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Aim: Pharmacologic agents that affect autophagy were tested for their abilities to enhance macrophage
nanoformulated antiretroviral drug (ARV) depots and its slow release. Methods: These agents included
URMC-099, rapamycin, metformin, desmethylclomipramine, 2-hydroxy-β-cyclodextrin (HBC) and clonidine.
Each was administered with nanoformulated atazanavir (ATV) nanoparticles to human monocyte-derived
macrophages. ARV retention, antiretroviral activity and nanocrystal autophagosomal formation were
evaluated. Results: URMC-099, HBC and clonidine retained ATV. HBC, URMC-099 and rapamycin improved
intracellular ATV retention. URMC-099 proved superior among the group in affecting antiretroviral activ-
ities. Conclusion: Autophagy inducing agents, notably URMC-099, facilitate nanoformulated ARV depots
and lead to sustained release and improved antiretroviral responses. As such, they may be considered for
development as part of long acting antiretroviral treatment regimens.
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Nanoformulated antiretroviral therapy (nanoART) enters monocyte-derived macrophages through
clathrin-coated pits and are then transported into the cell’s early and late endosomes. After treatment with
inducers of autophagy, the phagophore sequesters an area of cytoplasm to form double membraned au-
tophagosomes. Lipid conjugation leads to the formation of LC3II associated autophagic vesicles. The late
endosome fuses with autophagosomes transferring the nanoART cargo, which in turn fuses with lysosomes
leading to the degradation of accumulated cargo. However, if terminal stages are blocked these processes
can lead to the accumulation of drug cargos and a slower drug degradation. How, and to what extent,
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autophagy inducers influence the cell’s drug depots is not yet well understood, but likely reflects multiple
intracellular mechanisms. URMC-099, a mixed lineage kinase inhibitor, induces autophagy through nuclear
translocation of the transcription factor EB. Rapamycin forms complex with FKB12 that specifically acts
as an allosteric inhibitor of the mammalian target of rapamycin to speed autophagy. Metformin causes
inhibition of the mitochondrial chain complex 1 that in turn indirectly activates AMP-activated protein ki-
nase becoming a negative regulator of mammalian target of rapamycin. Desmethylclomipramine induces
autophagy through its abilities to interfere with the autophagic flux by blocking the degradation of the
cytoplasmic cargo. Transcription factor EB regulates autophagy and lysosomal biogenesis by 2-hydroxy-β-
cyclodextrin. Clonidine induces autophagy through the activation of the Gi signaling pathway that results
in the reduction of cAMP levels caused by the inhibition of adenylyl cyclase. All of these autophagy induc-
ers facilitate autophagosome formation that leads to the retention of nanoART in the autophagosome.
This ensures the sustained extracellular release of antiretroviral drugs for a prolonged period of time and
enhances antiretroviral activities.
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Despite remarkable success of antiretroviral therapy (ART) in the treatment of HIV-1 infections challenges still
remain. These include the requirements for lifelong treatment, strict patient regimen adherence, drug toxicities, viral
resistance and inherent failures to eliminate infections [1,2]. The recent development of long acting antiretroviral
drug (ARV) nanoformulations provides new opportunities for overcoming these limitations and offers added
therapeutic benefits to infected patients. These include, but are not limited to, improved therapeutic outcomes
seen by extending the drugs’ apparent half-life, optimizing drug penetrance into viral reservoirs and reducing viral
mutation rates [3–6]. Based on our own laboratory’s recent successes in developing long-acting ART [7–14], we have
aggressively pursued strategies aimed at establishing long-lived intracellular drug depots. To realize such goals, our
research focused on the enhancement of cell-based depots that could further increase ARV endosomal storage, affect
drug delivery and release, and directly restrict ongoing infections at sites of viral growth. These would occur, in
tandem, during optimization of immune-based antiretroviral innate responses associated with migratory, phagocytic
and secretory monocyte–macrophage activities [15–18]. If long-lived ARV depots are established they would facilitate
controlled drug release and aid in ART induced reduction of viral loads and HIV-1 transmission [5,6].

For the generation of long-acting nanoARV, our laboratories employ poloxamer surfactants [15,19–21]. Several
nanocarriers were developed in recent years that affect intracellular-controlled drug release. Mesoporous silica
nanoparticles are used as a controlled release drug delivery system for intracellular protein and nucleic acids [22,23].
Such biomaterials are commonly used for agent encapsulation due to inherent biocompatibility, large surface
area and tunable pore sizes. Polymer based suspensions have also been evaluated in the delivery of antiretrovirals
and other water insoluble compounds. Sustained release of rilpivirine (RPV) was observed from nanosuspensions
stabilized by polyethylene–polypropylene glycol (poloxamer 338) and PEGylated tocopheryl succinate ester [24].
Dou et al., have shown that nanosuspensions of indinavir stabilized by Lipoid E80 elicit sustained release of drug
for up to 14 days [25]. Liposomes conjugated with mannose and galactose have been used for the encapsulation of
stavudine facilitating targeted delivery [26]. Dendrimer nanocarriers can deliver efavirenz to human monocytes and
macrophages, while peptide nanocarriers facilitate intracellular drug delivery [27,28].

