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Long-acting anti-HIV products can substantively change the standard of care for patients with HIV/AIDS. To this end,
hydrophobic antiretroviral drugs (ARVs) were recently developed for parenteral administration at monthly or longer intervals.
While shorter-acting hydrophilic drugs can be made into nanocarrier-encased prodrugs, the nanocarrier encasement must be
boosted to establish long-acting ARV depots. The mixed-lineage kinase 3 (MLK-3) inhibitor URMC-099 provides this function
by affecting autophagy. Here, we have shown that URMC-099 facilitates ARV sequestration and its antiretroviral responses
by promoting the nuclear translocation of the transcription factor EB (TFEB). In monocyte-derived macrophages, URMC-099
induction of autophagy led to retention of nanoparticles containing the antiretroviral protease inhibitor atazanavir. These
nanoparticles were localized within macrophage autophagosomes, leading to a 4-fold enhancement of mitochondrial and
cell vitality. In rodents, URMC-099 activation of autophagy led to 50-fold increases in the plasma drug concentration of the
viral integrase inhibitor dolutegravir. These data paralleled URMC-099-mediated induction of autophagy and the previously
reported antiretroviral responses in HIV-1-infected humanized mice. We conclude that pharmacologic induction of autophagy

Introduction
The next frontier for antiretroviral therapy (ART) rests in eas-
ing drug use, targeting viral reservoirs, extending drug half-life,
reducing viral mutations, and overcoming systemic toxicity (1-3).
We previously developed, characterized, and tested therapeutic
responses of long-acting nanoformulated ART (nanoART) (4-11).
Recent successes have come from encasing hydrophobic crystal-
line antiretroviral drugs (ARVs) into excipients, decorating the
formed particles with ligands that target cells and tissue reservoirs
or by pharmacologically boosting intracellular depot formations
(4, 11-13). Such approaches extended the drugs’ half-life by con-
trolling the rate of drug-particle dissociation and its release hydro-
lysis to the systemic circulation. However, the production of more
hydrophobic and protein-bound ARVs provides only a partial solu-
tion. Controlling the dynamics of particle trafficking inside the
cell and within early, recycling, and late endosomes is necessary
to sustain intracellular drug particle depots and limit hepatic and
renal metabolism and drug excretion (4, 6, 11, 14, 15).

We previously showed that nanoparticles of hydrophobic
ARVs encased in polymer excipients and coadministered with the
mixed-lineage kinase 3 (MLK-3) inhibitor URMC-099 facilitated par-
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provides a means to extend the action of a long-acting, slow, effective release of antiretroviral therapy.

ticle endocytic trafficking and enhanced intracellular drug retention
(11). However, the mechanisms for how the MLK-3 inhibitor restricts
viral growth were not known. Here, we demonstrate that URMC-099
enhancement of antiretroviral responses is due to the stimulation of
autophagy and leads to the subsequent sequestration of drug particles
into autophagosomes. An extension of the ARV half-life by URMC-
099 was observed for atazanavir (ATV) and dolutegravir (DTG), viral
protease and integrase inhibitors, respectively. An increased under-
standing of how nanoformulated ARV depots are maintained will
facilitate the development of a spectrum of anti-HIV slow-release
products and in turn enhance the effectiveness of clinical drug regi-
mens. We believe that our work, in toto, represents a notable step for-
ward in the development of sustained-release ARVs for human use.

