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Objectives: Over-the-counter access to an inexpensive, effective topical microbicide could reduce the transmis-
sion of HIV and would increase women’s control over their health and eliminate the need to obtain their partners’
consent for prophylaxis. Chronic infection with herpes simplex virus 2 (HSV-2), also known as human herpes virus
2, has been shown to facilitate HIV infection and speed the progression to immunodeficiency disease. Our object-
ive is to develop a drug formulation that protects against both HSV-2 and HIV infection and adheres to the vaginal
surface with extended residence time.

Methods: We developed a formulation using two approved antiviral active pharmaceutical ingredients, aciclovir
and tenofovir, in a novel bioadhesive vaginal delivery platform (designated SR-2P) composed of two polymers,
poloxamer 407 NF (Pluronicw F-127) and polycarbophil USP (Noveonw AA-1). The efficacy of the formulation to
protect from HSV-2 infection was tested in vitro and in vivo. In addition to its efficacy, it is essential for a successful
microbicide to be non-irritating to the vaginal mucosa. We therefore tested our SR-2P platform gel in the FDA
gold-standard microbicide safety model in rabbits and also in a rat vaginal irritation model.

Results: Our studies indicated that SR-2P containing 1% aciclovir and 5% tenofovir protects (i) Vero cells from
HSV-2 infection in vitro and (ii) mice from HSV-2 infection in vivo. Our results further demonstrated that SR-2P
was not irritating in either vaginal irritation model.

Conclusions: We conclude that SR-2P containing aciclovir and tenofovir may be a suitable candidate microbicide
to protect humans from vaginal HSV-2 infection.
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Introduction
Over-the-counter access to an inexpensive, effective topical micro-
bicide could reduce the transmission of HIV and would increase
women’s control over their health and eliminate the need to obtain
their partners’ consent for prophylaxis. Microbicides with different
mechanisms have been developed and tested in clinical trials.1

The effectiveness of most microbicide technologies tested to
date has been discouraging. First-generation surfactants such as
nonoxynol-9 irritated vaginal tissues and increased susceptibility
to infection.2 Subsequent trials tested polymers generally regarded
as safe, which were vaginal defence enhancers or mucosal patho-
gen entry blockers. Even though clinical trials demonstrated that
they are safe to use, they did not offer statistically improved protec-
tion from HIV infection despite promising pre-clinical antiviral
results.3 Using the viral replication blocker tenofovir4 formulated
in a hydroxyethylcellulose (HEC) gel, the CAPRISA 004 trial is

considered a breakthrough in microbicide development since it
demonstrated a statistically significant reduction in HIV incidence
by up to 54%.5 This achieved protection from HIV infection
observed in the CAPRISA 004 trial is encouraging but highlights
the need for further improvement.

Chronic infection with herpes simplex virus 2 (HSV-2), also
known as human herpes virus 2, has been shown to facilitate
HIV infection and speed the progression to immunodeficiency dis-
ease.6,7 This correlation has been particularly noted in Africa8 and
among African Americans,9 indicating the importance of develop-
ing a microbicide that inhibits infection from both HIV and HSV.
HSV-2 infection is a global epidemic, with up to 80% prevalence
in general female populations in Africa.10 Our objective is there-
fore to develop a drug formulation that protects against both
HIV and HSV infection using two approved antiviral active
pharmaceutical ingredients (APIs): the guanosine analogue acic-
lovir11 and the nucleotide analogue reverse transcriptase inhibitor
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tenofovir.12 The combination of these drugs has been tested by
others in vaginal delivery platforms such as intravaginal
rings.13,14 Even though the findings from these studies are prom-
ising, it is necessary to provide choices between different delivery
platforms to enable women to choose based on their personal
preference, social environment and environmental conditions.15

Our objective is therefore to deliver these APIs, aciclovir and teno-
fovir, using a bioadhesive vaginal delivery platform16 composed of
two FDA-approved polymers, poloxamer 407 NF (Pluronicw F-127)
and polycarbophil USP (Noveonw AA-1). The antiviral properties of
this combination drug formulation against HSV-2 infection are
described here, whereas the protection from HIV infection is sub-
ject to separate studies. Poloxamer 407 NF is temperature sensi-
tive whereas polycarbophil USP is mucoadhesive. These polymers
are prepared in separate compartments and are mixed just before
administration to the vagina. Upon mixing of the two polymers
and administration to the vagina, poloxamer 407 NF and polycar-
bophil USP undergo phase transition from solution to gel due to a
temperature rise from ambient to 378C and pH increase.17 We
believe that the combination gel forms micelle-like particles that
adhere to the vaginal wall and releases aciclovir and tenofovir
over prolonged periods of time because of its extended residence
time. Gel formulations containing different concentrations of
these two polymers were tested for their characteristics such as
pH, osmolality, buffering capacity, viscosity and bioadhesive-
ness.17 Based on these studies, the optimized vaginal platform
gel composition, SR-2P, was selected. The goal of our studies
described here is to test the antiviral potency of SR-2P containing
aciclovir and tenofovir to protect from HSV-2 infection in vitro and
in vivo and to test its safety in the FDA gold-standard rabbit vagi-
nal irritation model18 as well as a complementary rat vaginal irri-
tation model.

