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Molecular umbrella compounds may function as novel topical microbicides to prevent human immunode-
ficiency virus (HIV) and herpes simplex virus (HSV) infections. In a preliminary structure-activity investiga-
tion, one umbrella compound, designated Spm8CHAS, was identified which inhibited both HIV and HSV
infections with no cellular toxicity. The objectives of the current studies were to define its spectrum of antiviral
activity, characterize its mechanism of action, and explore the possibility of combining Spm8CHAS with
HIV-specific reverse transcriptase inhibitors. Spm8CHAS inhibited infections by laboratory and clinical R5
and X4 clade B and clade C HIV strains in cell culture. Ectocervical tissue explants exposed to HIV-1g,, in the
presence of Spm8CHAS were completely protected (50% inhibitory concentration [ICs,], 13.6 pg/ml), and
transfer of virus to target T cells via migratory cells was abolished (ICs,, 3.8 pg/ml). Spm8CHAS inhibited
HSV-2 infection of epithelial cells 10,000-fold if present throughout the infection. Notably, adding Spm8CHAS
to cultures following HSV entry significantly reduced viral infection, indicating that the drug also acts
postentry. Subsequent studies indicated that Spm8CHAS blocks cell-to-cell spread of HSV. Confocal micros-
copy using a fluorescently labeled analog of Spm8CHAS demonstrated that this conjugate crosses the plasma
cell membrane and is transported to the nucleus. Combinations of Spm8CHAS with UC-781 or 9-[R-2-
(phosphonylmethoxy)propyl] adenine monohydrate in vitro exhibited additive anti-HIV activity with preserved
anti-HSV activity. The abilities of Spm8CHAS to inhibit primary isolates of HIV, block HSV infection
postentry, and cross cell membranes support the development of a combination microbicide containing Spm8
CHAS with an HIV-specific reverse transcriptase inhibitor to prevent both HIV and HSV infections by multiple

mechanisms.

The disproportionate burden borne by women for human
immunodeficiency virus (HIV), genital herpes, and other sex-
ually transmitted infections (STIs) has promoted the develop-
ment of prophylactic vaginal microbicides as a critical health
priority. In sub-Saharan Africa, home to 64% of individuals
living with HIV, more women than men are HIV infected, and
the prevalence of HIV in pregnant women attending prenatal
clinics in Swaziland increased from 4% in 1992 to 43% in 2004
(18). Heterosexual transmission remains the primary method
of acquisition; 80% of HIV infections in India are attributed to
heterosexual transmission (18). The dismal epidemiology of
the HIV pandemic clearly demands a novel, female-controlled
approach to HIV prevention.

The synergistic relationship between HIV and herpes sim-
plex virus (HSV) infections also supports the need for a mi-
crobicide that inhibits both pathogens. A meta-analysis of the
relationship between HSV-2 and HIV infection confirmed that
in all subgroups (including heterosexual men, women, and
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individuals in both developing and developed countries),
HSV-2 seropositivity increases the risk of HIV-1 acquisition
(9). Epidemiological studies consistently demonstrate an in-
creased risk of HIV-1 acquisition associated with HSV-2 in-
fection. A study of 2,732 patients attending STI clinics in India
found a recent incident of HSV-2 infection to be the most
significant risk factor for acquiring HIV-1 infection (32). Thus,
a microbicide that targets both viruses may have a greater
impact on the HIV pandemic than that achieved by an agent
that targets HIV alone.

While several compounds are currently in clinical trials, it is
unlikely that a single agent will prove fully protective. Among
the more promising first-generation microbicides are the
polyanions PRO 2000 and Carraguard (13, 27). These com-
pounds primarily act by competitively blocking HIV and HSV
binding to cell surface receptors and thus are likely to provide
only partial protection (1). Development of effective microbi-
cides will likely require a combination of drugs that target
different steps in the HIV life cycle and provide protection
against HSV or other STIs known to facilitate HIV infection.

We previously screened a series of molecular umbrella com-
pounds and identified one, Spm8CHAS, as a candidate based
on its significant in vitro anti-HIV and anti-HSV activities (17).
Although Spm8CHAS contains persulfations, it is chemically
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FIG. 1. Schematic diagram of the chemical structures of Spm8CHAS (A) and the fluorescently labeled analog, Spm8CHAS-F (B).

distinct from polyanionic polymers (Fig. 1A). It is not a poly-
mer but a pure single molecule with a facially amphiphilic
structure, which could potentially facilitate its transport across
phospholipid bilayers. The studies described here were de-
signed to (i) further define the antiviral properties of Spm8
CHAS, (ii) identify the mechanism(s) of action of Spm8CHAS,
(iii) explore the in vitro activity of Spm8CHAS in combination
with other candidate microbicides, and (iv) investigate the tox-
icity of Spm8CHAS in both cell culture and cervical explant
models.

MATERIALS AND METHODS

Microbicides. Nonoxynol-9 (N-9) was purchased from Sigma (St. Louis, MO).
Spm8CHAS was provided by the Department of Chemistry at Lehigh University
(Bethlehem, PA); its synthesis has been described previously (17). 9-[R-2-(phos-
phonylmethoxy)propyl] adenine monohydrate (PMPA, or tenofovir) was ob-
tained from Gilead Sciences, Inc. (Foster City, CA), and UC-781 was obtained
from Biosyn, Inc. (Philadelphia, PA).

HIV and cervical explant experiments. (i) Cell and virus culture. All reagents
used were from Sigma-Aldrich Ltd., Poole, United Kingdom, and cells and
viruses were from the AIDS Reagent Project, National Institute for Biological
Standards and Control, Potters Bar, United Kingdom, unless stated otherwise.

