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ABSTRACT

Limitations of antiretroviral therapy (ART) include poor patient adherence, drug toxicities, viral resistance, and failure to pene-
trate viral reservoirs. Recent developments in nanoformulated ART (nanoART) could overcome such limitations. To this end, we
now report a novel effect of nanoART that facilitates drug depots within intracellular compartments at or adjacent to the sites of
the viral replication cycle. Poloxamer 407-coated nanocrystals containing the protease inhibitor atazanavir (ATV) were prepared
by high-pressure homogenization. These drug particles readily accumulated in human monocyte-derived macrophages (MDM).
NanoATYV concentrations were ~1,000 times higher in cells than those that could be achieved by the native drug. ATV particles
in late and recycling endosome compartments were seen following pulldown by immunoaffinity chromatography with Rab-spe-
cific antibodies conjugated to magnetic beads. Confocal microscopy provided cross validation by immunofluorescent staining of
the compartments. Mathematical modeling validated drug-endosomal interactions. Measures of reverse transcriptase activity
and HIV-1 p24 levels in culture media and cells showed that such endosomal drug concentrations enhanced antiviral responses
up to 1,000-fold. We conclude that late and recycling endosomes can serve as depots for nanoATV. The colocalization of nano-
ATV at endosomal sites of viral assembly and its slow release sped antiretroviral activities. Long-acting nanoART can serve as a
drug carrier in both cells and subcellular compartments and, as such, can facilitate viral clearance.

IMPORTANCE

The need for long-acting ART is significant and highlighted by limitations in drug access, toxicity, adherence, and reservoir pen-
etrance. We propose that targeting nanoformulated drugs to infected tissues, cells, and subcellular sites of viral replication may
improve clinical outcomes. Endosomes are sites for human immunodeficiency virus assembly, and increasing ART concentra-
tions in such sites enhances viral clearance. The current work uncovers a new mechanism by which nanoART can enhance viral
clearance over native drug formulations.

Long-acting nanoformulated antiretroviral therapy (nanoART)
can result in improved patient adherence, decreased systemic
toxicities, and sustained viral suppression (1-3). This is seen in
nanoART’s abilities to maintain consistent plasma and tissue drug
levels, as demonstrated in our previous studies (4). Nonetheless,
to facilitate clearance of human immunodeficiency virus type 1
(HIV-1), antiretroviral drugs need to be effectively delivered to
viral sanctuaries (5). This can target persistent or restricted infec-
tion (6-8). With this in mind, our laboratories pioneered the use
of monocytes and monocyte-derived macrophages (MDM) as
nanoART carriers and drug depots. Macrophages can increase
drug stability by preventing drug metabolic degradation, and be-
cause of their highly mobile nature, they may also be used for
delivery of ART to and from lymphocytes and other viral reser-
voirs (9—11). How drug nanoparticles remain sequestered in mac-
rophages for extended periods is incompletely understood. What
is known is that nanoART can be delivered to endosomal organ-
elles through clathrin-endosome pathways and can remain inside
the cell for extended times (9). However, the virologic conse-
quences of such a cell delivery system have not yet been elucidated.
Investigations of nanoparticle interactions at the subcellular level
remain of vital importance to the fields of long-acting antiretro-
viral pharmacokinetics and pharmacodynamics.

We reasoned that such mechanisms could be elucidated
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through investigations of nanoformulated viral protease inhibi-
tors (PI). PI are substrate analogs for the HIV aspartyl protease
enzyme involved in processing viral proteins by cleaving precur-
sor proteins into smaller fragments and enabling the release of
mature viral particles from infected cells. Once bound to the active
site, they block the viral protease and in turn inhibit viral matura-
tion, which blocks the formation of replication-competent virions
(12, 13). Atazanavir (ATV), a U.S. Food and Drug Administra-
tion-approved PI for the treatment of HIV-1 infection, can selec-
tively inhibit virus-specific processing of gag-pol polyproteins. As
a consequence, PIs block viral assembly at action sites (14).

It is well known that subcellular organelles are utilized for
HIV-1 assembly in mononuclear phagocytes (MP) (monocytes
and tissue macrophages) (15, 16). Indeed, large caches of infec-
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tious HIV-1 released from MDM are produced in late endosomes
(17). We thus reasoned that if nanoART can improve drug deliv-
ery to tissues and cells and affect viral clearance, its actions could
be amplified if the PI is delivered to the late endosomal sites op-
erative for viral assembly. Here, we demonstrate that nanoART
enhances drug antiretroviral efficacy by being delivered to subcel-
lular sites of active viral replication. By tracking endosomal nano-
ART transport and sequential immunoaffinity separations of cel-
lular compartments and by developing computer-assisted
mathematical models, we were able to track the antiretroviral drug
activities inside macrophages. Antiretroviral responses, as mea-
sured by reverse transcriptase (RT) activity and HIV-1 p24 anti-
gen, provided evidence for the colocalization of nanoART and
progeny virus. Mathematical modeling uncovered the pathways
for nanoparticle trafficking through endosomal compartments
(18). Previous combinations of experimental and computational
studies were limited by the inherent complexity of integrating
simulated models with experimental results (19). The nanopar-
ticle—subcellular-compartment modeling supports the idea that
nanoformulations can facilitate the use of macrophages as drug
carriers for ART and thus facilitate the establishment of drug de-
pots and increase the speed of viral clearance.

