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Introduction: Human immunodeficiency virus (HIV) remains a persistent global challenge,
impacting 38 million people worldwide. Antiretrovirals (ARVs) including tenofovir (TFV),
raltegravir (RAL), and dapivirine (DAP) have been developed to prevent and treat HIV-1 via
different mechanisms of action. In parallel, a promising biological candidate, griffithsin
(GRFT), has demonstrated outstanding preclinical safety and potency against HIV-1. While
ARV co-administration has been shown to enhance virus inhibition, synergistic interactions
between ARVs and the oxidation-resistant variant of GRFT (Q-GRFT) have not yet been
explored. Here, we co-administered Q-GRFT with TFV, RAL, and DAP, in free and
encapsulated forms, to identify unique protein-drug synergies.

Methods: Nanoparticles (NPs) were synthesized using a single or double-emulsion techni-
que and release from each formulation was assessed in simulated vaginal fluid. Next, each
ARY, in free and encapsulated forms, was co-administered with Q-GRFT or Q-GRFT NPs to
evaluate the impact of co-administration in HIV-1 pseudovirus assays, and the combination
indices were calculated to identify synergistic interactions. Using the most synergistic
formulations, we investigated the effect of agent incorporation in NP-fiber composites on
release properties. Finally, NP safety was assessed in vitro using MTT assay.

Results: All active agents were encapsulated in NPs with desirable encapsulation efficiency
(15-100%), providing ~20% release over 2 weeks. The co-administration of free Q-GRFT
with each free ARV resulted in strong synergistic interactions, relative to each agent alone.
Similarly, Q-GRFT NP and ARV NP co-administration resulted in synergy across all
formulations, with the most potent interactions between encapsulated Q-GRFT and DAP.
Furthermore, the incorporation of Q-GRFT and DAP in NP-fiber composites resulted in burst
release of DAP and Q-GRFT with a second phase of Q-GRFT release. Finally, all NP
formulations exhibited safety in vitro.

Conclusions: This work suggests that Q-GRFT and ARV co-administration in free or
encapsulated forms may improve efficacy in achieving prophylaxis.

Keywords: griffithsin, nanoparticles, electrospun fibers, antiretrovirals, synergy, HIV-1

prevention, microbicide

Introduction

Human immunodeficiency virus (HIV) remains a major health challenge, impacting
over 1.7 million people each year and ~38 million worldwide.'* Women are dispro-
portionately affected by HIV infections, and more than half of the globally infected
patients are women living in sub-Saharan Africa.® In spite of eradication efforts, there

. . . 1 . .
is currently no cure or effective vaccine for HIV-1,” hence a major emphasis has been
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placed on developing strategies to prevent and treat HIV-1
infection. Given the diversity and magnitude of these unmet
reproductive health challenges, one focus has been to evalu-
ate combinations of novel anti-HIV drugs delivered with
multipurpose prevention technologies, to simultaneously tar-
get multiple sexually transmitted infections (STIs),* such as
herpes simplex virus 2 (HSV-2) and HIV-1.

One of the primary foci in preventing and treating HIV-1
infections has been the development of antiretroviral drugs
(ARVs) that inhibit HIV at different stages of the viral
infection cycle.”® Two ARVs currently used in clinical
studies, tenofovir (TFV) and dapivirine (DAP), inhibit
HIV-1
Raltegravir (RAL), another approved drug for HIV treat-

by blocking reverse transcriptase,’ while
ment, inhibits proviral DNA-strand transfer.'® Moreover,
combinations of ARVs have demonstrated enhanced inhibi-
tion via different mechanisms of action.'' While ARVs are
effective in preventing HIV-1 infection, they have been
shown to elicit adverse effects including bone marrow sup-
pression and hematologic effects,'? toxicity with long-term
use, and an increased risk of antiviral resistance.'> These
adverse effects are often further exacerbated by the poor
oral bioavailability and frequent dosing required for many
of these drugs, which have contributed to modest outcomes
in clinical trials."*

To help overcome these challenges, new biological
agents have been investigated to provide protection via
different mechanisms of action.'” Antiviral lectins such
as actinohivin, scytovirin, and microvirin have demon-
strated efficacy against HIV-1 by binding to oligosacchar-
ides linked to viral envelope glycoproteins; however,
delivery of these lectins has been challenging due to low
bioavailability and induction of an immune response.'®
Furthermore, toxicities arising from acute immunological
response, due to the administration of foreign proteins, are
one of the most significant concerns in adopting protein-
based active agents."’

In comparison to these biologics, an antiviral lectin,
griffithsin, originally isolated from red alga Griffithsia
sp.,'® has demonstrated potent anti-HIV activity in the pico-
molar range against both laboratory and primary HIV iso-
lates, and is currently being evaluated in clinical trials.
Griffithsin inhibits HIV-1 by binding to an envelope glyco-
protein (gp120) and inactivating HIV-1 almost immediately
upon contact. Studies have shown that GRFT is stable and
maintains activity in buffered solutions (pH 4-8) and cervi-
cal vaginal lavage fluid at 25°C and 37°C for up to 1
week.'” Additionally, GRFT exhibits excellent safety

18,2023

with induction

inflammatory cytokines®® and has demonstrated synergy

profiles negligible of pro-
with other antiretrovirals,'* suggesting the benefits of future
co-administration strategies. Recently, an oxidation-
resistant variant of GRFT, Q-GRFT, was shown to retain
the biophysical, antiviral, and safety properties of wild-type
GRFT, making it an even more suitable HIV microbicide
candidate.***>

Prophylactic and therapeutic strategies that use
a combination of anti-HIV drugs to target infection have
been shown to enhance the intracellular efficacy of each
2627 and decrease the transmission risk of antiviral-
One that
a combination of multiple nucleoside reverse transcriptase
inhibitors (NRTIs) and non-nucleoside reverse-
transcriptase inhibitors (NNRTIs), such as TFV and

Efavirenz (EFV), provided synergistic inhibition of HIV-

drug

resistant  viruses.'* study demonstrated

1, as well as an increase in intracellular drug efficacy.?’
Additionally, GRFT has shown synergistic effect in combi-
nation with maraviroc, TFV, and EFV, requiring lower
GRFT doses when used in combination. The strongest
synergy was observed between GRFT and TFV (CI =
0.34) suggesting that a combination of GRFT and other
active agents may provide a promising strategy to inhibit
virus transmission and replication via different mechanisms
of action.'*

Regardless of activity, active agents require formula-
tion into an acceptable dosage form that protects agent
stability and potentially provides extended release.
Current ARVs have been incorporated into short-acting
or on-demand dosage forms such as tablets and gels, and
long-acting sustained-release vehicles such as intravaginal
rings (IVRs). However, oral ARVs incorporated in pre-
exposure prophylaxis (PrEP) regimens have only been
moderately successful in preventing, and to date do not
cure HIV-1 infections. A variety of clinical studies®®
have shown that the efficacy of oral PrEP ranges from
0% to 75%, depending in large part on user adherence.**