TZM-bl cells, a HeLa cell line stably expressing CD4 and CCRS5 and used for
quantitative analysis of HIV-1 with luciferase as a reporter (29), were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
calf serum, 2 mM L-glutamine, 100 U/ml penicillin, and 100 wg/ml streptomycin
(complete DMEM). PM-1 cells, a T-cell line susceptible to both X4- and R5-
utilizing HIV-1 strains, were cultured in RPMI 1640 medium supplemented as
the DMEM was (complete RPMI). Cells were passaged every 3 to 4 days. The
primary HIV-1 isolates belonging to clades B and C, a gift from John P. Moore
(Weill Medical College, Cornell University, NY), were grown in peripheral blood
mononuclear cells obtained by density gradient centrifugation of healthy donor
blood (buffy coat). Three days prior to use, the cells were activated with 5 pg/ml
phytohemagglutinin and, after infection, cultured in the presence of 50 U/ml of
human recombinant interleukin-2 (R&D Systems, Minneapolis, MN). The lab-
oratory-adapted HIV-1 strains HIV-1y (X4-utilizing strain) and HIV-15,; (R5-
utilizing strain) were grown in PM-1 cells and stored at —180°C after filtration
through 0.2-um filters (Millipore, MA).

(ii) Culture of human genital tract tissue and infection with HIV-1 and HSV-2.
Cervical mucosal tissue was collected from informed, consenting premenopausal
women undergoing therapeutic hysterectomies at St. George’s, St. Helier’s, and
Kingston Hospitals (London, United Kingdom). Tissue was cut into explants of
approximately 3 by 3 by 2 mm prior to culture as previously described (11).
Explants used for infection included the epithelial layer and underlying stromal
tissue and were from the ectocervical area of the cervix. For HIV infection,
explants were exposed to 10° 50% tissue culture infective doses (TCIDs) of
cell-free HIV-1g,; in the presence or absence of different concentrations of
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Spm8CHAS in complete RPMI for 2 h, washed three times with 200 pl phos-
phate-buffered saline (PBS), transferred into new round-bottom 96-well plates,
and cultured overnight in 200 pl complete RPMI at 37°C. Explants were then
transferred into new flat-bottom 96-well plates and cultured for a further 10 days.
Migratory cells present in the overnight culture plate were washed twice with 200
ul PBS and cocultured with 4 X 10 PM-1 cells in a new plate at 37°C for 10 days.
Explants were fed with fresh medium every 2 to 3 days (50% replacement), and
culture supernatants were collected 10 days postinfection from both the explant
cultures and the migratory cell cocultures and assessed for viral replication using
a p24 enzyme-linked immunosorbent assay (p24 antigen capture assay kit; NCI-
Frederick Cancer Research and Development Center, AIDS Vaccine Program).
For HSV infection, explants were exposed to HSV-2(G) (107 PFU/explant) in
the presence of different amounts of Spm8CHAS in a total volume of 200 pl
complete RPMI for 2 h. After removal of unbound virus and compound by
extensive washing, explants were cultured for 7 days in 200 pl complete RPMI
and fed with fresh medium every 2 to 3 days. Culture supernatants were har-
vested 7 days postinfection and assessed for infectious HSV-2 by plaque assay.

(iii) Luciferase assay for detection of HIV-1 infection. TZM-bl cells were
plated at 3 X 10%well and allowed to adhere overnight before exposure to 10%
TCIDs, HIV-1 in the presence of various concentrations of Spm8CHAS alone or
in combination with the reverse transcriptase inhibitors UC-781 and PMPA.
Virus and drugs were left in culture for 48 h at 37°C and then removed by
washing once with 200 wl PBS. A 100-pl volume of luciferase cell culture lysis
reagent (Promega, Southampton, United Kingdom) was added to each well, and
the plates were stored at —20°C until assessed for luciferase activity. Fifty
microliters of cell lysate was transferred to white high-bind 96-well plates (Corn-
ing Life Sciences, B.V., Schiphol-Rijk, The Netherlands) followed by addition
of 50 pl luciferase assay buffer (Promega) immediately prior to reading in a
Synergy-HT plate reader from Bio-Tek using KC4 software.

(iv) Anti-HIV activity of Spm8CHAS in cell models. A monoclonal antibody to
human HLA-DR was produced from the mouse hybridoma 1243 (American
Type Culture Collection) as described elsewhere (8). Antibody was bound to
96-well flat-bottom plates for 1 h at room temperature. After removal of excess
antibody with 200 p.l PBS, 10* TCIDs, HIV-1 grown in HLA-DR™ cells (PM-1)
were added to each well, and the plates were centrifuged for 90 minutes at
2,000 X g. Unbound virus was removed, and the plate was washed twice before
addition of 100 pl of serial dilutions of Spm8CHAS for 1-h incubation at 37°C.
To assess direct virucidal activity, the compound was removed and the plates
washed four times with 200 w1 PBS before addition of 4 X 10* Jurkat-Tat-CCR5
cells per well. Alternatively, cells were added without removal of compound or,
to assess cell protection, Jurkat-Tat-CCRS5 cells (4 X 10* cells/well) were exposed
to the same concentrations of compound in U-bottom 96-well plates and washed
in the same way before transfer to plates with immobilized virus. Viral replica-
tion was assessed by measuring reverse transcriptase (RT) levels in culture
supernatants 7 days postinfection as described previously (29).

HSYV experiments. (i) Cells and viruses. CaSki cells (a human cervical cell line)
and Vero cells were obtained from the American Type Culture Collection (Ma-
nassas, VA) and maintained as described previously (14). The cell line 79VB4,
provided by P. Spear (Northwestern University, Chicago, IL) is a gL-expressing
Vero cell line, which was grown in DMEM supplemented with 10% fetal bovine
serum in the presence of 200 wg/ml G418 sulfate (24). The viral strains were the
two well-characterized laboratory strains HSV-2(G) and HSV-1(KOS) and
HSV-1(KOS)gL86, a mutated virus in which the Escherichia coli B-galactosidase
gene has replaced part of the gL open reading frame (24). Vesicular stomatitis
virus Indiana was a gift from P. Palese (Mount Sinai, New York, NY) and was
grown on Vero cells.