MATERIALS AND METHODS

Reagents and antibodies. ATV sulfate, purchased from Gyma Laborato-
ries of America Inc. (Westbury, NY, USA), was free based with triethyl-
amine. Poloxamer 407 (P407) and CF568-succinimidyl ester (CF568)
were obtained from Sigma-Aldrich (St. Louis, MO, USA). Sephadex
LH-20 was obtained from GE Healthcare (Piscataway, NJ, USA). Pooled
human serum was obtained from Innovative Biologics (Herndon, VA,
USA). Macrophage colony-stimulating factor (M-CSF) was prepared
from 5/9m alpha3-18 cells (ATCC; CRL-10154) cultured in ATCC com-
plete growth medium as described previously (20). Rabbit anti-human
antibodies to Rab5, Rab7, Rab11, and Rab14 and Alexa Fluor 488 goat
anti-rabbit IgG were purchased from Santa Cruz Biotechnology (Dallas,
TX, USA). Protein A/G mix magnetic beads were purchased from Milli-
pore (Billerica, MA, USA). TRIzol reagent was obtained from Invitrogen
(Grand Island, NY, USA).

NanoATV manufacture and characterization. ATV nanoparticles
were formulated by high-pressure homogenization (Avestin EmulsiFlex-
C3; Avestin Inc., Ottawa, ON, Canada), using P407 to encase the drug
crystals. The suspension containing free-based ATV (1% [wt/vol]) and
P407 (0.5% [wt/vol]) in 10 mM HEPES buffer was premixed overnight at
room temperature and then homogenized at 20,000 Ib/in® for ~30 passes
until the desired particle size of <300 nm was achieved. The size, zeta
potential, and polydispersity (PDI) were determined by dynamic light
scattering (DLS), using a Malvern Zetasizer Nano Series Nano-ZS
(Malvern Instruments, Westborough, MA, USA). A minimum of four
iterations were taken, which varied by <2%. After reaching the desired
size (<300 nm), the sample was purified by centrifugation at 500 X g for
5 min to remove aggregated particles and then at 10,000 X g for 30 min to
collect a purified particle pellet. The resulting particles were resuspended
in a 0.2% (wt/vol) P407 surfactant solution for cell studies.

Synthesis of dye-labeled nanoATV. For preparation of CF568-la-
beled nanoATV, CF568—-P407 and P407 were dissolved in methanol at a
weight ratio of 1:4 (6). The solvent was evaporated, and the mixture was
resuspended with 10 mM HEPES to yield a 0.5% surfactant solution.
Free-based ATV was added at a 1% weight ratio. The suspension was
premixed overnight in a light-protected environment at room tempera-
ture. The suspension was homogenized by high-pressure homogenization
and purified by centrifugation (10).

Human monocyte isolation and cultivation. Human monocytes
were obtained by leukapheresis from HIV-1-, HIV-2-, and hepatitis B
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virus-seronegative donors and then purified by countercurrent centrifu-
gal elutriation. The recovered monocytes, >98% pure by Wright-stained
cytosmears, were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% heat-inactivated pooled human serum, 1% glu-
tamine, 50 pg/ml gentamicin, 10 pg/ml ciprofloxacin, and 1,000 U/ml
recombinant human M-CSF for 7 days, facilitating cell differentiation
into macrophages (MDM) (21).

Native and nanoformulated ATV cell uptake and retention. MDM
were treated with native ATV or nanoATV at 30 and 70 pg/ml. Uptake of
drug was assessed without medium change for 24 h. Cell collection oc-
curred at serial time points. After 24-h drug exposure, drug retention in
MDM was evaluated. Adherent MDM were collected by washing three
times with 1 ml of phosphate-buffered saline (PBS), followed by scraping
the cells into 1 ml PBS. Samples were centrifuged at 950 X ¢ for 10 min,
and the supernatant was removed. The cell pellets were resuspended in
200 pl methanol and sonicated with a probe sonicator. The methanol
extracts were centrifuged at 20,000 X g for 10 min prior to high-perfor-
mance liquid chromatography (HPLC) analysis, as previously described
(22). Triplicate 20-pl samples of cells were assessed by HPLC usinga YMC
Pack Octyl Cg4 column (Waters Inc., Milford, MA) with a Cq guard car-
tridge. The mobile phase, consisting of 47% acetonitrile-53% 25 mM
KH,PO,, pH 4.15, was pumped at 0.4 ml/min with UV-visible (Vis) de-
tection at 212 nm. ATV levels in cells were determined by peak area com-
parisons to those of a standard curve generated with free drug (0.025 to
100 pg/ml).