As an alternative to daily oral PrEP administration,
topical intravaginal PrEP technologies (eg, gels, IVRs)
have shown success in delivering active agents to the
female reproductive tract (FRT). While clinical trials
have demonstrated promising levels of protection for
gels, efficacy has been shown to be significantly impacted
or abbreviated by a lack of user adherence, due to the
required frequent administration regimens and lack of
retention attributed to product leakage.>® In comparison,
IVRs can provide long-term protection against STIs and

submit your manuscript

1190

Dove

International Journal of Nanomedicine 2021:16


http://www.dovepress.com
http://www.dovepress.com

Dove

Minooei et al

pregnancy (>1 month) by offering longer delivery dura-
tions and high durability in the FRT. However, clinical
trials have reported some challenges regarding using IVRs
such as vaginal discomfort, ease of product placement, low
pliability, and hygiene issues,*® further emphasizing the
need to design alternative delivery platforms with poten-
tially increased convenience and ease of use.

Thus far, short-term safety studies with GRFT have
demonstrated outstanding preclinical safety in vitro and
in vivo™*="3%; however currently, there are no available
delivery vehicles that prolong GRFT (or Q-GRFT) deliv-
ery to achieve efficacy beyond 72 hr post-administration.
To begin to address these challenges, we and others have
shown that polymeric nanoparticles (NPs) and electrospun
fibers provide sustained-delivery, with the potential to
safely and enhance the

incorporate transport of

biologics.**®' Polymeric NPs have been investigated to
encapsulate ARVs and biologics for HIV-1 treatment®* ¢
and have been shown to improve delivery to vaginal tissue
by overcoming challenges such as agent instability; low
cellular internalization and tissue distribution; and frequent
dosing; while eliciting minimal immune response in the
FRT.>**%" Polymeric fibers that encapsulate active
agents have also been recently applied to intravaginal
drug delivery, demonstrating sustained-delivery and the
potential to safely incorporate biologics.*”*® Despite this,
to date, there are no food and drug administration (FDA)-
approved NP or fiber delivery platforms available to pro-
vide topical STI prevention.*>**”*> Moreover, a platform
that incorporates the attributes of both platforms, such as
NP-fibers, may improve delivery by providing a reservoir
to retain NPs and decrease NP clearance during shedding.

Despite being well-established technologies used suc-
cessfully as durable stents, scaffolds, and delivery reser-
voirs for long-term implantation and delivery
in vivo,>>’*7! NP-fiber composites have only recently
been explored for sustained-delivery to the FRT.®
Several groups have evaluated multilayered fibers for the

7273 and have shown that nano-

delivery of active agents,
(often hydrophilic) and micro-scale (often hydrophobic or
higher MW polymers) can impart greater mechanical sta-
bility and flexibility compared to a single layer of fibers.”*
Other work”>”” has investigated multilayered fibers and
demonstrated time-regulated release of active agents. For
intravaginal delivery specifically, an approach utilizing
stacked fibers was evaluated for short-term (60 hr) intra-
vaginal delivery, in part to demonstrate how individual

layers pressed together post-spinning may modulate

release.”® Recently, we developed a multilayered NP-
fiber composite, that incorporates poly(lactic-co-glycolic)
acid (PLGA) NPs, that sustains the delivery of GRFT
in vitro, relative to sustained-delivery from NPs over ~7
days. In addition to the potential for sustained-delivery in
the order of months, this NP-fiber architecture demon-
strated efficacy against HIV-1 infections in vitro and pro-
tection against a lethal dose of HSV-2 in a murine model.
Based on these studies, NP-fiber composites can be used to
tailor the release of active agents and provide long-term
efficacy.

In this work, we sought to examine the delivery of
Q-GRFT and three different ARVs (eg, TFV, RAL, and
DAP) to identify unique protein-drug synergies between
Q-GRFT and these active agents delivered in free or
encapsulated forms. We selected these ARVs due to their
different solubilities and mechanisms of action against
HIV-1. TFV is a hydrophilic drug commonly used in
vaginal gels; DAP is a hydrophobic agent that is widely
used in IVRs against both HIV-1 and HSV-2 infections,
and RAL is a small hydrophilic molecule that is used late
in pregnancy to reduce the risk of transferring HIV from
mother to child.”® We
administration of free or encapsulated active agents with

demonstrated that the co-

different mechanisms of action may increase the prophy-
lactic effect and decrease the dose needed to attain efficacy
against HIV-1 infection. Moreover, given the potential of
NP-based platforms to modulate active agent release, we
sought to preliminarily assess the release of different
active agent agents from NPs and selected the most syner-
gistic NP formulations for incorporation in multilayered
NP-fiber composites.

Materials and Methods

Materials

Poly(lactic-co-glycolic) acid used for synthesizing NPs
(50:50, 0.55-0.75 dL/g, 31-57k MW) was purchased
from Lactel Absorbable Polymers (Cupertino, CA).
Polycaprolactone (PCL, MW=80,000 Da), polyethylene
oxide (PEO, MW=600,000 Da), TFV and DAP were pur-
chased from Sigma-Aldrich (St Louis, MO), while RAL
was provided from Selleckchem (Houston, TX). Q-GRFT
was kindly provided by Dr. Fuqua (University of
Louisville, KY). Dichloromethane (DCM) and keratino-
cyte serum-free medium (KSFM) were purchased from
Thermo Fisher (Waltham, MA). Other chemicals, includ-
ing dimethyl sulfoxide (DMSO), acetonitrile HPLC grade
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(ACN), trifluoroacetic acid (TFA), and thiazolyl blue tetra-
zolium bromide (MTT), were obtained from Sigma
Aldrich.

Nanoparticle Fabrication

Blank NPs and NPs loaded with Q-GRFT, TFV, RAL or
DAP were fabricated using either single- or double-
emulsion technique. For each formulation, 100 mg
PLGA was dissolved in 2 mL of DCM and incubated
overnight. For Q-GRFT, TFV, and RAL NPs, 10 mg of
the active agent was dissolved in 200 pL Tris-EDTA (TE)
buffer. For DAP NPs, 10 mg of DAP was dissolved in 200
uL DCM. The active agent solution was added dropwise to
the polymer solution while the solution was vortexed.
Then, the active agent-polymer solution was sonicated
and added to 5% PVA in Milli-Q water (2 mL), vortexed
and sonicated again. The emulsified solution was then
added to a larger volume of aqueous solution (50 mL of
0.3% PVA) and incubated for 3 hr while stirring to eva-
porate DCM. Then, NPs were centrifuged (25,364 xg for
10 min at 4°C), washed twice using 30 mL Milli-Q water,
suspended in 5 mL Milli-Q water and stored at —80°C for
2 hr. Finally, NPs were lyophilized to obtain solid particles
and were subsequently stored at —20°C.