(ii) Plaque assays. CaSki cells in 24-well dishes were exposed in duplicate to
serial dilutions (1 pg/ml to 500 wg/ml) of Spm8CHAS for 15 min at 37°C and
then challenged (without washing) with serial 10-fold dilutions of HSV (0.01 to
1,000 PFU/cell). After incubation for 1 h, the inoculum and drug were removed,
and the cells were washed three times and overlaid with fresh medium again in
the absence or presence of drug. The viral titers in the presence of each con-
centration of drug when present only during the initial 1-h adsorption period or
throughout the experiment were determined by counting plaques 48 h postin-
fection (14). Only wells in which the number of plaques ranged from 20 to 100
were used to calculate the viral titer.

To determine if Spm8CHAS maintains its anti-HSV activity in the presence of
PMPA or UC-781, plaque assays were performed with Spm8CHAS alone (dose
range, 0.01 pg/ml to 100 pwg/ml) or in combination with PMPA (dose range, 0.1
pg/ml to 100 wg/ml) and UC-781 (dose range, 0.1 ng/ml to 100 ng/ml). The
plaques were counted at 48 h postinfection, and the concentrations of drug that
inhibited 50 and 90% of the viral infection (ICs, and ICy, respectively) were
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determined from dose-response curves generated from three independent ex-
periments.

(iii) Synchronized infection assays. Time course assays were conducted to
determine which steps in viral infection were inhibited by Spm8CHAS (13).
CaSki cells were precooled to 4°C, and each well was inoculated with ~1,000
PFU of virus for 3 h. Unbound virus was removed by washing the cells, and the
cells were then shifted to 37°C to allow penetration for 15 min. The cell mono-
layers were exposed to citrate buffer (pH 3.0) for 1 minute to inactivate any
nonpenetrated virus. The cells were washed and overlaid with medium. Spm8
CHAS was added at doses of 10 pg/ml, 50 pg/ml, and 100 pg/ml either during the
4°C period, at the time that the cells were transferred to 37°C, or with the final
medium overlay, to determine if the drug acts at the level of binding, penetration,
or postentry, respectively.

(iv) Preincubation of virus or cells with Spm8CHAS. To examine whether
Spm8CHAS interacts primarily with HSV, with epithelial cells, or with both,
Spm8CHAS was preincubated with ~10* PFU of HSV-2(G) per ml for 1 hour at
37°C, and the mixture was then diluted 50-fold to yield ~200 PFU/well on
control plates and inoculated onto monolayers of CaSki cells in duplicate on
12-well dishes (4). For comparison, virus and drug combinations were immedi-
ately diluted 50-fold and then plated (without the 1-h incubation) onto the cells.
Alternatively, Spm8CHAS (or PBS as a control) was preincubated with the cells
for 1 hour at 37°C. The cells were then either washed extensively or not washed
prior to inoculation with HSV-2(G).

(v) Confocal microscopy. To determine whether Spm8CHAS traverses cellular
membranes, confocal studies were conducted with a fluorescently labeled analog,
designated Spm8CHAS-F (Fig. 1B); a manuscript describing detailed synthesis is
in preparation. CaSki cells were stained for 30 min at room temperature in
EZ-Link Sulfo-NHS-biotin reagent (1:1000; Pierce Chemicals), which reacts with
primary amines on cell surface proteins. Cells were then cooled to 4°C and
treated with Spm8CHAS-F and then shifted to 37°C for the indicated time
periods. Subsequently, the cells were fixed with 4% paraformaldehyde, 1%
Triton-X and reacted with an Alexa Fluor 647-conjugated streptavidin antibody
(1:1,000; Molecular Probes, Eugene, OR) to detect the biotinylated membranes.
Nuclei were detected by staining with 4’,6'-diamidino-2-phenylindole (DAPT)
nucleic acid stain (Molecular Probes).

(vi) Cell-to-cell spread. To assess the effect of Spm8CHAS on cell-to-cell
spread of HSV, CaSki cells were infected with HSV-1(KOSVP26GFP) or HSV-
2(G) (multiplicity of infection [MOI], 10 PFU/cell). Then, 4 to 5 h after infection,
the infected cells were detached with trypsin-EDTA, counted, and mixed with
uninfected cells at a ratio of 1:25, and ~10* cells were plated in DMEM sup-
plemented with 10% heat-inactivated fetal bovine serum and 1% anti-human
immunoglobulin G (IgG; Calbiochem, San Diego, CA) in the absence or pres-
ence of Spm8CHAS or acyclovir. The pooled human immunoglobulin neutral-
izes infection by virus released into the medium. Cells were fixed 72 h after
plating and analyzed for ability of virus to spread cell to cell by using confocal
imaging or by counting plaques in a black plaque immunoassay. For confocal
imaging, HSV-2(G) was detected by a mouse anti-VP5 antibody (1:2,000; Santa
Cruz Biotechnology, Santa Cruz, CA) and an Alexa 488-conjugated anti-mouse
antibody (1:500; Molecular Probes). Plasma cell membranes were detected by
treating cells with EZ-Link Sulfo-NHS-biotin reagent prior to fixation and then
reacting with an Alexa Fluor 647-conjugated streptavidin antibody to detect the
biotinylated membranes. Nuclei were detected by staining with DAPI nucleic
acid stain. Images were examined using a Zeiss LSM 510 Meta confocal micro-
scope fitted with a 100X objective and analyzed using the LSM confocal software
package as previously described (5).

