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ABSTRACT The biologic griffithsin (GRFT) has recently emerged as a candidate to
safely prevent sexually transmitted infections (STIs), including human immunodefi-
ciency virus type 1 (HIV-1) and herpes simplex virus 2 (HSV-2). However, to date,
there are few delivery platforms that are available to effectively deliver biologics to
the female reproductive tract (FRT). The goal of this work was to evaluate rapid-
release polyethylene oxide (PEO), polyvinyl alcohol (PVA), and polyvinylpyrrolidone
(PVP) fibers that incorporate GRFT in in vitro (HIV-1 and HSV-2) and in vivo (HSV-2)
infection models. GRFT loading was determined via enzyme-linked immunosorbent
assay (ELISA), and the bioactivity of GRFT fibers was assessed using in vitro HIV-1
pseudovirus and HSV-2 plaque assays. Afterwards, the efficacy of GRFT fibers was as-
sessed in a murine model of lethal HSV-2 infection. Finally, murine reproductive
tracts and vaginal lavage samples were evaluated for histology and cytokine expres-
sion, 24 and 72 h after fiber administration, to determine safety. All rapid-release for-
mulations achieved high levels of GRFT incorporation and were completely effica-
cious against in vitro HIV-1 and HSV-2 infections. Importantly, all rapid-release GRFT
fibers provided potent protection in a murine model of HSV-2 infection. Moreover,
histology and cytokine levels, evaluated from collected murine reproductive tissues
and vaginal lavage samples treated with blank fibers, showed no increased cytokine
production or histological aberrations, demonstrating the preliminary safety of rapid-
release GRFT fibers in vaginal tissue.
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The worldwide incidence of human immunodeficiency virus type 1 (HIV-1) and
herpes simplex virus 2 (HSV-2) remains a persistent challenge to global health. It is

estimated that over 36 million and 500 million people worldwide are impacted by HIV-1
and HSV-2, respectively, with an estimated 5,500 new cases of HIV-1 infections each day
(1, 2). Moreover, studies have shown that HSV-2 increases the risk of HIV-1 acquisition
as much as 2- to 4-fold (3, 4). Despite ongoing efforts to reduce sexually transmitted
infections (STIs), women remain disproportionately affected by HIV and HSV-2, and to
date neither infection is curable (5).

In response to these challenges, recent efforts have focused on both oral and topical
preexposure prophylaxis (PrEP) with antiretroviral drugs (ARVs) to reduce the risk of
HIV-1 infection. However, the success of oral PrEP is dependent upon regimented
administration and corresponding user adherence, with adverse effects often resulting
from sustained use and the high doses of ARVs needed to achieve efficacy with oral
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PrEP (5, 6). In contrast, topical PrEP employs localized administration to the female
reproductive tract (FRT) and often necessitates lower administered doses. Yet current
topical PrEP delivery platforms, such as gels and films, have similarly struggled with low
user adherence in several clinical trials (7). In the FEM-PrEP and MTN-003 clinical trials,
which required patients to adhere to daily administration regimens, adherence was
evident in less than 40% and 57% of the study participants, respectively (8, 9),
prompting the consideration of new dosage forms. In addition, the use of traditional
ARVs has elicited concerns regarding drug resistance and toxicity (10, 11); moreover,
few ARVs are efficacious against both HSV-2 and HIV-1 infections, requiring the code-
livery of multiple active agents to provide dual-purpose protection. These limitations
have led to the development of new active agents and delivery platforms to provide
effective and dual-purpose prevention.

Given the challenges with ARVs, there has been a growing interest in the use of
biologics to prevent viral infections, particularly candidates that exhibit dual-purpose
protection against HSV-2 and HIV-1. Proteins such cyanovirin-N and scytovirin and
polysaccharides such as carrageenan have demonstrated moderate success in viral
inhibition by binding to viral glycoproteins (12). However, some of these biologics have
been shown to elicit inflammatory responses, which may limit the utility of these agents
for STI prevention (13). In recent work, the lectin griffithsin (GRFT) (14–19) has emerged
as one the most potent biological microbicide candidates, demonstrating efficacy in
the picomolar range against HIV-1. This potent efficacy is due to the ability of GRFT to
bind to multiple carbohydrates on the surface of viral glycoproteins gp120, gp41, and
gp160, thereby inhibiting virus entry and cell-to-cell transmission of HIV-1 (20). Fur-
thermore, GRFT has been shown to disrupt the cell-to-cell spread of HSV-2 and has
demonstrated efficacy in murine models of HSV-2 infection (21). Due to its outstanding
safety and efficacy in both human cells and murine models (22), GRFT is currently being
evaluated in clinical trials.

Similar to other active agents which have demonstrated efficacy against STIs, GRFT
formulations are currently being developed in the form of gels, tablets, and films.
However, these platforms may suffer from poor user adherence, seen specifically in gels
due to product leakage, which may contribute to reluctance to use prior to intercourse.
In fact, previously developed ARV (tenofovir) and biologic (carrageenan) gel combina-
tions have shown disappointing results in clinical trials specifically due to poor user
adherence (23, 24), suggesting the need for alternative dosage form options for
women. One potential solution is the development of a fiber-based platform, com-
posed of solid yet flexible materials, to minimize leakage, enable discreet administra-
tion, improve user adherence, and provide on-demand (administered within 24 h) dual
protection against HSV-2 and HIV-1 infections. Additionally, studies have shown that
fibers may increase the retention of incorporated agents within the reproductive tract
(25), potentially improving user preference and efficacy.

Within the past decade, fiber-based platforms have emerged as promising intravag-
inal delivery alternatives. In one of the first studies to develop fibers for intravaginal
application, cellulose acetate phthalate fibers demonstrated pH-responsive release of
tenofovir disoproxil fumarate (TDF) to inhibit HIV-1 infection (26). In other studies,
polymeric fibers and fiber blends provided high encapsulation of ARVs, including
maraviroc, raltegravir, and tenofovir, and sustained release for up to 30 days (27–32). In
addition, our group demonstrated short-term and sustained release of the antiviral
agents TDF and acyclovir to prevent HIV-1 and HSV-2 infections (33, 34). However, few
studies have focused on delivery vehicles that can deliver potent multipurpose bio-
logics like GRFT (21, 35, 36). Consequently, we have more recently focused on the
development of new biological options, including pH-responsive (37) and surface-
modified (38) fibers that incorporate GRFT, to inhibit both HSV-2 and HIV infections.

