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Abstract
Aim—Nanoformulated antiretroviral therapy can improve drug compliance for people infected
with HIV. Additional benefits would include specific drug deliveries to viral reservoirs and
reduction in systemic toxicities.

Methods—In this article, we describe mechanisms of crystalline antiretroviral nanoparticle (NP)
uptake, intracellular trafficking and release in human monocyte-derived macrophages.

Results—Following clathrin-dependent endocytosis NPs bypassed lysosomal degradation by
sorting from early endosomes to recycling endosome pathways. Disruption of this pathway by
siRNAs or brefeldin-A impaired particle release. Proteomic and biological analysis demonstrated
that particle recycling was primarily Rab11 regulated. Particles were released intact and retained
complete antiretroviral efficacy.

Conclusion—These results suggest possible pathways of subcellular transport of antiretroviral
nanoformulations that preserve both particle integrity and antiretroviral activities demonstrating
the potential utility of this approach for targeted drug delivery.
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The need for simple antiretroviral therapeutic (ART) regimens for treating HIV-infected
people are significant as the epidemic grows and broad access to drugs remain limited. This
is particularly noteworthy for patients in resource-limited settings, with poor compliance,
who have mal-absorption syndromes, and to combat common drug toxicities [1–5].
Although ART has drastically decreased the morbidity and mortality associated with
advanced viral infection, ART effectiveness is hampered by its pharmacokinetic and
biodistribution properties [6–9]. Owing to these factors it is difficult to maintain therapeutic
drug levels and target drug delivery to infected tissues. Consequently, ART necessitates
continuous and often complex dosing regimes that can result in systemic toxicities and are
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still limited in their access to viral sanctuaries [10–15]. An ideal delivery system, if
developed, would increase ART stability and circulation time, improve biodistribution, and
target infected cells and tissues. Crystalline antiretroviral nanoparticles (nanoART) were
developed in our laboratories toward the goal of substantively increasing drug-dosing
intervals, reducing drug concentrations for administration, facilitating drug access to viral
sanctuaries, diminishing untoward side effects and improving drug availability to infected
individuals. The latter targets patients who show poor compliance, have limited oral drug
absorption or have few opportunities to obtain needed medicines.

Studies performed in our laboratory show that monocytes and monocyte-derived
macrophages (MDMs) used for nanoART carriage possess superior stability, less toxicity
and potent antiret-roviral efficacy compared with unformulated drugs [16–19]. Indeed,
nanoART-laden MDMs are able to cross biological barriers in response to cytokine
signaling, deliver drug(s) directly to infected tissues and drastically reduce viral replication
[20]. Other animal studies have supported the in vitro results and demonstrated that
clinically relevant amounts of drug are present within both serum and tissues for up to 3
months after a single administration [21,22]. These studies further support cell-mediated
drug delivery. Nonetheless and despite such encouraging results, little is known regarding
the subcellular distribution of the drug particles within macrophages or the consequences of
its transport. To this end, we tracked the subcellular journey of nanoART from the point of
initial uptake to final release. We observed that following rapid clathrin-dependent
internalization, drug particles undergo sorting into a recycling pathway and as such bypass
degradation. Drug was released intact from MDMs and had no reduction in antiretroviral
efficacy. Interestingly, particle trafficking routes may parallel what has been observed for
HIV endocytic sorting. Such parallels between HIV and nanoART subcellular endocytic
locale likely provides additional benefit in restricting viral replication. Taken together, our
findings support a role for macrophage-mediated drug delivery as a therapeutic option for a
more efficient and simplified drug regimen for HIV-infected people.

Materials & methods
Antibodies & reagents

Goat antibody (Ab) to Rab11 and Rab7, along with human siRNA to Rab8, Rab11 and
Rab14, were purchased from Santa Cruz Biotechnology (CA, USA). SilenceMag siRNA
delivery reagent and magnetic plates were purchased from Oz Biosciences (Marseille,
France). Rabbit Ab to lysosome-associated membrane protein 1 (LAMP1) was purchased
from Novus Biologicals (CO, USA). Rabbit Abs to early endosome antigen 1 (EEA1),
clathrin, Rab8 and Rab14 were purchased from Cell Signaling Technologies (MA, USA).
pHrhodo-dextran conjugate for phagocytosis, rhodamine phalloi-din, phalloidin Alexa Fluor
488 and 647, transferrin (Tfn) conjugated to Alexa Fluor 594, anti-rabbit Alexa Fluor 488,
594, 647, anti-mouse Alexa Fluor 488, 594, 647, anti-goat Alexa Fluor 488, ProLong Gold
antifading solution with 4′,6-diamidino-2-phenylindole (DAPI) were all purchased from
Molecular Probes (OR, USA). Dynasore and indomethacin were purchased from Sigma-
Aldrich (MO, USA).

RTV-NP manufacturing & characterization
Ritonavir nanoparticles (RTV-NPs) were prepared by high-pressure homogenization using
an Avestin C-5 homogenizer (Avestin, Inc., ON, Canada) as described previously [19,23].
Surfactants used to coat the drug crystals included poloxamer 188 (P188; Spectrum
Chemicals, CA, USA), 1,2-distearoyl-phosphatidyl ethanolamine-methyl-
polyethyleneglycol 2000 (mPEG2000-DSPE) and 1,2-dioleoyl-3-trimethylammonium-
propane (DOTAP), purchased from Avanti Polar Lipids, Inc. (AL, USA). To coat the
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nanosized drug crystals, each surfactant was made up of (weight/vol %) P188 (0.5%),
mPEG2000-DSPE (0.2%) and DOTAP (0.1%). The nanosuspen-sions were formulated at a
slightly alkaline pH of 7.8 using either 10 mM sodium phosphate or 10 mM HEPES as a
buffer. Tonicity was adjusted with glycerin (2.25%) or sucrose (9.25%). Free base drug was
added to the surfactant solution to make a concentration of approximately 2% [weight to
volume ratio (%)]. The solution was mixed for 10 min using an Ultra-Turrax T-18 (IKA®

Works Inc. [NC, USA]) rotor-stator mixer to reduce particle size. The suspension was
homogenized at 20,000 psi for approximately 30 passes or until desired particle size was
achieved. Size was measured using a HORIBA LA 920 light scattering instrument
(HORIBA Instruments Inc., CA, USA). For determination of polydispersity and zeta
potential, 0.1 ml of the suspension was diluted into 9.9 ml of 10 mM HEPES, pH 7.4, and
analyzed by dynamic light scattering using a Malvern Zetasizer Nano Series (Malvern
Instruments Inc., MA, USA). At least four iterations for each reading were taken and the
readings varied by less than 2%. After the desired size was achieved, samples were
centrifuged and the resulting pellet resuspended in the surfactant solution containing 9.25%
sucrose to adjust tonicity. Particle size and shape were characterized by scanning electron
microscopy as described below. RTV-NPs were fluorescently labeled using the Vybrant
1,1′dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine perchlorate (DiO) cell-labeling
solution (Ex: 484 nm; Em: 501 nm) or 3,3′-dioctadecyloxacar-bocyanine perchlorate (DiD;
Ex: 644 nm; Em: 665 nm; Invitrogen [CA, USA]). Particles were labeled by combining 1 ml
of RTV-NP suspension with 5 μl of dye and mixing overnight. After centrifugation at
20,000 × g, the particles were washed with 5% human serum containing Dulbecco’s
modified Eagle medium (DMEM) until all excess dye was removed (at least five washes).
Final drug content of the formulations were determined by high-performance liquid
chromatography (HPLC; data not shown).

