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Abstract
Objective—PRO 2000 is a polyanionic microbicide that binds directly to the gp120 envelope
protein to inhibit HIV-1 entry. We studied the breadth of PRO 2000 activity against HIV-1 derived
from recently transmitted R5 viruses. We also investigated the interaction of this compound with X4
and R5 HIV-1 envelope glycoproteins using an epitope mapping strategy.

Methods—The anti-HIV activity of PRO 2000 against subtype B and C Env-pseudotyped viruses
was assessed in saline and cervicovaginal lavage fluid. Competitive binding assays were performed
with X4 and R5 monomeric and virus-associated gp120.

Results—PRO 2000 was found to be active against recently transmitted subtype B and C viruses
tested in vitro, however, at 1 µg/ml in saline, activity against subtype C was decreased compared to
subtype B. Epitope mapping using anti-V3 region antibodies showed that PRO 2000 binds to the V3
region of monomeric and virus-associated X4 gp120 with a higher affinity than to V3 of R5 gp120.
In contrast, the interaction of PRO 2000 with the CD4 binding site was similar for both X4 and R5
monomeric and virus-associated gp120.

Conclusions—PRO 2000 has significant activity against recently transmitted viruses, although
some activity is lost at low concentrations. Epitope binding studies suggest that this broad activity
is due to direct and indirect interactions with multiple gp120 sites rather than V3 binding alone.
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Introduction
The genetic diversity of the HIV-1 envelope is a major obstacle to the development of anti-
HIV vaccines and microbicides. A high polymerase mutation rate, in vivo viral turn-over, and
genetic recombination contribute to the extreme envelope diversity within and among viral
subtypes. Worldwide, subtypes C and A predominate (50% and 12%, respectively), while in
North America, subtype B is most common but consists of only 10% of total transmitted
viruses.1 To add to this complexity, major recombinant forms generated by recombination
between subtypes also circulate.2

Recent studies monitoring HIV-discordant couples in Africa demonstrate that envelope
sequences from recently transmitted subtype A and C viruses exhibit shorter V1–V4 length
and fewer glycosylation sites, compared to envelope sequences collected from chronically
infected patients.3–5 The homogenous nature of these early HIV-1 variants suggests that
recipient infection emanates from a single quasispecies from the chronically infected partner
in the majority of cases.6–8 While it is unknown whether the early population represents a
selective bottleneck at transmission or amplification, candidate vaginal microbicides and
vaccines should target those viruses that are preferentially transmitted.

Several classes of microbicides to prevent the heterosexual transmission of HIV-1 are under
investigation.9 Three of the microbicides evaluated in clinical efficacy trials [PRO 2000
(Indevus Pharmaceuticals, Lexington, MA, USA), cellulose sulfate (Ushercell, Polydex
Pharmaceuticals, Toronto, ON, Canada and Topical Prevention of Conception and Disease,
Chicago IL) and Carraguard (Carraguard/R515, Population Council, New York, NY, USA)],
are negatively charged polyanions that interact with the positively charged HIV-1 gp120. There
is concern that these compounds bind with greater affinity to the more positively charged V3
loop of CXCR4-tropic (X4) viruses than the V3 loop of CCR5-tropic (R5) viruses.10, 11 In
fact, the polyanion dextran sulfate, which did not proceed to efficacy trials, was found to have
a higher affinity to X4 gp120 compared to R5 gp120 in binding assays.12

There is renewed concern regarding the activity of polyanions after efficacy trials recently
demonstrated that Carraguard and cellulose sulfate did not prevent HIV transmission.13–16

PRO 2000, the remaining polyanionic microbicide in phase 3 trials, has in vitro activity against
viruses obtained from individuals chronically infected with subtypes B, A, C, and A/E.17 Our
laboratory previously demonstrated that PRO 2000 is active against Env-pseudotyped B viruses
in vitro and in cervicovaginal lavage fluid (CVL) and binds to X4 and R5 monomeric gp120
with high binding affinities based on surface plasmon resonance analyses.18, 19

Little is known regarding the extent to which electrostatic interactions of polyanions are
influenced by the unique envelope properties associated with recently transmitted viruses. The
primary goal of this study was to assess the activity of PRO 2000 against recently transmitted
HIV-1 envelopes in the presence or absence of CVL. Secondly, we determined whether
functional differences in activity correlated with PRO 2000 binding to specific sites on HIV-1
gp120 using an epitope mapping strategy.