In this study, our goals were to develop rapid-release electrospun fibers that
incorporate the biologic GRFT to provide on-demand dual-purpose protection against
HIV-1 and HSV-2 infections in vitro and to demonstrate initial safety and efficacy against
HSV-2 infection in vivo. Rapid-release fibers, composed of polyethylene oxide (PEO),
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polyvinyl alcohol (PVA), and polyvinylpyrrolidone (PVP), were selected due to their
established biocompatibility, mucoadhesivity, and rapid dissolution in aqueous envi-
ronments (39–42). The ability of GRFT fibers to provide complete protection against
both HIV-1 and HSV-2 infections was demonstrated in vitro. Furthermore, the efficacy of
GRFT fibers was assessed in a murine model of lethal HSV-2 infection, and it was
demonstrated that a single application of PEO, PVA, or PVP GRFT fibers provided potent
protection when administered 4 h prior to infection. In addition, histology and cytokine
expression data, assessed from murine reproductive tissues and vaginal lavage samples,
demonstrated the preliminary safety of rapid-release GRFT fibers in vaginal tissue.

RESULTS
Fiber size and morphology. The morphology of blank and GRFT PEO, PVA, and PVP

fibers is shown in Fig. 1. All fibers demonstrated well-rounded fiber morphology, with
average diameters ranging from 220 to 507 nm (see Table S1 in the supplemental
material). The addition of 1% (wt/wt) GRFT to PEO and PVP fibers resulted in signifi-
cantly decreased diameters of 239 and 242 nm, while no statistical significance was
observed between blank PVA and 1% GRFT PVA fibers that shared similar diameters
regardless of GRFT incorporation. The addition of 10% (wt/wt) GRFT produced fibers
with diameters spanning 243 to 339 nm, demonstrating a statistically significant in-
crease in fiber diameter for 10% (wt/wt) GRFT PVA and PVP fibers relative to 1% (wt/wt)
GRFT PVA and PVP fibers. However, PEO fiber diameters remained unchanged with
additional GRFT incorporation. Within similarly loaded GRFT fibers, statistical signifi-
cance in fiber diameter was observed between the 10% GRFT PEO and PVA fibers, while
no statistical significance was observed across the 1% (wt/wt) GRFT formulations.

Fiber characterization. GRFT loading was assessed using an ELISA (Fig. 2). For 1%
(wt/wt) GRFT PEO, PVA, and PVP fibers, GRFT loading ranged from 7.4 to 9.7 �g
GRFT/mg fiber, exhibiting no statistical significance between formulations. For 10%

FIG 1 Scanning electron microscopy (SEM) images of blank (A to C), 1% (wt/wt) GRFT (D to F), and 10% (wt/wt) GRFT (G to I) fibers.
(A) 5% PEO blank fibers; (B) 20% PVA blank fibers; (C) 20% PVP blank fibers; (D) 5% PEO fibers incorporating 1% (wt/wt) GRFT; (E) 20%
PVA fibers incorporating 1% (wt/wt) GRFT; (F) 20% PVP fibers incorporating 1% (wt/wt) GRFT; (G) 5% PEO fibers incorporating 10%
(wt/wt) GRFT; (H) 20% PVA fibers incorporating 10% (wt/wt) GRFT; (I) 20% PVP fibers incorporating 10% (wt/wt) GRFT. Scale bars
represent 2 �m.
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(wt/wt) GRFT PEO, PVA, and PVP fibers, GRFT loadings were 84.8, 69.6, and 62.4 �g
GRFT/mg fiber, respectively, with PEO fibers demonstrating statistically higher loading
than PVP fibers. Correspondingly, the encapsulation efficiencies for each fiber formu-
lation ranged from 74.0 to 97.2% and from 62.4 to 84.2% for 1 and 10% GRFT fibers,
respectively, demonstrating consistently high GRFT loading and suggesting electro-
spinning compatibility between the polymer and lectin. There were no observable
trends between GRFT encapsulation efficiency and fiber diameters.

In vitro HIV-1 and HSV-2 inhibition from GRFT fibers. The dual-purpose antiviral
activity of 1% (wt/wt) GRFT fibers was determined using HIV-1 pseudovirus and HSV-2
plaque inhibition assays. For HIV-1 inhibition studies, all fibers demonstrated complete
and dose-dependent HIV-1 inhibition (Fig. 3A and B). The half-maximal inhibitory

FIG 2 GRFT loading in different hydrophilic fiber formulations. Eluates from GRFT fibers dissolved in PBS were used to determine GRFT
loading via ELISA. GRFT loading is expressed as the mean � standard deviation of triplicate readings of three independent fiber
batches. Statistical significance between fiber formulations with the same loading is shown (*, P � 0.05).

FIG 3 GRFT fibers demonstrate complete protection against in vitro HIV-1 and HSV-2 infections. Three independent
batches of 1% (wt/wt) GRFT fibers were assessed for the ability to inhibit HIV-1 infection. Fiber eluates were
incubated with cells 1 h (A) and 24 h (B) prior to HIV-1 infection. GRFT released from all three fiber formulations
achieved complete efficacy against HIV-1 infection, similarly to free GRFT. (C) In vitro HSV-2 plaque assays were
performed using 10% (wt/wt) GRFT fibers, which achieved complete efficacy against HSV-2 infection in vitro,
similarly to free GRFT. (D and E) Wells treated with GRFT fibers showed decreased plaque sizes and numbers (D)
relative to those of untreated (or blank fiber-treated [data not shown]) cells infected with HSV-2 (E). The percent
infection relative to untreated/infected control groups for both HIV-1 and HSV-2 assays is shown as the mean �
standard deviation of triplicate readings.
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concentration (IC50) values for PEO, PVA, and PVP fibers administered 1 and 24 h prior
to infection ranged from 17.3 � 7.2 to 26.7 � 7.7 ng/ml, compared to 24.1 � 15.6 and
22.8 � 12.2 ng/ml for free GRFT at 1 and 24 h, respectively (Table 1). No statistical
significance was observed between the IC50 values of GRFT PEO, PVA, and PVP fibers,
suggesting no differences in efficacy based on polymer type or as a function of
administration time with respect to cell infection. Moreover, similar inhibition values
relative to free GRFT indicate that the electrospinning process maintains the functional
activity of GRFT.

Plaque assays were used to assess the ability of GRFT fibers to inhibit HSV-2
infection. Fibers containing a higher concentration of GRFT (10% [wt/wt]) were evalu-
ated, due to the increased concentration of GRFT needed to inhibit HSV-2, relative to
HIV-1, infection. GRFT PEO, PVA, and PVP fibers demonstrated protection against HSV-2
infection equivalent to that of free GRFT (IC50, 25.5 � 0.5 �g/ml), with IC50s of
22.0 � 2.14, 16.6 � 0.92, and 21.0 � 2.4 �g/ml (Fig. 3C). No statistical significance in
efficacy was observed between GRFT fibers and free GRFT, except for PVA fibers, which
showed a lower IC50 value than that of free GRFT (P � 0.05 [Table 1]). Moreover,
administration of all GRFT fiber formulations resulted in decreases in both plaque
number and size relative to those of untreated/infected controls (Fig. 3D and E).

