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Abstract

While antiretroviral therapy (ART) has revolutionized treatment and prevention of human
immunodeficiency virus type one (HIV-1) infection, regimen adherence, viral mutations, drug
toxicities and access stigma and fatigue are treatment limitations. These have led to new
opportunities for the development of long acting (LA) ART including implantable devices and
chemical drug modifications. Herein, medicinal and formulation chemistry were used to develop
LA prodrug nanoformulations of emtricitabine (FTC). A potent lipophilic FTC phosphoramidate
prodrug (M2FTC) was synthesized then encapsulated into a poloxamer surfactant (NM2FTC).
These modifications extended the biology, apparent drug half-life and antiretroviral activities of
the formulations. NM2FTC demonstrated a > 30-fold increase in macrophage and CD4+ T cell
drug uptake with efficient conversion to triphosphates (FTC-TP). Intracellular FTC-TP protected
macrophages against an HIV-1 challenge for 30 days. A single intramuscular injection of
NM2FTC, at 45 mg/kg native drug equivalents, into Sprague Dawley rats resulted in sustained
prodrug levels in blood, liver, spleen and lymph nodes and FTC-TP in lymph node and spleen cells
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at one month. In contrast, native FTC-TPs was present for one day. These results are an advance in
the transformation of FTC into a LA agent.
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1. Introduction

There is an emerging need for long acting (LA) nanoformulations for both treatment and
prevention of human immunodeficiency virus type one (HIV-1) infection [1, 2]. Parenteral
cabotegravir and rilpivirine (CAB and RPV) LA antiretroviral drug (ARV) formulations [1,
3] and a dapivirine vaginal ring [4] have generated significant enthusiasm and will soon
occupy a prominent position in the HIV therapeutic armamentarium [5]. However, there are
limitations of each and all of these [6]. They include, but are not limited to, required large
injection volumes, site reactions [7], limited viral reservoir drug penetrance [8], cost, limited
access [9] and stable drug delivery [10]. While broad numbers of drug-loaded implants and
LA nanomedicines are being developed few provide immediate remedies [11]. To these ends
our laboratory has focused our efforts on the development of prodrug nanoformulations
stabilized by poloxamer surfactants and lipids as LA agents [12, 13]. The rationales are
based on extensive past works demonstrating that prodrugs present effective and inexpensive
opportunities for improved drug delivery. These include their readily upscale potential and
their prior and extensive use as a delivery systems for infectious [14], neuropsychiatric [15]
and metabolic disorders [16]. Added to these advantages is the use of the prodrug approach
for more than four decades in clinical practice [17-19]. Thus, we contend that parenteral
ARV prodrug formulations may be developed as suitable LA injectables. Our works and
those of others have offered this track as a creative solution for the current challenges seen in
developing LA ARVs as a mainstream HIV treatment strategy.

There are a number of prodrug advantages in the development of LA ARVSs. First, after
physicochemical drug modifications, improvements in drug potency and apparent plasma
half-life of the native drug can be realized [18],[20]. Second, prodrugs are
pharmacologically inactive requiring chemical transformation to produce the parent drug
[21] that ensures their retention for extended time periods. This occurs either at the site of
injection or in tissue and as such can significantly extend the pool of active drug in plasma
and tissue after a single injection. 7/i/rd, prodrugs can positively affect absorption,
biodistribution and excretion based on lipophilic and hydrophobic properties. Such
modifications of therapeutic compounds facilitates their passive transport across cell and
tissue membranes [22]. This also effects depot formation in endosome vesicles [23-25].
Fourth, potent ARVs remain underutilized due to their biologic, pharmacokinetic (PK) and
pharmacodynamic or physiochemical properties that would benefit from prodrug
transformations [26]. Indeed, ARVs that currently have short half-lives with hydrophilic
properties provide opportunities for chemical conversions. Conversions from native
hydrophilic agents to hydrophobic and lipophilic prodrugs are possible. To these ends, we
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developed research platforms to transform existing ARVs into LA agents [27] [12, 13, 28,
29].

ARV potency and bioavailability improvements by production of fatty acid ester prodrugs of
nucleoside reverse transcriptase inhibitor (NRTI) compounds were accomplished [28].
Notably and in pursuit of potent LA NRTI inhibitor analogs, design of carbon chain
modifications and ProTide strategies were completed. These led to development of a first
lipophilic abacavir (ABC) ProTide through screening a range of amino acid and ester
promoieties [30]. However, intracellular delivery of LA active drug metabolites remains
elusive. Thus, in the present study, we applied a unique LA ProTide nanocrystal strategy to
create a LA FTC. We assumed that by bypassing the first phosphorylation step in FTC’s
intracellular activation pathway could further enhance drug potency. We also reasoned that
inclusion of a docosyl phenylalanyl ester in FTC ProTide would confer prodrug nanoparticle
stability and would enhance intracellular delivery of the nucleoside monophosphates [31].
Once cleaved, docosanol would promote drug-drug synergy [32, 33].

