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Here, we report that the S-acyl-2-mercaptobenzamide thioester (SAMT) class of human immunodeficiency
virus type 1 (HIV-1) nucleocapsid protein (NCp7) inhibitors was able to prevent transmission of HIV-1 from
infected cells, including primary cells. Furthermore, when SAMTSs were introduced during an HIV-1 challenge
of cervical explant tissue, inhibition of dissemination of infectious virus by cells emigrating from the tissue
explants was observed. Preliminary studies using a rhesus macaque vaginal challenge model with mixed R5
and X4 simian-human immunodeficiency virus infection found that five of six monkeys were completely
protected, with the remaining animal being partially protected, infected only by the R5 virus. These data
suggest that SAMTs may be promising new drug candidates for further development in anti-HIV-1 topical

microbicide applications.

As the human immunodeficiency virus type 1 (HIV-1)/AIDS
pandemic continues into its third decade, new prevention strat-
egies are urgently required to prevent sexual transmission of
HIV-1. This need is perhaps most acute for women in the
developing world, where there is a growing discrepancy be-
tween infection rates of men and women and where gender
inequalities mean that condom use is often controlled by the
male partner (16). Development of an effective vaccine or
microbicide offers the greatest hope for protection for this
vulnerable group. Recent setbacks in both fields, however,
suggest that mucosal protection may be harder to achieve than
previously anticipated (8, 14, 20, 33).

The nucleocapsid protein (NCp7) of HIV-1 has been sug-
gested as a target for therapeutic and microbicide intervention
(29). NCp7 is a small highly basic protein of 55 amino acids,
generated by protease processing of the Gag polyprotein dur-
ing virion maturation. It contains two zinc-binding domains
which form tight rigid loops (22, 25, 34). Each loop contains
three cysteines and one histidine organized in a Cys-X,-Cys-
X4-His-X,-Cys motif (X is any amino acid) that coordinates a
single zinc ion.

A combination of factors encourages the investigation of
NCp7 inhibitors as potential microbicides against HIV-1 infec-
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tion. NCp7 has many essential functions throughout the viral
life cycle which render the protein highly intolerant to muta-
tion (7). It is important for reverse transcription and integra-
tion in the early stage of the life cycle, and NCp7 is required for
dimerization and packaging of the viral genome late in the life
cycle (1, 2, 5, 9, 18, 26, 28). Additionally, the protein is highly
conserved among all retroviruses except spumavirus (35). The
high genetic barrier to mutation combined with its role in
multiple stages of the infectious cycle makes NCp7 an ideal
candidate for targeting the transmission of HIV.

A number of compounds have been developed to date that
interact with the retroviral zinc-binding domains with various
degrees of efficacy and toxicity (29, 30, 35, 38, 39). In this study,
we have examined three analogs of the latest class of inhibi-
tor—the S-acyl-2-mercaptobenzamide thioesters (SAMTs)
(Fig. 1). These compounds function through ejection of the
zinc ion, an irreversible process due to covalent modification of
the zinc-coordinating cysteine residues and lysine residues re-
quired for proper tetrahedral geometry (21). The SAMTSs in-
hibit a range of wild-type retroviruses, as well as a multidrug-
resistant isolate of HIV-1 (35). Furthermore, the compounds
show virucidal activity, the ability to inhibit virus expression
from latently infected cells, and inhibition of cell-to-cell trans-
mission (35). Here, we have evaluated these compounds for
their efficacy in inhibiting HIV-1 transmission in cell-based
antiviral assays, ex vivo cervical tissue explant culture, and the
rhesus macaque challenge model, with a view to further de-
velop these candidates as topical microbicides for the preven-
tion of the sexual transmission of HIV.

MATERIALS AND METHODS

SAMT synthesis and structure. The syntheses and chemical properties of the
three SAMTs used, N-[2-(nicotinoylthio)benzoyl]-B-alaninamide (SAMT-19),
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FIG. 1. Chemical structure of SAMT compounds (SAMT-19,
SAMT-89, SAMT-247) analyzed. The synthesis of these compounds
has been previously described in detail (35).

N-[2-(3,4,5-trimethoxybenzoylthio)benzoyl]-L-alaninamide ~ (SAMT-89), and
N-[2-(acetylthio)benzoyl]-B-alaninamide (SAMT-247), have been reported pre-
viously (35). Compound synthesis for these experiments was carried out as
described previously (35).

