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Griffithsin Protects Mice from Genital Herpes by Preventing Cell-to-
Cell Spread
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Griffithsin, which binds N-linked glycans on gp120 to prevent HIV entry, has the most potent HIV-1 inhibitory activity de-
scribed for any antiviral lectin and is being developed for topical preexposure prophylaxis. The current studies were designed to
further assess its potential by exploring its activity against herpes simplex virus 2 (HSV-2), a cofactor for HIV acquisition, in
vitro and in a murine model. Safety was evaluated by examining its impact on epithelial barrier integrity in polarized cultures
and testing whether repeated intravaginal dosing potentiates the susceptibility of mice to genital herpes. Griffithsin displayed
modest inhibitory activity against HSV-2 if present during viral entry but completely blocked plaque formation if present
postentry, reduced plaque size, and prevented cell-to-cell spread. These in vitro findings translated to significant protection
against genital herpes in mice treated with 0.1% griffithsin gel. Griffithsin, but not placebo gel, prevented viral spread (visualized
with a luciferase-expressing virus), significantly reduced disease scores, and resulted in greater survival (P < 0.05, log rank test).
Protection persisted when HSV-2 was introduced in seminal plasma. Although griffithsin triggered a small decline in transepi-
thelial electrical resistance in polarized cultures, this did not translate to any significant increase in the ability of HIV to migrate
from the apical to the basolateral chamber nor to an increase in susceptibility to HSV-2 in mice treated with griffithsin gel for 7
days. These findings demonstrate that griffithsin inhibits HSV-2 by a unique mechanism of blocking cell-to-cell spread and sup-

port its further development for HIV and HSV-2 prevention.

here has been exciting progress in the development of oral and

topical products for the prevention of HIV and herpes simplex
virus 2 (HSV-2). The recent CAPRISA 004 trial, in which a 39%
(95% confidence interval [CI] of 6 to 61%) reduction in HIV and
a 54% reduction in HSV-2 acquisition were observed in women
who applied 1% tenofovir gel before and after sex, illustrated the
potential for delivering safe and effective vaginal prevention prod-
ucts (1). However, the finding that tenofovir vaginal gel applied
daily provided no protection against HIV acquisition in the re-
cently discontinued arm of the Microbicide Trials Network 003
(VOICE) trial highlights the complexities of delivering preexpo-
sure prophylactic (PrEP) strategies (2). Similarly, there have been
conflicting results with oral PrEP clinical trials. For example, effi-
cacies of 66% and 73% were observed among women taking daily
oral tenofovir disoproxil fumarate (TDF) (Viread) or the combi-
nation of TDF and emtricitabine (FTC) (Truvada), respec-
tively, in the Partners in Prevention trial, whereas the VOICE
oral TDF arm and the FEMPReP Truvada study were discontin-
ued early for futility (3—6). The differences in outcomes likely
reflect a combination of behavioral and biomedical factors, in-
cluding adherence to product, differences in the populations stud-
ied (e.g., discordant couples in Partners), and mucosal inflamma-
tion. Inflammation, which may be triggered in response to
hormonal contraception, other sexually transmitted infections,
and changes in vaginal microbiota, may promote HIV acquisition
and modulate drug efficacy and pharmacokinetics (7).

The discrepant clinical trial outcomes highlight the need to
develop additional products that could be used either alone or in
combination with tenofovir to improve the efficacy of prevention
strategies. One such candidate is griffithsin (GRFT). GRFT is a
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small homodimeric lectin that was isolated from a red alga (Grif-
fithsia sp.) and binds to clusters of oligomannose N-linked glycans
on the HIV-1 envelope glycoprotein gp120 to prevent viral entry.
GREFT has the most potent and broad-spectrum HIV-1 inhibitory
activity yet described for any antiviral lectin and showed synergis-
tic activity with tenofovir in vitro (8-11). Importantly, it is un-
likely that GRFT will be developed as part of any antiretroviral
treatment regimen because of its poor oral bioavailability, render-
ing it ideal for topical prophylaxis without promoting drug resis-
tance and compromising population-level antiretroviral efficacy.
This differentiates GRFT from other protein- and peptide-based
candidate PrEP drugs (12). An efficient, scalable manufacturing
system for bulk production of the GRFT active pharmaceutical
ingredient was developed using Nicotiana plants (11). In contrast
to cyanovirin-N (CV-N), which was the first lectin formulated as
a candidate vaginal prevention product, plant-produced GRFT
causes no mitogenic stimulation of peripheral blood mononu-
clear cells (PBMC) (11), induces minimal secretion of inflamma-
tory cytokines and chemokines by epithelial cells or human
PBMC, and has no measureable effect on cell viability or gene
expression in human ectocervical cells (13). GRFT was also safe in
the rabbit vaginal irritation model (11).
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In addition to these measures of safety, topically applied prod-
ucts may inadvertently increase HIV acquisition by disrupting the
epithelium, which serves as a barrier to HIV. We previously pub-
lished results with two synergistic preclinical safety models: a du-
al-chamber culture model, which examines the impact drugs have
on epithelial cell integrity and on the ability of HIV to traverse a
multilayered epithelial barrier (14), and a murine model that eval-
uates whether formulated gels potentiate the susceptibility of mice
to genital HSV-2 infection (15-17). We hypothesize that in-
creased susceptibility to genital herpes in the mouse reflects
changes in mucosal integrity and immune environment and
serves as a surrogate of increased HIV risk. We have used these
models to test several products in clinical development, and the
results obtained have predicted, for example, that cellulose sulfate
(which was ineffective in clinical trials [18]) may disrupt the epi-
thelial barrier to facilitate HIV and HSV infection (14, 16, 17).
Building from the experience with these models, the current stud-
ies were designed to further evaluate the safety of GRFT. As a
prelude to testing GRFT in the murine HSV susceptibility model,
we first evaluated its antiviral activity against HSV-2. Previous
studies with CV-N have yielded conflicting results with respect to
its anti-HSV-1 activity (19, 20), and there are no published studies
examining the activity of GRFT in models of HSV-2 infection.
Oligomannose glycans appear to be more prevalent on viral enve-
lope glycoproteins than in the host cellular glycome, playing a vital
role in virus attachment, entry, and immune evasion and provid-
ing an attractive target for broad-spectrum antiviral prophylaxis
and therapy (21). The HIV envelope glycoproteins are very heavily
glycosylated, with almost all N-linked glycosylation sites occupied
by oligomannose structures (22, 23). The structure of the
N-linked glycans on HSV glycoproteins has not been investigated
in detail in recent years, but a 1982 study by Wenske et al. reported
that, based on sensitivity to endoglycosidase EndoH, the N-linked
glycans on the HSV-2 envelope glycoproteins were predominantly
of the complex form (24). Thus, we hypothesized that GRFT
would have only modest activity against HSV-2, reflecting the
presence of fewer oligomannose N-linked glycans on its envelope
glycoproteins.