In vitro cytotoxicity. To assess the cytotoxicity of rapid-release fibers, 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assays were con-
ducted using VK2/E6E7 (VK2), Ect1/E6E7, End1/E6E7, TZM-bl, and Vero E6 cell lines. All
cell lines incubated with 1 and 10% (wt/wt) GRFT fibers demonstrated greater than 93%
viability after 24, 48, and 72 h of fiber administration, relative to untreated cells (Fig. 4).
No statistical significance in cell viability as a function of polymer type or GRFT loading
was observed.

In vivo efficacy against HSV-2 infection. The antiviral efficacy of rapid-release
GRFT fibers was assessed in a murine model of lethal HSV-2 infection. A single dose of
10% (wt/wt) GRFT fibers was intravaginally administered to female BALB/c mice,
followed by a single HSV-2 challenge with 5,000 PFU (90% lethal dose [LD90]), 4 h after
fiber insertion (Fig. 5A and B). Mice were evaluated daily for progression of HSV-2
infection for 14 days postinfection (Fig. 5C). Mice that were administered GRFT fibers
(PEO, PVA, or PVP) exhibited statistically significant decreases in HSV-2 infectivity, with
85, 95, and 100% survivability, respectively, in contrast to untreated infected controls
(5% survivability; P � 0.05), and exhibited protection comparable to that of free GRFT
(P � 0.05). Additionally, while the administration of blank PEO fibers imparted protec-
tion to 50% of mice, they demonstrated a statistically significant decrease in prevention
relative to that in GRFT fiber-treated (PEO, PVA, or PVP) or free GRFT-treated mice
(P � 0.05) and a statistically significant increase in protection relative to that in un-
treated infected mice (P � 0.05). Kaplan-Meier survival curves for each independent
experiment are shown in Fig. S1 in the supplemental material.

Another important finding from this study was the difference in infection progres-
sion between untreated/infected mice and mice treated with GRFT fibers (Fig. 6). The
first symptoms of HSV-2 infection in mice typically manifest 4 to 5 days postinfection,

TABLE 1 IC50 values from in vitro HIV-1 and HSV-2 infectivity assaysa

Fiber formulation 1-h HIV-1 IC50 (ng/ml) 24-h HIV-1 IC50 (ng/ml) 1-h HSV-2 IC50 (�g/ml)

PEO 17.9 � 5.4 17.3 � 7.2 22.0 � 2.1
PVA 26.7 � 7.7 21.7 � 14.8 16.6 � 0.9*
PVP 26.6 � 2.7 23.5 � 14.1 21.0 � 2.4
Free GRFT 24.1 � 15.6 22.8 � 12.2 25.5 � 0.5
aGRFT eluates from rapid-release fibers were assessed against HIV-1 and HSV-2 infections and compared to
free GRFT. Fibers demonstrated activity comparable to that of free GRFT. No statistical significance between
groups was observed in HIV-1 inhibition studies as a function of fiber formulation or with respect to
administration time. In HSV-2 plaque inhibition assays, GRFT PVA fibers demonstrated lower IC50 values
than other formulations and free GRFT-treated controls (P � 0.05). The average IC50 values are expressed as
the means � standard deviations. Statistical significance between GRFT PVA fibers and free GRFT is shown
(*, P � 0.05).
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during which time mice exhibit symptoms of localized swelling in the vaginal area and
decreased hind leg mobility. After 5 to 8 days, �75% of mice from the untreated
infected control group required euthanasia due to the rapid progression and severity
of infection. In contrast, all mice administered GRFT fibers (PEO, PVA, or PVP) or free
GRFT that exhibited symptoms showed decreased progression of infection relative to
that in untreated/infected mice over the same duration. The mice that did not survive
infection despite pretreatment with GRFT fibers or free GRFT (representing up to 15%
total mice) exhibited a more gradual progression of infection, requiring euthanasia 7 to
10 days instead of 5 to 8 days postinfection. The prolonged duration of viral quiescence
suggests that GRFT may provide partial protection against infection for the few mice
that exhibited overt signs of infection. In comparison, the administration of blank fibers
showed no change in progression of HSV-2 infection in mice relative to that in
untreated infected controls. Finally, for the few infected mice treated with free GRFT (1
of 20) or GRFT PVA fibers (2 of 20), initial symptoms disappeared near of the end of the
study. The decreased levels of infection in combination with the more gradual pro-
gression demonstrate the ability of GRFT fibers to protect against a lethal dose of HSV-2
after a single application.

FIG 4 The cytotoxicity of PEO, PVA, and PVP fibers administered to vaginal VK2/E6E7 (A), Ect1/E6E7 (B), End1/E6E7 (C), TZM-bl (D), and Vero E6 (E) cells for 24,
48, and 72 h was assessed using the MTT assay. Greater than 93% viability was observed across all cell lines for all fiber formulations.
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In vivo safety. To assess the in vivo safety of rapid-release platforms, fibers were
intravaginally administered to mice, and reproductive tissue and vaginal lavage sam-
ples were collected and analyzed 24 and 72 h following administration. Tissue samples
were evaluated for possible edema of muscle, interstitial, and epithelial tissue. In
addition, untreated and blank fiber-treated cervical and vaginal epithelia morphologies
were compared and assessed for possible keratinization and goblet cell presence.
Scores ranging from 1 to 4 were used to determine the severity of epithelial changes.
Figure 7 shows images of tissues collected 24 h after fiber administration. Extracted
tissues from untreated controls demonstrated compact squamous and cervical epithe-
lial tissue, with no evidence of edema or inflammation. Tissues treated with blank PEO,
PVA, and PVP fibers showed morphology and normality similar to those of untreated
controls (scores of 1 to 2). Furthermore, there was no increase in lymphocyte accumu-
lation in fiber-treated groups. Overall, the tissues from blank fiber-treated mice were
comparable to tissues from untreated mice; however, one PVA-treated sample exhib-
ited increased levels of mucin secretion and neutrophil presence (score 3), yet the
vaginal and cervical epithelia were intact (Fig. S2A).

FIG 5 Schematic timetable and Kaplan-Meier survival curves of in vivo HSV-2 efficacy study. (A) Sequence of murine
treatments over the course of the HSV-2 efficacy study. (B) Timeline of HSV-2 efficacy study. (C) GRFT fibers (10%
[wt/wt]) were assessed for the ability to protect mice against a lethal challenge (LD90) of HSV-2 infection (n � 20).
All GRFT fiber formulations demonstrated strong protection against HSV-2 infection, resulting in 85% to 100%
murine survivability. Blank fibers also demonstrated partial protection and showed significant survivability (50%),
relative to the untreated infected control group, but imparted significantly less protection than GRFT fibers and free
GRFT. In contrast, untreated infected mice demonstrated only 5% survivability. Statistical significance between
experimental groups is shown (*, P � 0.05).
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For nonoxynol-9 (N-9)-treated mice, a slight increase in neutrophil accumulation was
observed on the surface of the cervical squamous epithelium relative to that in
untreated controls, indicating minor topical damage (score range of 1 to 3). Murine
tissue from one N-9-treated mouse exhibited increased inflammation, due to the
presence of peripheral blood mononuclear cells, goblet cell fusions, and epithelial
disruption, resulting in a score of 3 (Fig. S2B). As for sham-treated mice, there was a
slight increase in neutrophil accumulation after 24 h in most samples relative to that in

FIG 6 Griffithsin fibers protect mice against HSV-2 infection. Mice were administered 10% (wt/wt) GRFT fibers 4 h prior to HSV-2 infection (LD90). Mice were
evaluated and scored for progression of infection once daily for 14 days postinfection. Infected mice were administered PEO (A), PVA (B), and PVP (C) GRFT fibers,
as well as free GRFT (D) or no treatment (E). Mice administered GRFT fibers and free GRFT exhibited decreased severity of infection, as well as more gradual
progression of infection, relative to that of untreated infected animals.