Human monocyte isolation & cultivation
Human monocytes were obtained by leukapheresis from HIV and hepatitis seronegative
donors, and were purified by counter-current centrifugal elutriation following approval by
the Institutional Review Board at the University of Nebraska Medical Center. Wright-
stained cyto-spins were prepared and cell purity assayed by immunolabeling with anti-CD68
(clone KP-1). Monocytes were cultivated at a concentration of 1 × 106 cells/ml at 37°C in a
humidified atmosphere (5% CO2) in DMEM supplemented with 10% heat-inactivated
pooled human serum, 1% glutamine, 50 μg/ml gentamicin, 10 μg/ml ciprofloxacin and 1000
U/ml recombinant human macrophage colony-stimulating factor (MCSF), a generous gift
from Pfizer Inc. (MA, USA). To induce differentiation to macrophages, monocytes were
cultured for 7 days in the presence of MCSF.

RTV-NP uptake & release
Monocyte-derived macrophages (2 × 106 per well) were cultured with RTV-NPs at 100 μM.
Uptake of particles was assessed without medium change for 24 h with cell collection
occurring at indicated times points. Adherent MDMs were collected by washing three times
with 1 ml of phosphate-buffered saline (PBS), followed by scraping cells into 1 ml PBS.
Samples were centrifuged at 950 × g for 10 min at 4°C and the supernatant removed. Cell
pellets were sonicated in 200 μl of methanol and centrifuged at 10,000 × g for 10 min at
4°C. The methanol extracts were stored at −80°C until HPLC analysis was performed. After
an initial 12-h exposure to RTV-NPs, drug release from MDMs with half media exchanges
every other day was evaluated over a 2-week period. Media samples were saved along with
replicate cells and stored at −80°C until HPLC analysis could be performed. Methanol-
extracted cell suspensions were centrifuged at 21,800 × g at 4°C for 10 min. Media samples
were thawed and deproteinated by the addition of methanol. The samples were centrifuged
at 21,800 × g at 4°C for 10 min; supernatants were evaporated to dryness under vacuum and
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resuspended in 75 μl of 100% methanol. Triplicate 20 μl samples of processed media or
cells were assessed by HPLC using a YMC Pack Octyl C8 column (Waters Inc. [MA,
USA]) with a C8 guard cartridge. Mobile phase consisting of 47% acetonitrile/53% 25mM
KH2PO4, pH 4.15, was pumped at 0.4 ml/ min with UV/Vis detection at 212 nm. Cell and
medium levels of RTV were determined by comparison of peak areas to those of a standard
curve of free drug (0.025–100 μg/ml) made in methanol.

Immunocytochemistry & confocal microscopy
For immunofluorescence staining, cells were washed three times with PBS and fixed with
4% paraformaldehyde (PFA) at room temperature for 30 min. Cells were treated with
blocking/permeabilizing solution (0.1% Triton, 5% bovine serum albumin [BSA] in PBS)
and quenched with 50 mM NH4Cl for 15 min. Cells were washed once with 0.1% Triton in
PBS and sequentially incubated with primary and secondary Ab, at room temperature. For
MDMs stained with multiple Abs, nonspecific cross binding of secondary Abs was tested
prior to immunostaining. Use of secondary Abs originating or recognizing the same hosts
was avoided. Slides were covered in ProLong Gold antifading reagent with DAPI and
imaged using a 63× oil lens in a LSM 510 confocal microscope (Carl Zeiss Microimaging,
Inc., NY, USA).

Imaging of recycling compartments
Monocyte-derived macrophages grown in poly-D-lysine-coated chamber slides were
depleted of human serum by incubation with serum-free DMEM for 3 h. Cells were
coincubated with 1 μM Alexa 594-Tfn and 100 μM DiO-labeled RTV-NPs for 4 h.
Noninternalized particulates were removed by three sequential washes with PBS. Cells were
fixed with 4% PFA and imaged using the 63× oil lens of a LSM 510 confocal microscope
(Carl Zeiss Microimaging, Inc.).

Detection of acidified compartments
Monocyte-derived macrophages were exposed to pHrhodo conjugated to dextran beads and
100 μM DiO-labeled RTV-NPs at 37°C for 4 h. Noninternalized particulates were removed
by washing three times in Hanks Balanced Salt Solution, pH 7.4, followed by fixation with
4% PFA and imaging. Fluorescence intensity of pHrhodo dye at different pH levels (3.0–
8.5) was previously determined using a M5 Florescence Microplate Reader (Molecular
Devices [CA, USA]).

Inhibition of RTV-NP uptake
Monocyte-derived macrophages were washed three times in PBS and incubated with serum-
free medium for 30 min. Cells were then exposed to 100 μM dynasore, 100 μM
indomethacin, and a combination of both for 30 min in serum-free medium or left untreated.
Cells were washed once with serum-free media, and DiD-labeled 100 μM RTV-NPs
reconstituted in serum-free medium was added together with fresh inhibitors to the MDMs
for 3 h at 37°C. Cells were washed three times in PBS and mechanically detached using cell
lifters. Cells were fixed in 4% PFA for 30 min and analyzed for RTV-NP uptake by flow
cytometry. Data was acquired on a FACSCalibur flow cytometer using CellQuest Software
(BD Biosciences, CA, USA). Replicate experiments were performed for HPLC analyses of
drug content.

Electron microscopy
Samples were fixed by 3% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) and were
further fixed in 1% osmium tetroxide in 0.1 M phosphate buffer (pH 7.4) for 1 h. Samples
were dehydrated in a graduated ethanol series and embedded in Epon 812 (Electron
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Microscopic Sciences [PA, USA]) for scanning electron microscopy. Thin sections (80 nm)
were stained with uranyl acetate and lead citrate and observed under a transmission electron
microscope (Hitachi H7500-I; Hitachi High Technologies America Inc. [IL, USA]).

