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Abstract

Polyanionic macromolecules including carboxylate-terminated polymers (polycarboxylates) are
capable of inhibiting sexually transmitted viruses such as human immunodeficiency virus (HIV)
and herpes simplex virus (HSV). Cellulose acetate phthalate (CAP), a pharmaceutically acceptable
pH-sensitive polycarboxylate polymer, showed promising prophylactic activity against HIV and
HSV, but the instability of CAP in an aqueous environment prevented its clinical development.
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Interestingly, several pharmaceutically acceptable polycarboxylates have features similar to CAP
with an aqueous stability significantly higher than that of CAP. However, their activity against
sexually transmitted viruses remains unexplored. Here, we evaluate the activity of various
polycarboxylates such as polyvinyl acetate phthalate (PVVAP), various grades of hydroxypropyl
methylcellulose phthalate (HPMCP-50, HPMCP-55, and HPMCP-55S), and various grades of
methacrylic acid copolymers (Eudragit L100-55, Eudragit L100, Eudragit S100, and Kollicoat
MAE 100P) against HSV. We, for the first time, demonstrate that PVAP, HPMCP-55S, and
Eudragit S100 have activity and selectivity against HSV-1 and HSV-2. Further, we report that
polycarboxylates can be easily transformed into nanoparticles (NPs) and in the nanoparticulate
form, they show similar or enhanced activity against HSV. Finally, using PVAP NPs, as a model,
we demonstrate using in vitro HSV therapy studies that polycarboxylate NPs are capable of
synergizing with antiviral drugs such as acyclovir (ACV), tenofovir, and tenofovir disoproxil
fumarate. Thus, pharmaceutically acceptable carboxylic acid-terminated polymers and their NPs
have the potential to be developed into topical formulations for the prevention and treatment of
HSV infection.
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Natural and synthetic polyanionic macromolecules have been explored for their broad-
spectrum antiviral activity for more than 5 decades.14 Over the years, several polyanionic
macromolecules have been evaluated in preclinical studies for their potential to prevent
infection from sexually transmitted viruses such as human immunodeficiency virus (HIV),
herpes simplex virus (HSV), and human papillomavirus (HPV).> More specifically, natural
and synthetic polysulfonated anionic macromolecules such as carrageenan, cellulose sulfate,
polystyrene sulfonate, and polynaphthalene sulfonate (PRO-2000) were developed into
topical (vaginal) formulations and evaluated in clinical trials as a prophylactic modality for
the local prevention of sexually transmitted viral infections.> However, the clinical trials
have failed to establish the efficacy of topically applied polysulfonated anionic
macromolecules to prevent infection from sexually transmitted viruses.> Moreover, some of
the clinical trials on topically applied polysulfonated anionic macromolecules were halted
due to increased acquisition of HIV potentially due to their toxicity to the cervicovaginal
barrier.>
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The carboxylate-terminated polymers have been shown to be effective against viruses and
more tolerable to cells than clinically evaluated polysulfonate polymers almost 5 decades
ago.2 In general, polycarboxylates, like other polyanionic molecules, are anticipated to exert
an antiviral effect by inhibiting the entry of the virus into the cells. While the mechanism of
action of polycarboxylates against HIV has been well-studied in the past,® their mode of
action against HSV remains relatively underexplored. Previous studies on
poly(hydroxy)carboxylates suggest that polycarboxylates could interact with cationic
domains of HSV glycoproteins gB and gC which will further prevent the interaction of the
HSV with heparan sulfate proteoglycans on the cell surface.’

Cellulose acetate phthalate (CAP) is an FDA-approved carboxylate-terminated pH-sensitive
polymer mainly used for the enteric coating of oral formulations to prevent the premature
release of the drugs in the stomach.® Interestingly, CAP, being a polycarboxylate, is also
capable of inhibiting HIV and HSV.%-11 Importantly, CAP has shown greater safety to
human cervical explants compared to polysulfonated macromolecules such as PRO-2000.12
The mechanism of action of CAP against HIV has been well studied, and the preclinical
efficacy of CAP to prevent HIV and HSV infections has also been established.1911 Although
preclinical studies on CAP showed considerable promise, the long-term instability of CAP
in an aqueous environment limited the development of clinically viable and stable aqua-
based topical formulations for the prevention of sexually transmitted viral infections.13

Apart from CAP, several FDA-approved carboxylate-terminated pH-sensitive polymers that
have similar features and a higher aqueous stability than that of CAP are available, and their
activity against sexually transmitted viruses remains unexplored. In this investigation, we
focused on the antiviral activity evaluation of various FDA-approved carboxylate-terminated
pH-sensitive polymers such as polyvinyl acetate phthalate (PVVAP), various grades of
hydroxypropyl methylcellulose phthalate (HPMCP-50, HPMCP-55, and HPMCP-55S), and
various methacrylic acid copolymers such as Eudragit L100-55, Eudragit L100, Eudragit
S100, and Kollicoat MAE 100P (Figure 1). More specifically, we focused on the exploration
of the activity of polycarboxylates against HSV which is responsible for herpes genitalis, a
sexually transmitted viral infection that affects more than 500 million individuals globally.14

We, for the first time, demonstrate that PVAP, HPMCP-55S, and Eudragit S100 have activity
and selectivity against HSV type-1 (HSV-1) and HSV type-2 (HSV-2). Our HSV
neutralization studies show that PVAP is specifically active against HSV-1, Eudragit S100 is
specifically active against HSV-2, and HPMCP-55S is active against both HSV-1 and
HSV-2. Our studies also demonstrate that PVAP, HPMCP-55S, and Eudragit S100 are
capable of treating HSV infection in vitro. To our knowledge, this is the first study that
reports the potential of polycarboxylates for HSV treatment. Further, we report that FDA-
approved polycarboxylates can be easily transformed into nanoparticles (NPs) and, in the
nanoparticulate form, they show similar or enhanced activity against HSV. Finally, using
PVAP NPs as a model, we demonstrate that polycarboxylates are capable of synergizing
with antiviral drugs such as acyclovir (ACV), tenofovir, and tenofovir disoproxil fumarate
(TDF) in in vitro HSV therapy studies. Thus, FDA-approved carboxylic acid-terminated
polymers and their NPs have the potential to be developed into topical formulations for the
prevention and treatment of HSV infection.
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FDA-Approved Polycarboxylate Polymers Have Varied Antiviral Efficacies against HSV-1

and HSV-2.