Immune isolation of endocytic subcellular compartments. Immune
isolation of endocytic compartments was performed as previously de-
scribed (9). Briefly, MDM were treated with native or nanoATV for 16 h.
The cells were washed three times in PBS to remove extracellular drug and
then scraped into homogenization buffer [10 mM HEPES-KOH, pH 7.2,
250 mM sucrose, ] mM EDTA, and 1 mM Mg(OAc),]. The cells were then
disrupted by 15 strokes in a Dounce homogenizer. Nuclei and unbroken
cells were removed by centrifugation at 400 X g for 10 min at 4°C. Twenty
microliters of slurry protein A/G paramagnetic beads conjugated to Rab5,
Rab7,Rab11, or Rab14 antibodies (binding in 10% bovine serum albumin
[BSA] in PBS for 12 h at 4°C) was incubated with cell supernatants. Fol-
lowing 24 h of incubation at 4°C, Rab5-, Rab7-, Rab11-, and Rab14-
positive endocytic compartments were washed with PBS and then col-
lected on a magnetic separator. The drug content of each compartment
was determined by HPLC (9).

Western blotting. Purification of isolated endocytic compartments
was confirmed by Western blotting. Protein samples were quantified us-
ing the Pierce 660-nm Protein Assay and Prediluted Protein Assay BSA
Standards as a standard curve. From each protein sample, 10 to 15 pug was
loaded and electrophoresed on a NuPAGE Novex 4 to 12% Bis-Tris gel
(Life Technologies), and the proteins were transferred to a polyvinylidene
fluoride membrane. The membrane was blocked with 5% powdered
milk-5% BSA in phosphate-buffered saline-Tween 20 (PBST) and probed
with primary antibody (rabbit anti-human antibodies to Rab5, Rab7,
Rab11, and Rab14; Santa Cruz), followed by secondary antibody (horse-
radish peroxidase [HRP]-conjugated goat anti-rabbit IgG; Novex-Life
Technologies, Grand Island, NY, USA). Proteins were detected using Su-
perSignal West Pico Chemiluminescent substrate (Thermo Scientific) (9).

Detection of HIV-1 integration by PCR. To estimate HIV integra-
tion, a modified version of the method developed by Liszewski and col-
leagues was employed (23). After 7 days of culture, MDM were treated
with 100 wM native or nanoATV for 16 h and then challenged with HIV-
1 ,pa at a multiplicity of infection (MOI) of 0.1 infectious viral particle/
cell. Following viral infection for 4 h, the cells were cultured for an addi-
tional 14 days with half-medium exchanges every other day before the
cells were scraped for collection. TRIzol Reagent was used to isolate DNA
and RNA samples. The number of proviruses/cell was determined by a
kinetic PCR assay. The standard curve was derived by running the nested-
PCR protocol on several dilutions of the integrated standard nucleic acid
samples (24). The concentrations of human genomes in the isolated sam-
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ple DNA (or RNA) were determined by the optical density at 260 or 280
nm (OD540/540)-

Antiretroviral activities. Antiretroviral efficacy was determined by
HIV-1 RT activity (21, 25). Briefly, MDM were treated with 100 uM
native or nanoATV for 16 h and then challenged with HIV-1,,, at an
MOI of 0.1. Following viral infection, the cells were cultured for 14 days
with half-medium exchanges every other day. Medium samples were col-
lected on days 2, 4, 6, 8, 10, 12, and 14 for measurement of progeny virion
production, as assayed by RT activity. Here, 10-pul medium samples were
mixed with 10 .l of a solution containing 100 mM Tris-HCI (pH 7.9), 300
mM KCI, 100 mM dithiothreitol, 0.1% NP-40, and water in a 96-well
plate. The reaction mixture was incubated at 37°C for 15 min, and 25 pl of
a solution containing 50 mM Tris-HCI (pH 7.9), 150 mM KCl, 5 mM
dithiothreitol, 15 mM MgCl,, 0.05% NP-40, 10 pl/ml poly(A), 0.25 U/ml
oligo(dT), and 10 pnCi/ml [PH]dTTP was added to each well, and the
plates were incubated at 37°C for 18 h. Following incubation, 50 pl of cold
10% trichloroacetic acid was added to each well, the wells were harvested
onto glass fiber filters, and the filters were assessed for [*H]dTTP incor-
poration by beta-scintillation spectroscopy using a TopCount NXT
(PerkinElmer Inc., Waltham, MA, USA).