Materials and Methods

Materials

All chemical synthesis reactions were performed under a dry argon atmosphere unless
otherwise noted. Reagents were obtained from commercial sources and used directly;
exceptions are noted. FTC was purchased from HBCChem (Fremont, CA). Phenyl
dichlorophosphate, N-(carbobenzyloxy)-L-phenylaline, docosanol, dichloromethane (DCM,
CH,Cly), chloroform (CHCI3), N,N dimethylformamide (DMF), triethylamine (Et3N),
diethyl ether, tetrahydrofuran (THF), fer-Butylmagnesium chloride solution (‘BuMgCl, 1.0
M in THF), triethylsilane (Et3SiH) and methanol were purchased from Sigma-Aldrich (St.
Louis, MO).1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium3-
oxidhexafluorophosphate (HATU) was obtained from Chem Impex Intl. Inc. (Wood Dale,
IL) and palladium, 10% on activated carbon was purchased from STREM Inc.
(Newburyport, MA). Flash chromatography was performed using flash silica gel (32-63 L)
from SiliCycle Inc. (Quebec, Canada). Chemical reactions were analyzed by thin layer
chromatography (TLC) on precoated silica plates (200 um, F-254) from Sorbtech
technologies Inc. (Norcross, GA). The compounds were visualized by UV fluorescence or
by staining with ninhydrin or KMnOy reagents. Pyridine, poloxamer 407 (P407),
ciprofloxacin, 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT),
dimethyl sulfoxide (DMSO), paraformaldehyde (PFA), and 3,3’-diaminobenzidine (DAB)
were purchased from Sigma-Aldrich (St. Louis, MO). Cell culture grade water (endotoxin
free), gentamicin, acetonitrile (ACN), bovine serum albumin (BSA), and LC-MS-grade
water were purchased from Fisher Scientific (Hampton, NH). Heat-inactivated pooled
human serum was purchased from Innovative research (Novi, MI). Phosphatase, acid from
sweet potato (P1435-500UN) was purchased from Sigma Aldrich. Dulbecco’s Modification
of Eagle’s Medium (DMEM) was purchased from Corning Life Sciences (Tewksbury, MA)
and RPMI 1640- L-glutamine (SKU# 11875-093) was purchased from Gibco, ThermoFisher
Scientific. LiveDead Fixable Blue Dead Cell Stain kit was purchased from Invitrogen,

Biomaterials. Author manuscript; available in PMC 2020 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Soni et al. Page 4

ThermoFisher. CEM-ss CD4+ T-cells were obtained from the National Institutes of Health
cell repository.

2.2. Synthesis of a phosphorylated FTC prodrug

FTC (1.5 g, 6.02 mmoles, 1 equivalent) was dried from anhydrous pyridine (15 mL),
resuspended in anhydrous THF (30 mL) and then cooled at =78 °C under an argon
atmosphere. BuMgCl (12.04 mmoles, 2 equivalents) was then added and allowed to stir for
15 minutes under protection from light. A solution of phenylalanine docosyl
phosphochloridate [30] (3.89 g, 6.02 mmoles, 1 equivalent) in THF (20 mL) was then added
dropwise to the anion at =78 °C. The reaction mixture was gradually warmed to room
temperature for 1 day and heated at 45 °C for 24 h. The mixture was then cooled at -78 °C
and quenched using methanol and concentrated to remove solvents. The residue was purified
by silica column flash chromatography eluting with 95% then 90% DCM in methanol to
give M2FTC as a colorless powder after lyophilization (61 % yield). The chemical structure
of M2FTC was confirmed by proton, carbon and phosphorus nuclear magnetic resonance
(*H, 13C and 31P NMR) spectra recorded on a Varian Unity/Inova-500 NB (500 MHz;
Varian Medical Systems Inc., Palo Alto, CA, USA) (Supplementary Fig. 1 (A, B, C)). FT-IR
analysis was performed on a Spectrum Two FT-IR spectrometer (PerkinElmer, Waltham,
MA, USA). Comparative crystallographic analyses of FTC and M2FTC by powder X-ray
diffraction (XRD) were carried out in the 2g range of 2-500 using PANalytical Empyrean
diffractometer (PANalytical Inc., Westborough, MA, USA) with Cu-Ka radiation (1.5418 A)
at 40 kV, 45 mA setting. FTC and M2FTC quantitation was performed on a Waters
ACQUITY ultra performance liquid chromatography (UPLC) H-Class System with TUV
detector and Empower 3 software (Milford, MA, USA) using a Phenomenex Kinetex 5 y
C18 100 A column (150, 4.5 mm) (Torrence, CA) for separation. Molecular mass was
determined by direct infusion into a Waters TQD mass spectrometer. The UPLC-TUV and
mass spectrometric methods for FTC and M2FTC quantitation are included in the
supplementary information.

2.3. M2FTC characterization

2.3.1. Solubility—To determine solubility of FTC and M2FTC in water and 1 — octanol,
excess amount of drug was added to each media to form saturated solutions. The
homogeneous saturated solutions were mixed at room temperature for 24 h and centrifuged
at 14,000 x g for 10 minutes to separate insoluble drug. The amount of drug in the
supernatants was quantified by UPLC TUV method.

2.3.2. Prodrug chemical stability—Chemical stability at acid, alkaline and neutral pH
was determined as described by Gupta et al. [34]. M2FTC stock solution at a concentration
of 2 mg/mL was prepared in optima-grade methanol in a glass amber vial. For acidic,
alkaline and neutral hydrolysis, 100 gL of M2FTC stock solution was added to 1900 L
each of 0.1 M HCI, 0.1 M NaOH or optima-grade water, respectively. The samples were
then incubated at room temperature under shaking conditions (innova® 42 shaker incubator,
150 rpm). Samples were withdrawn at predetermined time points (0, 4,8 hand 1, 3and 7
days) and stored at —80 °C until analysis by UPLC-TUV.
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2.3.3. Plasma stability—To evaluate prodrug stability, 100 s plasma from different
species (rat, mouse, rabbit, dog, monkey and human) were incubated with 1 zM of M2FTC
at 37 °C. At different time points (0, 2, 6, and 24 h), 1 mL methanol was added to each
sample and vortexed for 3 min to stop the reaction. For 0-min time-point, a 100 L ice cold
plasma was spiked with 100-x prodrug spiking solution in 20%DMS0/80% methanol and
immediately 1 ml of ice cold methanol was added. Heat-inactivated plasma was incubated at
the same conditions and used as a negative control to differentiate chemical vs. biological
instability. Following the addition of methanol, samples were centrifuged at 15,000 g for 10
min, 10 4L supernatant was mixed with 90 4L 80 % methanol containing IS, and then 10 s
was used for UPLC-MS/MS analysis (Waters Xevo TQ-XS, supplemental method S.M.1).