In order to first understand whether the polymers themselves have any antiviral activity
associated with them, we performed two key treatments, namely, neutralization and therapy.
In the neutralization experiment, the polymers were mixed with the viruses prior to their
addition to human corneal epithelial cells (HCEs) or HelLa cells to determine whether the
polymers attach to the viruses and curb their entry into the host cell. In the therapeutic
treatment assays, viruses were allowed to infect the cells prior to the addition of polymers to
the infected cells. At the end of 24 h post-infection (hpi), whole-cell lysates were analyzed
via plaque assays conducted on confluent monolayers of Vero cells. Our preliminary studies
showed that, at a concentration of 2250 g/mL, all polymers including CAP exhibited partial
activity against HSV-1 and/or HSV-2 but PVAP, HPMCP-55S, and Eudragit S100 showed a
relatively greater effect (data not shown). Our results from the neutralization experiments
indicate that, among various FDA-approved carboxylate-terminated polymers, PVAP,
HPMCP-55S, and Eudragit S100 have activity against HSV (Figure 2A and B).

Interestingly, PVAP was only active against HSV-1 and it showed dose-dependent and
significant activity at all tested concentrations (Figure 2A). The HPMCP-55S was
significantly effective against HSV-1 at 200 and 100 wg/mL but showed no activity at 50
g/mL. Interestingly, HPMCP-55S retained its antiviral activity against HSV-2 neutralization
with greater efficacy than HSV-1 (Figure 2B). Finally, Eudragit S100 showed a significant
reduction in HSV-2 viral load through neutralization assays at all concentrations (Figure
2B); however, it had no discernible activity against HSV-1 (Figure 2A).

We also sought to determine the therapeutic potential of polycarboxylate polymers in vitro.
Therapeutic treatments using the polymers on HSV-1 infected HCEs showed no discernible
antiviral activity (Figure 2C) when compared to the untreated control group. However,
Eudragit S100 and HPMCP-55S showed significant therapeutic efficacy against HSV-2 at
500 and 250 g/mL concentrations (Figure 2D).

Development and Characterization of Polycarboxylate NPs.

We used a simple and scalable nanoprecipitation method to develop nanoformulations of
FDA-approved carboxylate-terminated polymers. We kept the concentration of polymer and
stabilizer constant in all nanoformulations to maintain uniformity. The size, polydispersity
index, and zeta potential of polymeric NPs considerably changed with the change in the
polymer. The size of all of the polymeric NPs was less than 125 nm and the polydispersity
index was less than 0.25 (Figure 3), which indicated uniformity of NPs. All NPs exhibited
negative zeta potential values due to the presence of carboxylic acid end groups. All of the
nanoformulations showed good colloidal stability for at least 2 weeks (data not shown).

Transformation of the Polycarboxylates into NPs Improves the Antiviral Efficacy.

The NPs of the polycarboxylates were tested in a manner similar to their regular polymer
counterparts through neutralization and therapeutic assays. As expected, PVAP NPs and
HPMCP-55S NPs showed antiviral efficacy against HSV-1 (Figure 4A), while Eudragit
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S100 NPs and HPMCP-55S NPs showed antiviral efficacy against HSV-2 (Figure 4B and
D). The polycarboxylate NPs did not show therapeutic activity against HSV-1 (Figure 4C).
While the difference between the regular polymers and their nanoformulations is minor at
higher concentrations, PVAP NPs showed a significant reduction in viral load (>3 log1o-
fold) at 50 pg/mL concentration when compared to its regular polymer counterpart against
HSV-1 infection. Eudragit S100 NPs and HPMCP-55S NPs showed half logyo-fold
reduction across all the concentrations against HSV-2 through neutralization treatment,
while therapeutic treatment with the same polymers showed 1 log;p-fold decrease in viral
load across all concentrations in their nano form compared to regular polymeric
counterparts.

Polymeric NPs Are Highly Tolerable in Vitro.

Given the variability in antiviral efficacy between the polymers, we sought to understand
whether any of them caused significant toxicity which would indirectly be responsible for
lower viral load. To test this hypothesis, we first tested the tolerability of various
concentrations of PVAP NPs, HPMCP-55S NPs, Eudragit S100 NPs, and Kollicoat MAE
100 NPs on HelLa cells. P\VAP NPs showed a slight reduction in cell viability at 250 zg/mL
or higher concentration especially after 48 h of treatment (Figure 5A) whereas NPs of
HPMCP-55S, Eudragit S100, and Kollicoat MAE 100P were very well tolerated by HelLa
cells even at a concentration of 500 pg/mL up to 48 h. We also tested the tolerability of the
highest concentration (500 wg/mL) of the aforementioned NPs to HCEs for 72 h. The cells
were imaged every 24 h to visualize and quantify the total number of PI positive (dead)
cells. Interestingly, we observed no difference between mock-treated and NPs-treated
samples in all of our replicate experiments (Figure 6A). Plotting the number of PI positive
cells per frame in a graph over time showed no significant differences (Figure 6B). These
results indicate little or no toxicity associated with the polycarboxylate NPs to the target
cells.

Confocal Microscopy Studies Demonstrate the Interaction of Polycarboxylate NPs with
GFP-Labeled HSV.

To confirm the interaction between polycarboxylates and HSV, we first synthesized
fluorescent polycarboxylate NPs. We treated cells with either fluorescent NPs (mock
control) or fluorescent NP—fluorescent HSV mixture and tracked the intracellular uptake of
fluorescent NPs. Interestingly, the mock control showed significant intracellular uptake of
fluorescent NPs in the HCEs, whereas HCEs treated with a mixture of fluorescent NPs and
GFP-labeled HSV-1 showed considerably lower intracellular fluorescence and the presence
of neutralized viral particles (Figure S1). This clearly demonstrated the interaction between
polycarboxylate NPs and HSV.

