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Results: Histone deacetylase inhibitors induce the degradation of HIV in macrophages through a mechanism that involves

Conclusion: Histone deacetylase inhibitors inhibit HIV through an autophagy-dependent mechanism.
Significance: This is the first report of histone deacetylase inhibitors inhibiting HIV.
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Histone deacetylase inhibitors (HDACi) are being evaluated
in a “shock-and-kill” therapeutic approach to reverse human
immunodeficiency virus type-1 (HIV) latency from CD4* T
cells. Using this approach, HDACi have induced HIV RNA syn-
thesis in latently infected cells from some patients. The hope is
that the increase in viral production will lead to killing of the
infected cell either by the virus itself or by the patient’s immune
system, a “sterilizing cure.” Although administered within the
context of combination antiretroviral therapy, the infection of
bystander cells remains a concern. In this study, we investigated
the effect of HDACi (belinostat, givinostat, panobinostat,
romidepsin, and vorinostat) on the productive infection of
macrophages. We demonstrate that the HDACi tested do not
alter the initial susceptibility of macrophages to HIV infection.
However, we demonstrate that HDACi decrease HIV release
from macrophages in a dose-dependent manner (belinostat <
givinostat < vorinostat < panobinostat < romidepsin) via deg-
radation of intracellular HIV through the canonical autophagy
pathway. This mechanism involves unc-51-like autophagy-acti-
vating kinase 1 (ULK1) and the inhibition of the mammalian
target of rapamycin and requires the formation of autophago-
somes and their maturation into autolysosomes in the absence
of increased cell death. These data provide further evidence in
support of a role for autophagy in the control of HIV infection
and suggest that careful consideration of off-target effects will
be essential if HDACi are to be a component of a multipronged
approach to eliminate latently infected cells.
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Although effective combination antiretroviral therapy
(cART)® has transformed human immunodeficiency virus
type-1 (HIV) infection from an invariably fatal disease to a
chronicillness, cART does not eradicate HIV infection. Even in
the absence of undetectable plasma viral RNA, HIV persists
in long lived resting memory CD4™ T cells, naive CD4* T
cells, astrocytes, and macrophages by establishing a “latent”
infection. The molecular mechanisms of latency are complex
and include the absence of nuclear forms of key host tran-
scription factors, the absence of Tat and the associated host
factors that promote efficient transcriptional elongation,
epigenetic changes that inhibit HIV gene expression from
the promoter or the long terminal repeat (LTR), and tran-
scriptional interference (1). As latently infected cells are
undetectable by the immune system, are unresponsive to
cART, and cessation of therapy results in viral rebound
within weeks, lifelong cART is required for continued viral
suppression.

To date, efforts to purge the latent reservoir have focused on
the activation of viral production from these cells by histone
deacetylase (HDAC) inhibitors (HDACI) in the presence of
cART with the rationale that viral production is cytotoxic, and
cART will inhibit subsequent rounds of infection. During HIV
latency, various transcription factors recruit HDACs to the HIV
5" LTR where they induce chromatin condensation by promot-
ing deacetylation of histone lysine residues thus rendering the
LTR nuc-1 nucleosome hypoacetylated which prevents HIV
transcription. HDACi counteract this mechanism by allowing
remodeling of nuc-1 by histone acetyltransferases with subse-
quent hyperacetylation by cellular transcription factors or by
HIV Tat allowing activation of virus production (2). This strat-
egy, known as “shock and kill,” is being investigated in HIV-
infected patients. Administration of the HDACi vorinostat was