NP-Fiber Composite Fabrication

To prepare the electrospinning solution, PEO and PCL were
dissolved in DI water (5% w/w) and TFE (11% w/w),
respectively, and incubated at 37°C overnight. Prior to
electrospinning, 10% w/w of PLGA NPs were added to
the PEO solution and the solution was electrospun with
a flow rate of 0.3 mL/hr and voltage of 25 kV. Pre-cut NP-
PEO fibers (3—5 mg) were placed on the freshly electrospun
PCL layer followed by electrospinning another layer of
PCL fiber on top to make a sandwich-shaped structure.
The electrospinning conditions for PCL layers were set to
15 cm needle to collector distance, flow rate of 2.2 mL/hr,
and voltage of 20 kV. The NP-fiber composite was desic-
cated overnight and stored at 4°C.

NP Characterization: Size, Loading, and

Release Size

The size and morphology of unhydrated NPs were deter-
mined using scanning electron microscopy (SEM). First,
samples were sputter-coated with a palladium/gold alloy
layer with a thickness of 15 to 18 nm, and imaged using
a Supra 35 SEM (Zeiss, Oberkochen, Germany). The

average size of unhydrated NPs was evaluated with
ImagelJ software (NIH, Bethesda, Maryland) by measuring
the diameter of 50 NPs per image and 3 images for each
formulation.

Loading

To assess the loading of NPs, 1-2 mg of NPs were dis-
solved in 100 pL. DMSO and diluted with TE buffer to the
final volume of 1 mL. Serial 1:2 sample dilutions were
then made in TE buffer. To quantify the amount of TFYV,
RAL, and DAP, spectrophotometric absorbance was mea-
sured at 260, 300 and 290 nm, respectively, on a Synergy
HT reader (BioTek, Winooski, VT, USA). To quantify the
amount of Q-GRFT, an enzyme-linked immunosorbent
assay (ELISA) was used. Briefly, 96-well Nunc Maxisorp
plates were incubated with 100 uL of 250 ng/mL gp120 in
1x phosphate-buffered saline (PBS) as a coating buffer and
stored at 4°C overnight. Then, plates were blocked with
300 pL of 3% w/v bovine serum albumin (BSA) in PBS
containing 0.05% Tween-20 (1x PBST) and incubated at
room temperature for 2 hr. Plates were then washed using
a Gardner Denver Multiwash III plate washer (Milwaukee,
WI) followed by adding 100 pL of the samples.
Afterwards, 100 uL of rabbit anti-GRFT (1:10,000) and
goat anti-rabbit IgG-HRP (1:20,000) were subsequently
added after 1 hr incubation at 37°C to detect gpl20-
bound Q-GRFT. Finally, 100 pL of SureBlue TMB micro-
well peroxidase substrate (Sera Care, Milford, MA, USA)
was added to each well and the reaction was quenched by
adding 100 puL of 1 N H,SO4 (Thermo Fisher) followed by
reading the absorbance at 450 nm.

In vitro Release

The release of Q-GRFT, TFV, RAL, and DAP loaded PLGA
NPs was determined over 30 days in simulated vaginal fluid
(SVF, pH 4.5). Three to five milligrams of NPs were dis-
persed in 1 mL of SVF in 1.5 mL centrifuge tubes and
incubated at 37°C with continuous shaking (150 rpm). At
each time point, samples were centrifuged at 18,500 xg at
4°C for 10 min, the eluates were collected, and NPs were
resuspended in 1mL of fresh SVF. Similarly, the release of
the active agent from NP-fiber constructs was evaluated by
placing a 5 mg fiber composite piece in a 5S-mL microcen-
trifuge tube filled with 1 mL SVF. The samples were incu-
bated on a shaker at 150 rpm at 37°C, under sink conditions.
At each time point, the solution was replaced with fresh
SVF and release from NP-fiber composites was assessed for
up to 90 days. The release of Q-GRFT, from NPs and NP-
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fiber composites, was quantified via ELISA as mentioned
before. For quantifying DAP released from NP-fiber com-
posites, reverse phase high-performance liquid chromato-
graphy with UV detection (HPLC-UV) was used (Agilent,
CA, USA). First, the composite eluates in SVF were diluted
with ACN to obtain a 1:1 SVF:ACN v:v ratio. Then, 50 pL
of sample was injected into a Jupiter C18 300 A-C18
column (250 x4.6 mm; Agilent Technologies, CA, USA).
The mixture of 65% of 0.01 v/v% TFA and 35% ACN was
used as mobile phase with the flow rate of 1 mL/min and the
running time for DAP was 22 min. Finally, DAP was
detected via absorbance at 290 nm and the concentration
of DAP in unknown samples was determined by plotting the
area under the curve versus concentration. The standard
curve over the range of 0.08 to 10 pg/mL was determined
to be linear.

Cell Lines, Virus and Cell Culture

TZM-Dbl cells were obtained from the NIH AIDS Research
and Reference Reagent Program (ARRRP) and were used
for HIV infection. These cells are engineered HeLa cells
that express CD4, CCRS5, and CXCR4 receptors and have
Tat-responsive reporter genes for firefly luciferase (Luc)
that allows accurate measuring of HIV-1 infection.”® TZM-
bl cells were maintained in Dulbecco’s Modified Eagle
medium (DMEM, from VWR) supplemented with 10%
fetal bovine serum (FBS), 25 mM HEPES buffer, and 50
pg/mL gentamicin (Thermo Fisher). Vaginal epithelial
(VK2/E6E7), End1/E6E7 (Endl), and ectocervical, Ectl/
E6E7 (Ectl) cell lines were provided courtesy of
Dr. Kenneth Palmer from the University of Louisville, and
were originally from ATCC (Rockville, MD). VK2, Endl,
and Ectl cells were cultured in Keratinocyte Serum-Free
(KSFM) media containing recombinant human epidermal
growth factor (0.1 ng/mL), bovine pituitary extract (50 pg/
mL), calcium chloride (0.4 mM) (Thermo Fisher), and 1%
penicillin and streptomycin. HEK-293T/17 cells (ATCC,
Rockville, MD) were used for HIV production and were
cultured in minimum essential medium (MEM) supplemen-
ted with 10% FBS, and 1% penicillin (100 pg/mL) and
streptomycin (100 pg/mL) (VWR Radnor, PA). The HIV-
1 pseudovirus was made in house by transfecting
HEK?293T/17 cells with envelope (env)-expressing plasmid
(CCRS5-tropic clade A strain, Q769.h5), env-deficient HIV-
1 backbone vector (HIV-1pNL4-3.Luc.R-E-, NIH AIDS
Reagent Program, 11884 and 3418) and Mirus reagent
(Mirus, Madison, WI). After incubating cells with transfec-
tion complex for 72 hr at 37°C, the cells were centrifuged

(200 xg, 5 min) and the supernatant containing viral parti-
cles was collected, filtered using a 0.45-um membrane filter
(VWR), and stored at —80°C.