PVAP NPs Have Synergistic Antiviral Efficacy with Common Anti-Herpetic ACV.

After establishing that the polycarboxylate NPs have antiviral efficacy and no potential
toxicity, we sought to understand whether they would have a synergistic effect with a well-
known antiviral drug ACV when treated therapeutically. To conduct this experiment, we first
needed to determine the concentration of ACV at which no antiviral effect is seen. We
observed that, at a concentration of 0.3 zM, ACV showed minimal or no antiviral activity
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(Figure 7A), and hence, our synergy experiments were performed at this concentration of
ACV. Subsequently, therapeutic assays were conducted where the PVAP NPs and ACV
mixture was added at 2 hpi, where the concentration of ACV remained the same (0.3 tM)
while the PVAP NPs concentration varied from 500 to 125 pg/mL (data not shown). We
hypothesized that PVVAP, Eudragit S100, and HPMCP-55S NPs would show increased
antiviral efficacy with ACV. However, to our surprise, our pilot studies revealed no
synergistic effects between Eudragit S100/HPMCP-55S NPs and ACV (data not shown).
Only PVAP NPs at 200 wg/mL showed synergistic therapeutic antiviral efficacy against both
HSV-1 and HSV-2 (Figure 7B-E). It should be noted that PVAP NPs were not active against
HSV- or HSV-2 at 200 1g/mL. We repeated our experiments with GFP-reporter virus (both
HSV-1 and HSV-2) infected HCE and HeL.a cells treated with mock (DMSO), ACV (0.3
4M), PVAP NPs (200 pg/mL), and ACV + PVAP NPs (0.3 ¢M, 200 pg/mL). At 24 hpi, cells
were imaged using a fluorescent microscope to quantify the extent of viral spread (green)
and the whole-cell lysates were quantified using a plaque assay to estimate the viral load.
We observed a significant reduction in viral load in the ACV and PVAP NPs mixture for
both HSV-1 and HSV-2 infected samples when compared to ACV, PVAP NPs, or mock-
treated control samples (Figure 7B-E).

PVAP NPs Synergize with Tenofovir and Tenofovir Disoproxil Fumarate (TDF).

The synergistic efficacy of PVAP NPs with ACV was very encouraging, and we wanted to
understand whether this synergy could be translated to clinically tested vaginal microbicides
such as tenofovir or its FDA-approved prodrug, TDF. Our studies showed that tenofovir and
TDF did not show any antiviral activity at a concentration of 5 and 0.625 M, respectively
(Figure 8A). The higher activity of TDF is due to its higher cell permeability compared to
tenofovir. The ineffective concentrations of tenofovir and TDF were mixed with 200 wg/mL
of PVAP NPs and added to GFP-reporter HSV-1 infected HCEs or HSV-2 infected HelLa
cells. At 24 hpi, the cells were imaged using a fluorescent microscope to estimate the extent
of viral spread (green) and quantified using flow cytometry and/or their whole-cell lysates
were quantified for intracellular viral load using plaque assays. Interestingly, PVAP NPs
showed synergistic interaction with tenofovir and TDF, which resulted in significantly
higher anti-HSV activity of PVAP NPs and tenofovir/TDF combination compared to PVAP
NPs, tenofovir, and TDF alone (Figure 8B-E; Figures S2 and S3).

DISCUSSION

The CAP garnered a lot of interest as a prophylactic modality for local prevention of
sexually transmitted viral infections such as HIV and HSV due to several reasons such as (1)
appreciable activity against HIV and HSV, (2) safety to the vaginal microflora and vaginal
epithelium, (3) better tolerability than polysulfonated polymers, (4) stability at the acidic pH
of vaginal milieu, and (5) ease of availability and relatively low cost.9-1215.16 Neyrath and
co-workers, in a series of investigations, reported the in vivo efficacy and safety of topically
applied CAP in the prevention of infection from HIV and HSV in mice and macaques.®-11:17
Despite the promising preclinical data, the instability of CAP in an aqueous environment
impeded the development of stable aqua-based topical formulations of CAP. Although
Neurath and co-workers developed and tested a nonaqueous topical formulation containing
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13% wi/v micronized CAP,10-13 the early phase clinical trials were halted due to the vehicle
osmolarity associated intolerability of the topical CAP formulation.1® The development of
polycarboxylates as a prophylactic modality against sexually transmitted viral infections has
been dormant after the CAP clinical study was halted.

It is noteworthy that, other than CAP, several carboxylate-terminated pH-sensitive polymers
are commonly used in the pharmaceutical field as an enteric coating material for oral
formulations or as a matrix former and/or drug delivery carrier for oral and topical
formulations.1® The pharmaceutically acceptable pH-sensitive polymers are broadly
categorized into 1) phthalate-terminated polymers which include CAP, phthalavin (PVAP),
HPMCP-50, HPMCP-55, and HPMCP-55S and 2) methacrylic acid copolymers which
include Eudragit L100-55, Eudragit L100, Eudragit S100, and Kollicoat MAE 100P. These
polymers greatly differ from each other with respect to the structural backbone, phthalate or
carboxylate content, molecular weight, and pH sensitivity. Interestingly, except for CAP, the
activity of the other pharmaceutically acceptable enteric polycarboxylates against sexually
transmitted viruses has not been explored. Neurath and co-workers did show that CAP was
more active than HPMCP against HIV-1 in vitro.? However, they did not specify the type of
HPMCP used.

The hydrolytic instability of CAP was one of the roadblocks for its clinical development of
CAP as a prophylactic modality. However, it is well-known that HPMCP, PVAP, and
methacrylic acid copolymers exhibit greater hydrolytic stability than CAP.20-21 Fyrthermore,
some of these polymers are commercially available as stable aqueous dispersions for
pharmaceutical coating applications. In view of this, the evaluation of pharmaceutically
acceptable polycarboxylates other than CAP was highly warranted. We envisaged that
hydrolytically stable and pharmaceutically acceptable polycarboxylates, if successful in
demonstrating the acceptable antiviral activity, could be developed further as an aqua-stable
topical formulation or polymeric film for the prevention and/or treatment of sexually
transmitted viral infections. We sought to explore the antiviral activity of polycarboxylates
against HSV, as it is responsible for herpes genitalis, a sexually transmitted viral infection of
global prevalence. To date, no effective HSV vaccine is commercially available, and the
available drug therapies for the treatment of HSV infection are very limited.