Materials and methods

Chemicals
Depot medroxyprogesterone (Depo ProveraTM) was obtained from the local
pharmacy (Leiter’s, San Jose, CA, USA). HEC, carboxymethylcellulose (CMC)
and benzalkonium chloride (BZK) were obtained from Sigma (St Louis, MO,
USA). Tenofovir was obtained from Hangzhou Starshine Pharmaceutical
(Shanghai, China). Polycarbophil USP was received as a gift sample from
Lubrizol (Wickliffe, OH, USA). Poloxamer 407 NF, aciclovir, glacial acetic
acid, lactic acid, BSA, zinc chloride, magnesium chloride, calcium hydroxide,
monosodium dihydrogen phosphate, sodium hydroxide, disodium monohy-
drogen phosphate, potassium hydroxide, glucose, fructose, urea, lactic acid,
potassium chloride, methylparaben, propylparaben, trisodium citrate and
N-9 were purchased from Spectrum Chemicals Manufacturing Company
(Gardena, CA, USA). Vaginal fluid simulant (VFS) and seminal fluid simulant
(SFS) were prepared as previously described.19,20

Test article preparation
Test articles SR-2P, SR-2P containing 5% aciclovir and 1% tenofovir (SR-2P/
A+T), each with and without preservatives were prepared as described.17

Briefly, gels were prepared in double-barrel syringes containing aqueous
gel solutions of poloxamer 407 NF (1.0% w/w) and polycarbophil USP
(1.0% w/w) in individual compartments. Tenofovir was included at 2%
(w/w) in the poloxamer 407 NF compartment and aciclovir was included
at 10% (w/w) in the polycarbophil USP compartment. Samples containing
preservatives were prepared by including methylparaben and propylpara-
ben at 0.18% and 0.02% (w/w), respectively, to each of the two

compartments. The bioadhesive combination formulations were prepared
immediately before use by mixing the contents of the two compartments
and extruding the combination as a gel. As reference control articles, 2.7%
(w/v) HEC gel was prepared in aqueous solution and 5% (w/v) aciclovir was
suspended and sonicated in 2.7% (w/v) HEC gel (HEC/aciclovir).

Cells and viruses
African green monkey kidney epithelial (Vero) cells were originally obtained
from ATCC (Manassas, MD, USA). Vero cells were propagated in Vero
medium [RPMI-1640 containing 5% newborn calf serum (NBCS) and add-
itional 4 mM L-glutamine]. HSV-2 G strain was originally obtained from
ATCC (VR-734). HSV-2 was propagated in Vero cells similarly as previously
described.21 Vero cells were seeded at �2.5×104 cells/cm2. The next day,
medium was removed and cells were washed with assay buffer (AB; Hanks
balanced salt solution with Ca2+/Mg2+, 4 mM L-glutamine, 100 U/mL peni-
cillin, 100 mg/mL streptomycin and 25 mM HEPES). Cells were infected with
HSV-2 in AB. After 2 h, the virus-containing supernatant was replaced with
Vero medium. After 2–3 days, when the cytopathic effects of HSV-2 infec-
tion became most prominent, cells were disrupted by freezing at 2608C or
below. Virus-containing cell lysate–supernatant suspensions were col-
lected, sonicated for 5 min and stored in single-use aliquots at 2608C
or below.

Animals
BALB/c mice were obtained from the Jackson Laboratory (Bar Harbor, ME,
USA). New Zealand White (NZW) rabbits were obtained from Charles River
Laboratories (Wilmington, MA, USA). Sprague Dawley rats were obtained
from Harlan Laboratories (Indianapolis, IN, USA). All animal studies were
approved by the Veterans Affairs’ or SRI International’s Institutional
Animal Care and Use Committees in full compliance with all regulations
of the National Institutes of Health Office of Laboratory Animal Welfare.