Methods
All envelope-expressing constructs were obtained from the NIH AIDS Research and Reference
Reagent Program. Single-cycle HIV-1 viruses were generated using envelopes derived from
recent sexually transmitted subtype B and C R5 isolates. Env-pseudotyped single-cycle HIV-1
virus was generated by co-transfecting a single-cycle HIV-1 reporter construct pNL4-3 luc R-
E, pCMV delta R8.2 packaging construct and envelope-expressing constructs from recent B
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or C viruses.3, 20–22 The human astrocytoma cell lines, U87-CD4-CCR5 engineered to express
CD4 and CCR5, was used for infection with HIV-1 pseudotyped single-cycle viruses. CVL
fluid samples from women with low identifiable risk factors for HIV were obtained as
previously described.19

U87-CD4-CCR5 cells were plated in triplicate in a 48 well plate and incubated with PRO 2000
(1, 10 & 100 µg/ml) or DMEM alone for 1 hour followed by infection with HIV-1 Env-
pseudotyped viruses for 2 hours. The cells were washed once and cultured in DMEM 10% FCS
for 48 hours. CVL diluted 1:2 in serum free media was mixed with PRO 2000 (1,10 & 100 µg/
ml) and incubated with U87-CD4-CCR5 cells for 1 hour and HIV-1 pseudotyped B and C
viruses were added to the cells for 2 hours. Our previous experiments with herpes simplex virus
have shown that there is no difference in the activity of PRO 2000 when preincubated with
cells or viruses.23 At 48 hours, U87-CD4-CCR5 cells were lysed in luciferase lysis buffer and
cell lysate luciferase was measured in relative light units (RLU) using a luciferase assay system
(Promega, Madison, Wisconsin). Background luciferase readings were subtracted from the
measured readings for the final results.

To probe the sites of PRO 2000 binding on soluble gp120 monomers, recombinant gp120LAI
(Progenics) or gp120JRFL (a gift from the Vaccine Research and Development Branch,
Division of AIDS, NIAID; manufactured by Quality Biological) was pre-treated with PRO
2000, captured on ELISA plates coated with sheep antibodies to the C terminus of gp120, and
reacted with mAbs specific for V3 (447-52D), the CD4-binding site (b12), or the N-terminus
(EH21) of gp120. The background binding was assessed using an irrelevant anti-gp41 mAb.
The virus capture assay was performed as previously described with minor modifications.24

Briefly, aldrethiol-2-inactivated pseudovirions bearing HXB2 (gradient-purified) or JRFL (not
gradient-purified) envelopes were incubated with PRO 2000 and then added to ELISA plates
already coated with capturing mAbs specific for the V3 loop (447-52D), the CD4-binding site
(b12), or the C-terminus (670) of gp120. After overnight incubation, the wells were washed
and lysed. The p24 concentration in the lysates was measured in a non-commercial ELISA
indicating virus binding in the presence of the coating mAbs.

The percent of inhibition by PRO 2000 was calculated relative to the untreated control viruses
as previously described.25 ID50 (50% inhibitory dose) and t-tests were calculated using
Microsoft Excel. The net V3 loop charge was determined by subtracting negatively charged
amino acids from positively charged amino acids.

Results
Figure 1 shows the activity of PRO 2000 in saline and CVL against recently transmitted subtype
B and C viruses. The highest concentration of 100 µg/ml of PRO 2000 completely inhibited
infection of U87-CD4-CCR5 cells mediated by envelopes derived from recently transmitted
B and C viruses (data not shown). At 10 µg/ml of PRO 2000, subtype B viruses were inhibited
by an average of 98% and subtype C viruses by 81% (p=0.15). In contrast, a concentration of
1 µg/ml of PRO 2000 inhibited subtype B viruses by 83% and subtype C viruses by only 41%
(p=0.01).

In the presence of CVL, PRO 2000 markedly inhibited subtype B and C viruses to the same
extent at concentrations of 10 µg/ml and 100 µg/ml (data not shown), but the inhibitory activity
decreased at 1 µg/ml against some of the strains. Specifically, at 1 µg/ml, subtype B virus was
inhibited by an average of 15% (as compared to 83% inhibition in saline, p=0.01) and subtype
C was inhibited by an average of 36% (as compared to 41% inhibition in saline, p=0.51). In
Figure 2, the blocking sandwich ELISA shows that PRO 2000 inhibited the binding of mAb
to the V3 loop of X4-tropic gp120LAI in a dose-dependent manner with an ID50 of 1.0 µg/ml
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(Figure 2A). PRO 2000 also blocked the binding of anti-CD4-binding site mAb to gp120LAI,
with an ID50 of 16.8 µg/ml (Figure 2B). However, PRO 2000 had little effect on the binding
of anti-V3 mAb or CD4-binding site mAb to the R5-tropic gp120JRFL (ID50 of >100 µg/ml).
The compound had little or no effect on the binding of mAb to the C1 region in the N-terminus
of gp120 from X4-tropic or R5-tropic strains (Figure 2C). Hence, PRO 2000 specifically
inhibited the binding of mAbs to the V3 loop and the CD4-binding sites of X4-tropic
gp120LAI.