FIG 7 The in vivo safety of rapid-release fibers was assessed by intravaginally administering fibers for 24 h. Images
depict H&E-stained tissues of murine reproductive tracts exposed to no treatment (A), N-9 gel (B), and sham
treatment (C), as well as blank PEO (D), PVA (E), and PVP (F) fibers for 24 h. There was no indication of tissue
inflammation or epithelial disruption from fiber administration relative to the case with untreated controls.

Tyo et al. Antimicrobial Agents and Chemotherapy

June 2020 Volume 64 Issue 6 e02139-19 aac.asm.org 8

https://aac.asm.org


untreated controls (score range of 1 to 2), and one sham-treated replicate was noted
for widespread neutrophil accumulation, indicating tissue repair (score 3). However,
alterations present in both N-9- and sham-treated controls were not observed in 72-h
tissue samples (Fig. S3), perhaps indicating transitory damage.

Cytokine expression from murine FRTs and vaginal lavage samples was assessed 24
and 72 h after blank fiber administration. Cytokine expression was compared to those
in untreated, N-9-treated, and sham-treated mice based on previously published
guidelines, in which a significant level of intravaginal inflammation results in more than
a 2- to 5-fold increase in cytokine expression relative to that in untreated controls (22).
Figure 8 summarizes the results from the cytokine analysis; they show that blank fibers
do not induce proinflammatory or immune-regulatory cytokine expression. In fiber-
treated tissue and vaginal lavage samples, cytokine levels were found to be comparable
to those in tissue and washes collected from untreated control groups. Cytokine
expression levels were similar in both 24- and 72-h samples, with 11 of 13 cytokines
within a range of 2- to 5-fold expression of untreated controls. A few exceptions were
observed using the above criteria: vaginal lavage samples collected 24 h after PVA and
PVP fiber administration demonstrated a 5-fold increase in interleukin 1� (IL-1�)
expression, while vaginal tissue collected 24 h after PEO and PVP administration
demonstrated elevated levels of MIP-1� and MIP-2, respectively, relative to those in
untreated controls (P � 0.05). Additionally, vaginal tissue collected 72 h after PEO fiber
administration demonstrated a 6-fold increase in monocyte chemoattractant protein
(MCP-1) and MIP-1� expression relative to those in untreated controls (P � 0.05). For
sham-treated controls (sham treatment simulated the administration method via twee-
zers only), increased cytokine expression was observed in 24-h tissue (MIP-2), 24-h wash
(IL-1�), and 72-h wash (IL-6 and MCP-1) relative to that in untreated controls. N-9-
treated samples demonstrated an increase in MIP-2 expression in 72-h wash samples

FIG 8 Cytokine expression from extracted murine tissue and vaginal lavage samples collected 24 (A and
B) and 72 (C and D) h after fiber administration. Cytokine expression was assessed concurrently with
histology to determine the preliminary safety of rapid-release fibers in a murine model. Mice treated with
blank fibers expressed cytokine levels similar to those of untreated controls, indicating that the presence
of fibers does not induce inflammation or an inflammatory response (*, P � 0.05).
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only. Both IP-10 and gamma interferon (IFN-�) were undetected in vaginal lavage or
tissue samples. An enzyme-linked immunosorbent assay (ELISA) used to confirm IL-1�

levels showed similar results, in that blank fibers induced negligible increases in
cytokine expression relative to that in untreated controls (P � 0.05).

DISCUSSION

In this study, electrospun fibers composed of hydrophilic polymers were evaluated
as an alternative topical delivery platform to provide on-demand dual-purpose protec-
tion against HSV-2 and HIV-1 infections. GRFT PEO, PVA, and PVP fibers demonstrated
complete in vitro efficacy against both HIV-1 and HSV-2 infections and exhibited safety
comparable to that of free GRFT and untreated cells when tested in three vaginal cell
lines. Furthermore, GRFT fibers were efficacious in an in vivo HSV-2 infection model and
demonstrated preliminary safety by maintaining macrostructural histology and cyto-
kine expression similar to those in untreated mice. Moreover, fibers preserve the activity
of incorporated GRFT and substantiate the feasibility of electrospun fibers to provide an
efficacious alternative platform for the intravaginal delivery of griffithsin.

The antiviral lectin GRFT has been shown to potently inhibit a variety of viral
infections and has demonstrated particular promise in providing dual-purpose protec-
tion against HIV-1 and HSV-2 infections (20, 21). To date, GRFT has been primarily
developed as a gel dosage form (21); however, concerns surrounding gel administra-
tion, such as leakage and suboptimal user adherence in clinical trials, has prompted
research into alternative delivery platforms. Other recent work has begun to evaluate
the use of fast-dissolving inserts (FDIs) comprised of the gelling agents carrageenan,
hydroxyethyl cellulose, and xanthan gum (35, 36) for the delivery of active agents GRFT
and carrageenan. These inserts have shown promise in providing on-demand release of
agents, corresponding to immediate inhibition of simian-human immunodeficiency
virus (SHIV) infection in macaque models and HSV-2 and human papillomavirus (HPV)
inhibition in murine models. Another recent study examined the efficacy of
poly(lactide-co-glycolide) GRFT nanoparticles (NPs) (43) that coencapsulate the ARV
dapivirine and demonstrated synergistic protection against in vitro HIV-1 infections.
While these studies show the potential of alternative GRFT delivery platforms, they may
also be prone to challenges regarding leakage and ease of administration, prompting
the development of solid-dosage-form alternatives that may be easily and discreetly
administered to the FRT.

