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Abstract

The use of combination antiretroviral nanoparticles (cCART NPs) was investigated as a novel treatment approach
for the inhibition of HIV-1 replication. We developed nanoparticles of biodegradable polymer, poly-(pL-lactide-co-
glycolic acid; PLGA) containing efavirenz (EFV) and boosted lopinavir (lopinavir/ritonavir; LPV/r) by a high-
pressure homogenization method. The method resulted in >79% drug entrapment efficiency for each of the three
drugs. The average size of cART NPs was 138.3+55.4nm as measured by dynamic light scanning, confirmed by
scanning electron microscopy (SEM) with an average surface charge of —13.7+4.5. Lissamine-rhodamine-labeled
fluorescent PLGA NPs exhibited efficient uptake in nonimmune (HeLa cells) and immune (H9 T cells) cells as
measured by confocal microscopy. Cells treated with cART NPs resulted in minimal loss of cell viability over 28
days. Subcellular fractionation studies demonstrated that HIV-1-infected H9 monocytic cells treated with cART
NPs contained significantly (p<0.05) higher nuclear, cytoskeleton, and membrane antiretroviral drug levels
compared to cells treated with drug solutions alone. Finally, cART NPs efficiently inhibited HIV-1 infection and
transduction. The ICs for each of the three drugs in the cART NPs was <31nM. These experiments demonstrate

the efficacy of a novel PLGA NPs formulation for the delivery of cART to inhibit HIV-1 replication.

Introduction

N 2009, APPROXIMATELY 34 MILLION people were infected

with human immunodeficiency virus-1 (HIV-1) worldwide
according to the World Health Organization.! Despite over
30 years of research, HIV-1 remains incurable and a pre-
ventive vaccine is not available. While recent advances may
eventually lead to vaccine therapy for HIV, current therapies
depend on effective antiretroviral drug delivery.” The de-
velopment of combination antiviral therapy has reduced HIV
morbidity and mortality, but not significantly enough to
provide hope for the eradication of the disease. Several recent
clinical trials provide hope that additional prevention mea-
sures may substantially reduce the rate of new HIV infec-
tions. Both the iPREX and tenofovir 1% microbicide gel
prophylaxis trials demonstrated antiretroviral drugs ad-
ministered before sexual encounter prevented HIV-1 infec-
tion.>* However, both trials demonstrated that efficacy of
protection from contracting HIV correlated with patient ad-
herence to the prescribed regimens. Indeed, adherence re-
mains a major cause of drug treatment failure in HIV-positive
patients.

Sustained treatment of HIV-1 infection requires using a
combination of antiretroviral agents acting on different stages
of viral replication. However, combination antiretroviral
therapy has several significant disadvantages such as multi-
ple drug—drug interactions, additive toxicity from the com-
bination therapy leading to poor adherence, and the potential
to develop multidrug resistance. Emerging data show that
even when plasma viral loads are nondetectable, there may
still be detectable amounts of replicating virus in other areas
of the body, namely CD4 " T-lymphocytes, macrophages, gut-
associated lymphatic tissue (GALT), genital tissue, and
brain.>® The persistent, stable reservoirs of HIV that are not
efficiently eradicated even with combination antiretroviral
therapy have significant implications. Poor bioavailability
and low residence time of orally administered antiretroviral
drugs are the primary reasons for the reservoirs. Many anti-
retroviral drugs have poor aqueous solubility and perme-
ability properties. These drugs are also substrates for efflux
transporter systems (i.e., P-glycoprotein), which exist in cells
of the gastrointestinal tract, lymphocytes, and brain capillar-
ies.” This leads to poor gastrointestinal bioavailability and
reduced drug concentrations in anatomical sites where HIV-1
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replicates. The development of drug delivery systems that
provide sustained release of antiretroviral drugs at these sites
may improve long-term treatment success rates and retard the
development of drug-resistant viruses.

