration was added back to
each well. On days 5, 10, and 15 postinfection, each plate was centrifuged for 5
min, and cell-free supernatant samples (25 �l) were removed and stored at
�70°C for subsequent analysis. Virus production was measured in cell-free
supernatants using reverse transcriptase assays as previously described (1).

Inhibition of HIV infection in LC by RANTES analogues. Epithelial tissue
explants were prepared from suction blister roofs of healthy volunteers, and LC
within these explants were infected as previously described (14, 15). Briefly, 50-�l

droplets of RPMI containing known concentrations of RANTES analogues were
placed on the inside surface of sterile plastic culture dish covers. Skin explants
(i.e., epidermal sheets) were then draped over the droplets with the basal epi-
thelial cell layer down for 20 min at 37°C. Portions (50 �l) of media containing
known amounts of HIV were then added to the initial droplet contained beneath
the explants and incubated for two additional hours at 37°C. Explants were
washed three times with sterile phosphate-buffered saline and then floated in
six-well plates containing 4 ml of complete medium for 3 days.

LC that spontaneously emigrated from explants were collected 3 days follow-
ing HIV exposure and analyzed by flow cytometry as previously described (14,
15). Approximately 3 � 103 to 6 � 103 LC emigrated from a single explant, and
cells from three to six explants were used for each condition within a given
experiment. Emigrated cells were preincubated in staining buffer for 10 min at
room temperature followed by serial incubations with the following: 10 �g of
phycoerythrin-conjugated mouse anti-human HLA-DR MAb per ml for 30 min
at 4°C, Dead Red (Molecular Probes, Eugene, Oreg.) for 20 min at room
temperature, Cytofix/Cytoperm fixing and permeabilization reagents (Pharmin-
gen) for 20 min at 4°C, and 10 �g of fluorescein isothiocyanate-conjugated rat
anti-p24 MAb per ml for 30 min at 4°C. Cells were then examined by flow
cytometry using a FACScan cytometer (Becton Dickinson, Mountain View,
Calif.) equipped with Lysis II software (Becton Dickinson). Dead cells, i.e., Dead
Red-positive cells, were excluded from all analyses. For each experiment, as
many events as possible were collected by the flow cytometer, which most often
resulted in analysis of greater than 5 � 103 Dead Red-negative LC. The per-
centages of HIV-infected LC (i.e., p24� LC) reported here were always calcu-
lated by first subtracting any background values obtained when uninfected cells
were stained with anti-p24 antibodies. Percent inhibition of LC infection by each
RANTES analogue was calculated by the following formula: percent inhibition
� [(percent HIV p24� LC from untreated skin explants � percent HIV p24� LC
from skin explants pretreated with RANTES analogue)/(percent HIV p24� LC
from untreated skin explants)] � 100.

Assessment of HIV transmission to CD4� T cells. PBMC were isolated from
buffy coats by density centrifugation and enriched for CD4� T cells by negative
selection using a commercially prepared MAb cocktail-complement reagent
(Lympho-Kwik; One Lambda Inc., Los Angeles, Calif.) according to the manu-
facturer’s guidelines. HIV-exposed explants were floated with the basal epithelial
cell sides down in complete media containing 2 � 106 resting allogeneic CD4�

T cells. After 2 days, explants were removed from cultures and discarded. For
detection of secreted HIV p24 protein, supernatants were harvested every third
day and examined for HIV p24 protein content by enzyme-linked immunosor-
bent assay (ELISA) (Beckman Coulter, Miami, Fla.) according to the manufac-
turer’s instructions. Of note, no RANTES analogues were added during the
entire coculture period.