Cell lines. The following nonadherent cell lines were used in this study: PM-1,
CCR5™" Jurkat tat (generous donation from Q. Sattentau, Dunn School, Uni-
versity of Oxford, United Kingdom), and Raji B cell lines (DC-SIGN™/") (by
generous donation from V. N. KewalRamani, HIV Drug Resistance Program,
NCI, Frederick, MD). All cells were cultured at 37°C, 5% CO,, and 80%
humidity in RPMI 1640 medium, 10% fetal calf serum supplemented with pen-
icillin, streptomycin, and L-glutamine (complete RPMI) and were passaged twice
weekly. The CCRS transfection of Jurkat tat cells and DC-SIGN transfection of
the Raji cells were sustained with Geneticin at 500 pg/ml, while the tat trans-
fection of Jurkat tat cells was sustained with hygromycin B at 250 pg/ml.

Viruses. HIV-1g and HIV-15,; were grown in CCR5™" Jurkat tat T cells or
peripheral blood mononuclear cells. The 50% tissue culture infectious dose
(TCIDs5,)/ml was determined in peripheral blood mononuclear cells. X4 simian-
human immunodeficiency virus SHIVgg33. and RS SHIVgg,4,p3 Were propa-
gated and titrated in a CEM,,,.CCRS cell line; the in vitro titer for both viruses
was 5.9 X 10 TCIDsy/ml. Cell-free virus was filtered through a 22-pm filter and
stored at —180°C.

Antiviral activity of SAMTs in the presence of mucin and seminal plasma. To
evaluate the effect of mucin on the activity of SAMT compounds, 0.5% pig mucin
was solubilized in colorless complete RPMI as previously described (6). SAMTs
were diluted 1:4 in the mucin-RPMI mixture and incubated for 2 h at 37°C. The
SAMT-mucin mixture was titrated in complete RPMI and added to immobilized
(centrifugation at 2,000 X g for 90 min) HIV-1g (10° TCIDs,) in 96-well plates
and then incubated for 1 h at 37°C. After the addition of PM-1 cells (2 X 10%),
plates were cultured for 7 days in the presence of mucin/compound. Viral
replication was determined by the presence of reverse transcriptase (reverse
transcriptase assay) in culture supernatants (27). The effect of seminal plasma
(final concentration, 33.3% [vol/vol]), purchased from Vital Products, Inc.
(Boynton Beach, FL), and obtained with written consent according to the local
research ethics committee, on the inhibitory and virucidal activities of SAMT-89
and SAMT-247 was determined as described previously (24).

Inhibition of DC-SIGN binding and transfer. (i) Viral binding by DC-SIGN.
Raji/DC-SIGN™* cells (11) (2 X 10°/well) were resuspended in complete RPMI
containing mannan (200 pg/ml; Sigma-Aldrich Ltd., United Kingdom) or SAMT
compounds (2X final concentration) and incubated for 1 h at 37°C. An equal
volume of virus (10° TCIDs,) was then added to each well and incubated for a
further 2 h at 37°C. Wild-type Raji/DC-SIGN ™ cells pulsed with virus alone were
run as controls for each SAMT compound to ascertain background levels of HIV
binding. After washing (four times with phosphate-buffered saline [PBS]) to
remove unbound virus/compound, cell pellets were lysed with 1% Triton X-100
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in PBS (100 wl) for 20 min at 25°C. DC-SIGN-bound virus was quantified by p24
enzyme-linked immunosorbent assay (ELISA; HIV-1 p24 ELISA; SAIC, Fred-
erick, MD) as per the manufacturer’s instructions.

(ii) DC-SIGN transfer assay. Raji/DC-SIGN " or Raji/DC-SIGN~ cells (1.5 X
10°%) (11) were resuspended in complete medium containing SAMT (2X final
concentration) and incubated for 1 h at 37°C. Cell suspensions were then ex-
posed to an equal volume of virus (10° TCIDsy) in the presence of compound
and incubated for a further 2 h at 37°C. Cells were washed to remove compound/
unbound virus and cell pellets resuspended in complete RPMI. This cell suspen-
sion was then divided into three wells before being cocultured with PM-1 T cells
(0.8 x 10°/well) for 10 days, after which viral replication was determined by the
presence of reverse transcriptase in culture supernatants (27). There was no
significant toxicity associated with the SAMT compounds up to 1 mM on Raji or
PM-1 cells as assessed by MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide] assays (50% toxic dose [TDsy] > 1 mM).