Nanotechnology has emerged as a promising approach for
augmenting delivery of antiretroviral drugs. Previously, we
demonstrated that a single intraperitoneal (ip) injection of
nanoparticles containing a combination of antiretroviral
drugs (cART NPs) results in sustained in vivo release of anti-
retroviral drugs in mice. Interestingly, we observed high
levels of antiretroviral drugs in HIV reservoirs such as brain
and other organs such as liver, spleen, kidney, serum, and
testes for a period of 28 days whereas antiretroviral drug so-
lutions showed detectable drug levels for only 48-72h.'° The
antiretroviral drug levels in the tissue and serum from the
nanoparticle formulation were all greater than the ICqy, for
wild-type virus at day 28. Thus, cART NPs clearly showed
potential as a sustained therapeutic modality for HIV treat-
ment. In the present study, we investigated cell uptake, long-
term cytotoxicity of cART NPs, and intracellular distribution
of antiretroviral drugs after uptake of cART NPs into non-
immune HelLa and immune H9 T cells. Furthermore, the
functionality of cART NPs was also assessed by examining
their effect on virus production in immune T cells. Treatment
of infected cells with cART NPs significantly reduced virus
production. These data provide further evidence of the po-
tential of cART NPs as a sustained-release treatment strategy.

Materials and Methods
Materials

Efavirenz and lopinavir/ritonavir were purchased from
United States Pharmacopeia. Poly-lactide-co-glycolide (aver-
age MW 52,000 Da, inherent viscosity: 0.59dl/g in hexa-
fluoroisopropanol) was purchased from Birmingham Polymers
(Birmingham, AL). Lissamine-rhodamine DHPE was pur-
chased from Invitrogen, (Carlsbad, CA). H9 cells and TZM-bl
reporter cells were obtained from the NIH AIDS Research and
Reference Reagent Program.'! HeLa and SupT1 cell lines were
purchased from the American Tissue Culture Collection
(ATCC, Manassas, VA).">'® Cell media (DMEM or RPMI-
1640) with antibiotics, 10% fetal bovine serum (FBS), and
L-glutamine were purchased from Fisher Scientific (St. Louis,
MO). The CellTiter Glo kit was purchased from Promega
(Promega, Madison, WI). The protein fractionation kit that
was used was the Pierce subcellular protein fractionation kit
(Thermo, Thermo Scientific, Logan, UT). Western blotting
primary antibody was a mouse monoclonal anti-p55 antibody
(1:1,000, Abcam, Cambridge, MA). The secondary antibody
was an antimouse HRP (1:5,000, Applied Biosystems, Inc.,
Life Technology, Carlsbad, CA).

Nanopatrticle preparation

Antiretroviral (AR) drugs (efavirenz, lopinavir/ritonavir)
loaded poly-lactide-co-glycolide (PLGA) NPs were prepared
using the emulsion-solvent evaporation method.'*'” Briefly,
AR drug powder (15mg of each AR drug) and 150mg of
PLGA were dissolved in 30 ml methylene chloride by heating
in an incubating shaker at 37°C with concomitant slow stir-
ring for a minimum of 45 min. After the PLGA and drugs were
dissolved, the methylene chloride phase was added to a
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solution of 0.5% polyvinyl alcohol (PVA) and 2% Poloxamer
407 (Pluronic F127). The crude emulsion was placed into the
solvent container for a high-pressure homogenizer (model
MP-120, Microfluidics, Inc., Walton, MA). The homogenizer
was set at 15,000 psi and the emulsion was circulated through
the high-pressure homogenizer for five cycles. The resultant
submicronic emulsion was collected and the organic phase
was evaporated overnight. The emulsion was ultracentrifuged
(23,000 x gfor 20min each) to remove unencapsulated drug
and PVA, then lyophilized (—55°C for 4h and then ranging
from —20°C to 20°C over 40h with vacuum (model LD85,
Millrock Technologies, Kingston, NY) to obtain a dry powder.
These cART NPs were used in the various cell-based experi-
ments. To fabricate fluorescent NPs for cellular uptake studies,
Lissamine-thodamine DHPE (1 mg/ml, Invitrogen) was ad-
ded to the methylene chloride solution in place of the anti-
retroviral drugs and the procedure was repeated to make
fluorescent NPs.

Nanoparticle characterization

Nanoparticles were evaluated for size using dynamic light
scattering and surface charge by a zeta potential analyzer
(ZetaPlus, Brookhaven Instruments, Holtsville, NY). The
nanoparticle size was also confirmed by imaging using a Hitachi
S-4700 field-emission scanning electron microscopy (SEM).

HelLa, H9, U937, and SupTT1 cell cultivation

HO cells are a human CD4 cell line. HeLa cells are an epi-
thelial cell line and U937 are a monocytic cell line. HeLa cells
were maintained in Dulbecco’s modified Eagle’s media
(DMEM) supplemented with 10% FBS, 4mM L-glutamine,
and 1% penicillin/streptomycin. U937, SupT1, and H9 cell
lines were grown as a suspension in RPMI-1640 media (Hy-
clone) with 10% FBS and 1% penicillin/streptomycin and
maintained in a logarithmic growth phase. All cells were
grown at 37°C and 5% CO,.