Using fluorescent HSV strains, we carried out preliminary dose-ranging studies on various
pH-sensitive polycarboxylates including CAP to identify the most active polymer(s) against
HSV-1 and HSV-2 (data not shown). Our preliminary studies showed that, at a concentration
of =250 wg/mL, all polymers including CAP exhibited partial activity against HSV-1 and/or
HSV-2 (data not shown). Our studies and previous data show that polycarboxylates are
highly tolerated by cells even at a concentration of 500 zg/mL.1516.22-24 Hence, the
reduction in the fluorescence did not emanate from the cell death and it was indicative of the
antiviral activity of polycarboxylate polymers. Our preliminary dose-ranging studies
identified PVAP, HPMCP-55S, and Eudragit S100 as lead polycarboxylates with activity
against HSV-1 and/or HSV-2 at lower concentrations (data not shown). Hence, we focused
our studies on the antiviral activity of PVAP, HPMCP-55S, and Eudragit S100.
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As stated in the introduction, the prevention of interaction between HSV and cell surface
heparan sulfate proteoglycans is the proposed mechanism of poly(hydroxy)carboxylates.23 It
is likely that the polycarboxylates in the current investigation exert their activity against
HSV in a similar fashion, although detailed studies are required. Previous studies on
poly(hydroxy)carboxylates did demonstrate that the antiviral effects of polymers are
dependent on their molecular weight and the number of carboxylic acid groups present in
the polymer.”-2% Our results are in congruence with these reports. Among phthalate-
terminated polymers, PVAP showed the highest activity against HSV-1 that was significant
even at a concentration of 50 g/mL. PVAP has a molecular weight similar to that of
HPMCP-55S, but it has higher phthalyl content (~55-62%) compared to HPMCP-55S
(~319%).26-28 This could be the reason for the greater activity of PVAP against HSV-1 when
compared to HPMCP-55S. Among different grades of HPMCP, only HPMCP-55S showed
anti-HSV activity. HPMCP-50 has a lower molecular weight and lower phthalyl content
(~24%) than HPMCP-55S,28 whereas HPMCP-55 has a lower molecular weight than
HPMCP-55S but it has similar phthalyl content.28 It is possible that only HPMCP-55S has
the right balance of molecular weight and phthalyl content to exhibit antiviral activity.

Recently, Schandock et al. explored the activity of linear poly(acrylic acid) polymers with
different structural backbones against various viruses including HSV-2.2° They observed that
linear polymethacrylic acid showed considerable activity against HSV-2. While Eudragit and
Kollicoat polymers have a quite different structural backbone and molecular weights
compared to polymethacrylic acid explored by Schandock et al., they still contain
methacrylic acid in the backbone.2930 Hence, the anti-herpetic activity of Eudragit S100 can
be attributed to the presence of methacrylic acid in the backbone. Among various grades of
Eudragits, only Eudragit S100 showed significant activity against HSV-2 at a concentration
of 50 g/mL. Eudragit S100 is a methacrylic acid and methyl methacrylate copolymer (ratio
of methacrylic acid to methyl methacrylate 1:2). Eudragit L100 is a methacrylic acid and
methyl methacrylate copolymer with a methacrylic acid to methyl methacrylate ratio of 1:1,
whereas Eudragit L100-55 is a methacrylic acid and ethyl acrylate copolymer with a
methacrylic acid to ethyl acrylate ratio of 1:1.30:31 Kollicoat MAE 100P has properties
similar to Eudragit L100-55.32 Eudragit L100 and S100 have a similar molecular weight
(~125,000 Da), and Eudragit L100-55 has a molecular weight of ~320,000 Da.33
Surprisingly, Eudragit S100, despite its lower carboxylic acid content compared to the other
Eudragits showed a higher antiviral effect. This can be attributed to the relatively higher
hydrophobicity of Eudragit S100 compared to Eudragit L100-55 and Eudragit L100. It is
well-known that polymers with higher hydrophobicity have higher antiviral activity.2

Our studies showed that PVAP is only active against HSV-1 and Eudragit S100 is only active
against HSV-2, whereas HPMCP-55S was active against both HSV-1 and HSV-2. Our
studies also showed that HPMCP-55S was more active against HSV-2 than HSV-1, and our
data is in agreement with the data on CAP reported by Neurath and co-workers.® However,
to our knowledge, the selectivity of pharmaceutically acceptable polycarboxylates against
HSV-1 or HSV-2 has been described for the first time in this investigation. Studies have
shown that purified gB and gC proteins from HSV-1 and HSV-2 interact differently with
heparan sulfate proteoglycans on the cell surface.34:35 It is possible that PVAP, HPMCP-55S,
and Eudragit S100 have differential binding to gB, gC, or other glycoproteins on the surface
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of HSV-1 and HSV-2, which may be responsible for their differential and/or selective
activity against HSV-1 and HSV-2. Our future studies would focus on elucidating this
interesting behavior of polycarboxylates.

Generally, polyanionic macromolecules are believed to be viral entry inhibitors that have
applicability as prophylactic modalities. However, it was also interesting to see that
HPMCP-55S and Eudragit S100 showed therapeutic activity against only HSV-2. This
selective behavior corroborates that polycarboxylates have differential interaction with
HSV-1 and HSV-2. Previous studies have shown that polyanionic molecules can get
cointernalized by the cell along with the virus into the endosomes, and after
cointernalization, they may inhibit an intermediate step in viral replication between virus
release and late protein synthesis.3® Previously, polyacrylates have been shown to induce
production of interferon in vivo, which is reflected in the protection of animals from
intranasal HSV-1 challenge.36 It has been shown that interferon can inhibit HSV protein
synthesis by interfering with the viral replication cycle. These reports may explain the
therapeutic efficacy of polycarboxylates against HSV-2, although detailed studies are
warranted.