Enrichment of endocytic compartments
For enrichment of RTV-NP-associated compartments, RTV-NPs were labeled with 0.01%
Brilliant Blue R-250 dye (Thermo-Fisher Scientific, MA, USA) for 12 h at room
temperature. Excess dye was removed by five washes in PBS and five subsequent
centrifugations at 20,000 × g for 10 min. Then, 100 μM RTV-NPs were added to MDMs for
12 h at 37°C. Cells were washed three times in PBS, and RTV-NP uptake was visualized
using the bright field settings on a Nikon Eclipse TE300 microscope (Nikon Instruments,
Inc. [NY, USA]). Cells were detached in homogenization buffer (100 mM sucrose, 10 mM
imidazole solution, pH 7.4) followed by 15 strokes on a Dounce homogenizer. Cellular
debris and nuclei were removed by centrifugation at 500 × g for 10 min. Supernatant was
mixed at equal ratios with 60% sucrose, 10 mM imidazole solution, pH 7.4, to adjust sucrose
concentration to 30% followed by layering on a 60, 35, 20 and 10% sucrose gradient and
centrifugation at 100,000 × g at 4°C for 1 h. The interface between 10–20 and 35–60%
sucrose bands containing enriched endocytic compartments (blue) were collected. Pellets
were collected by centrifugation at 100,000 × g at 4°C for 30 min, and sucrose was removed
by washing three times in PBS. Pellets were then processed for proteomics analysis as
described below.

Immune isolation of endocytic compartments was performed as described previously, with
some modifications [24]. MDMs (400 × 106 cells) were treated with 100 μM RTV-NPs for 6
h. Cells were washed three times in PBS to remove extracellular RTV-NPs and then scraped
in homogenization buffer (10 mM HEPES-KOH, pH 7.2, 250 mM sucrose, 1 mM EDTA
and 1 mM Mg(OAc)2). Cells were then disrupted by 15 strokes in a dounce homogenizer.
Nuclei and unbroken cells were removed by centrifugation at 400 × g for 10 min at 4°C.
Protein A/G paramagnetic beads (20 μl of slurry; Millipore) conjugated to EEA1, lysosome-
associated LAMP1, and Rab11 antibodies (binding in 10% BSA in PBS for 12 h at 4°C)
were incubated with the supernatants. Beads alone were also exposed to cell lysate to test for
binding specificity. Following 24 h incubation at 4°C, EEA1+, LAMP1+ and Rab11+

endocytic compartments were washed and collected on a magnetic separator (Invitrogen).
The RTV-NP content of each compartment was determined by HPLC as described above.

Proteomic & mass spectrometry analyses
Endocytic compartments were solubilized in lysis buffer, pH 8.5 [30 mM TrisCl, 7 M urea,
2 M thiourea, 4% (w/v) 3-[(3-cholamidopro-pyl)dimethylammonio]-1-propanesulfonate, 20
mM dithiothreitol and 1X protease inhibitor cocktail (Sigma)] by pipetting. Proteins were
precipitated using a 2D Clean up Kit and quantified by 2D Quant (GE Healthcare [WI,
USA]) per the manufacturer’s instructions. Samples were run on Bis-Tris 4–12% and 7%
Tris-Glycine gels (Invitrogen) to separate low- and high-molecular-weight proteins.
Electrophoresis was followed by fixation on 10% methanol, 7% acetic acid for 1 h and
Coomassie staining at room temperature for 24 h. Bands were manually excised followed by
in-gel tryptic digestion (10 ng/spot of trypsin [Promega, WI, USA]) for 16 h at 37°C.
Peptide extraction and puri- ZipTips® (Millipore, MA, fication using μC18 USA) were
performed on the Proprep Protein Digestion and Mass Spec Preparation Systems (Genomic
Solutions, MI, USA).

Extracted peptides were fractionated on a column (New Objectives, microcapillary RP-C18
Inc. [MA, USA]) and sequenced using a liquid chromatography electrospray ionization
tandem mass spectrometry system (ProteomeX System with LTQ-Orbitrap mass
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spectrometer, Thermo-Fisher Scientific) in a nanospray con-figuration. The acquired spectra
were searched against the NCBI.fasta protein database narrowed to a subset of human
proteins using the SEQUEST search engine (BioWorks 3.1SR software from Thermo-Fisher
Scientific). The TurboSEQUEST search parameters were set as follows: Threshold Dta
generation at 10000, Precursor Mass Tolerance for the Dta Generation at 1.4, Dta Search,
Peptide Tolerance at 1.5 and Fragment Ions Tolerance at 1.00. Charge state was set on
“auto”. Database nr.fasta was retrieved from ftp.ncbi.nih.gov and used to create ‘in-house’
an indexed human.fasta.idx (keywords: Homo sapiens, human, primate). Proteins with two
or more unique peptide sequences (p < 0.05) were considered highly confident.

siRNA treatment & Western blotting
siRNA was combined with magnetic beads, and MDMs were transfected as indicated by the
manufacture’s instructions and then cultured for an additional 72 h in order to achieve
maximal protein knockdown. Protein removal was con-firmed by Western blotting. Protein
samples were quantified using the Pierce 660-nm Protein Assay and Pre-diluted Protein
Assay BSA Standards to standardize the curve (Thermo Scientific [IL, USA]). From each
protein sample, 10–15 μg was loaded and electrophoresed on a NuPAGE® Novex 4–12%
Bis–Tris gel (Invitrogen); the gel was transferred to a polyvinylidene fluoride membrane
(Bio-Rad Laboratories [CA, USA]). The membrane was blocked with 5% powdered milk/
5% BSA in PBS-T and then probed with primary Ab followed by secondary Ab. Protein
bands were distinguished using SuperSignal® West Pico Chemiluminescent substrate
(Pierce [IL, USA]). siRNA-transfected MDMs were then treated with 100 μM RTV-NPs
followed by harvesting of cells and replicate media samples and drug analysis by HPLC.

Macrophage RTV-NP release & dissociation to free drug
Cell culture medium was collected from RTV-NP-loaded MDMs 18 h after drug loading to
cells. Intact RTV-NPs were separated from dissolved drug by centrifugation at 100,000 × g
on a Beckman TL-100 Ultracentrifuge (Brea [CA, USA]) for 1 h at 4°C. The resulting
supernatants and NP pellets were processed for drug quantitation by HPLC.

