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Development and characterization of a
long-acting nanoformulated abacavir
prodrug

Aim: A myristoylated abacavir (ABC) prodrug was synthesized to extend drug half-
life and bioavailability. Methods: Myristoylated ABC (MABC) was made by esterifying
myristic acid to the drug’s 5-hydroxy-cyclopentene group. Chemical composition,
antiretroviral activity, cell uptake and retention and cellular trafficking of free MABC
and poloxamer nanoformulations of MABC were assessed by proton nuclear magnetic
resonance and tested in human monocyte-derived macrophages. Pharmacokinetics
of ABC and nanoformulated MABC were evaluated after intramuscular injection
into mice. Results: MABC antiretroviral activity in monocyte-derived macrophages
was comparable to native drug. Encasement of MABC into poloxamer nanoparticles
extended drug bioavailability for 2 weeks. Conclusion: MABCsynthesisand encasement
in polymeric nanoformulations improved intracellular drug accumulation and

demonstrate translational potential as part of a long-acting antiretroviral regimen.
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Treatment of HIV infection mandates
early and lifelong treatment with combina-
tion antiretroviral therapy (cART) [1]. One
impediment in reaching successful clinical
outcomes is lack of adherence to cART drug
regimens that serve to sustain reductions in
viral load and maintain CD4* T lympho-
cyte numbers [2,3]. Maintaining cART drug
levels is essential to protect susceptible cell
populations and enable sustained antiviral
responses to preclude the development of
viral resistance [1]. Lack of achievement of
effective treatment outcomes rests in the
inabilities of drugs to specifically target viral
reservoirs [4]. These include gut-associated
lymphoid tissue, lymph nodes, spleen, the
CNS and specifically central memory lym-
phocytes and myeloid cells contained within
the lymphoreticular tissues [5-7]. Limita-
tions in drug bioavailability have affected
therapeutic outcomes [8]. All can lead to the

perpetuation of viral sanctuaries and accel-
erate cART failures [9.10]. We posit that the
development of long-acting viral reservoir-
targeted nanoformulated ART (nanoART)
can overcome such limitations while reduc-
ing drug toxicity and metabolism, improv-
ing drug rtargeting and facilitating slow
release of cell-carried drug cargos. These
ultimately serve to improve antiretroviral
drug pharmacokinetics (PK) and pharmaco-
dynamics [11-15]. To such ends, our labora-
tory has pioneered the development of nano-
ART [16-19]. Our nanoformulations show
further improvements in design through
ligand surface engineering [13,19] serving
to facilitate uptake into virus target cells.
Mononuclear phagocytes (MPs; monocytes,
macrophages and dendritic cells) serve as
drug carriers. These cells facilitate drug car-
riage through their mobility, rapid delivery,
cargo encasements and abilities to deploy
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drug to viral target tissues [20]. To such ends, the abil-
ity of nanoART to home drug depots to viral reser-
voirs represents notable advantages over conventional
therapy [21]. This explains the need for an interdis-
ciplinary program serving to encapsulate antiretrovi-
ral drugs into polymeric nanoparticles for MP drug
delivery and enabling PK and pharmacodynamics
testing [16,17,19,22].

An obstacle toward success has been the difficulty
in formulating the many available hydrophilic antiret-
roviral drugs into nanoparticles for parenteral admin-
istration. Thus, a platform was constructed to convert
the drug abacavir (ABC) into a hydrophobic com-
pound through esterification using myristic acid. Of
interest, fatty acid analogs of myristic acid can inhibit
N-myristoyltransferase, an enzyme that catalyzes
myristoylation, which is needed for activity of several
proteins involved in the life cycle of HIV [23-27]. With
this in mind, myristoylated ABC (called MABC) was
synthesized and then formulated into nanosuspen-
sions. This enabled the formation of hydrophobic drug
crystals that were then placed into poloxamer-coated
nanoparticles. Improved antiretroviral activity was
observed for the modified ABC. Prolonged antiret-
roviral activity was realized with the establishment of
drug depots in Rab endosomes. Prolonged drug MP
carriage and PK support the opinion that MABC holds
promise to extend the drug armamentarium for HIV/

AIDS therapy.

Materials & methods

Chemicals

ABC sulfate, myristic acid, poloxamer 407 (P407),
folic acid (FA) and CF633-succinimidyl ester were
purchased from Sigma-Aldrich (MO, USA). ABC
sulfate was converted into free-base using sodium
bicarbonate. The chemical reactions were performed
under a dry argon atmosphere. Flash chromatogra-
phy was performed using 32—63-pm flash silica gels
from Dynamic Adsorbents, Inc. (GA, USA). Reac-
tions were followed by thin-layer chromatography on
precoated silica plates (250 um) F-254 from SiliCycle,
Inc. (QC, Canada). The compounds were visualized
by ultraviolet fluorescence or by staining with nin-
hydrin or KMnO, stains. HPLC-grade methylene
chloride, acetonitrile, methanol, dimethylformamide
(DMF), LC-MS-grade water and phosphate-buffered
saline (PBS) were purchased from Fisher Scientific
(NJ, USA). Rabbit antihuman antibodies to LAMP1,
Rab7, Rabll, Rabl4 and AlexaFluor 488 conjugated
goat antirabbit IgG were purchased from Santa Cruz
Biotechnology (TX, USA). Folate-modified P407 (FA-
P407) and CF633-modified P407 were synthesized as
described [20].