Nanotechnology has demonstrated great potential for the prevention and treatment of
infectious diseases. Nanotechnology-enabled topical formulation (VivaGel) was explored in
the clinical trials for the prevention of sexually transmitted viral infections.3” The
dramatically high surface area of the NPs allows for greater interaction with the infectious
microorganisms and greater uptake into cells.3” We envisaged that the transformation of
polycarboxylates into NPs will allow for greater interaction with HSV and greater uptake in
the cells, which will eventually lead to an increase in the antiviral activity. Further, the
transformation of polycarboxylates into NPs will facilitate the development of aqua-based
topical formulations. We have previously shown that CAP NPs can be successfully
incorporated into the thermosensitive vaginal gel.1 Finally, the transformation of
polycarboxylates into NPs will also allow for the incorporation of antiviral drugs into NPs
for synergistic activity, which will be explored in the future. Interestingly, we did observe
that PMVAP NPs and Eudragit S100 NPs have greater antiviral efficacy compared to PVAP
and Eudragit S100 in DMSO solution especially at lower concentration, indicating the
advantage associated with NPs.

Polycarboxylates are also of interest due to their excellent cytocompatibility. Previously, we
have shown that CAP NPs are well tolerated by HeLa cells up to 500 xg/mL.15 Other
investigators have also shown that polycarboxylates such as Eudragit S100 can be tolerated
by vaginal epithelial cells at 500 zg/mL or higher concentration.2? Our data is in congruence
with previous reports. Our studies showed that polycarboxylate NPs are well-tolerated by
HelLa and HCE cells even at a concentration of 500 pg/mL (Figures 5 and 6).

While the anti-herpetic effect of polycarboxylates observed in this investigation is quite
promising, they are certainly not as potent as classic anti-HSV drugs such as ACV or vaginal
microbicides such as tenofovir or TDF. Over the years, polyanionic macromolecules, despite
their promising in vitro and preclinical efficacy and safety, have failed to show clinically
significant prophylactic activity against sexually transmitted viral infections in several trials.
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Hence, it may not be prudent to develop polyanionic molecules as a stand-alone prophylactic
and therapeutic modality. Instead, it is pragmatic to use polyanionic molecules in
conjunction with existing or emerging antiviral drugs to develop a robust prophylactic and/or
therapeutic modality against sexually transmitted viral infections. Previously, we and others
have shown that polycarboxylates can synergize with various antiretroviral drugs such as
efavirenz, UC-781, TMC-125, and TDF.15:16:38 Hence, we chose to carry out synergistic
studies on polycarboxylate NPs and antiviral drugs such as ACV, tenofovir, and TDF. While
ACV is a well-known anti-herpetic drug, tenofovir and TDF were chosen because of their
ability to inhibit HSV DNA polymerase.3® TDF, due to its higher permeability, is more
active against HSV compared to tenofovir, and our results are in agreement with the
previous reports.? We primarily focused on PVAP NPs due to their inactivity against HSV-1
and HSV-2, as shown by our in vitro HSV therapy studies. It should be noted that we mixed
PVAP NPs at an inactive concentration with an inactive concentration of antiviral drugs for
our therapy studies. Interestingly, we observed significant synergy between PVAP NPs and
ACYV, tenofovir, and TDF even after simple mixing (Figures 7, 8, S2, and S3). The
mechanism responsible for the synergy will be investigated in our future studies. However,
the results of our synergistic studies showed the advantage of combining polycarboxylate
NPs with standard anti-HSV drugs such as ACV or vaginal microbicides such as tenofovir or
TDF. Our future studies would focus on the encapsulation of anti-HSV drugs or vaginal
microbicides (tenofovir/TDF) into polycarboxylate NPs to develop topical nanomedicine for
the prevention and treatment of genital herpes. We anticipate that topical application of
polycarboxylate NPs containing anti-HSV drug/vaginal microbicide will improve the
delivery of anti-HSV drug/vaginal microbicide and offer enhanced efficacy due to synergy
between the polycarboxylate and the drug, which could be useful for the treatment of acute
and recurrent genital herpes.

CONCLUSION

Pharmaceutically acceptable pH-sensitive polycarboxylates such as PVAP, HPMCP-55S,
and Eudragit S100 have potential for the prevention and treatment of HSV infection. The
transformation of polycarboxylates into NPs can improve their antiviral activity.
Furthermore, these polymers are also capable of synergizing with the standard antiviral
drugs which clearly support the development of a topical combination product containing
polycarboxylate and antiviral drugs for prophylactic and/or therapeutic application. Finally,
such a topical combination product could be explored for the prevention and/or treatment of
herpes genitalis, herpes labialis, and herpes simplex keratitis.

METHODS

Materials.

Cellulose acetate phthalate (Eastman C-A-P, Eastman Chemical Company, Longview, TX),
polyvinyl acetate phthalate (Phthalavin, Colorcon, Inc., Harleysville, PA), Eudragit L100-55,
Eudragit L100, and Eudragit S100 (Evonik Corporation, Los Angeles, CA), Poloxamer 407
(Kolliphor P407), and Kollicoat MAE 100P (BASF Corporation, Florham Park, NJ), and
hydroxypropyl methylcellulose phthalate (HPMCP-50, HPMPCP-55, and HPMCP-55S,
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Shin-Etsu Chemical Co. Ltd., Tokyo, Japan) were received as a gift sample. Acetone (AR
grade) and dimethyl sulfoxide (DMSO) were purchased from VWR International (Radnor,
PA). Absolute ethanol (200-proof) was purchased from Fisher Scientific (Waltham, MA).

ACV was purchased from Selleck Chemicals LLC (Houston, TX). Tenofovir (TFV) and
tenofovir disoproxil fumarate (TDF) were purchased from Biosynth-Carbosynth LLC (San
Diego, CA). Drugs were dissolved in dimethyl sulfoxide (DMSO) to obtain a stock
concentration of 50 mM. Aliquots (20 L) of the drug stock were prepared and stored at —80
°C.

Cells and Virus.