Cell viability assay

For cell viability assays HeLa, H9, and U937 cells were grown
in 96-well plates at 37°C in 5% CO, at a density of 4,000 cells/
well. Viability was assessed on the days indicated using the
CellTiter Glo protocol according to the manufacturer’s instruc-
tions. Chemiluminescence was read on a BioTek Instrument
ELISA plate reader (Winooski, VT). Triplicate values were av-
eraged and analyzed comparing cART NPs, blank NP, respec-
tively, and control cells. Blank NPs and cART NPs were added
at 0.5mg/ml as this concentration in preliminary experiments
demonstrated no cytotoxicity at 48 h (data not shown). The goal
was to extend the cytotoxicity assays for a total of 28 days. The
results were based on triplicate experiments and presented as
mean + standard error of the mean (SEM).

Infection of H9 cells with HIV-1x, 4.3 and treatment
with cART NPs

H9 cells were seeded at 0.5x 10° cells/ml and infected with
HIV-1n14-3 (moi=0.05) at 37°C in 5% CO, for 24 h. The cells
were then centrifuged (1000 RPM x 10 min at RT) and medium
was removed and replaced with fresh RPMI-1640 medium
with 10% FBS and 1% penicillin/streptomycin. Antiretroviral
drugs were weighed individually and combined into a single



748

microfuge tube and 30 pl of ethanol was added to dissolve the
drugs. The ethanol drug solution was diluted with phosphate-
buffered saline (470 ul; PBS) such that the concentration of
antiretroviral drugs was 1mg/ml. H9 cells were treated
postinfection (1 dpi) with no drug, antiretroviral drug solu-
tion (1 mg/ml), or cART NPs (equivalent to 1 mg/ml of an-
tiretroviral drugs). After incubation with drug solutions or NP
formulation for 24 h, cells were centrifuged, washed with PBS,
and incubated with fresh media and maintained for 7 days.

Subcellular fractionation

HO9 cells were centrifuged and washed with PBS on day 7
postinfection (dpi). The protein fractionation procedure fol-
lowed the manufacturer’s protocol to fractionate H9 cells. The
PBS was removed and cytoplasmic extract buffer was added
to the cell pellet. Cells were pelleted by centrifugation, and the
cytoplasmic extract was removed from the pellet. Membrane
extract buffer was added to the new pellet and centrifuged.
The supernatant was removed and kept as the membrane
extract buffer. This procedure was repeated to obtain the
nuclear extract, chromatin bound nuclear extract, and cyto-
skeletal extract using nuclear extract buffer, nuclear extract
buffer with micrococcal nuclease and calcium chloride, and
pellet extraction buffer, respectively. All samples were placed
on ice during this procedure and then frozen (—80°C) until
analyzed.

Samples of the subcellular fraction extracts were prepared
for high-pressure liquid chromatography (HPLC) as previ-
ously reported.'”'* A solid-phase extraction cartridge (Strata-
X SPE, Phenomenex, Torrance, CA) was used to prepare the
samples. After initial mobilization of the solid phase with
methanol, the cartridge was rinsed with double distilled
water. Samples (500 ul) were added to the solid phase in 5%
methanol. Antiretroviral agents were eluted off the column
with 100% methanol, refrigerated for 30 min, and centrifuged
at 13,500 rpm at 4°C for 15 min. An aliquot of the supernatant
was placed in autosampler vials with glass inserts and in-
jected into the HPLC. Solid-phase extraction of spiked control
samples was performed in parallel for each assay and recov-
ered at >97% efficiency. Triplicate samples were injected and
the peak area was compared with the peak area of the stan-
dard curves (2.25-50 ug/ml) for the three drugs. Intraday and
interday variability of the HPLC assay was <10%.

Evaluation of cART NPs for inhibition of HIV-1
replication and transduction

To determine the 50% inhibitory concentration (ICs) val-
ues for cART NPs, TZM-bl cells were seeded in 24-well plates
at a density of 0.4 x 10° cells per well. After 24 h, the cells were
treated with six 10-fold dilutions of cART NPs starting with
0.05 mg/ml [equivalent to 0.0405, 0.0399, and 0.0399 mg/ml
of ritonavir (RTV), lopinavir (LPV), and efavirenz (EFV), re-
spectively] based on the entrapment efficiency. After 4h, the
NPs were removed and the cells were washed with media.
The following day, the cells were inoculated with HIV-1y;x
virus (25 ul) for 4 h, washed, and incubated for 48 h. Cells were
washed with PBS, lysed with 150 ul M-PER solution (Thermo
Scientific, Rockford, IL), and clarified by centrifugation. Lu-
ciferase assays were performed using a GloMax-Multi+
Microplate luminometer with Instinct software (Promega,
Madison, WI) and read immediately. The data obtained were
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normalized from relative luminescence units (RLU), plotted,
and ICs; obtained using GraphPad Prism software.