MATERIALS AND METHODS

Cells and viral strains. CaSki (human cervical epithelial), HEC-1-A (hu-
man endometrial), VK2/E6E7 (human papillomavirus [HPV] E6/E7 im-
mortalized vaginal epithelial), Vero (monkey kidney), and 3T3 (murine
fibroblast) cells were obtained from the American Tissue Culture Collec-
tion. TZM-bl cells (an engineered HeLa cell clone that expresses human
CD4, CCR5, and CXCR4 and contains HIV-1 Tat-regulated reporter
genes for firefly luciferase and B-galactosidase) were obtained from the
AIDS Research and Reference Reagent Program. Jurkat-Tat-CCR5 (JT-
CCRS5) cells were provided by Quentin Sattentau (Sir William Dunn
School of Pathology, University of Oxford, Oxford, United Kingdom).
Cells were cultured as previously described (25-27). Peripheral blood
mononuclear cells (PBMC) were isolated from human leukopacks (New
York Blood Center) by density gradient centrifugation using Ficoll-His-
topaque (Sigma-Aldrich, St. Louis, MO). CD14" monocytes were isolated
using CD14 magnetic cell separation (Easysep; StemCell Technologies,
Vancouver, BC, Canada), and immature monocyte-derived dendritic
cells (moDC) were generated by culturing the cells for 7 to 8 days in RPMI
1640, 10% fetal bovine serum (FBS), 2 mM glutamine, 100 U/ml penicil-
lin, 100 pg/ml streptomycin supplemented with 800 U/ml recombinant
human granulocyte-macrophage colony-stimulating factor (GM-CSF),
and 800 U/ml recombinant human interleukin 4 (IL-4) (R&D Systems
Inc., Minneapolis, MN) (28). HIV-1BaL (R5-utilizing strain) was grown
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as previously described (26). HSV-2(G) (29) was grown on Vero cells.
HSV-2(4674), a clinical isolate obtained from the clinical virology labo-
ratory at Montefiore Hospital, Bronx, NY, was propagated on human
keratinocytes (HaCaT) (provided by David Johnson, Oregon Health &
Sciences University, Portland, OR). HSV-2-MS-luciferase, expressing
firefly luciferase under the control of a cytomegalovirus (CMV) promoter
with a nonessential latency-associated transcript (LAT) gene as the locus
of insertion, was propagated on Vero cells (30). HSV-2(333)ZAG, a re-
combinant virus expressing green fluorescent protein (GFP) under the
control of a CMV promoter (the construct was inserted in an intergenic
region between UL3 and UL4), was propagated on Vero cells (gift from P.
Spear, Northwestern University). All viral stocks were stored at —80°C.

Drugs. Recombinant GRFT was produced in Nicotiana benthamiana
plants as described previously (11) and formulated as 0.1% gel using Car-
bopol 974P, glycerin, EDTA, methylparaben, and propylparaben (Magee
Women’s Research Institute, Pittsburgh PA). A matched Carbopol pla-
cebo gel containing all excipients except GRFT was used as a negative
control. Nonoxynol-9 (N-9) was included as a positive toxicity control;
4% N-9 gel was obtained from Encare, manufactured by Blairex Labora-
tories, Inc., Columbus, IN. PRO 2000 was provided by Indevus Pharma-
ceuticals, and acyclovir (ACV) was purchased from Bedford Laboratories
(Bedford, OH).

Antiviral activity in vitro. CaSki, 3T3, and VK2/E6E7 cells were
grown in 24-well plates to near confluence and then exposed to GRFT (10,
100, or 500 pg/ml, equivalent to 0.392, 3.92, and 19.58 nmol, respectively,
in phosphate-buffered saline [PBS]) or 200 pg/ml PRO 2000 for 15 min
prior to exposure to HSV-2(4674) at an inoculum designed to yield 75 to
100 PFU in control wells. Cells were incubated for 1 h at 37°C and then
washed with PBS and overlaid with medium containing methyl cellulose.
Alternatively, the cells were first infected with virus, and then GRFT was
added to the overlay medium after 1 h of incubation. Plaques were
counted after 48 h of incubation, and the percentages of plaques relative to
plaques formed on control wells (no drug) were calculated. Immature
moDCs (1 X 10° cells) were pretreated with GRFT (10, 100, or 500 pg/ml)
overnight at 37°C and were then challenged with HSV-2(333)ZAG (mul-
tiplicity of infection [MOI] of 1 PFU/cell) or mock infected by being
exposed to RPMI with 10% FBS. After incubation for 1 h at 37°C, the cells
were washed three times with PBS and were then cultured in fresh me-
dium for 4 h. GFP expression, as a marker of viral infection, was quantified
by flow cytometry after gating on the live populations using a fixable violet
Live/Dead marker (Invitrogen, Carlsbad, CA). Ten thousand live events
were acquired per sample. To determine if GRFT blocked release of infec-
tious progeny from DCs, the DCs were infected with HSV-2 for 1 h in the
absence or presence of GRFT, and then after being washed as described
above, the cells were cultured for 24 h in medium containing GRFT or
medium alone, and viral release was quantified by determining the titer of
the culture supernatants on Vero cells.