In this study, human corneal epithelial (HCE) and Henrietta lacks (HeLa) cell lines were
used for infection against HSV-1 (17GFP) and HSV-2 (333-GFP), respectively. Both of the
viruses used have a green fluorescence protein-based reporter system on a CMV
(cytomegalovirus) promoter. African green monkey kidney (Vero) cells were used for plaque
assays. HCEs were grown in minimum essential medium (MEM), while HeLa and Vero
cells were grown in Dulbecco’s modified Eagle’s medium (DMEM). Both media were
supplemented with 10% fetal bovine serum (Sigma US Origin) and 1% penicillin and
streptomycin (Gibco).

Treatment Protocols.

Two different types of previously reported treatment protocols,142 namely, neutralization
and therapy, were conducted in this study. Polycarboxylates were dissolved in DMSO to
obtain a concentration of 25-50 mg/mL. In the neutralization assay, the virus and the
polycarboxylates (at different concentrations) were mixed and incubated in a
microcentrifuge tube for 30 min before adding the mixture to a confluent monolayer of the
target cell line. In therapy, target cells were first infected with the respective virus for a
period of 2 h to ensure viral entry into the cells. At 2 h post-infection, cells were washed and
fresh media containing the antiviral compound was added. In both treatment protocols, cells
were incubated for 24 h at 37 °C, 5% CO, in a humidified chamber before collection or
sampling. In both treatment protocols, 0.1 MOI (multiplicity of infection) virus was used for
infecting the cells.

Plaque Assays.

Viral titration was conducted using whole cell lysates of infected cells using a previously
established protocol.#3 Briefly infected cells were collected either using a cell lifter (Fisher
Scientific) or Hank’s cell dissociation buffer (Gibco). The cells were washed once with
phosphate buffer saline (PBS) and resuspended in 1 mL of OptiMEM (Gibco). The
resuspended cells were sonicated using a probe sonication system for 30 s (5 s pulses at 20%
amplitude). After sonication, 10 zL of cell lysate was mixed with 990 L of OptiMEM to
make a 1072 dilution of the viral solution. This solution was then serially diluted to reach a
dilution of 1078 in a total volume of 1 mL. From this, 250 /L of each dilution (dilution
factor: 4) was overlaid on a confluent monolayer of Vero cells in a 24-well plate to start the
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infection. At 2 h post-infection, cells were washed with PBS and overlaid with 5%
methylcellulose (Sigma-Aldrich) laden DMEM solution. The plates were incubated at 37 °C
in a 5% CO, chamber for a period of 3 days or until visual confirmation of plaques was
possible. To each well, 250 £ of 100% methanol was added for 10 min to fix the cells. The
solution was aspirated, and 250 g of crystal violet solution was added to each well to stain
the cells. After 30 min of staining, the solution was aspirated and dried. The plaques were
manually counted and multiplied with the dilution factor to reveal plaque-forming units per
mL (PFU/mL) for each infected sample.

Nanoparticle Synthesis and Characterization.

NPs of various polycarboxylate polymers were prepared using the previously described
nanoprecipitation method with suitable modifications.1® Briefly, polycarboxylate polymer
(50 mg) and Kolliphor P407 (Poloxamer 407, 200 mg) were transferred to a 20 mL
scintillation vial. To this mixture, 10 mL of acetone was added and the contents in the
scintillation vial were vigorously vortexed to obtain a clear solution (organic phase). To
dissolve PVAP, a mixture of acetone (7 mL) and ethanol (3 mL) was required. The aqueous
phase consisted of 10 mL of ultrapure water. The aqueous phase was transferred to a clean
50 mL beaker. The beaker containing aqueous phase was placed on a multipoint magnetic
stirrer (IKA Works), and the stirrer was set at 600 rpm. The organic phase was slowly added
to the aqueous phase to avoid any splashing and to allow the formation of NPs. The stirring
was continued for at least 3 h in a fume hood to allow for complete evaporation of the
organic solvent. The synthesis of NPs was carried out in triplicate. The size, polydispersity
index, and surface charge (zeta potential) of NPs were evaluated using a Litesizer 500
particle analyzer (Anton-Paar USA, Inc., Torrance, CA).

Preparation of Rhodamine-6G Encapsulated Polymeric NPs.

Briefly, polycarboxylate polymer (PVAP, HPMCP-55S or Eudragit S100; 50 mg) and
Kolliphor P407 (200 mg) were transferred to a 20 mL scintillation vial. To this mixture, 9.5
mL of acetone (or 6.5 mL of acetone and 3 mL of ethanol for PVAP) was added and the
contents in the scintillation vial were vigorously vortexed to obtain a clear solution (organic
phase). Rhodamine-6G (Acros Organics) was dissolved in acetone at a concentration of 0.01
mg/mL and added to the organic phase containing polymers to obtain a final concentration
of 0.001 mg/mL. The polymeric NPs were prepared as described earlier. The unencapsulated
rhodamine-6G in the NPs was removed using Amicon Ultra-0.5 CentrifUgal Filter Devices
(Amicon Ultra 10K device). Briefly, a nanoparticle dispersion (0.5 mL) was transferred to
the Amicon-Ultra-0.5 device and centrifuged for 15 min at 14000 rpm (Thermo Scientific,
Legend Micro 17R centrifuge). The NPs were washed twice with ultrapure distilled water to
get rid of free rhodamine-6G. The filtrate was discarded, and the concentrated
rhodamine-6G encapsulated polymeric NPs (~100 L) were collected in a separate tube by
inverting and centrifuging the Amicon Ultra filter for 2 min at 1000g. The concentrated NPs
were then diluted to their original volume by adding ~400 L of distilled water; the tube was
covered with the aluminum foil and stored until further use.
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Confocal Microscopy to Assess the Interaction between Rhodamine-6G Encapsulated NPs
and GFP-Labeled HSV.