2.4. Nanoformulation of M2FTC and physicochemical characterization

P407 stabilized M2FTC nanosuspensions (NM2FTC) were prepared by high-pressure
homogenization on an Avestin EmulsiFlex-C3 (Ottawa, ON, Canada) homogenizer.
Specifically, P407 (0.5% w/v) was dissolved in PBS followed by addition of M2FTC (1%
w/v) to the surfactant solution at a drug to polymer ratio of 2:1 and mixed to form a pre-
suspension. The suspension was then homogenized (~20,000 psi) until the desired particle
size was achieved. Particle size (D), polydispersity index (PDI), and zeta potential were
determined by dynamic light scattering (DLS) on a Malvern Nano-ZS (Worcestershire, UK).
The stability of NM2FTC nanoparticles was monitored at 25 and 37°C over 2 months.
Encapsulation efficiency was calculated using the following equation: Encapsulation
efficiency (%) = (weight of drug in formulation/initial weight of drug added) x 100. In-vitro
nanoparticle release kinetics were determined by dialysis (membrane MWCT 2000,
Spectrum laboratories, Inc.) against PBS containing 1% v/v Tween 80 at 37 °C with constant
shaking (New Brunswick™ Innova® 42, 150 rpm). One milliliter aliquots were withdrawn
at predetermined time points and replaced with equal amounts of dispersion medium.
Samples were then centrifuged at 10,000xg for 10 min and then lyophilized followed by
reconstitution in 100 L of methanol and quantification for total M2FTC concentration using
LC-MS/MS method using Waters Xevo TQD UPLC MS system, chromatographic
separation was performed on a CSH analytical column (2.1x100 mm, 1.7um; Waters)
equipped with a guard column (Waters, Milford, MA). Mabile phase A was ammonium
formate (10 mM, pH 3.2), while mobile phase B was 100% methanol (mobile phase A: B
was 2:98 v/v). The LC method was 7 minutes, run isocratically at 0.35 mL/minute. The
following transitions were monitored for M2FTC: m/z 859.19—229.98 and m/z
859.19—276.07.

Nanoparticle morphology was analyzed by transmission electron microscopy (TEM).
Samples for TEM imaging were fixed by immersion in a solution of 2% glutaraldehyde, 2%
paraformaldehyde in a 0.1M Sorenson’s phosphate buffer (pH 7.2) at 4°C for 24 h and
processed as previously described [30].

2.4.1. Cellular drug uptake, retention and triphosphate production in
macrophages—In-vitro characterization of NM2FTC in MDM and CEM-ss CD4+ T-cells
was performed as previously described [13, 14, 30, 31, 37] [38]. Human monocytes were
obtained by leukapheresis from HIV-1/2 and hepatitis B seronegative donors, and then
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purified by counter-current centrifugal elutriation [35]. Human monocytes were plated in 12-
well plates at a density of 1.0 x 10° cells per well using DMEM supplemented with 10%
heat-inactivated pooled human serum, 1% glutamine, 10 sg/mL ciprofloxacin, and 50 g/mL
gentamicin. Cells were incubated at 37 °C in a 5% CO, incubator. After 7 days of
differentiation in the presence of 1000 U/mL recombinant human macrophage colony
stimulating factor (MCSF), MDM were treated with 100 4/M FTC or NM2FTC. Uptake of
drug was assessed by measuring intracellular drug concentrations at 2-8 h after treatment
[13]. For drug retention studies, MDM were treated with drug formulations for 8 h with drug
formulation then washed 2 times with PBS and maintained with half-media changes every
other day until collection from days 1 to 30. For both studies, adherent MDM were washed
with PBS, then scraped into PBS, and counted at predetermined time points using an
Invitrogen Countess Automated Cell Counter (Carlsbad, CA). Cells were pelleted by
centrifugation at 3,000 rpm for 8 min at 4°C. The cell pellets were then sonicated in 200 L
methanol using a probe sonicator to extract drug and centrifuged at 20, 000 g for 10 min at
4°C to separate cell debris. FTC and M2FTC drug contents were determined by UPLC-
UV/Vis (Supplemental method S.M.1). To assess cell viability, MTT assay was performed
[36]. Briefly, MDM were seeded on 96-well plates at a density of 80.0 x 10° cells per well
and treated with various concentrations (10 — 400 tM) of FTC or NM2FTC for 6-24 h.
After drug treatment, cells were washed twice with PBS and incubated with 100 gL /well of
MTT solution (5 mg/mL) for 45 min at 37 °C. After incubation MTT was removed, and 200
pLiwell of DMSO was added and mixed thoroughly. Absorbance was measured at 490 nm
on a Molecular Devices SpectraMax M3 plate reader with SoftMax Pro 6.2 software
(Sunnyvale, CA).