Supply and culture of human genital tract tissue explants. Cervical tissue
samples were obtained from women undergoing planned therapeutic hysterec-
tomy at St George’s, St Helier’s, and Kingston Hospitals (London, United King-
dom) (written consent was obtained according to the local research ethics com-
mittee). Cervical tissue samples were cut into 3-mm explants, comprising both
mucosal epithelium and underlying stromal tissue as previously described (13,
15). Explants were preexposed to SAMTSs for 20 min, prior to the addition of
HIV-1g,; (2X tissue half-maximal infective dose for cervical tissue, equivalent to
10° TCIDs, when determined in PM-1 cells). Explants were then incubated for
2 h at 37°C in the presence of compound. Explants were washed four times with
PBS and transferred to fresh culture plates. Following overnight culture in the
absence of compound, explants were again transferred to fresh culture plates and
cultured for 10 days, with 50% medium feeds every 2 to 3 days. Cells that had
spontaneously migrated out of tissue explants (11, 15) during overnight culture
were washed (twice with PBS), transferred to fresh plates, and cocultured with
4 X 10* PM-1 cells/well to assess the blockade of virus transfer by migrating cells.
Cultures were maintained for 10 to 14 days, with 50% medium feeds every 2 to
3 days. At the end of the assay (day 10), HIV-1 infection was determined by the
measurement of p24 in culture supernatants by ELISA (HIV-1 p24 ELISA;
SAIC, Frederick, MD, or Beckman Coulter). Each condition was tested in
triplicate within each independent donor. For the evaluation of virion infectivity,
cervical tissue was treated with SAMTSs as described above. Following overnight
culture to separate explants and migratory cells, explants were subsequently
cocultured with PM-1 T cells (4 X 10%well). Cultures were maintained for 7 to
14 days with 50% medium feeds every 2 to 3 days. Viral replication was deter-
mined by the presence of p24 in culture supernatants on day 7.

Determination of compound toxicity. Viability of explant tissues was then
determined by the principle of MTT dye reduction. Following overnight expo-
sure to compound, explants were exposed to MTT (0.5 mg/ml) for 3 h at 37°C.
The formazan product was then released by overnight incubation in methanol (1
ml). Methanol-formazan absorbance was then determined at 570 nm (Bio-Tek
Synergy HT plate reader with KC4 software). All data are expressed as the
percentage of viability (normalized to tissue weight) of compound-treated wells
compared to that of untreated control wells, and the 50% cytotoxic concentration
(CCsy) is defined as the concentration of drug at which the tissue viability was
reduced to 50% of the drug-free control value.

Macaque challenge studies. All infections were carried out in adult female
rhesus macaques (Macaca mulatta) individually housed at the Tulane National
Primate Research Center (TNPRC) in compliance with the Guide for the Care
and Use of Laboratory Animals, and the studies were reviewed and approved by
the Institutional Animal Care and Use Committee at TNPRC. Animals were
confirmed to be serologically negative for simian type D retrovirus, simian
immunodeficiency virus (SIV), and simian T-cell lymphotropic virus and treated
with a single intramuscular dose of 30 mg medroxyprogesterone acetate (Depo-
Provera; Pharmacia and Upjohn, Kalamazoo, MI) 5 weeks prior to use. For
protection studies, 2 ml of 1% SAMT-247 formulated in the universal placebo gel
hydroxy ethyl cellulose (HEC) (36) was applied to the vaginal cavities of the
animals 20 min prior to challenge with a mixed inoculum containing 150 TCIDs5,
each of X4 SHIVgp33,4 and RS SHIVgg;4ps. The animals were kept with their
pelvises elevated for 20 min after virus exposure. Whole-blood samples were
collected at designated time intervals postchallenge. Plasma virus was quantified
by branch DNA analysis (Siemens Medical Solutions Diagnostic Clinical Lab,
Emeryville, CA), and T-cell subsets (CD3, CD4, and CDS8 lymphocytes) were
determined by Trucount flow cytometry analysis (Becton Dickinson, San Jose,
CA). For all procedures, macaques were sedated with ketamine-HCI (10 mg/kg).
At the end of the study, the animals were euthanized by intravenous adminis-
tration of ketamine-HCI followed by an overdose of sodium pentobarbital.
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FIG. 2. SAMTs block DC-SIGN cell-mediated HIV-1 infection. Raji/DC-SIGN™ cells were preincubated with complete media (no compound
control), SAMT compounds, or mannan (200 pg/ml) for 1 h before addition of HIV-1g,; (A and C) or HIV-1y (B and D) for 2 h in the presence
of compound. Control Raji/DC-SIGN ™ cells were treated with virus alone to ascertain background levels of viral binding. Cells were then washed
and either lysed to determine viral binding by the presence of p24 (A and B) or cocultured with permissive T cells (PM-1) (C and D) to evaluate
DC-SIGN-mediated infection, determined by the presence of reverse transcriptase activity in culture supernatants following 7 days in culture.
Black bars, SAMT-19; gray bars, SAMT-89; and hatched bars, SAMT-247. Data represent the mean = SEM of the results for three independent
experiments, where each condition was tested in triplicate. For the mannan controls, one set of experiments was performed for each SAMT

compound.