The intracellular distribution of rhodamine-labeled polymeric NPs (PVAP, Eudragit S100
and HPMCP-55S) in HCE cells was determined using confocal laser scanning microscopy
(CLSM) in both the presence and absence of HSV-1 K26-GFP virus. The HCE cells were
seeded in an eight-chamber confocal microscopy slide (Nunc Lab-Tek, Thermo Fisher
Scientific, Waltham, MA, USA) with 200 s of complete MEM media. This was followed
by addition of 10 s of various treatment samples which included control (no treatment and
virus only) into each chamber of the eight-chamber plate. Further, the treatment groups were
incubated for 2 h before the cells were fixed using 4% paraformaldehyde for 10 min. Nuc-
blue (Thermo Fisher Scientific) DAPI stain was added to each well (2 drops per mL of
solution) for 5 min before the imaging was performed. Initial screening was performed on
polymer only and virus only samples to separate the excitation wavelengths of rhodamine
and GFP to ensure no leakage occurred. Images were taken at 488-505 nm for GFP and
525-581 nm for rhodamine stains. Three separate wells were dedicated to each sample
group, and three images were taken per sample. The representative images have been shown
in this article.

Fluorescent Imaging.

All images were taken on a Lionheart LX (BioTek) automated imaging system. Cells were
stained with NucBlue Live reagent (Hoechst 33342 dye) in addition to inherent viral GFP
produced from infected cells. All images were captured using a 10x lens, and multiple
images were taken together and stitched automatically by the BioTeK software.

HelLa Cell Viability Studies on Polycarboxylate NPs.

The tolerability of polycarboxylate NPs to HeLa cells was evaluated using the MTT assay.
Briefly, HeLa cells were seeded in flat-bottom 96-well plates (Greiner Bio, NC, USA) at a
density of 1.0 x 10% cells/well and kept at 30 °C in a humidified atmosphere of 5% CO, for
24 h to allow for the attachment of cells to the bottom of the plate. The cells were then
treated with different concentrations of polycarboxylate NPs for 24 or 48 h. After 24 or 48 h
treatment, the cell media was removed, and cells were washed twice with phosphate buffer
saline. MTT solution (5 mg/mL) was diluted with fresh media to a final concentration of 0.5
mg/mL. Then, 100 4L of DMEM, containing the MTT reagent (VWR Life Science, PA,
USA), was added to the cells and incubated at 37 °C for 2 h. The blue formazan crystals
were dissolved in DMSO after discarding the media. The absorbance of untreated cells
(control) and NP-treated cells was measured at 570 nm using a microplate reader (Synergy
H1, BioTek, Vermont, USA), and the percent cell viability of NP-treated HelLa cells in
comparison to untreated control was calculated. All experiments were performed in
triplicate.

Human Corneal Epithelial (HCE) Cell Viability via Nuclear Pl Staining.

This assay is based on the principle that cells that are dead or about to die take up propidium
iodide (PI) stain as a result of increased membrane perfusion.* In this regard, HCE cells
were incubated with polymeric NPs dispersed in MEM containing 1% PI solution. The cells
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were imaged at various times post-addition of the polymeric NPs to analyze the number of
Pl stained cells per frame. All experiments were performed in triplicate, and the results were
graphed for representation.

Evaluating Synergistic Activity between Polycarboxylate NPs and Antiviral Drugs to treat
HSV Infection in Vitro.

To understand whether polymeric NPs can work in tandem with anti-HSV drugs, we used a
noneffective concentration of PVAP NPs with a noneffective concentration of acyclovir
(ACV), tenofovir, or tenofovir disoproxil fumarate (TDF). PVAP NPs did not show a
therapeutic effect against HSV-1 and HSV-2 in vitro at 200 wg/mL (refer to Figure 4).
Hence, we used PVAP NPs at a concentration of 200 sg/mL. To identify the noneffective
concentration of anti-HSV drugs, we used a GFP-reporter HSV-1 virus to infect HCE cells at
0.1 MOl and 2 hpi; ACV, tenofovir, and TDF were serially diluted starting at 10 M
concentration. The noneffective concentration of ACV was 0.3 /M, that of tenofovir was 5
LM, and that of TDF was 0.625 £M. The TDF, due to its high cell permeability compared to
tenofovir, exhibited greater activity against HSV. To test the synergy between the polymeric
NPs and the anti-HSV drugs, we infected HCEs with HSV-1 17-GFP or HeLa cells with
HSV-2 333 GFP virus at 0.1 MOI. At 2 hpi, cells were washed with PBS once and fresh
media containing a combination of PVAP NPs at 200 4g/mL and a noneffective
concentration of the anti-HSV drug. In addition to a no-treatment control, we used PVAP
NPs alone at 200 g/mL or the drug alone at a noneffective concentration. The efficacy was
evaluated qualitatively using fluorescent imaging for the GFP-reporter virus and
quantitatively using plaque assay or flow cytometry analysis.

Statistical Analysis.

All of the statistical analyses were performed using GraphPad Prism software. Two-way
ANOVA was conducted for the analysis of plaque assay data comparing the antiviral
efficacy of regular and nanopolymeric compounds in Figures 2 and 4. One-way ANOVA
was used for cell viability analysis in Figure 6 and plaque assay data in Figures 7 and 8. All
experiments were performed at least in triplicates and repeated three times using three
different passages of the cell lines. Significance was proven only with a p-value <0.05, while
all other values were considered nonsignificant. *p < 0.05; **p < 0.01; ***p < 0.001; ****p
< 0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Structural backbone of various pharmaceutically acceptable carboxylate-terminated
polymers evaluated in this study. CAP and HPMCP are phthalic acid containing polymers.
HPMCP is available in three grades: HPMCP-50, HPMCP-55, and HPMCP-55S. Eudragit
and Kollicoat are methcrylic acid and alkyl acrylate copolymers with different molecular
weights and methacrylic acid (x) and alkyl acrylate ()) ratio.
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Figure2.
Antiviral efficacy of regular polycarboxylate polymers: (A) HSV-1 and (B) HSV-2

neutralization ability of the polycarboxylate polymers was assessed by incubating the
polymers with the virus for a period of 30 min prior to their addition to HCE and HeLa cells,
respectively. At 24 hpi, whole cell lysates were titrated for viral load using plaque assays. In
a similar experiment, the therapeutic potential of the polymers was tested by adding the
polycarboxylate polymers at 2 hpi to (C) HSV-1 infected HCE cells and (D) HSV-2 infected
HeLa cells. At 24 hpi, whole cell lysates were titrated for viral load using plaque assays.
Asterisks indicate a significant difference by two-way ANOVA with Sidak’s multiple
comparison test: *p < 0.05, ***p < 0.001, and ****p < 0.0001.
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Figure 3.