(vii) Northern blotting. CaSki cells were synchronously infected with HSV-
1(KOS) at an MOI of 0.5 PFU/cell or an approximately equivalent number of
viral particles of HSV-1(KOS)gL86 which had been grown on complementing
cells (based on optical densitometry scanning of a Western blot of viral prepa-
rations) and treated with 100 wg/ml of Spm8CHAS, 100 pg/ml of acyclovir, or no
drug immediately postentry. Total RNA was extracted using RNA-Stat 60 (Tel-
Test Inc., TX) and propanol precipitation from 5 x 10° cells at either 3 or 18 h
postinfection. Total RNA was measured in each sample using a NanoDrop
ND-1000 UV-Vis spectrophotometer, resolved on a formaldehyde gel, photo-
graphed, and transferred to a GeneScreen Plus-NR membrane (Perkin-Elmer,
MA) by capillary blotting. Hybridization was carried out using a DNA probe for
glycoprotein C (1,452 bp; a late/y gene) radiolabeled using [**P]dCTP (Perkin-
Elmer, MA) and the Rediprime II random prime labeling system (Amer-
sham-GE Healthcare, CA).

(viii) Cytotoxicity. Cell viability following exposure of CaSki, TZM-bl, and
Jurkat-Tat-CCRS cells to microbicides alone or in combination was determined
using a cell proliferation 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphe-
nyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) assay (CellTiter96; Pro-
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FIG. 2. Spm8CHAS inhibits HIV infection in cell culture. TZM-bl
cells were infected with 10° TCIDs, of each of the indicated HIV-1
strains in the presence or absence of various concentrations of Spm§
CHAS. Virus and drug were left in culture for 48 h at 37°C, and
infectivity was monitored by luciferase assay. Cell viability was deter-
mined by MTS assay following exposure to drug for 48 h. Results are
means = SEM obtained from three experiments conducted in tripli-
cate.

mega). Cells were exposed to drugs diluted in serum-free medium for 24 to 48 h
(acute toxicity) or for 2 h daily for six consecutive days or 7 days (chronic
toxicity). Controls included cells exposed to medium containing no compound
and cells exposed to 0.001% N-9.

RESULTS

Spm8CHAS inhibits HIV-1 infection in cell culture. Spm8
CHAS prevented infection by both HIV-1,, and HIV-14,,,
with ICs, values of 0.09 * 0.03 pg/ml and 0.31 * 0.14 pg/ml
(mean = standard error of the mean [SEM]), respectively (Fig.
2). Although higher concentrations of drug were required to
inhibit the RS5-using primary clade C isolate DJ259, the anti-
viral activity of Spm8CHAS against other primary isolates did
not differ substantially from results obtained for the labora-
tory-adapted viruses. Importantly, at a concentration of 100
pg/ml, Spm8CHAS completely blocked infection by all viral
isolates tested (Fig. 2). The ICs, for PMPA was comparable for
all isolates tested, ranging from 0.6 to 1.1 pg/ml (not shown).
No cytotoxicity was detected by MTS assay (Fig. 2).

Spm8CHAS inhibits HIV-1 infection of cervical mucosal
tissue and dissemination of virus by migratory cells. The pos-
sibility that Spm8CHAS may block infection in the female
genital tract and prevent dissemination of virus by migratory
cells was explored using an ex vivo model of mucosal HIV-1
transmission (11, 16, 25). An RS isolate was selected for these
studies, as R5 viruses predominate following sexual transmis-
sion (40). Ectocervical tissue explants were exposed to virus in
the presence or absence of Spm8CHAS for 2 h. The unbound
drug and virus were removed by washing, and infection was
monitored by p24 release following 10 days in culture. Spm8
CHAS inhibited infection in a dose-dependent manner with a
calculated ICs, value of 13.55 * 3.92 wg/ml (Fig. 3A); inhibi-
tion was almost complete when 100 pg/ml of drug was present
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FIG. 3. Spm8CHAS inhibits HIV infection of explants. Ectocervi-
cal tissue explants were mock infected or exposed to HIV-1g, or
heat-inactivated virus (HI) in the presence or absence of Spm8CHAS
for 2 h. The unbound drug and virus were removed by washing, and
infection was monitored by p24 release following 10 days in culture
(A). To determine if Spm8CHAS could also prevent transmission of
HIV-1 via migratory cells emigrating from cervical explants to target
cells, migratory cells were harvested from the same explant cultures
~16 h postinfection and then cocultured with permissive T cells
(PM-1) (B). Results are means = SEM obtained from three experi-
ments conducted in triplicate.

during viral challenge. No cytotoxicity was detected at the
highest concentration tested, 100 pg/ml. To determine if Spm8
CHAS could also prevent transmission of HIV-1 via migratory
cells emigrating from cervical explants to target cells, migra-
tory cells were harvested from the same explant cultures at
~16 h postinfection and then cocultured with permissive T
cells (PM-1). Spm8CHAS reduced transmission of infectious
virus from ectocervical explants to susceptible T cells (Fig. 3B).
When tissue explants were exposed to virus in the presence of
100 pg/ml Spm8CHAS, amplification of infection by PM-1
cells in the coculture system was completely inhibited.
Spm8CHAS targets HIV to prevent infection. Spm8CHAS
inhibited infection by both HIV-1,; (R5) and HIV-14 (X4)
in target indicator T cells (Jurkat-Tat-CCRY5) as assessed with
solid-phase plate-based assays. For both viruses, less than 5
pg/ml of drug was needed for complete inhibition when the
compound was present for the duration of the assay (Fig. 4).
Pretreatment of the virus with Spm8CHAS, followed by re-
moval of the drug by washing, resulted in almost complete
inhibition of infection in target cells by HIV-1,y (ICs,, 1.47
1.43 pg/ml) (Fig. 4A), but not by HIV-1,, (Fig. 4B), suggest-
ing that the drug binds irreversibly to X4 viruses. Little anti-
viral activity was observed if the target T cells were treated with
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FIG. 4. Spm8CHAS targets HIV to prevent infection. The effects
of Spm8CHAS on HIV-1g: (A) or HIV-1g, (B) infectivity were
compared under three different conditions: (i) drug present through-
out the experiment (leave in); (ii) pretreatment of virus followed by
removal of the drug by washing (pretreat virus); or (iii) target T cells
treated with Spm8CHAS and then washed to remove drug prior to
viral exposure (pretreat cells). Cell viability was determined by MTS
assay following exposure to drug throughout the experiment. Results
are presented as mean RT activity or mean cell viability as a percent-
age of untreated cells and are means = SEM obtained from two to five
experiments conducted in six replicates.