In this work, we envisioned a solid dosage form comprised of PEO, PVA, or PVP
polymers, due to their established mucoadhesivity, biocompatibility, and hydrophilicity
(44, 45). All three polymers have been used alone or in blends for drug delivery
applications, particularly for the delivery of proteins and biologics (46–52). In previous
intravaginal delivery studies, mucoadhesive polymers were explored to increase active
agent retention (44, 45). Specifically, one study investigated the use of PVA and PVP
fibers to increase nanoparticle retention in the murine reproductive tract (25), finding
that nanoparticles incorporated within fibers demonstrated a 30-fold increase in reten-
tion relative to free NPs (25). In addition, their established biocompatibility suggests
their potential for translation, particularly in the reproductive microenvironment. Fi-
nally, the hydrophilic properties of PEO, PVA, and PVP enable fiber fabrication using
aqueous solutions, which can help to retain GRFT (53) and potentially other biologic
activity. We anticipate that the mucoadhesive properties of these polymers will increase
GRFT retention within the FRT, thereby enhancing efficacy at potentially lower doses
than in other dosage forms such as gels or nanoparticles. Future studies will be
conducted to assess how mucoadhesion may enhance GRFT retention within the
reproductive tract.

In these studies, the goals were to develop and preliminarily assess the safety and
efficacy of rapid-release GRFT fibers in a murine model of HSV-2 infection. PEO, PVA,
and PVP fibers all demonstrated high GRFT loading in both the 1 and 10% (wt/wt) GRFT
formulations. These results are in agreement with those of other studies that have used
hydrophilic fibers to incorporate proteins and other hydrophilic agents (54, 55). The
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high encapsulation efficiency of these fibers is attributed in part to the favorable
interactions between GRFT and polymers, specifically hydrogen bonding via hydro-
philic functional groups (44). This high loading, and moreover the preservation of GRFT
activity, was further demonstrated in our in vitro efficacy studies, in which GRFT fibers
completely inhibited both HIV-1 and HSV-2 infections in a dose-dependent manner,
regardless of polymer formulation and with IC50 values similar to that of free GRFT.

Previous studies have shown that GRFT exhibits picomolar efficacy against HIV-1,
enabling 1% (wt/wt) GRFT fibers to completely prevent HIV-1 infection in vitro. How-
ever, the decreased number of oligomannose N-linked glycans present on the surface
of HSV-2 necessitates a higher dose of GRFT (21) and, correspondingly, GRFT fibers to
prevent HSV-2 infection in vitro. Despite these differences in GRFT potency against
HIV-1 and HSV-2, each fiber formulation provided complete, dual-purpose protection
against in vitro infections.

Based on these successes, we sought to assess the efficacy and safety after fiber
administration in a murine model of HSV-2 infection. In these studies, GRFT fibers were
administered 4 h prior to HSV-2 infection. This administration time was based on
surveys that studied women’s preferences for topical delivery platforms, showing that
an “ideal” platform should provide convenient and discreet administration and could
be applied hours prior to intercourse (56). In line with previous studies testing GRFT
gels (21), all three GRFT fiber formulations provided comparable or enhanced protec-
tion in efficacy (LD90) studies (85 to 100% survival) that was comparable to or better
than that achieved with free GRFT (85% survival). Moreover, the few mice that became
infected showed decreased weight loss and overall slower progression of HSV-2
symptoms relative to those in untreated infected controls, indicating that GRFT fibers
may reduce the severity of symptoms and alter the course of infection. This trend of
reduced severity and delayed progression was also observed in previous in vivo GRFT
studies, further validating the efficacy profile of GRFT fibers (18).

Interestingly, blank fiber administration protected up to 50% of total mice, suggest-
ing that physical fiber presence alone (or dissolved polymer) may provide a significant
level of barrier-like prevention against infections. Previous studies by our group have
demonstrated similar in vitro results, suggesting that the fiber itself may act as a barrier
to viral infection (34, 38). Future work will seek to better define the fiber characteristics
that contribute to this inhibition and utilize this information to improve fiber design.
We hypothesize that fibers may be fabricated to serve as physical barriers to limit viral
distribution within the FRT, in addition to providing release of incorporated active
agents.

Last, we acknowledge that regardless of the protection imparted by GRFT fibers (or
free GRFT), a small fraction of mice (averaging 1.3 and 3 mice of 20 for GRFT fiber- and
free GRFT-treated mice, respectively) became infected. Previous work has shown similar
results, which showed that free GRFT significantly reduces the incidence of infection
but may not impart complete protection within a sample group (21). Future work will
assess dose dependence and effects of different administration times of GRFT fibers on
in vivo prevention.

In addition to efficacy, it is critical that fibers are safe to administer and minimize
potential inflammatory responses (57, 58). All fiber formulations (PEO, PVA, and PVP)
exhibited initial safety in in vitro and in vivo experiments. Histological analyses suggest
the preliminary safety of these platforms in vivo, with the majority of fiber-treated tissue
showing no signs of cervical or vaginal epithelium disruption or increased neutrophil
accumulation relative to that in untreated controls. Additionally, cytokine expression in
fiber-treated mice tissues and vaginal lavage samples demonstrated values within the
normal range shown in previous studies, suggesting the biocompatibility of both
polymers and GRFT (22, 59). Although cytokine values from a few experimental and
sham control group tissues were elevated relative to those in untreated controls (as
seen with increased levels of IL-1� in PVA and PVP 24-h vaginal lavage samples and
increased expression of MCP-1 and MIP-1 in PEO 72-h tissue samples), these incidences
may have been due to either vehicle administration or the inherent variability of in vivo
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studies; however, future studies must be conducted to further determine this. Previous
studies have shown that inflammation is characterized by the overexpression of
multiple cytokines. For example, increased IL-1� expression is typically associated with
increased tumor necrosis factor alpha (TNF-�) or IL-1� expression (60–62); therefore,
the singular overexpression of IL-1� in both PVA and PVP 24-h lavage samples may not
be a sufficient indicator of inflammatory response. Additionally, PEO 72-h tissue sam-
ples demonstrated increased expression of both MCP-1 and MIP-1, which causes
increased localization of neutrophils (63–65); however, no increased neutrophil accu-
mulation was observed in histology samples during this period.

In comparison to experimental groups, the sham-treated control group, in which
sterile tweezers were used to mimic the method of fiber administration, showed
cytokine profiles similar to those of blank fiber-treated tissue, with a slight increase in
neutrophil accumulation in some histological sample replicates. These results suggest
that this method of delivery may cause damage to the murine reproductive tract. While
previous studies used positive displacement pipettes to intravaginally administer rolled
fibers, the amount of fiber administered with this method is limited (25). We believe
that the method of administration may be partially responsible for the observed
increased cytokine expression, as well as the increased neutrophil accumulation seen in
one of the blank PVA histology replicates (Fig. S2A). Future studies will be conducted
using alternative methods of fiber administration to assess the impact of administration
methods and to more closely represent more commonly used tampon-like administra-
tion packages. Moreover, a more in-depth safety study may be conducted in future
work to evaluate the dose-dependent safety profile of rapid-release fibers in combina-
tion with GRFT.