Single-step and multistep growth of virus. To measure single-step
growth of virus, CaSki cells were infected with HSV-2(4674) (MOI of 5
PFU/cell) for 1 h at 37°C. Cells were washed for 2 min with a low-pH
citrate buffer (40 mM citric acid, 10 mM KCl, 135 mM NaCl, pH 3.0) for
2 min to inactivate extracellular virus and then were washed three times
with media prior to being overlaid with 199V alone or supplemented with
GREFT (100 pg/ml) or ACV (100 pg/ml). Supernatants and cells were
harvested separately 4, 8, and 16 h postinfection (hpi) and stored at
—80°C until plating on Vero cells to measure infectious virus. Cells were
frozen and thawed three times to cause lysis prior to infecting Vero cells.
For multistep growth assays, the CaSki cells were infected with HSV-
2(4674) (MOI of 0.01 PFU/cell) for 1 h at 37°C as described above; super-
natants and cells were harvested at 12, 24, 36, 48, and 72 hpi; and the titer
was determined on Vero cells as described for single-step growth experi-
ments.

Measurement of viral DNA levels using RT-qPCR. CaSki cells were
infected with virus at an MOT of 1 for 1 h at 37°C. Cells were washed with
citrate buffer once and with medium three times and then cultured in
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199V alone or supplemented with 100 pwg/ml GRFT or ACV. At 8 and 12
hpi, cells were harvested and DNA was extracted using a DNeasy blood
and tissue kit (Qiagen, Valencia, CA). Viral replication was assessed by
real-time quantitative PCR (RT-qPCR) using primers for ICP4 and
RPLPO from Applied Biosystems (Carlsbad, CA).

Infectious center assay. CaSki cells (donor cells) were exposed to virus
at 37°C to allow entry (MOI of 5 PFU/cell). Four hours after infection, the
infected cells were detached with trypsin-EDTA and counted, and ~500
infected cells were plated onto duplicate monolayers of uninfected cells in
medium containing pooled human immunoglobulin G (IgG; Sigma) in
the presence of GRFT or medium alone. The pooled human immuno-
globulin neutralizes infection by virus released into the medium. Plaques
were quantified by Giemsa staining after 48 h of incubation (31).

Dual-chamber safety assay. HEC-1-A cells were grown in Transwell
inserts and allowed to polarize to mimic the genital tract epithelial barrier,
which is relatively impervious to HIV (14). Cells were apically exposed to
GRFT (100 and 1,000 pg/ml) or 0.1% N-9 for 16 h. Drug was removed by
washing thrice with serum-free medium before the addition of HIV-1,,;
(40 ng of p24 antigen) in medium and JT-CCR5 cells to the apical (AP)
and basolateral (BL) chambers, respectively. Cultures were maintained
for an additional 5 days, and BL supernatants were collected at different
times and tested for p24 content as previously described (14).

Drug toxicity and cell apoptosis analysis. Cells (CaSki, VK2/E6E7,
3T3, and immature moDCs) were exposed to 10, 100, or 500 pg/ml of
GRFT or medium as a negative-control overnight (moDCs) or for 48 h
(CaSki, VK2/E6E7, and 3T3) at 37°C, and cell viability was assessed using
an MTS assay (Promega, Madison, WI). In addition, the DCs were har-
vested and analyzed for early and late signs of apoptosis by using an an-
nexin V and 7AAD staining protocol (BD Pharmingen, San Diego, CA).
Cells were analyzed by flow cytometry, acquiring 10,000 events per sample
(28). To assess whether GRFT had an impact on DC maturation or func-
tion, DCs were treated with GRFT (10, 100, or 500 pg/ml), lipopolysac-
charide (LPS) (10 pg/ml) (positive control), or medium (negative con-
trol) for 24 h at 37°C. Cells were stained with anti-CD83-allophycocyanin
(APC) (BD Pharmingen) for 30 min, washed twice in PBS, and fixed in 4%
paraformaldehyde (BD Biosciences, Franklin Lakes, NJ). Flow cytometry
was performed on a Becton, Dickinson LSR II analyzer, and analysis was
carried out using FlowJo version 9.3.1 software (Tree Star, Inc., Ashland,
OR). Ten thousand live events were acquired per sample.

Murine models. Studies were conducted with approval from the Al-
bert Einstein College of Medicine Institutional Animal Care and Use
Committee. Female BALB/c mice (6 to 8 weeks), purchased from Jackson
Laboratory (Bar Harbor, ME), were pretreated subcutaneously with 2.5
mg of medroxyprogesterone acetate (MPA; Sicor Pharmaceuticals, Irvine,
CA) 5 days prior to intravaginal application of 20 pl of 0.1% GRFT,
Carbopol gel, or no gel. Fifteen minutes later, mice were challenged with
30 wl of virus diluted either in PBS or in pooled human seminal plasma
(SP) (Lee BioSolutions, St. Louis, MO) at a dose that typically causes
disease in 50% and 90% (LD, and LD,,) of mice treated with placebo gel.
Mice were monitored for 14 days and scored (scale of 0 to 5) for evidence
of erythema, edema, or genital ulcers (genital disease score) or for evi-
dence of urinary or fecal retention and hind-limb paralysis (neurological
score). Mice were euthanized for genital tract or neurologic disease scores
of 4 or more (32). Vaginal washes were collected on days 0, 1, and 2
postinfection for measurement of cytokines and chemokines. In parallel
experiments, mice were sacrificed at days 1, 3, and 7 postinfection, and
genital tract tissue was excised to assess for infectious virus by performing
plaque assay on tissue homogenates and for expression of cytokines and
chemokines.

To visualize the spread of viral infection, MPA-treated mice received
20 wl of gel intravaginally 15 min prior to challenge with 30 ul HSV-2-
MS-luciferase diluted in PBS (equivalent to ~10° PFU). Mice were im-
aged on days 1 and 4 postinfection. Mice were anesthetized with isoflu-
rane and then treated with an intraperitoneal injection of 1.6 mg
D-luciferin potassium salt (Gold Biotechnology, St. Louis, MO) in 100 pl
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PBS. Images were captured using an IVIS Lumina II bioluminescent im-
ager (Caliper Instruments, Hopkinton, MA) up to 20 min after substrate
injection. Images were analyzed using Living Image version 4.2 software
(Caliper Instruments). Identical regions of interests (ROIs) were placed
on each infected mouse to determine total flux.