In vitro HIV Inhibition

To evaluate the anti-HIV-1 activity of anti(retro)viral NPs,
an in vitro HIV inhibition assay was conducted by infect-
ing TZM-bl cells with HIV-1 pseudovirus (CCR5-using
clade A strain Q769.h5) and quantifying the luciferase
activity of cell lysates. Briefly, the desired amount of free
or encapsulated active agent was dissolved in 1 mL of
DMEM, followed by 1:2 serial dilutions to a final volume
of 50 pL. Then, 100 pL of cell solution (10° cells per
plate) was added to each well. After incubating the cells
and treatment for 1 hr at 37°C, 50 uL of virus solution was
added to each well. Untreated cells only and virus-infected
cells were used as negative and positive controls of infec-
tion, respectively. After 48 hr incubation at 37°C, 100 puL
culture medium was replaced with 100 pL Bright-Glo
reagent solution (Promega Corporation, Madison, WI)
and luminescence was measured after 3 min. HIV-1 infec-
tion was determined based on the luminescence deviations
from the virus-infected cell control.

In vitro Cytotoxicity

An MTT assay was used to determine the cytotoxicity of
blank and anti(retro)viral NPs (0.1 and 1 mg/mL) admi-
nistered to VK2, Endl, and Ectl/E6E7 cell lines. First,
cells were plated at a density of 150,000 cells/well in 24-
well plates and incubated for 24 hr at 37°C, followed by
adding treatments in triplicate. Media only (no treatment)
and 10% DMSO were used as viable and non-viable cell
controls. After 24, 48, and 72 hr incubation at 37°C, 55 uL
of MTT reagent was added to each well and incubated at
37°C for 4 hr, followed by adding 100 uL of lysis buffer
containing 10% sodium dodecyl sulfate (Fisher Scientific)
and 0.01 M hydrochloric acid. After overnight incubation,
the absorbance was read at 570 nm and normalized to cell-
only absorbance to attain the relative percent of cell
viability.

Combination Effect

The activity of the active agents in combination was
determined using the combination index (CI). First, the
half-maximal inhibitory concentration (ICsg) value of each
drug in free and encapsulated form was measured with the
HIV inhibition assay. Then, each drug was mixed with
either Q-GRFT or Q-GRFT NPs in an equipotent ICs
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ratio (1:1 ratio of ICsg). For NPs, the equipotent ICsq value
was determined based on NP loading. After measuring the
ICsy values of each active agent in combination, the

Chou-Talalay method was used to measure CL.7%®!
D D DcD
cr=-44 e e (Eqn.1)
Ds1 Dsy  DsiDsy

When Q-GRFT and the drug are in free form, Ds; and Ds,
represent the ICsy of free Q-GRFT and the free drug
applied separately, while D¢y and D¢, are the ICso values
of free Q-GRFT and free drug applied in combination,
respectively. When Q-GRFT NPs are co-administered
with free drug, Ds; and Ds, represent the ICso of
Q-GRFT NPs and the free drug when applied separately,
while D¢y and D¢, are the ICsy values of Q-GRFT NPs
and free drug when they are co-administered. Finally, in
the case of Q-GRFT NPs and encapsulated drug co-
administration, Ds; and Ds, represent the ICsy of
Q-GRFT NPs and drug NPs, while D¢; and D¢, are the
1Cs( values of Q-GRFT NPs and drug NPs in combination,
respectively. Values of CI > 1, CI = 1, and CI < 1 deter-
mine additive, antagonistic, and synergistic interactions,

respectively.

Statistical Analysis

All experiments were done in triplicate and GraphPad
Prism (GraphPad Software, La Jolla, CA) was used for
data analysis. Unless otherwise noted, three independent
replicates were assessed for each sample and statistical
significance was evaluated using a one-way ANOVA test
(Bonferroni), and p-values <0.05 were considered statisti-
cally significant.

Results

NP Characterization

PLGA NPs formulated with 100 pg of ARVs (TFV, RAL,
or DAP) or Q-GRFT per mg of NP were successfully
synthesized with high yield (>70%) and spherical mor-
phology. SEM images of ARV and Q-GRFT NPs are
shown in Figure 1, demonstrating NP sizes ranging from
98.9 to 107.2 nm. Furthermore, nanoparticle loading effi-
ciency varied with the active agent (Table 1); Q-GRFT,
TFV, RAL, and DAP NPs were loaded with 48.9 + 12.7,
15.4 +£3.3, 103.5 £ 11.9, and 60.2 + 2.7 pg active agent/
mg NP, respectively, directly corresponding to the encap-
sulation efficiency.

In vitro Release from NPs

The cumulative release of each active agent as a function of
mass and percent total loading, from PLGA NPs over 4
weeks in SVF is shown in Figure 2. For all formulations,
a burst release was observed within the first 8 hr, followed by
a more gradual release over 2 weeks. Specifically, 2.51, 1.72,
8.96, and 8.99 pg Q-GRFT, TFV, RAL, and DAP per mg of
NPs (representing 5%, 11%, 9%, and 15% of actual loading)
were released after 8 hr. Over 2 weeks, the total cumulative
release of Q-GRFT, TFV, RAL, and DAP from their respec-
tive NP formulations was 4.64, 2.64, 11.84, and 13.41 pg/
mg, resulting in less than 20% release of each active agent.

In vitro HIV-1 Inhibition Studies

Individual Administration of Q-GRFT or ARVs in Free
or Encapsulated Form

The ability of individual active agents to protect against
infection in free and encapsulated forms was evaluated by
the administration of free active agent to TZM-bl cells for 1
hr, followed by virus administration. The ICs, values of free
Q-GRFT, TFV, RAL, and DAP were 57.2 + 13.8, 382.3 &+
39.6, 3.3 £ 0.2, and 0.034 £ 0.008 ng/mL, respectively,
while the encapsulation of individual in agents in NPs
generally decreased the ICsq values to 14.0 + 4.1, 273.7 +
78.8,3.0+0.5,and 0.043 £ 0.0007 ng/mL (Figure 3). For all
ARVs, the ICs values of free and encapsulated agents (the
latter, based on release after 48 hr in congruence with
administration duration in the pseudovirus assay) were
similar (p > 0.05), while the ICs, values of Q-GRFT NPs
were ~4-fold lower than observed for free Q-GRFT (p <
0.05) (Table 2).