Immunocytochemistry and confocal microscopy. For immunofluo-
rescence staining, cells were washed three times with PBS and fixed with
4% paraformaldehyde (PFA) at room temperature for 30 min. The cells
were treated with blocking/permeabilizing solution (0.1% Triton, 5%
BSA in PBS) and quenched with 50 mM NH,Cl for 15 min. The cells were
washed once with 0.1% Triton in PBS and sequentially incubated with
primary and secondary antibodies at room temperature. Slides were cov-
ered in ProLong Gold AntiFade reagent with DAPI (4’,6-diamidino-2-
phenylindole) and imaged using a 63X oil lens on an LSM 510 confocal
microscope (Carl Zeiss Microimaging, Inc., Dublin, CA, USA) (26). The
immunofluorescence was quantitated, and the percent overlap was deter-
mined using Image] software, the JACoP plug-in for percent overlap, and
Zeiss LSM 510 Image browser AIM software version 4.2 for determining
the number of pixels and the mean intensity of each channel, as previously
described (6). The results are represented as means = standard errors of
the mean (SEM).

HIV-1 p24 staining. Cells in different treatment groups were fixed
with 4% phosphate-buffered PFA for 15 min at room temperature. The
fixed cells were blocked with 10% BSA in PBS containing 1% Triton X-100
for 30 min at room temperature and incubated with mouse monoclonal
antibodies to HIV-1 p24 (1:100; Dako, Carpinteria, CA, USA) for 3 h at
room temperature. Binding of HIV-1 p24 antibody was detected using a
Dako EnVision+ System, HRP-labeled polymer anti-mouse secondary
antibody, and diaminobenzidine staining. Cell nuclei were counter-
stained with hematoxylin for 60 s. Images were taken using a Nikon TE300
microscope with a 40X objective. Quantitation of immunostaining was
performed by densitometry using ImagePro Plus, v. 4.0 (27).

Statistics. DNA, RNA, and HIV-1 p24 staining data were analyzed by
one-way analysis of variance (ANOVA) and Tukey’s multiple-compari-
son test using GraphPad Prism software (GraphPad Software, Inc., La
Jolla, CA). HIV-1 RT activity in isolated Rab compartments following
native or nanoATV treatment was analyzed by 2-way ANOVA and the
Bonferroni multiple-comparisons test. Differences were considered sig-
nificant at a P value of <0.05.

RESULTS

NanoART characterization. The nanoATV particles were formu-
lated as a nanosized drug crystals from free-base ATV and P407.
Physical properties, including size, PDI, and zeta potential, were
measured by DLS. The particle size was 371.7 nm, with a PDI of
0.194, which indicated that the majority of nanoATV particles
were homogeneous. The zeta potential was —28.9 mV, and the
negative charge was contributed by P407. Scanning electron mi-
croscopy revealed smooth rod-like morphologies for the nano-
ATV particles (data not shown) and confirmed the size measure-
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ments and distribution, which were consistent with our previous
studies (9, 10).

Native and nanoATYV cell uptake and retention. MDM uptake
and retention of drug were assessed by HPLC. Cells were exposed
to native ATV or nanoATYV for 24 h at 30 and 70 pg/ml for each
treatment. Previous studies in our laboratory had shown that
these concentrations of native and nanoATV are not toxic to
MDM (5, 6). Substantial (about 3 orders of magnitude) differ-
ences were observed in the rate and extent of drug uptake between
the native and nanoATV treatment groups (Fig. 1A). The uptake
of nanoATV was found to increase with time, and the maximum
uptake was observed at 16 h for the 70-pg/ml treatment group
(53.5 wg ATV/10° cells) and 24 h for the 30-pg/ml group (23.7 pg
ATV/10° cells). However, uptake of less than 0.1 g ATV/10° cells
was observed at 24 h for native ATV at either concentration, and
this was not time dependent. Drug retention in MDM was deter-
mined 24 h after treatment. In MDM treated with nanoATV, drug
levels of 28.5 pg/10° cells and 14.0 pg/10° cells in the 70- and
30-pg/ml treatment groups, respectively, were sustained over 24
h. Sustained release was expected for up to 15 days with nanopar-
ticle treatment based on previous studies (6, 10). Much less ATV
was detected 24 h following treatment with native ATV. Using
these results, uptake and retention of native versus nanoART was
mathematically modeled using difference equations represented
by queues, where the input to the queue is described by one dif-
ference equation and the output by another difference equation
(Fig. 1B). Connecting those queues into a network thus models a
set of difference equations, where the lengths of the queues pro-
vide instantaneous solutions. Such a queuing network can be eas-
ily used to model scenarios where the arrival/service rates change
dynamically depending on the lengths of some queues in the sys-
tem or where changes happen randomly. This approach, success-
fully applied to modeling nonviral gene delivery and transfection
processes (28), was implemented to model the flow of nanopar-
ticles into and out of the cell.