R5 HIV-X4 HIV competition experiments. Ten skin explants were preincu-
bated with or without 100 nM PSC-RANTES for 20 min as described above and
then incubated with the pair of primary isolates, B2 HIV (an R5 HIV isolate) and
B4 HIV (an X4 HIV isolate), for 2 h. As determined by HIV p24 content with
an ELISA, approximately equal amounts of each paired R5 HIV and X4 HIV
were used to infect LC. Analogue and viruses were then washed from explants,
and the skin was then floated in complete media for 3 days. Emigrated LC were
collected, DNA was extracted from cells using a QIAGEN QIAamp blood kit
(Santa Clara, Calif.), and isolate-specific env fragments were detected and quan-
tified for each HIV isolate in the dual infection using a heteroduplex tracking
assay as previously described (1).

CCR5 genotyping. Genomic DNA was isolated from PBMC (200 �l) of suction
blister volunteers by using a QIAamp blood kit. Genotyping by analysis of
fragment length polymorphisms (i.e., to detect CCR5 ORF�32) was performed
as previously described (34, 37). CCR5 promoter polymorphism genotyping and
CCR5 compound genotype classification was performed as previously described
(15). All genotyping was performed in a blind manner by investigators unaware
of the results of the in vitro HIV infection studies in LC.

Statistical analyses. Statistical analyses were performed using the t test or the
Kruskal-Wallis test.

RESULTS

RANTES analogues block R5 HIV replication in activated
cultures of PBMC. To initially characterize the antiviral ac-
tivity of RANTES analogues, we first characterized their
ability to block R5 HIV replication in PBMC. By using a pri-
mary isolate of R5 HIV (HIVC-92BR025), we found that PSC-
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RANTES was more potent than both AOP- and NNY-
RANTES at inhibiting viral replication in PBMC at all doses
tested (Fig. 1). Specifically, the 50% inhibitory concentration
(IC50) for PSC-RANTES was 8 � 2.8 pM; for AOP-RANTES,
the IC50 was 150 � 71 pM; and for NNY-RANTES, the IC50

was 98 � 23 pM.

Preincubation of skin explants with RANTES analogues
blocks subsequent R5 HIV infection in LC in a dose-dependent
manner. It is known that LC residing within peripheral epithe-
lial tissues demonstrate a relatively immature or resting phe-
notype when compared to other types of dendritic cells that
have migrated to lymph nodes. Recently, we have established
an ex vivo tissue explant model whereby immature LC residing
within epithelium are exposed to HIV (14). In this study, we
tested the ability of RANTES analogues to block R5 HIV
infection of LC. Preincubation of skin explants with AOP-
RANTES for 20 min blocked subsequent R5 HIV infection of
LC in a dose-dependent manner (Fig. 2A). The blocking was
confirmed by repeated experiments using skin explants from
three additional randomly selected individuals (Fig. 2B). Sim-
ilarly, preincubation of skin explants with either NNY- or PSC-
RANTES blocked subsequent R5 HIV infection of LC in a
dose-dependent manner (Fig. 2B). Of note, there was consid-
erable variability in R5 HIV infection levels within LC when
using skin explants from different individuals, a finding we have
previously demonstrated is attributable to individual differ-
ences in the CCR5 genotype (15). Although the blocking effi-
ciency of each RANTES analogue at doses of 1 and 10 nM
varied, all three analogues demonstrated complete blocking of
R5 HIV replication at doses of 100 nM (Fig. 2B). No cellular
toxicity was noted for any of the analogues at the doses used in
these experiments (data not shown).

Preincubation of skin explants with RANTES analogues
blocks the ability of HIV-exposed LC to subsequently transmit

FIG. 1. RANTES analogues block R5 HIV replication in activated
cultures of PBMC. PHA–IL-2-stimulated PBMC were infected with
HIVC-92BRO25, a subtype C R5 primary isolate, in the presence of
various doses of either AOP-, NNY-, or PSC-RANTES as described in
Materials and Methods. RT, reverse transcriptase.

FIG. 2. Preincubation of skin explants with RANTES analogues blocks subsequent R5 HIV infection in LC in a dose-dependent manner. LC
within skin explants were preincubated with the indicated concentrations of RANTES analogues for 20 min, exposed to HIVBa-L for 2 h, cultured
for 3 days, and then double stained with anti-p24 and anti-major histocompatibility complex class II MAbs. (A) Representative fluorescence-
activated cell sorter analyses from a single experiment using AOP-RANTES. (B) Summary of nine experiments using skin explants from nine
individuals with various CCR5 diplotypes. Each line represents data from a different individual skin donor.