To evaluate whether exposure to GRFT gel increased the susceptibility
to infection, 40 pl of GRFT or Carbopol gel was delivered intravaginally
daily for 7 days to MPA-treated mice. Approximately 12 h after the sev-
enth application, a vaginal wash was performed with 150 pl of saline to
remove any drug remaining in the vaginal vault, and the mice were then
intravaginally challenged with HSV-2(4674) (equivalent to approxi-
mately an LD,,, LD5,, and LD,,) and monitored daily for 14 days as
described above. The vaginal washes were pooled (2 mice per pool) and
evaluated for anti-HIV activity in a TZM-bl assay (33).

Detection of cytokines and chemokines. Protease inhibitors (Roche
Applied Science, Indianapolis, IN) were added to each vaginal wash sam-
ple before centrifugation at 210 g for 10 min at 4°C, to remove mucous
and cellular debris. The supernatants were stored at —80°C, pooled in
groups varying from 2 to 5 mice, and assayed for IL-6, gamma interferon
(IFN-v), IL-1B, monocyte chemoattractant protein 1 (MCP-1), macro-
phage inflammatory protein 1 beta (MIP-13), MIP-2, RANTES, and tu-
mor necrosis factor alpha (TNF-a) release using the Fluorokine Multi-
Analyte profiling system (R&D Systems, Minneapolis, MN), measured
with a Luminex 100 system, and analyzed with StarStation version 2.3
(Applied Cytometry Systems, Dinnington, South Yorkshire, United King-
dom).

Gene expression by RT-qPCR. Total RNA was extracted from the
genital tract using an Absolutely RNA reverse transcriptase PCR (RT-
PCR) prep minikit (Stratagene, La Jolla, CA). Reverse transcription and
RT-PCR were performed as described previously (17). Relative gene ex-
pression levels of cellular genes, normalized to B-actin RNA levels as an
endogenous housekeeping gene, were compared to those of untreated
mice. Primers for B-actin, IFN-vy, IRF-7, Mx1, and Oas2 were obtained
from Applied Biosystems (Carlsbad, CA).

HSV-2 titer in mouse tissue. Genital tract tissue was weighed, homog-
enized in serum-free Dulbecco’s modified Eagle’s medium (DMEM) us-
ing RNase-free pestles, sonicated for 30 s, and centrifuged at 10,000 X g
for 5 min. Supernatants were assayed for viral titer on Vero cells (2 X 10°
cells/well of a 48-well plate), and plaques were quantified using Giemsa
stain in standard plaque assay.

Statistical analyses. Responses were compared by analysis of variance
(ANOVA) or unpaired  tests, using GraphPad Prism version 5 (San Di-
ego, CA). Kaplan-Meier survival curves were compared by log rank tests.
A P value of <0.05 was considered significant.

RESULTS

GRFT has modest effects on HSV entry but inhibits cell-to-cell
spread. Human cervical (CaSki) and vaginal (VK2/E6E7) cells or
murine fibroblasts (3T3) were infected with HSV-2(4674) in the
presence of increasing concentrations of GRFT (0, 10, 100, or 500
pg/ml) or PRO 2000 (200 pg/ml), a known inhibitor of HSV
binding and entry (31) for 1 h, and then the inoculum and drug
were removed by washing and the cells were overlaid with fresh
medium. Plaques were counted after 24 to 48 h. GRFT had only
modest effects on HSV plaque formation and reduced the number
of plaques by less than 50% even at the highest concentration (500
pg/ml), when drug was present during viral entry, while PRO
2000 completely blocked plaque formation (Fig. 1A). Similarly,
GREFT failed to block infection of immature moDCs when cells
were pretreated with the drug; infection was monitored by quan-
tifying GFP expression 4 h postexposure to HSV-2(333) (GFP)
(Fig. 1B). However, when GRFT was added postentry to CaSki or
VK2/E6E7 cells, there was a significant reduction in the number
and size of viral plaques formed, resulting in mean concentrations
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FIG 1 Griffithsin inhibits HSV-2 infection post entry. (A) CaSki, VK2/E6E7, and 3T3 cells were exposed to GRFT or PRO 2000 for 15 min, followed by challenge
with HSV-2(4674) for 1 h. The cells were washed and then overlaid with medium, and plaques were counted after 24 to 48 h; results are presented as PFU/well
as percentages of control (no drug) and are means + SEM from 2 to 4 experiments conducted in duplicate. (B) Immature moDCs were exposed to GRFT
overnight and then challenged with HSV-2(333)ZAG (MOI of 1 PFU/cell) for 1 h at 37°C. Infection was assessed by quantifying GFP expression (10,000 live event
acquisition) by flow cytometry 4 hpi. Results are presented as percentage of GFP™" cells and are means + SEM from six (pretreat) independent experiments. To
monitor effects of GRFT on the release of viral progeny, the DCs were exposed to GRFT either before or after initial entry, and supernatants were harvested 24
hpi and overlaid onto Vero cells; viral plaques were counted after Giemsa staining and are presented as percentages relative to DCs infected in the absence of
GRFT from 2 independent experiments, each conducted in duplicate. (C) CaSki or VK2/E6E7 cells were first exposed to HSV-2 for 1 h, washed with PBS, and then
cultured in medium supplemented with the indicated concentration of GRFT; results are presented as percentages of the control and are the means + SEM from
3 experiments performed in duplicate. (D) Representative photograph of viral plaques in VK2/E6E7 cells when GRFT was added postentry. (E) EC5, and ECy,
(pg/ml) were calculated for GRFT using data from panels A to C and Fig. 2A. Asterisks indicate P values of <0.05 compared to no drug ( test).