Concurrent with testing rapid-release GRFT fibers, N-9 gel was used as a positive
control in our in vivo safety studies (21). However, histology samples showed that a
single administration of N-9 only marginally increased neutrophil accumulation in
tissue, and no marked increase was observed in cytokine expression relative to that in
untreated or blank fiber-treated mice (Fig. 7 and Fig. S2B and S3). Previous studies using
N-9 gels have shown that a single administration may result in transient damage within
murine reproductive tissue, with the highest severity 4 h postadministration, followed
by nearly complete recovery after 24 h (66). This correlates with our in vivo safety
results, in that mice given a single application of N-9 gel showed minimal damage at
the time points assessed (24 and 72 h). Future studies will assess long-term safety using
multiple administrations of GRFT fibers and N-9 gel.

While we acknowledge the lack of a GRFT fiber group in these initial toxicity studies,
we predict that GRFT fibers will exhibit safety profiles similar to that observed with free
GRFT based on several factors. First, our in vitro safety assays that tested 10% (wt/wt)
GRFT fibers (at 2.5 mg/ml) showed no decrease in viability across 5 different cell lines
following GRFT fiber administration. Moreover, previous studies have already demon-
strated the longer-term safety of free GRFT within a range of concentrations (0.05 to
0.25 mg of GRFT and 1 to 4 �M GRFT) both in vitro and in vivo with multiple admin-
istrations for up to 2 weeks (22, 67). We would expect that in vivo GRFT fibers with
similar dosages (here 5-mg fibers equating to 0.5 mg of GRFT) will provide results
similar to those of our in vitro and previously described in vivo safety assays.

From a polymer perspective, previous studies have shown that the administration of
polymers or agents that induce an inflammatory response within the FRT typically
result in increased viral infection (68). In contrast, our studies demonstrated that blank
rapid-release fibers decreased HSV-2 infection in mice compared to that in untreated
infected mice, indicating that polymer alone will not contribute to infectivity. Moreover,
for the GRFT fiber groups, mice demonstrated prolonged survival relative to those with
both blank fibers and untreated infected controls as well, providing some indication of
decreased susceptibility and less inflammation. The safety results from our blank fibers
are in line with the established biocompatibility and FDA approval of these polymers
for active-agent delivery (69–71).

In these studies, we have fabricated rapid-release GRFT fibers to provide on-demand
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protection against HIV-1 and HSV-2 infections and have demonstrated the preliminary
safety of GRFT fibers. Our goal is to create a delivery platform providing women an
alternative viable solid dosage form that offers dual protection against STIs. Based on
our cytokine work, future preclinical studies will explore alternative administration
methods to ensure that platform administration does not enhance susceptibility to viral
infection or cause off-target effects. Furthermore, the interaction between rapid-release
fibers and the vaginal mucosa may be investigated to fully rule out the potential of
these platforms to elicit cytotoxic effects, while additional studies will examine the
window of protection and dose-dependent response imparted by challenging with
HSV-2 at different time points with respect to fiber administration. Moreover, we
anticipate that GRFT fibers may enhance retention within the reproductive tract, and in
future work, we plan to study the retention and pharmacokinetics of GRFT delivered
from these fibers after different durations and how these concentration profiles relate
to protection. Last, we anticipate that these rapid-release fibers may be used as a
foundation to develop sustained-release multilayered fibers, which may provide ex-
tended release, decreased doses, and potentially increased user adherence relative to
existing delivery platforms.

MATERIALS AND METHODS
Materials. PEO (molecular weight [MW], 600,000), PVA (87 to 90% hydrolyzed; MW, 30,000 to 70,000),

and PVP (MW, 1,400,000) were purchased from Sigma-Aldrich (St. Louis, MO). Organic solvents, including
dimethyl sulfoxide (DMSO), were also purchased from Sigma-Aldrich. Cell culture media and reagents,
including Dulbecco’s modified Eagle medium (DMEM), minimum essential medium (MEM), fetal bovine
serum (FBS), penicillin, streptomycin, and HEPES, were purchased from VWR (Radnor, PA). Keratinocyte
serum-free medium (KSFM) and gentamicin were purchased from Thermo Fisher (Hampton, NH).
Griffithsin stock solution (12.0 mg/ml in phosphate-buffered saline [PBS]) was manufactured in Nicotiana
benthamiana following methods previously described by our group (15, 72).

Cell lines and virus. TZM-bl cells, obtained from the National Institutes of Health (NIH) AIDS Reagent
Program, were used to assess in vitro HIV-1 infectivity. TZM-bl cells are engineered HeLa cells that express
CD4, CCR5, and CXCR4 receptors and contain a Tat-driven luciferase gene, which is activated by HIV-1
infection and permits sensitive and accurate measurements of infection. TZM-bl cells are highly permis-
sive to infection by most strains of HIV and molecularly cloned Env-pseudotyped viruses. TZM-bl cells
were cultured in DMEM containing 10% FBS, 25 mM HEPES, and 50 �g/ml of gentamicin.

The Env-pseudotyped HIV-1 was produced in-house by transducing HEK-293T/17 cells with both an
envelope (Env)-expressing plasmid (CCR5-tropic clade A strain Q769.h5) and an Env-deficient HIV-1
backbone vector (pNL4.3ΔEnv-Luc). Both plasmids were obtained from the NIH AIDS Reagent Program
(catalog numbers 11884 and 3418). HEK-293T (human embryonic kidney) cells were purchased from the
ATCC (Manassas, VA). Cells were maintained in MEM supplemented with 10% FBS, penicillin (100 �g/ml),
and streptomycin (100 �g/ml).

HSV-2 infection was assessed in plaque assays in Vero E6 cells (African green monkey kidney cells).
HSV-2 (4674) was kindly provided by Betsy Herold from Albert Einstein College of Medicine. Cells were
maintained in MEM supplemented with 10% FBS, penicillin (100 �g/ml), and streptomycin (100 �g/ml).

Finally, vaginal keratinocyte (VK2/E6E7), ectocervical (Ect1/E6E7), and endocervical (End1/E6E7) cell
lines, as well as TZM-bl and Vero E6 cell lines, were used to assess fiber cytotoxicity (all vaginal cells were
originally from the ATCC). VK2/E6E7 (VK2), Ect1/E6E7 (Ect1), and End1/E6E7 (End1) are well-characterized
immortalized cell lines derived from normal human vaginal, ectocervical, and endocervical epithelia,
respectively, which are representative of the cell types found within the FRT. Cells were maintained in
KSFM supplemented with recombinant human epidermal growth factor (0.1 ng/ml), bovine pituitary
extract (50 �g/ml), calcium chloride (0.4 mM), and 1% penicillin and streptomycin (100 �g/ml each).
During cell trypsinization, plating, and counting, cells were neutralized with 1:1 DMEM-KSFM (with 10%
FBS and 1% penicillin/streptomycin [100 �g/ml each]).