Antiretroviral activities of native and nanoATV. To estimate
the levels of HIV-1 DNA and RNA, PCR amplification assays were
employed. After 7 days of cultivation, MDM were treated with 100
M native or nanoATV for 16 h and then challenged with HIV-
1apa atan MOI of 0.1. Following infection, cells were cultured for
14 days with half-medium exchanges every other day before cell
collection. Isolated total cell DNA or RNA was quantitated by
kinetic PCR, and nucleic acid levels were calculated using standard
curves made by linear regression analyses. These data are shown in
Fig. 1C and D. At day 14 after HIV-1 challenge, 1.15 X 10* viral
DNA copies/10> MDM and 1.05 X 10* viral RNA copies/MDM
were determined in infected samples. The number of viral copies
paralleled the concentrations of native and nanoATV, where 1
M native ATV failed to show significant antiretroviral activity. In
contrast 1 pM nanoATV effectively suppressed viral DNA and
RNA to 145.7 copies/10°> MDM and 141.2 copies/MDM, respec-
tively. Suppression of viral DNA and RNA was greatest with 100
PM nanoATV, where viral DNA and RNA copy numbers were
29.6/10° MDM and 36.1/MDM, respectively, indicating nearly
complete suppression of viral replication.

To determine the levels of progeny virus produced in native-
ATV- and nanoATV-treated cultures, we treated MDM with na-
tive or nanoATV in increasing drug concentrations 0of 0.01, 0.1, 1,
10, and 100 wM. Treatment was for 16 h, with subsequent HIV-
1apa challenge at an MOI of 0.1. The same formulation used for
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FIG 1 Comparison of native and nanoATV cellular drug uptake and antiretroviral activities. (A) Time course for MDM uptake of native or nanoATV. MDM
were treated with native or nanoATYV for 24 h. (B) Computational simulation of the time course of MDM drug uptake and retention. After 24 h treatment with
native or nanoATV, cells were washed with PBS and treated with fresh medium for 24 h. (Cand D) HIV-1 DNA (C) and RNA (D) levels were quantitated 14 days
after viral infection (MOI = 0.1) of MDM loaded with various concentrations of native or nanoATV. The units for viral DNA and RNA are copies/10” cells and
copies/cell, respectively. (E and F) HIV-1 RT activity was determined 14 days after HIV-1 infection in MDM loaded with various concentrations of native ATV
(E) or nanoATV (F). The data are expressed as averages = SEM for 3 replicate wells. The data presented are from one of three representative experiments. *,
significantly different from non-drug-treated cells (P < 0.05); 1, significantly different from the respective native-ATV treatment (P < 0.05).

cell uptake and retention was tested for antiretroviral activities to
ensure that the results were comparable. Infected cells were cul-
tured for 14 days with a half-medium change every other day.
Culture supernatants were collected at days 2, 4, 6, 8, 10, 12, and 14
for determination of progeny virion production assayed by RT
activity. A dose-dependent effect on RT activity for native and
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nanoATYV at all time points was observed (Fig. 1E and F, respec-
tively). Clear differences between native and nanoATV were seen.
For native-ATV-treated cells, suppression of RT activity was
maintained over time only at 100 wM; most of the other native-
drug concentrations failed to provide substantial viral suppression
compared to untreated HIV-1-infected controls beyond day 8. In

jviasm.org 9507


http://jvi.asm.org

Guo et al.

..

| o.06

4

o

=
8

Intensity/um?

o

o

N
h

A *t

1 10 100 1 10 100

MM Native ATV MM NanoATV

FIG 2 HIV-1 p24 staining of virus-infected MDM pretreated with native or nanoATV. MDM were treated with native or nanoATV for 16 h and then challenged
with HIV-1 (MOI = 0.1). Fourteen days later, the cells were fixed and stained for HIV-1 p24 antigen. The treatment groups were HIV-1-infected controls (A);
1, 10, and 100 M native ATV (B to D, respectively); 1, 10, and 100 uM nanoATV (E to G, respectively); and uninfected MDM (H). Red, HIV-1 p24 staining; blue,
cell nuclei stained with DAPI. (I) Quantitation of immunostaining by densitometry using ImagePro Plus v. 4.0. The data are expressed as averages and SEM. *,
significant differences from HIV-1-infected controls (P < 0.05); 1, significant differences from native-ATV treatment (P < 0.05).

contrast, nanoATV reduced RT activity effectively over time,
starting at 1 wM. A 2-log-unit increase in potency for viral sup-
pression was seen with nanoATV compared to native ATV.