Combinations of Q-GRFT with Each ARV

Q-GRFT was subsequently co-administered with each
ARV at an equipotent ICsy value ratio to compare the
combined efficacy with each active agent. As shown in
Figure 4, when free Q-GRFT was co-administered with
free ARVs, all ICsq curves were shifted to the left, demon-
strating that a lower dose of each agent is able to achieve
similar efficacy. When free Q-GRFT was co-administered
with free TFV, RAL, or DAP, the ICsy of Q-GRFT
decreased by 6.3-, 4.4-, and 3.7-fold, respectively, relative
to the administration of Q-GRFT alone (p < 0.05).
Similarly, the ICs, values of free TFV, RAL, or DAP co-
administered with free Q-GRFT decreased by 2.8-, 5.6-,
and 4.6-fold, respectively, relative to the administration of
free drug alone (p < 0.05).
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Figure | Scanning electron microscopy images of PLGA nanoparticles loaded with 10% w/w (A) Q-GRFT, (B) TFV, (C) RAL, and (D) DAP. Scale bars represent 200 nm.

Combinations of Q-GRFT NPs with Each

ARV
The activity Q-GRFT NPs with each free ARV was
assessed using the equipotency ratio of Q-GRFT NPs to

Table | Size, Loading, and Encapsulation Efficacy of PLGA
Nanoparticles

Active Size (d. nm t | Loading Encapsulation
Agent STD) (ng/mg) Efficacy (%)
Q-GRFT | 985 + 37.2 489 + 2.7 | 489 £ 127
TFV 89.9 + 253 154 £33 154 + 3.3

RAL 106.3 + 29.7 1035+ 11.9 | 1035+ 11.9
DAP 107.2 £ 27.1 602 +2.7 602 +2.7

Note: Nanoparticles had theoretical loading values of 100 pg Q-GRFT, TFV, RAL,
or DAP per milligram of NP.

each ARV, with the IC5y of Q-GRFT NPs here expressed
based on the 48 hr release value. As shown in Figure 5, the
ICso values of Q-GRFT NPs decreased by 6.6, 4.3, and
2.2-fold when co-administered with free TFV, RAL, or
DAP, respectively, relative to the administration of
Q-GRFT NPs alone. The ICsy values of free TFV and
RAL co-administered with free Q-GRFT NPs decreased
by 1.6 and 1.4-fold, relative to free TFV and RAL; how-
ever, minimal reduction (~0.5-fold) was observed in the
I1Csq value of DAP.

Combinations of Q-GRFT NPs with ARV

NPs
Lastly, the efficacy of Q-GRFT NPs and individual ARV NP
groups was determined using the equipotency ratio of
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Q-GRFT NPs to each ARV NP, with the ICs¢s of Q-GRFT
NPs and ARV NPs expressed based on respective 48 hr release
values. A significant shift was observed in the ICs, curves after
Q-GRFT NP and ARV NP co-administration (Figure 6).
Specifically, a 2.5, 2.7, and 6.0-fold reduction in Q-GRFT NP
ICsy values was observed when they were co-administered
with TFV NPs, RAL NPs, or DAP NPs. In addition, co-
administration of TFV NPs, RAL NPs, or DAP NPs with

Q-GRFT NPs resulted in 3.3, 2.3, and 8.6-fold reduction in the
ICs¢ of each encapsulated drug in combination, relative to
each encapsulated drug alone. In general, although all NPs
showed synergistic interactions when administered at an equi-
potency ratio, the most synergistic interactions were observed
for DAP NPs and Q-GRFT NPs, resulting in 8.6 and 6.1-fold
decreases in ICs respectively, relative to individual DAP NPs
and Q-GRFT NPs. The summary of ICs, values of different
active agents administered individually, relative to the ICsg
values after co-administration in free and encapsulated forms,
is shown in Table 3.

Evaluation of Synergistic Interactions

Based on CI Calculations

The CI value was calculated using the Chou-Talalay method
based on the ratio of ICs, values for each active agent when
administered separately and in combination (Figure 7).

Combinations of Q-GRFT with Each ARV
When Q-GRFT was co-administered with free TFV, RAL,
or DAP, the corresponding CI values were 0.53, 0.45, and
0.54, indicating similarly strong synergistic interactions
between all protein-drug combinations.

Combinations of Q-GRFT NPs with Each
ARV

When Q-GRFT NPs were administered in combination
with free TFV, RAL, or DAP, the calculated CI values
were 0.9, 1.12, and 1.47 showing synergistic interactions
between Q-GRFT NPs and TFV.

Combinations of Q-GRFT NPs with ARV

NPs
Co-administration of Q-GRFT NPs with ARV NPs demon-
strated strong synergistic interactions with DAP NPs
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Table 2 ICs, Values of Free and Encapsulated Agents After Administration to TZM-BI Cells | Hr Before HIV-1 Pseudovirus Infection

Active IC5o Free Active Agent IC5¢ Free Active 1Cs5o Encapsulated Active 1C50 Encapsulated Active
Agent (ng/mL) Agent (nM) Agent (ng/mL) Agent (nM)

Q-GRFT 572+ 138 45+ 1.1 14.0 + 4.1 I.1 £03

TFV 382.3 £ 39.6 1329.6 £ 137.8 273.7 +78.8 962.6 + 274.3

RAL 33+£03 74 +07 3.0+ 0.5 6.7 = 1.1

DAP 0.034 + 0.008 0.1 £ 0.024 0.043 + 0.0007 0.1 £ 0.002

Note: Data are shown in units of ng/mL and nM.

(CI=0.21) and more modest synergistic interactions with TFV
NPs and RAL NPs (CI = 0.82 and 0.96, respectively). Among
the different combined treatment groups, the strongest syner-
gistic interaction was observed for Q-GRFT NPs when admi-
nistered with DAP NPs (CI =0.21).

Assessment of NP-Fiber Composites

Based on the most synergistic formulation evaluated above,
nanoparticles containing 10% of either Q-GRFT or DAP were
successfully incorporated into the PEO portion of multilayered
fibers to demonstrate the release of active agents over a longer
duration. Q-GRFT and DAP were added in a ratio of 1:10 w:w
NP:PEO fiber (1 mg NP:10 mg fiber) to obtain a final concen-
tration of 10 pg active agent/mg NP-fiber composite (based on
100 pg active agent/mg NP and 100 pg NP/mg PEO fiber
loading). The actual loading of Q-GRFT and DAP in the NP-
fiber composite was 6.9 + 1.9 and 7.1 + 046 pg/mg,

respectively. As shown in Figure 8, DAP was fully released
within the first few days, with negligible release over 3 months.
For Q-GRFT NP-fiber composites, a burst release of 0.68 pg
Q-GRFT/mg PEO was observed in the first day, followed by
minimal release over 42 days. A second phase of release was
observed between days 42 to 63, followed by a gradual release
for up to 90 days. The release values from most of the time
points, for a 5 mg fiber-composite piece was within the in vitro
ICsg range of free Q-GRFT and DAP (57 and 0.03 ng/mL, in
TZM-bl cells), with the exception of the 8 and 72 hr time points
for Q-GRFT (30 and 16 ng/mL) and 14 d, 63 to 84 d, in which
the release was below the detection limit (78 ng/mL).