2.4.2. Cellular drug uptake and Triphosphate production in CEM-ss CD4+ T-
cell lines—Twelve-well plates were coated with poly-L-lysine solution (100 pg/mL in
distilled water) for 1 h. Wells were then washed once with sterile water then seeded with
CEM-ss cells at a density of 1 x 10° cells/well followed by further incubation at 37 °C for at
least 30 minutes. Cells were then treated with 100 M of FTC or NM2FTC to evaluate drug
uptake and retention as previously described [12, 13]. At each time point, cells were washed
twice and scrapped into PBS, centrifuged at 650 x g for 5 minutes and intracellular drug
quantitation was performed using TQD MS method as previously described. To determine
intracellular FTC triphosphate (FTC-TP) levels, CEM-ss CD4+ T-cells were treated with
100 M FTC or NM2FTC and processed as described for uptake [43]. Cell pellets were
suspended in 70% aqueous methanol (v/v) and FTC-TP extraction was performed as
described previously with some modifications [32]. Briefly, Sep-Pak QMA cartridges were
used to separate FTC-TP from its mono- and di-phosphate forms. The triphosphate fractions
were eluted and dephosphorylated using type XA sweet potato acid phosphatase. The
15N,13¢C-3TC internal standard was added following the incubation (final concentration of
0.5 ng/mL). Dephosphorylated samples were then subjected to 24 SPE extraction step using
Waters OASIS HLB cartridges. The FTC were then eluted with 1.4 ml of methanol and
evaporated under vacuum. Once dry, the residues were reconstituted with 100 zL 25%
methanol before performing LC-MS/MS analyses as described in the supplemental method
S.M.1.
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2.4.3. Half maximum effective concentration (ECsp) measurements—MDM
were seeded in round bottom 96 well plates at a density of 80,000 cells/well. Various
concentrations of NM2FTC or FTC in the range of 0.01 nM-10 zM were added for 60 min
prior to infection with HIV-15pa media at a MOI of 0.1 infectious particles per cell for 4 h.
After 4 h, infection media was removed, and the cells were incubated an additional 10 days
in the presence of the same concentration of drug. Half media changes were done every
other day. After 10 days, culture media was collected to measure HIV-1 reverse transcriptase
(RT) activity as previously described [37-39]. Parallel studies were performed in
transformed CD4+ T cells. Briefly, CEM-CD4+ T cells were cultured in suspension in 96
well plates, centrifuged at 650 x g and re-dispersed in 100 s drug-containing media. After
60 minutes, cells were challenged with HIV-1y 4-3.egrp (MOI 0.1) by spin-inoculation
(1125 g for 2 hours, 25°C) followed by incubation in drug-containing media for 16 h. The
cells were then washed 3x with PBS to remove extracellular virus and incubated in drug-
containing media. Media exchanges occurred every 2 days with drug-containing media. Ten
days post HIV-challenge, cell pellets were fixed in 2% PFA and fluorescence was analyzed
by flow cytometry. The ECgg was calculated using sigmoidal 4-point logarithmic regression
using GraphPad Prism v7. RT activity was measured in culture media.

2.4.4. Measurements of antiretroviral activities—To assess long-term antiretroviral
efficacy, MDM were treated with 100 M NM2FTC or FTC as described above for 8 h.
After treatment, cells were washed with PBS and cultured with fresh media without drug
followed by half-media exchanges every other day. At days 1-30 after treatment, cells were
challenged with HIV-1apa at a MOI of 0.1 for 16 h. After viral infection, the cells were
cultured an additional 7 days with half-media exchanges every other day followed by full
media change on the 8t day post challenge. Culture fluids were collected on the 10t day for
measurement of RT activity, while adherent MDM were fixed with 4% PFA and HIV-1p24
protein expression assayed by immunohistochemistry [35, 36].

Pharmacokinetic and biodistribution assessments

All animal studies were approved by the University of Nebraska Medical Center
Institutional Animal Care and Use Committee in accordance with the standards incorporated
in the Guide for the Care and Use of Laboratory Animals (National Research Council of the
National Academies, 2011). Male Sprague Dawley rats (250g; Jackson Labs, Bar Harbor,
ME) were maintained on normal diet and water. Animal weights were monitored before the
start of the study. The rats were administered a single 45 mg/kg FTC-equivalent dose of FTC
or NM2FTC intramuscularly (IM) into the caudal thigh muscle to determine PK over 4
weeks. Blood was collected 2 hand 1, 7, 14, 21, and 28 days. Tissues were collected at days
1, 7, 14 and 28 days. Lymph node cells and splenocytes were isolated on days 1, 7, 14 and
28 days for determination of FTC-TP levels. Prodrug and FTC were quantitated in whole
blood and tissue samples by UPLC-MS/MS method (Waters Xevo TQS micro., Milford,
MA) (Supplemental method S.M.1).

2.6. Statistics

For both in-vitro and in-vivo studies, data were presented as mean + standard deviation
(SEM), and experiments were preformed using a minimum of three biological replicates. For
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in-vivo studies, each group contained 5 rats (pharmacokinetic studies). For comparison of
two groups, Student’s t-test (two-tailed, paired and unpaired) were used. One way ANOVA
was performed for comparison between 3 groups. P<0.05 was considered to be significant
(*P <0.05, ****P < 0.0001). All the data were analyzed using GraphPad Prism 7.0 software
(La Jolla, CA).

2.7. Study approval

All animal studies were approved by the University of Nebraska Medical Center
Institutional Animal Care and Use Committee in accordance with the standards incorporated
in the Guide for the Care and Use of Laboratory Animals (National Research Council of the
National Academies, 2011). Human monocytes were isolated by leukapheresis from
HIV-1/2 and hepatitis seronegative donors according to an approved UNMC IRB exempt
protocol.