Spm8CHAS and then washed to remove drug prior to viral
exposure, suggesting that the drug needs to be present at the
time of viral exposure.

Spm8CHAS blocks HSV infection. CaSki cells were exposed
to serial dilutions of Spm8CHAS and then challenged with
serial dilutions of HSV-2(G) for a 1-h adsorption period. Cells
were then washed and overlaid with medium in the absence or
presence of the same final concentration of Spm8CHAS. The
viral titer (PFU/ml) if drug was present only during the 1-h
adsorption period or throughout the experimental period was
calculated after counting plaques 48 h postinfection and cor-
recting for the viral dilution. At concentrations comparable to
those easily achieved in formulations of other polyanionic
drugs (100 to 300 pg/ml for PRO 2000) (19, 20), Spm8CHAS
inhibited at least 4 logs of HSV-2 infection when present
throughout the experimental period and ~2 logs if present
only during the adsorption period (Fig. 5). Note that the lowest
limit of detection in the assay is 100 PFU/ml. The additive
activity observed if drug was present throughout the experi-
mental period suggests that Spm8CHAS must have a postentry
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FIG. 5. Anti-HSV activity of Spm8CHAS if present throughout the
infection. CaSki cells were pretreated with the indicated dose of Spm8
CHAS or PBS for 30 min and then challenged with serial 10-fold
dilutions of HSV-2(G). After 1 h of incubation, the inoculum was
removed and cells were overlaid with serum-free medium in the pres-
ence or absence of the drug at the indicated concentrations. Plaques
were counted 48 h postinfection; only wells containing 25 to 100
plaques were used to calculate the viral titer. The results are the mean
viral titer (PFU/ml) *+ the standard deviation obtained from two in-
dependent experiments conducted in duplicate. The asterisks denote a
significant reduction in the viral titer compared to the titer obtained in
the presence of control buffer (P < 0.01).
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antiviral activity. Spm8CHAS was also highly effective when
tested against strains of HSV-1 and against two clinical HSV-2
isolates (data not shown). Spm8CHAS exhibited no activity
against vesicular stomatitis virus (data not shown).

Human cervical explants are relatively resistant to HSV in-
fection, primarily due to tight junctions and inaccessibility to
viral coreceptors (10). In preliminary studies we found that
exposure to 1 X 107 PFU/explant resulted in productive infec-
tion and that the infection was inhibited by acyclovir (data not
shown). Explants were inoculated with 1 X 107 PFU/explant in
the absence or presence of Spm8CHAS, and supernatants
were collected at different time points and evaluated for infec-
tious virus by plaque assays. Viral production peaked 4 days
postinfection, with yields of ~2 X 10* PFU/ml. Spm8CHAS
inhibited HSV infection of human ectocervical explants in a
dose-dependent manner, with an IC5, of 5.5 * 1.93 ug/ml
following exposure to this high viral inoculum (Fig. 6).

100+
754
50

254

pfu/ml (% of untreated)

Mock HSV HIHSV 1 10 100
Spm8CHAS (pg/ml)

FIG. 6. Spm8CHAS prevents HSV infection of cervical explants.
Cervical explant cultures were exposed to 107 PFU/explant HSV-
2(G) in the absence or presence of the indicated concentration of drug.
Supernatants were collected 7 days postinfection and assayed for HSV
by plaque assay on ME180 cells. Results are presented as PFU formed
in the presence of drug as a percentage of PFU formed in the presence
of medium alone and are means = SEM obtained from three exper-
iments conducted in triplicate.
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FIG. 7. Spm8CHAS primarily targets the HSV viral particle and blocks multiple steps in viral infection. Spm8CHAS was preincubated with
~10* PFU of HSV-2(G) per ml an for 1 hour at 37°C, then diluted 50-fold to yield ~200 PFU/well on control plates, and inoculated onto
monolayers of CaSki cells in duplicate in 12-well dishes. As a control, Spm8CHAS was exposed to virus and then immediately diluted 50-fold and
inoculated onto cells, with no preincubation period. Alternatively, cells were preincubated with the indicated concentrations of drug for 1 h at 37°C
and then either washed extensively or not washed prior to inoculation with HSV-2(G). Results are presented as PFU/well as a percentage of PFU
formed in the presence of medium alone and are means = standard deviations (SD) obtained from three experiments conducted in duplicate (A).
Synchronized infection assays were also conducted, and Spm8CHAS (5, 10, or 50 wg/ml), heparin (100 pg/ml), or acyclovir (50 mg/ml) was added
at the time of binding (for 4 h at 4°C), entry (for 30 min at the time of temperature shift to 37°C), or immediately postentry (after citrate treatment)
for the remaining duration of the experiment period. Plaques were counted at 48 h, and results are presented as PFU/well as a percentage of PFU
formed in the presence of medium alone and are means = SD obtained from three experiments conducted in duplicate (B).