In vitro Cytotoxicity Studies

Blank NPs, as well as Q-GRFT and ARV NPs were eval-
uated for cytotoxicity at the highest concentrations used for
cell inhibition assays (1 mg/mL). No significant decreases in
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viability were observed in the viability of VK2, Ectl, and
End1/E6E7 cell lines, after treatment with Q-GRFT, TFV, or
RAL NPs, relative to untreated cells. These groups showed
greater than 92% viability after 24, 48, and 72 hr NP admin-
istration; however, a significant decrease in cell viability was
observed in VK2 cells treated with 1 mg/mL DAP NPs after
48 and 72 hr (p < 0.01). In contrast, the negative control for
viability (10% DMSO) resulted in dramatically decreased
cell viability spanning 7% to 18% across different cell lines
(Figure 9, p < 0.05).

Discussion

The co-administration of multiple active agents offers the
potential to address some of the challenges surrounding
PrEP, including low user adherence, high toxicity, and
modest efficaciousness, by enabling virus targeting via
different mechanisms of action and a corresponding
decrease in the required dose and adaptation to drug resis-
tance. Due to these benefits, synergistic interactions
between a variety of ARVs have been studied to evaluate

the effectiveness of a multi-agent approach to treat STIs
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Table 3 Summary of the ICsq Values of Each Individual Active Agent After Co-Administration in Different Forms

IC5o of Active Agents After Co-Administration (ng/mL)

Active Agents Free ARV + Free Q-GRFT Free ARV + Q-GRFT NP ARV NP + Q-GRFT NP
ARV Q-GRFT ARV Q-GRFT ARV Q-GRFT
Q-GRFT+TFV 1354+ 7.0 9.1 £22 2444 + 21.3 2.1 £0.1 833+ 10.3 55+0.7
Q-GRFT+RAL 0.6 £ 0.1 129 £ 2.0 24 +0.1 3312 1.3 £0.1 52+0.2
Q-GRFT+DAP 0.00737 £ 0.006 154 £ 0.1 0.06 £ 0.02 6.5+20 0.005 + 0.001 23 0.1

Note: Active agents were administered to TZM-BI cells | hr before HIV-1 pseudovirus infection.

such as HIV-1.1%37-8284 Whjle the efficacy of TFV, RAL,
or DAP in combination with other active agents including
lamivudine, emtricitabine, and maraviroc has been inves-
tigated in clinical trials,*>®” the combination of these
ARVs with biologics, such as Q-GRFT, has been lesser
explored.® To date, there are only two studies that have
evaluated the potential synergy between GRFT, a potent
antiviral biologic, and ARVs for HIV-1 prevention.'**?
Furthermore, a new oxidation-resistant variant of GRFT
(Q-GRFT) was developed which has not been investigated
in combination with other active agents. Lastly, only one

study has evaluated the impact of wild-type GRFT
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Figure 7 Combination indices of free Q-GRFT and free ARVs, Q-GRFT NPs and
free ARVs, and Q-GRFT NPs and ARV NPs co-administered to TZM-bl cells.

(relative to Q-GRFT) and ARV NP co-administration.
Therefore, the goal of this study was to evaluate the
synergy between the free and encapsulated forms of
Q-GRFT and a few key “model” ARVs, which are used
in oral PrEP and span different hydrophilicities and
mechanisms of action.

While most ARVs inhibit virus post-cell entry,
Q-GRFT is a biologic entry inhibitor with the potential
to inhibit virus at the source of infection, prior to mucus
penetration and cell entry. Due to the different mechanisms
of action and the potential for early intervention with
Q-GRFT, co-administration of Q-GRFT with established
ARVs
outcomes.

Yet despite the promise of Q-GRFT and other antiviral
agents, challenges such as the lack of consistent user

may enhance prophylactic and therapeutic

adherence — often requiring frequent administrations and
high dosing — and inadequate transport to target tissue,
limit the utility of these agents in free form in clinical
translation. To address these challenges, different dosage
forms have been used to provide combinational delivery of
these agents for HIV treatment. As two examples, poly-
meric films and IVRs have been used to deliver combina-
tions of different active agents including TFV, DAP, and
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Figure 8 (A) Schematic of NP-fiber composites in which spheres may depict Q-GRFT NPs or DAP NPs. (B) The cumulative release of Q-GRFT and DAP from NP-fiber
composites with an initial theoretical loading of 10 pg active agent per mg PEO fiber. Release values are shown as the mean # standard deviation of three independent NP-

fiber batches.
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maraviroc®> ®® for rapid versus sustained-delivery applica-
tions. For applications requiring delivery to physiologi-
cally complex environments, such as the FRT, polymeric
NPs have been shown to dramatically enhance the trans-
port of biologics and other active agents, and to enhance

internalization,®*0%°

agent instability and cellular
A recent study in our lab showed that PLGA NPs can
encapsulate GRFT with high loading and showed promis-
ing efficacy against HIV-1 in vitro and HSV-2 in vivo.®’
A recent study external to our group™ evaluated the
synergy between GRFT and DAP in free, encapsulated,
and co-encapsulated forms, demonstrating strong synergy
between GRFT and DAP co-encapsulated in PLGA NPs at
an equipotent ICs, value ratio, against HIV-1.** To expand
our knowledge to a variety of ARVs and to obtain a better
understanding of synergistic interactions between active
agent in free and encapsulated forms, we sought to eval-
uate the synergistic interactions between an oxidation-
resistant variant of GRFT (Q-GRFT) and three different
ARVs co-administered in free form, free and NP form, or
NP form.