3. Results

3.1. Synthesis and characterization of M2FTC

Phenylalanine docosyl ester was reacted with preformed phenyl phosphorodichloridate in
the presence of triethylamine (Fig. 1A). This generated a phenylalanyl docosy! ester
phosphorochloridate masking group [30]. The amino ester was then coupled with FTC (Fig.
1B) and purified by silica gel column chromatography producing 61% of M2FTC [40].
Nuclear magnetic resonance, Fourier transform infrared spectroscopy and mass spectrometry
(NMR, FTIR and MS) confirmed the formation of the prodrug. The M2FTC
physicochemical properties consisted of broad singlets at 0.84 ppm and 1.4 ppm and
multiplet at 1.1-1.3 ppm in the 'H NMR spectrum corresponding to the terminal methyl and
symmetrical methylene protons of the fatty alcohol. Additionally, the multiplet at 7.09-7.32
ppm corresponds to the aromatic protons from the aryl and phenylalanine promoieties
(Supplemental Fig. 1A). 13C NMR spectrum of NM2FTC showed additional peaks
corresponding to the carbonyl ester (172.2 ppm) and aromatic carbon atoms (124.7, 124.3,
119.9, 119.8 ppm) (Supplemental Fig. 1B). 3P NMR spectrum of M2FTC demonstrated a
dominant single peak (Supplemental Fig. 1C). A 4000-fold decrease in aqueous solubility
(0.0366 + 0.0093 mg/mL) for M2FTC compared to FTC (142.97 + 11.24 mg/mL) was
observed. This corresponded to a 90-fold improvement in M2FTC octanol solubility (87.56
+ 0.236 mg/mL) compared to 0.97 £ 0.027 mg/mL for FTC. These data confirmed the
prodrug lipophilicity enhancements (p<0.0001) (Fig. 1C). Additional absorption bands at
2921 — 2846 cm™1 and 1800 — 1700 cm™1 in the FTIR spectrum of M2FTC were seen
representing the C-H and C=0 stretches in docosanol and phenylalanine esters, respectively
(Fig. 1D). XRD spectra confirmed the crystalline nature of M2FTC (Fig. 1E). Changes in
the crystallinity of M2FTC compared to FTC was due to conjugation of lipophilic
promoieties to the FTC structure during M2FTC synthesis followed by lyophilization, thus
affecting its polymorphic form [41, 42]. Infusion of M2FTC into Waters TQD mass
spectrometer confirmed a M2FTC molecular ion peak of 859.19 (Supplemental Fig. 1D).
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3.2. M2FTC chemical stability

Chemical stability for M2FTC was determined at room temperature in buffers of different
pH solutions. At neutral pH, M2FTC was stable over 7 days (Supplemental Fig. 2A).
However, after 24 h of incubation under acidic and alkaline pH, 10% of the prodrug
degraded presumably through ester bond cleavage.

3.3. Plasma metabolic stability

The stability of M2FTC was further investigated using plasma from different species. After
24 h of incubation at 37°C, degradation of M2FTC was high in rodent, dog, rabbit and
monkey plasma. However, M2FTC remained stable in both normal and heat inactivated
human plasma over 24h (Fig. 1F). The observed differences in plasma stability of M2FTC in
different species were due to differences in the esterase expression in these tested species
[43]. These data sets support the stability of M2FTC in blood for both intracellular and
tissue prodrug uptake and FTC triphosphate conversions.

3.4. Physical characterization of M2FTC nanoformulations

We next developed stable nanoformulations of the prodrug by a single step scalable
nanoparticle manufacturing scheme [44]. P407 stabilized nanosuspensions of M2FTC
(NM2FTC) were prepared by high-pressure homogenization with a drug encapsulation
efficiency of =270%. Particle size, polydispersity index (PDI), and zeta potential were
determined by dynamic light scattering (DLS) and were 359.4 + 13 nm, 0.37 £ 0.02, and
-44.8 + 0.2 mV, respectively. NM2FTC remained stable at 25 and 37 °C (Fig. 2A and
Supplemental Fig. 2C) for up to 60 days. The high negative charge provides electrostatic
repulsion between the particles to minimize aggregation. Particle dissolution and release of
M2FTC from NM2FTC across a dialysis membrane (MWCT 2000) were characterized by
an initial burst prodrug release of 40% within 90 minutes. This was followed by sustained
release for over 72 h (Supplemental Fig. 2B). Nanoparticle morphologies by TEM showed
fairly uniform and spherical particles with diameters less than 400 nm (Fig. 2D) and
validated the particle size. Analysis of particle size distribution by size statistical histogram
plot employing ImageJ software on TEM images showed 71, 18 and 9 % of the nanoparticle
population in the range of 100-250 nm, 250-400 nm and 400-550 nm respectively
(Supplemental Fig. 2D) The high drug loading, smaller particle size and minimal excipient
usage in NM2FTC nanosuspensions could potentially reduce injection site reactions. HIV-1
RT activity measurements demonstrated that the ECsq of FTC (0.5 nM), M2FTC (0.11 nM),
and NM2FTC (0.04 nM) against HIV-15pa in MDM were comparable (one-way ANOVA,
p=0.74) indicating that conversion of FTC to M2FTC and NM2FTC did not compromise
drug potency (Fig. 2B). Similarly, the ECgy of NM2FTC in CEM CD4+ T-cells was not
different from FTC (15.55 nM and 25.71 nM, respectively; P = 0.5873, two tailed t test with
Welch correction). These data further confirmed that the antiretroviral activity of the prodrug
formulation was not altered by its chemical modification (Fig. 2E). These observations were
further confirmed by quantitation of HIV-1yN 4-3 gep expression on fixed cell samples by
flow cytometry (Supplemental Fig. 2E). The reduction in the ECsq for M2FTC was likely
due to poor solubility of the hydrophobic prodrug in aqueous culture media. Administration
of the prodrug nanoparticles (NM2FTC) with improved dissolution properties confirmed the
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expected improvement in drug potency. Since mitochondrial dysfunction is a major adverse
effect of NRTIs [45], we performed mitochondrial dehydrogenase activity assessment of
FTC, M2FTC and NM2FTC in MDM at 10-400 /M using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT). No effects on mitochondrial reductase activity was
observed at all tested drug concentrations. However, M2FTC and NM2FTC exhibited a
slight reduction in cell viability above 100 zM, presumably caused by enhanced cellular
drug uptake (Fig. 2C). In CEM CD4+ T-cells, neither FTC, M2FTC nor NM2FTC affected
cell viability at < 200 M by LiveDead staining (Fig. 2F). Hence, 100 &M drug
concentrations were used in subsequent CEM-ss CD4+ T-cell studies. TEM imaging
performed in MDM and CEM CD4+ T cells showed NM2FTC within cytoplasmic vesicles.
After 8 h of drug treatment, NM2FTC nanoparticles accumulated in cytoplasmic vesicles in
both cell lines (Fig. 2G).