MABC synthesis

ABC (3.49 mmol, 1 equivalent) was dried by azeo-
troping from anhydrous pyridine, then suspended
in anhydrous DMF and cooled to 0°C under argon.
Selective silylation of the 5-hydroxyl group of ABC
was conducted by adding fert-butyldimethylsilyl
chloride (4.18 mmol, 1.2 equivalents) and imidazole
(5.23 mmol, 1.5 equivalents) to the suspension with
continuous stirring for 16 h after which the desired
silylated product was isolated by flush chromatography
purification and characterized by proton nuclear mag-
netic resonance ("H-NMR) spectroscopy. The amino
group in the silylated ABC was then protected by
reacting with DMTr-CI (5.05 mmol, 2.2 equivalents)
in anhydrous pyridine solvent to yield orthogonally
protected ABC. Selective cleavage of the silyl group
was achieved using tetra-z-butylammonium fluoride
(4.87 mmol, 2.5 equivalents) to afford the free pri-
mary alcohol that was coupled with myristic acid (3.36
mmol, 2 equivalents) using 1-[bis(dimethylamino)
methylene]-1H-1,2,3-triazolo[4,5-b] pyridinium
3-oxid hexafluorophosphate (3.63 mmol, 2.2 equiva-
lents) and N, N-diisopropylethylamine (8.26 mmol,
5 equivalents) in DMF. Finally, cleavage of DMTr
using trifluoroacetic acid produced MABC after puri-
fication; '"H-NMR spectrum specifics: R, 0.38 (9:1
CH,Cl,/MeOH); 'H-NMR (500 MHz, CD,0D) &
0.60-0.67 (br, 2H), 0.82—0.94 (m, 5H), 1.21-1.50 (br,
23H), 1.69-1.80 (m, 3H), 2.60-2.74 (br, 1H), 2.82 (t,
] = 8.6 Hz, 1H), 2.85 (t, ] = 8.6 Hz, 1H), 2.96-3.12
(br, 2H), 3.61 (dd, J = 5.3, 10.8 Hz, 1H), 3.68 (dd, ] =
5.3, 10.8 Hz, 1H), 5.77-5.80 (br, 1H), 5.92-5.98 (m,
1H), 6.16—-6.33 (m, 1H), 8.01 (s, 1H).

Antiretroviral activity of MABC

Human peripheral blood monocytes were obtained
from HIV-1 and -2 and hepatitis seronegative donors
and purified using countercurrent centrifugal elu-
triation [28]. The monocytes were cultured and dif-
ferentiated into macrophages (monocyte-derived
macrophages [MDMs]) using DMEM with 10%
heat-inactivated pooled human serum, 1% gluta-
mine, 50 pg/ml gentamicin, 10 pg/ml ciprofloxacin
and 1000 U/ml macrophage colony stimulating fac-
tor (MCSF) for 7-10 days [29]. The antiviral activity
of native drug and prodrug against HIV-1 was deter-
mined in human MDM at day 10 postinfection as
described [30]. Briefly, MDM were exposed to various
concentrations of ABC or MABC for 60 min followed
by challenge with HIV-1, |, at a multiplicity of infec-
tion (MOI) of 0.01 infectious viral particles per cell.
After 4 h of incubation, cells were washed three-times
with PBS to remove excess virus followed by incuba-
tion with the same concentration of drug used before
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infection. Cells were cultured for an additional 10 days
with half media changes every other day with equiva-
lent replacement of drug containing media. Superna-
tants were collected at day 10 after viral infection, and
the level of viral replication was determined by HIV
reverse transcriptase (RT) activity [31].

Nanoformulated MABC

Crystalline MABC was encased in poloxamer P407
(nanoformulated MABC) using high-pressure
homogenization (Avestin EmulsiFlexC3; Avestin,
Inc., ON, Canada) [1619]. For preparation of non-
targeted nanoformulation (NMABC), a suspension
of 1% (w/v) MABC and 0.5% (w/v) P407 in 10 mM
HEPES buffer (pH 5.5; Sigma) was premixed over-
night at room temperature to generate drug contain-
ing polymeric micelles. Suspensions were then homog-
enized by high-pressure homogenization (20,000 psi)
until the desired particle size of approximately 250
nm was achieved. Folate-targeted nanoformulation
(FA-NMABC) was prepared in an analogous man-
ner from a premix of 0.5% polymer as FA-P407 and
P407 (60:40% w/w) [20]. Crude nanoformulations
were purified by differential centrifugation at 5000 x
¢ for 5 min to remove aggregated particles. Further
centrifugation at 20,000 x g for 20 min was used to
remove the free MABC and polymeric micelles. Puri-
fied nanoparticle pellets were resuspended in 10 mM
HEPES buffer (pH 5.5) for physicochemical charac-
terization and for iz vitro and in vivo studies. To pre-
pare CF633-P407-labeled nanoformulations, CF633-
P407 and P407 were dissolved in methanol at a weight
ratio of 1:5 [2032]. Methanol was then evaporated
to generate a thin polymer film that was rehydrated
using 10 mM HEPES buffer (pH 5.5) to yield a final
excipient concentration of 0.5% (w/v). To this poly-
mer solution, free MABC was added at a 1% (w/v)
ratio. The suspension was protected from light and
premixed at room temperature for 16 h. The suspen-
sion was homogenized and purified as described earlier
for unlabeled formulations. CF633-labeled folate-tar-
geted nanoformulations were prepared similarly where
CF633-P407, P407 and FA-P407 were dissolved in
methanol at a weight ratio of 1:2:2.

Physicochemical characterizations of MABC &
its derivatives

MABC was characterized using 'H-NMR and Fourier
transform infrared (FTIR) spectroscopy. 'H-NMR
spectra were recorded on a Varian INOVA 500 MHz
spectrometer (Varian, Inc., CA, USA). 'H-NMR data
is reported in ppm downfield from tetramethylsilane as
an internal standard (IS). FTIR spectra were recorded
using a Spectrum Two UATR-Two FTIR spectrometer
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(PerkinElmer, Inc., MA, USA). Nanoformulations
were characterized for their particle size, polydisper-
sity index (PDI) and { potential by dynamic light scat-
tering (DLS) using a Malvern Zetasizer, Nano Series
Nano-ZS (Malvern Instruments, Inc., MA, USA).
The morphology of the nanoformulations was exam-
ined by scanning electron microscopy (SEM) using a
Hitachi S4700 field-emission scanning electron micro-
scope (Hitachi High Technologies America, Inc., IL,
USA) [16]. Stability of the nanoformulation suspensions
was assessed at room temperature (25°C) and at 4°C
for a period of 8 weeks by measuring particle size and
PDI by DLS. Drug loading, in other words, the weight
percentage of MABC encapsulated in a given mass
of lyophilized nanoformulation, was determined by
ultraperformance LC-MS/MS (UPLC-MS/MS). To
determine drug concentration in purified nanosuspen-
sions, an aliquot of the nanosuspension was extracted
using methanol and analyzed by UPLC-MS/MS [20].