We have used macrophages as carriers of nanoARVs with an intent to deliver drugs to HIV-1 tissue reser-
voirs [10,14,15,29]. Based on the specific known cellular functions of macrophages, the cells’ high cytoplasmic to
nuclear ratios and their inherent rapid mobility, macrophages serve as the target cell for the ARV nanoparticles.
Macrophages phagocytose nanoparticulated ARVs forming drug depots. These are contained within endosomal
compartments and as such extend the apparent half-life of the drugs being tested [9,30,31]. We recently found
that autophagy serves to facilitate this process further by sequestering the drug depots into autophagosomes.
URMC-099 served as an ARV depot booster and its control on autophagy, inflammation, drug metabolism and
excretion [7,9,29]. To further investigate URMC-099’s effects on long acting ARVs depot formulation, a comparative
analysis of autophagy inducers was performed. These agents included URMC-099, rapamycin – a mTORC1
inhibitor, clonidine – a mTOR independent imidazoline-1 receptor agonist, 2-hydroxy-β-cyclodextrin (HBC) – a
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transcription factor EB mediator (TFEB), metformin – an 5´ AMP-activated protein kinase (AMPK) activator and
mTOR inhibitor and desmethylclomipramine (DMC) – an agent that interferes with autophagic flux by affecting
autophagosome-lysosome blockades. HIV-1 infected human monocyte-derived macrophages (MDM) treated with
nanoformulated atazanavir (nanoATV) and autophagy agents showed significantly increased ATV retention and
viral suppression with URMC-099 demonstrating the optimal activities. These data highlight the broad abilities of
autophagy inducers to affect long-lived depots of ARVs and as such serve to increase the drug’s half-life and activity.

Materials & methods
Isolation & cultivation of human monocyte–macrophages
Human MDMs were used to determine drug depot formation and antiretroviral efficacy of nanoATV. Human
monocytes were isolated by centrifugal elutriation from leukopaks obtained from HIV-1/2 and hepatitis seroneg-
ative donors. Monocytes were cultured in DMEM medium supplemented with 10% heat inactivated human
serum, 2 mM L-glutamine, 50 μg/ml gentamicin, 10 μg/ml ciprofloxacin and 1000 U/ml recombinant human
macrophage-colony stimulating factor. Macrophage-colony stimulating factor was prepared from culture fluids of
5/9m alpha3-18 cells (ATCC R©, CRL-10154™). Cells were maintained at 37◦C in a 5% CO2 incubator. Media
were half exchanged every 2 days. Monocytes differentiate into macrophages like cells after 7 days in culture [32].

Autophagy inducers & cell vitality measures
URMC-099 (MW: 421.54 g/mol) was synthesized by Califia Bio, Inc. (CA, USA). Rapamycin, clonidine, HBC,
metformin and DMC were obtained from Sigma-Aldrich (MO, USA). Cell vitality was evaluated by measuring
mitochondrial dehydrogenase activity in MDM using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltriazolium
bromide (MTT) assay. Varying concentrations of autophagy agents were added to the MDM cultures. The
concentrations used were URMC-O99 (0.1, 0.5, 1.0 and 2.0 μM), rapamycin (1, 10, 20 and 40 nM), clonidine
(0.01, 0.1, 1 and 10 μM), HBC (0.001, 0.01, 0.1 and 1 mM), metformin (0.01, 0.05, 0.1 and 0.5 mM) and DMC
(0.01, 0.05, 0.1 and 0.5 μM). On days 3, 7, 10 and 14; the media were removed, and the cells were incubated with
MTT (5 mg/ml) for 30 min at 37◦C. Mitochondrial dehydrogenase reduced MTT to insoluble formazan crystals
which were subsequently solubilized by DMSO; the absorbance was measured at 570 nm (SynergyMX, multimode
spectrophotometer, BioTek, VT, USA).

Creation of nanoATV
NanoATV was prepared by high-pressure homogenization (Avestin EmulsiFlex-C3; Avestin, Inc., Ottawa, ON,
Canada) as described previously [15,29]. For preparation of nanoATV, free-base ATV (1% w/v) and poloxamer P407
(0.2%, w/v) was suspended in a solution of P407 (0.2% w/v) in 10 mM HEPES, pH 7.8 for 16 h and homogenized
at 20,000 psi until the desired particle size and polydispersity index (PdI) were achieved. CF633 labelled nanoATV
was prepared by homogenizing a suspension of free-base ATV (1% w/v) in a solution mixture of P407 (0.4%,
w/v) and CF633-P407 (0.1%, w/v) in 10 mM HEPES, pH 7.8. Effective diameter, PdI and ζ potential were
measured by dynamic light scattering (Malvern Zetasizer Nano Series Nano-ZS, Malvern Instruments, MA, USA).
Drug loading was determined by HPLC with UV/Vis detection. ATV was quantitated by comparison of peak
areas with those of known standards (0.05–50 μg/ml in methanol) [29]. ATV-sulfate was purchased from Gyma
Laboratories of America, Inc., (NY, USA) and transformed into free base using triethylamine. P407 was purchased
from Sigma-Aldrich. CF633-succinimidyl ester (CF633) was purchased from Biotium (CA, USA).