Rapid-release-fiber fabrication. Hydrophilic polymer solutions were fabricated by first weighing
polymer into a glass scintillation vial and incubating it overnight in 1 ml of Milli-Q water. To create PVA
and PVP fibers with well-defined morphologies, 200 mg of either PVA or PVP were added to 1 ml of
Milli-Q water (20% [wt/vol] solution), while PEO fibers were fabricated by adding 50 mg of polymer to
1 ml of Milli-Q water (5% [wt/vol]). Blank fibers were electrospun with a mandrel-to-syringe distance of
20 cm, flow rate of 0.2 to 0.3 ml, and a voltage of 15 kV. The flow rate and voltage were changed to
0.2 ml/h and 25 kV for 1 and 10% (wt/wt) (GRFT-to-polymer weight ratio) GRFT fibers.

Fiber morphology. The morphology of blank PEO, PVA, and PVP fibers, as well as 1% and 10% GRFT
(wt/wt) PEO, PVA, and PVP fibers, was assessed using scanning electron microscopy (SEM). After
electrospinning, fibers were dried for 24 h in a desiccator, cut into 5-mm pieces, and placed on
double-sided adhesive carbon tabs (Ted Pella Inc., Redding, CA), which were adhered to aluminum stubs.
The adhered fiber pieces were sputter coated with a thin gold alloy film using a Bio-Rad (Hercules, CA)
E5100 sputter coat system. The coating process was operated for 90 s at 20 mA. Multiple SEM images
were acquired using a Supra 35 SEM (Zeiss, Oberkochen, Germany), with images captured under an
accelerating voltage of 8 kV and using an average magnification of �1,000 to �5,000. The average fiber
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diameter was determined with ImageJ software (NIH, Bethesda, MD), and a minimum of 50 fibers were
assessed per image.

Fiber characterization. To assess GRFT loading, PEO, PVA, and PVP fibers were weighed (3 to 5 mg)
into separate 1.5-ml Eppendorf tubes, followed by the addition of 1 ml of PBS. After 1 to 2 min, the
dissolved fiber solutions were vortexed and analyzed using ELISA to quantify GRFT loading and
encapsulation efficiency (defined as [actual loading/theoretical loading] � 100).

The ELISA was conducted using 96-well Nunc Maxisorp plates as previously described (37). Briefly,
plates were first prepared by coating wells with 100 �l of gp120 (250 ng/ml) in PBS and incubating them
overnight at 4°C. Afterward, the coating buffer was removed and 300 �l of blocking buffer, consisting of
PBS with 0.05% (vol/vol) Tween 20 (PBST) and 3% (wt/vol) bovine serum albumin, was added to each
well. Plates were incubated at room temperature for 2 h and then washed three times with PBST using
a Multiwash III plate washer (Gardner Denver, Milwaukee, WI). One-hundred-microliter volumes of GRFT
standards (ranging from 0.2 to 120 ng/ml) and loading extracts were added to each well and incubated
for 1 h h at 37°C. Dilutions of goat anti-GRFT primary antibody (1:10,000, provided by Kenneth Palmer,
University of Louisville) and rabbit anti-goat IgG-horseradish peroxidase (HRP) secondary antibody
(1:20,000; Sigma-Aldrich) were added in volumes of 100 �l and each incubated for 1 h at 37°C to detect
bound GRFT. Finally, 100 �l of KPL SureBlue tetramethylbenzidine (TMB) microwell peroxidase substrate
(Sera Care, Milford, MA) was added to each well for 90 s, and the reaction was quenched with the
addition of 100 �l of 1 N H2SO4 (Thermo Fisher, Waltham, MA). Plate absorbance was measured at
450 nm on a Synergy HT reader (BioTek, Winooski, VT). Data were analyzed using Prism (version 6.0;
GraphPad Software, La Jolla, CA).

In vitro HIV-1 pseudovirus inhibition assay. The antiviral activity of GRFT fibers against HIV-1 was
measured using an in vitro HIV-1 pseudovirus inhibition assay. As previously described (33, 37, 38), HIV-1
inhibition was determined as a function of reduction in luciferase reporter gene expression after a single
round of infection in TZM-bl cells. The optimal virus dilution was established prior to the experiments to
yield �100,000 relative luminescence units (RLUs).

Briefly, 1% GRFT fibers (�3 to 5 mg) were first dissolved in sterile PBS, followed by serial dilutions (1:2)
with DMEM to a final volume of 50 �l within a 96-well plate. Rapid-release-fiber eluates and eluate
dilutions were used in both HIV-1 and HSV-2 in vitro antiviral assays due to their rapid dissolution time
(�1 min) and to provide more accurate dosing for viral inhibition experiments than that obtained by
using a series of smaller fiber samples. TZM-bl cells (10,000 cells in 100 �l of DMEM with 10 �g/ml of
DEAE-dextran) were subsequently added to each well, followed by the addition of 50 �l of diluted HIV-1
pseudovirus. Cells were then incubated at 37°C for 48 h. Dilutions of free GRFT (stock concentration,
50 �g/ml) ranging from 15 pg/ml to 120 ng/ml were similarly prepared for comparison.

After 48 h, 100 �l of culture medium was carefully removed from each well. Luminescence was
measured using the Bright-Glo luciferase assay system (Promega Corporation, Madison, WI) by adding
100 �l of Bright-Glo reagent solution to each well for 5 min. Plates were read via luminescence by the
Synergy HT reader (BioTek). All RLU values were corrected by subtracting the RLU of untreated
uninfected cells from the sample RLUs (treated infected cells). The percent virus inhibition was deter-
mined by normalizing the corrected RLUs of treated infected cells to those of corrected untreated
infected cells: percent infection � [(sample RLU – untreated uninfected cells)/(untreated infected cells –
untreated uninfected cells)] � 100. The antiviral activity of GRFT fibers is reported as the half-maximal
inhibitory concentration (IC50), which was calculated by comparing the untreated infected corrected
control RLUs to the corrected RLUs of sample dilutions.

In vitro HSV-2 plaque assay. HSV-2 plaque assays were conducted to evaluate the in vitro efficacy
of 10% (wt/wt) GRFT fibers against HSV-2 infection as previously described (33). Briefly, Vero E6 cells were
seeded at 600,000/well in a 6-well flat-bottom plate (50% confluence) and grown for 24 h to confluence.
Prior to cell infection, 10% (wt/wt) GRFT fibers (30 mg) were dissolved in 20 ml of complete plating
medium (1% FBS–MEM). Once the cells were fully confluent, the growth medium was removed and
replaced with 2 ml of GRFT fiber eluate dilutions, followed by HSV-2 infection (3,000 PFU per well) 1 h
later. Free GRFT (2,000 �g/ml), corresponding to the concentration necessary to provide complete HSV-2
inhibition, was used as a positive control for inhibition, in addition to untreated uninfected cells.
Untreated infected cells were used as a negative control of inhibition.

Subsequent to HSV-2 infection, plates were incubated for 48 h at 37°C, all medium was removed, and
cells were fixed with 1.5 ml of methanol for 10 min. Afterward, 0.1% crystal violet was applied for 30 min
to stain the plaques. Finally, plates were washed with Milli-Q water, and plaques were counted after
drying. Plaque numbers from experimental groups were normalized relative to the number of plaques
in untreated infected cells (�280 to 300 plaques per well). Samples were analyzed in triplicate, and
GraphPad Prism software was used to determine the IC50 values and compare the IC50 values of GRFT
fibers to that of free GRFT.