Nanoparticle MDM uptake & retention

Uptake and retention of nanoformulations were deter-
mined in human MDM [1633]. Briefly, MDM were
treated with nanoformulations at a concentration of
100 pM MABC. Cell uptake was assessed at differ-
ent time points without any media changes. At each
time point, adherent MDM were washed three-times
with 1 ml of PBS, scraped into 1 ml of fresh PBS and
pelleted by centrifugation at 950 x ¢ for 8 min. The
cell pellet was reconstituted in 200 pl methanol and
probe sonicated followed by centrifugation at 20,000
x ¢ for 20 min. The supernatant was analyzed for drug
content using UPLC-MS/MS.

To determine involvement of folate receptors
(FOLR) in MDM uptake of the folate-targeted nano-
formulation, cells were preincubated with 50 uM
free FA for 60 min prior to treatment with 100 uM
FA-NMABC. For cell retention studies, MDM were
treated with 100 uM of nanoformulated MABC for
8 h; cells were then washed with PBS to remove free
drug or unincorporated nanoparticles followed by fur-
ther incubation in MCSF-free medium without nano-
formulation. At days 1, 5, 10 and 15, cells were washed,
collected and analyzed for drug content as described
for uptake studies. Cell viability was determined using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) [16]. Briefly, MDM were treated with
10, 50, 100 and 200 uM NMABC or FA-NMABC
for 24 h. The adherent cells were washed with PBS,
and 200 pl of MTT working solution (0.5 mg/ml
diluted in MCSF-free media) was added to the cells
followed by incubation at 37°C for 30 min and wash-
ing with PBS. DMSO (200 pl/well) was added to the
cells and incubated for 5 min at 25°C. The absorbance

fsg

future science group

www.futuremedicine.com

1915



Research Article singh, McMillan & Hilaire et al.

at 4990 nm was measured using a SpectraMax M3
Microplate reader (Molecular Devices, CA, USA).

Antiretroviral activity of MABC
nanoformulations

MDM were treated with 100 pM MABC using free
MABC or nanoformulated MABC for 8 h. The cells
were washed with PBS to remove excess free drug
and nanoparticles. The MDM were challenged with
HIV-1, ,, at an MOI of 0.01 infectious viral particles
per cell for 18 h on day 1, 5, 10 and 15. Progeny virion
production was measured by RT activity in culture
medium [31]. HIV-1 p24 protein expression was assessed
in adherent cells [32]. The cells were washed with PBS
and fixed with 4% paraformaldehyde for 15 min at
room temperature. The cells were blocked using 10%
bovine serum albumin (BSA) containing 1% Triton
X-100 in PBS for 30 min at room temperature. Fol-
lowing blocking, cells were incubated with HIV-1
p24 mouse monoclonal antibodies (1:50; Dako, CA,
USA) for overnight at 4°C, followed by 1-h incubation
at room temperature. Horseradish peroxidase (HRP)-
labeled polymer antimouse secondary antibody (Dako
EnVision® System; Dako) was added (one drop per
well). Hematoxylin (500 pl/well) was added to coun-
terstain the nuclei, and images were captured using a
Nikon TE300 microscope with a 20x objective.

MABC nanoparticle subcellular localization

To determine subcellular localization of nanofor-
mulated MABC, human monocytes were cultured
in an eight-well Lab-Tek IT CC2 chamber slide at a
density of 5 x 10° cells/well and differentiated into
macrophages as described previously [201. MDM were
treated with 100 pM of MABC using CF633-labeled
NMABC or FA-NMABC for 8 h, washed with PBS,
fixed and stained using subcellular compartment anti-
bodies [20.32]. Briefly, cells were fixed with 4% para-
formaldehyde for 30 min at room temperature, per-
meabilized using 5% Triton-X in PBS for 15 min, and
blocked with 5% BSA and 0.1% Triton-X in PBS. The
cells were then incubated overnight at 4°C for 1 h at
room temperature with primary antibody (1:25 dilu-
tion in 5% BSA and 0.1% Triton-X in PBS) for respec-
tive endocytic compartments: late endosomes (Rab 7;
sc-10767), recycling endosomes (Rabll and Rabl4;
sc-9020 and sc98610) and lysosomes (LAMPI;
sc-5570). The cells were washed extensively using
0.1% Triton-X in PBS and subsequently were incu-
bated with secondary antibody conjugated with Alexa-
Fluor 488 for 60 min at room temperature. The cells
were covered with ProLong Gold anti-fade reagent
with DAPI 1 (4,6-diamidino-2-phenylindole), cover
slipped and imaged by confocal microscopy using an

LSM 510 microscope with a 63x oil lens (Carl Zeiss
Microimaging, Inc., CA, USA).