7604 KAWAMURA ET AL. J. VIROL.



virus to cocultured CD4� T cells. Although only relatively few
LC are productively infected with HIV using this system, we
have shown that these cells transmit relatively high levels of
HIV infection in cocultured T cells (14, 15). Thus, we next
tested whether preincubation of skin explants with RANTES
analogues could block the ability of HIV-exposed LC to sub-
sequently transmit virus to cocultured T cells. Preincubation
of skin explants with either AOP-, NNY-, or PSC-RANTES
blocked subsequent transmission of HIVBa-L (an R5 HIV
laboratory isolate) to cocultured CD4� T cells in a dose-
dependent manner (Fig. 3A). Preincubation of skin explants
with AOP-RANTES also blocked subsequent transmission
of HIVCJ1.3 (an R5 HIV primary isolate) to CD4� T cells (Fig.
3B). These data suggest that a C-type lectin-mediated “cap-
ture” of virus, which should not be blocked by RANTES ana-
logues, is not a dominant process for LC residing within epi-
thelium, a finding that is consistent with previous published
results (15).

PSC-RANTES is more potent than AOP-RANTES and
NNY-RANTES in its ability to block R5 HIV infection of LC.
To elucidate the most potent inhibitor of R5 HIV infection in
LC, we directly compared the antiviral activity of the three
RANTES analogues. Because of the variability in R5 HIV
infection levels in different individual skin donors, these direct-
comparison experiments had to be performed using skin from
single donors. Since tissue is also a limiting factor for these
experiments, only one dose of each analogue could be tested
for each direct-comparison experiment. We chose a subopti-
mal blocking dose (10 nM) in order to observe efficacy differ-
ences between the individual analogues. A single representa-
tive direct-comparison experiment is shown in Fig. 4A. This
type of experiment was performed a total of 27 times, and the
percent inhibition for each analogue in each experiment is
plotted in Fig. 4B. Both PSC- and NNY-RANTES inhibited
R5 HIV infection in LC significantly more than did AOP-
RANTES (P � 0.01 and P � 0.05, respectively). PSC-
RANTES demonstrated the best blocking ability, although this
was not statistically significant when compared to NNY-
RANTES. By contrast, we could not demonstrate significant
differences among the analogues in their ability to block trans-
mission of HIV to cocultured CD4� T cells (data not shown).

We believe this may relate to the relative lack of sensitivity in
this assay when compared to the flow cytometry-based assay
that we used to quantify HIV infection levels within LC.

PSC-RANTES blocks primary R5 HIV infection of LC with-
out promoting infection by primary X4 HIV. Since it has been
reported that high concentrations of RANTES and AOP-
RANTES can increase replication of X4 HIV isolates (7, 18,
22, 31, 38), we next studied whether preincubation of skin with
PSC-RANTES could lead to enhanced replication of primary
X4 HIV in LC. Skin explants were preincubated with 100 nM
PSC-RANTES for 20 min and then exposed to a mixture of R5
HIV (the primary isolate B2 HIV) and X4 HIV (the primary
isolate B4 HIV). The MOI was approximately 0.01 for both
viruses, or the same MOI used for dual infection of skin ex-
plants or PBMC in previous studies (1). For these experiments,
neither flow cytometry for HIV p24 nor an HIV p24 antigen
capture assay could distinguish between these two closely re-
lated HIV isolates in the dual infections. Thus, we used a
heteroduplex tracking assay designed specifically to detect and
quantify single specific HIV isolates present in dual infections
(1, 27). Infection by the B2 HIV-B4 HIV mixture could be
detected in the skin explants of two donors (Fig. 5A). Hetero-
duplex tracking assays on the PCR-amplified HIV env DNA
isolated from lysed LC revealed that only the R5 isolate, B2
HIV, and not the X4 HIV isolate, B4 HIV, was detected and
PCR amplified in these experiments (Fig. 5B), suggesting that
X4 HIV could not establish infection in LC. In skin that had
been pretreated with PSC-RANTES and then exposed to the
B2 HIV-B4 HIV mixture, we could not amplify HIV env DNA
from lysed LC (Fig. 5A). This result suggests that 100 nM PSC-
RANTES completely blocks infection of LC by R5 HIV and
does not promote infection of LC by X4 HIV.