NanoATYV effects on HIV-1 p24 antigen. Cross validation of
the results described above was done through evaluation of viral-
antigen expression following native and nanoATV treatments in
infected cell cultures. The expression of HIV-1 p24 antigen was
used to determine antiretroviral activity in MDM that were
treated with native or nanoATV and subsequently challenged with
HIV-1,,, at an MOI of 0.1. Evaluation of p24 expression in in-
fected MDM treated with native or nanoATV showed a concen-
tration-dependent effect on HIV-1 p24 expression at day 14 fol-
lowing viral exposure. Higher treatment concentrations resulted
in lower p24 expression for both treatment groups (Fig. 2A to H).
Formation of multinucleated giant cells was also observed. Signif-
icant differences between native and nanoATV were seen at all
concentrations (P < 0.05). The expression of HIV-1 p24 antigen
decreased slightly in cells treated with 1 or 10 wM native ATV, but
an 89.4% decrease was found in cells treated with 100 WM native
ATV (Fig. 2I). HIV-1 p24 expression in cells was reduced at all
concentrations of nanoATV. Viral suppression to nearly asymp-
tomatic levels was achieved with nanoATV treatment, i.e., 90.9,
94.2 and 95.7% for 1, 10, and 100 wM nanoATV treatment, re-
spectively (Fig. 2I).

NanoATYV subcellular distributions. Confocal microscopy
enabled both visualization and quantitation of the subcellular
nanoATYV distribution in early (Rab5), late (Rab7), and recycling
(Rab11 and Rab14) endocytic compartments (29). In these exper-
iments, MDM were treated with 100 wM nanoATV fluorescently
labeled with CF568. Immunostaining was performed 16 h after
particle incubation for visualization of endocytic compartments
and nanoATV colocalization. These experiments showed nano-
ATV distributed in a punctate pattern throughout the cytoplasm
and perinuclear cell regions. NanoATV was found predominantly
in late and recycling endosomes of uninfected macrophages (Fig.
3A). Quantitation of the fluorophore-labeled Rab species in en-
dosomes with CF568-labeled nanoATV was done by adapting
Pearson’s correlation coefficient to measure only positive colocal-
ization coefficients (i.e., M1 and M2) of the two fluorophores at
different emission wavelengths. Based on this, we showed signifi-
cant accumulation (P < 0.001) of nanoATV within Rab5-positive
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(35.4% = 5%), Rab7-positive (65.1% = 7%), Rabl1-positive
(70.3% = 11%), and Rab14-positive (56.9% = 12%) compart-
ments (Fig. 3C). To assess subcellular colocalization of nanoATV
in HIV-1-infected cells, MDM were treated with 100 uM CF568-
labeled nanoATYV for 16 h following 14 days of HIV-1,,, infec-
tion. Identical Rab-specific antibodies were employed to immu-
nostain endocytic compartments in multinucleated giant cells.
Quantitation of fluorophore in Rab compartments showed clear
colocalization between virus and the nanoparticles (Fig. 3B and
D). The greatest amount of colocalization was found in Rab7-
immunopositive late endosomes. These data indicated that after
HIV-1 infection, nanoATV persists in late endosomal compart-
ments, the site of active viral assembly, but at half the level present
in recycling endosomes of uninfected macrophages (Fig. 3C ver-
sus D).

NanoATV trafficking in endosomal subcellular compar-
ments. To assess the location of nanoATV at the subcellular level,
we analyzed individual endosomal compartments within MDM
by immunoaffinity techniques. MDM exposed to nanoATV were
mechanically disrupted at specific time points, and subcellular
compartments, including early, late, and recycling endosomes,
were immunoisolated using protein A/G paramagnetic beads con-
jugated to Rab5, Rab7, Rabll, or Rab14 antibodies. Endocytic
compartments bound to beads were collected by magnetic sepa-
ration, digitally imaged, and then analyzed by HPLC for drug
content. The purity of the isolated endocytic compartments was
assessed by Western blotting, as shown in Fig. 4A. Specific endo-
cytic compartments were isolated by Rab5, Rab7, Rab11, or Rab14
antibodies. Western blots demonstrated little contamination of
Rab5, Rab11, and Rab14 compartments with Rab7 protein and
Rab5, Rab7, and Rab11 compartments with Rab14 protein, indi-
cating the high purity of the isolated endosomal compartments.
Time-dependent endocytic uptake was observed in all labeled en-
dosomes, and the data were used to generate 48-h subcellular up-
take curves (Fig. 4B). At 48 h, the maximum nanoATV uptake was
10.6 = 1.4 pg/10° cells in Rab14 (early recycling endosome) com-
partments, followed by 8.3 * 0.7 pg/million cells in Rab11 (late
recycling endosome) compartments. The lowest nanoATV con-
centration was found in Rab5 compartments, representing early
endosomes, regardless of HIV-1 infection, which was consistent
with the colocalization confocal microscopy tests.
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Simulation of nanoATYV at the subcellular level. Mathemati-
cal means to simulate drug particle uptake and retention at both
the cellular and subcellular levels were developed based upon our
results. These models demonstrated that trafficking of nanofor-
mulated particles in endosomal cell compartments provided an
accurate and reliable view of their behavior in real time. The drug
levels in specific compartments at different time points, together
with the confirmation that more nanoATV than native ATV could
accumulate in late and recycling endosomes, proved these to be
the major subcellular depots for nanoATV (Fig. 4C). The modeled
flow of nanoparticles is presented in Fig. 4D, where outside the cell
and the specific subcellular compartments involved in trafficking
of the majority of nanoATV are represented as the graph nodes:
“Out” is the outside of the cell, and Rab5, Rab7, Rab11, and Rab14
denote the compartments identified by the respective Rab pro-
teins. The instantaneous concentration of nanoATV outside the
cell, Q,, is associated with the node Out, and the instantaneous
concentrations of the respective Rab proteins, Q, to Qs, are asso-
ciated with the nodes Rab5, Rab7, Rab11, and Rab14. It has been
noted that the total number of observed nanoATV/fluorescence-
labeled particles in the experiment decreases over time. This has
been taken into account in the model as an open path marked & in
the graph in Fig. 4D.