Viral infection assays
Virus stocks and microbrush samples were tested in cytoprotection assays.
Vero cells were seeded at 5×103/well in black clear-bottomed 96-well
microtitre plates (Greiner Bio-One, Monroe, NC, USA). The following day,
supernatant was removed, cells were washed with AB and 0.030 mL of
AB was added to each well. Serial dilutions of the virus stocks were pre-
pared in AB and 0.030 mL of diluted virus or microbrush samples was
added in duplicate. After 1 h, virus infection was stopped by addition of
0.030 mL of 15% NBCS medium (RPMI-1640, 15% NBCS, 4 mM glutamine,
100 U/mL penicillin, 100 mg/mL streptomycin and 25 mM HEPES) supple-
mented with 10 mg/mL human immunoglobulin (Sigma). This blocking
step utilizes the fact that HSV encodes a receptor that binds the Fc portion
of human immunoglobulin.21 After 2–4 days, cell proliferation was mea-
sured by the CellTiter-Glow assay according to the manufacturer’s instruc-
tions (Promega, Madison, WI, USA). Luminescence was read using a
microplate reader (SpectraMAX M5; Molecular Devices, Sunnyvale, CA,
USA). Luminescence data were normalized to wells containing the highest
virus concentration as 100% infectivity and no virus as 0% infectivity.
Tissue culture ID50 (TCID50) values were determined by non-linear
regression.

Antiviral cytoprotection assays
Antiviral activity of test articles was measured in HSV-2 cytoprotection
assays. Vero cells were seeded as described for the viral infection assays
above. Supernatant was removed and cells were washed with AB.
Dilutions of test articles (SR-2P, SR-2P/A+T, each with and without preser-
vatives) or control articles were prepared in AB and 0.030 mL of sample
was added to individual wells in duplicate. Virus stocks were diluted to
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50×TCID50 and 0.030 mL was added. Virus infection was blocked after 1 h
by addition of 0.030 mL of 15% NBCS medium supplemented with 10 mg/mL
human immunoglobulin. After 2–4 days, cell proliferation was measured as
described above. Luminescence data were normalized to negative control
wells as 100% infectivity and input wells (measured when cells were
infected) as 0% infectivity. Effective doses (ED)50 were determined by
non-linear regression.

Cytotoxicity assays
The cytotoxicity of test articles was measured in viability assays. Vero cells
were seeded as described for the viral infection assays above. Supernatant
was removed and cells were washed with AB. Dilutions of test or control arti-
cles were prepared in AB and 0.030 mL of sample was added to individual
wells in duplicate. Subsequently, 0.030 mL of AB and 0.030 mL of 15%
NBCS medium supplemented with 10 mg/mL human immunoglobulin were
added. After 2–4 days, cell proliferation was measured as described above.
Luminescence data were normalized to wells containing the highest test art-
icle dilution as 100% viability and negative control wells as 0% viability.

Antiviral HSV-2 in vivo studies
Female 6–10-week-old BALB/c mice were conditioned with 3 mg depot
medroxyprogesterone by subcutaneous injection twice within 1 week
before study initiation. The vaginal vault of the mice was rinsed with
0.050 mL of saline intravaginally using a 20 gauge blunt applicator
(Microbrush, Grafton, WI, USA). Mice were treated with 0.020 mL of test or
control articles intravaginally on day 0. After 1 h, mice were inoculated intra-
vaginally with 0.030 mL of HSV-2 G strain (TCID50/mL¼5.2×104). Mice were
monitored daily for clinical signs of infection such as swelling, redness, hair
loss or lesions in the vaginal area and/or paralysis. Mice that showed these
signs were considered infected, euthanized and assumed dead at the fol-
lowing observation timepoint. On days 4 and 6, microbrush samples were
collected from the vaginal vault, transferred to collection tubes containing
0.2 mL of AB and stored at 2608C or below for viral infection assays. Vaginal
tissues were collected at euthanasia and fixed in neutral-buffered formalin
for ≥24 h for histopathology analysis.

Rabbit vaginal irritation in vivo studies
Vaginal irritation was measured essentially as described previously.18,22

Briefly, female nulliparous 18–22-week-old NZW rabbits were dosed for
10 consecutive days intravaginally using a steel ball-tipped cannula with
1 mL of test or control articles. One day after the last test article adminis-
tration, animals were euthanized. The vagina was excised and formalin-
fixed for histopathology evaluation.

Rat vaginal irritation in vivo studies
Vaginal irritation was measured in female 6–10-week-old Sprague Dawley
rats (Harlan, Indianapolis, IN, USA) similarly to the rabbit vaginal irritation
model. Animals were dosed intravaginally with 0.050 mL of test or control
articles once daily for 10 days using a 20 gauge blunt applicator inserted
0.8 cm into the vaginal vault. On day 11, animals were euthanized; vaginal
tissues were excised and formalin-fixed for histopathology analysis.

Histopathology
Histopathology was analysed semi-quantitatively as previously described.22

Briefly, microtome sections were prepared from paraffin-embedded
formalin-fixed tissues, stained with haematoxylin and eosin and scored
by a board-certified pathologist. Microscopic changes were coded by the
most specific topographical and morphological diagnosis. Systematized
Nomenclature of Medicine and National Toxicology Program terminology

manuals were used as guidelines. Gradable observations (congestion, epi-
thelial thinning, epithelial vacuolation, erosion, exudate, haemorrhage, ker-
atinization, leucocyte infiltration, mucosal necrosis and mucosal single-cell
vacuolation) were scored semi-quantitatively by a four-step grading system:
0, not observed; 1, minimal; 2, mild; 3, moderate; and 4, marked.