By contrast to these results in LC, the primary X4 isolate B4
HIV was the only virus detected by the heteroduplex tracking
assay in a competition between B4 HIV and B2 HIV in PHA–
IL-2-treated PBMC (0.01 MOI of each virus) (Fig. 5C). B4
HIV also competed very well with R5 HIV primary isolates
other than B2 HIV in additional PBMC experiments (data not
shown). Lastly, unlike what was observed with LC, pretreat-
ment of PBMC with 100 nM PSC-RANTES lead to a fourfold
stimulation of B4 HIV replication (data not shown). Taken

FIG. 3. Preincubation of skin explants with RANTES analogues blocks the ability of HIV-exposed LC to subsequently transmit virus to
cocultured CD4� T cells. LC within skin explants were preincubated with the indicated concentrations of RANTES analogues (open circles, 0 nM;
closed circles, 1 nM; closed triangles, 10 nM; closed squares, 100 nM) for 20 min, exposed to the indicated R5 HIV strains for 2 h, and cocultured
with allogeneic CD4� T cells. Culture supernatants were then collected on the indicated days and assessed for p24 content by ELISA. (A) One
representative experiment of three using an R5 HIV laboratory isolate (HIVBa-L). (B) One representative experiment of three using an R5 HIV
primary isolate (HIVCJ1.3).
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together, these data suggest that primary R5 HIV isolates have
a competitive advantage over primary X4 HIV isolates in es-
tablishing infections in LC (but not in PBMC).

PSC-RANTES blocks R5 HIV infection in LC isolated from
individuals with a variety of CCR5 diplotypes. Since R5 HIV
infection levels in LC correlate well with the CCR5 diplotype
(15), we hypothesized that the ability of RANTES analogues to
inhibit R5 HIV infection in LC would also be influenced by the
CCR5 diplotype. To test this hypothesis, we examined the
ability of PSC-RANTES (at a suboptimal dose of 10 nM) to
block R5 HIV infection in LC isolated from 46 different ran-
domly selected skin donors. Because we had previously shown
that the A-2459G polymorphic locus in the CCR5 promoter
region and the CCR5 ORF�32 mutation were the loci most
likely to influence R5 HIV infection in LC (15), we examined
the genotype of these 46 individuals at these sites. Since the
�2459A promoter allele is tightly linked to CCR5�32 (15, 20),
compound CCR5 genotypes for the two selected CCR5 loci
were classified into the following five groups: Awt/Awt (n �
12), Awt/Gwt (n � 13), Gwt/Gwt (n � 9), Awt/A�32 (n � 4),
and Gwt/A�32 (n � 8).

Our findings illustrate that susceptibility of LC to R5 HIV
infection varied based upon CCR5 diplotype categories (Table
1). Since we observed no significant differences in infection
among the Awt/A�32, Gwt/Gwt, and Awt/Gwt diplotype cate-
gories with either no treatment (P � 0.969) or 10 nM PSC-

RANTES (P � 0.711), further analyses were performed by
grouping these three diplotypes into a single category. Differ-
ences in LC susceptibility to R5 HIV infection were statistically
significant with the highest levels of infection observed for the
Awt/Awt diplotype, the lowest levels of infection observed for
the Gwt/A�32 diplotype, and intermediate levels of infection
observed for the combined diplotype category for both no
treatment (P � 0.001) and 10 nM PSC-RANTES (P � 0.001)
treatment. When analysis of differences between no treatment
and 10 nM PSC-RANTES were compared within each diplo-
type category in paired t tests, 10 nM PSC-RANTES signifi-
cantly reduced susceptibility to R5 HIV infection for Awt/Awt
(P � 0.01), Gwt/Gwt (P � 0.025), Awt/Gwt (P � 0.001), and
Gwt/A�32 (P � 0.025), but not for Awt/A�32 (P � 0.273)
(Table 1).