Results

URMC-099 facilitates nanoART activity. We evaluated the ability of
URMC-099 to affect the anti-HIV activity of nanoformulated ARVs
in infected human monocyte-derived macrophages (MDMs). We
treated HIV-1 ADA strain-infected (HIV-1,  -infected) MDMs with
400 ng/ml URMC-099, followed by subtherapeutic concentra-
tions (1 uM) of nanoformulated ATV (nanoATV) at 1, 3, and 5 days
after infection at a multiplicity of 0.1 infectious virions per cell. The
concentration of URMC-099 used elicited a maximal therapeutic
efficacy that included drug particle retentions, amyloid f clearance,
cellular vitality, and robust neuroprotective and antiinflammatory
responses (11, 16-20). As concentrations of nanoATV of 100 pM
or greater suppress viral replication, we performed URMC-099
dose-response determinations using subtherapeutic nanoATV con-
centrations for the measurement of viral growth. Progeny virion
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formation in culture supernatant fluids was determined by reverse
transcriptase (RT) activity. Notably, we found that URMC-099
administered with 1 pM nanoATV reduced virion production by
4-fold compared with virion production when nanoATV was given
alone (Figure 1, A and B and Supplemental Figure 1A; supplemental
material available online with this article; https://doi.org/10.1172/
JCI90025DS1). In addition, coadministration of nanoATV and
URMC-099 resulted in reductions of up to 4-fold in the numbers of
HIV-1p24- cells (Figure 1C). We found that the percentages of mul-
tinucleated giant cells (MNGCs) were also reduced with URMC-
099 and nanoATYV cotreatment on both days 1 and 3 after infection
(Figure 1, D and E). In the presence of URMC-099, we observed
mononucleated MDMs, whereas, without URMC-099, most of the
cells were MNGCs by 14 days after infection (Figure 1E and Supple-
mental Figure 1B). On day 7 after infection, URMC-099 treatment
alone showed a reduction in MNGCs compared with that observed
with HIV-1infection (Figure 1D); however, the effect was lost by day
14 (Figure 1E). On day 7 after infection, nanoART treatment initi-
ated on day 3 after HIV-1 infection resulted in a greater number of
MNGCs compared with those detected on day 1 of treatment initia-
tion, and even this effect was lost by day 14 after infection.
URMC-099 and mTORCI-dependent transcription factor EB
nuclear translocation. Since URMC-099 regulates JNK phosphor-
ylation (18), we reasoned that URMC-099 would affect the mech-
anistic target of mTOR complex 1 (mTORC1) through JNK (21),
which in turn would modulate vesicular trafficking through tran-
scription factor EB (TFEB) (22). We found that URMC-099 could
affect endosomal trafficking through any one or all of these factors
(Supplemental Figure 2A). To understand the URMC-099 mech-
anism, we pretreated MDMs with 100 uM nanoATYV, followed by
HIV-1infection and treatment with 400 ng/ml URMC-099. Here,
we used the therapeutic level of 100 pM nanoATV to eliminate
the virus-induced effect on signaling proteins and to differentiate
the added outcome of URMC-099 from that of nanoATV alone.
Moreover, a higher dose of nanoATV ensures the effect of URMC-
099 on depot formation rather than on drug synergy (between
ATV and URMC-099). URMC-099 was administered throughout
the experimental period, while nanoATV was administered only
once at the start of the experiment. After 14 days, TFEB levels
were quantified in the cytoplasmic and nuclear fractions by West-
ern blot analysis. With URMC-099 treatment, TFEB levels were
increased by 2- to 3-fold in the nuclear cell fraction and reduced
by 2-fold in the cytoplasmic fraction when compared with the lev-
els detected with nanoATV treatment alone (Figure 2, A and B).
Since the inhibition of JNK phosphorylation negatively regulates
mTORCI, we tested whether URMC-099 could inhibit mTORC1
function. Ser2448 phosphorylation of the kinase mTORC1 reg-
ulates nuclear translocation of TFEB (23, 24). We observed that
URMC-099 treatment increased Ser2448 phosphorylation by
2.2+ 0.51-fold (Figure 2, A and C). HIV-1 sequesters TFEB in the
cytoplasm through HIV-1 Nef (25), and we observed sequestra-
tion of TFEB in the cytoplasmic fraction following viral infection.
This was reversed by URMC-099 within HIV-1-infected MDMs
and MNGCs (Figure 2, A, B and D). URMC-099 treatment led to
80% localization of TFEB in the nuclei of MDMs compared with
only 20% localization without URMC-099 treatment (Figure 2,
D and E). URMC-099 also triggered increases in the transcrip-
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tion of TFEB mRNA by approximately 4- to 8-fold under differ-
ent treatment conditions (Figure 2F). With HIV-1 infection, TFEB
mRNA levels were reduced by 2- to 3-fold compared with levels
in uninfected controls, and URMC-099 could recover the pheno-
type. Increased TFEB translocation was delayed and did not reach
significant levels until day 7 after URMC-099 treatment (Supple-
mental Figure 2B). These data confirm that URMC-099 regulates
TFEB nuclear translocation in an mTORC1-dependent manner.
URMC-099 stimulates autophagy in human MDMs. On the basis
of the preceding data sets, we theorized that nuclear translocation
of TFEB induces autophagy and lysosomal biogenesis. TFEB serves
as the master regulator of both autophagy and lysosomal biogene-
sis (26), and such regulation could have a profound role in nanoART
intracellular sequestration in MDMs. Thus, we examined the auto-
phagosome markers microtubule-associated protein 1 light chain 3
B (LC3B, also known as MAP1LC3B) and beclin 1 (BECN1). Using
Western blot assays, we found that each marker was significantly
upregulated by URMC-099 (Figure 3, A-C and Supplemental Figure
3A). URMC-099 increased the expression of both LC3BI and LC3BII
from day 7 onward (Supplemental Figure 3A). Significant increasesin
LC3BII/LC3BI ratios were induced by URMC-099 (Figure 3B) and
support autophagosome formation. These data support the finding
of TFEB nuclear localization and confirm that autophagy is induced
through TFEB. Degradation of sequestosome 1 (SQSTM1), a marker
of autophagosome sequestration, was subsequently investigated for
its role in autophagosome-lysosome fusion, which is known to occur
during the completion of autophagy (27). Interestingly, URMC-099
did notinduce significantincreases in SQSTM1 levels compared with
those in controls (Figure 3, A and C and Supplemental Figure 3A).
Furthermore, while increases in LC3B (MAPILC3B), BECNI, and
SQSTMI gene expression were detected with URMC-099 treatment
(Figure 3D and Supplemental Figure 3B), these increases affected
only LC3B and BECN1, but not SQSTM], protein expression (Figure
3C and Supplemental Figure 3A). The results imply that autophago-
somes are increased as a consequence of URMC-099 treatment and
fuse with lysosomes, but that a delayed response is operational (Sup-
plemental Figure 3A). TFEB nuclear translocation leads to increases
in TFEB mRNA levels and the induction of autophagy (28, 29). This
likely represents the lack of any distinctive differences in autophagy-
specific proteins among URMC-099-treated groups, irrespective of
HIV-1infection or nanoATV. HIV-1 differentially regulates autopha-
gy at early and later stages of viral infection (25). Fourteen days after
infection of MDMs, we found that HIV-1 inhibited autophagy, as
indicated by decreased levels of LC3B and BECN1, whereas SQSTM1
levels were increased following HIV-1infection. These findings were
independent of URMC-099 treatments and are linked, in measure,
to the known inhibition of autophagy by HIV-1 and transcriptional
activation of SQSTMI by URMC-099. Importantly, URMC-099
reversed HIV-1-induced downregulation of autophagy during the
later stages of viral infection of MDMs (Figure 3, A, C and D).
URMC-099 improves mitochondrial activity and cell vitality.
Autophagy is a known mechanism for mitochondrial turnover
(30), and increased autophagy leads to increased cell viability (31).
In order to better understand the relationships between autophagy
and cellular recycling processes, we measured cellular metabolic
activity by the MTT assay, which is an index of tetrazolium dye
reduction due to NAD(P)H-dependent oxidoreductase activity
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Figure 1. URMC-099 potentiates antiretroviral activity of ARV nanoformulations. HIV-1,  -infected human MDMs were treated with 1 uM nanoATV on

(A) day 1or (B) day 3 after infection in the presence or absence of 400 ng/ml URMC-099. Supernatants were collected on different days after infection to
measure HIV-1RT activity. Values represent the mean + SD (n = 5). The same HIV control plot is presented in A and B. For a better comparison, see the HIV
control plot in Figure 5, A and B, and in Supplemental Figure 5, A, B, E, and F. The mean was compared by 2-way ANOVA, which showed a time-dependent
effect (P < 0.0001). Pairwise comparisons were performed with Bonferroni's post-hoc test for P < 0.05 compared with *control, ®NanoATV, and (URMC-099.
(C) On day 7 after infection, the cells were fixed and stained for HIV-1 p24 antigen and counterstained with hematoxylin. Multi- and mononucleated cells are
marked with white and black arrowheads, respectively. Scale bar: 20 pm. On (D) day 7 and (E) day 14 after infection, the percentage of MNGCs was quanti-
fied from the total number of cells in 20 different fields. Values represent the mean + SD. **P < 0.01and ***P < 0.001, by Student’s t test. Multiple compar-
isons were corrected for the FDR by the Benjamini-Hochberg method, and data are representative of 3 independent experiments. dpi, days post infection.



Downloaded from http://www.jci.org on February 16, 2017. https://doi.org/10.1172/3JC190025

RESEARCH ARTICLE

AHIV-I----+++++

nancATV. - = + + - - + + +

URMG-099 = + — + — 4+ - +% 4#

mTORl-—_— —-—____|
s| PR - =
[5)
el
o TFEBl |
E
w
k]
é ACTBl----—_---|
&)

Histone H3| |
| e[ ——— = = =]
8
3
2
= HistoneHsl—-——__.__, |
o ——
S
z AGTBl |
B

34 [ Cytoplasm
ek M Nucleus
Q -
o2
c
©
=
5]
h=y
[=
w 14
0-
HIV-1 - - - - +
nanoATV - - + + -
URMC-099 - + - + -
o
o
c
©
b=
5]
h=y
[<]
L
HIV-1 s - - - +

nanoATV - - + + .