Data manipulations and statistical analyses. Unless otherwise stated, data
were analyzed to produce means with the standard deviation (SD; for individual
experiment variation) or the standard error of the mean (SEM; used when
producing the mean of the results for more than three individual donor/exper-
imental means) (23), using Microsoft Excel or GraphPad PRISM. The results of
drug susceptibility assays were expressed as ICs, defined as the concentration of
drug at which there was 50% infection compared to a drug-free control. ICs, and
CCs, were calculated by nonlinear regression analysis using GraphPad PRISM.
Significance tested was completed using paired Student’s ¢ tests with unequal
variance.

RESULTS

Efficacy of SAMTs against DC-SIGN binding and cell-me-
diated HIV-1 transmission. Prior studies of the antiviral activ-
ity of SAMT compounds found that SAMT-89 and SAMT-19
(Fig. 1) were able to inhibit both cell-free and cell-associated
viruses (35). Indeed, we observed that SAMT-19 and
SAMT-89 inhibit virus replication due to cell-cell transmission
at 0.08 and 0.1 pM, respectively (35). Additionally, we have
determined that the more water soluble SAMT-247 shows sim-
ilar antiviral activity against HIV-1, in CEM-SS cells, with a
50% effective concentration of 3.2 wM by reverse transcriptase
assay, as do SAMT-19 and SAMT-89 (50% effective concen-
trations of 2.9 and 2.1 wM, respectively). Thus, we continued to
explore the antiviral activities of these three SAMT com-
pounds. To investigate the ability of the SAMTs to inhibit the
binding of HIV-1 to DC-SIGN, DC-SIGN-transfected Raji
cells were incubated with compounds for 1 h and then with

HIV-1,p or HIV-1,, for 2 h in the continued presence of
compound. Mannan, a known inhibitor of virus—-DC-SIGN in-
teraction, was able to reduce viral attachment to DC-SIGN™
Raji cells (Fig. 2A and B). In contrast, all three compounds
failed to alter virus—-DC-SIGN interaction (Fig. 2A and B).
Thus, the SAMT compounds do not inhibit viral binding to
DC-SIGN.

When DC-SIGN™ cells, pulsed with virus with or without
compound, were incubated with PM-1 T cells, the SAMTs
inhibited trans infection by both HIV-1, and HIV-15,, in a
dose-dependent manner (Fig. 2C and D). Raji cells cultured
alone (both DC-SIGN ™~ and DC-SIGN ™) were not infected by
either virus (data not shown). frans infection by HIV-1,; was
reduced by approximately 50% at 0.1 mM (P values of 0.035,
0.18, and 0.069 for SAMT-19, SAMT-89, and SAMT-247, re-
spectively) (Fig. 2C). The ICs, values for inhibition of HIV-
1gay trans infection were 0.02, 0.08, and 0.03 mM for SAMT-
19, SAMT-89, and SAMT-247, respectively. SAMT-247
inhibited HIV-1gy frans infection by approximately 50% at 1
mM (P = 0.004) but did not inhibit HIV-1 frans infection at
0.1 mM, although SAMT-19 and SAMT-89 both did signifi-
cantly inhibit frans infection at this concentration (P = 0.0008
and 0.03, respectively) (Fig. 2D). The ICy,s for HIV-1yy trans
infection were 0.01, 0.08, and 0.99 mM for SAMT-19, SAMT-89,
and SAMT-247, respectively. It is unclear as to why SAMT-247
was less active against HIV-1,y trans infection than it was against
HIV-1g,,, as the NCp7 sequence is common to both viruses.
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FIG. 3. Efficacy of SAMTs in the presence of synthetic cervical
mucus. SAMTs were incubated in synthetic mucus for 2 h at 37°C
before titrations were made. The mixtures were then added to solid-
phase immobilized HIV-1x and incubated for 1 hour prior to addition
of 2 X 10* PM-1 T cells. Cultures were maintained for 7 days, when
viral replication was determined by the presence of reverse transcrip-
tase (RT) in culture supernatants. (A) SAMT-19; (B) SAMT-89;
(C) SAMT-247. Solid lines, compound alone; dashed lines, compound
in the presence of synthetic cervical mucus. Data represent the mean =
SEM of the results for three independent experiments, where each
condition was tested in triplicate.