3.5. Cell based evaluations of NM2FTC particles

3.5.1. NM2FTC uptake, retention and FTC TP conversion—NM2FTC was rapidly
taken up by MDM and intracellular concentrations increased over 8 h (Fig. 3A). Intracellular
drug concentrations were 34.6 nmoles!106 cells for NM2FTC and >100-fold higher than
FTC (< 0.1 nmolesi108 cells) after equimolar drug concentration exposures. NM2FTC was
also retained within MDM for up to 30 days (15.9 nmoles/108 cells) while native FTC was
undetectable at 8 h (Fig. 3B). In order to probe activation of M2FTC inside cells, we
quantified intracellular FTC triphosphate (FTC-TP) levels in MDM treated with equivalent
concentrations of FTC or M2FTC. For MDM uptake studies, both NM2FTC (28,2541
fmoles/108 cells) and FTC (21,7276 fmoles/106 cells) produced comparable levels of FTC-
TP over the 8 h test period (Fig. 3C). NM2FTC also provided high sustained FTC-TP levels
up to day 30 where TP concentration was 312 fmoles/106 cells compared to 19.1 fmoles/108
cells for FTC (Fig. 3D). Sustained retention of the active TP metabolite from NM2FTC
demonstrates slow prodrug release from the nanoparticle then controlled intracellular
activation/phosphorylation. Similarly, NM2FTC exhibited enhanced uptake in CEM CD4+ T
cells with peak drug concentration of 10,300 pmolesi108 cells at 8 h (Fig. 3E). Parallel
quantitation of FTC-TP in CEM CD4+ T-cells after single exposure to NM2FTC
demonstrated active metabolite levels of 508.6 + 56.14 fmoles/10° cells at 8 h (Fig. 3F).
Overall, these data suggest that NM2FTC could be transformed into a long-acting slow-
release formulation. Maintaining therapeutic drug levels at cellular sites of infection could
potentially disrupt viral replication cycle and prevent further dissemination [46]. Studies
performed in human MDM suggest that despite the ability of native ART formulations to
achieve high drug concentrations in plasma, viral replication continues to occur due, in part,
to restricted drug cell entry across lipid membranes [12, 13]. The inherent lipophilicity of
NM2FTC and enhanced intracellular uptake of the prodrug could potentially overcome
limitations of native FTC cell delivery.

3.5.2. Anti-retroviral efficacy—To assess antiretroviral activity of NM2FTC, MDM
were challenged with HIV-15pa for up to 30 days after a single 8 h treatment with 100 1M
of the prodrug formulation or native drug. As a result of enhanced MDM drug uptake and
sustained retention, NM2FTC exhibited superior antiretroviral activity compared to FTC as
measured by HIV RT activity (Fig. 4A) and HIV-1 p24 antigen staining (Fig. 4B). Notably,
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complete viral inhibition was maintained for up to 30 days with NM2FTC compared to
minimal protection at day one (40%) and no viral inhibition at later time points for FTC
treatment (Fig. 4C). The ability of NM2FTC to protect MDM from HIV-1 infection for
extended periods of time is a significant step towards transforming FTC into a potent long
acting cell and tissue targeted formulation that could be used in pre-exposure prophylaxis or
in combination with other long acting ART for HIV-1 treatment.

3.6. Pharmacokinetic and biodistribution studies

Male Sprague Dawley (SD) rats were administered a single 45 mg/kg FTC or FTC-
equivalent (equimolar FTC) dose of NM2FTC IM into the caudal thigh muscle to determine
PK and tissue drug distribution over 4 weeks. Administration of NM2FTC provided
sustained high drug levels in blood over four weeks (Fig. 5A). The measured prodrug blood
concentrations were 472.7 + 35.4 ng/mL and 50 £ 6.4 ng/mL at days 1 and 28, respectively.
In contrast, native FTC showed rapid drug decay with levels below 2 ng/mL by day 7.
Notably, spleen (152 ng/g), liver (79 ng/g) and lymph nodes (152 ng/g) showed high
M2FTC concentrations at day 28 (Fig. 5 B-D) with detectable FTC-TP levels (Fig. 5 E, F)
all following a single NM2FTC injection. In contrast and like blood, native FTC treatment
elicited low drug levels in tissues that rapidly fell below the limit of quantitation (Fig. 5 B—
D). The high drug levels in tissues after NM2FTC treatment suggest controlled prodrug
release from the nanoparticle with enhanced accumulation of FTC-TP in tissue [47].

4. Discussion

Emtricitabine (FTC) is an NRTI with potent activity against HIV-1 and hepatitis B virus
(HBV) infections [48, 49]. Daily pre-exposure prophylaxis with a combination of FTC and
tenofovir is effective at preventing HIV-1 transmission. Combinations of bictegravir,
emtricitabine and tenofovir alafenamide are a mainline therapy for HIV-1 treatment [50].
Despite its effectiveness, limitations of FTC include regimen adherence and restricted viral
reservoir penetrance. These offer the needs for improved formulation strategies. Thus, LA
ARV formulations were developed to extend dosing intervals, reduce systemic toxicity, and
improve PK profiles [12, 13, 29, 30, 51, 52]. The formulations made were maximized for
drug loading and excipient usage. Drug formulation scalability and stability after long-term
storage were achieved.