Western blot assays
On days 3, 7, 10 and 14, MDM incubated with each of the autophagy inducers were lysed (CellLytic, Sigma-
Aldrich) in the presence of protease and phosphatase inhibitors (Thermo Fisher Scientific, MA, USA). After
incubation at room temperature for 10 min, the cell lysates were centrifuged at 12,000 rpm for 10 min and the
supernatant was collected. Protein concentrations were determined in the supernatant using Micro BCA Protein
Assay Kit (Thermo Fisher Scientific). The proteins were separated on a 12% SDS-polyacrylamide gel (Bio-Rad, CA,
USA) by electrophoresis (100 V for 90 min). Separated proteins were transferred onto an activated Polyvinylidene
difluoride (PVDF) membrane over 1 h at 70 V. The membrane was then blocked with 5% bovine serum albumin in
Tris-buffered saline with 0.05% Tween-20 at room temperature for 1 h. Subsequently, the membrane was incubated
overnight at 4◦C with antibodies that included LC3B (NB100, Novus Biologicals, MN, USA), β-actin (A2228,
Sigma-Aldrich), beclin 1 (BECN1) (H300, Santa Cruz Biotechnology, TX, USA) and SQSTM1/P62 (PM045,
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MBL International, MA, USA). After washing the membrane 3× with Tris-buffered saline and Tween-20, it was
incubated with HRP-conjugated secondary antibodies (Santa Cruz Biotechnology) for 1 h at room temperature.
The protein bands were detected as chemiluminescent signals and analyzed with a myECL imager (Thermo Fisher
Scientific).

Measure of nanoATV retention & extracellular release
MDM were incubated with 100μM nanoATV for 16 h then washed 3× with phosphate-buffered saline (PBS). This
was followed by the addition of fresh media supplemented with autophagy inducers at the following concentrations:
URMC-O99 (1 μM), rapamycin (10 nM), clonidine (0.5 μM), HBC (20 μM), metformin (0.5 mM) and DMC
(0.5 μM). MDM were further cultured for up to 14 days. On days 3, 7, 10, and 14 following nanoATV treatments,
media were collected for the measurement of extracellularly released ATV; the cells were collected by scrapping
and centrifuged at 8000 rpm for 10 min. Cell pellets were stored at -80◦C for drug measurements. For ATV
quantifications, the cell pellet was suspended in 200 μl of HPLC-grade methanol, probe sonicated for 5 s, and then
centrifuged for 10 min at 8000 rpm. Each sample was analyzed in triplicates. ATV in each sample was quantified
by the comparison of peak area to the standard curve of ATV (0.025–100 μg/ml) in methanol as described [33].

The media collected on the specified day were vortexed for 10 s with 1 ml of HPLC grade methanol being added
to 150 μl of media. The samples were subsequently placed at -20◦C for 30 min, after which they were centrifuged
at 14,000 rpm and 4◦C for 10 min. The supernatants were transferred to new Eppendorf tubes and placed in
speed-vac to generate dried pellets. The pellets were resuspended in 75 μl of HPLC grade methanol and vortexed
for 10 s. The samples were sonicated in water bath for 5 min and centrifuged at 14,000 rpm and 4◦C for 10 min.
75 μl of each sample supernatant was transferred to a 96-well plate and drug released from the nanoATV quantified
by the HPLC.

Confocal microscopy
MDM were cultured in a 24-well glass bottom plate and pretreated with 50 μM CF633-labeled nanoATV for
16 h. Cells were then washed 3× with PBS and incubated with each of the autophagy inducers. On the 12th
day of treatment, MDM were transfected with Premo Autophagy Sensor LC3B-GFP (Thermo Fisher Scientific).
After 48 h, cells were washed and fixed with 4% paraformaldehyde. The cells were stained with 4´,6-diamidino-2-
phenylindole (DAPI) and a cover slip placed over it using Prolong Gold Anti-fade Reagent (Invitrogen, OR, USA).
The images were taken with the LSM 710 Zeiss Confocal Laser Scanning Microscope and analyzed with Zen 2
(blue edition).

HIV-1 infection & drug treatments
MDM were infected with HIV-1ADA at a multiplicity of infection of 0.01. After 4 h of infection, cells were washed
with PBS and fresh medium was added. MDM were treated with nanoATV either before or after HIV-1 infection.
Excluding the measures of drug retention, a subtherapeutic concentration of the nanoATV (1 μM) was employed
to test the viral suppressive effects of the autophagy inducers. MDM were treated with nanoATV at various time
points from 1 day before to 3 days after infection. The duration of treatment was 12 h and afterward the cells were
washed and replaced with medium containing each of the autophagy inducers.