that inhibit 50% of viral plaques (ECs) of 2.3 (standard error of subsequent titer determination of viral progeny. There was no
the mean [SEM], 1.3) pg/ml and 143 (SEM, 32) pg/mlin CaSki  difference in single-step growth curve when cells were treated with
and VK2/E6E7 cells, respectively (Fig. 1C to E). These findings ~GRFT (Fig. 2A), but GRFT almost completely blocked multistep
suggest that GRFT may prevent the first round of viral replication,  growth of virus (Fig. 2B). As expected, ACV blocked both single-
HSV release, and/or cell-to-cell spread. step and multistep HSV growth. Consistent with the absence of

To address these possibilities, single-step and multistep viral — any effects on the single-step growth curve, GRFT had little or no
growth were assessed by adding GRFT or acyclovir (ACV), an  effect on HSV DNA levels measured by RT-qPCR of ICP4 DNA 8
inhibitor of HSV DNA replication, to the cultures postentry. The or 12 h postinfection, whereas ACV significantly reduced viral
titers of supernatants and cells were determined separately to ex- DNA levels (Fig. 2C). Moreover, GRFT had no impact on the
clude any effect of residual extracellular GRFT in supernatants or  release of infectious progeny from moDCs when drug was added
of intracellular ACV in the harvested cells that might impact the  pre- or postentry, as monitored by titer determination of the DC
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FIG 2 Griffithsin inhibits cell-to-cell spread of HSV-2. (A) One-step growth of HSV was quantified by infecting CaSki cells with an MOI of 5 and then adding
GRFT or ACV to the overlay media. At 4, 8, and 16 hpi, supernatants and cells were harvested and, after cells were freeze-thawed three times, viral growth was
quantified by determining the titers of the supernatants (solid lines) or cells (dotted lines) on Vero cells. (B) To assess multistep growth, CaSki cells were infected
with an MOI of 0.01, and drug was added to overlay media as described for panel A, and then at 12, 24, 36, 48, and 72 hpi, supernatants and cells were again
harvested and titers were determined on Vero cells. Data shown are from two experiments conducted in duplicate. Asterisks indicate significance compared to
no drug using two-way ANOVA. (C) CaSki cells were infected with HSV-2 at an MOI of 1 with GRFT, ACV, or no drug (control) added to the overlay media.
Cells were harvested 8 or 12 hpi, and DNA was extracted and run in real-time PCR. Data are presented as means * SEM of log change in ICP4 DNA levels relative
to infected cells without drug, controlling for RPLPO as the housekeeping gene. Asterisk represents significance compared to HSV without drug using unpaired
t test, P < 0.05. (D) Cells were infected with HSV-2 for 4 to 5 h, after which time they were trypsinized and cocultured with uninfected cells in medium
supplemented with pooled human IgG and GRFT for 48 h to allow plaques to form. Data are shown as means + SEM of percentage of virus control from three

independent experiments. Asterisks indicates significance from virus control (no GRFT) using unpaired ¢ test, P < 0.05.

culture supernatants on Vero cells 24 hpi (Fig. 1B). Taken to-
gether, these findings indicate that GRFT likely interferes with
cell-to-cell spread of HSV-2.

To further address this, infectious center assays were con-
ducted (31). Uninfected cells were cocultured with ~500 infected
cells in the presence of pooled human immunoglobulin. The
pooled immunoglobulin neutralizes any released virus, restricting
viral spread to local fusion events between the plasma membranes
of infected and uninfected cells. The addition of GRFT to the
cocultures completely blocked cell-to-cell spread in CaSki and
VK2/E6E7 cells at 100 and 500 .g/ml, respectively (Fig. 2D).

GRFT inhibits viral infection in the murine model. The ob-
servation that GRFT prevents cell-to-cell spread suggests that it
could be an effective agent against viral dissemination and miti-
gate genital herpes disease. To evaluate this, medroxyprogester-
one-treated mice received a single application of GRFT (0.1% gel),
placebo Carbopol gel, or no gel 15 min prior to challenge with an
LD;, or LDy, of HSV-2 (based on prior studies with placebo gels).
Virus was delivered in PBS or pooled human seminal plasma to
simulate what may happen clinically. Mice were monitored and

June 2013 Volume 87 Number 11

scored for 14 days for signs of disease. GRFT protected the mice
from HSV-2 disease compared to Carbopol-treated and untreated
(no gel) animals, regardless of whether virus was introduced in
PBS or seminal plasma (Fig. 3A to C; P < 0.05). Notably, at the
higher inoculum (LD,,), greater protection was observed when
mice were challenged with HSV-2 in seminal plasma than when
virus was introduced in PBS (Fig. 3B).

The in vivo protective effects of GRFT were further evaluated
by harvesting genital tract tissue and assaying for infectious virus.
HSV-2 was recovered from excised homogenized genital tract tis-
sue in 9/10 mice that received Carbopol (median log titer of 3.92
PFU/g tissue) and 6/10 mice who received GRFT (median log titer
of 3.46 PFU/g tissue) 1 day postinfection (P = 0.11). Virus was
recovered from 3/5 mice that received Carbopol gel (median log
titer of 1.10 PFU/g tissue) compared to 0/5 mice that received
GRFT 7 days postinfection (P = 0.07, unpaired ¢ test) (Fig. 3D).

To further examine the impact of GRFT on genital herpes, we
took advantage of an HSV-2 variant, MS-luciferase, in which a
luciferase expression cassette was inserted into the LAT locus (30),
and monitored viral spread using bioluminescent imaging. Mice
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Day 4

FIG 4 GRFT treatment prevents viral dissemination in mice. Medroxyprogesterone-treated mice received a single dose of GRFT or Carbopol gel and 15 min later
were intravaginally infected with HSV-2-MS-luciferase (10° PFU in 30 ul). Mice were imaged on days 1 and 4 postinfection, 15 min after receiving an
intraperitoneal dose of D-luciferin. Total flux from identical ROIs were compared to total flux from ROI on the control mouse pretreated with medroxyproges-

terone, not infected with HSV-2, 15 min after intraperitoneal injection of D-luciferin.

were pretreated with Carbopol or GRFT gel and then challenged
with 10° PFU of MS-luciferase. In the Carbopol-treated mice, lu-
ciferase activity increased by an average of 2.7-fold and 4.7-fold
compared to the background (uninfected mouse treated with p-
luciferin) on days 1 and 4 postviral challenge, respectively (Fig. 4).
GRFT-treated mice showed no increase in luciferase activity com-
pared to an uninfected mouse. Luciferase was detected in one
GRFT-treated mouse on day 4, but none of the GRFT-treated
mice developed significant clinical disease over a 10-day observa-
tion period.