3 The abbreviations used are: cART, combined antiretroviral therapy; ABCC,
ATP-binding cassette, subfamily C (CFTR/MRP), member; ACTB, B-actin;
CCR5, chemokine (C-C motif) receptor 5; HDACI, histone deacetylase inhib-
itor; MTOR, mammalian target of rapamycin; MTORC1, MTOR complex 1;
qPCR, quantitative real-time PCR; SQSTM1, sequestosome 1; Tregs, regula-
tory T cells; ULK1, unc-51 like autophagy activating kinase 1; LDH, lactate
dehydrogenase; ssDNA, single-stranded DNA.
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well tolerated in patients on cART and, in one study, induced a
4.8-fold increase in HIV RNA expression in their resting CD4™
T cells (3). However, a major clinical concern with this strategy
is that, although administered in the context of cART, infection
of new uninfected CD4™ T cells and macrophages by induced
virus during periods of viral activation from latency may occur.
Indeed, a recent study has demonstrated that although vorinos-
tat does not affect virus-CD4™" T cell fusion, it increases the
kinetics of post-entry events such as reverse transcription and
integration thereby promoting productive infection of CD4" T
cells and potentially reseeding the viral reservoirs being purged
(4). Another important HIV reservoir is the macrophage. These
long lived cells reside within multiple tissue compartments.
Moreover, the efficacy of cART within macrophages may be
reduced as HIV infection increases transcription of ATP-bind-
ing cassette subfamily B(MDR/TAP) member 5 and ATP-bind-
ing cassette subfamily C (CFTR/MRP) member (ABCC) 1,
ABCC4, and ABCC5, which may favor the efflux of drugs used
as part of cART, thereby decreasing their pharmacological
effects (5). However, no study has examined the effect of
HDAC i on viral infectivity of macrophages. Therefore, we
investigated the effect of belinostat, givinostat, panobinostat,
romidepsin, and vorinostat on the susceptibility of macro-
phages to HIV infection. We report that HDACi have no impact
on the initial infection events, but through the induction of
macroautophagy (hereafter referred to as autophagy) they
induce the degradation of intracellular viral particles that lead
to areduction in viral release. Autophagy is a highly conserved
degradation pathway whereby cytosolic double membrane-
bound compartments termed autophagosomes engulf cyto-
plasmic constituents such as subcellular organelles and
microbial pathogens, fuse with lysosomes, and degrade the
engulfed components. Moreover, our data demonstrate that
the HDACi-mediated autophagic degradation of HIV
requires both the nucleation and formation of autophago-
somes as well as their subsequent maturation, and this leads
to a decrease in virus release.

EXPERIMENTAL PROCEDURES

Ethics Statement—Venous blood was drawn from HIV sero-
negative subjects using a protocol that was reviewed and
approved by the Human Research Protections Program of the
University of California, San Diego (Project 09-0660), in
accordance with the requirements of the Code of Federal Reg-
ulations on the Protection of Human Subjects (45 CFR 46 and
21 CFR 50 and 56). Written informed consent was obtained
from subjects prior to their participation.

Cells and Reagents—Monocyte-derived macrophages were
obtained from peripheral blood mononuclear cells as described
previously (6). All experiments were performed in RPMI 1640
medium supplemented with 10% (v/v) heat-inactivated FBS
and 10 ng/ml macrophage colony-stimulating factor. TZM-bl
cells were obtained through the AIDS Research and Reference
Reagent Program, contributed by Drs. John C. Kappes, Xiaoyun
Wu, and Tranzyme Inc. (7). Cell death was estimated using the
lactate dehydrogenase (LDH) cytotoxicity detection kit™"®
(Roche Applied Science) and the single-stranded DNA
(ssDNA) ELISA (Millipore), as described previously (8).
SASBMB
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Belinostat (PXD101), givinostat (ITF2357), panobinostat
(LBH589), romidepsin (FK228), and vorinostat (suberoylani-
lide hydroxamic acid) were purchased from Selleck Chemicals.
Bafilomycin A;, SID 26681509, and sirolimus were purchased
from Sigma. Bafilomycin A, was used at 100 nmol/liter and SID
26681509 at 50 nmol/liter with pretreatment for 1 h before
addition of HDACIi or sirolimus. Maraviroc was purchased
from Toronto Research Chemicals and was used at 10 nmol/
liter. Concentrations of HDACi used were based upon previ-
ously published whole blood C,,, and C,;, data for each drug
(9-13).

Virus—HIVy, | was obtained through the AIDS Research
and Reference Reagent Program, contributed by Dr. Suzanne
Gartner and Dr. Robert Gallo (14, 15). Virus stocks and titers
were prepared as described previously using the Alliance HIV
p24 antigen ELISA (PerkinElmer Life Sciences) (16). Macro-
phages were infected with 10° TCID,,/ml HIVy, ; per 5 X 10°
cells as described previously (6). Viral binding and entry were
assessed as described previously (17). Productive infection of
TZM-bl cells 48 h post-HIV exposure was detected using the
[B-gal staining set (Roche Applied Science).