Measurements of HIV-1 infection
To determine the antiretroviral activity of nanoformulations, the cell medium was collected for measurement of
HIV-1 reverse transcriptase (RT) activity. 10 μl of the culture supernatants from the infected cells were added
to 10 μl reaction mixture containing 100 mM Tris-HCl (pH 7.9), 300 mM KCl, 10 mM DTT and 0.1%
nonylphenoxylpolyethoxyl-ethanol-40 in a 96-well plate and incubated at 37◦C for 15 min. This was followed
by the addition of 25 μl of a solution containing 50 mM Tris-HCl (pH 7.9), 150 mM KCl, 5 mM DTT,
15 mM MgCl2, 0.05% nonylphenoxylpolyethoxyl-ethanol-40, 10 μg/ml poly(A), 0.250 U/ml oligo d(T) and
10 μCi/ml3H-TTP to each well. After 18 h incubation at 37◦C, 50 μl of ice-cold 10% trichloroacetic acid was
added to each well and the contents were harvested onto glass fiber filters and assessed for 3H-TTP incorporation
by β-scintillation spectroscopy [34].
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Figure 1. Cell mitochondrial vitality. MDM following treatment with (A) URMC-099, (B) rapamycin, (C) metformin, (D) DMC, (E) HBC and
(F) clonidine at various concentrations were analyzed by the MTT assay. MDMs were incubated with MTT (5 mg/ml) for 30 min at 37◦C.
Depending on viability, MTT was reduced to insoluble formazan crystals which was solubilized into a purple colored solution by DMSO.
Results are shown as percentage of cell viability as compared with untreated MDM. Data are represented as mean ± SD for n = 4
samples/group.
DMC: Desmethylclomipramine; HBC: 2-hydroxy-β-cyclodextrin; MDM: Monocyte-derived macrophage; MTT:
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltriazolium bromide; SD: Standard deviation.

Statistical analyses
Data were analyzed using GraphPad Prism 6.0 software (GraphPad Software) and Microsoft Excel. Two-way
factorial ANOVA and multiple comparisons using Tukey and Bonferroni’s post hoc tests were performed for the
studies on HIV infection over time in MDM. Significant differences were determined at a p-value of less than 0.05.

Results
Expression of autophagy markers in macrophages
Firstly, in order to select the optimal concentration of the autophagy inducers for studies, four concentrations of each
inducer were tested for up to 14 days for macrophage vitality. On days 3, 7, 10 and 14, MTT tests were performed
on the drug-treated MDM (Figure 1). Based on the cell vitality measures, noncytotoxic concentrations of each of
the autophagy inducer was employed for the experiments. The autophagy drugs tested were URMC-099 (1 μM),
rapamycin (10 nM), clonidine (0.5 μM), HBC (20 μM), metformin (0.5 mM) and DMC (0.5 μM). To confirm
the induction of autophagy, linked cellular pathways were examined by western blot tests. These included BECN1,
microtubule-associated protein 1 light chain 3 β (LC3BI/LC3BII) and p62 (Figure 2A). The most prominent
induction observed was with URMC-099 (Figure 2B–D). On days 10 and 14, a significant increase in p62 and
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Figure 2. Analyses of induced autophagy markers. Human MDMs were incubated with the panel of autophagy
inducers tested independently for 14 days after which the samples were analyzed by western blot tests (A). The effect
of each inducer on p62 (B), BECN1 (C), LC3BI (D) and LC3BII/I (E) was performed by quantification of the protein
bands normalized to ACTB using ImageJ2 software (n = 3).
ACTB: β-actin; BECN1: Beclin 1; DMC: Desmethylclomipramine; HBC: 2-hydroxy-β-cyclodextrin; LC3BI/II: Light chain 3 β;
MDM: Monocyte-derived macrophage.

BECN1 was observed and the LC3BII/LC3BI ratio was greater than 1. These data demonstrated that autophagy was
induced but autophagosome lysosome fusion was not complete and autophagy flux was reduced. Autophagosomes
accumulated with URMC-099 treatment were previously shown to be the reservoirs of nanoformulated ARVs [23].
Increases in p62 reflected partial fusion of the autophagosome-lysosome with peak activities at days 10 and 14.
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Figure 3. Macrophage drug retention. This was determined after MDMs were treated with nanoATV for 16 h with
the panel of autophagy inducers for 14 days. After each scheduled time point, cells were harvested and pelleted. The
intracellular drug concentrations were analyzed by HPLC on days 3, 7, 10 and 14 (A–D). Comparisons between the
control and each of the autophagy inducers was performed by Tukey’s multiple comparison ANOVA test. Data are
represented as mean ± SD for n = 6 samples per group. *p < 0.0001, **p < 0.001 and ***p < 0.01.
ATV: Atazanavir; MDM: Monocyte-derived macrophage; SD: Standard deviation.