URMC-099 - + - + -

:

HIV-1 +
URMC-099

Control

URMC-099

HIV-1

TFEB

TFEB + DAPI

The Journal of Clinical Investigation

nanoATV

TFEB TFEB + DAPI

1.0+
dkk
&k hdkk
E L} 1
o 0.84 e
? 3
8 50.61
s%
_g ﬁ 0.44
W LW
o=
o 0.2-
O ﬁ
0.0 T L T T
+ HIV-1 - - - - + + + +
+ nanoATV - - + + - - + +
+ URMC-099 - + - + - + - +
F
10- TFEB transcript level
dkk
—
8+ —_
S
% 6- Jekdke
= NS
© |
% 4' dedkedk
L | — |
Jededk
2- | p—
+ 0 T T T . T
+ HIV-1 - - - - + + + +
+ nanoATV - - + + - - + +
URMC-099 - + - + - + - +
jci.org



Downloaded from http://www.jci.org on February 16, 2017. https://doi.org/10.1172/3JC190025

The Journal of Clinical Investigation

RESEARCH ARTICLE

Figure 2. URMC-099 regulates TFEB nuclear localization. Human MDMs were treated for 14 days with 100 (+*) or 400 ng/ml (+*) URMC-099 in the pres-
ence or absence of 100 uM nanoATV, with or without HIV-1, , infection. (A) MDMs were fractionated and analyzed by Western blotting. (B) TFEB and (C)
mTOR quantification of Western blots. Protein bands were quantified and normalized to actin 3 (ACTB) or histone H3 using Image)2 software. (D) Human
MDMs were stained for TFEB (red) and DAPI (blue) and analyzed using a confocal microscope to visualize nuclear localization of TFEB. Scale bar: 20 pm.
(E) Quantification of colocalization coefficient for TFEB and DAPI. (F) Total RNA was isolated on day 14, and real-time gPCR was performed to determine
TFEB expression. Values represent the mean + SD (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001, by Student’s t test. (B, C, E, and F) Data were corrected
for multiple comparisons using the Benjamini-Hochberg method. Data are representative of 3 independent experiments. All URMC-099 treatments not

specified used 400 ng/ml.

and thus can be used to assess mitochondrial health. MTT activity
was determined in infected and uninfected MDMs with or without
URMC-099 and/or nanoATYV treatment. Our findings showed sig-
nificant and specific increases in MTT activity as the sole result of
URMC-099 treatment (Figure 3E and Supplemental Figure 3C).
With similar treatments, a trypan blue exclusion assay showed no
difference in cell viability with URMC-099 alone (Supplemental
Figure 3, D and E). Though there was no change in cell viability
with URMC-099 treatment, we observed increased mitochondri-
al activity. However, HIV-1 infection led to cytotoxicity in macro-
phages and yielded reduced cell viability compared with what we
observed in uninfected controls (Supplemental Figure 3D).
URMC-099 retains ARV nanoparticles in autophagosomes. We
next reasoned that autophagy facilitated by URMC-099 might
affect the retention of nanoATV that we observed previously (11).
This was studied by treating uninfected or HIV-1-infected MDMs
with 10 uM CF633-labeled nanoATV. Cells were also cultured
in the presence or absence of URMC-099 for 12 days and then
transfected with a GFP-tagged LC3B construct (LC3B-GFP). We
observed increased numbers of LC3B puncta and localization of
nanoATV in LC3B* autophagosomes in the presence of URMC-
099 (Figure 4, A and B). In addition, we detected increased
nanoATYV fluorescent signals from URMC-099-treated cells com-
pared with untreated control cells. Inhibition of autophagy by
3-methyladenine (3-MA) decreased autophagosome numbers and
nanoATYV fluorescent signals (Figure 4, A and B). To confirm these
observations, ATV levels were quantified in total cell lysates and
autophagosomes. For the latter, LC3B* autophagosomes were iso-
lated by magnetic bead pull-down (32), and ATV levels were mea-
sured by HPLC. Drug levels increased by 1.5- to 2.5-fold in both
cells and autophagosomes as a consequence of URMC-099 treat-
ment when compared with levels detected in the untreated cells
(Figure 4C). The use of TFEB or autophagy-related 13 (ATG13) siR-
NA demonstrated a reversal of URMC-099-induced cellular drug
retention (Figure 4D). These findings confirmed that URMC-099
induces macrophage drug depots and that these effects are medi-
ated through TFEB and the formation of autophagosomes. The
process, notably, requires ATG13 (33). Although nanoATV was
localized in compartments of Rab-related proteins 7 and 11 (Rab7
and Rab11), regardless of URMC-099 treatment (11), the subcellu-
lar fate of nanoATV in Rab compartments, fused with autophago-
somes, or rather in phagosomes at different stages of maturation,
remained unclear. URMC-099 treatment increased the colocal-
ization of LC3B and endosomal Rab proteins (Rab7 and Rabl1)
(Supplemental Figure 4, A and B), suggesting that fusion occurred
between endosomes and autophagosomes (34-38). Although
there were no differences in the uptake of nanoATV in URMC-
099-treated MDMs (11), the increased retention of nanoATV by
URMC-099 reduced the release kinetics of nanoATYV, resulting in
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a sustained, slower release of the drug (Figure 4E). Together, these
data suggest that induction of autophagy leads to increased reten-
tion of nanoATV and a sustained slow release of drug.

Autophagy facilitates nanoformulated ARV activity. It is well
accepted that autophagosomes are used for HIV-1 assembly and
maturation (25, 39, 40). Thus, we investigated whether auto-
phagy could affect HIV-1 replication in MDMs in the setting of
nanoATYV treatment. In these experiments, MDMs were treated
with a subtherapeutic dose of 1 uM nanoATYV at 1 or 3 days after
HIV-1 infection, with or without URMC-099 cotreatment. When
autophagy was inhibited in the initial stage of regulation with the
PI3K inhibitors 3-MA or wortmannin, the viral-suppressive effect
of URMC-099 shown in Figure 1, A and B, was reversed (Figure
5A and Supplemental Figure 5A). We used these PI3K inhibitors,
since PI3K is upstream of mTOR signaling and is required for
autophagy. JNK pathway crosstalk with PI3K-mediated mTOR
signaling is not directly involved in mTOR regulation (41). Thus,
inhibiting PI3K signaling affects autophagy independently of
URMC-099, and these PI3K inhibitors revealed the involvement
of autophagy in URMC-099-enhanced ARV activity. Inhibition
with chloroquine or bafilomycin Al in the later stages of autopha-
gy that include autophagosome-lysosome fusion did not alter the
URMC-099 effect (Figure 5B and Supplemental Figure 5B). How-
ever, the URMC-099-induced increase in MTT activity in MDMs
was reduced with either 3-MA or chloroquine, independently of
HIV-1 infection (Supplemental Figure 5C). These data indicate
that autophagosome accumulation is required to facilitate max-
imal nanoATV effectiveness but that autophagosome-lysosme
fusion is required for autophagy-induced mitochondrial activity.
We observed a similar reduction in HIV-1 infection when rapamy-
cin, an mTOR inhibitor and a known autophagy inducer, was used
with 1 pM nanoATV (Supplemental Figure 5D). The rapamycin
effect was lost with the autophagy inhibitor 3-MA, but not with
chloroquine (Supplemental Figure 5, E and F). Taking into account
the action of ATV as an HIV-1 protease inhibitor and the autopha-
gosome involvement in HIV-1 biogenesis, we posit that drug and
virus interactions enhanced by URMC-099 could be the reasons
for further attenuation of HIV-1 infection.