Immunoblotting—unc-51-like autophagy-activating kinase 1
(ULK1; D9D?7), eukaryotic translation initiation factor 4E-bind-
ing protein 1 (EIF4EBP1; 53H11), ribosomal protein S6 kinase,
70 kDa, polypeptide 2 (RPS6KB2; 49D7), phospho-ULK1
(Ser”®”), phospho-EIF4EBP1 (Thr®”/*%; 236B4), phospho-
RPS6KB2 (Thr?®?), autophagy-related (ATG) 7, and ATG5
antibodies were obtained from Cell Signaling. Sequestosome 1
(SQSTML; ab56416), HIV p24 (39/5.4A), and HIV Nef (3D12)
antibodies were obtained from Abcam. B-Actin (ACTB;
AC-74) and microtubule-associated protein 1 light chain 38
(LC3B; NB100-2220) antibodies were obtained from Sigma and
Novus Biologicals, respectively. Cell lysates were prepared
using 20 mmol/liter HEPES, 150 mmol/liter NaCl, 1 mmol/liter
EDTA supplemented with 1% (v/v) 4-(1,1,3,3-tetramethylbu-
tyl)phenyl-polyethylene glycol (all Sigma) and 1% (v/v) Halt
protease and phosphatase inhibitor mixture (Thermo Scien-
tific). Cell lysates were resolved using 2-[bis(2-hydroxyethyl)-
amino]-2-(hydroxymethyl)propane-1,3-diol-buffered 12% poly-
acrylamide gel (Novex) and transferred to 0.2 um pore-size
PVDF membranes (Thermo Scientific), followed by detection
with alkaline phosphatase-tagged secondary antibodies (In-
vitrogen) and 0.25 mMm disodium 2-chloro-5-(4-methox-
yspiro[1,2-dioxetane-3,2’-(5-chlorotricyclo[3.3.1.1%>7]decan])-
4-yl]-1-phenyl phosphate supplemented with 5% (v/v)
Nitro-Block II (both from Applied Biosystems). Relative
densities of the target bands compared with the reference
ACTB bands were calculated using Image] (National Insti-
tutes of Health). Each data point was normalized to the vehi-
cle and then log, transformed.

ShRNA Transduction—Lentiviral transduction of macro-
phages with MISSION lentiviral particles containing shRNAs
targeting ATGS (SHCLNV-NM_004849/TRCN0000150940
and TRCNO0000151963), ATG7 (SHCLNV-NM_006395/
TRCN0000007584 and TRCNO0000435480), or scrambled
nontarget negative control (SHC002V) was performed accord-
ing to the manufacturer’s protocol (Sigma). SHC002V was used
as nontargeting negative control as it activates the RNA-in-
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duced silencing complex and the RNAi pathway, but it does not
target any human gene allowing the examination of the effects
of shRNA transduction and RNAI activation on gene expres-
sion. Macrophages were transduced with nonspecific scram-
bled shRNA or target shRNA and selected using 3 ug/ml puro-
mycin (Invitrogen). Five days later, cells were analyzed for
target gene silencing and used in experiments. Validation was
performed by phenotypic rescue using custom shRNA-insensi-
tive open reading frame (ORF) cDNA lentiviral vectors (Len-
tiORF; GeneCopoeia). For rescue experiments, macrophages
were transduced with target shRNA with a neomycin resistance
marker and LentiORF constructs. Selection was performed
using 100 pg/ml G418 (Invitrogen) combined with 3 ug/ml
puromycin (for ATG?7) or 200 pg/ml hygromycin B (Invitrogen)
(for ATGS) as selection agents.

Quantitative Real Time PCR (qPCR)—Strong-stop HIV DNA
quantification was measured using qPCR with the LightCycler
1.5 instrument and FastStart DNA Master SYBR Green I (both
Roche Applied Science). Primers and run conditions were as
described previously (16). Data were analyzed using the Pfaffl
method (18). The ratio between HIV LTR DNA and polymerase
(RNA) IT (DNA-directed) polypeptide A (POLR2A) was calcu-
lated and normalized so that HIV LTR DNA in untreated cells
equals 1.00. Data were then log, transformed.

HIV integration was assessed using a nested Alu-LTR qPCR
assay as described previously (19, 20) using a GeneAmp PCR
system 9700 (Applied Biosystems) and a Light Cycler 480 II
(Roche Applied Science). Concentrations of genomic DNA
were normalized using a NanoDrop Lite (Thermo Fisher).

Flow Cytometry—Cell surface expression of chemokine (C-C
motif) receptor 5 (CCR5) and CD4 was measured using
allophycocyanin-tagged CCR5, peridin-chlorophyll protein-
tagged CD4, and FITC-tagged CD14 monoclonal antibodies
(all BD Biosciences) followed by fixation in Dulbecco’s PBS sup-
plemented with 4% (w/v) paraformaldehyde. Data were col-
lected using a FACSCalibur flow cytometer (BD Biosciences)
and analyzed using FlowJo (Tree Star).