Statistical analysis
Statistical analysis was performed using Prism (GraphPad, La Jolla, CA, USA).
Survival time was analysed by one-way analysis of variance (ANOVA) and
Dunnett’s test. Histopathology data were analysed by the Kruskal–Wallis
test. P values ,0.05 were considered statistically significant.
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Figure 1. SR-2P containing 5% aciclovir and 1% tenofovir (SR-2P/A+T)
protected Vero cells from HSV-2 infection similarly to 5% aciclovir in
DMSO (5% ACV). Vero cells were treated with SR-2P/A+T (filled circles)
or 5% ACV (open triangles) as a reference control, followed by infection
with HSV-2 G strain for 1 h until viral infection was blocked by addition
of human immunoglobulin. Cell proliferation was measured after 4 days
and infectivity was calculated (a). Cytotoxicity of the test articles was
measured after 4 days (b). SR-2P/A+T and 5% ACV were similarly
cytotoxic at low dilutions, with no or limited cytotoxicity at concentrations
≥103. At dilutions .103, both SR-2P/A+T and 5% ACV similarly protected
Vero cells from HSV-2 infection.
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Results

HSV-2 cytoprotection in vitro studies

The antiviral activity of SR-2P containing 5% aciclovir and 1%
tenofovir (SR-2P/A+T) was tested in cytoprotection assays in
vitro with HSV-2 G strain. Concentrations of aciclovir and tenofovir
are based on currently FDA-approved (Zoviraxw) or clinically tested
drugs.5,23 Cells were treated with multiple dilutions of SR-2P/A+T
or 5% aciclovir in DMSO (reference control), followed by inocula-
tion with HSV-2 G strain. Viral infectivity was blocked by addition
of human immunoglobulin to study the prophylactic effect of the
test articles to protect from HSV-2 infection. Cell proliferation was
measured by metabolic assay 4 days after viral infection. Our
studies indicate that SR-2P/A+T and 5% aciclovir in DMSO limit
the viral infectivity similarly (Figure 1a). However, at dilutions
,103 the drugs are cytotoxic in vitro (Figure 1b), which may
limit the maximum inhibition of viral infectivity observed in the
viral infectivity assays (Figure 1a). Because of this cytotoxicity,
we excluded drug dilutions of ,103 from our studies and ED50

was calculated from drug dilutions ≥103, which may have nega-
tively impacted confidence intervals. The apparent ED50 of SR-2P/
A+T is 6.1×104 dilutions (concentration of aciclovir 0.8 mg/mL),
similar to the ED50 of the aciclovir reference control [4.3×104

(concentration of aciclovir 1.2 mg/mL)]. SR-2P/A+T protects Vero
cells from infection with HSV-2.

Because a marketed drug would typically have to include pre-
servatives in its final formulation, we investigated whether the
addition of preservatives would affect the antiviral efficacy or
cytotoxicity of SR-2P/A+T. To address this question, we compared
the cytoprotection of drug formulation with and without preser-
vatives. The addition of methylparaben [0.18% (w/w)] and propyl-
paraben [0.02% (w/w)] to either SR-2P without any API or SR-2P/
A+T did not affect their cytoprotection against HSV-2 infection
(Figure 2a) or their cytotoxicity on Vero cells (Figure 2b). We also
asked whether the efficacy of our drugs is limited by the presence
of vaginal or seminal fluids. We incubated SR-2P/A+T in VFS or SFS
for 1 h before the cytoprotection assay. No significant loss of cyto-
protection was observed when SR-2P/A+T was exposed to VFS or
SFS (Figure 2c).

HSV-2 mouse in vivo studies

Because our gel is formulated for improved adhesion at increased
vaginal temperature, we next tested its efficacy to protect from
HSV-2 infection in vivo. Progesterone-conditioned mice were sham-
treated or treated intravaginally with 2.7% HEC, SR-2P, SR-2P/A+T
(n¼6) or 5% aciclovir in 2.7% HEC (HEC/aciclovir; n¼4). We did not
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Figure 2. SR-2P containing 5% aciclovir and 1% tenofovir (SR-2P/A+T)
protects similarly from viral infectivity with and without preservatives and
is not affected by vaginal fluid simulants (VFS) and seminal fluid
simulants (SFS). Vero cells were treated with preservative-free SR-2P (open
triangles) and SR-2P/A+T (open circles) as well as preservative-containing