For virus transduction experiments, TZM-bl cells were
seeded at 0.4x10° per well in 24-well plates, incubated
overnight, and inoculated with 25 ul of HIV-1 vector pseu-
dotyped with vesicular stomatitis virus glycoprotein (VSVg)
for 4h and washed. After an additional 48 h, the cells were
harvested and assayed for luciferase activity as described
above. Data represent eight total replicates.

For the SupT1 infections, 5x 10° cells were inoculated with
HIV-1n143 virus (500 ul) for 4h, washed with media, and in-
cubated overnight. The cells were then treated at 1 dpi with
0.05mg/ml NPs (blank or cART) for 24h and washed twice.
After an additional 48 h, the supernatants and cells were col-
lected separately. The cells were washed with PBS, lysed with
400 ul M-PER solution, clarified by centrifugation (20,000 x g
for 5min), concentrated by ultracentrifugation through a 20%
sucrose cushion, and the pellet resuspended in 1x sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) sample buffer. Cell or concentrated supernatants were
resolved by SDS-PAGE and transferred to PVDF membranes
for western blot analysis. Proteins were detected by western
blot using anti-HIV-1 Gag or GAPDH primary antibodies
(1:1,000) followed by species-specific secondary antibodies
conjugated with HRP (1:5,000). Bands were detected by che-
miluminescence exposed to film. Images were obtained by
scanning films and cropped using Adobe Photoshop.

Confocal laser scanning microscopy

H9 and HelLa cells were cultured on 12-well tissue culture
slides in their supplemented DMEM media as described. Cells
were plated at 10° cells/well and incubated with and without
Lissamine-rhodamine DHPE NPs at 1 and 2mg/ml for 2, 4,
and 24h in vitro. These concentrations match human drug
levels within a dosing interval. At each time point, cells were
collected and centrifuged at 850 rpm for 5min and recon-
stituted in 200 ul of media. Cells were cytospun onto glass
slides at 850 rpm for 4 min. Spun cells were fixed with 3.7%
formaldehyde at 37°C for 15 min. Cells were rinsed with PBS
three times and incubated with DAPI at 300 ng/ml for 30 min
at room temperature. Following mounting, cells were imaged
on an LSM 510 META NLO confocal microscope (Carl Zeiss
inc., Thornwood, NY) at the Integrative Biological Imaging
Facility at Creighton University. Images were taken without
software enhancement.

Statistical analysis

Statistical analysis was performed using SPSS-PC (ver. 18.0,
SPSS, Chicago, IL). The results are presented as mean *stan-
dard error of the mean. Analysis of variance (ANOVA) was
performed on cell viability data. Student’s ¢ test was per-
formed on subcellular fractionation and viral infection data.
Nonlinear regression was used in GraphPad Prism (ver. 5;
GraphPad, Inc., San Diego, CA) software to determine the
1Cs5p of cART NPs.

Results

Prior to using cART NPs for cellular toxicity, cell viability,
and subcellular fractionation experiments, the biophysical
properties of the PLGA NPs were assessed. PLGA NPs were
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FIG. 1. Scanning electron microscopic micrograph of com-
bination antiretroviral nanoparticles (cART NPs).

fabricated by the emulsion-solvent evaporation method with
high-pressure homogenizer and lyophilized under vacuum.
The use of the high-pressure homogenizer resulted in a
smaller size compared to the previous method using a probe
homogenizer.'* The size of the cART NPs was assessed in
triplicate by dynamic light scattering and confirmed by
scanning electron microscopy (Fig. 1). The average diameter
of the cART NPs was 138.3+55.4nm whereas the average
surface charge of three batches of cART NPs was —13.7+4.5.
The drug loading and entrapment efficiency of the cART NPs
were measured by dissolving a known quantity of the nano-
particle powder in acetonitrile and analyzing it by HPLC.
The drug loading efficiency (DL) is defined as entrapped
efavirenz, lopinavir, and ritonavir content in the NP cores
calculated from the mass of the incorporated drugs using the