To investigate autophagosome-lysosome fusion, we treated
MDMs with the protein synthesis inhibitor cycloheximide after
the cells were exposed to URMC-099. During this fusion, LC3BI
is lapidated to LC3BII and released into the cytoplasm. While
increases in both LC3BI and LC3BII were affected by URMC-099,
LC3BI was decreased by cycloheximide on day 7 (Supplemen-
tal Figure 6, A- C) and day 14 (Figure 5, C-E). Since URMC-099
induces autophagy transcriptionally, new autophagosomes were
synthesized continuously, hence the increase we observed in the
levels of both LC3BI and LC3BII. When translation was inhibited
by cycloheximide, the existing autophagosomes fused with lyso-
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Figure 3. URMC-099 induces autophagy in macrophages. Human MDMs were treated for 14 days with 100 (+*) or 400 ng/ml (+*) URMC 099, in the pres-
ence or absence of 100 uM nanoATV, with or without HIV-1,  infection. (A) Total cell lysates were analyzed for different autophagy markers by Western
blotting. (B and C) Quantification of Western blots. (B) LC3BII/LC3B1 ratio and (C) quantification of protein expression of LC3BI (white bars), LC3BII (light
gray bars), BECN1 (dark gray bars), and SQSTM1 (black bars). Protein bands were quantified and normalized to ACTB using Image)2 software (n = 3). (D)
Total RNA was isolated on day 14, and real-time qPCR was performed to determine MAPILC3B, BECNT, and SOSTMT1 expression (n = 3). (E) On day 14, an
MTT assay was performed to assess mitochondrial activity (n = 5). Values represent the mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001, and P < 0.05,
3compared with uninfected control MDMs and ®compared with HIV-1-infected MDMs; Student's t test. (C-E) Data were corrected for multiple comparisons
using the Benjamini-Hochberg method. Data are representative of 3 independent experiments. All URMC-099 treatments not specified used 400 ng/ml.

somes, resulting in a reduction of LC3BI levels (Figure 5, C and
D). Induction of LC3B with URMC-099 treatment was reversed
by treatment with TFEB siRNA, but not with ATG13 siRNA (Figure
5F). Confocal imaging also showed a reduction of LC3B expres-
sion with TFEB silencing (Supplemental Figure 6D). This fur-
ther confirms that TFEB is required for autophagy induction and
that URMC-099 acts through TFEB. Since ATG13 is involved in
autophagosome formation, ATGI3 did not have an impact on the

effects of URMC-099 on LC3B or BECNI1 expression (Figure 5F),
whereas nanoATYV retention in the autophagosomes was affected
by ATGI3 silencing (Figure 4D).

LC3B-positive autophagosomes were also colocalized with
lysosomal-associated membrane protein 1 (LAMP1), confirming
fusion of autophagosomes with lysosomes (Figure 5G). To fur-
ther confirm autophagosome-lysosome fusion, we quantified
IL-1P levels, as fusion leads to IL-1f degradation and reduced
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secretion (42). IL-1B levels were quantified by ELISA and a cyto-
kine bead array under different treatment conditions. We con-
firmed by ELISA that URMC-099 decreased IL-1p secretion by
4.4 + 0.9-fold (Supplemental Figure 7A) and by 4.2-fold with a
cytokine bead array (Supplemental Figure 7B).

Stimulation of autophagy in animals given URMC-099. To
understand the effect of URMC-099 in vivo, mice were treated
with twice-daily i.p. injections of 10 mg/kg URMC-099. A plas-
ma concentration of approximately 1,000 ng/ml (>2 uM) was
achieved with this treatment (Supplemental Figure 8A). We found
that URMC-099 had no adverse effect on the body weight of the
mice (Supplemental Figure 8B). As TFEB induces autophagy in tis-
sue (26, 43, 44), we tested whether URMC-099 treatment leads to
activation of autophagy in spleen and liver. Real-time quantitative
PCR (qPCR) showed an upregulation of Tfeb, Maplic3b, Necnl, and
Sgstm1 levels in the livers of URMC-099-treated mice (Figure 6A).
Similarly, LC3B, BECNI, and SQSTMI1 protein expression levels
were also increased when mice were treated with URMC-099
(Figure 6, B-D). These data match those from previous studies
showing that upregulation of Tfeb triggers a transcriptional activa-
tion of autophagy-linked genes (26). Additionally, immunohisto-
logical staining of splenic tissue sections showed increased LC3B
expression in URMC-099-treated mice (Figure 6E), which further
evidenced autophagy induction by URMC-099. In URMC-099-
treated mice, we observed increased numbers of LC3B puncta in
CD68* mouse splenic macrophages (Figure 6F).

To further elucidate the effect of URMC-099 on HIV-1 infec-
tion in vivo, we examined humanized NOD/SCID IL-2Ryc-null
(NSG) mice infected with HIV-1 and treated with URMC-099. We
found that URMC 099 alone did not affect the plasma HIV levels
(Figure 7A). It is known that acute and chronic HIV-1infection leads
to increased IL-1B secretion in vitro and in vivo (45, 46). URMC-
099 treatment in our study reduced plasma IL-1p concentrations
compared with the plasma concentrations in HIV-1-infected con-
trols (Figure 7B). In URMC-099-treated humanized mice, LC3B
puncta in CD68* macrophages were also readily apparent (Figure
7C). These results suggest that URMC-099 modulates HIV-1-
induced cytokine responses in vivo through autophagy (6, 47).

Improved pharmacokinetic profiles of nanoformulated ARVs with
URMC-099 treatment. We used the HIV-1 integrase inhibitor DTG
to understand the role of autophagy and nanoART in vivo. Mice
injected with a single i.m. dose (45 mg/kg) of nanoformulated DTG
(nanoDTG), with or without daily i.p. injections of 10 mg,/kg URMC-
099, showed no adverse effects on their body weight or health (Sup-
plemental Figure 9A). We observed increased plasma DTG levels in
URMC-099-treated mice beginning on day 14, and by day 28, there
was a52.3 +5.7-fold increase in the plasma drug level compared with
levels detected in animals treated with nanoDTG alone (Figure 8A).
Similar increases in DTG levels in spleen, liver, and lymph nodes
were achieved with URMC-099 treatment (Figure 8B). At early time
points, i.e., on days 1 and 3 after nanoDTG administration, we found
that the druglevels in both plasma and tissues were not significantly
increased with URMC-099, and the autophagy proteins were also
not affected with URMC-099 treatment at these time points, sug-
gesting a delayed response (Supplemental Figure 9, B and C).

Real-time qPCR of spleen and liver tissues showed a signifi-
cant increase in Tfeb levels in URMC-099-treated mice, which in
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turn promoted higher expression of the autophagy genes Maplic3b,
Becnl, and Sgstm1 (Figure 8, C-F). Western blot analyses confirmed
aparallel induction of autophagy proteins in spleen and liver by days
14 and 28 of URMC-099 treatment (Figure 8, G and H, and Supple-
mental Figure 10, A-E). Together, these results show that autophagy
induction by URMC-099 enhances nanoARV half-life in vivo.