Autophagy & nanoformulated ATV retention
To study the role of autophagy inducers in nanoATV retention in MDM, the cells were treated with 100 μM
nanoATV for 14 days. The nanoATV formulations were 327.4 ± 2.08 nm in size and demonstrated a PdI
of 0.18 ± 0.01 and a ζ potential of -8.08 ± 0.64 mV. Drug concentrations were assessed with and without
the autophagy inducers at days 3, 7, 10 and 14. On day 3, untreated (control i.e., not treated with autophagy
inducers) cells retained 45 μg of nanoATV/106 cells. URMC-099 and metformin treated cells retained 57 μg of
nanoATV/106 cells with a p < 0.0001 compared with the control (Figure 3A). The amount was reduced to 16μg of
nanoATV/106 in untreated cells at day 7, while URMC-099, metformin, HBC and clonidine treated cells showed
22 μg of nanoATV/106 cells (Figure 3B). An ATV concentration of approximately 17 μg of nanoATV/106 cells
was obtained for HBC, metformin, URMC-099 and clonidine compared with 12 μg at day 10 for untreated cells
(Figure 3C). Drug levels were found to be increased by 1.4-fold on treatment with the above mentioned autophagy
inducers compared with the untreated cells. The drug levels were sustained for most autophagy inducers through
day 14 (Figure 3D). Except for rapamycin, all the other autophagy inducers showed a statistical significant difference
of p < 0.0001 with the control on day 14. Each of the autophagy inducers were compared with the control at
each time point by the Tukey’s multiple comparison test. All autophagy inducers tested demonstrated increases
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in retained ATV compared with controls. These data are in agreement with the extracellular release pattern of
nanoATV and indirectly proportional to drug retention levels. Hence, HBC, clonidine and URMC-099 facilitates
slow sustained release of nanoATV (Supplementary Figure 1).

NanoATV localization in autophagosomes
We next tested intracellular localization of ATV nanoparticles. MDM were treated with CF633 labelled nanoATV in
the presence of each of the autophagy inducers. Cells were transfected with GFP-tagged LC3B and the colocalization
with CF633 labelled nanoATV appeared as white puncta (Figure 4). The colocalization studied were performed at
day 14 after nanoATV treatments to visualize the differences in drug retention capacities in autophagosomes between
different autophagy inducers as optimized in our previous study [35]. Increased fluorescent signals from nanoATV
cell depots and LC3B were observed in autophagy drug treated MDM compared with controls. Quantitative
measures of the colocalization showed that drug retention in autophagosomes was significantly increased in the
presence of autophagy inducers (Figure 5). HBC showed the highest average signal followed by URMC-099
and rapamycin when compared with other autophagy inducers without significant differences among the drugs
for autophagosomal drug depot localization. All the autophagy inducers except for metformin had a statistically
significant difference with the control (p < 0.0001). Similar results were seen for CF633 labelled nanoformulated
RPV with the highest signals observed for URMC-099, rapamycin and HBC (Supplementary Figures 2 & 3).

Autophagy inducers facilitate nanoATV antiretroviral activities
We have previously shown that URMC-099 induce autophagy that enhances ATV retention in autophagosomes
thereby improving antiretroviral responses of nanoATV [35]. Whether these results could be expanded beyond
URMC-099 and involve other autophagy inducers was next tested in the current studies. HIV-1ADA infected
MDM were treated with nanoATV at a subtherapeutic concentration (1 μM) with and without the autophagy
inducers. Active HIV-1 replication was determined by RT activity in culture supernatants tested at days 3, 6, 9, 12
and 15 after viral infection. When nanoATV was added 1 day before HIV-1 challenge, maximum suppression of
viral replication was observed masking any of the effect of autophagy inducers (Figure 6A1–F1). When nanoATV
was added 1 day postinfection, URMC-099 (Figure 6A2) and metformin (Figure 6C2) showed up to a twofold
decrease in RT activity compared with nanoATV alone. All the autophagy inducers except HBC and DMC had
a significant effect on the antiretroviral efficacy when nanoATV was added 3 days after infection. When cells
were treated with URMC-099 in combination with nanoATV, a reduction in viral replication by 1.82-fold was
observed when compared with nanoATV alone. Similarly, co-administration of other autophagy inducers with
nanoATV showed that metformin produced a 1.77-fold reduction, while rapamycin and clonidine produced 1.34-
and 1.38-fold reduction, respectively (Figure 6A3–F3). All autophagy inducers, with the exception of HBC, when
given in combination with nanoATV to HIV-1 infected MDMs showed a statistically significant difference of p
< 0.0001 on days 9, 12 and 15 in comparison when the nanoATV was given alone. URMC-O99 provided the
highest activity in enhancing nanoATV suppression of the viral infection. Autophagy inducers themselves also
affected HIV-1 replication. Both rapamycin and DMC showed antiretroviral activity when given alone as opposed
to the other autophagy inducers, as they produced a approximately 1.64-fold in viral replication (Figure 6B &
D). However, DMC in combination with nanoATV did not produce a significant suppression in viral replication
(Figure 6D1–D3). URMC-099 alone had limited effects on HIV-1 replication [11,35].