Antiretroviral activities of RTV
Monocyte-derived macrophages were treated with equal amounts of RTV either in the non-
formulated state dissolved in ethanol (0.01% final concentration), native RTV-NPs or
released RTV-NPs for 12 h and then washed. Drug-treated MDMs were infected at a
multiplicity of infection of with HIVADA 0.01 infectious viral particles/cell [25] on day 1
after RTV-NP treatment. Following viral infection, cells were cultured for 10 days with half
media exchanges every other day. Media samples were collected 10 days after infection for
measurement of progeny virion production as assayed by reverse transcriptase (RT) activity
[26]. Parallel analyses for expression of HIV p24 antigen in infected cells were performed
by immunostaining using p24 mouse mono-clonal Ab (Dako [CA, USA]) on the same day
as media sampling.

RT assay
In a 96-well plate, media samples (10 μl) were mixed with 10 μl of a solution containing 100
mM Tris-HCl (pH 7.9), 300 mM KCl, 10 mM dithiothreitol, 0.1% nonyl phenoxyl-
polyethoxylethanol-40 (NP-40) and water. The reaction mixture was incubated at 37°C for
15 min and 25 μl of a solution containing 50 mM Tris-HCl (pH 7.9), 150 mM KCl, 5 mM
dithiothreitol, 15 mM MgCl2, 0.05% NP-40, 10 μg/ml poly(A), 0.250 U/ml oligo and 10
μCi/ml tritiated thymidine d(T)12–18 triphosphate was added to each well; plates were
incubated at 37°C for 18 h. Following incubation, 50 μl of cold 10% TCA was added to each
well; the wells were harvested onto glass fiber filters, and the filters were assessed for

Kadiu et al. Page 6

Nanomedicine (Lond). Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



tritiated thymidine triphosphate incorporation by β-scintillation spectroscopy using a
TopCount NXT (PerkinElmer Inc. [MA, USA]) [26].

Immunohistochemistry & quantitation of HIV-1 p24 staining
A total of 10 days after HIV-1 infection, cells were fixed with 4% phosphate-buffered PFA
for 15 min at room temperature. 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) for 3 h at room temperature. Binding of p24 Ab was
detected using a Dako EnVision+ System-HRP labeled polymer anti-mouse secondary Ab
and diaminobenzidine staining. Cell nuclei were counterstained with hematoxylin for 60 s.
Images were taken using a Nikon TE300 microscope with a 40× objective. Quantitation of
immunostaining was performed by densitometry using Image-Pro Plus, v. 4.0 (Media
Cybernetics Inc. [MD, USA]). Expression of p24 was quantified by determining the positive
area (index) as a percentage of the total image area per microscopy field.

Statistical analyses
Quantitation of immunostaining was performed with ImageJ software, utilizing JACoP
plugins [101] to calculate Pearson’s colocalization coefficients. Comparison was performed
on three to five sets of images acquired with the same optical settings. Graphs and statistical
analyses were generated using Excel and Prism software (GraphPad Software, Inc. [CA,
USA]). Significant differences in drug levels in uptake and release studies were determined
by two-way ANOVA followed by Bonferroni’s Multiple Comparison Test. Significant
differences in RT activity, p24 density and drug content in siRNA experiments were
determined by one-way ANOVA followed by Dunnett’s Multiple Comparison Test. Two-
tailed Student’s t-tests were used for all other data; and unless otherwise noted, the error
bars are shown as ± standard error of the mean (SEM). Results were considered significant
at p < 0.05.

Results
Characterization & in vitro pharmacokinetics of RTV-NPs

Ritonavir NPs were a representative formulation of nanoART and used as such for assays of
cell particle localization and release. The RTV-NP consisted of drug crystals of free-base
RTV coated with a thin layer of phospholipid surfactants of mPEG2000-DSPE, P188 and
DOTAP. Physical properties (size, shape and zeta potential) of the particles are shown in
Figure 1A. P188 and mPEG2000-DSPE increased particle stability, while the DOTAP
coating enabled a positive surface charge. The polydispersity index was 0.196, indicating
that while the majority of RTV-NPs were the calculated average measured size, the overall
particle population was heterogeneous. Of note, p188 alone, P188/mPEG2000-DSPE or
P188/mPEG2000-DSPE-DOTAP do not affect RTV-NP cell uptake [19,23]. Scanning
electron microscopy revealed smooth rod-like morphologies for the RTV-NPs and
confirmed size measurements and distribution (Figure 1B).

We assessed the cell-based pharmacokinetics of RTV-NP MDM uptake and release. Cells
were exposed to 100 μM RTV-NPs in DMEM and drug uptake was assessed by HPLC. This
drug concentration was chosen based upon previous observations that demonstrated it had
limited cellular toxicity and potent antiretroviral efficacy when assayed by (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetr azolium bromide, a yellow tetrazole) assay and RT
activity, respectively [18,19]. RTV-NP internalization in MDMs was observed at 30 min and
peaked at 4 h (Figure 1C). Internalized particles were detected in MDMs for up to 15 days
(Figure 1D).
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To assay the mechanism of RTV-NP entry into macrophages, chemical blockers were used
to inhibit clathrin- and caveolae-mediated cell entry. After pretreatment with 100 μM
dynasore (prevents clathrin-coated pit formation through inhibition of dynamin) or
indomethacin (caveolae inhibitor) for 1 h, MDMs were exposed to fluorescent RTV-NPs.
Flow cytometry and HPLC analyses demonstrated that RTV-NP internalization occurs
through clathrin-coated pits (Figure 1e & 1F).

Proteomic analysis identifies RTV-NP-containing endocytic compartments
Imaging of RTV-NP-laden MDMs by transmission electron microscopy confirmed uptake
of intact particles into distinct cytoplasmic vesicles (Figure 2A). We then investigated the
subcellular distribution of RTV-NPs within MDMs. RTV-NPs were labeled with Brilliant
Blue R-250 dye and added to MDMs for 12 h. MDMs were mechanically disrupted and
RTV-NPs containing endo-cytic compartments (blue) were collected as blue bands on a
sucrose gradient (Figure 2B). Mass spectrometry analyses of the fractions identified 38
proteins associated with distinct endosomal populations (TABle 1). Based on their
postulated subcellular localization, the proteins were classified into clathrin-coated pits,
early endosomes (EE), recycling endosomes (RE), multivesicular bodies, late endosomes
(LE), and lysosomes (L). Proteins were distributed predominantly in early and recycling
endocytic cell compartments (EE [24%] and RE [22%]) (Figure 2C). These data support the
role of recycling compartments in intracelluar sorting of RTV-NPs.