[0.18% (w/w) methylparaben and 0.02% (w/w) propylparaben] SR-2P/P
(filled triangles) and SR-2P/A+T/P (filled circles) at indicated dilutions
followed by inoculation with HSV-2 G strain. Cell proliferation was
measured after 4 days and viral infectivity was calculated (a). Viability
was measured in the absence of virus after 4 days and cytotoxicity was
calculated (b). SR-2P/A+T containing preservatives was diluted 1:10 in
VFS (open triangles), SFS (filled triangles) or vehicle control (filled circles)
and incubated for 1 h at 378C before addition to the Vero cells at
indicated dilutions. Cells were infected with HSV-2, viability was measured
after 4 days and infectivity was calculated (c).
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observe leakage of the test articles until the animals were inocu-
lated intravaginally with HSV-2 G strain (TCID50/mL¼5.2×104) 1 h
after test article administration. We observed significantly
(P,0.05) increased survival in animals treated with SR-2P/A+T
when compared with HEC-treated virus-infected animals
(Figure 3). The median survival of the HEC vehicle-treated group
was 8 days, which was unchanged after treatment with SR-2P. In
contrast, SR-2P/A+T treatment increased the median survival to
13.5 days, beyond the 10.5 days median survival that was observed
in animals treated with the HEC/aciclovir reference formulation
(Figure 3).

Vaginal brush samples were collected on days 4 and 6 after viral
inoculation to measure asymptomatic viral shedding, which may
occur in the absence of clinical signs of HSV-2 infection. Samples
were tested in viral infection studies and TCID50 were calculated
based on a virus standard curve. Our experiments suggest
increased TCID50 in vaginal brush samples from virus-inoculated
vehicle-treated animals and decreased TCID50 in vaginal brush
samples from virus-inoculated SR-2P/A+T-treated animals; how-
ever, none of these findings was statistically significant (data
not shown).

Vaginal tissues were collected during interim necropsies or at
the conclusion of the study. Two sham-treated non-infected ani-
mals were euthanized at day 13 and at conclusion of the study.
Formalin-fixed tissues were processed for histopathology evalu-
ation by a board-certified pathologist in a blinded fashion. Five
animals were excluded from the analysis because the animals
had been found dead before interim necropsies could be per-
formed (one animal each in the HEC-, SR-2P/A+T- and HEC/
aciclovir-treated groups) or tissue slides were inadequate for ana-
lysis (one animal each in the HEC- and HEC/aciclovir-treated
groups). Pictures from representative animals from each treat-
ment group [uninfected (a), or infected with HSV-2 after sham
treatment (b), HEC vehicle treatment (c), SR-2P treatment (d),
SR-2P/A+T treatment (e) or HEC/aciclovir reference control

treatment (f) respectively] are shown in Figure 4(a–f). Cumulative
histopathology (sum of epithelial thinning, erosion, exudate, leuco-
cyte infiltration, mucosal single-cell necrosis and mucosal single-
cell vacuolation) was increased with statistical significance after
virus inoculation in sham- and vehicle-treated animals compared
with non-infected control animals (Figure 4g). In contrast, no sig-
nificant increase in histopathology was observed in SR-2P/A+T-
and HEC/aciclovir-treated animals (Figure 4g). Individual histopath-
ology parameters are shown in Figure 4(h). Mucification, which is
observed in non-infected animals especially after oestrous syn-
chronization with progesterone, is shown in Figure 4(i).

Vaginal irritation safety studies

Not only does a successful microbicide have to be effective at block-
ing the viral infection, it also needs to be non-irritating to the vagi-
nal mucosa. Vaginal irritants have been detrimental and increased
viral infection in clinical trials.2 The FDA gold-standard model of
vaginal safety is the rabbit vaginal irritation model. We therefore
tested our SR-2P platform gel in this model. NZW rabbits were
dosed once daily intravaginally for 10 days with SR-2P, with 2%
CMC as non-irritating control as well as with 8% N-9 and 2% BZK
as known vaginal irritants. An untreated control group was included
in the study and histopathology was analysed semi-quantitatively
by a board-certified pathologist. Whereas treatment with N-9 or
BZK resulted in significantly increased histopathology observations
such as congestion, epithelial thinning, erosion, exudate, haemor-
rhage, leucocyte infiltration or mucosal necrosis, no significant
changes were observed after treatment with SR-2P (Figure 5a).
When comparing cumulative histopathology, the observations in
SR-2P-treated animals were comparable to those in the CMC
vehicle control (Figure 5b).