Based on the graph topology, the time changes of the concentra-
tions in the model are controlled by the set of 5 difference equations:
Qli:Qlifl_VliflAT_’_ Véi*lAT_i_ V7i71AT;Q2i:Q2i71+
VITIAT— V) AT -V AT -V, AT Q) = Q) T+
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VS TIAT— VT AT Q= Q, '+ v, T AT — V. 'AT;and
Q' =Q "+ VT IAT+ VS AT — V)T AT — Vi T AT,
where AT denotes the time increment in simulations and (-)’ denotes
the value of (-) at the jth step of simulation.

Based on the experimental results, using multiple linear regression
and curve-fitting methods implemented as standard MATLAB func-
tions, the following relationships between the concentrations Q, to
Qs and the rates of changes, V; to Vg, were established: V; =
0.04269Q, + 0.7778; V, = 0.1000Q, — 0.085Q; + 0.0814; V, =
0.0367Q, — 0.2714Q, + 2.238; V, = 0.003Q, + 0.0367Q, — 0.155Q,
— 0.1263Q5 + 0.7366; V5 = —0.003Q, + 0.155Q; — 0.33; V, =
—0.0031Q, + 0.2344Q, — 0.22; V, = —0.0031Q, + 0.01785Q; —
0.112; and Vg = 0.01exp (0.01#)Qs, where t is the time from the ex-
periment start. The units for all the rates are pg/10° cells/h and pug/10°
cells for concentrations. The simulation model based on the set of
difference equations was implemented in MATLAB using a tech-
nique similar to those applied previously (28).

Subcellular antiretroviral activity. To determine in which
compartments the virus persists and the antiretroviral efficacy of
our nanoATV at a subcellular level, MDM were challenged with
HIV-1,p, for 4 h at an MOI of 0.1 and then treated with 100 wM
native ATV or nanoATV for 16 h. MDM were mechanically dis-
rupted at days 7 and 14, and subcellular compartments were im-
munoisolated using protein A/G paramagnetic beads conjugated
to Rab5, Rab7, Rabl1, or Rab14 antibodies. Endocytic compart-
ments bound to beads were collected by magnetic separation for
the RT assay. A schematic for nanoATV and HIV-1 subcellular
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trafficking is illustrated in Fig. 5A. The highest RT activity was
found in Rabll compartments, representing recycling endo-
somes, and Rab7 compartments, representing late endosomes, in
nontreated cells after 7 and 14 days of HIV-1 challenge (Fig. 5B),
respectively, which suggested that the virus was located mainly in
these endosomal compartments. NanoATV and native ATV at
100 pM both exhibited antiretroviral efficacy; however, the sup-
pression of RT activity in all endosome compartments was greater
with nanoATV than native ATV, with a 2-fold difference in RT
suppression in Rab7 and Rab11 fractions at 14 days. Based on the
confocal results, greater overlap of nanoATV and cellular com-
partments was found in late and recycling endosomes, which
could explain why nanoATV was more effective in suppressing
HIV-1 in these compartments.

DISCUSSION

Nanocrystals are broadly used for drug delivery due to their high
drug-loading capacity, increased dissolution in solution, and en-
hanced bioavailability (30-33). Our previous studies described
the manufacture and uptake of P407-coated nanoATV by homog-
enization and demonstrated that its physical properties, such as
size, surface charge, and shape, can facilitate macrophage uptake
(6). Indeed, we demonstrate in the present study that nanoATV is
readily internalized by macrophages and produces sustained drug
release (6). This serves to improve drug efficacy by increasing sub-
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cellular bioavailability. Nanosize drug crystals coated with surfac-
tant exhibit enhanced cellular uptake and facilitate the cellular
maintenance of drug particles for prolonged times. Particle coat-
ing serves to increase intracellular drug stability. Notably, nano-
ATV leads to effective inhibition of HIV-1 replication for pro-
longed times. In contrast to native ATV, nanoATV shows weeks of
viral suppression linked to its abilities to increase drug delivery to
subcellular macrophage compartments. This is facilitated by sus-
tained antiretroviral drug release rates.