Efficacy of SAMTs in cervical mucus and in the presence of
seminal fluid. As the SAMTs have been proposed to be used
as microbicides, it was important to determine whether their
activity is affected by the presence of cervical mucus or seminal
fluid. Therefore, the efficacy of the three compounds was first
tested in the presence of synthetic cervical mucus containing
0.5% pig mucin, equivalent to the concentration of mucin in
cervical mucus. SAMT-19 was the only inhibitor affected by the
presence of mucin, resulting in a significant increase in efficacy
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FIG. 4. Biocompatibility of SAMTSs with ectocervical tissue. Cervi-
cal explants were incubated in SAMT-19 (mM), SAMT-89 (mM),
SAMT-247 (mM), or nonoxynol-9 (mg/ml) overnight at 37°C. Explant
viability was then assessed by the MTT dye reduction assay, as de-
scribed in Materials and Methods. Each explant was weighed to allow
the final absorbance reading to be normalized to account for differ-
ences in explant weight, and viability is expressed as the percentage
without compound control. Black bars, SAMT-19 (n = 4); white bars,
SAMT-89 (n = 6); gray bars, SAMT-247 (n = 4) (all SAMT concen-
trations are in mM); and hatched bars, nonoxynol-9 (mg/ml) (n = 7).
Data represent the mean = SD (SAMT-19 and SAMT-247) or mean =
SEM (SAMT-89 and nonoxynol-9) of the results. Each experimental
determination was made in triplicate.

at 0.001 mM with a P value of 0.03 (Fig. 3A). Controls in which
mucin without compound was added to determine if the mucin
alone affects HIV replication were run concurrently with this
study. As there was no significant effect of the mucin alone, the
increased inhibitory action of SAMT-19 is likely to be real.
Both SAMT-89 and SAMT-247 showed no change in efficacy
in the presence of mucin (Fig. 3B and C). SAMT-89 and
SAMT-247 maintain their inhibitory activities in the presence
of human seminal fluid (SAMT-19 was not tested). At 0.008
mM SAMT-89, 34% of the decrease in infectivity was observed
without seminal fluid, compared with a 61% decrease in the
presence of seminal fluid; at 0.032 mM SAMT-89, 10% and
16% decreases in infectivity were observed without and in the
presence of seminal fluid, respectively. Similarly, for SAMT-
247, 34% and 32% reductions were observed without and with
seminal fluid, respectively, at 0.008 mM, whereas at 0.512 mM,
14% and 15% decreases were observed without and with sem-
inal fluid, respectively.

Biocompatibility of SAMTs. The three SAMT candidates
were next assessed for their effect on cervical tissue viability.
Ectocervical explants were incubated overnight in the presence
of SAMT-19, SAMT-89, SAMT-247, or nonoxynol-9, after
which tissue viability was assessed by the MTT assay. Nonoxy-
nol-9 exposure resulted in a significant loss of ex vivo tissue
viability (Fig. 4) with a CCs, of 0.07 mg/ml. In contrast, the
biocompatibility of the SAMT compounds was higher, with
CCs, values of 0.41, 0.66, and 0.40 mM for SAMT-19, SAMT-
89, and SAMT-247, respectively.

Efficacy of SAMTSs against HIV-1 infection of human cervi-
cal tissue and dissemination by migratory cells. The previous
experiments demonstrated that the SAMTs were capable of
inhibiting both direct and HIV-1 trans infection in cellular
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FIG. 5. Effect of SAMTs on HIV-1,, infection in human mucosal
explants. Ectocervical explants were preexposed to SAMTs for 20 min,
prior to exposure to HIV-1g,, for 2 h in the presence of a compound.
Heat-inactivated (HI) virus was used as a negative control. The com-
pound and virus were then removed by washing, and explants were
cultured overnight in the absence of compound. Following overnight
culture, explants were separated from any cells that had migrated out
of the explants and cultured separately (localized infection) in the
absence of compound (A), and migratory cells were washed and then
cocultured with PM-1 cells (4 X 10%well) (migratory cell coculture) in
the absence of compound (B). Explants were separated from any cells
that had migrated out of the explants and cocultured with PM-1 cells
(4 X 10%well) in the absence of compound (C). Explants/cocultures
were cultured for up to 10 days and fed every 2 to 3 days with 50%
medium exchange. Infection was quantified by ELISA measurement of
p24 antigen released into the supernatant on day 10 of culture. Black
bars, SAMT-19 (n = 3 experiments); gray bars, SAMT-89 (n = 6 in
panels A and B; n = 3 in panel C); hatched bars, SAMT-247 (n = 2 in
panel A; n = 4 in panel B; n = 3 in panel C). Data shown represent the
mean = SEM percentage of untreated control infection (>600 pg for
panel A and >8 ng for panels B and C), where each condition was
tested in triplicate or more within each independent donor.