Vaginal irritation studies in rodents are a cost-effective way to
evaluate the safety of candidate microbicides on multilayered
vaginal epithelium in vivo, in contrast to studies in rabbits whose
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Figure 3. SR-2P containing 5% aciclovir and 1% tenofovir (SR-2P/A+T) significantly increases the survival of mice inoculated with HSV-2. Mice were
sham-treated (open squares) or treated intravaginally with 2.7% hydroxyethylcellulose (HEC; open triangles), SR-2P without APIs (open circles),
SR-2P/A+T (filled circles) (n¼6) or 2.7% HEC containing 5% aciclovir (HEC/ACV; filled triangles; n¼4). Subsequently, animals were inoculated
intravaginally with HSV-2. Mice were monitored daily for clinical signs of infection. Mice that showed clinical signs of infection were euthanized. Two
mice in the SR-2P/A+T-treated group survived until day 21. A Kaplan–Meier survival curve is shown in (a) and survival time is shown in (b). Data
were statistically analysed by ANOVA and Dunnett’s test in comparison to the HEC-treated study group. *P,0.05.
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single-layer epithelium is very sensitive but also very different from
the multilayered human vaginal epithelium. Sprague Dawley rats
are a standard toxicology model and were dosed intravaginally
with SR-2P, with 2% CMC as non-irritating control as well as with
8% N-9 and 2% BZK as known vaginal irritants. An untreated con-
trol group was included in the study and histopathology was ana-
lysed semi-quantitatively by a board-certified pathologist. Similar
to what we observed in the rabbit vaginal irritation model, treat-
ment with N-9 or BZK resulted in significantly increased histopath-
ology observations such as epithelial thinning, erosion, exudate and
leucocyte infiltration. In contrast, no significant changes were

observed after treatment with SR-2P (Figure 6a). Cumulative histo-
pathology in SR-2P-treated animals was comparable to the CMC
vehicle control (Figure 6b).

Discussion
The goal of our studies is to develop and test a novel microbicide
formulation that protects from HSV-2 and HIV-1 infection using a
novel bioadhesive vaginal gel delivery platform,16,17 which deli-
vers the APIs to the vaginal vault efficiently and with extended
residence time, thereby increasing protection compared with

(a) (b)

(c) (d)

(e) (f)

Figure 4. SR-2P containing 5% aciclovir and 1% tenofovir (SR-2P/A+T) limits the histopathology following HSV-2 infection. Mice were sham-treated or
treated intravaginally with 2.7% hydroxyethylcellulose (HEC), SR-2P without APIs, SR-2P/A+T (n¼6) or 2.7% HEC containing 5% aciclovir (HEC/ACV)
(n¼4). Subsequently, animals were inoculated intravaginally with HSV-2. Uninfected mice were used as a control (n¼4). Vaginal tissues were
collected during interim necropsies or at termination of the study and stained with haematoxylin and eosin. Histology slide pictures are shown for
representative animals that were uninfected (a) or were virus-inoculated following sham (b), HEC (c), SR-2P (d), SR-2P/A+T (e) or HEC/ACV (f)
treatment. Bar¼100 mm. Tissue slides from individual animals were analysed semi-quantitatively by a board-certified pathologist in a blinded
fashion for histopathology parameters (epithelial thinning, erosion, exudate, leucocyte infiltration, mucosal single-cell necrosis and mucosal
single-cell vacuolation), which were scored on a scale of 0–4: 0¼not observed; 1¼minimal; 2¼mild; 3¼moderate; and 4¼marked. Cumulative
histopathology scores (g) summarize the individual observations (h). Mucification is shown in (i). Histopathology was significantly increased in sham-
and vehicle-treated HSV-2-infected mice compared with uninfected control animals. No significant increase was observed in SR-2P/A+T- and HEC/
ACV-treated animals. Data were analysed by Kruskal–Wallis test. *P,0.05; **P,0.01. Figure 4 appears in colour in the online version of JAC and in
black and white in the print version of JAC.
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current gel formulations. Here, we describe the efficacy of our for-
mulation to protect from HSV-2 infection in vitro and in vivo and
the safety of the formulation in two in vivo models of vaginal
irritation.

We used Vero cells, which are a standard microbiology in vitro
model for infectious disease pathogens including HSV-2.24 Leary
et al.24 reported that aciclovir limits plaque formation in Vero
cells following infection with wild-type HSV-2 strains SB5 and
333 at IC50s of 0.17–0.35 mg/mL, results that were similar to
the apparent IC50 for aciclovir that we observed with HSV-2 G
strain (1.2 mg/mL).

To limit microbial contamination of the final marketed drug, it
may become necessary to add a preservative to the drug formu-
lation; therefore, we included parabens in our formulation.
Parabens are considered practically non-irritating and non-
sensitizing in the population with normal skin.25 Importantly,
parabens were used in the tenofovir gel that was successfully
tested in the CAPRISA 004 trial.5,26 Our own results support

these previous reports, which indicate that parabens are safe to
use in vaginal microbicides. We did not observe increased cytotox-
icity in our studies. Of equal importance, the antiviral in vitro effi-
cacy of our drug formulation was not affected by the addition of
parabens.