We next examined whether PRO 2000 binds to the same sites on native HIV-1 envelope
expressed on intact virions. MAb-mediated virus-capture assays were performed using
pseudovirions bearing X4-tropic (HXB2) or R5-tropic (JRFL) envelopes that were pre-treated
with titrated doses of PRO 2000. PRO 2000 potently inhibited the capture of HXB2 virions by
anti-V3 mAb 447-52D (Figure 2D), with an ID50 of 0.4 µg/ml. In contrast to the results
observed with soluble gp120JRFL monomers, PRO 2000 blocked V3 mAb-mediated capture
of R5-tropic JRFL, although the blocking activity was weaker compared to the X4 results as
indicated by a higher ID50 of 15 µg/ml. When the CD4-binding site mAb b12 was used to
capture the virions, PRO 2000 had similar inhibitory effects on both X4-tropic HXB2 and R5-
tropic JRFL, the ID50 for the two viruses were 59 and 61 µg/ml, respectively (Figure 2E). The
compound had little or no effect on the binding of mAb to the C5 region in the C-terminus of
the gp120 from X4-tropic or R5-tropic strains (Figure 2F). These data indicate that PRO 2000
binds the V3 loop and inhibits the CD4-binding site of gp120 from X4-tropic and R5-tropic
viruses when presented in the context of whole virion.

Discussion
The purpose of this study was to assess the activity and mechanism of action of PRO 2000
against clinically relevant HIV-1 envelopes. This is the first study demonstrating activity of
PRO 2000 against recently transmitted viruses, an issue critical to assessing candidate
microbicides. In the presence of CVL, PRO 2000 at a concentration of 10 µg/ml inhibited
subtype B and C infection by >90%, but at 1 µg/ml, the activity was decreased. Recent in vitro
data demonstrate that two other polyanionic microbicides, cellulose sulfate and Carraguard,
which failed to prevent HIV transmission in clinical trials, may actually enhance HIV infection
at low concentrations (between 1–10 µg/ml).25, 26

If the effective working concentration of PRO 2000 is narrow, modest decreases in activity in
CVL could have important clinical implications. Recent studies highlight the need for much
higher inhibitory concentrations in vivo than in vitro. In the cervical explant model, while 10
µg/ml of PRO 2000 inhibited HIV (Bal) infection by 70%, 1 µg/ml inhibited infection by only
25%.27 In macaques, in vivo protection requires the use of inhibitor concentrations that are
several orders of magnitude greater than active in vitro concentrations.28 The effective
concentration of a microbicide also depends on the actual concentration in the genital mucosa.
A bioavailability study found that while the concentration of PRO 2000 0.5% in women’s
cervicovaginal secretions was at the target concentration of 25 µg/ml 2 hours after the first
dose, five of 12 women did not achieve this concentration after six daily doses.29 Thus, small
shifts in activity in vitro combined with dilutional effects and pharmokinetics in the normal
genital tract may have significant clinical implications. While our data show that PRO 2000,
at low concentrations in saline, has less activity against subtype C viruses compared to subtype
B viruses, it is difficult to predict the clinical implications of these differences because the in
vivo inhibitory range of PRO 2000 has not been determined in human or non-human primate
models. An ongoing phase 3 trial of PRO 2000 may define the clinical implications of these
in vitro differences.
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To further understand the mechanism of PRO 2000 activity against R5 and X4 viruses, we
developed a binding assay to measure PRO 2000 binding to the V3 and CD4-binding regions
of monomeric and native envelope of R5 and X4 viruses. As expected, there was a preferential
affinity of PRO 2000 to the V3 loop of monomeric and virion-associated X4 gp120 compared
to R5 gp120. The increased binding activity most likely reflects the interaction of PRO 2000
with the more positively charged V3 loop on X4 viruses, compared to R5 viruses. This
differential activity was more striking against the monomers compared to the virion-associated
envelopes suggesting that structural differences of the intact virion alter the exposure of
cationic sites. In contrast to the differential effect on the V3 loop, PRO 2000 had equivalent
activity against the CD4-binding site in the context of R5 and X4 on whole viruses, which
confirms published data that PRO 2000 interferes with HIV-1 binding to CD4.30 However,
PRO 2000 inhibition of CD4-binding site mAb b12 binding was much more pronounced on
the intact virion than on the monomeric gp120. It is possible that PRO 2000 may not directly
bind to the CD4-binding site; instead, the binding to the V3 loop could sterically interfere with
mAb access of the CD4-binding site on the native envelope trimers. Previous studies have
demonstrated that the V1/V2 domain can mask the V3 loop on the adjacent gp120 subunit of
the envelope trimers and prevent anti-V3-mediated HIV-1 neutralization.31 More recent data
on the structure of the envelope trimer further illustrates the close intra-molecular proximity
of the V3 loop to the CD4-binding site.32 Given this proximal relationship, when PRO 2000
binds the V3 loop, it may sterically inhibit mAb binding to the CD4-binding site on the adjacent
gp120 subunit of the native envelope trimers. Thus, the broad in vitro activity of PRO 2000
against R5 viruses may be partially explained by indirect interactions with the envelope regions
outside of the V3 loop.