Mechanisms of anti-HSV activity. Anti-HSV activity per-
sisted if viral particles were first preincubated with Spm8CHAS
and then diluted to a subtherapeutic concentration of drug,
suggesting that the drug acts irreversibly on the virus to prevent
infection (Fig. 7A). These results are similar to those obtained
with HIV-1,¢ Pretreatment of target CaSki cells with drug,
followed by washing and subsequent HSV exposure, led to a
reduction in antiviral activity at low drug concentrations (Fig.
7A). However, substantial anti-HSV activity was still observed
at Spm8CHAS concentrations of =50 pg/ml. These findings
suggest that Spm8CHAS interacts not only with virus but also,
at higher concentrations, with the target epithelial cell to ren-
der it less susceptible to infection.

HSV binding, which occurs at 4°C, can be experimentally
differentiated from entry, which occurs after a temperature
shift to 37°C, and from postentry events by treating cells with
a low pH citrate buffer that inactivates noninternalized virus
(12). Spm8CHAS was added at the time of binding (for 4 h at
4°C), entry (for 30 min at the time of temperature shift to
37°C), or immediately postentry (after citrate treatment) for
the remaining duration of the experiment (Fig. 7B). Heparin,
a competitive inhibitor of HSV binding, and acyclovir, an in-

hibitor of viral DNA replication, served as controls. As ex-
pected, heparin significantly inhibited HSV plaque formation
if present during binding but had little effect if added at entry
or postentry. In contrast, acyclovir was only effective if present
postentry. Spm8CHAS completely inhibited HSV infection
when added during binding or when added postentry. Notably,
Spm8CHAS also retained some antiviral activity if present in
the cultures only briefly during the 15-min entry period.

The substantial activity observed postentry could reflect
blockade of later steps of the viral replicative cycle and/or
inhibition of cell-to-cell spread of virus. The impact of Spm§8
CHAS on viral gene expression was evaluated following infec-
tion with HSV-1(KOS) or HSV-1(KOS)gL86, which is im-
paired in cell-to-cell spread. Spm8CHAS and acyclovir were
added immediately postinfection. Both Spm8CHAS and acy-
clovir inhibited viral gC RNA expression 18 h postinfection
with KOS, but only acyclovir blocked gC gene expression fol-
lowing infection with the gl-deletion virus (Fig. 8). These
findings suggest that Spm8CHAS had little effect on viral gene
expression in the initially infected cells but interfered with
subsequent rounds of infection, possibly by preventing cell-to-
cell spread. To directly assess this, infected cells were cocul-
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FIG. 8. Spm8CHAS inhibits viral gene expression by wild-type HSV-1(KOS). CaSki cells were mock infected or infected with HSV-1(KOS) or
HSV-1(KOS)gL86 grown on complementing cells at an MOI of 0.5 PFU/cell for KOS or an approximately equivalent number of viral particles of
the gL deletion virus. Immediately postentry, 100 wg/ml Spm8CHAS, acyclovir (ACV), or no drug was added. Total RNA was extracted 18 h
postinfection, and hybridization was performed using a radiolabeled DNA probe for viral glycoprotein C (A). The blots were scanned, and results
were corrected for background (B). Results are representative of three independent experiments.

tured with uninfected cells at a ratio of 1:25 in the presence of
pooled immunoglobulin and in the absence or presence of
Spm8CHAS or acyclovir. In the presence of IgG, HSV pre-
sumably spreads via intercellular junctions created by local
fusion events between the plasma membranes of infected and
uninfected cells, but the virus released is neutralized by the
IgG (33). Spm8CHAS completely prevented cell-to-cell spread
(Fig. 9). Similar results were obtained by examining the effects
of Spm8CHAS on plaque formation by black plaque immuno-
assay (not shown). These findings suggest that the primary
postentry effects of Spm9CHAS are to prevent cell-to-cell
spread of virus and suggest that the drug may be effective at
inhibiting transmission of cell-associated HSV or viral spread
following reactivation.

The observation that Spm8CHAS blocks events postentry
and renders cells resistant to infection, even if they are washed
following incubation with drug, supports the notion that Spm8
CHAS may accumulate intracellularly in human epithelial
cells. The ability to cross cell membranes would be consistent
with the drug’s amphiphilic structure. CaSki cells were treated
with fluorescently labeled Spm8CHAS (Fig. 1B) and used in
confocal microscopy studies (Fig. 10). Plaque assays demon-
strated that Spm8CHAS-F retained anti-HSV activity compa-
rable to that observed with the unlabeled drug (not shown).
Spm8CHAS-F was easily detected intercalating with the cell

membrane shortly after exposure and was readily detected
within the nucleus 1 h postexposure. In contrast, a fluores-
cently labeled sulfonated polymer, having a similar size, nega-
tive charge, and antiviral activity as Spm8CHAS-F but lacking
facial amphiphilicity, does not enter cells under similar condi-
tions (data not shown). This suggests that facial amphiphilicity
may also contribute to postentry activity.

Spm8CHAS is active in combination with the RTIs UC-781
and PMPA. The therapeutic success of highly active antiretro-
viral therapy suggests that a similar approach may be necessary
for effective microbicide development. Combination vaginal
microbicides could inhibit virus at multiple stages of the life
cycle and have been tested in macaque studies (39). Synergy is
not necessary, but it is essential that the combinations not be
antagonistic. Spm8CHAS was tested in combination with the
nucleotide reverse transcriptase inhibitor (RTI) PMPA and
with the nonnucleoside RTI (NNRTI) UC-781. Spm8CHAS
retained antiviral activity against HIV-1gp (Fig. 11A and C)
and HIV-1,, (Fig. 11B and D) in the presence of both RTIs.
Low concentrations of UC-781 (0.1 to 1 ng/ml) and PMPA (0.1
to 1 pg/ml) led to a slight decrease in the activity of Spm8
CHAS against the X4 virus, although the clinical relevance of
results at these low concentrations is not known. More impor-
tantly, inhibition of HIV-14,, was clearly enhanced by the
addition of RTIs. The anti-HSV activity of Spm8CHAS was
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FIG. 9. Spm8CHAS blocks cell-to-cell spread. CaSki cells infected with HSV-1(VP26GFP KOS) or HSV-2(G) were mixed with uninfected cells
at a ratio of 1:25 in medium containing pooled human IgG in the absence or presence of 5 to 10 pg/ml Spm8CHAS or 50 pg/ml acyclovir (ACV).
Cells were incubated with EZ-Link Sulfo-NHS-biotin reagent and fixed. Cellular biotinylated membranes were detected by an Alexa Fluor
647-conjugated streptavidin antibody (red). Nuclei were visualized by staining with DAPI (blue), HSV-1 capsids were observed by monitoring for
GFP (green), and HSV-2 capsids were incubated with an anti-VP5 antibody and an Alexa 488-conjugated anti-mouse antibody (green). Results