The cytoprotection of a vaginal gel may be affected by distinct
conditions that can be observed in the vaginal milieu, such as the
low pH vaginal environment or the presence of semen. These con-
ditions can be simulated in vitro. The composition of vaginal and
seminal fluids has been studied in great detail and based on these
results VFS and SFS have been defined.19,20 Use of these simulants
has been proposed and implemented in the evaluation of candi-
date microbicides.13,27 – 29 Our cytoprotection studies indicate that
our formulation is stable both in VFS and SFS.

Our drug formulation is specifically designed for increased
adhesion to the vaginal mucosa to protect locally from viral infec-
tion, conditions that can only be modelled in a rudimentary fash-
ion in vitro. In vivo testing is therefore necessary to study the

Untr. CMC N-9 BZK SR-2P

Untr. CMC N-9 BZK SR-2P Untr. CMC N-9 BZK SR-2P

Untr. CMC N-9 BZK SR-2P

Untr. CMC N-9 BZK SR-2P

Untr. CMC N-9 BZK SR-2P

Untr. CMC N-9 BZK SR-2P

Untr. CMC N-9 BZK SR-2P

0

1

2

3

4
(a)

(b)

**

**

**

**

**

**

**

*

C
o

n
g

e
st

io
n

0

1

2

3

4

E
x

u
d

a
te

0

1

2

3

4

M
u

c
o

sa
l 

n
e

c
ro

si
s

0

1

2

3

4

E
p

it
h

e
li
a

l 
th

in
n

in
g

0

1

2

3

4

H
a

e
m

o
rr

h
a

g
e

0

1

2

3

4

E
ro

si
o

n

0

1

2

3

4

L
e

u
c
o

c
y

te
 i
n

fi
lt

ra
ti

o
n

0

5

10

15

20

25

30

C
u

m
u

la
ti

v
e

 h
is

to
p

a
th

o
lo

g
y

Figure 5. Semi-quantitative histopathology analysis in a rabbit vaginal irritation safety model. NZW rabbits were dosed intravaginally once daily with 2%
carboxymethylcellulose (CMC; vehicle), 8% nonoxynol-9 (N-9) in 2% CMC, 2% benzalkonium chloride (BZK) or SR-2P (n¼5). Untreated animals (Untr.)
were used as controls (n¼2). After 10 treatment days, vaginal tissues were collected and sections were stained with haematoxylin and eosin. Slides were
analysed by a board-certified pathologist for individual histopathology parameters (congestion, epithelial thinning, erosion, exudate, haemorrhage,
leucocyte infiltration and mucosal necrosis) and scored semi-quantitatively on a scale of 0–4: 0¼not observed; 1¼minimal; 2¼mild; 3¼moderate;
and 4¼marked (filled circles). Cumulative histopathology scores were calculated as the sum of the individual parameters. Whereas N-9 and BZK
treatment increased individual histopathology parameters significantly compared with CMC vehicle control treatment, no significant histopathology
was observed after SR-2P treatment. Data were analysed by Kruskal–Wallis test. *P,0.05; **P,0.01.
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efficacy of our formulation. We tested SR-2P/A+T in a mouse
vaginal HSV-2 infection model that has been used routinely by
several research groups.30 – 35 These infection studies vary highly
in their parameters such as age, strain and hormonal conditioning
of the mice as well as viral strains, inoculation amounts and pro-
cedures. In our studies, we infected BALB/c mice with HSV-2 G
strain. Mice had been conditioned with progesterone as described
by us previously for mouse vaginal irritation studies.17 Pro-
gesterone conditioning increases the susceptibility of mice to

HSV-2 infection.35 Our results therefore indicate that SR-2P/A+T
protects highly susceptible mice from HSV-2 infection. Notably,
in our study, the animals had been inoculated with HSV-2 1 h
after test article administration. This suggests an extended pro-
tective window compared with previous reports by other research
groups who inoculated mice within 20 s30,31,36,37 or ,10 min38,39

of test article administration. Previous time course studies suggest
that the efficacy of microbicides typically decreases after
�1 h.31,40,41 These differences in dosing and inoculation regimens
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Figure 6. Semi-quantitative histopathology analysis in a rat vaginal irritation safety model. Sprague Dawley rats were dosed intravaginally once daily
with 2% carboxymethylcellulose (CMC) vehicle (n¼11), 8% nonoxynol-9 (N-9) in 2% CMC (n¼12), 2% benzalkonium chloride (BZK; n¼12) or SR-2P
(n¼6). Untreated animals (Untr.) were used as controls (n¼5). After 10 days, vaginal tissues were collected and sections were stained with
haematoxylin and eosin. Slides were analysed by a board-certified pathologist for individual histopathology parameters (congestion, epithelial
thinning, epithelial vacuolation, erosion, exudate, haemorrhage, keratinization, leucocyte infiltration and mucification) and scored semi-quantitatively
on a scale of 0–4: 0¼not observed; 1¼minimal; 2¼mild; 3¼moderate; and 4¼marked. Cumulative histopathology scores were calculated as the
sum of the individual parameters. Whereas 8% nonoxynol-9 and 2% BZK treatment increased individual histopathology parameters significantly
compared with CMC vehicle control treatment, no significant histopathology was observed after SR-2P treatment. Data were analysed by Kruskal–
Wallis test. *P,0.05; **P,0.01; ***P,0.001.
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may contribute to the different protective effects observed in
HSV-2 infection studies in vivo.