Confocal microscopy for RTV-NP subcellular distribution
To further substantiate proteomic findings, we performed confocal microscopy to visualize
and quantitate the subcellular distribution of RTV-NPs with early (EEA1), recycling (Rab8,
11, 14) and degrading endocytic compartments (late degrading endosomes [Rab7]) and L
(LAMP1). MDMs were treated with RTV-NPs fluorescently labeled with either DiD or DiO
for 12 h and then immunostained for the endocytic compartments identified by proteomic
analysis (Figure 3). Confocal imaging showed NP distribution in a punctate pattern
throughout the cytoplasm and perinuclear region colocalizing predominantly with EE and
RE (Figure 3A–H). Quantitation of fluorophore overlap using Pearson’s co-localization tests
showed significant accumulation (p < 0.001) of RTV-NPs with EEA1+ (9.5 ± 0.4% [mean ±
SEM]; n = 41) early endosomes and Rab8+ (12.8 ± 0.2%; n = 56), Rab11+ (31.0 ± 0.6%; n =
33) and Rab14+ (22.8 ± 0.5%; n = 189) RE compared with degrading compartments such as
Rab7 LE (4.1 ± 0.4%; n=47) and L (5.0 ± 0.9%; n = 28; Figure 3g). These data support the
notion that the particles undergo endocytic recycling rather than degradation in human
MDMs.

Disruption of endocytic recycling with siRNA & brefeldin A blocks RTV-NP release
To confirm the recycling pathway for RTV-NP trafficking, we suppressed Rab8, 11 and 14
by siRNA. MDMs exposed to siRNA and DiD-labeled RTV-NPs were analyzed by confocal
microscopy for cellular distribution and HPLC for drug retention (cell lysates) and release
(culture medium). Western blots using untreated MDMs and those exposed to either
scrambled or targeted siRNA confirmed Rab protein silencing (Figure 4C). Confocal
microscopy revealed that in siRNA-treated MDMs the distribution of RTV-NPs was
considerably altered compared with untreated and scramble-treated MDMs (Figure 3 & 4A).
Treated cells displayed a diminished codistribution of Rab8, 11 and 14 with RTV-NPs, loss
of cytoplasmic punctate distribution and aggregation of the particles adjacent to the nucleus
(Figure 4A). HPLC analyses indicated that cells treated with Rab11 and Rab14 siRNA
retained more drug (Figure 4D) and released less drug (Figure 4e) into the media than
untreated, siRNA scramble- and Rab8 siRNA-treated MDMs. Treatment with brefel-din A
(BFA; a disruptor of recycling and secretory activities) yielded similar results, resulting in
aggregation of RTV-NPs in the perinuclear region (Figure 4B). HPLC analyses showed that
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MDMs treated with BFA retained more drug and released less drug than untreated and
siRNA scramble-treated cells (Figure 4D & 4e). Consequently, considerably fewer RTV-
NPs were detected in the culture media of the BFA-treated cells. Together these data
demonstrate endocytic recycling routes in both intracellular trafficking and release of RTV-
NPs.

Intact RTV-NP traffic between endocytic compartments
Minimal distribution of RTV-NPs with late degrading endosomes and L led us to question
whether indeed the drug bypassed degradation pathways. Since only the surfactants (not the
drug crystals) were fluorescently labeled with the lipophillic dyes DiD and DiO we
investigated whether the particle was trafficked intact. Cells exposed to RTV-NPs were
mechanically disrupted and the EE, RE and L were immuno-isolated using protein A/G
paramagnetic beads conjugated to EEA1, Rab11 and LAMP1 (Figure 5A). Endocytic
compartments bound to beads were collected by magnetic separation, digitally imaged and
then analyzed by HPLC for drug content (Figure 5A). Interestingly, a thin layer of drug
(white) covering the bead pellet (brown) was readily visible in the immuno-isolated Rab11
endosomes but not in other compartments (Figure 5B). Consistent with co-localization
confocal tests, HPLC analysis confirmed the presence of drugs in Rab11 endosomes and,
more importantly, at significantly greater amounts compared with EEA1- or LAMP1-
associated vesicles (Figure 5C). These results indicate that the polymer coat and the drug
crystal parts of RTV-NPs indeed undergo the same sorting (recycling) routes.

To determine whether the RTV-NPs are preserved during endocytic trafficking and released
intact, we imaged RTV-NPs collected from culture fluids 24 h post-uptake in addition to
measuring drug content. To avoid collection of original RTV-NPs, MDMs were exposed to
DiD-labeled RTV-NPs for 12 h, thoroughly washed (five times in 1 ml of PBS), imaged
with fluorescent microscopy to confirm the presence of only intracellular particles, and then
allowed to release drug for 24 h post-uptake (data not shown). Scanning electron
microscopy images show that released RTV-NPs are intact (Figure 6B) and display the same
size and shape as the original particles (Figure 6A). However, the released particles
displayed ragged edges and were released as aggregates (Figure 6B) as opposed to native
particles that had smooth edges and were all individually distinct (Figure 6A). Since
released RTV-NPs were identified in cell culture fluids, we determined the relative amount
of drug that was present in particulate form compared with dissolved free drug. Particulate
RTV was separated from soluble RTV by ultracentrifugation and quantitated by HPLC. As
shown in Figure 6C, of the total amount of RTV, 32% was dissolved in culture medium,
while 68% was present as intact NPs. These data indicate that the majority of drug is
released from cells in particulate form.

Minimal distribution with acidic (degrading) compartments, as labeled by dextran-
conjugated pH-sensitive dye (fluoresces bright red at pH <5.5), suggests that the mild pH
environment of RE may preserve the integrity of RTV-NPs (Figure 3g). Additionally,
considerable overlap of RTV-NPs with Tfn+ compartments suggests that fast recycling to
the plasma membrane may also contribute to the preservation of intact particles (Figure 3e).
These results indicate that RTV-NP physical properties and morphology are not affected
during trafficking within the macrophage.

RTV-NPs maintain antiretroviral activities after cell release
To test whether antiretroviral activities were maintained after particle release, MDMs were
exposed to equal concentrations of native RTV-NPs, released RTV-NPs and free drug
followed by a challenge with HIV infection. Antiretroviral effects were measured by HIV
p24 expression and RT activity. Pretreatment with free RTV provided no protection against
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infection, while both native RTV-NPs and released RTV-NPs were equally able to sig-
nificantly (p < 0.01) suppress HIV replication (p24 staining) and formation of
multinucleated giant cells (Figure 6D & 6F). Reverse transcriptase activity was significantly
suppressed in MDMs exposed to original and released RTV-NPs compared with untreated
cells and those exposed to free drug (Figure 6e). These findings demonstrate that endocytic
sorting does not affect antiretroviral efficacy of RTV-NPs and suggests a high potential of
the macrophage as an efficient drug-laden particle delivery vehicle.