PK studies

Animal PK studies were conducted in accordance with
the University of Nebraska Medical Center Institu-
tional Animal Care and Use Committee. Male Balb/
cJ mice (Jackson Labs, ME, USA) were maintained on
a folate-deficient diet (Harlan Teklad TD.00434; Har-
lan Laboratories, Inc., IN, USA) for two weeks prior
to treatment and throughout the study. Mice were
injected intramuscularly with 50 mg/kg ABC equiva-
lents using native ABC, NMABC or FA-NMABC
in PBS. On days 1, 3, 5, 7, 9, 12 and 14 after drug
treatment approximately 50 pl blood was collected by
cheek bleeding, and immediately 40 pl was added into
1 ml of acetonitrile for drug analysis. IS (10 ul) was
added to each sample and consisted of 0.665 pg/ml
d,-ABC and 0.5 pg/ml lopinavir. Samples were centri-
fuged at 17,000 x g for 10 min, and supernatants were
dried using a ThermoScientific Savant Speed Vacuum
(ThermoScientific, MA, USA), reconstituted in 100 pl
of 80% v/v methanol in LC-MS-grade water and
10 pl was injected directly for MABC UPLC-MS/
MS analysis. About 30 pl of the reconstituted samples
were diluted with 50 ul water for ABC UPLC-MS/
MS analysis. Final concentrations for both d,-ABC (IS
for ABC) and lopinavir (IS for MABC) were 50 ng/ml.
Standard curves of ABC or MABC were prepared
similarly, in blood collected from control mice in the
range of 0.35-3500 and 0.125-1250 ng/ml, respec-
tively. A Waters ACQUITY H-class UPLC system
(Waters, MA, USA) connected to a Waters Xevo
TQS-micro mass spectrometer with an ESI source was
used for drug quantitation. Chromatographic sepa-
ration of 10 pl ABC sample injections was achieved
on an ACQUITY UPLC CSH CI8 column (1.7 pum,
100 mm x 2.1 mm) using a 13-min gradient of mobile
phase A (7.5 mM ammonium bicarbonate in LC-MS-
grade water, adjusted to pH 7 with glacial acetic acid)
and mobile phase B (100% LC-MS-grade methanol)
at a flow rate of 0.25 ml/min. The initial mobile phase
composition was 10% B for the first 2.5 min and was
gradually increased to 95% B in 6.5 min and held con-
stant for 1.5 min. Mobile phase B was then reset to
10% in 0.45 min, and the column was equilibrated for
2.25 min before the next injection. MABC chromato-
graphic separation was achieved using the same CSH
C18 column and mobile phases but with a 16-min iso-
cratic method using 81% mobile phase B and flow rate
of 0.3 ml/min. ABC and MABC were detected at a
cone voltage of 8 and 16 V, respectively, and a colli-
sion energy of 16 and 30 V, respectively, in the positive
ionization mode. Multiple reaction monitoring tran-
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Figure 1. Synthesis and characterization of MABC (cont. overleaf). (A) MABC was synthesized as illustrated at a final
yield of 66%. (B) The 'H-NMR spectrum of MABC showed the presence of an intense broad peak at 1.21-1.50 ppm.
This peak corresponds to the aliphatic protons on the fatty acid moiety. (C) Peaks at 2915 cm™ and 2850 cm™ in
MABC FTIR spectrum correspond to alkane (CH,-CH,) stretching of the myrisitic acid alkane. (D) The '"H-NMR
spectrum of NMABC showed the presence of a singlet at 3.7 ppm that corresponds to the methylene-repeating unit
of the polymer. Peaks corresponding to the myristoylated prodrug protons are also displayed on the formulation
spectrum.

sitions used for ABC, MABC, d,-ABC and lopinavir analyzed and quantified by MassLynx software version
were 287.14 > 191.00, 497.18 > 191.07, 291.14 > 79.02  4.1. All calculations were made using analyte peak area
and 629.18 > 447.2 (m/z), respectively. Spectra were  to IS peak area ratios.
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Statistical analyses

Drug uptake and retention data were analyzed by
one-way analysis of variance and Student’s #-test using
GraphPad Prism software (GraphPad Software, Inc.,
CA, USA). Confocal images were analyzed as percent
overlap using Image] software with JACoP plugin
to quantify the amount of overlap between labeled
nanoparticles and labeled endocytic compartments.
Differences of mean percent overlap between nano-
formulations were analyzed using Student’s #-test.
Experiments were performed three-times unless oth-
erwise specified. Animal studies were conducted with
five animals per treatment group. Statistical analysis
was performed by two-way analysis of variance and
Bonferroni’s multiple comparison test. Results are
expressed as mean + standard error of mean. Results
were considered significant at a p-value of <0.05.

Results

MABC synthesis & characterization

In its native form, ABC has restricted intracellular and
tissue penetrance (3034]. Its hydrophilic nature also
poses challenges for nanoformulation preparations.
To facilitate encapsulation of ABC into a poloxamer-
stabilized nanosuspension, MABC, a hydrophobic pro-
drug of ABC, was synthesized. This was accomplished
through derivatization of the native compound with a
cleavable fatty acid ester (Figure 1A). Covalent linkage
of myristic acid to the 5-O-hydroxyl group of ABC
was confirmed by 'H-NMR, FTIR and MS/MS. Spe-
cifically, the triplet at 2.36 ppm in the '"H-NMR spec-
trum of MABC represents two fatty acid methylene
protons adjacent to the carbonyl group linked to ABC,
while the broad multiplet signal in the region of 1.21-
1.50 ppm of the spectrum corresponds to 20 hydro-

-2 " [ppm]
| shlﬂ

gens of the repeating methylene units of the fatty acid
chain (Figure 1B). This was further confirmed by com-
paring FTIR spectra of MABC to that of native ABC
and myristic acid (Figure 1C). The presence of alkane
stretching (CH,—CH,) peaks at 2915 and 2850 cm
in the FTIR spectrum of MABC confirmed that the
alkane chain of the derivatizing fatty acid (2913 and
2847 cm™) was covalently linked to the parent drug.
The peaks at 1595 cm™ in MABC and 1588 cm™ in the
ABC FTIR spectra corresponded to CH, stretching of
the native aromatic ring. Peaks at 1673 and 1696 cm
in MABC and myristic acid corresponded to C=0
fatty acid attachments. The peak at 1033 and 1030 cm'™!
in ABC and MABC spectra corresponded to NH,
vibrations of the parent compound. Infusion into a
Waters Xevo TQS micro mass spectrometer confirmed
a molecular mass ion of 496.2, which corresponds to
ABC with one myristoyl group (data not shown).

Antiretroviral activity of MABC

The antiretroviral activities of MABC and native drug
were compared in MDM. Various concentrations of
ABC or MABC bracketing the EC, for ABC were
added to MDM prior to and continued with HIV-1, ||
infection [30]. Antiretroviral activity was determined
by measuring RT activity in culture fluids collected
10 days after drug treatment and infection. The anti-
viral activity of MABC as determined by the EC, for
viral suppression was comparable to that of the parent
drug (~100 pM) (Figure 2).