DISCUSSION

Topical microbicides are urgently needed to help prevent
sexual transmission of HIV throughout the world (9). In this
study, we tested the ability of a set of synthetic RANTES
analogues to inhibit CCR5-mediated HIV infection using an ex
vivo tissue explant model that mimics certain biologic features
of heterosexual HIV transmission (14). PSC-RANTES, when
compared to AOP- and NNY-RANTES, was the most potent
compound for blocking R5 HIV infection of LC located within

FIG. 4. PSC-RANTES is more potent than AOP-RANTES and NNY-RANTES in its ability to block R5 HIV infection of LC. LC within skin
explants were preincubated with a suboptimal blocking dose (10 nM) of each RANTES analogue for 20 min, exposed to HIVBa-L for 2 h, cultured
for 3 days, and then stained with anti-p24 and anti-major histocompatibility complex class II MAbs. (A) Representative fluorescence-activated cell
sorter analyses from a single experiment showing comparative blocking ability of each analogue. (B) Summary of 27 separate comparative
experiments using LC from 27 skin donors. Percent inhibition of LC infection was calculated as described in Materials and Methods.
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skin explants. We found no evidence that PSC-RANTES en-
hanced infection of LC with X4 HIV, which is a potential
concern for microbicides that selectively block R5 HIV infec-
tion. Importantly, we also showed that PSC-RANTES inhib-
ited R5 HIV in LC isolated from individuals with a variety of
CCR5 diplotypes, suggesting that this drug, and possibly other
CCR5 inhibitors, may be widely effective regardless of genetic
polymorphism in the CCR5 gene. Thus, these results suggest
that a topical microbicide containing PSC-RANTES may be a
useful agent in blocking sexual transmission of HIV. Indeed,
recent experiments by our group have shown that intravaginal
exposure to topical PSC-RANTES for 15 min can completely
prevent subsequent intravaginal infection by a CCR5-using
SIV isolate in female rhesus macaques (Lederman et al., sub-
mitted for publication).

The idea of using RANTES analogues at mucosal sites to
block R5 HIV infection is based upon the theory that restricted
transmission of R5 HIV (in contrast to X4 HIV) is occurring
within mucosal epithelia and not at sites more proximal, such
as the submucosal layers or the draining lymph nodes. In the
animal studies mentioned above, no PSC-RANTES could be
detected within the systemic circulation of topically treated
macaques, suggesting that PSC-RANTES was blocking SIV
infection locally at or near the site of virus exposure (Leder-
man et al., submitted). Immature dendritic cells that normally
reside in genital mucosal epithelia and other stratified squa-
mous epithelial layers, i.e., LC, are CCR5� and CXCR4� (43)
and have been recently shown to be the major cell type infected
in female rhesus macaques following intravaginal exposure to
SIV (11). Although we have not yet proven that PSC-RANTES
blocks intravaginal SIV infection in macaques by blocking in-
fection of mucosal CCR5� LC, this is a plausible explanation
for our findings.

Although X4 HIV isolates rarely establish infections in re-
cently exposed hosts (16, 24), the fact that high concentrations
of RANTES analogues can stimulate replication of primary X4
HIV isolates in long-term PBMC cultures (7, 18, 22, 31, 38)
raises a potential concern for the use of PSC-RANTES as a
microbicide. This potential problem, however, may not be as
critical an issue when CCR5 inhibitors are used as topical
microbicides. In the latter setting, exposure to a viral swarm
that contains both R5 and X4 HIV isolates would be relatively
brief. Genetic variation in gp120, from a CCR5-using virus to
a CXCR4-using virus, is unlikely to occur during such short
exposure times. Alternatively, topical microbicides contain-
ing RANTES analogues may increase or stimulate de novo
CXCR4 surface expression on potential initial target cells.
Such an increase in CXCR4 expression, however, would have
to occur fairly rapidly within tissue for X4 HIV to enter the
body, especially if the microbicide was applied minutes prior to