Discussion
We report, for the first time, the abilities of autophagy agents to affect antiretroviral activities of a select long
acting ARV nanoformulation. To this end when a variety of autophagy inducers and URMC-099 were tested side
by side, each were shown to extend ARV nanoparticle retention and antiretroviral activities to differential levels.
The administration of nanoATV with each autophagy inducer extended the retention of nanoATV in MDM.
Nanoformulated drugs form intracellular drug depots in macrophages by sequestering drug nanocrystals into early,
recycling and late endosomes [7,9,11,31,35–40]. When nanoATV was co-administered, most notably, with URMC-
099, its retention was increased inside autophagosomes. Enhanced antiretroviral responses were also recorded. The
mechanism of these activities were linked to the stimulation of autophagy but halted at the stage of lysosomal
degradation of the cargo [11,35]. By controlling the dynamics of particle trafficking inside the cell with autophagy
induction, sustained intracellular drug depots and extended half-life of nanoARVs were achieved. Hence, we
studied autophagy inducers as possible boosting agents to enhance ART cellular drug depots and slow the rate of
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Figure 4. Autophagosomal retention of atazanavir. Human MDM were treated with CF633 labeled nanoATV (red)
for 16 h followed by the panel of autophagy inducers for 14 days. Cells were transfected with a LC3B-GFP construct
(green), stained with DAPI (blue) and analyzed by confocal microscopy. Scale bar: 20 μm
ATV: Atazanavir; MDM: Monocyte-derived macrophage.
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Figure 5. Quantitative measurement of white puncta
by light chain 3 ß antiretroviral colocalization. Multiple
comparisons between control and the means of each
sample was done using the Tukey’s multiple comparison
ANOVA test. Data are represented as mean ± SD for
n = 5 per group. *p < 0.0001 and **p< 0.001.
SD: Standard deviation.
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Figure 6. Effect of autophagy inducers on atazanavir antiretroviral activities. Human MDM were infected with HIV-1ADA at an MOI of
0.1 then treated with 1 μM nanoATV on 1 day before (A1–F1) and 1 (A2–F2) and 3 days (A3–F3) after infection. Culture supernatant fluids
were collected sequentially after infection and HIV-1 RT activity was measured. Data are represented as mean ± SD for n = 8 samples per
group. Means compared by two-way ANOVA showing effect of treatment by time p < 0.0001. Pairwise comparison were performed with
Bonferroni post hoc tests for p < 0.05. ap< 0.0001, cp < 0.001 and ep < 0.01 (HIV-1 infected controls compared with nanoATV). bp
< 0.0001, dp < 0.001 and fp < 0.01 (HIV-1 infected controls compared with nanoATV and autophagy inducers). gp< 0.0001, hp < 0.001
and ip < 0.01 (nanoATV compared with nanoATV and autophagy inducers).
ATV: Atazanavir; MDM: Monocyte-derived macrophage; MOI: Multiplicity of infection; RT: Reverse transcriptase.

release. We posit that with further development of long acting autophagy agents, they as a group, could be used to
influence drug delivery into viral reservoirs such as lymphoid tissues and gut leading to improved protection against
infections and during treatment of chronic infections affect restorations of CD4+ T effector memory cells [11,22].
In the context that these drugs were used in the current report harnessing autophagy not only led to prolonged

2148 Nanomedicine (Lond.) (2018) 13(17) future science group



Autophagy & drug release Research Article

0

5

10

R
T

 a
ct

iv
it

y
(c

p
m

/m
l ×

 1
05 )

15

0

5

10

R
T

 a
ct

iv
it

y
(c

p
m

/m
l ×

 1
05 )

15

0

5

10

R
T

 a
ct

iv
it

y
(c

p
m

/m
l ×

 1
05 )

15

Time (d)
50 2010 15

a
a

a

b
bb

Time (d)
50 2010 15

a
a

a

b
b

b

Time (d)
50 2010 15

a
a

a

bib
b

HIV-1 + DMC + NATV (-1)

HIV-1 + NATV (-1)

HIV-1 + DMC

HIV-1

HIV-1 + HBC + NATV (-1)

HIV-1 + NATV (-1)

HIV-1 + HBC

HIV-1

HIV-1 + Clo + NATV (-1)

HIV-1 + NATV (-1)

HIV-1 + Clo

HIV-1

R
T

 a
ct

iv
it

y
(c

p
m

/m
l ×

 1
05 )

R
T

 a
ct

iv
it

y
(c

p
m

/m
l ×

 1
05 )

R
T

 a
ct

iv
it

y
(c

p
m

/m
l ×

 1
05 )

Time (d)
50 2010 15

0

5

10

15

a
a

a

bi
bi

bg

Time (d)
50 2010 15

0

5

10

15

a
a

a

b
b

bg

Time (d)
50 2010 15

0

5

10

15

a
a

a

bh
bh

b

HIV-1 + DMC + NATV 1

HIV-1 + NATV 1

HIV-1 + DMC

HIV-1

HIV-1 + HBC + NATV 1

HIV-1 + NATV 1

HIV-1 + HBC

HIV-1

HIV-1 + Clo + NATV 1

HIV-1 + NATV 1

HIV-1 + Clo

HIV-1

R
T

 a
ct

iv
it

y
(c

p
m

/m
l ×

 1
05 )