are representative of those obtained by examining 100 cells.

retained in the presence of both RTIs; Spm8CHAS completely
inhibited HSV plaque formation at a concentration of 10
pg/ml alone or when combined with either UC-781 or PMPA
(Fig. 11E and F). UC-781 showed a low level of anti-HSV
activity, inhibiting plaque formation by 25% at all concentra-
tions tested, which may have contributed to the observed in-
crease in anti-HSV activity when 1 pg/ml Spm8CHAS was
combined with UC-781. Similar additive anti-HIV activity was
observed when Spm8CHAS was combined with the NNRTI
TMC-120, a candidate microbicide also under development
(not shown).

Toxicity studies. No reductions in cell or explant viability
were observed following acute (24-h) or chronic (7-day) expo-
sure to Spm8CHAS as assessed by an MTS assay. Moreover,
no cellular toxicity was observed following 24-hour exposure of
cells to Spm8CHAS in combination with UC-781 or PMPA. In
contrast, exposure of explant tissue or cells to 0.01% N-9 sig-
nificantly reduced cell and tissue viability. Representative re-

W e

FIG. 10. Spm8CHAS accumulates intracellularly. CaSki cells were
preincubated with EZ-Link Sulfo-NHS-biotin reagent to identify cell
membranes, then cooled to 4°C and treated with Spm8CHAS-
F(green), and then shifted to 37°C for the indicated times. Subse-
quently, the cells were fixed and reacted with an Alexa Fluor 647-
conjugated streptavidin antibody to detect the biotinylated membranes
(red). Nuclei were detected by staining with DAPI (blue).

sults following 24-hour exposure of CaSki cells in culture are
shown in Fig. 12.

DISCUSSION

The high HIV inoculum present in seminal plasma during
acute infection combined with increases in viral loads associ-
ated with symptomatic or clinically silent primary or recurrent
HSV-2 substantially increase the risk for HIV transmission
(28). The epidemiological link between these two pathogens
has prompted the initiation of clinical trials to determine
whether acyclovir administered to HIV and HSV coinfected
individuals might reduce HIV transmission and, conversely,
whether acyclovir prophylaxis administered to HSV-2-seropos-
itive individuals at high risk for HIV might reduce acquisition.
Development of vaginal microbicides, such as SpmS8CHAS,
that target both pathogens should provide a realistic strategy to
reduce infection in individuals at risk for HIV and HSV.

Spm8CHAS is a structurally unique molecular umbrella
compound active against HIV and HSV. Spm8CHAS inhibited
HIV-1 infection in cell culture and explant models and, impor-
tantly, prevented dissemination by migratory cells. Sexual
transmission of HIV-1 requires that virus infecting mucosal
sites gain access to immune cells permissive for infection. Mi-
gratory cells, which include immature dendritic cells located in
the epithelium and subepithelium, play a critical role in the
transmission of HIV-1 to target T cells in lymphoid tissue.
Thus, the ability of microbicides to block this pathway is crucial
in preventing HIV infection. The observations that Spm§8
CHAS is active at lower concentrations against X4 versus RS
virus and irreversibly inhibits HIV-14g, but not HIVg,,, in
cultures may be attributed to the greater avidity of the persul-
fations for the more cationic regions on the V3 loop of gp120
in X4 compared with RS viruses (25, 34, 35). Some of the
anti-HIV activity of Spm8CHAS may be mediated by electro-
static interaction between the compound and the gp120 V3
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FIG. 11. Combining Spm8CHAS with PMPA or UC-781 provides additive protection against HIV in vitro. TZM-bl cells were infected with 10°
TCIDs, of HIV-1gx5 (A and C) or HIV-1g,; (B and D) in the presence or absence of various concentrations of Spm8CHAS alone or in combination
with the reverse transcriptase inhibitors UC-781 (A and B) and PMPA (C and D). Viral infection was monitored by detecting luciferase activity.
Additionally, CaSki cells were exposed to HSV-2(G) in the presence or absence of Spm8CHAS alone or in combination with the reverse
transcriptase inhibitors UC-781 (E) and PMPA (F) and infection monitored by counting plaques 48 h postinfection. Results are means =+ standard
deviations from at least three independent experiments conducted in triplicate.

loop and the ability of Spm8CHAS to bind to the CD4-induced
coreceptor binding site (38). However, the ability of Spm8
CHAS to completely inhibit infection by the primary clade C
and clade B isolates tested, coupled with the observed in-
creased activity against both RS and X4 viruses if the drug is
present throughout the infection (Fig. 4), distinguish this com-

pound from sulfated polymers in clinical trials. Additionally,
the intriguing observation that molecules of Spm8CHAS effi-
ciently penetrate cell membranes suggests the possibility that
Spm8CHAS might sequester less-soluble antiretroviral drugs,
effectively enhancing their transport across the cell plasma
membrane if coformulated.
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FIG. 12. Spm8CHAS alone and in combination is not cytotoxic.
CaSki cells were cultured for 24 h with 100 pg/ml Spm8CHAS alone or
in combination with 100 ng/ml UC781 or 100 pwg/ml PMPA or with
0.001% N-9, and cell viability and proliferation were assayed by MTS
assay. Results are means * standard deviations obtained from two
independent experiments conducted in duplicate.