models. We next determined whether such efficacy would also
be seen in a previously described ex vivo model of human
cervical HIV-1 transmission (13). The efficacy of SAMTs
against HIV-1;,, infection of ectocervical tissue and the trans-
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fer of infection via migratory cells is shown in Fig. SA and B.
Heat-inactivated virus was used as a negative control; thus any
p24 recorded above this baseline was due to viral replication in
either mucosal tissue explants (Fig. SA) or PM-1 cells after
transfer from migratory cells (Fig. 5B). In controls with no
compound added, significant p24 production was observed
(Fig. 5A and B). Interestingly, none of the compounds had any
inhibitory effect on p24 production from the ectocervical ex-
plants (Fig. SA) (P > 0.5) even though they all inhibited cell-
free HIV-1 infection in cellular models (this study and refer-
ence 35). However, all three inhibitors showed excellent
efficacy in blocking migratory cell-disseminated HIV-1 infec-
tion to PM-1 T cells (Fig. 5B). Significant inhibition was ob-
served for all three inhibitors at either 0.1 mM (SAMT-19, P <
0.001; SAMT-247, P = 0.007) or 1 mM (SAMT-89, P < 0.001).
All three compounds demonstrated similar levels of efficacy,
though SAMT-247 was more active, with an I1Cs,, of 0.005 mM,
than SAMT-89 (ICs, = 0.02 mM) and SAMT-19 (ICy, = 0.03
mM). Thus, while the SAMTs were unable to inhibit p24 pro-
duction by ectocervical explants, they were able to effectively
inhibit production of infectious virus.

Infectivity of virus produced by explants exposed to HIV-1.
As infectivity can be lost without reducing total virus output as
measured by reverse transcriptase or p24 levels and we and
others have observed that SAMTs can reduce HIV infectivity
(35), we next examined the infectivity of the virus released
from the ectocervical explants. Ectocervical explants were
treated with SAMTs and virus and then incubated for 2 h.
Tissues were washed to remove the compound and virus, in-
cubated overnight and washed again to remove any residual
unbound virus or compound. PM-1 cells were added immedi-
ately after and cultured for a further 7 to 14 days. Viral repli-
cation was assessed by the presence of p24 on day 7. Untreated
cultures produced significant amounts of virus, whereas cocul-
ture of PM-1 cells with SAMT-treated explants and virus failed
to demonstrate infection (Fig. 5C). Release of infectious virus
was significantly inhibited (>90%) at 0.1 mM, with ICs,s of
0.0045, 0.0035, and 0.0027 mM for SAMT-19, SAMT-89, and
SAMT-247, respectively. Thus, the SAMTs were able to inhibit
the transmission of virus from ectocervical explants to PM-1
cells over 7 days without the addition of more compound.

Efficacy of SAMT 247 in rhesus macaque models of HIV
infection. Having displayed good activity against mucosal
transmission of HIV-1 in the cellular and cervical explant mod-
els, SAMT-247, as a representative of these inhibitors, was
taken into a small, proof-of-concept study to investigate its
efficacy in a gel formulation against a vaginal SHIV challenge
in rhesus macaques (4). SAMT-247 was used for this study
because it was the most water soluble and thus was easily
dissolved in the gel formulation. A mixed R5 and X4 SHIV
challenge was performed to allow for assessment of differential
effects of the SAMT compound on phenotypically diverse vi-
ruses under the same experimental conditions. This was criti-
cal, as some microbicide candidates have been shown to be
more effective against X4 than against R5 viruses (e.g., Carra-
guard [10]).

Having demonstrated that the SAMTs did not lose efficacy
in the presence of synthetic cervical mucus, six adult female
rhesus macaques were treated with Depo-Provera (30 mg, in-
tramuscular) 5 weeks before viral challenge. Treatment with
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FIG. 6. Protective efficacy of SAMT-247 against HIV-1 infection of rhesus macaques. Virologic and immunologic outcome in macaques
challenged intravaginally with 300 TCIDs, of mixed X4 and R5 SHIV inoculum 20 min after SAMT-247 formulation application. Codes shown

on the right side are the macaque designations.