Preparation & physicochemical characterization
of the NMABC

Poloxamer nanoformulations of MABC were pre-
pared by high-pressure homogenization as previously
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described [1618]. Nanoparticles in suspension were
characterized by DLS and SEM. The physicochemical
parameters of NMABC and FA-NMABC nanopar-
ticles were similar. The size, PDI and  potential of
NMABC nanoparticles were 160 + 10 nm, 0.2 + 0.1
and -27.5 + 2.5 mV, respectively. Similarly, the size,
PDI and ¢ potential of FA-NMABC nanoparticles
were 170 + 12 nm, 0.15 + 0.04 and -33.7 £ 3.7 mV,
respectively. Relatively low PDI values displayed by the
two nanoformulations indicated a narrow particle size
distribution within the suspensions. Morphologically,
both NMABC and FA-NMABC were observed to be
cylindrical rods of 200 nm in size as determined by
SEM, correlating with particle size determined by DLS
(Figure 3A & B). The stability of nanoformulations over
time and temperature was assessed by measuring the
NMABC particle sizes over a period of 8 weeks at 4
and 25°C. During this time, the size and PDI did not
change significantly at either of the two temperatures
(Figure 3C & D), an indication that the nanoformula-
tions remained stable for at least 2 months. Drug load-
ing for NMABC and FA-NMABC nanoformulations
was found to be 62 + 1.5 and 65 + 2.4% respectively.
Lyophilized formulation powders were also character-
ized by magnetic resonance spectroscopy in DMSO.
The presence of a singlet at 3.7 ppm in the 'H-NMR
spectrum of the formulation corresponds to the repeat-
ing methylene units (next to oxygen) of the polymer.
Peaks corresponding to the myristoylated prodrug
protons were also evident in the formulation spectrum.

Nanoformulated drug uptake & retention

To determine whether FOLR targeting would enhance
MDM uptake and consequently retention of MABC,
MDM were treated with 100 pM MABC using
NMABC or FA-NMABC for up to 8 h. MDM uptake
of nanoformulated MABC increased over time and
reached a maximum at 8 h. As shown in Figure 4A,
an up to 2.5-fold increase in uptake was observed for
FA-NMABC compared with NMABC. Cell MABC
concentrations for FA-NMABC nanoformulations
were 5.12 + 0.2, 11.3 + 0.3, 19.07 + 1.2 and 24.7 +
1.5 ng per 10° cells at 1, 2, 4 and 8 h, compared with
21+0.1,35+0.2,86=x1.2and 11.3 £ 1.5 ug per
10¢ cells for NMABC formulations at the same time
points. In order to deduce whether improved uptake
of FA-NMABC was mediated by the FOLR, MDM
were incubated with excess free FA (50 uM) prior to
treatment. As shown in Figure 4A, blocking FOLR
with excess FA decreased FA-NMABC uptake to levels
similar to that of NMABC. Substantial (1.5-3 orders
of magnitude) differences were observed in the extent
of MABC retention in MDM over 15 days with FA-
NMABC compared with NMABC, reflecting the

Development of a nanoformulated abacavir prodrug Research Article

100

RT inhibition (%)
3 o
L L

N
(6]
|

0 -

—A— MABC

—®— ABC

SSJSLELLALLL B L L B L) e L B e R e

108 102 10" 10° 10' 102 10° 10* 10°

Figure 2. Antiviral activity of ABC and MABC in HIV-1
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initial enhanced uptake using the folate-targeted
nanoformulation (Figure 4B). The uptake and reten-
tion of MABC using FA-NMABC were significantly
greater than that observed for NMABC (Student’s
t-test, **p < 0.001). The concentration of nanoformu-
lations used (100 M) did not induce cell toxicity as
determined by the MTT assay (data not shown).

Antiretroviral activities of nanoformulated
MABC

To determine whether improved hydrophobicity of
MABC and subsequent improved uptake and reten-
tion in MDM using MABC nanoformulations would
translate into improved antiretroviral activity, MDM
were treated with 100 uM native ABC, free MABC,
NMABC or FA-NMABC for 8 h. Following treatment,
MDM were challenged with HIV-1, | at an MOI of
0.1 on days 1, 5, 10 and 15 post-treatment. Decreased
RT activity in infectious supernatants collected on day
10 postinfection revealed that FA-NMABC exhib-
ited enhanced antiretroviral activity compared with
NMABC or free MABC (Figure 4C). RT activity was
not decreased in supernatants collected from MDM
treated with native ABC, suggesting either no uptake
or rapid metabolism of the native drug. However,
native ABC suppressed HIV RT activity by 100 and
95% when cells were treated 12 and 24 h after HIV-1
exposure (data not shown). HIV replication using FA-
NMABC was suppressed by 100 + 2.3% at days 1 and
5 and by 88 + 3.4 and 70 = 2.5% at days 10 and 15;
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Figure 3. Morphology and stability of NMABC. SEM images of (A) NMABC and (B) FA-NMABC nanoformulations.
Both formulations appeared as cylindrical monodispersed particles of ~200 nm. Stability of the NMABC
nanoformulation was assessed by measuring (C) particle size and (D) PDI at 4°C and 25°C for 8 weeks.

whereas, NMABC suppressed viral replication by 100
+ 15,78 £ 1.7, 72 £ 3.5 and 52 + 4.5 at days 1, 5,
10 and 15, respectively. Minimal or no inhibition was
achieved using free MABC (Figure 4C). RT activity
was cross-validated by evaluating HIV-1 p24 antigen
expression in adherent MDM 10 days postinfection.
MDM treated with free MABC or NMABC showed
increased viral infection from days 1 to 15, as observed
by the intensity of brown staining of p24 antigen;
whereas, minimal to no p24 antigen was detected in
MDM treated with FA-ANMABC measured at all time
points (Figure 4D).