IFN responses to HSV-2 are preserved in GRFT-pretreated
mice. Genital herpes triggers mucosal inflammation and an IFN-vy
response (34, 35). Strong IFN-y responses are associated with viral
clearance, and individuals with recurrent disease have impaired
virus-specific IFN-vy responses compared with those of asymp-
tomatic HSV-2 carriers (36). To explore the impact of GRFT on
the mucosal response to virus, vaginal washes were collected 1 or 2
days after vaginal challenge from groups of mice pretreated with
GREFT or Carbopol gel. Controls included mice treated with GRFT
or Carbopol gel that were not infected and untreated, uninfected
mice. Consistent with prior studies (15, 17), there was an increase

in vaginal wash levels of IFN-y and several proinflammatory me-
diators, including IL-6, IL-1B3, MIP-1B, and MIP-2, in HSV-2-
infected compared to uninfected mice, independent of gel expo-
sure 1 and/or 2 days postinfection (Fig. 5A). In the absence of
virus, GRFT was associated with an increase in IL-18, MIP-13,
and MIP-2 on day 1 compared to levels in untreated mice, and
Carbopol was associated with higher levels of IL-6 on day 1 and
MIP-1 on day 2 than GRFT-treated mice (P < 0.05). The biolog-
ical significance of these modest changes requires further study.

To further explore the impact of GRFT on the IFN response to
virus, RNA was isolated from genital tract tissue and analyzed by
RT-qPCR on days 1 and 3 postinfection. HSV-2 induced upregu-
lation of several IEN genes, including IFN-vy, Oas2, IRF-7, and
Mx1 genes, with a small reduction in these responses in mice pre-
treated with GRFT (Fig. 5B). GRFT itself had no impact on IFN
responses compared to untreated mice. These findings are consis-
tent with the in vitro observations that GRFT has only modest
effects on HSV entry (Fig. 1) and that viral entry may be sufficient
to induce an initial IFN response (37, 38).

Evaluation of the safety of 0.1% GRFT gel. There was no re-
duction in CaSki, VK2/E6E7, 3T3, or moDC viability in response

FIG 3 Griffithsin protects mice from genital herpes infection. Medroxyprogesterone acetate-treated mice received a single dose of 0.1% GRFT or Carbopol gel
intravaginally (20 pl). Fifteen minutes later, the mice were intravaginally inoculated with an LD, (A) or LDy, (B) of HSV-2(4674) diluted in either PBS or pooled
human seminal plasma (SP). Mice were scored for disease daily and were sacrificed if the score reached 4. Additional controls included mice that received no gel
prior to challenge with virus in PBS. The number of mice in each group is indicated in the figure legend of the Kaplan-Meier survival curves; asterisks indicate
Pvalues of <0.05 (log rank test) (A and B). Disease scores for the 20 mice treated with Carbopol or GRFT gel and challenged with an LD, of HSV-2 in PBS are
shown in panel C, with average daily disease scores indicated above each bar. The asterisks denote that the difference in disease scores was significantly lower for
GRFT- than for Carbopol-treated mice at each time point (P < 0.05; ¢ test). Genital tract tissue was harvested 1 and 7 days postinfection, weighed, and
homogenized, and supernatants were cultured on Vero cells to determine the amount of infectious HSV-2 present. Plaques were counted after 48 h; each dot
represents an individual animal, and the line indicates mean = SEM; day 1, P = 0.12; day 7, P = 0.07, unpaired ¢ test.
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+ SEM log change relative to control untreated, uninfected mice (*, P < 0.05).

to 48 h of exposure to GRFT in vitro (Fig. 6A). To further explore
safety, we took advantage of two additional preclinical safety mod-
els that focus on the impact of drugs on mucosal integrity. HEC-
1-A cells were cultured on Transwell inserts until the transepithe-
lial electrical resistance (TER) reached a steady state of ~300 () -
cm? (typically day 4 or 5 after plating cells). The polarized cells
were exposed apically to a single dose of GRFT (0.1 and 1 mg/ml),
N-9 (0.1% [vol/vol]), or culture medium (negative control) for 18
h and then washed three times. HIV-1;,; was added to the AP

6264 jviasm.org

chamber and JT-CCRS5 cells to the BL chamber. The TER and p24
contents in BL culture supernatants were measured daily (Fig. 6B
and C). The former provides a measure of barrier integrity and the
latter of HIV transmigration across the epithelium. Additional
controls included inserts in which no cells were seeded, a measure
of the maximal migration of HIV across the insert pores (positive
control), and wells in which no HIV was added (p24 background).
After application of N-9, the TER fell rapidly and HIV freely tra-
versed the disrupted epithelium, resulting in p24 levels compara-
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tance in a dual-chamber model. (A) Cells were exposed to GRFT for 48 h
(CaSki, VK2/E6E7, 3T3) or overnight (moDCs), and cell viability was assessed
by MTS; results are means + SEM from at least 2 independent experiments.
(B) HEC-1-A cells were cultured in Transwells (0.5 X 10° to 1 X 10’ cells/
insert), and TER was monitored daily. After the TER reached a plateau (4 or 5
days), cells were exposed to 0.1 or 1 mg/ml GRFT, 0.1% (vol/vol) N-9, or
medium alone for 18 h. After removal of drug by washing, HIV-1;,; (40 ng
p24) and JT-CCRS5 cells (10° cells/well) were added to the upper and lower
chambers, respectively. The TER was monitored prior to drug addition (t = —1
day) and then daily after addition of HIV. (C) Supernatants were collected
from the basolateral chambers at the indicated times and tested for p24 content
by enzyme-linked immunosorbent assay (ELISA). Results are means = SD
from at least two independent experiments, where each condition was tested in
duplicate. Controls included wells in which no drug was added (medium), no
cells were added, and no HIV was added. Asterisks indicate significance com-
pared to medium (P < 0.05) using two-way ANOVA with Tukey’s multiple
comparisons test.
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ble to those observed in the absence of any cells (positive control).
Exposure to both concentrations of GRFT resulted in a modest
and less sustained decline in TER, which differed significantly
from medium alone. This was associated with a modest increase in
HIV p24 levels in the BL compartment that did not reach statisti-
cal significance compared to medium alone; only a small amount
of HIV traverses the barrier when cells are cultured in medium
(Fig. 6B).