Discussion

There is an immediate need for long-acting ART in order to meet
the challenges of HIV/AIDS regimen adherence. Notably, the sec-
ondary gains we achieved in the present study through reductions
in drug dosages and improved viral reservoir penetration may
prove to be even more significant in the era of viral eradication.
The ability to facilitate drug depots and enhance vesicular traf-
ficking of ARV nanoparticles and their sequestration in endoso-
mal compartments is of significance for achieving long-acting
ART. We believe that the development of adjunctive drugs such
as URMC-099, designed to extend ART action by harnessing a
natural cellular process such as autophagy and thereby facilitate
drug depots, represents a novel approach to this challenge. The
links between TFEB, a master regulator of autophagy, and ARV
nanoparticle cellular trafficking by URMC-099 provide a critical
new pathway for sustaining antiretroviral activity.

This study is based on our earlier work showing that reduc-
tions in viral replication and cytopathicity are due to retention
of nanoARVs in Rab compartments by URMC-099 (11). On the
basis of the presumptive interactions between endosomal traf-
ficking, cytoskeletal rearrangement, and Rab proteins, we began
to explore known pathways that affect cellular trafficking to elu-
cidate the underlying mechanism. Prior associations of URMC-
099 with the phosphorylation of p54 and p46 JNK isoforms in
HIV-Tat-treated BV-2 microglial cells provided mechanistic clues
(48). However, while autophagy is a well-accepted cellular process
involved in the recycling of cytoplasmic organelles, macromole-
cules, and other defective proteins (27), its role in establishing the
types of drug depots and sequestration of drug-laden nanoparti-
clesis far from proven. During steady-state conditions, autophagy
is maintained at low levels but can be affected by stress, organelle
damage, or microbial infections (49, 50). It is also well known that
chronic HIV-1 infection inhibits autophagy (51), while its induc-
tion inhibits infection (25, 40, 52). Thus, linkages between viral
infection, autophagy, and nanoparticle sequestration could be
reasoned and were also supported by previous reports involving
arange of experimental systems (53, 54).

URMC-099 treatment was shown here, for the first time to
our knowledge, to induce autophagy and enhance anti-HIV activ-
ities by sustaining depots of nanoformulated ARVs. The puzzle
pieces came together, buoyed by a number of observations. First,
URMC-099 activated autophagy through nuclear translocation
of TFEB. Second, increased autophagy resulted in an increase in
both the number of ARV nanoparticles in autophagosomes and
ART half-life. Third, by altering HIV-1-regulated autophagy, we
observed a suppression of viral replication.

The relationships that we observed in this study among HIV-1,
macrophages, URMC-099, TFEB, lysosomal biogenesis, and auto-
phagy are noteworthy. The importance of monocyte-macrophages
as viral reservoirs, vehicles for microbial dissemination, secretors
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Figure 4. URMC-099 increases nanoATV retention in macrophage autophagosomes. (A) Human MDMs were treated for 14 days with 400 ng/ml URMC-099 in the
presence of fluorescently tagged nanoATV (10 uM) (purple), with or without HIV-1,  infection. MDMs were transfected with an LC3B-tagged GFP construct (green),
stained with DAPI (blue), and analyzed by confocal microscopy. Scale bar: 20 um. (B) Quantification of LC3B puncta that colocalized with nanoATV. (€) Human
MDMs were treated with nanoATV (10 uM or 100 pM) in the presence or absence of 400 ng/ml URMC-099. After 14 days, the ATV concentration was determined in
total cells, and LC3B autophagosomal compartments were isolated using magnetic bead separation (n = 3). (B) Human MDMs were treated with 100 puM nanoART
and 400 ng/ml URMC-093. Cells were transfected with siRNA for TFEB or ATG13, and on day 14, the ATV concentration was determined in total cells (n = 3).

(E) URMC-099 regulated the release of nanoATV. Human MDMs were treated with 100 uM nanoATV for 16 hours, washed with PBS, and incubated with or without
400 ng/ml URMC-099. On different days, supernatant was collected, ATV concentration was quantified using HPLC, and the cumulative ATV release was plotted
according to treatment duration (n = 3). Comparison of the means by 2-way factorial ANOVA showed a time-dependent treatment effect (P = 0.0002), with
pairwise comparisons made using Bonferroni's post-hoc test (P < 0.05). Data are representative of 3 independent experiments. (B-D) Values represent the mean
+SD. *P < 0.05 and ***P < 0.001, by Student’s t test. Multiple comparisons were corrected for the FDR using the Benjamini-Hochberg method.

of bioactive factors, and clearance vehicles for tissue metabolism
and infectious materials cannot be overstated (28, 55). Such seem-
ingly complicated intracellular events can, paradoxically, sustain
HIV-1 growth by sequestering cytoplasmic TFEB through HIV-1
Nef and inhibiting autophagy (25). Nevertheless, URMC-099
overcame these HIV-1 effects by transcriptional control of TFEB
and, as such, limited the effects of HIV-1 Nef on TFEB control.

We nowpositthat TFEB-dependent autophagyleadstoretained
nanoformulated ARVs in autophagosomes. In previous studies, we
showed that injection of nanoformulated ARVs leads to macro-
phage recruitment and particle endocytosis. Storage then ensues
in a spectrum of endosomal compartments (56). The particle-
laden phagophores mature into autophagosomes and fuse with
late endosomes and lysosomes. All of these organelles show the
capacity to store ARV nanoparticles (26, 55). Here, we found that
the number of autophagosomes was increased by URMC-099, and
fusion of endosomes with autophagosomes led to the preferential
localization of nanoformulated ARV particles in autophagosomes.

Autophagosomes play a vital role in HIV-1 biogenesis (51, 52). In
macrophages, autophagy is stimulated by HIV-1 through the TLR8
signaling that occurs at early stages of infection, while during chronic
infection, autophagy is inhibited. The process is regulated in part by
the HIV-1 Nef protein (25), whereby HIV-1 inhibits autophagosome
maturation to evade its own destruction by lysosomal degradation
(52). URMC-099 activation of autophagy can overcome HIV-1-
mediated inhibition of autophagy. Thus, a dual antiretroviral response
is seen: one through intracellular degradation of virus and the other
through sustainment of ARV particles that preclude new infections.

To elucidate whether autophagy could affect nanoART-
mediated restriction of viral replication, we examined autophago-
some-lysosome fusion events affected by URMC-099. Reduced
and increased levels of LC3BI and LC3BII, respectively, confirmed
that fusion of autophagosomes with lysosomes occurred when
protein synthesis was inhibited. In addition, HIV-1 induces IL-1B
macrophage secretion through TLR8 (57), and autophagy controls
IL-1PB cytokine levels. This occurs by sequestering the cytokine in
autophagosomes and degrading it via lysosome fusion through
autophagy-related 16-like 1 (ATG16L1) (42, 58). This process is
likely important, as degradation of HIV-1-induced IL-1p is closely
linked to autophagosome-lysosome fusion and HIV-1 clearance
(42). It is certainly possible that autophagosome-lysosome fusion
events recycle as a consequence of URMC-099 treatment and
lead to further HIV-1 restriction.