In this study, individual active agent encapsulation
efficacy in NPs varied between 15% and 100%, based on
the properties of the encapsulated agent. Overall, NPs that
encapsulated Q-GRFT, RAL, or DAP obtained encapsula-
tion efficiencies higher than 49%, while NPs provided
lower loading (15%) of the hydrophilic ARV, TFV
(Table 1). Similar observations have been reported in pre-
vious studies, demonstrating only 16% TFV loading in
PLGA NPs.%> In contrast with TFV, Q-GRFT NPs had
relatively high loading (49%), which was similar to other
studies that reported 41% and 42% loading of wild-type
GRFT in PLGA NPs,®* indicating similar loading

potential for GRFT and Q-GRFT. This high level of load-
ing may be attributed to the hydrophilicity of Q-GRFT and
potential interactions of the mannose-binding sites which
may interact via polar, electrostatic, or hydrogen bonding
with hydrophobic residues of the PLGA matrix. In addi-
tion, protein surface absorption on polymeric NPs may
also contribute to the higher loading observed with
Q-GRFT, which may be further enhanced in future work
by optimizing the concentration of protein and the use of
stabilizers.”® Interestingly, and despite the hydrophilicity
and smaller size of RAL (eg, relative to Q-GRFT), in our
formulations, RAL obtained the highest loading, which
was significantly higher than previously reported
(55%).%* Similarly, hydrophobic DAP achieved high NP
encapsulation, which was in agreement with other studies
that reported 70% loading of DAP in PLGA NPs. The high
loading levels observed with DAP may be attributed to the
efficiency with which the double-emulsion technique
encapsulates hydrophobic molecules.®?

In addition to evaluating active agent loading, the
release of each active agent from PLGA NPs was evalu-
ated over 2 weeks. Release results showed that all NP
formulations provided modest and similar trends in sus-
tained-release over the course of 2 weeks in SVF (<20%,
Figure 2). For Q-GRFT specifically, 11% of the total
loading was released after 7 d, which is similar to that
reported for similarly loaded wild-type GRFT from PLGA
NPs (11%"** and 20%°%). For TFV NPs, ~17% release was
achieved over 14 d, similar in amount released, to that
observed under acidic pH conditions in another study.®
Due to the relatively low loading and similarly low release
of TFV observed from blended PLGA NPs in other work,
incorporate a more

formulations have moved to
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hydrophobic prodrug of TFV, tenofovir disoproxil fuma-
rate, to obtain more desirable loading (~57%), and
increased release (~80% release after 48 hr)’'" For RAL
NPs, similar release (~11%) to Q-GRFT was achieved,
based on total loading; however, the release was lower
than a previous report which showed ~60% release after
7 d from PLGA NPs (in PBS) with similar 100 pg/mg
theoretical loading.%® Similarly, in our study, DAP release
(16%) was lower than previously reported results (69%
and 65%);**°? however, the theoretical loading was not
reported, which is known to have a significant impact on
release. Overall, similar ranges of release, as a function of
overall loading, were observed for the active agents, which
may be attributed to active agent entrapment in the NP,
due to non-covalent binding between the agent and poly-
mer. However, RAL and DAP NPs surprisingly exhibited
higher levels of release as a function of mass active agent,
which was unexpected due to their hydrophobicity.
Previous studies have illustrated that encapsulant—polymer
interactions and compatibilities have a significant impact
on the particle structure, loading, and release
characteristics.”® In future work, these interactions may
be modulated by integrating different materials and pro-
cessing parameters such as polymer and drug concentra-
tion, polymer molecular weight, aqueous and organic
phase volume, and drug content.”® In addition, assessing
the release of agents from NPs under more basic pH
conditions is also recommended due to the increase in
vaginal pH in the presence of semen. A previous study
showed that GRFT release from PLGA NPs increased in
PBS (pH= 7.4), relative to SVF (pH=4.5), while less DAP
released from PLGA NPs in more basic pH conditions.™®

Prior to conducting synergy studies, the ICs, of each
individual free agent against HIV-1 in vitro was deter-
mined relative to each corresponding NP-encapsulated
agent (Figure 3). The ICsq of free Q-GRFT (57.2 ng/mL,
4.5 nM) was slightly higher than the values for GRFT
reported in previous studies (24 and 0.51 ng/mL), when
virus was added either 1 hr post-incubation’' or simulta-
neous to treatment of TZM-bl cells.*® In comparison, the
ICss of free TFV and RAL in this study werel.3 uM (382
ng/mL) and 7.42 nM (3.3 ng/mL) which were similar to
previous studies (517 nM>’ and 1.5 nM?° for TFV and
RAL, respectively) using the same cell line and adminis-
tration time. For DAP, an ICso of 0.1 nM (0.034 ng/mL)
was observed here, which was lower than previous reports
of 4.7 nM. However, the higher ICs, value may be attrib-
uted to differences in treatment regimen. In our study, cells

were infected with the virus 1 hr post-administration,
while in a previous work, TZM-bl cells were infected
with the virus immediately after drug administration.
While TZM-bl cells have been extensively used to evalu-
ate the efficacy of active agents against HIV-1, primary
human macrophages and T cells may be considered in
future work to further assess the efficacy of our delivery
platforms in different target cells; however, similar effi-
cacy results would be expected. In addition, it has been
shown that the virus subtype impacts the ICs, of DAP (and
other active agents), and based on this, these values can
vary between 0.8 and 3.5 nM.”> When these active agents
were encapsulated in NPs, similar ICsy values to those
with free agent administration were observed, with the
exception of Q-GRFT NPs in which the ICs, was
4.1-fold lower than observed with free Q-GRFT. For
Q-GRFT NPs, the lower ICso values are in agreement
with another study that showed the ICsy of wild-type
GRFT in PLGA NPs decreases, relative to free GRFT,(’Q
possibly by enhancing protein stability and activity.

To evaluate the potential of Q-GRFT and ARV combina-
tions to synergistically prevent HIV-1 infection, free Q-GRFT
was co-administered with free ARVs, Q-GRFT NPs with free
ARVs, and Q-GRFT NPs with ARV NPs, and the ICs, values
of the individual agents were compared to their combinations
in each form (Table 3). When free Q-GRFT was co-
administered with each free ARV, synergistic interactions
were observed for all co-administration groups with a 3.7 to
6.3-fold decrease in the ICs, of free Q-GRFT and a 2.8- to
5.6-fold reduction in the ICs, values of free ARVs (Figure 4).
These results are in agreement with previous studies that
assessed the impact of co-administering equipotent ratios (1:1
ICsg ratios) of free GRFT and TFV (CI = 0.6) in CD4+ MT-4
cells.'"* Another study demonstrated very strong synergy
(CI1<0.1) between free GRFT and free DAP co-administered
to TZM-bl cells in equipotent ratios.**