TABLE 1. PSC-RANTES blocks R5 HIV infection in LC isolated
from individuals with a variety of CCR5 diplotypes

Genotype n

% HIV p24� LC

PaNo treatment PSC-RANTES
(10 nM)

Mean SE Mean SE

Awt/Awt 12 3.445 0.515 2.167 0.261 0.01
Awt/A�32 4 2.370 0.818 1.613 0.365 0.273
Gwt/Gwt 9 2.082 0.548 1.371 0.419 0.025
Awt/Gwt 13 1.833 0.200 1.314 0.183 0.001
Gwt/A�32 8 0.905 0.190 0.443 0.155 0.025

a Paired t tests were performed to assess the mean difference and statistical
significance between no treatment and 10 nM treatment within each diplotype
category.

FIG. 5. PSC-RANTES blocks primary R5 HIV infection of LC without promoting infection of LC by primary X4 HIV. LC within skin explants
were preincubated with 100 nM PSC-RANTES for 20 min, simultaneously exposed to relatively equal amounts (MOI of 0.01 for each) of both B2
HIV (an R5 HIV primary isolate) and B4 HIV (an X4 HIV primary isolate) for 2 h, and cultured for 3 days. DNA was then extracted from LC
and amplified by PCR using env-specific primers (A) and used in a heteroduplex tracking assay (B) as described in Materials and Methods.
(C) Additional competitions between B2 HIV and B4 HIV were performed in PBMC. DNA was extracted after 10 days in these experiments. The
percent growth of B2 HIV relative to B4 HIV is plotted for both PBMC and LC experiments.
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HIV exposure. Importantly, we have shown here that primary
X4 HIV did not infect LC, either alone or following preincu-
bation of the skin with PSC-RANTES (Fig. 5). Given that
activated mature LC express CXCR4 and can be infected with
X4 HIV (43, 46), these results indicate that short-term incu-
bation of LC with PSC-RANTES does not induce LC acti-
vation. Regardless of these promising ex vivo results in LC,
however, the possibility that CCR5 blockade may facilitate
transmission of X4 HIV needs to be studied closely if topical
microbicides containing PSC-RANTES or other CCR5 inhib-
itors are ever to be used on humans.

Genetic polymorphism clearly plays a role in influencing
both the acquisition of HIV and the course of disease in the
years following initial infection (3, 23). Although studies have
evaluated the influence of genetic polymorphism on outcomes
of highly active antiretroviral therapy treatment of HIV infec-
tion (8, 23, 39, 42) and hypersensitivity to treatment (17, 19),
an understanding of more global factors influencing efficacy of
HIV therapy based on pharmacogenomic approaches is not
well developed (6). Regarding CCR5 inhibitors, relatively little
is known about how these compounds function in different
individuals with varying CCR5 genotypes. Interestingly, Sabbe
and colleagues found that internalization of CCR5 on the
cell surface of CD4� T cells induced by exposure to AOP-
RANTES was the most rapid in individuals homozygous for
the �2459A allele and least rapid in individuals homozygous
for the �2459G allele (32). Importantly, we showed here that
10 nM PSC-RANTES significantly inhibited R5 HIV infection
in LC isolated from individuals with a variety of CCR5 diplo-
types (Table 1). In addition, higher doses of PSC-RANTES
(100 nM) blocked R5 HIV infection in LC isolated from indi-
viduals with all possible CCR5 genotypes (Fig. 2 and data not
shown). These results suggest that CCR5 inhibitors (in this
case, PSC-RANTES) would be prophylactically and therapeu-
tically effective, especially at relatively large doses, despite ge-
netic differences in CCR5 among treated individuals.
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