Statistics—Data were assessed for symmetry, or skewness,
using Pearson’s skewness coefficient. Fold change data were
log, transformed to convert the ratio to a difference that better
approximates the normal distribution on a log scale. Compari-
sons between groups were performed using the paired, two-
tailed Student’s ¢ test. Differences were considered to be statis-
tically significant when p < 0.05.

RESULTS

HDACi Decrease HIV Release from Human Macrophages—
The recent efforts to purge the latent reservoir of HIV have
focused on the activation of viral production from latently
infected cells using HDACi in the presence of cART. However,
the activity of these drugs in non-T cell reservoirs is unknown.
Moreover, although HDAC] shock-and-kill will be performed
in the presence of cART, suboptimal viral inhibition could
occur in the context of patient noncompliance, viral resistance,
or sanctuary sites with poor drug penetration. Therefore, we
determined whether HDACi influence HIV infection and rep-
lication in primary macrophages by comparing the extent to
which HDACi treatment influences p24 antigen accumulation
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in the supernatants of productively infected macrophages. All
HDACi induced a dose-dependent decrease in HIV p24 release
into the culture supernatants that became significant by day 3
post-infection at the highest concentrations tested (p < 0.01).
Moreover, the magnitude of the decrease escalated until cul-
tures were discontinued on day 10 post-infection (Fig. 1A).
Romidepsin induced the greatest decline in HIV p24 antigen
release with 500 pmol/liter sufficient for a 98% reduction by 10
days post-infection (p = 0.002). Belinostat and givinostat were
the least effective with 1 nmol/liter reducing p24 antigen
release by 9% (p = 0.2) and 18% (p = 0.17), respectively, and at
10 nmol/liter by 39% (p = 0.001) and 48% (p = 0.009), respec-
tively. This is in contrast to panobinostat that achieved a 51%
(p = 0.01) and 86% decrease in HIV p24 antigen release (p =
0.003) at 1 and 10 nmol/liter, respectively. Interestingly, even a
low dose of 25 nmol/liter vorinostat was sufficient to decrease
extracellular HIV p24 antigen accumulation by 83% (p =
0.003). As HDAC:i have been reported to exert cytotoxic effects
in cancer cells (21), it was important to confirm that the cells
were not undergoing cell death at the concentrations being
used. Therefore, we assayed for plasma membrane breakdown
(as a sign of cytotoxicity) using the LDH assay. We observed
that at 10 days post-HIV infection, HDACi induced no signifi-
cant cytotoxic effects at the concentrations used (p > 0.06; Fig.
1B). Moreover, based on the selective thermal denaturation of
apoptotic ssDNA using low heat and formamide and subse-
quent detection using a monoclonal antibody, a more specific
indicator of apoptosis than TUNEL (22), we also observed no
difference in ssDNA accumulation at the same time point (p >
0.09; Fig. 1C).

To understand how HDACIi affects HIV replication, we
examined sequential steps of viral replication. Treatment of
cells with HDAC: did not significantly affect the expression of
either CD4 or CCR5, which are required for R5 HIV binding
and entry into macrophages (Fig. 2A). Consistent with this find-
ing, binding of HIV to HDACi-treated cells, as measured by
ELISA of cell-associated p24 Gag protein, was similar to that of
untreated cells (p > 0.3; Fig. 2B). Moreover, the quantity of
intracellular p24 Gag (trypsin-resistant) in cells exposed to
virus for 5 h in both untreated and HDACi-treated cells were
similar (p > 0.29; Fig. 2C). As controls, sirolimus and maraviroc
were used. Sirolimus is known to down-regulate CCR5 expres-
sion (23), and maraviroc is a CCR5 antagonist (24), thereby
providing a control for CCR5 binding. Combined, these results
suggest that, collectively, HDACi have no effect on either HIV
binding or entry.