. P __amount of each drug in nanoparticle
following equation: DL = amiount of polymer %x100. The

encapsulation efficiency (EE) is defined as the ratio of the mass
of each encapsulated drug to the mass of the drug used for
nanoparticle preparation using the following equation:

_ amount of encapsulated drug
EE= amount of drug used for nanoparticle preparation x100. The results are

summarized in Table 1. The drug loading of all three drugs
was similar (28.7-35.1%) and their incorporation efficiencies
were >79%. These data demonstrate efficient entrapment for
all three drugs. From these measurements, the ug/mg
equivalent of EFV and LPV /r contained in the cART NPs was
calculated. These data were used for all subsequent experi-
ments as well as concentration-response determinations.

TaBLE 1. DRUG LOADING AND ENTRAPMENT EFFICACY FOR
COMBINATION ANTIRETROVIRAL NANOPARTICLES (N =3)

Drug

RTV LPV EFV

Mean drug loading
(%) (£SD)

Mean entrapment
efficiency (%) (+SD)

28.7 (18.1) 32.5(27.1) 35.1 (34.7)

81.0 (21.4) 79.8 (13.6) 79.5 (12.9)

RTV, ritonavir; LPV, lopinavir; EFV, efavirenz.

749
A Hela cell cytotoxicity
=~ Control
- 1.0x10%8 —— Blank NP
2 -¥- cARTNPs
8 1.0x100
o 1.
£
§ 1.0x10%
-
1.0%10%3
m—mr—-rerr—m T T T
0 4 8 12 16 20 24 28
Time (days)
B H9 cell line cytotoxicity
; === Control
3 1.0x10"5] —— Blank NPs
2 3 7+ =-+- cARTNPs
3 1 1 05,
2 1.0x10 '|
- 3
E 1.0x10%
P 3
1.0%10%3+
r 7. ft.JT 7, fT r 7T mmT*™™ T
0 4 8 12 16 20 24 28

Time (d)

(@)

U-937 cell line cytotoxicity

E = Control
o 1-0%10%y = Blank NPs
g ] -+- CART NPs
3 1.0x1008
w - 1
£ ]
E 1.0x100¢
-
3
1.0%1093+
o L hd L hd L) o L) o LJ b L hd L)
0 4 8 12 16 20 24 28
Time (d)
FIG. 2. Chemiluminescence of cell viability for HeLa (A),

H9 (B), and U937 (C) cell lines over time. All cells received no
drugs (control), blank NPs (0.5mg/ml), and cART NPs at
0.5mg/ml

To determine the cellular toxicity of the cART NPs, cell
viability experiments were performed with nonimmune
(HeLa) and immune (H9 and U937) cells. Cells were treated
with blank or cART NPs and cell viability was monitored by
measuring intracellular ATP levels. No significant reduction
in cellular viability was observed in any of the cell lines
treated with cART NPs compared to blank NPs or untreated
(control) cells for up to 28 days (Fig. 2). These results dem-
onstrate that the cART NP formulation treatment was not
significantly cytotoxic when compared to untreated cells or
cells treated with blank NPs in vitro.

Efficient uptake of PLGA NPs in monocyte-derived mac-
rophages was demonstrated previously.14 To extend those
studies, the uptake of NPs in both the human T cells (H9) and
fibroblasts (HeLa) was assessed using fluorescent NPs and
immunocytochemical analysis. Cells were treated with either
1 or 2mg/ml of Lissamine-rhodamine DHPE NPs, fixed at 2,
4, and 24 h, and imaged by fluorescent confocal microscopy
(Fig. 3A and B, HeLa and H9 cells, respectively). Abundant
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FIG. 3. Confocal composite of NP uptake by HeLa (A) and
HO9 (B) cells. Cells were incubated with 1 and 2 mg Lissamine
NPs, cells were fixed, DAPI (300ng/ml) was added, and
images were taken using an LSM 510 META NLO confocal
microscope (Carol Zeiss, Inc., Thorwood, NT) (magnification
65x). Scale bar=100 um (A) and 75 um (B).