Depo-Provera served to thin the vaginal epithelium, ensuring
that close to 100% of the macaques would be consistently
infected even with low doses of virus (19, 37). Two milliliters of
1% SAMT-247 in HEC vehicle (corresponding to 37.6 mM)
was applied to the cervicovaginal region 20 min before intra-
vaginal exposure to a mixture of the RS SHIVgy, ,p5 and the
X4 SHIVgps34- This concentration of SAMT-247 had previ-
ously been shown to be efficacious and safe in transgenic
mouse studies (31).

Control experiments (23 macaques) were run both before
and after this study, using the same viral stocks for challenging.
In those studies, 6/23 macaques were treated with HEC, the
universal placebo gel, before challenge; 12/23 were challenged
in the absence of any placebo gel, and 5/23 were challenged in
the presence of hydroxypropyl methylcellulose. Of these con-
trol macaques, 21 out of 23 macaques became infected with
both RS and X4 viruses, while the remaining two animals
became infected solely with R5 virus, using the same protocol
and SHIV challenge viruses, with all six of the HEC-treated
macaques becoming infected with both viruses.

Protection from infection is defined as the absence of de-
tectable plasma viremia (assay threshold of 125 RNA copies
per ml) at two consecutive time points examined. Results
showed that SAMT-247 protected five out of six macaques
from X4 and R5 SHIV transmission (Fig. 6). Transient periph-
eral CD4™" T-cell depletion accompanied acute virus replica-
tion in the sole infected macaque, V138, and genotyping anal-
ysis of replicating virus demonstrated the presence of only the
R5 virus (data not shown). In macaque N653, 188 and 151
RNA copies/ml were detected in the plasma 2 and 4 weeks
after infection, respectively. However, as viral RNA was not
detected at two consecutive time points, this animal was not
considered to be infected.

As part of the proof-of-concept study, it was critical to de-
termine if vaginal treatment with the SAMT compounds re-
sulted in any irritation to the vaginal epithelium. To determine
the safety of these compounds, rabbit vaginal irritation studies
were performed with SAMT-19 and SAMT-247. The rabbits
were dosed intravaginally with 1 ml of 1% SAMT-19 or 0.5%
SAMT-247 in HEC gel formulation each day for 10 days. On
day 11, the animals were sacrificed for evaluation. The severity
and scope of changes associated with the intravaginal admin-

istration of SAMT-19 and -247 formulations were associated
with prominent epithelial cell vacuolation, with no epithelial
erosion or distinguishing leukocyte infiltrations seen (see Fig.
S1 in the supplemental material). The vacuolation was consid-
ered a response to minor irritation, and similar results were
observed in the presence of the HEC formulation vehicle
alone. In contrast, animals treated with the positive control
Conceptrol showed significantly higher vaginal irritation, with
prominent erosion, epithelial thinning, and leukocyte infiltra-
tion. Thus, the results of the irritation study demonstrate that
both SAMT-19 and SAMT-247 HEC gel formulations did not
cause vaginal irritation and should be safe for use as microbi-
cides.

DISCUSSION

The SAMT compounds have previously been shown to have
antiviral activity against HIV-1, HIV-2, SIV, and a multidrug-
resistant isolate of HIV-1 (35). Here, we have demonstrated
that SAMT compounds were able to inhibit trans infection of
T cells by DC-SIGN-expressing cells (Fig. 2). Inhibition oc-
curred in the absence of toxicity for human cervical tissue (Fig.
4 and 5), and the efficacy of the inhibitors was preserved in the
presence of human seminal fluid or synthetic cervical mucus
(Fig. 3). The antiviral efficacy of the SAMTs was further ex-
amined in an ex vivo model for human cervical HIV-1 trans-
mission. None of the SAMTs appeared to have inhibitory ef-
fects upon direct infection of ectocervical explants and human
cervical tissues as measured by p24 production (Fig. 5A). How-
ever, the SAMTs were effective in blocking virus dissemination
by migratory cells (Fig. 5B). We have previously demonstrated
that this pathway is dependent upon both CD4-mediated (cis)
and DC-SIGN (trans) infection of cocultured T cells (15),
indicating that SAMTs are likely to be active against both
pathways. Furthermore, infected explants treated with SAMTs
were shown to release noninfectious virions (Fig. 5C), suggest-
ing that localized infection could not be disseminated following
SAMT application. As the compounds displayed good activity
against transmission of HIV-1 in both the in vitro model sys-
tems and the ex vivo cervical explant model, a representative
SAMT was used in a preliminary investigation of efficacy in gel
formulation at 1% (wt/vol) against vaginal SHIV challenge of
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rhesus macaques. SAMT-247 protected six of six macaques
from X4 virus transmission and five of six from RS virus trans-
mission. Thus, the SAMTsS are able to inhibit HIV-1 transmis-
sion not only in in vitro model systems and ex vivo cervical
explant models, but also in vivo in rhesus macaques.