We then measured viral infection using qPCR for the pres-
ence and quantity of strong-stop HIV DNA (with LTR R/U5
primers) 8 h post-infection. Macrophages were treated with
HDACi for 4 h prior to infection with HIV. Following 8 h of
infection, HDACi had no effect on HIV reverse transcription
(p > 0.1; Fig. 2D). As Nef is expressed in abundance during the
early phase of HIV infection (25), we also analyzed the transla-
tion of Nef by immunoblotting. We observed a slight but non-
significant increase in Nef production in HDACi-treated cells
over vehicle controls (p > 0.18; Fig. 2E). We next assessed viral
integration at 10 days post-infection and observed no signifi-
cant difference in integration events post-HDACi treatment
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FIGURE 1. HDACi decrease HIV p24 antigen release from macrophages. Macrophages were incubated with HDACi for 24 h before infection with HIV for 3 h.
Cells were then washed and incubated with HDACi for 10 days. A, extracellular release of HIV p24 antigen into the cell supernatant at days 0, 3,5, 7, and 10 was
detected by ELISA. B, extracellular release of LDH was measured spectrophotometrically using the cytotoxicity detection kit?""* (LDH) assay at 10 days
post-infection. C, quantification of the percentage of cells with apoptotic ssDNA using the ssDNA ELISA at 10 days post-infection. Results are reported as

mean = S.E., n = 5.% p <0.05.

(Fig. 2F). We then assessed for productive HIV infection by
assaying for Tat activity using TZM-bl cells. We pretreated
TZM-bl cells with HDACi for 4 h and then exposed them to
HIV. At the concentrations tested, none of the HDACi had
significant inhibitory effects on HIV productive infection as
measured by HIV Tat activity (p > 0.56; Fig. 2G).

In our next series of experiments, we assessed whether the
decrease in cell culture supernatant HIV p24 release was due to
HDAC:I inducing the production of replication-incompetent
viral particles. 1 ng of p24 antigen from cell-free supernatants
derived from cells treated with HDACi and infected for 10 days
was used to infect fresh macrophages in the absence of HDACi.
We observed no difference in HIV-replicative fitness post-
HDAC: treatment indicating that the virus being released is
replication-competent (p > 0.19; Fig. 2H). Next, we examined
the effect of HDACi on HIV replication at early time points
post-infection by treating macrophage cultures exposed to HIV
with HDAC] at 4 h pre-exposure, at the time of infection and at
3,5,and 7 days post-infection. At every time point, each HDACi
induced a significant decrease in cell culture supernatant HIV
p24 antigen accumulation (Fig. 3) in the absence of toxic cellu-
lar effects.

HDACi Induce Autophagy in Human Primary Macro-
phages—HDACI are known to promote autophagic responses
in a multitude of different cell types (26 —34), and the pharma-
cological induction of autophagy is known to inhibit HIV dis-
semination from macrophages (6, 17, 35-37). However, the
ability of HDACi to induce an autophagic response in primary
human macrophages has not been investigated. During
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autophagy, cytosolic LC3B-1 is converted to LC3B-II by a ubiq-
uitin-like system that involves ATG7, ATG3, and the ATG12—
ATG5 complex. The ATG12—ATG5 complex ligates LC3B-1I
to the nascent autophagosome membrane through phosphati-
dylethanolamine with the LC3B-II associated with the inner
membrane degraded after fusion of the autophagosome with
lysosomes. Therefore, the conversion of LC3B-1 to LC3B-II and
its turnover is an indicator of autophagy induction and flux
(38). Exposure of macrophages to HDACi for 24 h led to a
dose-dependent increase in LC3B-II similar to that observed
with sirolimus, an inducer of autophagy through inhibition of
the MTOR complex 1 (MTORC1) (Fig. 4A).

To verify that the increase in LC3 lipidation in HDACi-
treated cells versus control cells represents increased auto-
phagic flux rather than an accumulation of LC3B-II, the degra-
dation of the polyubiquitin-binding protein SQSTM1 was
quantified. Inhibition of autophagy leads to an increase in
SQSTM1 protein levels, whereas autolysosomes degrade
SQSTM1- and LC3-positive bodies during autophagic flux (39).
In these experiments, HDACi treatment led to a dose-depen-
dent decrease in SQSTM1 protein levels corresponding to the
induction of autophagic flux (Fig. 44). Although we observed
an increase in autophagic markers in the absence of visible
pyknosis, karyorrhexis, or plasma membrane blebbing (data
not shown), it was important to confirm that the cells were not
undergoing cell death at the concentrations being used, as the
induction of excessive autophagy can cause cell death (40, 41).
Importantly, we did not observe a significant increase in cell
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Binding was measured at 3 h postinfection by washing cells extensively, then lysing, and analyzing p24 by ELISA. , entry was measured at 5 h postinfection by
washing cells extensively, then trypsinizing, lysing, and subsequently analyzing intracellular p24 by ELISA. D, DNA was extracted from cells at 8 h postinfection
for gPCR analysis of pre-integration strong-stop HIV DNA. POLR2A was amplified as a control. Results are expressed as the ratio between the HIV LTR DNA and
POLR2A, normalized to the vehicle control, and then log, transformed. £, macrophages lysed at 5 h post-infection were subjected to immunoblotting for both
HIV Nef and ACTB. F, DNA was extracted from cells at 10 days postinfection for Alu-LTR-based nested gqPCR. Results are expressed as the ratio between the
Alu-LTR DNA and B,-microglobulin, normalized to the vehicle control, and then log, transformed. G, percentage of TZM-bl cells productively infected with HIV
after 4 h of pretreatment with HDACi. H, macrophages were incubated with 1 ng of HIV p24 antigen from the 10-day aliquots of cell-free supernatants
post-HDACi treatment for 3 h and then cultured for 10 days with ELISA performed for HIV p24 antigen. All HDACi and sirolimus were used at 100 nmol/liter
except romidepsin, which was used at 50 nmol/liter. Results are reported as mean = S.E., n = 5.%,p < 0.05.