URMC-099 affects cytoskeletal rearrangement and improves
macrophage vitality by increasing mitochondrial activity. Indeed,
combinations of URMC-099 and ATV nanoparticles resulted in
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reduced formation of MNGCs. This was readily apparent by days
7 and 14 after viral infection. Indeed, HIV-1-associated MNGCs
alter the cellular cytoskeleton (59), and such protein rearrange-
ments are autophagy regulated (14, 60). Thus, both processes are
affected by nanoART and URMC-099. Indeed, the combination
of nanoATV and URMC-099 attenuates giant cell formation, most
likely by affecting endosomal and vesicular trafficking and reduc-
ing cytoskeletal rearrangements (61). These data support the notion
that URMC-099 induces the changes in endosomal trafficking that
affect known intracellular ARV particle accumulation (11). Macro-
phages play a key role in HIV-1 pathogenesis by forming viral reser-
voirs and selectively clearing HIV-1-infected CD4* T lymphocytes
(62, 63). As nanoART is also taken up by macrophages, increased
retention, sustained release, and improved cellular viability by acti-
vation of autophagy can facilitate anti-HIV treatment outcomes.
Given that our animal studies demonstrate that autophagy is
induced in tissue macrophages and that combinations of nanoDTG
and URMC-099 improve pharmacokinetic (PK) profiles, such
treatment combinations could serve to further reduce HIV disease
morbidities. In summary, we have shown that induction of autoph-
agy leads to the retention and sustained release of nanoformulated
ARVs. Our results, for the first time to our knowledge, lend credence
to the idea that induction of autophagy by URMC-099 treatment
activates a unique pathway that facilitates the biodistribution and
half-life of long-acting nanoART. Possible mechanisms leading to
a prolonged half-life of nanoART by URMC-099 are illustrated in
Figure 9. As autophagosomes intersect with the HIV-1 life cycle,
storage of the nanoformulated ARVs in intracellular compartments
may further facilitate HIV-1 disposal by harnessing intracellular
events that contain viral growth. Moreover, the effect of URMC-
099 on TFEB nuclear localization and its outcome on autophagy
could have other beneficial effects in combating a range of degen-
erative disorders that include, but are not limited to, Batten disease,
Pompe disease, Gaucher disease, cystinosis, Parkinson’s disease,
Huntington’s disease, and Alzheimer’s disease. TFEB is used as a
therapeutic target in the treatment of these diseases (64).

In conclusion, we demonstrate in the present study that URMC-
099 has the potential to reduce the dosage and frequency of ARV
administration and enhance antiretroviral activity and believe that
the development of this and similar sustained-release agents would
be effective additions to the existing arsenal of anti-HIV drugs.

Methods

Preparation of nanoformulated antiretroviral drugs. Nanoformulations of
ATV and DTG were prepared by high-pressure homogenization (Avestin
EmulsiFlex-C3; Avestin Inc.) (10, 65) (See the Supplemental Experimen-
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Figure 5. URMC-099-induced autophagy affects HIV-1 clearance. HIV-1
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-infected human MDMs were treated with 1M nanoATV on day 1or day 3 after

infection and incubated with or without 400 ng/ml URMC-099 and in the presence of the autophagy inhibitors (A) 3-MA (100 uM) or (B) chloroquine (10 pM).
Supernatants were collected on different days after infection and analyzed for HIV-1 RT activity (1 = 5). The same HIV-1infection control plot is presented in A
and B. (A and B) The mean values of RT activity were assessed by 2-way factorial ANOVA, which showed a significant time-dependent treatment effect

(P < 0.02). Pairwise comparisons using Bonferroni’s post-hoc test were assessed for URMC-099-treated cultures, with P < 0.05 compared with HIV-infected
controls in the absence (*control) or presence (°HIV) of an autophagy inhibitor. (C-E) MDMs were treated in the presence or absence of 400 ng/ml| URMC-099 for
14 days. Twenty-four hours or twelve hours before harvesting, cells were treated with 10 uM cycloheximide (CHX) to inhibit translation. Total cell lysates were
analyzed by Western blotting. (D) Values represent the mean + SEM of LC3BII/LC3BI ratios and were compared by Student’s t test and adjusted for multiple
comparisons using the Benjamini-Hochberg method. *P < 0.05 and **P < 0.01(n = 3). (E) Differences in mean fold changes were assessed by 2-way ANOVA and
pairwise comparison with the respective proteins was done using Bonferroni’s post-hoc test. P < 0.05 for 2no URMC-099/no CHX control and "URMC-099/no
CHX control (n = 3). (F) Human MDMs treated with 400 ng/ml URMC-099 were transfected with either TFEB siRNA or ATG13 siRNA on days 3 and 7. On day 14,
cell lysates were analyzed for by Western blotting. (G) URMC-099-treated (400 ng/ml) and untreated (control) MDMs were transfected with LC3B-GFP on day 12,
and 48 hours later were stained and imaged with a confocal microscope. Scale bars: 20 pm. Data are representative of 3 independent experiments.

tal Procedures for further details). NanoATV loading was determined by
HPLC with UV/Vis detection as previously described (10). NanoDTG
loading was determined by HPLC using a Phenomenex Kinetix C18 Col-
umn (5 pm; 150 x 4.6 mm) with a mobile phase of 65% 50 mM KH,PO,,
pH 3.2/35% acetonitrile at a flow rate of 1.0 ml/minute, and 254-nm
detection. ATV and DTG were quantitated by comparison of peak areas
with those of known standards (0.05-50 pg/ml in methanol).

Human monocyte-derived macrophages. Human monocytes were
isolated by leukapheresis from HIV-1/2 and hepatitis seronegative
donors. Cells were cultured in DMEM (Invitrogen, Thermo Fisher Sci-
entific) enriched with 10% heat-inactivated, pooled human serum, 2
mM L-glutamine, 50 pg/ml gentamicin, 10 pg/ml ciprofloxacin, and
macrophage colony-stimulating factor (MCSF, collected as superna-
tants from ATCC 10154) conditioned medium. Cells were maintained
at37°Cina 5% CO, incubator (66).

HIV-1 infection and drug treatments. MDMs were infected with the
HIV-1 ADA strain at an MOI of 0.01. URMC-099 dissolved in DMSO
was used for all in vitro experiments. For pretreatments, MDMs were
treated with 1, 10, or 100 uM nanoATV for 16 hours, then washed with
PBS and infected with HIV-1, , for 4 hours. After infection, cells were
incubated with or without 100 or 400 ng/ml (237 or 950 nM) URMC-
099 for an additional 14 days. For the post-treatment procedure, MDMs
were infected and then treated with nanoATV on days 1, 3, and 5 after
HIV-1 infection. MDMs were incubated with 400 ng/ml URMC-099
throughout the experimental time period. MDMs were treated with
the autophagy inhibitors 3-MA (100 uM), wortmannin (50 nM), chlo-
roquine (10 uM), or bafilomycin A1 (200 nM), or the known autophagy
inducer rapamycin (20 nM). Cycloheximide (10 uM) was added to the
cells 12 hours and 24 hours before terminating the experiments on day
7 or 14 to inhibit new protein synthesis.