Discussion
Reformulating ART drugs into nanocrystals for transport by mononuclear phagocytes (MPs;
monocytes and tissue macrophages) can improve clinical drug efficacy. Indeed, harnessing
MPs as vehicles for drug delivery to HIV sanctuaries protected by biological barriers can
serve both to simplify drug regimens and enhance their therapeutic index. ART medications
are insoluble in water and thus can form stable crystals in aqueous solutions. Owing to their
phagocytic and migratory functions MPs can readily ingest foreign material and cross into
areas of microbial infection and inflammation. If loaded with drug NPs, these cells could
potentially deliver drug(s) to sites that would otherwise be inaccessible due to the presence
of either physical or biochemical barriers. MPs are ideal candidates for transporting
nanoART since the cells are HIV targets and can act both as viral reservoirs and transporters
[27–29].

In recent years, several important strides towards achieving clinical use for cell-based ART
nanocarriage have been realized. First, formulations similar to those examined in this report
have been developed for cancer chemotherapy and for a range of microbial infections. For
the latter, liposomal amphotericin B (Ambisome®) is an example of a nanoformulation that
enhances cure rates and reduces side effects for a variety of fungal diseases and as a result is
now commonly used in the clinic [30–32]. Second, proof of concept was realized recently
for the manufacture, cell uptake and release, and sustained plasma drug levels in human
cells and in rodent models of human disease [33,34]. Third, integrations of research efforts
between physical chemistry, cell biology and virology to obtain and test slow-release forms
of antiretroviral agents are expedited by bioimaging and pharmaceutical testing [35–38].
Fourth, the notion that MP migratory function can be harnessed for therapeutic benefit
makes practical sense as these same cells are viral targets and carriers, show robust
phagocytic capabilities and readily migrate to areas of sustained viral growth and
inflammation [27–29]. To this end, we investigated RTV-NP entry, intracellular trafficking
and release. Indeed, the interactions between nanoART and macrophages is critical if
therapeutic translation is to be achieved [39]. Interestingly, the majority of RTV-NPs were
contained within compartments that provide a protected environment and allows for the
particles to be released intact with retained antiretroviral activities. Importantly, RTV-NP
endocytic compartments mirror those used in the HIV lifecycle. These results strongly
support that cell-mediated delivery of active drug could be effective.

Through our prior works we have been able to achieve integration between formulation
synthesis; in vitro testing for drug NP uptake, release, and cytotoxicity; and in vivo testing
for pharmacokinetics [Gendelman H et al., Unpublished Data] [19,23]. Based on the limited
cytotoxicities [40], we posit that sustained high levels of antiretroviral drug levels in virus-
targeted tissues (including the lymphoid system and CNS) can be realized as observed in
adoptive cell transfers [16,20]. However, to be used in the clinic, nanoART synthesis will
have to be optimized, and this will require thoughtful integration in a cross-disciplinary
manner. To address this, robust and scalable procedures for preparing nanoART
formulations with optimal size, surface coating and colloidal stability need to be achieved in
order to maximize uptake by circulating monocytes and delivery to sites of active viral
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growth. Techniques such as precipitation, homogenization and wet milling could be used to
prepare nanoART with adequate physical and chemical stability for sufficient drug loading,
appropriate osmolarity, viscosity and sterility [41–43]. The size, shape and charge of the
particles used in this study are starting points for such efforts.

Ritonavir NPs were used to model nanoART for descriptions of macrophage uptake and
intracellular distribution of drug formulation. A thorough analysis of nanoART uptake,
retention, release and cytotoxicity were shown previously [23,40]. For these works the
cellular uptake and retention of nanoART were shown to be closely dependent on particle
shape and surfactant, together with the chemical nature of the drug. While we offer unique
insights into how macrophages process nanoART we caution that differences among the
particles will probably be observed based on the physicochemical properties of the
formulations. Using this model system, however, we demonstrate that the NPs primarily
enter macrophages through a clathrin-mediated pathway [44]. The subcellular distribution of
the NPs were seen in recycling endosomal compartments. Indeed, co-localization
immunocytochemical studies demonstrated that there were significantly more RTV-NPs in
RE, particularly within Rab11+ vesicles, than in other compartments. The subcellular
distribution pattern of RTV-NPs was concentrated in the perinuclear region, further
supporting their localization to RE [45–48]. Although RTV-NP presence was also observed
in LE and L due to limited particle overlap with acidic vesicles, it is likely that the particles
contained within LE and L are not being degraded but redirected to recycling compartments.
For example, Rab9, which we identified by proteomic analysis, is involved with the
retrograde transport of LE that eventually fuse with the trans-Golgi network and are
packaged into RE [49,50]. These results suggested that RTV-NPs avoided intra-cellular
degradation and were primarily being stored within recycling compartments for eventual
release at the cell surface. Functional studies demonstrated that the removal of proteins
involved with the trafficking of RE inhibited drug release from RTV-NP-containing cells. In
particular, Rab11, a marker for intracellular recycling [51–57], appeared to facilitate both
particle trafficking and release. There are two main types of endosomal recycling: slow and
fast. Rab11 along with Rab9, both of which were identified during proteomic analyses, have
been recognized as proteins that participate in slow recycling [50,58–61]. In addition, Rab11
has been shown to play a role in exocytosis in that it can control the passage of material
from the Golgi through endosomes and finally to the cell surface, known as slow recycling,
as opposed to Rab8 and 14, which direct transit from the Golgi directly to the cell surface,
known as fast recycling [62,63]. This could explain the differences we saw in the functional
consequences of removal of the Rab proteins. In all cases, removal of the recycling Rab
proteins caused the RTV-NPs to redistribute very densely near the nucleus, suggesting that
all of these proteins are involved with particle trafficking. However, removal of Rab8 did
not inhibit drug release and removal of Rab14 only slightly reduced it. On the other hand,
removal of Rab11 had a very significant inhibitory effect, suggesting that while some
particles may be released quickly, the primary mechanism probably involves slow recycling
to the plasma membrane via Rab11+ vesicles. It is worth noting that Rab11 has been
implicated in the rapid recycling of Tfn [64], and we did observe an appreciable amount of
particle co-localization with Tfn. It is probable that rapid recycling of RTV-NPs does occur
since removal of Rab11 did not totally inhibit drug release; however, since RTV-NPs persist
in MDMs for over 2 weeks, it is more likely that the majority of particles are indeed slowly
recycled. A proposed pathway for intracellular trafficking of RTV-NPs from uptake to
release is shown in Figure 7. Finally, Rab11 is known to recruit both actin- and microtubule-
based motor protein complexes that transport vesicles along cytoskeletal filaments [65].
Many of these proteins were also identified during our proteomic analyses, suggesting that
some of what we initially considered to be nonspecific labeling was actually correctly
identifying the motor complexes and structural components involved with RTV-NP
trafficking within RAB11+ endosomes.
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Taken together, these data uncover a pathway in which RTV-NPs avoid intracellular
degradation and are recycled to the plasma membrane. First, we demonstrated this by
visually identifying intact RTV-NPs that had been released from particle-laden MDMs. We
further demonstrated that these released particles retained full antiretroviral activity. In this
regard, MDMs uptake, retain, transport and release intact RTV-NPs that inhibit HIV
replication, suggesting that macrophages can act as true ‘Trojan horses’ for nanoART,
delivering active drug(s) to sites of viral infection. Second, it appears that RTV-NPs can
inhibit viral replication via an intracellular mechanism since a small amount of RTV-NPs
was able to completely suppress viral replication, while an equivalent amount of free drug
had no effect. This facet of NP–macrophage interactions supports the idea that RTV-NPs,
like HIV, enter macrophages through clathrin-coated pits [66]. In addition, a significant
component of the virus’ lifecycle occurs within RE [67,68]. Together, these findings imply
that RTV-NPs could not only enter the cell along with HIV but could also have identical
subcellular destinations, thus enabling drug targeting to specific subcellular compartments.
This provides a cogent rationale for why nanoART, in the broader sense, could have potent
antiretroviral effects even at very low intracellular concentrations [16–20,23]. Direct
inhibition of HIV replication at the subcellular level would subsequently increase the
therapeutic index of ART, thereby decreasing the amount of drug needed to inhibit viral
replication.