levels of rhodamine (red fluorescence) were observed within
both the HelLa and H9 cells at all time points, although it
appeared to reach the highest intensity at 4h. As expected,
there was a noticeable increase in intensity between cells trea-
ted with 1 and 2mg/ml of Lissamine-thodamine NPs at all
time points suggesting that a saturating concentration of NPs
was not a factor influencing uptake at these concentrations.
The specific intracellular concentration and location of an-
tiretroviral drugs taken up by immune cells infected with
HIV-1 were evaluated using subcellular fractionation and
HPLC. HIV-1-infected H9 cells were treated with ART drug
solutions or cART NPs for 7 days and separated into cyto-
plasmic, membrane, soluble nuclear, chromatin, and cyto-
skeletal protein fractions. The amount of each antiretroviral
drug was measured from each fraction (Fig. 4). There were
significantly higher amounts of all three antiretroviral drugs
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FIG. 4. Subcellular antiretroviral drug levels. Comparison
of antiretroviral treatment (ART) levels in the subcellular
compartments of H9 cells cultured with cART NPs (A) or
free drug (B) after 7 days of culture with HIV-1y143
(*p <0.05). Error bars denote standard error of the mean.

in the membrane, cytoskeleton, and nuclear fractions of cells
treated with cART NPs compared to those fractions of cells
treated with drug solutions. The overall average (+SEM)
membrane concentrations of the antiretroviral drugs (per 10°
HO cells) in the cells treated with cART NPs were 15.0£1.0
(RTV), 15.6+1.6 (LPV), and 12.9+1.3 ug (EFV). Conversely,
only ritonavir achieved a detectable level in the membrane
fraction (0.2+0.1ug) when cells were treated with drug
solution.

Next, the antiviral efficacy of the cART NP formulation was
investigated. First to be examined was whether the cART NPs
reduced HIV-1 viral protein expression in infected human
T cells. To do this, SupT1 T cells were infected with HIV-1n14-3
for 24 h and then treated with either 0.05 mg/ml cART NPs or
control (blank) NPs. After an additional 48 h incubation, the
cells were analyzed for viral protein expression by western
blot analysis of p55-Gag protein in both supernatant (Fig. 5A)
as well as cell lysates (Fig. 5B). Western blot analysis of
GAPDH was used as a loading control (Fig. 5B bottom panel),
demonstrating equivalent protein levels in all the SupT1 cells
over the course of the experiment. The cART NP treatment
resulted in a substantial reduction of p55-Gag levels in both
the supernatants and lysates compared to the blank nano-
particle-treated cells. Next, the ability of the cART NPs to
inhibit HIV-1 transduction was tested. For these studies,
TZM-bl reporter cells were pretreated with cART or blank
NPs 1 day prior to infection with HIV-1 pseudotyped with the
vesicular stomatitis virus glycoprotein. At 48 hpi (hours
postinfection) the cells were harvested and the amount of
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Error bars denote standard error of the mean.

Gag:

GAPDH:

luciferase produced was measured by enzymatic assay. As
shown in Fig. 5C, the cells treated with 0.05 mg/ml cART NPs
showed a significant reduction (p<0.001) of infection com-
pared to untreated cells or cells treated with blank NPs. Fi-
nally, a concentration-response (ICsg) curve of each drug in
the cART NPs was calculated using the TZM-bl cells. For these
experiments, the cells were again treated with a series of 10-
fold dilutions of NPs 1 day prior to infection with wild-type
HIV-1np4-3. The IC5q curve is shown in Fig. 5D and produced
an 7* value of 0.884. Based on the amount of the three anti-
retroviral drugs (ug/mg) incorporated into the nanoparticles,
the calculated ICs( values of the individual drugs in the cART
NPs were 14.01, 16.54, and 30.73nM for ritonavir, lopinavir,
and efavirenz, respectively.

Discussion

The use of nanotechnology as a drug delivery system has
been reported for a number of years for chemotherapy
agents.'" 2’ Nanoparticles have been reported to concentrate in
tumor masses, inflammatory sites, and infection sites.’! Na-
notechnology has been considered for the delivery of antimi-
crobial agents, including antiretroviral agents, for more than a
decade. Combination antiretroviral therapy is currently the
standard of care for HIV-1 treatment, but thus far only anti-
HIV nanocarriers containing one antiretroviral drug have been
reported. Consistent with the standard of care, we have de-
veloped PLGA nanoparticles that contain a combination of
three antiretroviral drugs. In a recent study, we demonstrated
that a single 20mg/kg cART NP dose in mice results in sus-
tained in vivo release of all three antiretroviral drugs for

g

' 120
- y

Percent fluorescence
& &8 8

Cell Lysates Concentration [log nM)

28 days."” Although we showed that single ip injection of cART
NPs can result in sustained in vivo delivery of antiretroviral
drugs, it was important to characterize the intracellular deliv-
ery of antiretroviral drugs from nanoparticles and demonstrate
the release of functional antiretroviral drugs after intracellular
uptake. In view of this, in the present investigation, we eval-
uated the ability of cART NPs to deliver antiretroviral drugs to
nonimmune and immune cells, their cytotoxicity, and their
functionality in HIV-infected cells in vitro.