Interestingly, HIV-1 infection affects the size and or number of
endosomes as a reflection of Rab protein expression (G. Zhang,
unpublished observation). We posit that such virus-induced al-
terations in endosomes are biologically relevant to sustain viral
growth. Indeed, endosomes are sites of active viral assembly and
are the cellular substructures where large numbers of virions ac-
cumulate during productive infection (17). Such a function has
added strategic advantages for the nanoformulated antiretroviral
drug, as it enables the drug particle to reside at the specific site
where viral maturation occurs in the cell. Taken together, such
events certainly facilitate antiretroviral drug activities. This may
also be applicable to a broad number of endosomal compartments
that affect “transport” of antimicrobial drugs and is likely a com-
mon pathway for macrophage scavenging functions. Neverthe-
less, we also accept that the pathways for endosomal trafficking
and HIV are not perfectly congruent. Further investigations will
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determine the mechanisms behind each trafficking scheme. Such
observations, nonetheless, provide the means to improve antimi-
crobial therapies beyond what is reported in the present study.
Over the past decade, our laboratory has pioneered the devel-
opment of long-acting nanoART. NanoATV serves as a model for
macrophage-based nanoparticle drug delivery, as descriptions of
cell uptake and intracellular localization of ART content parallel
one another. To better understand formulation trafficking at the
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cellular and subcellular levels, we developed a mathematical
means to simulate endosomal trafficking. The model is simple to
implement and can provide assessment of putative drug activities
based on changes in the concentration of nanoATV and/or Rab pro-
teins in real time. Based on the model, divergent behaviors between
native and nanoATV were readily observed. NanoATV was taken up
efficiently into macrophages and effected sustained drug release,
while native ATV was minimally internalized. This helps to explain
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why nanoATV possesses distinct long-acting antiretroviral efficacy.
Through our subcellular uptake simulation model, nanoATV subcel-
lular distributions were visualized, and late and recycling endosomes
were considered the nanoATV depots. Indeed, large amounts of
nanoATV were deposited in these endocytic compartments. How-
ever, it is also noted that differences exist between HIV-1 and nano-
particle drug subcellular accumulation, including recycling endo-
somes. Whether this is a clever means for the virus to alter the
transport properties of nanoparticles or a compensatory host mech-
anism in an attempt to contain the virus is not yet known. Further
studies are certainly needed to assess the unique transport properties
of the virus and the drug-laden particle.

Harnessing macrophage transport properties for drug delivery
can improve clinical drug responses. Indeed, cell-based nanocar-
riers have been developed for not only cancer chemotherapy, but
also a wide range of microbial infections (34-36). Macrophage-
based nanomedicine delivery schemes may have several advan-
tages over more conventional drug delivery, including enhanced
cure rates, reduced side effects, increased drug stability, and effec-
tive subcellular targeting (26, 27, 37, 38). Using macrophages as a
nanocarriage vehicle can permit investigation of nanoATV entry,
intracellular trafficking, and drug release kinetics.

NanoATV contained within endocytic compartments pro-
vides a protected environment to facilitate drug release with un-
altered antiretroviral activities. Both late and recycling endosomes
were able to retain a large number of nanoparticles. Macrophages
likely play a vital role in HIV pathogenesis, as they are among the
first cells infected (39, 40). Within an infected macrophage, viri-
ons are formed in a temporally and spatially coordinated manner
where the components that make up the virus assemble in associ-
ation with a specific cellular membrane from which the viral en-
velope is derived (17). HIV-1 virions bud directly into late endo-
somes and thereby acquire late endosomal membrane proteins,
such as Rab7, LAMP-1, and CD63 (16). Macrophages secrete vi-
rions from virus-containing intracellular vacuoles (41). Late en-
dosomes are the principal locations for HIV assembly (42-46).
Importantly, nanoATV retains full antiretroviral activity in late
endosomes, as RT activity was substantially decreased in Rab7 and
Rab11 vesicles.

In summary our results demonstrate that nanoATV and HIV
target overlapping subcellular compartments. Entry of virus and
particles inside macrophages is facilitated through clathrin-medi-
ated pathways (47-50). NanoATV particles are stored within late
endosomes or recycling compartments, which serves to minimize
intracellular degradation. For release, nanoATYV is slowly recycled
to the plasma membrane (51-54). This provides a means of escape
from phagolysosomal degradation and effective delivery of drug
to action sites, which in the end has a net effect of improved ther-
apeutic efficacy.

Conclusions. NanoATV has now been demonstrated to effect
increases in cellular drug uptake and retention in macrophages.
The long-acting antiretroviral efficacy of the crystalline nanofor-
mulated drug is significantly enhanced over its native-drug coun-
terpart. Macrophages act as carriers of nanoATV to improve drug
bioavailability. Computer-assisted mathematical modeling can
simulate subcellular trafficking of nanoATV to late and recycling
endosomes that serve as drug particle depots. Overall, nanoATV
and HIV utilize similar subcellular pathways. Delivery of drug
through subcellular compartments increases its antiretroviral re-
sponses.
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