As FTC is highly water-soluble, drug transformation into sustained release solid drug
nanocrystals is required. Thus, we designed and applied an optimized ProTide strategy to
generate hydrophobic and lipophilic ProTides drug nanocrystals. These extended the drug’s
apparent half-life through slow nanoparticle dissolution [53] and controlled ProTide
hydrolysis and activation [30, 54]. The created FTC prodrug bypassed the initial rate-
limiting phosphate kinase activation step and improved its potency. Development of LA
nanoformulations with slower hydrolysis rates can sustain therapeutic drug concentrations in
plasma and tissue [55] while improving cell penetrance and drug tissue biodistribution [56].
Despite such benefits, only two LA ARVs, RPV and CAB LA, have progressed to phase 111
clinical trials [3, 57-60]. It is noteworthy that inherent hydrophobicity is critical in creating
nanoparticles. However, most ARVs cannot be easily converted into stable aqueous
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nanosuspensions [61]. These challenges could be overcome by encapsulation of lipophilic
ARV prodrugs into poloxamer coated nanocrystals enabling slow release and hydrolysis
rates [12, 13, 28-30].

We reasoned that optimal formulation design should maximize delivery of ART to
macrophages and CD4+ T cells, the principal targets of HIV-1 infection, in spleen, gut and
lymphoid organ reservoirs. This would improve delivery over native ART nanosuspensions
[62] and improve the abilities of highly mobile macrophages with large storage capacities to
transfer drug to CD4+ T cells and ultimately to virus tissue compartments [13]. Drugs stored
in macrophages as nanocrystals can also protect drugs from systemic metabolism,
prolonging drug half-lives to enhance efficacy. Such events would lead to improved PK and
drug biodistributions [12, 13]. We have also shown that once inside macrophages, drug
particles are stored in late- and recycling-endosomes, as well as autophagosomes [63, 64].
Thus, cell drug delivery serves multiple purposes especially in conjunction with prodrug
activation. Activation of ProTides involves protease and peptidase mediated processes to
release nucleoside monophosphates, which undergo further phosphorylation into active
triphosphate forms [65, 66]. Following intracellular uptake, M2FTC nanocrystal undergo
slower dissolution mediated by esterase induced hydrolysis [67-70]. Intracellular M2FTC
activation would include cleaving off docosanol from docosyl phenylalanine ester carried
out by cathepsin A or carboxyesterases induced ester hydrolysis. This is then followed by
intracellular cyclization to form a cyclic intermediate which would then undergo further
hydrolysis by phosphoramidase leading to release of FTC monophosphates [50, 71-74]. In
All, the creation of NM2FTC significantly improved ProTide stability, enhanced
intracellular and sustained delivery of the active triphosphate metabolite compared to native
FTC. Consequently, the antiviral activity of the drug was extended from hours to weeks for
NM2FTC after single drug treatment of MDM. These results demonstrate that NM2FTC
could potentially provide maximal intracellular viral restriction.

Development of optimal therapeutic regimen for effective treatment and prevention of HIV-1
requires sustained delivery of therapeutic drug concentrations in plasma and target tissues
[75, 76]. We therefore investigated the abilities of NM2FTC to improve drug PK and
biodistribution. A single intramuscular injection of NM2FTC in rats provided sustained and
high prodrug concentrations in blood and tissues for one month. In contrast, drug
concentrations from FTC treatment declined to undetectable levels within a day. Thus, high
intracellular and tissue drug levels for NM2FTC could potentially translate to improved drug
efficacy and reduced dosage. Additionally, NM2FTC treated animals showed sustained but
low levels of FTC-TP in lymph nodes and spleen at one month compared to undetectable
levels for FTC treatment. The observed low FTC triphosphate levels were not surprising
since ProTides have been shown to undergo rapid degradation [77] and that cleavage of the
phosphoramide bond could be limited in rodents [78]. Therefore, future PK evaluations
should be conducted in non-rodent species. Our data sets are particularly encouraging since
evaluation of the prodrug in human macrophages and CD4+ T cells strongly suggest that
M2FTC is efficiently metabolized into the active triphosphate form. The developed M2FTC
formulation could potentially enhance uptake and sustain therapeutic concentration of FTC
TP at restricted reservoirs of infection.
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5. Conclusions

LA nanomedicines developed for HIV treatment and prevention extend drug half-lives,
improve biodistribution and facilitate therapeutic outcomes. The limitations of existing LA

ARV parenterals include requirement for frequent dosing, injection site reactions and high

injection volumes. Limited distribution of ART within tissue and cellular reservoirs of
infection further limits their efficacy. Therefore, new treatment and prevention strategies that
permit less frequent dosing, with abilities to sustain therapeutic concentrations of drug at
sites of action could potentially improve adherence and reduce transmission of infection.
The FTC ProTide formulation described in this work represents a promising approach
towards development of a long acting sustained release FTC with improved antiretroviral
activity. Single treatment of MDM with NM2FTC demonstrated sustained intracellular FTC-
triphosphate levels and antiretroviral activities. PK tests in Sprague Dawley rats demonstrate
sustained high drug levels in blood and tissues in NM2FTC treated animals compared to
rapid one day drug clearance after native drug treatment. Future studies will evaluate
pharmacodynamic profiles of NM2FTC in rhesus macaques and inevitably to evaluations in
humans infected or at risk of infection.
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Highlights
Creation of emtricitabine (FTC) ProTide nanocrystals

A lipophilic FTC phosphoramidate prodrug (M2FTC) was synthesized then
encapsulated into a poloxamer surfactant (NM2FTC).

NM2FTC demonstrated active macrophage and CD4+ T cells drug uptake of
> 30- and 8- fold, respectively.

NM2FTC was retained within macrophages for up to a month compared to
hours after native FTC treatment.

Enhanced potency at half effective concentration (ECsg) was observed for
NM2FTC compared to native FTC in CD4+ T-cells.

FTC triphosphates (FTC-TP) were retained in macrophages for one month
after a single NM2FTC treatment with associated protection against an
HIV-1apa cell challenge of 0.1 infectious viral particles/cell.