Since the method of fabrication of the nanoparticles was
different than previously reported'* the biophysical properties
of the cART NPs were reinvestigated in this report. The size of
the cART NPs was smaller than those produced by the previ-
ous method, likely due to the use of the high-pressure ho-
mogenizer in place of a probe homogenizer. We consider this
an improvement since the size of the nanoparticles can affect
the biodistribution and cellular uptake.”” The percent of drug
entrapment efficiency was greater than 79% for all three ART
drugs. Drug entrapment efficiency was improved using the
high-pressure homogenizer. Previously we reported drug en-
trapment efficiencies of 38%, 45%, and 86%, respectively, for
ritonavir, lopinavir, and efavirenz.'® These results suggest that
all three drugs are efficiently encapsulated into the cART NPs.

The results of the cytotoxicity data in nonimmune and
immune human cells show that the PLGA nanoparticles do
not induce significant cytotoxicity out to 28 days in wvitro.
Importantly, the lack of cytotoxicity in the cell lines up to
28 days in vitro would suggest that the cART NP formulation
offers some long-term advantages over the same drugs ad-
ministered orally to patients with HIV-1 infection. Our pre-
vious study in mice demonstrated the presence of high levels
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of all three drugs in all tissues examined out to day 28 after a
single 20 mg/kg dose.'” These mice showed no adverse effects
from the single injection as measured by clinical evaluation.
These data could offer an advance over the chronic oral dos-
ing of antiretroviral agents, which leads to cellular toxicity
and mitochondrial dysfunction over time.”>**

Confocal microscopy images show significant uptake of
fluorescent Lissamine PLGA NPs in both HeLa and H9 cells.
These data extend previous studies that showed substantial
6-hydroxycoumarin NP uptake by monocyte-derived macro-
phages'* and demonstrate that nonphagocytic cells can effi-
ciently uptake the particles. Immunofluorescence and the
concentration of Lissamine NP exposure followed by cellular
up-take out to 24 h suggest that the concentration of NPs and
fluorescence were not saturated. Thus both immune and non-
immune cells are able to engulf large numbers of these particles
over extended periods of time. Additionally, the amount of
antiretroviral drugs in the nuclear, cytoskeleton, and mem-
brane fractions was significantly higher from cART NPs in
HIV-1-infected cells at 7 dpi compared to the drug solutions.
Cells treated with the antiretroviral drug solutions had unde-
tectable levels of efavirenz and lopinavir in all subcellular
fractions suggesting low retention of soluble drugs. One con-
cern is that the drugs in solutions were more apt to be removed
as medium was exchanged over the 7-day time course while
cART NPs were phagocytosed by the cells and drugs were
released from the nanoparticles. Ritonavir, lopinavir, and efa-
virenz levels in the membrane fraction averaged >12-fold
more from cART NPs compared to cells treated with drug
solutions. It has been previously reported that the drugs
from the protease inhibitor class have poor permeability
and are substrates for drug efflux transporter pumps such
as P-glycoprotein and breast cancer resistance protein
(BCRP).25’26 Furthermore, it has also been demonstrated that
treatment of HIV-infected H9 cells can up-regulate expression
of P-glycoprotein and BCRP resulting in reduced drug uptake
in the cells. These factors could be responsible for negligible
concentrations of antiretroviral drugs in the various subcellular
fractions of the cells treated with drug solutions. However,
encapsulation of antiretroviral drugs in nanoparticles would
increase their cellular uptake and permeability and might
prevent protease inhibitor-mediated P-glycoprotein up-
regulation in the HIV-infected cells. PLGA nanoparticles have
also been reported to undergo endolysosomal escape leading
to cytoplasmic delivery of the encapsulated drug,® which is
clearly evident from the subcellular fractionation studies These
results suggest that the antiviral efficacy of these drugs in the
nanoparticle formulation could be superior to the drugs given
in oral pill form for actively infected T cells. Our previous data
have documented that cART NPs are ingested by monocyte-
derived macrophages.'*