R
T

 a
ct

iv
it

y
(c

p
m

/m
l ×

 1
05 )

R
T

 a
ct

iv
it

y
(c

p
m

/m
l ×

 1
05 )

Time (d)
50 2010 15

0

5

10

15

c

a

a

bg
bg

bg

Time (d)
50 2010 15

0

5

10

15

a

a

a

b
b

bg

Time (d)
50 2010 15

0

5

10

15

a

a
a

bgbg
bg

HIV-1 + DMC + NATV 3

HIV-1 + NATV 3

HIV-1 + DMC

HIV-1

HIV-1 + HBC + NATV 3

HIV-1 + NATV 3

HIV-1 + HBC

HIV-1

HIV-1 + Clo + NATV 3

HIV-1 + NATV 3

HIV-1 + Clo

HIV-1

Figure 6. Effect of autophagy inducers on atazanavir antiretroviral activities (cont.). Human MDM were infected with HIV-1ADA at an
MOI of 0.1 then treated with 1 μM nanoATV on 1 day before (A1–F1) and 1 (A2–F2) and 3 days (A3–F3) after infection. Culture
supernatant fluids were collected sequentially after infection and HIV-1 RT activity was measured. Data are represented as mean ± SD for
n = 8 samples per group. Means compared by two-way ANOVA showing effect of treatment by time p < 0.0001. Pairwise comparison
were performed with Bonferroni post hoc tests for p < 0.05. ap< 0.0001, cp < 0.001 and ep < 0.01 (HIV-1 infected controls compared with
nanoATV). bp < 0.0001, dp < 0.001 and fp < 0.01 (HIV-1 infected controls compared with nanoATV and autophagy inducers). gp< 0.0001,
hp < 0.001 and ip < 0.01 (nanoATV compared with nanoATV and autophagy inducers).
ATV: Atazanavir; MDM: Monocyte-derived macrophage; MOI: Multiplicity of infection; RT: Reverse transcriptase.

drug half-life but accomplished the task by affecting drug depots and by positively affecting cell vitality. The latter
was accomplished by enhancing the cells’ mitochondrial activities and was found, at varying levels, for most of the
autophagy agents tested.

Autophagy can affect the cellular reaction to injury and has been demonstrated to play important roles in cancer,
degenerative diseases and HIV-1infection and its associated disorders [41–44]. Specific examples have been published
by others. Rapamycin, notably, is a well-known inducer of autophagy and was shown to be effective, in part, in the
treatment of cancers and in Huntington’s and Alzheimer’s diseases [45–48]. The mechanisms are related to mTOR-
ULK1 inhibition coming active following the formation of a FKB12 cell complex then binding to mTORC1 and
inhibition kinase activities [49]. Rapamycin can potentiate cell destruction when used in cancer chemotherapies [50].
URMC-099, in contrast, improves mitochondrial activities which increases the cell vitality [35,51,52].

Autophagosome formation was increased by all the autophagy inducing agents and was confirmed by studies
of both BECN1 and LC3B I/II markers [53,54]. Each of the autophagy agents tested showed linkages to known
published autophagy pathways and confirming their subcellular actions. In the current report, autophagosome
formation and particle sequestration was confirmed by confocal microscopy after LC3B cell transfection. The
tested autophagy inducers resulted in increased LC3B expression and autophagosome formation. Degradation of
p62, a marker of autophagosome sequestration and one that determines autophagosome–lysosomal fusion is known
to be operative during the completion of autophagy [55]. Higher levels of p62 indicates that slowing of autophagy
flux and formation of autolysosomes by autophagosome lysosome fusion events is a likely mechanism for the
retention of nanoARVs in autophagosomes [56,57]. ATV retention studies’ results demonstrated that HBC, URMC-
099 and clonidine promoted the maximum nanoATV retention as compared with the other inducers (Figure 3D).
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Clonidine is known to induce autophagy through activation of Gi signaling pathways and does so in a mTOR
independent manner. Activation of the Gi pathway results in the reduction of cAMP levels caused by the inhibition
of adenylyl cyclase [58,59]. DMC is extensively used for psychiatric disorders and induces autophagy by blocking the
degradation of the autophagic cargo [60]. Although DMC decreases autophagy flux and increases drug retention, it
was the least effective for nanoATV retention, signaling that other operative mechanisms are present that extend
drug depot formation. Nonetheless, using confocal imaging of drug particles colocalised with autophagosomes,
autophagy inducers were demonstrated to help retain nanoATV in autophagosomes with URMC-099 being the
most effective. In conclusion, although all autophagy inducers enhance the formation of autophagosomes, the
flux of autophagosomal degradation varied between different autophagy inducers which had significant control in
the cellular retention of drug depots. We do not know whether the differences in the kinetics of endosomal and
autophagosomal degradation pathways also played a role in the higher retention of the drugs when autophagosomes
were induced.