HIV-1p24 antigen staining and RT activity assay. For HIV-1p24 stain-
ing, MDMs were fixed with 4% ice-cold paraformaldehyde (PFA) in PBS
for 20 minutes. Fixed cells were washed with PBS and permeabilized
with 0.5% Triton X-100 in PBS for 15 minutes at room temperature.
Cells were blocked using 10% goat serum in PBS for 30 minutes and
incubated with mouse mAb against HIV-1p24. The polymer-based HRP-
conjugated anti-mouse Dako EnVision system was used as a secondary
detection reagent, and DAB (Dako) was used as chromogen. Images were
captured with x63 and x20 objectives using a Nuance EX multispectral
imaging system fixed to a Nikon Eclipse E800 microscope (Nikon Instru-
ments). HIV-1 RT activity was measured as described previously (67). See
the Supplemental Experimental Procedures for further details.

Cytokine and autophagy pathway measurements. IL-13 from MDM
culture supernatants or plasma was quantified using an IL-1p ELISA Kit
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(eBioscience, Affymetrix). Briefly, samples were incubated on a capture
antibody-coated 96-well plate overnight at 4°C after blocking with an
ELISPOT diluent. Detection antibody and avidin-HRP were added
sequentially, followed by 5 washes. Next 3,3',5,5'-tetramethylbenzidine
(TMB) solution and stop solution were added to stop the reaction. IL-1B
levels were quantified spectrophotometrically by measuring absor-
bance at 450 nm. A bead-based cytokine array assay (BD Biosciences)
was performed on MDM culture supernatants according to the manu-
facturer’s instructions. Autophagy gene expression was analyzed using
real-time qPCR. RNA was isolated from cells or tissues using TRIzol
(Applied Biosystems, Thermo Fisher Scientific) as per the manufactur-
er’s protocol. Residual DNA was removed using the TURBO DNA-Free
Kit (Thermo Fisher Scientific). The isolated RNA (2ug) was reverse
transcribed to cDNA using a Verso Reverse Transcription cDNA Syn-
thesis Kit (Thermo Fisher Scientific) according to the manufacturer’s
instructions. TagMan probes (Thermo Fisher Scientific) (Supplemental
Table 1) and Real-time PCR Master Mix (Applied Biosystems) were used
for real-time qPCR (StepOne Plus; Applied Biosystems) according to the
manufacturer’s instructions. All samples were amplified in triplicate,
and data were normalized to GAPDH or actin cDNAs.

Silencing TFEB and ATGI3 expression. Human MDMs were incu-
bated with or without 400 ng/ml URMC-099. On day 3 after URMC-
099 treatment, MDMs were treated with either 10 uM TFEB or ATG13
siRNA (Ambion, Thermo Fisher Scientific) lipid complexes. siRNA was
diluted in Opti-MEM medium (Life Technologies, Thermo Fisher Sci-
entific), and lipid complexes were formed by incubating diluted siRNA
in Lipofectamine RNAIMAX Reagent (Invitrogen, Thermo Fisher Sci-
entific). Cells were treated with siRNA for 24 hours. A similar siRNA
treatment procedure was followed on day 7. On day 12, MDMs were
transfected with LC3B-GFP for confocal microscopy. Another set of
MDMs treated similarly with siRNAs were lyzed for Western blot anal-
yses to detect LC3B and for drug measurements.

Confocal microscopy. Human MDMs after treatment and infec-
tion were fixed in 4% PFA for 15 minutes, permeabilized in 0.5% Tri-
ton X-100 for 5 minutes, and blocked for 1 hour in 5% BSA solution.
MDMs were incubated with anti-TFEB antibody overnight at 4°C, fol-
lowed by incubation with Alexa Fluor 594-conjugated secondary anti-
body (Thermo Fisher Scientific). ProLong Gold anti-fade reagent with
2-(4-amidinophenyl)-1H -indole-6-carboxamidine (Thermo Fisher
Scientific) (27) was used to mount the coverslip. Human MDMs were
pretreated with 10 uM CF633-labeled nanoATYV for 16 hours, infected
with HIV-1, ., washed 3 times with PBS, and incubated with or with-
out 400 ng/ml URMC-099 for 14 days in the presence or absence of
the autophagy inhibitor 3-MA. On day 12, MDMs were transfected
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with a Premo Autophagy Sensor LC3B-GFP (Thermo Fisher Scientif-
ic) according to the manufacturer’s instructions and further incubated
with URMC-099 and 3-MA for 48 hours (out to day 14). Cells were
fixed with 4% PFA on day 14 and mounted onto a coverslip using Pro-
Long Gold Anti-fade Reagent with DAPI. Images were captured using
a Zeiss LSM810 confocal microscope and analyzed with Zen 2011 soft-

ware (Carl Zeiss Microimaging).

] -

Figure 6. URMC-099 and autophagy
in tissues. Mice were given twice-daily
i.p. injections of buffer (control) or
URMC-099 (10 mg/kg), and after 21
days, mice were sacrificed and tissues
collected. (A) Total RNA was isolated
from liver, and real-time gPCR was
performed. (B-D) Liver homogenate
was analyzed for different autophagy
markers using Western blotting (each
lane is from 1 mouse) and is presented
as (C) the LC3BII/LC3BI ratio and (D)
the quantification normalized to ACTB
using Image)2 software. Paraffin-
embedded, 5-pm-thick splenic sections
were stained for (E) LC3B, developed
with DAB and counterstained with
hematoxylin, and for (F) LC3B (green)
and mouse CD68 in macrophages (red).
DAPI was used to stain nuclei. Values
represent the mean + SEM. *P < 0.05
and **P < 0.01, and ***P < 0.001, by
Mann-Whitney U test. Multiple com-
parisons were assessed for the FDR
using the Benjamini-Hochberg meth-
od. Five and four mice were included
in the control and URMC-099 groups,
respectively. Scale bars: 20 um.

Autophagosomeisolation and drugquantification. MDMs were treated
with100r100 pMnanoATVforl6hours,washed thricewith PBS,andthen
treated with or without 400 ng/ml URMC-099 for 14 days. Subsequent-
ly, ATV concentrations in total cells or LC3B-positive autophagosomal
compartments were determined. LC3B-positive compartments were
immunoisolated using LC3B antibody as described elsewhere (6, 56).

See the Supplemental Experimental Procedures for additional details.
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centration. See the Supplemental Experimental
Procedures for further details.