Several trials have shown a significant correlation between
intracellular antiretroviral drug levels and efficacy.”®>* These
trials documented the intracellular nucleoside reverse tran-
scriptase inhibitors zidovudine triphosphate and lamivudine
triphosphate levels with efficacy parameters, mainly time to
reach <50 copies/ml of HIV RNA at 24 and 52 weeks. Ad-
ditional studies examined the pharmacodynamic relation-
ships between protease inhibitor trough serum concentration
and virologic success (defined as an HIV viral load of <50
copies/ml).>*>> Lamotte et al. found that intracellular and
trough lopinavir levels in patients receiving boosted lopinavir
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therapy were significantly correlated with virologic success.*
Anderson et al. demonstrated that peak serum indinavir lev-
els >7pug/ml were significantly correlated with a median
CD#4 cell count rise of >350/ul in patients receiving zidovu-
dine/lamivudine +indinavir combination therapy.”®> There
have been no reports documenting antiviral efficacy with
nonnuclear reverse transcriptase inhibitor (NNRTI) serum or
intracellular levels. Finally, a recent report in patients who
take orally administered antiretroviral drugs has demon-
strated limited concentrations in tissue leading to a lack of
antiretroviral efficacy in lymph nodes, ileum, and rectal tissue
that were studied.*® The subcellular results presented here
show significantly higher lopinavir, ritonavir, and efavirenz
intracellular levels from cART NPs compared to soluble drugs
in HIV-infected monocytic cells after 24h of incubation
in vitro. The cART NPs could be a superior drug delivery
system to deliver combination antiretroviral drugs to target
tissues compared to the soluble drugs administered orally.
Using the nanoparticle delivery system, antiretroviral intra-
cellular levels will remain high for a prolonged period com-
pared to soluble drugs administered orally. More research
into the tissue penetration of antiretroviral drugs delivered by
nanotechnology is necessary.

The utility of efavirenz and boosted lopinavir into a com-
bination nanoparticle is not considered a standard, first-line
regimen for treatment-naive HIV patients. However, previous
studies have documented efficacy when these drugs were
used in human trials.””*® Riddler et al. showed boosted
lopinavir +efavirenz as a nucleoside reverse transcriptase
inhibitor (NRTI)-sparing option had efficacy similar to
efavirenz + two NRTIs, respectively, after 96 weeks of follow-
up.”” The ratios of the three drugs used for the cART NPs
(1:1:1) are not typical for oral drug therapy with these treat-
ments. Efavirenz is administered 600 mg once daily usually
at bedtime. Lopinavir/ritonavir combination therapy is
administered 500/125mg twice daily with efavirenz. How-
ever, the area-under-the-serum-concentration time curves
(AUC) are similar between efavirenz and lopinavir.

The cART NPs were effective against HIV-1 in vitro, in-
hibiting virus infection of T cells and VSVg-pseudotyped
transduction of TZM-bl indicator cells. Pretreatment of TZM-
bl cells inhibited virus infections over 500-fold. Posttreatment
of infected SupT1 cells, measured by detection of the major
core proteins, p55-Gag, demonstrated that nanoparticle de-
livery of antiretroviral drugs potently reduced viral produc-
tion in both supernatants as well as cell lysates in a human T
cell line. Additionally, the concentration-response (ICs) cal-
culations indicated a similar level of potency for the three
drugs incorporated into the nanoparticle formulation as
compared to the ICs of the free drugs alone. Combined, these
results demonstrate that the nanoparticle formulation provi-
des a safe and effective means of delivering combination an-
tiretroviral therapy to reduce HIV-1 viral activity in vitro.

The sustained release of antiretroviral drugs from cART
NPs is advantageous for a number of reasons. If HIV-infected
patients were able to administer a subcutaneous injection of
cART NPs on a monthly basis, their adherence could be sig-
nificantly improved. Of interest, survey data from potential
user groups of preexposure prophylaxis demonstrated that
bimonthly or monthly injections were the top two preferred
routes of administration for prophylactic regimens.* Finally,
sustained-release cART NPs could potentially result in a
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reduction in development of drug resistance. This could also
contribute to an advantage for this treatment option.***!
Further research is necessary to test these hypotheses.

Conclusions

This study demonstrates significant uptake of the cART
NPs compared to the soluble antiretroviral drugs, the subse-
quent release of levels of antiretroviral drugs in the nuclear,
cytoskeleton, and membrane fractions of cells with no toxicity
for 28 days, and the antiviral potency with ICs, values in the
nM range. The higher intracellular antiretroviral drug deliv-
ery by nanoparticles may significantly reduce HIV-1 infec-
tivity by inhibiting HIV replication at lower doses.
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