Conclusion
The subcellular locale of the RTV-NPs and their slow release underlie long-term antiretro-
viral efficacy. Importantly, our results explain why nanoART is stable within macrophages
for prolonged time periods. In addition, the data demonstrates that macrophages can act as
drug transporters and, importantly, neither degrade nor modify drug-laden particles in
transit. As such, biologically active drug(s) would be delivered unaltered to its intended
target sites. Understanding the interactions between nano-formulated antiretroviral drugs
and the virus lifecycle in its target cells is required for the complete development of
nanoART for clinical use. The current detailed cell biologic and proteomic study of the
uptake, subcellular distribution, retention and release of nanoformulated antiretroviral drug
is an important first step toward realizing this goal.

Future perspective
The precise mechanisms of uptake and release of nanoART have now been determined. This
addresses questions of particle trafficking within the cell compartments and resolves the
query of how nanoART is maintained inside macrophages and secreted slowly over defined
time periods. It is critical to now assay which subcellular compartments that the viral
lifecycle utilizes are also components of nanoART endocytic trafficking. In this way,
improved subcellular delivery of antiretroviral medicines may be realized. The linkages
between in vitro observations and in vivo pharmacokinetics, biodistribution and
antiretroviral properties need to be resolved. Specific studies are now being designed to
compare antiretroviral efficacy of nanoART in humanized mouse models of HIV infection.
This will shortly facilitate the realization of nanoART as a useful delivery system for
HIV-1-infected people with limited access to drugs, with drug compliance issues, and for
definitive needs secondary to impaired absorption and bioavailability.
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Executive summary

• Antiretroviral therapy (ART) has greatly reduced the morbidity and mortality
associated with HIV infection; however, these drugs have limitations for both
pharmacokinetics and biodistribution. This reduces their effectiveness and leads
to untoward toxic side effects. Thus, the need to improve ART delivery has led
to the development of nanoART.

• Packing ART into crystalline nanoformulations to facilitate monocyte-derived
macrophage (MDM) cell and tissue transport could overcome the limitations
associated with oral administration of free drug. The types of drug particles used
in a cell-mediated delivery system are stable, efficacious and show limited or no
toxicities to cells and tissues.

• Ritonavir nanoparticles (RTV-NPs) were manufactured by homogenization and
then characterized. Their physical properties, rapid uptake, slow release and
antiretroviral efficacy were demonstrated. By using chemical inhibitors of
clathrin or caveolin we demonstrate that the drug nanoparticles enter MDM
primarily by clathrin-coated pits.

• Proteomic analysis identified 38 proteins that are associated with distinct
endosomal compartments. These proteins were distributed predominantly within
early endosomes and recycling endosomes (RE) while fewer were located
within the late endosomes or lysosomes.

• Confocal microscopy demonstrated that RTV-NP were contained predominantly
within RE subcellular compartments as markers for Rab8, 11 and 14 colocalized
with the particles more than others. RTV-NP was also found primarily contained
within nondegradative endosomes.

• Functional disruption using siRNA and brefeldin A demonstrated that RTV-NP
was primarily released by slow recycling to the plasma membrane through
Rab11+ endosomes. However, some particles were quickly released by fast
recycling through Rab8, 14+ endosomes.

• Immune isolation of subcellular compartments from RTV-NP loaded MDM
demonstrated that the particles were contained within the endosomes in which
they were identified by proteomic and confocal analysis.

• Intact particles were identified in MDM culture fluids by electron microscopy,
indicating that the particles are released unmodified by cells. Released RTV-
NPs were as efficacious as native drug particles at inhibiting HIV-1 replication.
This demonstrated that drug particles were not morphologically altered as a
result of cell-mediated transport. Together, this suggests that MDM can truly act
as ‘Trojan horses’ for drug delivery to viral tissue sanctuaries.

• After RTV-NPs are taken into MDMs by clathrin-coated pits there are three
pathways by which they can be trafficked back to the cell membrane for release:
fast recycling via Rab8, 14+ RE; release via secretory lysosomes; or primarily
slow recycling via Rab11+ RE.