Subcellular nanoparticle localizations

Subcellular localization of the nanoformulations taken
up by MDM was assessed using confocal microscopy.
MDM were treated with 100 uM CF633-labeled
NMABC or FA-NMABC for 8 h. Physicochemical
parameters for CF633-labeled nanoformulations were
similar to that of unlabeled nanoformulations (data
not shown). After incubation, cells were washed, fixed

and stained with antibodies to endosomal compart-
ments as described [2032]. Rab7 antibody identified the
late endosomal compartments; Rabll and Rab14 anti-
bodies identified compartments involved in recycling;
and LAMP1 (lysosomal-associated membrane protein
1) antibody identified the lysosomal compartments.
Colocalization was seen as a yellow punctate pattern
throughout the cytoplasm and perinuclear cell regions
in the merged images of red nanoparticles and green
compartments. For both nanoformulations colocal-
ization was found predominantly in recycling endo-
somes compared with late endosomal and lysosomal
compartments (Figure 5A). Percent overlap between
endosomal compartments and nanoformulations, as
determined using Image] software and JACoP plug-
in, showed greater colocalization of nanoparticles with
recycling endosomal compartments (46 + 2.4 and 62
+ 1.5%), Rabl1 and Rabl4 for NMABC; 70 + 1.7 and
79 + 4.3, Rabll and Rabl4 for FA-NMABC) than
with lysosomal and late endosomal compartments (27

+ 1.8 and 36 + 2.3%, LAMP1 and Rab7 for NMABC;

1920

Nanomedicine (Lond.) (2016) 11(15)

future science group



34 + 3.2 and 64 £ 2.8, LAMP1 and Rab7 for FA-
NMABC) (Figure 5B). FA-NMABC exhibited signifi-
cantly greater colocalization with all compartments

compared with NMABC.

PK studies

To determine whether improved hydrophobicity and
encapsulation of MABC into poloxamer nanoformula-
tions would translate into sustained blood ABC drug
levels in vivo, mice were injected intramuscularly with
50 mg/kg of native ABC or an equivalent ABC dose as
NMABC or FA-NMABC. Mice have approximately
tenfold higher free folate levels than humans, and
excess folate may block the FOLR and interfere with
rapid uptake of folate-targeted nanoformulation [3s).
Thus, prior to treatment, mice were placed on folate-

deficient diet for 2 weeks to reduce plasma folate lev-
els (18]. For ABC and MABC analyses, whole blood

®
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was collected immediately into acetonitrile to inhibit
the activity of esterases, which would cleave the myris-
toyl group from MABC, and adenosine deaminase,
which could convert ABC to carbovir [30]. ABC blood
levels measured at days 1, 3, 5, 7, 9, 12 and 14 post-
treatment were significantly higher in mice treated
with FA-NMABC compared with those treated with
NMABC or native ABC. This was reflected in higher
ABC levels (2.6—-4.9-fold) in lymphoreticular tissues
(liver, spleen and lymph nodes) in mice treated with
nanoformulated MABC compared with native ABC
(Supplementary Figure). MABC was lower than the
limit of quantitation (<0.125 ng/ml) in all samples,
indicating rapid conversion of the MABC to ABC in
blood and tissues. By day 14, ABC blood levels were
36 + 4.7, 21 + 3.8 ng/ml and below the limit of quan-
titation (0.5 ng/ml) in mice treated with FA-NMABC,
NMABC and native drug, respectively (Figure 6).
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Figure 4. MDM uptake, retention and antiviral activity of NMABC and FA-NMABC. (A) MDM uptake of 100 uM NMABC or FA-NMABC

was determined over 8 h. For uptake studies, 50 uM free folic acid (FA) was added to MDM prior to treatment with FA-NMABC to

block FOLR binding. (B) MDM retention of NMABC or FA-NMABC was determined over 15 days. Antiretroviral activity was determined

in MDM treated for 8 h with 100 uM free MABC or nanoformulated MABC and then infected with HIV-1,_,
following drug loading. HIV replication was determined 10 days after infection by (C) HIV RT activity and (D) HIV p24 staining. For

at 1,5, 10 or 15 days

uptake studies, statistical differences were determined using one-way ANOVA among three groups; for retention studies statistical

differences were determined using Student’s t-test.
*p < 0.05; **p < 0.001.
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Figure 5. Subcellular localization of nanoformulated MABC in MDM. MDM cultured in 8 well Lab-Tek Il CC? chamber slides were
treated with 100 uM CF633-labeled FA-NMABC or CF633-labeled NMABC for 8 h then fixed and stained with antibodies to Rab7,

-11, -14, and LAMP1 as described [20].

(A) Co-localization is observed as a yellow punctate pattern throughout the cytoplasm and

perinuclear cell regions in merged images of red nanoparticles and green subcellular compartments. (B) Percent fluorescence overlap
was quantitated using ImagelJ software and JACoP plug-in. Statistical differences were determined using Student’s t-test.

*p < 0.05.

Discussion death if therapy is not discontinued, and patients must
Currently, the nucleoside reverse transcriptase inhibi-  be prescreened for the HLA-B*5701 allele [39]. ABC can
tor (NRTI) ABC is recommended as a component of be used as an alternative to Truvada in pre-exposure
a first-line treatment regimen by the National AIDS  prophylaxis drug regimens used in the management of
Control Organization [36]. In combination with two HIV-1 transmission [40.41]. Trizivir and other combi-
other NRTIs, for example, zidovudine and lamivu- nation therapies lead to decreased viral resistance and
dine (3TC) such as Trizivir, it is part of a three-drug improved long-term survival. Currently, ABC, 3TC
antiretroviral regimen (3637]. Notably, viral strains that  and dolutegravir are recommended as the most effec-
are resistant to zidovudine or 3TC can be sensitive to  tive ART regimen [42]. However, the short half-lives of
ABC [38]. However, ABC is associated with a dose- the current regimens and the intrinsic physicochemi-
dependent hypersensitivity response that may lead to  cal properties of these antiretroviral drugs have limited
their utilities and hence demonstrate the need for long-
125 - acting delivery platforms that can improve patient
—4— ABC adherence and facilitate drug entry into restricted
100 ~ -o— NMABC anatomical reservoirs of HIV-1 persistence [15]. While
€ . —¥- FA-NMABC progress has occurred toward developing long-acting
\ga nanoformulations for protease and non-nucleoside RT
o 50 - inhibitors [16,19.20,43) development of nanoformulations
Q of hydrophilic drugs has remained elusive. Attempts
o5 have been made to encapsulate ABC into polymeric
nanomedicines but poor loading and fast release
0 kinetics have hampered their clinical applicability [44].
0 To overcome such challenges, a carboxylic acid ester
Days (n) prodrug approach has been widely used to improve
lipophilicity and oral absorption of nucleoside ana-
_Figure 6. Blood d_rug levels of r_1a_noforn_1ulated MABC logs (23.45]. In this approach a carboxyllc acid con-