More interestingly, when Q-GRFT and ARVs were
each encapsulated in NPs, the synergistic interactions
observed between Q-GRFT and DAP incorporated in
NPs significantly improved relative to free Q-GRFT and
free DAP co-administration (Figure 6). In fact, among all
of the co-administration groups, the most synergistic inter-
action was observed between Q-GRFT NPs and DAP NPs
with 6.0 and 8.6-fold improvements in activity for
Q-GRFT and DAP, respectively. This observation is in
agreement with a previous study that showed strong
synergy between GRFT NPs and DAP NPs (CI = 0.08)

using TZM-bl cells and equipotent active agent ratios.*®
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The lower synergy observed in our study, between
Q-GRFT NPs and TFV NPs or Q-GRFT NPs and RAL
NPs may be due to the higher ICs, value for each ARV,
which requires higher drug concentrations to be released
from NPs to exert efficacy. Co-administration of active
agents with different mechanisms of action in NPs may
increase prophylactic effect, decrease the dose needed to
attain efficacy against HIV-1 infection, and reduce the
chance of developing drug resistance. Furthermore, pre-
vious work has shown that encapsulating active agents in
NPs may improve synergistic interactions by enhancing
drug uptake and cell internalization.’” Moreover, NPs may
overcome chemical incompatibilities between co-
administered agents.”’ While synergy was observed in all
NP formulations, in future studies, different molar ratios of
Q-GRFT NPs:ARV NPs can be explored to seek the most
synergistic ratios. Moreover, the administered ratios may
be adjusted based on the toxicity of each agent to balance
toxicity with efficacy. In addition, the time frame of agent
administration prior to virus exposure may be of interest to
investigate. Since each active agent has a different
mechanism of action and inhibits the virus at different
stages of infection, administration time can play a role in
obtaining efficacy and synergistic interactions between
agents.

In addition to free Q-GRFT/free ARV and Q-GRFT
NP/ARV NP co-administration, the efficacy of co-
administration of Q-GRFT NPs with free ARVs was eval-
uated. Overall, no reduction in the ICsq values of free DAP
was observed; however, there was a modest decrease of
1.6- and 1.4-fold in the ICs, values of free TFV and free
RAL (Figure 5). Less synergistic interactions between free
ARVs and encapsulated Q-GRFT may be attributed to the
lower release of Q-GRFT, relative to available free TFV,
RAL, and DAP, which may not provide the most synergis-
tic ratio.

In addition to efficacy, the safety of NPs encapsulating
each of the active agents was evaluated in vitro, and showed
that encapsulated Q-GRFT, TFV, RAL, and DAP at the
maximum dose used in efficacy studies (1 mg/mL), are non-
toxic to vaginal cells. Previous studies have also demon-
strated the safety of PLGA NPs loaded with GRFT,*
TFV,** RAL,* and DAP®***? in vitro and in vivo®®®* further
validating that co-administration can enhance the efficacy of
these active agents while maintaining their safety. It should
be mentioned that the relatively higher toxicity of DAP NPs
in VK2/E6E7 cells may be mitigated with the administration
of lower doses via synergistic and targeted NP delivery.

Moreover, due to the high synergy between Q-GRFT NPs
and DAP NPs, a lower dose of active agent may be consid-
ered to obtain strong efficacy against HIV-1. Additionally,
the co-administration of two or three drugs with Q-GRFT
would be expected to result in lower I1Cs values and higher
efficacy, relative to two-agent co-administration. In future
work, these more complex dosing regimens may be explored.

In line with promising efficacy and safety, another
important criterion is to provide a practical long-term
prevention strategy in an effective delivery platform. The
NP co-administration strategy evaluated here inhibited
HIV-1 infection in vitro, and with one exception (e,
TFV), released efficacious concentrations within the 1Cs
range of each active agent in TZM-bl cells, for up to 7
days. However, this release may be improved, by either
improving the NP formulation, or creating a hybrid deliv-
ery platform similar to previous work.® In this study, we
preliminarily evaluated NP-fiber composites to prolong the
release of our most synergistic NP formulations, by incor-
porating Q-GRFT NPs and DAP NPs. In our NP-fiber
composite platform, DAP, a small hydrophobic molecule,
showed a burst release followed by a minimal release that
was still in the ICso range of DAP observed in TZM-bl
cells. On the other hand, the Q-GRFT release curve fol-
lowed an “S” shape, indicating two distinct release phases
on day 1 and days 42 through 60, each of which was
followed by more gradual release. We attribute DAP
release within the first few hours to the small size of
DAP, while Q-GRFT, due to its larger size, may have
been entrapped within fiber layers, providing slightly
more gradual release through day 42. The second phase
of release is attributed to NP-fiber polymer degradation,
resulting in another burst release. These release profiles
are in agreement with our previous work with that incor-
porated wild-type GRFT in an NP-fiber composite.®’
Furthermore, the release profile may be optimized by
changing the NP content and altering the outer layer
thickness.®’

In addition to modulating the release, NP-fiber compo-
sites like NPs alone may also enable virus inhibition at
different stages by providing a burst release (here of DAP
and NNRTTI), which can provide an on-demand rapid pro-
tection against HIV-1, followed by more prolonged release
of Q-GRFT, an entry inhibitor, for long-term prevention and
treatment. In addition to virus inhibition via the use of
active agents, previous studies in our group have shown
that the electrospun fibers can also physically trap the virus,
which may lend increased protection through physical
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interactions.*” Moreover, lower doses of active agents are
released from these platforms which may result in less
toxicity. In the future, NP-fiber composites may serve as
a multipurpose delivery platform to target multiple infec-
tion types by encapsulating different agents and may
enhance NP retention relative to free NP administration,
to promote user adherence if release can be tuned for spe-
cific agents. Furthermore, in future work, the distribution of
these active agent combinations in more complex ex vivo
and in vivo models may be assessed to provide a more
therapeutically relevant information regarding release
profiles.

Conclusion

In this work, NPs encapsulating Q-GRFT, TFV, RAL,
and DAP were successfully developed with high loading
and efficacy against HIV-1 pseudovirus infection in vitro.
In addition, the synergistic interactions between free
Q-GRFT and free ARVs, Q-GRFT NPs and free ARVs,
and Q-GRFT NPs and ARV NPs were assessed.
Significant enhancements in efficacy were observed
Q-GRFT and free ARVs
administered, relative to the administration of individual

when free were  co-
active agents. Moreover, synergy was observed between
free Q-GRFT and all ARVs when they were individually
encapsulated in PLGA NPs. For Q-GRFT and DAP in
particular, synergistic interactions improved upon co-
administration of Q-GRFT NPs with DAP NPs. Overall,
this work shows that the potent HIV-1 inhibitor,
Q-GRFT, can be co-administered with different ARVs,
including NRTIs and integrase inhibitors, to improve
antiviral efficacy against HIV-1, and that modest, thera-
peutically relevant sustained-release can be achieved
over 14 days. Furthermore, the co-administration of
Q-GRFT with ARVs may be further considered in future
studies to impart long-term protection by modulating
multi-agent release in hybrid platforms such as NP-fiber
composites.
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