• The subcellular localization of RTV-NP underlies their slow release kinetics and
long-term antiretroviral efficacy. In addition, there appears to be much overlap
between the subcellular trafficking of drug particles and HIV lifecycle. As such,
nanoART could potentially be used to target the delivery of active drug to the
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same endosomal compartments inhabited by HIV, thus greatly increasing
therapeutic gains.
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Figure 1. Characterization of the ritonavir nanoparticle and its cellular interactions
(A) RTV-NP with measurements of physical properties and depicting coating of an inner
layer of mPEG2000-DSPE/188 and an outer layer of DOTAP. Size and charge were
determined by dynamic light scattering. At least four iterations for each reading were taken
with <2% variance. (B) Scanning electron microscopy (magnification, 15,000×) of RTV-NP
on top of a 0.2-μm polycarbonate membrane shows typical morphology resembling short
rods with smooth edges. (C) Uptake of RTV-NP in monocyte-derived macrophages
(MDMs) over 12 h and (D) retention of RTV-NP within MDMs (left y-axis) and release of
drug to surrounding media (right y-axis) over 15 days were determined by high-performance
liquid chromatography. (E) Flow cytometry data and (F) high-performance liquid
chromatography data of MDMs exposed to fluorescent RTV-NPs demonstrate that treating
MDMs with the clathrin inhibitor Dyna significantly reduces uptake. All data represent the
mean ± standard error of the mean for n = 3.
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ART: Antiretroviral therapy; DOTAP: Dioleoyl trimethylammonium propane; Dyna:
Dynasore; Indo: Indomethacin; NP: Nanoparticle; RTV: Ritovanir.
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Figure 2. Proteomic analyses of RTV-NP locale
(A) Intracellular RTV-NP were identified within distinct membrane-bound compartments by
transmission electron microscopy (magnification 15,000×). (B) The subcellular localization
process. RTV-NP were labeled with Brilliant Blue-250 and exposed to MDM. The cells
were lysed and subcellular compartments separated by centrifugation on a sucrose gradient.
Blue bands represent compartments that contain RTV-NP. These bands were collected, and
the proteins separated by electrophoresis. Following in-gel trypsin digest, the proteins were
identified using liquid chromatography/mass spectrometry. (C) Subcellular distribution of
the identified proteins. A total of 38 endosomal proteins were identified. Each protein was
included in each category in which it was identified up to this point in time. Proteomic
analysis indicated that RTV-NP distribution was primarily with RE and EE compartments.
EE: Early endosomes; LE: Late endosomes; MDM: Monocyte-derived macrophage; NP:
Nanoparticle; RE: Recycling endosomes; RTV: Ritovanir; SE: Sorting endosomes.
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Figure 3. Immunohistological identification of nanoparticle subcellular localization
(A–H) Confocal microscopy confirmed distribution of RTV-NP within endocytic
compartments. Note that RTV-NP are (A–F) red and (G–H) green, and yellow signifies
marker-particle overlap in all panels. (I) Pearson’s colocalization coefficients indicate RTV-
NPs are preferentially distributed to Rab11 and Rab14 recycling endosomes compared with
early endosomes, Rab8 or Rab7 endosomes, and lysosomes. Analysis of distribution of
RTV-NP within acidified (degrading) compartments, identified by pHrodo-dextran beads,
revealed minimal overlap indicating RTV-NP likely bypass degradation within the cell and
are primarily recycled for release. High RTV-NP colocalization with transferrin also
indicates that particles are most likely recycled. Measure bars equal 1 μm. Graphical data
represent the mean ± standard error of the mean for n = 3. NP: Nanoparticle; RTV:
Ritonavir.
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Figure 4. Validation of nanoparticle subcellular localization
(A & B) Disruption of endocytic recycling with siRNA (Rab8, 11 and 14) as well as
disruption of cell secretion with brefeldin A resulted in knockout of the associated protein
and caused RTV-NPs to be redistributed within monocyte-derived macrophages. (A & B) In
each case, siRNA treatment resulted in aggregation of RTV-NPs at the perinuclear region
within large vacuoles. (C) siRNA silencing of specific proteins was confirmed by Western
blot. High-performance liquid chromatography quantitation of RTV-NP in (D) cells and (E)
culture fluids demonstrated that disruption of endocytic recycling and inhibition of secretion
significantly increased cellular retention of RTV-NPs and reduced release. Upper p-value
signifies difference from control cells and lower p-value signifies difference from cells
treated with scrambled siRNA. Measure bars equal 1 μm. Graphical data represent the mean
± standard error of the mean for n = 3.
NP: Nanoparticle; RTV: Ritonavir.
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Figure 5. Ritonavir nanoparticles are transported during endocytic sorting
Since RTV-NPs were labeled with lipophillic dyes (DiD or DiO), which bind to the polymer
coat but not the drug crystal itself, we tested whether the endocytic distribution of drug
matched that of labeled polymer. (A) Treatment of MDM with RTV-NP and subsequent
immune isolation of subcellular compartments and HPLC analysis of drug content. (B)
Image of magnetic beads along with immune isolated endosomal compartments prior to
HPLC analysis; the white matter on top of the bead pellet in the Rab11 tube was presumably
RTV-NP filled endosomes. (C) HPLC analyses of immune isolated compartments
confirmed a greater amount of RTV present in Rab11 endosomes than in either EEA1 or
LAMP1. Graphical data represent the mean ± standard error of the mean for n = 3.
†Significantly (p < 0.01) different from control.
‡Significantly (p < 0.01) different from Rab11.
Ab: Antibody; HPLC: High-performance liquid chromatography; MDM: Monocyte-derived
macrophage; NP: Nanoparticle; RTV: Ritovanir.
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Figure 6. Ritovanir nanoparticles are released intact and retain their antiretroviral efficacy
The data indicated that RTV-NPs were not being degraded but were recycled through the
cell, suggesting that intact RTV-NPs should be released. Scanning electron microscopy
(magnification 15,000×) of native RTV-NPs (A) and RTV-NPs released from cells into the
surrounding medium (B). RTV-NPs were separated from dissolved drug by
ultracentrifugation; the percentage of total drug in both particulate and dissolved form is
shown. Total drug concentration was 40 μg/ml (C). Monocyte-derived macrophages were
treated with either free RTV, native RTV-NP or released RTV-NP and subsequently
challenged with HIV. Treatment of monocyte-derived macrophages with released RTV-NP
reduced viral infection to similar levels as the native (non-endocytosed) particles as seen by
p24 staining and formation of multinucleated giant cells (D), measurement of RT activity
(E), and density of p24 staining (F). For both RT activity and p24 density measurements all
data represent the mean ± standard error of the mean for n = 4.
NP: Nanoparticle; NS: Nonsignificant; RT: Retroviral; RTV: Ritovanir.
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Figure 7. Intracellular pathways of ritonavir nanoparticles
RTV-NPs (shown in blue) enter MDM via clathrin-coated pits and are then transported to
the early endosome (EE) compartment. From the EE compartment, the particles can have
three different fates: fast recycling via Rab4+ or 14+ endosomes [69,70]; trafficking to late
endosome, regulated in part by ESCRT machinery [71] for eventual release as a secretory
lysosome [72]; or for most of the particles, transport to the recycling endosome (RE)
compartment where they will be stored for long periods and slowly recycled via Rab11+

endosomes [73–75].
BFA: Brefeldin A; ESCRT: Endosomal sorting complex required for transport; NP:
Nanoparticle; RTV: Ritonavir.
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