GRFT does not increase susceptibility to HSV-2 in a mouse
safety model. To determine if the modest decline in TER and
concomitant increase in HIV p24 levels in the dual-chamber
model translated to increased susceptibility to HSV-2 in mice,
mice were treated once daily for 7 consecutive days with 0.1%
GRFT gel, Carbopol gel, or 4% N-9 gel, and then 12 to 24 h after
the last dose, vaginal washes were collected to remove any residual
luminal drug and subsequently assayed for anti-HIV activity.
There was sufficient GRFT within the vaginal washes to inhibit
HIV-1 infection in a TZM-bl assay; N-9 washes had no antiviral
activity (Fig. 7A). The mice were then challenged with an LD,,,
LD, and LDy, of virus. Consistent with prior studies, there was
an increase in mortality in N-9-treated compared to Carbopol-
treated mice following challenge with the LD, or LD, dose of
virus (P < 0.05) (Fig. 7B and C). In contrast, survival rates be-
tween GRFT- and Carbopol-treated mice did not differ signifi-
cantly at any of the challenge doses. All of the mice succumbed to
infection following exposure to an LDy, (Fig. 7D), indicating that
when GRFT drug is removed, protection against HSV-2 is lost.

Exposure to GRFT has no deleterious impact on human DCs.
Lectins such as GRFT may modulate DC function by interacting
with carbohydrates on the DC surface. To assess whether GRFT
induced DC maturation or interfered with the maturation re-
sponse to LPS, cells were exposed to medium or GRFT drug for 24
h and were then stained and analyzed for the expression of CD83,
a cell surface marker of DC maturation. There was no increase in
CD83 expression in response to GRFT compared to mock (medi-
um)-treated cells. However, LPS induced significant upregulation
of CD83 expression in mock- and GRFT-treated cells, indicating
that GRFT has no deleterious impact on the ability of DCs to
respond to maturation signals (LPS) (Fig. 8A). In addition, GRFT
did not induce apoptosis in DCs compared to the mock-exposed
cells (Fig. 8B). Together these findings indicate that GRFT does
not adversely impact DC function.

DISCUSSION

The current studies were initially designed to further evaluate the
safety of GRFT, which is being advanced as a candidate vaginal
product to prevent HIV infection. An unexpected finding was that
GRFT inhibited HSV-2 infection postentry by blocking cell-to-
cell spread (Fig. 1 and 2) and protected mice from genital herpes
disease (Fig. 3). There was little dissemination of virus in mice
treated with a single dose of gel prior to vaginal inoculation, as
evidenced by the imaging studies with a luciferase-reporter virus
(Fig. 4). Importantly, GRFT retained its protective activity in the
mice when virus was introduced in human seminal plasma. These
results contrast with studies of PRO 2000 and cellulose sulfate,
polyanionic vaginal products that failed to prevent HIV or HSV-2
in clinical trials (18, 39). Seminal proteins interfered with the an-
tiviral activity of these entry inhibitors by competing with their
ability to bind to the viral envelope (16, 40). Thus, GRFT appears
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FIG 7 Repeat exposure to griffithsin does not increase susceptibility to HSV-2 in a murine model. Mice were pretreated with medroxyprogesterone acetate; 5
days later, mice received one 20-pl dose of 0.1% GRFT, Carbopol, or 4% N-9 gel intravaginally daily for 7 days. On the eighth day, a vaginal wash was taken to
remove residual drug and to test for residual anti-HIV activity in a TZM-bl assay; results are means (SEM) from 3 pools of vaginal washes, each pool containing
washes from 2 mice, conducted in triplicate. (A) Data are plotted as percentages of virus control. Asterisk indicates P values of <0.05 compared to washes from
Carbopol-treated mice (unpaired ¢ test). Mice were then challenged with HSV-2(4674) diluted in 30 wl PBS at LD, (B), LD5, (C), or LDy, (D), with 10 to 20 mice
per group. Mice were scored for disease daily and were sacrificed if indicated by disease scores. Kaplan-Meier survival curves are shown; asterisks indicate P values

of <0.05 (log rank test), compared to Carbopol treatment.

to inhibit HSV-2 by a unique postentry mechanism distinct from
other candidate topical PrEP agents.