The SAMT-247 concentration in the gel formulation was
approximately 3 orders of magnitude higher than that required
for rapid HIV-1 inactivation as measured in vitro. By compar-
ison, candidate microbicide compounds typically require con-
centrations 100- to 10 million-fold higher for protection against
vaginal transmission in macaques than for blocking infection in
vitro (17). Therefore, the protection of macaques by a 1%
SAMT-247 gel is comparable to that by the best microbicide
candidates studied thus far.

Continued production of p24 at a decreased infectious titer
has previously been seen with NCp7 inhibitors in cellular mod-
els. Treatment of latently infected U1 cells with disulfide benz-
amide compounds resulted in continuous virion release, but
the viruses were replication incompetent (39). A transgenic
mouse model that held an integrated HIV-1 provirus induced
by Mycobacterium avium infection used to study NCp7 inhibi-
tors (32) demonstrated that spleen cells from these animals
still produced high levels of p24 but the virus was not able to
establish an infection when cocultured with MAGI cells. The
most likely reason for the production of noninfectious virus is
the disruption of the zinc finger motifs by the inhibitors, such
that NCp7 could no longer bind the genomic RNA for incor-
poration into new virions (3). Thus, virions that had the same
gross architecture as wild-type virions, but without any viral
RNA, may have been released, preventing further replication.
This is also consistent with early studies conducted on NCp7
inhibitors in which virion release was observed following mu-
tation of the zinc-coordinating residues, but viral replication
was inhibited due to deficiency of genomic RNA (1, 12).

The most likely mechanism for the observed inhibition of
trans infection of T cells by virus from migratory cells is that the
SAMTs were inhibiting direct infection of dendritic cells within
the cervical explant so that any virus produced from these
dendritic cells would have been noninfectious. Indeed, the
observed lack of infection of PM-1 cells upon coculture with
infected explants suggests that any virus produced by the in-
fected cells is itself noninfectious (Fig. 5C). There are two
primary levels at which the SAMTSs could inhibit HIV-1 infec-
tion of dendritic cells in the cervical explant model. First, they
could have exerted some level of inhibition during the incuba-
tion of explant, virus, and inhibitor at the start of the assay.
Inhibition in this case would be against cell-free virus, assum-
ing it had not yet infected any susceptible cells. Second, inhi-
bition could have occurred against virus that had infected tar-
get cells within the explant, in which case the SAMTs were
working against cell-associated virus. The pattern of inhibition
observed with the migratory cell model was more in keeping
with inhibition of cell-associated virus, as the efficacy of inhi-
bition was higher for cell-associated virus than for cell-free
virus. Whichever route of viral transfer is responsible, and
probably both can be implicated, this study demonstrates that
the SAMT compounds were able to prevent virus from dissem-
inating from infected cells in biologically relevant tissue.

In summary, our data show that the SAMTS are capable of
potently inhibiting HIV-1 dissemination. SAMT-247, formu-
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lated as a topical microbicide, conferred protection against
both X4 and RS SHIV infection of rhesus macaques in a
preliminary proof-of-concept study, demonstrating its poten-
tial for the prevention of sexual HIV-1 transmission. The ac-
tivity of the SAMTs in the presence of synthetic cervical mucus
and human seminal plasma suggests that they will retain their
efficacy within the physical environment of the human vagina,
and the rabbit vaginal irritation studies demonstrate that their
use does not induce vaginal irritation. These compounds do
not work against cellular receptors but are able to inhibit
cell-free and cell-associated virus. Furthermore, cell-free virus
was rapidly inactivated when in contact with SAMT-247 at
concentrations similar to those needed for inhibition of infec-
tious HIV-1 production in cell cultures. Therefore, if incorpo-
rated into a topical microbicide, they could be applied very
shortly before intercourse, since no incubation period is re-
quired to inactivate cellular receptors or to metabolize the
drug into an active form. This renders the formulation more
versatile, with no preplanning of application necessary. In light
of these results and with the knowledge that NCp7 functions in
many stages of the replication, these inhibitors show promise
for further development as topical microbicides.
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