In vitro cytotoxicity. Vaginal epithelial (VK2/E6E7), ectocervical (Ect1/E6E7), and endocervical (End1/
E6E7) cells, as well as TZM-bl and Vero E6 cells, were administered either blank or GRFT fibers to assess
in vitro safety. Cells were plated at a density of 50,000/well in 96-well plates and incubated in triplicate
with 0.5-mg fiber pieces placed in the solution (2.5-mg/ml final concentration). While fiber pieces were
administered to assess the potential toxicity of the solid dosage form, fibers rapidly dissolved into the
surrounding medium within �1 min. No treatment (medium alone) and 10% DMSO were used as
positive and negative controls of cell viability, respectively. After 24, 48, and 72 h, 20 �l of MTT reagent
was added to the cells and incubated for an additional 4 h, followed by overnight lysis with the addition
of 100 �l of lysis buffer (10% sodium dodecyl sulfate in 0.01 M hydrochloric acid). Absorbance
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measurements (570 nm) were taken the following day. All sample absorbance values were normalized to
untreated cell absorbance to obtain percent viability.

In vivo efficacy against a lethal dose of HSV-2 infection. All in vivo experimental procedures were
approved by the University of Louisville’s Institutional Animal Care and Use Committee (IACUC 17135)
prior to testing. All animal studies were conducted using 5-week-old female BALB/c mice (Jackson
Laboratory, Bar Harbor, ME) to evaluate the efficacy and safety of GRFT fibers. For efficacy studies, mice
were administered either blank or GRFT fibers (5 mg) that were UV sterilized for 15 s (Table 2). Mice were
subcutaneously injected with 3 mg of Depo-Provera (Revive, Madison, NJ) to induce the diestrous stage
of their cycle, 5 days prior to fiber administration.

To determine the efficacy of GRFT fibers against HSV-2 infection, mice were administered a single
dose of either GRFT PEO, PVA, or PVP fibers or a control. For efficacy experiments, a total of 20 mice were
used per treatment group, across 4 independent studies, each with 5 mice. Four hours after fiber
administration, mice were challenged with HSV-2 (20 �l; LD90, 5,000 PFU). Untreated infected mice were
used as positive controls for infection, while untreated uninfected mice and infected mice treated with
free GRFT (20 �l of 1,000 �g/ml, equivalent to 20 �g GRFT) served as negative controls. Free GRFT doses
were based on previous studies with GRFT gels that were shown to provide in vivo protection against
HSV-2 infection (21). Blank PEO fibers were administered as an additional control group in efficacy
studies. Mice were monitored daily for 14 days after HSV-2 challenge using an established 4-point scale
to monitor the progression of viral infection (22, 73). Each day, mice were weighed and examined for
signs of neurological and epithelial damage. After the 2-week period following HSV-2 challenge, mice
were euthanized and Kaplan-Meier survival curves were generated. Log-ranked post hoc tests were
conducted to assess the statistical significance between groups.

In vivo safety. To assess the safety of fiber administration, two separate studies were conducted to
assess tissue histology and cytokine expression in murine reproductive tracts following fiber adminis-
tration. Similar to the case with efficacy experiments, mice were subcutaneously injected with 3 mg of
Depo-Provera 5 days prior to fiber administration. Both histology and cytokine studies used 3 mice per
treatment group per time point to evaluate the preliminary safety of fiber administration. Afterward,
UV-sterilized blank fibers (5 mg) were intravaginally administered to mice under isoflurane anesthesia
using sterile tweezers. Treatment groups included mice administered blank PEO, PVA, or PVP fibers, while
control groups included untreated mice or mice treated with 20 �l of free GRFT in PBS (1,000 �g/ml) or
40 �l of Conceptrol gel. An additional sham control was used to mimic fiber administration using
tweezers alone. Mice (n � 3 per time point) were euthanized 24 or 72 h after fiber administration, and
mouse reproductive tracts and vaginal lavage samples were collected and stored at – 80°C following
euthanasia.

In the first study, the structural integrity of collected reproductive tracts was evaluated using
histological analysis. First, tissue samples were washed with PBS, followed by fixation with 4% parafor-
maldehyde. Samples were then embedded in a paraffin block and stained with hematoxylin and eosin
(H&E; staining was performed by the Pathology Core Research Laboratory at the University of Louisville).
Sample cross sections (n � 3 per group per time point) were analyzed by a pathologist blinded to the
treatment groups.

A separate study was conducted to determine cytokine levels after blank fiber administration. All
murine reproductive tracts and vaginal lavage samples were assessed using a Luminex assay. First, 20 �l
of T-Per solution (Thermo Fisher) containing 1% Halt protease inhibitor cocktail (Thermo Fisher) was
added per milligram of reproductive tissue. Approximately 20 zirconia/silica beads (BioSpec Productions)
were added to each sample, followed by homogenization at 4,500 rpm for 180 s using Precellys 24
homogenizer (Bertin, France). Homogenized samples were cooled on ice for 5 min and centrifuged at
10,000 � g at 4°C for 5 min. Afterward, sample supernatants were collected, aliquoted, and stored at
– 80°C for further study. Prior to conducting the Luminex assay, interleukin-1� (IL-1�) levels were tested
in reproductive tissue samples using specific ELISA Ready-SET-Go! kits (Thermo Fisher). Finally, Luminex
assays were used to quantify the cytokine levels in collected mouse tissue and lavage samples. Cytokines,
including granulocyte colony-stimulating factor (G-CSF), IFN-�, IL-1�, IL-1�, IL-2, IL-6, IP-10, MCP-1,
MIP-1�, MIP1-�, MIP-2, and tumor necrosis factor alpha (TNF-�), were selected based on previous studies
that examined these markers for intravaginal inflammation and damage (21, 22).

Statistical analysis. Unless otherwise noted, all in vitro experiments were conducted in triplicate,
with a minimum of 3 replicates per sample (n � 3). Statistical analysis of samples assessing fiber
morphology, fiber characterization, in vitro assays, and in vivo safety studies was performed by using
one-way analysis of variance (ANOVA) with the Bonferroni post hoc test (P � 0.05). For murine studies
assessing viral efficacy, log-ranked post hoc tests were conducted to assess statistical significance as a
function of treatment group and survival outcome.

TABLE 2 GRFT doses administered in fibers or gel during in vivo HSV-2 infectivity studies

Formulation name
Amt of vehicle
administered per mouse

Total GRFT administered
based on loading (�g)

GRFT PEO 5 mg of fiber 420
GRFT PVA 5 mg of fiber 350
GRFT PVP 5 mg of fiber 312
0.1% (wt/vol) GRFT solution 20 �l in PBS 20
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