A single intramuscular injection of NM2FTC, at 45 mg/kg drug equivalents,
into Sprague Dawley rats demonstrated sustained prodrug levels in blood,
liver, spleen and lymph nodes for up to a month.

FTC-TP was detected in cells isolated from lymph nodes and spleen for one
month. In contrast, FTC-TPs were present for one day after native drug
treatment.
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Fig. 1. M2FTC physicochemical characterization.
(A) Synthesis of aryl amino phosphochloridate. N-Chz-L-Phenylalanine was dissolved in

DMF and CFM. Cooled on ice. HATU, docosanol, imidazole and Et3N were added and
reaction was stirred at RT for 48 h. Product was dissolved in CFM and MeOH. Palladium on
carbon was added and cooled to 4 °C, Et3SiH was added and stirred for 16 h. Product was
dissolved in DCM at —78 °C, Phenyl dichlorophosphate was then added, followed by
Et3N/CFM addition, stirred at 48 h RT. (B) FTC was dissolved in THF at -78 °C, 'BuMgClI
was added and stirred at 48-90 h at RT. FTC was then reacted with product formed in
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previous step with a 61% yield (C) Solubility of FTC and M2FTC in 1-octanol and water
was measured at 37°C. Data are expressed as mean + SEM for n = 3 samples were
evaluated. Statistical significance was measured using one way ANOVA at ****P < 0.0001.
(D) Fourier transformed infra-red spectroscopic (FT-IR) analysis showed the presence of
carbonyl and aromatic stretching vibrations in the region of 2900 — 3100 cm~1 for FTC and
M2FTC and phosphoramide (P-N-H) bending vibrations between 1600 — 1700 cm™1 in
M2FTC, confirming the presence of these functionalities. (E) XRD analysis of FTC and
M2FTC supporting unique atomic arrangement in the compounds crystal lattice. F)
Hydrolysis study in different species’ plasma demonstrated chemical stability of M2FTC
over 90% in both normal and heat inactivated human plasma up to 24 h at 37 °C and gradual
hydrolysis observed of up to 40% in mice and rats, dog, rabbit and in monkey plasma over
24 h,
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Fig. 2. NM2FTC characterizations.
A) Physical stability evaluation of NM2FTC at 25 °C in terms of particle size, zeta potential

and polydispersity index over 1 month. (B) ECsy was determined in MDM over a range of
concentrations (0.001-1000 nM) by determining HIV-1 RT activity after FTC or NM2FTC
treatments in cells infected with HIV-15pa. Results were analyzed by nonlinear regression
least squares fit. Results are shown as the mean £ SEM of three replicates. C) Cell vitality
was assessed in MDM by MTT assay 24 h after FTC, M2FTC or NM2FTC treatments over
a range of concentrations (10 — 400 uM). Results were normalized to untreated control cells.
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Both M2FTC and NM2FTC were found to be non-cytotoxic at 100 UM or less. Data are
represented as mean + SEM for n = 3 samples per group. D) Transmission electron
microscopy (TEM) of NM2FTC showed presence of nanoparticles predominantly in the size
range of 100-250 nm. E) EC5q was determined in CEM CD4+ T-cells by RT activity
measurement in the supernatant after FTC or NM2FTC treatments over a range of
concentrations (0.1-10,000 nM). Results were analyzed by nonlinear regression least
squares fit. F) CEM-ss CD4+ T-cell vitality using LiveDead staining. All the treatments
were non-toxic at 200 uM of drug or less. G) TEM morphological evaluation in MDM and
CEM-ss CD4+ T-cells after NM2FTC (100 pM) treatment for 8 h, washing with PBS (2x)
and re-suspension in TEM fixation buffer.
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Fig. 3. NM2FTC uptake, retention and triphosphate (TP) conversion.
A) For uptake, MDM were treated with equal drug concentrations (100 M) and uptake was

determined over 8 h. B) For retention study, MDM were loaded with FTC or NM2FTC for 8
h followed by PBS washing and maintaining half media changes every other day for 30
days.. (C) Intracellular FTC TP levels during uptake studies was quantified at various time
points over the 8h experiment time course. (D) Intracellular FTC TP levels were measured at
different time points over 30-days. E) M2FTC, and F) FTC TP levels in parallel uptake
studies in CEM-ss CD4+ T-cells were carried out as for MDMs.
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Fig. 4. Cell-based antiretroviral activities.
Antiretroviral activity was determined in MDM treated for 8 h with 100 uM FTC or

NM2FTC and then infected with HIV-1apa at 1 to 30 days following drug loading. HIV-1
replication was determined 10 days after infection by A) Time course HIV-1 RT activity in
culture supernatants. RT activity results were confirmed by B) HIV-1p24 antigen expression
(brown stain) of adherent MDM. NM2FTC protected MDM from HIV-1 infection at all time
points. Results were normalized to positive control cells. All results are shown as the mean +
SEM with n = 3. C) Comparative HIV-1 RT activity at day 30 showing statistical
significance in the % RT activity between FTC and NM2FTC treatments using unpaired two
tailed t-test at ****P < 0.0001.
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Fig. 5. PK and biodistribution of FTC and NM2FTC in rats.
Blood and tissue M2FTC and FTC concentrations were determined over 28 days. A) FTC

and M2FTC levels in whole blood after a single IM injection of FTC or NM2FTC in
Sprague Dawley rats (45 mg/kg FTC equivalents). M2FTC and FTC concentrations were
determined in (B) lymph nodes, (C) spleen, and (D) liver. Data are expressed as mean +
SEM for n =5 rats per group. Formation of FTC-TP in (E) lymph node and (F) spleen cells
were determined. Drug concentrations were quantified by UPLC-MS/MS.
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