When HIV-1 infected macrophages were treated with nanoATV at 3 days after infection, all the autophagy
inducing agents tested, except HBC, enhanced antiretroviral activities over drug nanoparticles alone. Though HBC
showed a significant increase in nanoATV retention and autophagosome formation in MDM up to 14 days after
treatment, the effect did not translate to inhibition of HIV-1 replication. HBC is approved by the US FDA as a
drug delivery carrier to enhance stability and bioavailability of active agents. Unlike the other autophagy inducers,
TFEB regulates autophagy and lysosomal biogenesis with HBC, and it is used in the treatment of Niemann–Pick
disease, a cholesterol storage disorder [61]. Maximum improvement of the antiretroviral efficacy of nanoATV was
achieved by URMC-099 out of all autophagy inducers tested.

HIV-1 and other viruses exploit host cell machinery for replication, dissemination and survival [62]. HIV-1
uses autophagosomes for their growth and maturation, where chronic HIV-1 infection inhibits cellular autophagy,
an innate antiviral defence mechanism to avoid lysosomal degradation. HIV-1 infection in macrophages inhibits
autophagy by Nef-mediated sequestration of TFEB in the cytoplasm [63]. URMC-099 assisted nuclear translocation
of TFEB and thus overcomes HIV-1 Nef-mediated inhibition of autophagy [35]. Several autophagy inducers
including rapamycin have been shown to inhibit HIV-1 infection by enhancing autophagosome and lysosome
fusion, which ultimately inhibit HIV-1 infection [64–66]. This is clearly seen with rapamycin, clonidine and HBC,
and a more significant inhibition is observed with DMC which coincides with lower LC3BII/I ratio suggesting
increased autophagosome–lysosome fusion. The differences in the antiretroviral activity with some autophagy
inducers is clear because of the increased autophagosome–lysosome fusion and increased autophagy flux with
these inducers. The strong antiretroviral activities of these autophagy inducers suggest their potential as alternative
therapeutics and adjunctive therapies for drug-resistant viral strains [41]. URMC-099 by itself consistently showed
very little effect on viral replication, which might be because of reduced autophagosome degradation [11,35]. However,
in the presence of nanoART, URMC-099 showed the highest antiretroviral activity which may be because of the
higher retention of drugs in the autophagosomes or extended drug release. This needs further investigation.

Although ART has improved life expectancy and quality and decreased the prevalence of the most severe form
of virus-associated dementia, it requires a life-long treatment regimen where adherence is often challenging [67].
Harnessing autophagy is a promising means to extend antiretroviral treatment duration. Thus, development of
a long acting URMC-099 formulation could be employed as an adjunctive therapy to improve ARV treatment
outcomes and bolster the use of long acting ART in disease preventative and treatment strategies.

Conclusion
In the present study, we have shown that autophagy inducers in general have the potential to facilitate sustained
release of nanoATV. Comparative analysis of the different autophagy inducers proved that URMC-099 was the
best among the lot. The sustained release is due to the formation of autophagosomes that enabled the intracellular
retention of nanoATV. All of the parameters tested validated the ability of URMC-099 to affect ART effectiveness
in restricting HIV-1 replication. This essentially emphasises that further research is warranted for URMC-099 as
it could significantly improve the therapeutic efficiency of HIV-1 treatment regimens.

Future perspective
NanoART proved to be effective in antiretroviral treatment based on its long action, stability and slow drug release,
in experimental conditions. The advantage of such formulations are the reduction in the therapeutic dosage of the
drug used along with limited recorded side effects. Since treatment with a single drug alone is not able to suppress
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viral replication without causing consequent viral mutations, the preferred strategy is combination therapy. This has
proved to be effective but has led to recorded adverse effects. We show now that a spectrum of autophagy inducers
could enhance the therapeutic potency of ARVs. We believe that the development of such agents could reduce the
dosage frequency of ARVs and as such facilitate sustained release. Finding the ‘best’ autophagy inducer could ease
combination ART and lead to sustained therapeutic benefits in preventing infection or viral transmission or by
treating an already infected human host.

Summary points

• Present antiretroviral therapy requires increased dosage and frequency of administration to ensure that the drug
concentration is maintained within the therapeutic window.

• Sustained release long acting nanoART can increase disage frequency and reduce drug toxicities.

• Autophagy can prolong cytoplasmic drug cargos.

• Upregulation of autophagy markers indicative of autophagosome formation was confirmed by Western blot
analysis.

• Significant nanoformulated atazanavir intracellular retention was observed by 2-hydroxy-β-cyclodextrin,
URMC-O99 and clonidine.

• URMC-099 and 2-hydroxy-β-cyclodextrin facilitated CF633 ATV-LC3B GFP colocalization.

• URMC-099 enhanced nanoformulated atazanavir antiretroviral activities.

• URMC-099 was the most effectivein enhancing antiretroviral activities.
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