Although concentrations of ~100 wg/ml were needed to
completely inhibit infection by HIV-1g,, or R5-using primary
isolates in vitro, these concentrations should be achievable in
formulations. For example, in a recent study, we found that the
concentration of PRO 2000 found in cervicovaginal lavage
fluid 1 hour postapplication of a 0.5% gel ranged from ~100 to
300 wg/ml (19). The substantial in vitro activity against clade C
virus is noteworthy, as clade C remains the most prevalent HIV
strain worldwide and in Central and South Africa. Few pub-
lished studies have documented the antiviral activity of micro-
bicides against non-clade B isolates prior to the initiation
of clinical trials (21). A recent in vitro study indicated that
Carraguard, which is currently in large-scale effectiveness tri-
als, displays no activity against a clade C isolate (7). Whether
these in vitro findings will translate to a loss in activity in vivo
is not known.

The best strategy to prevent HIV infection may be to target
multiple steps in the viral life cycle. This approach has clearly
been successful for systemic HIV therapy. This strategy may
also reduce the likelihood of selecting for resistant viruses. To
evaluate this possibility, we examined the antiviral activity of
Spm8CHAS combined with either UC-781 or PMPA. UC-781,
a nonnucleoside reverse transcriptase inhibitor, exhibits excel-
lent dose-dependent activity against RS and X4 infections of T
cells and also blocks transfer of HIV infection by migratory
cells (8). Moreover, the drug shows substantial activity against
clade C and clade A isolates in vitro (7). However, NNRTI
resistance is increasingly prevalent in the HIV-infected popu-
lation, and a concern for NNRTI-based microbicides is that
they will be ineffective against drug-resistant virus and may in
fact promote selection of NNRTI-resistant virus. In a recent
study, UC-781 was 10- to 100-fold less effective against NNRTI-
resistant HIV-1 compared to wild-type virus (15). Break-
through experiments using UC-781-pretreated cells and mix-
tures of wild-type and NNRTI-resistant HIV-1 showed that
UC-781 pretreatment selected for NNRTI-resistant HIV-1.
This effect was overcome at concentrations greater than 25
pM; the amount of UC-781 in topical microbicide formula-
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tions under current development is approximately 100-fold
greater than this concentration. Although it remains to be
determined whether transmission of NNRTI-resistant viruses
will become a clinical issue, the authors did conclude that
additional antiviral agents should be included in NNRTI-based
microbicide formulations. Our studies suggested additive in
vitro activity against HIV-15,, when Spm8CHAS was com-
bined with UC-781, as well as additive activity against HIV-1p
at all but the lowest tested doses. Formulating Spm8CHAS
with UC-781 could provide additive activity against multiple
clades and prevent selection of NNRTI-resistant viruses, and
the combination would provide significant activity against both
HIV and HSV infection.

Similar additive activity was observed if Spm8CHAS was
combined in vitro with PMPA, which is now in clinical devel-
opment as a candidate vaginal microbicide. Although systemic
experience suggests that PMPA induces less NRTI resistance
than other drugs in its class, a recent study found that HIV-1
subtype C viruses rapidly develop K65R resistance to PMPA in
cell culture (31). A formulated 1% PMPA vaginal gel, used
twice daily, was found to be well tolerated in a study of both
abstinent and sexually active HIV-negative and HIV-positive
women (23). Notably, low serum PMPA levels were detected in
14 of the 25 women who participated in this study. Whether
this low level of systemic adsorption could select for resistant
viruses in women who use the gel and are HIV positive is not
known. A combination of PMPA with Spm8CHAS could over-
come this limitation by blocking HIV infection at distinct steps,
thus decreasing the likelihood for selection of resistant viruses.

The anti-HSV activity of Spm8CHAS provides an additional
benefit for a combination microbicides, as both UC-781 and
PMPA are HIV specific. Although some of the anti-HSV ac-
tivity of Spm8CHAS may be attributed to the persulfations and
the ability to competitively block HSV binding, there was a
significant postentry effect observed and Spm8CHAS com-
pletely prevented cell-to-cell spread of HSV. The postentry
effect against HSV, if predictive of in vivo activity, suggests that
the drug might be active if applied postexposure and might also
reduce viral shedding during episodes of viral reactivation.
Microbicides that must be applied shortly before sexual inter-
course, or coitally dependent drugs, will have substantial lim-
itations. However, the combination of Spm8CHAS, with its
ability to cross epithelial cell membranes and block HSV in-
fection postentry, combined with an RTI, which also acts
against HIV postentry, could provide protection in a coitally
independent manner. Moreover, if a combination of Spm§8
CHAS with an HIV-specific RTI could be delivered on a vagi-
nal ring for sustained release, this would provide yet another
advantage.

Together, these studies support further development of
Spm8CHAS in combination with reverse transcriptase inhibi-
tors or other HIV-specific drugs as topical microbicides. Pre-
liminary safety studies demonstrated that Spm8CHAS alone
and in combination with UC781 or PMPA was not cytotoxic
and did not trigger any inflammatory responses in vitro (not
shown). Expanding preclinical testing against additional clades
and primary isolates, further defining the postentry mechanism
of antiviral activity, determining how Spm8CHAS traverses
cell membranes, and testing the effects of the drug on normal
vaginal flora and mucosal immunity as well as its activity in the
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presence of seminal plasma, should provide important infor-
mation to identify optimal combinations for formulation.
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