HSV disseminates primarily by direct cell-to-cell spread, a pro-
cess that enables virus to escape neutralizing antibody. The more
potent in vitro activity of GRFT against cell-to-cell spread com-
pared to entry is somewhat surprising, as both fusion events re-
quire cellular receptors/coreceptors and glycoproteins B (gB), gD,
and hetero-oligomers of gH-gL. However, several lines of evi-
dence suggest that entry and cell-to-cell spread are not identical
processes. First, mutants selected for growth on U(S)11cl19.3
cells, a cell line resistant to entry and cell-to-cell spread because of
the absence of a gD receptor, exhibited a marked increase in cell-
to-cell spread without a concomitant increase in efficiency of en-
try of free virus, indicating that these processes are distinct (41).
Second, gE contributes to cell-to-cell spread in epithelial and neu-
ronal cell models but is not required for viral entry (42, 43). Third,
in studies of HSV-1 infection in Ric21 cells, a BHK cell line defec-
tive in the enzymes of the Golgi system which add terminal sugars
to N-linked glycans, there was a reduction in plaque size and the
number of viral progeny released into the culture supernatant, but
the infectivity of released virions from both cell types was similar
(44). These findings are consistent with the observation here that
GRFT, which targets N-linked glycans, has only modest effects on
entry but prevents cell-to-cell spread. The more potent activity
against cell-to-cell spread is also reminiscent of the finding that
GRFT is the most potent antiretroviral of any class for preventing
transmission of cell-associated HIV-1 (45).
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GRFT may target glycans on the viral envelope glycoproteins
and/or cellular receptors/coreceptors involved in cell-to-cell
spread. The most extensively characterized HSV glycoprotein,
with respect to its N- and O-linked glycosylations, is HSV-1 gC
(gC-1), which contains nine sites for N-linked glycosylation and
numerous clusters of O-linked glycans (46). However, while gC-1
mediates binding of HSV-1 to heparan sulfate and is involved in
immune evasion through its interactions with complement com-
ponents, it is not required for cell-to-cell spread (47). Moreover,
for HSV-2, gB-2, not gC-2, plays the major role in promoting viral
binding, and gC-2 is dispensable for viral infection in cell culture
(48). Thus, it seems unlikely that GRFT targets gC. It is also pos-
sible that GRFT targets carbohydrates on heparan sulfate pro-
teoglycans or other cell-surface components that participate in
cell-to-cell spread (31). The specific structural features of heparan
sulfate required for cell-to-cell spread may differ from those re-
quired for binding and have not yet been elucidated (49). Future
studies with deletion viruses, recombinant glycoproteins (pre-
suming that they are properly glycosylated), and cell surface mol-
ecules are needed to identify precisely what viral and/or cellular
components and glycans GRFT targets to prevent cell-to-cell
spread.

The other key findings from this study add to the growing
safety profile of GRFT. First, mice responded to HSV-2 exposure
with a potent IFN response that was similar in both the Carbopol-
and GRFT-treated mice (Fig. 5). Thus, GRFT does not appear to
prevent protective mucosal responses. Second, although GRFT
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FIG 8 Griffithsin does not induce DC maturation or induce apoptosis. (A)
Immature moDCs were exposed to medium (mock) or LPS (10 pg/ml) for 24
h at 37°C, and then one set each was stimulated with LPS (10 pg/ml) for 1 h.
The cells were then analyzed by flow cytometry for surface marker CD83 ex-
pression. Data are mean percentages of CD83™ + SEM from six (24 h) and two
(+LPS) independent experiments. (B) Immature moDCs were exposed to the
indicated concentrations of GRFT overnight and analyzed by flow cytometry
for percentage of cells that are annexin V*/7AAD ™ (early apoptosis) and an-
nexin V/7AAD™ (late apoptosis). Data are means + SEM from two indepen-
dent experiments. Asterisks indicate significance compared to mock-treated
cells under each condition (P < 0.05, ANOVA).

induced a modest decrease in the TER and a concomitant statis-
tically not significant increase in HIV migration across the epithe-
lial barrier to infect T cells cultured in the lower chamber (Fig. 6),
this did not translate to increased susceptibility to HSV-2 when
mice were treated for 7 days with GRFT and then challenged with
sublethal doses of HSV-2. This contrasts with results obtained
here and in previous studies with N-9, which triggered a rapid and
profound drop in TER and increased the susceptibility of the mice
to HSV-2 following intravaginal challenge with either an LD, or
LD, (Fig. 7) (15, 17). The results also differ from our studies with
cellulose sulfate, which triggered a more sustained decrease in
TER and promoted HSV-2 infection in the murine model (14, 16).
Third, GRFT was not cytotoxic and had no deleterious effects on
DCs. The drug did not induce DC apoptosis or maturation nor did
it prevent DCs from responding appropriately to a maturation
signal (LPS). Maintenance of DC function is critical, as these cells
play a sentinel role in mucosal defense and link innate and adap-
tive immune responses.

The protective effects of GRFT against HSV disease, a major
cofactor in the HIV epidemic, suggest that GRFT may contribute
both directly and indirectly to HIV protection. Despite efforts to
limit the spread of HSV, the worldwide prevalence and public
health impact of genital herpes continues to increase; HSV-2 se-
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roprevalence rates approach 90 to 95% among HIV-infected in-
dividuals and female sex workers in developing countries, where
HSV-2 remains the dominant cause of genital ulcerative disease
(50). Two meta-analyses support the conclusion that prevalent
HSV-2 infection increases the risk of HIV acquisition 2- to 4-fold,
and incident HSV-2 further increases the risk and contributes
more to the spread of HIV-1 than number of sex partners or other
sexually transmitted infections (STT) (51, 52). Thus, the protective
effects of GRFT against HSV-2 should further augment its poten-
tial as a topical PrEP product.

While the concentration of GRFT needed to inhibit HSV in
vitro (high nanomolar to low micromolar) is greater than that
observed for other viruses where GRFT is effective in the low
nanomolar to mid-picomolar range (e.g., HIV, severe acute respi-
ratory syndrome coronavirus [SARS-CoV]) (53), the concentra-
tions delivered in topical gels clearly exceed the concentration
needed to protect against HSV and were effective in the murine
model even with only a single dose and in the presence of human
seminal plasma. The higher concentrations may reflect differences
in carbohydrates expressed by HSV envelope glycoproteins. GRFT
binds to select monosaccharides (mannose, glucose, and N-acetylg-
lucosamine) in a multivalent manner via its three independent
carbohydrate-binding domains and is thus ideally designed to en-
gage multiple triantennary arms of specific high-mannose oligo-
saccharides, including those expressed by HIV gp120 (54, 56).
Repeated gel applications or alternative sustained release formu-
lations of the drug could provide even greater protection against
both HSV and HIV and indicate that GRFT is a strong candidate
for further advancement, either alone or in combination with
other antiretroviral drugs, as topical PrEP.
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