in mice. Balb/c mice were administeredintramuscularly
50 mg /kg equivalents of ABC using free ABC, NMABC taining hydrophobic alkyl chain is reacted with the
or FA-NMABC on day 0 and sacrificed on day 14. Whole  hydroxyl group located at the five-membered ring
blood was collected into acetonitrile for drug analysis ~ moiety of the nucleoside analog. Even though the car-
ondays 1, 3,5,7,9, 12, and 14 after treatment. ABC boxylic acid ester prodrug approach has been used to
levels were determined by UPLC-MS/MS. Data are modify a variety of anticancer compounds [46,47] and

expressed as mean + standard error of mean.

*p < 0.05; ***p < 0.0001: statistically different from antiviral drugs (48], development and nanoformula-
ABC as determined by 2-way ANOVA and Bonferroni's tion of hydrophobic derivatives of antiretroviral drugs
Multiple Comparison tests. such as 3TC and ABC remain elusive. The goal of the
1922 Nanomedicine (Lond.) (2016) 11(15) future science group fsg



present study was to improve the half-life and thera-
peutic efficacy of ABC through derivatization of the
highly water soluble parent drug with a hydrophobic
fatty acid side chain to generate a myristoylated pro-
drug that would be easily encapsulated into polymer
excipients and other surfactants to target macrophages.
The 5-hydroxyl group on the cyclopentene moiety of
ABC was esterified with myristic acid, a 14 carbon
chain fatty acid. MABC was successfully synthesized
at a final yield of 66% after purification and charac-
terized using 'H-NMR and FTIR spectroscopy. In
the cell, MABC was converted to ABC by esterase
cleavage followed by phosphorylation to produce the
therapeutically active compound [30]. The success of
such a strategy has been shown for CP-4126, a fatty
acid prodrug of gemcitabine, which upon cleavage by
esterases resulted in a 200-fold increase in therapeutic
activity [46]. Our results demonstrated that prodrug
synthesis does not impair the antiretroviral activity of
parent ABC, as determined by RT activity.

Over the past decade, work from our laboratory has
demonstrated the potential of targeted nanoART to
produce sustained high plasma and tissue drug con-
centrations for weeks following a single intramuscular
administration that can suppress ongoing viral replica-
tion and mitigate dose associated viral resistance [17.19].
In this context, nanoART was manufactured using
folate-conjugated P407 that targets the FOLR2
expressed on activated macrophages [20]. Macrophage
activation and subsequent overexpression of FOLR2
can be induced by folate-conjugated therapeutics [49].
Our results demonstrated that P407 and FA-P407
coating of MABC produced stable nanoformulations
of similar physicochemical parameters. The drug load-
ings for both nanoformulations were high (62-65%
w/w), which offers the advantage of administering a
dose with less nonactive excipients. Since the geometry
of nanoparticles plays an important role in determin-
ing the attachment to the macrophage surface [so],
the morphology of the MABC nanoformulations was
analyzed using SEM. Our results demonstrated that
the morphology for both NMABC and FA-NMABC
nanoparticles was cylindrical rods, which is advanta-
geous in terms of macrophages uptake. The mecha-
nism reflects the preference of macrophages for engulf-
ment of most bacteria that have a rod-shaped geometry
in nature [51].

In the case of folate targeting, receptor-mediated
endocytosis occurs through interaction of FA moi-
eties present on FA-nanoART with FOLR present on
the macrophage surface [20]. Our results demonstrated
that FA-NMABC nanoformulations showed a signifi-
cantly increased macrophage uptake through binding
to the FOLR compared with nontargeted NMABC.

Development of a nanoformulated abacavir prodrug Research Article

Indeed, folate-mediated uptake was cross-validated by
the inhibition of FA-NMABC uptake by blocking the
FOLR with excess free FA (Figure 4A). When FOLR
were blocked, the uptake of FA-NMABC by MDM
was significantly decreased to a level similar to that
for NMABC demonstrating that the superior uptake
of folate nanoformulations occurred through engage-
ment of the FOLR. Consequently, the amount of
MABC that was retained in MDM using FA-NMABC
was greater compared with that for NMABC nano-
formulations (Figure 4B). MDM retained more than
twofold greater levels of FA-NMABC than NMABC
over a period of 15 days. As a consequence of enhanced
uptake and retention of MABC, the FA-NMABC
nanoformulations exhibited superior antiretroviral
activity compared with NMABC nanoformulations
as measured by RT activity and HIV-1 p24 antigen
staining (Figure 4C & D). The protection of MDM from
HIV-1, , infection was observed for 15 days using
folate-targeted nanoformulations, in contrast to reduc-
tion in protection by 5-10 days for nontargeted for-
mulations and free drug. Thus, sustained drug delivery
and improved antiretroviral activity of MABC might be
expected 77 vivo using folate-coated nanoformulations.
In addition, no cytotoxicity was observed in MDM at
the nanoformulations concentration tested.