Characterization of polycarboxylate nanoparticles (NPs): (A) particle size and polydispersity
index and (B) surface charge or zeta potential of polycarboxylate NPs. The size of the
polycarboxylate NPs was dependent on the type of polycarboxylate polymer. The
polydispersity index values were <0.3 for all nanoformulations, indicating uniformity of
NPs. All polycarboxylate NPs showed a negative zeta potential value due to the presence of
the carboxylate end groups (data expressed as mean + S.D.; n= 3). CAP: Cellulose acetate
phthalate; PVAP: polyvinyl acetate phthalate; HPMCP: hydroxypropyl methylcellulose
phthalate; Eudra: Eudragit; MAE 100: Kollicoat MAE 100P.
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Figure4.
Antiviral efficacy of polycarboxylate nanoparticles (NPs): (A) HSV-1 and (B) HSV-2

neutralization ability was assessed by incubating polycarboxylate NPs with the virus for a
period of 30 min prior to their addition to HCE and HeL a cells, respectively. At 24 hpi,
whole cell lysates were titrated for viral load using plaque assays. In a similar experiment,
the therapeutic potential of the nanopolymers was evaluated by adding them at 2 hpi to (C)
HSV-1 infected HCE cells and (D) HSV-2 infected HelL a cells. At 24 hpi, whole cell lysates
were titrated for viral load using plaque assays. Asterisks indicate significant difference by
two-way ANOVA with Sidak’s multiple comparison test: *p < 0.05, ***p < 0.001, and
**** < 0.0001.

ACS Infect Dis. Author manuscript; available in PMC 2021 May 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yadavalli et al.

Page 22

>
w

O 24h B 48h
130 bind
by O 24h 48 h 1204 T T T T
110- 1104
100 = = = _ 100
ST < = T &£ 901
2 804 - - 2 804
= 70 3 0]
S 60 g 60
2 50 2 50-
3 401 S 404
304 30
20+ 20
101 10
oL : - . : oL . . .
10 50 100 250 500 10 50 100 250 500
PVAP Nanoparticles (ug/mL) HPMCP-55S Nanoparticles (ug/mL)
Caags O 24h B 48 h D 130
120 T 120 B 24h 48 h
110 -3 T I 110+ T
_ 1004 __100{ | 7
£ 90 S 90+ I B !
2 801 2 80
Z 70 3 707
S 601 g 601
2 50 Z 50
S 40 8 40
301 30
20 20
101 10-
ol : . r , oL, . . ,
10 50 100 250 500 10 50 100 250 500
Eudragit S100 Nanoparticles (ug/mL) Kollicoat MAE100 Nanoparticles (ng/mL)
Figureb.

Polycarboxylate nanoparticles (NPs) are well-tolerated by HeLa cells. HeLa cells were
treated with different concentrations of (A) HPMCP-55S NPs, (B) Eudragit S100 NPs, (C)
Kollicoat MAE 100 NPs, and (D) PVAP NPs for 24 and 48 h. The viability of NP-treated
HelLa cells was compared to untreated controls using MTT assay and to obtain % cell
viability (data expressed as means + SEM.; n=3).
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Polycarboxylate nanoparticles (NPs) are well-tolerated by human corneal epithelial (HCE)
cells. (A) HCEs were stained with propidium iodide (PI-cell death marker) prior to the
addition of either mock DMSO/water or 200 wg/mL polycarboxylate nanopolymers. The
cells were imaged at shown time points to assess the extent of Pl taken up by cells (a mark
of necrotic death). (B) The total number of cells with PI stain in four frames was counted
and averaged over three replicates. The graph represents the number of dead cells (stained
with PI) counted over a period of 72 h. Two-way ANOVA with Dunnett’s multiple
comparison test was conducted (/7= 3 replicates)
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Figure 7.
Antiviral synergy evaluation of PVAP nanoparticles (NPs) with ACV. (A) HCEs were

infected with 0.1 MOI GFP-expressing HSV-1 and then treated with shown concentrations
of ACV. At 24 hpi, fluorescent images were recorded to evaluate the extent of infection
(GFP spread). (B) Using the ACV (0.3 M), 200 pg/mL PVAP NPs, and both of them in
combination, HSV-1 infected HCE cells were therapeutically treated for a period of 24 h. At
24 hpi, fluorescent images were captured to evaluate the extent of viral spread. (C) Whole
cell lysates were titrated for viral load using plaque assays. (D) In a similar experiment,
HSV-2 infected HelL a cells were therapeutically treated with ACV (0.3 4M), 200 g/mL
PVAP NPs, and both of them in combination. At 24 hpi, fluorescent images were captured to
evaluate the extent of viral spread. (E) Whole cell lysates were titrated for viral load using
plaque assays. Asterisks indicate significance by multiple Student’s ftest: *p < 0.05, **p <
0.01.
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Figure8.
Antiviral synergy of PVAP nanoparticles (NPs) with tenofovir and tenofovir disoproxil

fumarate (TDF). (A) HCEs were infected with 0.1 MOI GFP-expressing HSV-1 and then
treated with shown concentrations of tenofovir or TDF. At 24 hpi, fluorescent images were
recorded to evaluate the extent of infection (GFP spread). Using 200 pg/mL PVAP NPs and
tenofovir (5 £M) individually or in combination, HSV-1 infected HCE cells (B) or HSV-2
infected HelLa cells (C) were therapeutically treated for a period of 24 h. At 24 hpi,
fluorescent images were captured to evaluate the extent of viral spread. In a similar
experiment, 200 pg/mL PVAP NPs were synergized with TDF (0.625 M) and tested on
HSV-1 infected HCE cells (D) or HSV-2 infected HeLa cells (E). Experiments exploring the
synergistic interaction among PVAP NPs and tenofovir/TDF against HSV-2 represented in 8
(C) and 8 (E) were carried out using same “untreated control” (“0 4M” in tenofovir, “0
Lg/mL” PVAP NPs; “0 pM” tenofovir disoproxil fumarate, “0 pg/mL” PVAP NPs). Hence,
the same representative image has been used for the untreated control.
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