We observed protection from vaginal HSV-2 infection in our
in vivo HSV-2 infection study as indicated by reduced clinical
signs of vaginal infection and histopathology. In this study, vagi-
nal tissues were collected no earlier than 1 week after a single test
article administration. Since no significant histopathology was
observed following daily SR-2P treatments in a previous 12 day
mouse vaginal irritation study,17 we believe that the histopath-
ology observed in this vaginal infection study did not result from
drug toxicity but were rather pathological signs of HSV-2 infection.

As an additional endpoint of this HSV-2 infection study, vaginal
virus shedding was measured at two timepoints before clinical
signs of infection occurred. Our experiments suggest reduced vagi-
nal virus levels in SR-2P/A+T-treated virus-inoculated animals;
however, these findings were not statistically significant. Studies
reported by others used larger group sizes (n¼12–60) to achieve
statistical significance in these types of studies.31,42 These group
sizes suggest that vaginal virus levels are a less sensitive endpoint
than clinical observations and histopathology. Clinical and histo-
pathology may therefore be favourable endpoints, not only
because they are standard pathology parameters, but also since
this approach allows reduction of animal numbers in research.
SR-2P/A+T provided statistically significant protection from HSV-2
infection in mice compared with vehicle-treated animals.
Interestingly, SR-2P/A+T increased median survival beyond what
we observed for our reference control HEC/aciclovir, which contains
aciclovir in an HEC formulation resembling the gel formulation used
in the CAPRISA 004 trial.5 These findings are particularly interesting
because the specific bioadhesive properties of our platform gel are
based on increased temperature.17 Since the clinical pathology in
the mouse vaginal HSV-2 infection model differs from the human
disease, the aim of future studies will be the efficacy of our formu-
lation in alternate in vivo models such as the guinea pig HSV-2 infec-
tion model, which more closely resembles human genital herpes.43

The CAPRISA 004 trial demonstrated not only that 1% tenofo-
vir protects women from HIV, but also from HSV-2 infection.5,44

Tenofovir offers less protection from HSV-2 infection when com-
pared with its prodrug tenofovir disoproxil fumarate in vitro and
in mouse vaginal infection studies in vivo.42,45 These findings sug-
gest that tenofovir disoproxil fumarate would be favourable over
tenofovir to develop a microbicide that protects from both HIV
and HSV-2 infection. Unfortunately, tenofovir disoproxil fumarate
undergoes hydrolysis in aqueous solutions and is therefore not
suitable for aqueous gel formulations.46,47 The primary role of
tenofovir in SR-2P/A+T is to protect from HIV infection, whereas
the role of aciclovir is to protect from HSV-2 infection.

Vaginal microbicides not only have to effectively inhibit viral
infection, but also need to be safe to use, especially when the
drug is used repeatedly over extended periods of time. Past experi-
ence with N-9 has shown that candidate microbicides may
increase the risk of viral infection in clinical trials2 even if the can-
didate drugs have appropriate antiviral properties.33 It is therefore
extremely important that a candidate microbicide is non-irritating
to the vaginal mucosa. Ultimately, a microbicide should be avail-
able over the counter without prescription, even though the initial
drug product will be regulated by the FDA.48 Although the FDA has
not provided specific guidance for microbicide development, they
have outlined steps for its pre-clinical development.48 – 50 The FDA
gold-standard for vaginal safety is the rabbit vaginal irritation

model.18,49 Its advantages are the single-layer epithelium and
the absence of an oestrous cycle, which makes the animals very
sensitive and well suited to evaluate vaginal irritation by histo-
pathology. Nevertheless, this model is far from ideal, since the
vaginal histology and anatomy of rabbits and humans are very dif-
ferent. It would therefore be prudent to complement rabbit vagi-
nal irritation studies with studies in rodents, which have a
multilayered vaginal epithelium and are a cost-effective means
of studying vaginal irritation in vivo with more statistical power.
We previously reported the vaginal safety of SR-2P in a mouse
vaginal irritation model.17 In this study, we report that SR-2P
resulted in no vaginal toxicity when compared with nonoxynol-9
and BZK in rabbit and rat vaginal irritation models.

In summary, our studies suggest that SR-2P/A+T protects
from HSV-2 infection both in vitro and in vivo. Our vaginal irritation
studies further indicate that SR-2P is safe to use since it did not
cause vaginal irritation. We conclude that SR-2P/A+T may be a
suitable candidate microbicide to protect humans from vaginal
HSV-2 infection.
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