Our laboratory demonstrated previously that stor-
age of nanoART in late or recycling endosomal com-
partments provides a protected environment for the
encased cargo in the same subcellular organelles that
harbors the pathogen and promotes slow release of the
encapsulated drugs. Similar subcellular trafficking
pathways for nanoparticles and HIV would enhance
the antiretroviral response of the drugs [3252]. In this
study, subcellular localization of MABC nanoformula-
tions was investigated in MDM. Our results showed
greater colocalization of the MABC nanoformula-
tions in recycling endosomal compartments (Rabll
and Rabl4) compared with late endosomes (Rab7)
or lysosomes (LAMP1) (Figure 5). For each compart-
ment, the uptake of FA-NMABC was significantly
higher compared with NMABC. These results reflect
the higher overall uptake and greater antiviral efficacy
of FA-NMABC compared with NMABC. However,
some nanoparticles were localized in the degrading
lysosomal compartments. Therefore, future studies
will focus on minimizing the amount of nanoparticles
trafficked into the lysosomal compartments to further
improve the antiretroviral outcomes.

To determine whether FA-NMABC compared with
NMABC or free drug could provide sustained blood
drug levels, mice were treated with 50 mg/kg of ABC
as free drug or MABC nanoformulations. Blood drug
levels of ABC were detectable over 14 days following
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treatment with nanoformulated MABC. The folate
coating increased the blood levels of ABC by approxi-
mately 2.5-fold compared with noncoated formula-
tions and up to 18-fold compared with native drug.
Interestingly, no MABC was detected in the blood of
mice treated with MABC nanoformulations. This sug-
gests that following release from the nanoformulation,
MABC was efficiently converted to ABC by blood
and tissue esterases. Of particular interest, in vivo
degradation of the prodrug results in release of ABC
and myristic acid. Myristic acid has been shown to
inhibit the activity of N-myristoyltransferase, a crucial
enzyme that catalyzes myristoylation of several pro-
teins involved in the life cycle of HIV [2627]. This, in
addition to increased protein binding of the prodrug,
could result in improved efficacy of the myristoylated
analog. Hence, folate coating of nanoformulated crys-
talline MABC could be an effective strategy to reduce
HIV levels in its sanctuaries by maintaining sustained
blood drug levels and through release of myristic acid.

The dose used in the present study (50 mg/kg)
would translate into a 284-mg dose for a 70-kg adult
by applying the US FDA guidelines scaling factor (ani-
mals to human equivalent dose conversion). The same
dosing solution concentration used in mice (50 mg/
ml) would translate to a 5.68-ml volume for delivery
to a 70-kg adult. The nanoformulation suspension
could be further concentrated to decrease the dose
volume to effectively deliver in a single injection the
current daily adult dose of 600 mg. Further extension
of the halflife of long-acting antiretrovirals could be
achieved through the use of adjunctive therapies such
as URMC-099, which can enhance the macrophage
storage capacity of these nanoformulations [s3].

The issue of hypersensitivity is of critical concern for
a long-acting formulation of ABC, but could be man-
aged using HLA-B*5701 testing as an accurate predic-
tor for ABC hypersensitivity. In order to use the long-
acting ABC in the clinical setting, three steps need to
occur. First, HLA-B*5701 testing would be required as
an accurate predictor for ABC and all patients would
be screened first to abrogate any likelihood of hyper-
sensitivity reactions. Second, the patients would then
be tested through oral drug administration for a period
of up to 2 months to ensure there were no untoward
reactions. Third, the patient would then be adminis-
tered a single dose of long-acting medicines and fol-
lowing appropriate tolerance of the formulation the
regimen would be continued long term (54].

Conclusion
We demonstrate that a carboxylic acid ester prodrug
of ABC has improved antiretroviral activities over the

native hydrophilic compound. The improved lipophi-

licity facilitated the encasement of the prodrug into
poloxamer nanoformulations with high drug load-
ing. Notably, coating the prodrug with a folate-mod-
ified polymer directed to the FA receptor enhanced
nanoformulation uptake, retention and antiretroviral
efficacy of the drug. MABC nanoformulations local-
ized to recycling endosomal compartments in mac-
rophages, as previously observed for nanoformulated
atazanavir and ritonavir [32]. Of importance, following
a single intramuscular injection, blood concentrations
of ABC were maintained over 14 days using decorated
nanoformulations.

Future perspective

We intend to improve the PK of our nanoformulated
MABC using a range of particle surface ligands or
through the use of mixed lineage kinase inhibitors that
can affect autophagy and prolong the nanoparticle
storage capacities. If successful, this would improve
antiretroviral activities and facilitate MABC’s use as a
component in a long-acting ART regimen. Such strate-
gies are now being tested in relevant mouse models of
HIV/AIDS. Parallel development of a nanoformulated
hydrophobic prodrug of 3TC would provide a combi-
nation drug regimen with MABC and a long-acting
formulation of the integrase inhibitor dolutegravir.
Future development of a combination long-acting
prodrug-based delivery system would be a considerable
benefit in the management of HIV infection.

Supplementary data

To view the supplementary data that accompany this paper
please visit the journal website at: www.futuremedicine.com/
doi/full/10.2217/nnm-2016-0164
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Executive summary

Myristoylated abacavir synthesis
moiety of the drug.
macrophages.
Synthesis of MABC encased nanoformulations

monodispersed cylindrical morphology.

maintained over 14 days.

e Modified abacavir (MABC) was synthesized by esterification of myristic acid to the 5-hydroxyl-cyclopentene

* MABC was recovered with 66% efficiency after purification.
e When compared with ABC, the antiretroviral activity of MABC was increased twofold in monocyte-derived

e MABC was readily incorporated into P407-coated nanoparticles with a size range of 150-200 nm and a

¢ The nanoformulations were stable at 4 and 25°C for at least 8 weeks.

Pharmacokinetics evaluation of MABC nanoformulations

e Folate-targeting of the nanoformulation facilitated human monocyte-derived macrophages uptake and
retention, and improved antiretroviral efficacy when compared with NMABC and free MABC.

e Macrophage drug depots were localized in recycling endosomes (Rab11 and Rab14).

e Following a single intramuscular injection of NMABC or FA-NMABC in mice, blood concentrations of ABC were

* FA-NMABC enhanced blood drug levels in mice by 1.7-fold compared with NMABC.
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