HIV-1-infected humanized mice. Humanized
NOD/SCID-IL-2Ryc-null (NSG) mice were
used for HIV-1 infection (5, 68). NSG mice were
obtained from The Jackson Laboratory, and a
breeding colony was maintained at the Univer-
sity of Nebraska Medical Center (UNMC). On
the day of birth, mice were irradiated at 1 Gy
using a C9 Cobalt-60 Source (Picker Corp.),
and then CD34* cells (10° cells/mouse) were

URMC-099 - - - + 0
13 WPI

C3B CD68

HIV-1

HIV-1 + URMC-099

HIV-1

HIV-1 +
URMC-099

transplanted into newborn mice intrahepatical-
ly. Starting from 22 weeks after reconstitution,
HIV-,
ture infectious dose (TCID, ) per mouse. Mice
were treated with URMC-099 from 6 weeks

after infection until the endpoint. Plasma was

was injected 1.p. at 10* 50% tissue cul-

Merge

collected 10 weeks after infection, and IL-1B lev-
els were quantified. Viral load in the blood was
measured using an automated COBAS Amplicor
System V1.5 (Roche Molecular Diagnostics).
Mouse plasma (20 pl) was diluted with 480 pl of
sterile normal human plasma for the assay. The
baseline detection of the assay after dilution was
1,250 viral RNA copies per milliliter.

PK evaluations. Male BALB/c] mice were
injected i.m. with 45 mg/kg nanoDTG, with or
without daily i.p injections of 10 mg/kg URMC-
099 or equivalent vehicle dosage [poly(ethylene
glycol),,,/DMSO (8:1) mixture]. Plasma was col-
lected 1, 3, 7, 14, 21, and 28 days after nanoDTG
treatment. Animals were sacrificed, and tissues

(liver, spleen, and lymph nodes) were collected

Figure 7. URMC-099 treatment in humanized mice. (A and B) Humanized NSG mice were infected
and treated with URMC-099 (n = 4 per group). Ten weeks after infection, (A) plasma viral
load and (B) plasma IL-1B concentration were determined (n = 4 mice per group). Values represent the
mean + SEM. ***P < 0.001, by Mann-Whitney U test. (C) Paraffin-embedded spleen tissue sections
from URMC-099-treated and control HIV-1-infected humanized mice were stained for LC3B (red) in
autophagosomes and CD68 (green) in macrophages. DAPI was used to stain nuclei. The merged panel
shows colocalization of LC3B and CD68 in spleens from URMC-099-treated mice. Scale bars: 20 um.

with HIV-1

ADA

ATV concentration in total cells and in the isolated compartments was
quantitated by HPLC as previously described (6, 56).

URMC-099 treatment in mice. In parallel experiments designed
to assess URMC-099-induced autophagy in vivo, male BALB/c] mice
(The Jackson Laboratory) were maintained on a normal diet with free
access to food and water throughout the study. Mice were treated with
i.p. injections of 10 mg/ml URMC-099 dissolved in poly(ethylene gly-
col),,,/DMSO (8:1) mixture (vehicle) twice daily for 21 days. Subsequent
steps were as described above. Tissues were collected, and total RNA
was isolated. Real-time qPCR was performed to determine autophagy
marker levels. Liver homogenate was analyzed for autophagy markers
by Western blot assays. Tissues were also fixed in 4% PFA for immu-
nohistology staining. Blood was collected 5 hours after URMC-099
injection on days 7 and 14 after initiation of treatment and 16 hours after
URMC-099 injection on day 21 to measure plasma URMC-099 con-

jci.org

on days 14 and 28. DTG levels in plasma and tis-
sues were determined by ultra-performance lig-
uid chromatography-tandem mass spectroscopy
(UPLC-MS/MS) (see the Supplemental Experi-
mental Procedures for additional details).
Immunohistology. Spleens and livers were
fixed in 4% PFA overnight. Paraffin-embedded,
5-um-thick sections were stained with LC3B anti-
bodies. An HRP-conjugated secondary antibody
against rabbit IgG was added and developed with 3,3'-diaminobenzidine.
Images were captured using x20 and x40 objectives. For immunofluo-
rescence staining, sections were stained using antibodies against mouse
CD68 and LC3B, and the secondary antibodies were conjugated with
Alexa Fluor 488 or 594. Tissues were mounted using ProLong Gold with
DAPI (Thermo Fisher Scientific) and imaged using a confocal microscope.
Statistics. Data were analyzed using GraphPad Prism 6.0 software
(GraphPad Software) and Microsoft Excel. Two-way factorial ANOVA
and multiple comparisons using Bonferroni’s post-hoc tests were per-
formed for the studies on HIV infection over time in MDM cultures,
and the results were also assessed by linear regression. For compari-
sons of 2 groups, a Mann-Whitney U test or a 1-tailed Student’s ¢ test
was used. Multiple pairwise comparisons were corrected for the false
discovery rate (FDR) using the Benjamini-Hochberg procedure. Sig-
nificant differences were determined at a P value of less than 0.05.
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Figure 8. URMC-099 and nanoART parenteral coadministration sustains plasma DTG levels. Mice were injected i.m. with a single dose (45 mg/kg)

of nanoDTG and treated with or without daily i.p. injections of URMC-099 (10 mg/kg). (A) On different days, blood was collected, and the plasma DTG
concentration was determined by UPLC-MS/MS. (B) On day 14 (D14) and day 28 (D28), mice were sacrificed and DTG levels quantified in different tissues
by UPLC-MS/MS. (C-F) On days 14 and 28, total RNA was isolated from splenic and liver tissues, and real-time gPCR was performed for different genes.
Values represent the mean + SEM. *P < 0.05 and **P < 0.01, by Mann-Whitney U test (n = 6 mice per group). (G and H) On days 14 and 28, splenic and liver
tissues were collected, and total tissue lysate was analyzed by Western blotting for different autophagy markers. Each lane is representative of 5 animals
from each of the groups. Multiple comparisons were corrected for the FDR using the Benjamini-Hochberg method. Six mice were assessed per group.
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Figure 9. URMC-099 facilitates depots of nanoART in macrophage autophagosomes. Nanoformulated ARVs enter the MDM via clathrin-coated pits

and are transported to the early endosomes. Parts of the nanoARV are recycled by getting into recycling endosomes by Rab14-mediated fast recycling or
trafficking regulated by endosomal sorting complexes required for transport machinery (ESCRT) and Rab7. The particles reach late endosomes via ESCRT
and Rab11 and eventually fuse with lysosomes. HIV-1 fuses with the cell and releases its contents to the cytoplasm. Partial core shell uncoating and
reverse transcription lead to the formation of a preintegration complex that enters the nucleus, and provirus is formed following integration. After proviral
transcription and translation, viral assembly and maturation take place. HIV-1 Nef inhibits autophagy by sequestering TFEB in the cytoplasm. A subther-
apeutic dose of nanoART limits antiretroviral responses. URMC-099-assisted nuclear translocation of TFEB overcomes HIV-1 Nef-mediated inhibition of
autophagy. This affects autophagosome formation and retention of nanoformulated drugs specifically in the autophagosomes. In the presence of URMC-
099, nanoformulated ARV retention is increased, and release is decreased even with a subtherapeutic drug dose, ultimately attenuating HIV-1 infection.
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oratory animal housing and care and were approved by the IACUC
of UNMC. Human monocytes were isolated by leukapheresis from
HIV-1/2 and hepatitis seronegative donors and were deemed exempt
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