This study detected differential binding of PRO 2000 to X4 and R5 viruses, and differences in
activity against recently transmitted subtype B and C viruses at low concentrations. Given the
extraordinary genetic diversity of HIV-1, it is essential that candidate microbicides demonstrate
broad spectrum activity against the most clinically relevant isolates prior to progressing to
clinical trials.
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Fig. 1. Activity of PRO 2000 in saline and in the presence of cervicovaginal lavage fluid (CVL)
Saline or CVL from healthy donors was mixed with 1, 10, or 100 µg/ml of PRO 2000 for 5
min then incubated with U87-CD4-CCR5 cells for 1 h at 37°C, followed by 2 h infection with
a HIV-1 pseudotyped subtype B or subtype C from recently infected patients. The cells were
washed with DMEM and cultured in fresh medium for 48 h. Single-cycle HIV-1 infection was
determined by lysing cells to measure luciferase production. The concentration of 100 µg/ml
of PRO 2000 inhibited infection of U87-CD4-CCR5 cells mediated by envelopes derived from
recently transmitted B and C viruses in saline and CVL. Data represent the mean +/− SD for
virus tested. Each condition was tested in triplicate. RLU, relative light units.
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Fig. 2. PRO 2000 competitively inhibits gp120 mAb binding to X4 and R5 viruses
In Figure 2A–2C, PRO 2000 inhibited the binding of mAbs to the V3 loop and the CD4-binding
site, but had little effect on the mAb binding to the N-terminus of gp120. The capacity of PRO
2000 to inhibit mAb binding to soluble gp120 was tested in a blocking sandwich ELISA.
Soluble gp120LAI or gp120JRFL (1 µg/ml) was treated with the designated concentrations of
PRO 2000 and captured onto ELISA plate with sheep anti-C terminus of gp120. The binding
of mAbs to the V3 (2A), CD4-binding site (2B), and N-terminal C1 region (2C) of PRO 2000-
treated gp120 was detected by alkaline phosphatase-conjugated secondary anti-human IgG
antibody. MAb binding to gp120 in the absence of PRO 2000 was considered to be 100%; the
OD405 values ranged from 1.0 to 2.9, depending on the combinations of gp120 and mAbs
tested. Background levels (0% binding) were determined from wells reacted with an irrelevant
mAb control. Data from one of two experiments are shown. In Figure 2D and 2E, PRO 2000
inhibited the binding of mAbs to V3 and the CD4-binding site of gp120 expressed on HIV-1
virions. Virus capture assay was performed to assess the inhibitory effect of PRO 2000 on mAb
binding to intact HIV pseudovirions. Pseudovirions bearing envelope of HXB2 (50 ng p24/
ml) or JRFL (100 ng p24/ml) isolates were treated with varying concentrations of PRO 2000
and captured by V3 mAb 447-52D (2D), CD4-binding site mAb b12 (2E), or mAb to the C-
terminal C5 region (2F) coated on ELISA plates. The amount of p24 associated with the
captured virions was determined by non-commercial p24 ELISA. The quantity of virions
captured in the absence of PRO 2000 was considered as 100% (typically 40–100 pg p24/ml
for HXB2 and 100–200 pg p24/ml for JRFL). Background levels were obtained from wells
containing no p24 or virions or from wells in which virions were captured with an irrelevant
mAb. The data shown are from one of 3 or 4 repeated experiments.
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