Belinostat Givinostat Panobinostat Romidepsin Vorinostat
150
3
£
8100
<
N
2 50
0
Days
—0O— No treatment —&— 4 h pre-infection —o0—0 h post-infection
—— 72 h post-infection —{— 120 h post-infection —x— 168 h post-infection

FIGURE 3. HDACi decrease HIV p24 release post-infection. Macrophages were incubated with HDACi at different time points with respect to infection with
HIV. ELISAs were performed for HIV p24 antigen over 10 days. AllHDACi were used at 100 nmol/liter except romidepsin, which was used at 50 nmol/liter. Results
are reported as mean = S.E, n = 6; * p < 0.05.

5032 JOURNAL OF BIOLOGICAL CHEMISTRY @SBMB VOLUME 290-NUMBER 8+FEBRUARY 20, 2015



HDACi Inhibit HIV through Autophagy

A @ Ao
© \.0\ \'6\' R (\06 2 \)‘5 ’b\
. ‘(\\3 O LAOP o & 0 X
= oo¥ o Qo @06\\ & qo‘\(\o
nmollL - 4100 1 10100 1 10100 1 10100 0.5 5 50 - 10025 2502500

SQSTM1 "= - oy . - -

LC3-I
LC3-II

ACTB = S wne wnn suw aan ane aon S

LC3B:LC3B-I:ACTB

kDa

--
-— —_60

———— To e .

- - -——-

u SQSTM1:ACTB

@ 649 % * % * % % * % * * *x *x % *
c 4 4 - = T & £  E =
£ 2 = i e = =
© 0 :
kel
S 21
4 l . - l l l
§’-g' * * % * % % * * % * % % * %
[) %) ~— o o — o o — o o o] wn o Te] o o
<8 -0 I Rl =2 B Rl = I Rl = I R e Rl B
sIE ~
o i . . . . .
> 5 Belinostat | Givinostat [Panobinostatf Romidepsin| Vorinostat
nmol/L nmol/L nmol/L nmol/L nmol/L
B 5 - _
o 4 LDH release m Apoptosis
©
£ 3 1
8 21 &
[0)
o 11
0 -
(2]
3
E
©°
5) Belinostat | Givinostat |Panobinostat] Romidepsin| Vorinostat

nmol/L nmol/L

nmol/L nmol/L nmol/L

FIGURE 4. HDACi induce autophagy in human macrophages. Macrophages were treated for 24 h with HDACi or sirolimus. A, top, representative immuno-
blots of LC3Bisoforms and SQSTM1 using antibody to LC3B, SQSTM1, and ACTB. Bottom, densitometric analysis of immunoblots presented as means = S.E.,n =

4.*,p < 0.05. B, extracellular release of LDH was measured spectrophotometrica
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death due to HDACi treatment at this time point as measured
by LDH release and by ssDNA accumulation (Fig. 4B).

HDAC: Induce Autophagy by Inhibiting MTOR and Activat-
ing ULK1—The ULK1 kinase complex functions at the initial
stages of the canonical autophagy pathway and induces
autophagy by phosphorylating beclin 1 and activating phos-
phatidylinositol 3-kinase catalytic subunit type 3 (42—44).
Under nutrient-rich conditions MTORCI, consisting of
MTOR, the regulatory-associated protein of MTOR com-
plex 1 (RPTOR), and MTOR-associated protein LST8 homo-
log (MLSTS8), phosphorylates ULK1 at Ser”®” and binds it
through RPTOR. Under conditions of stress such as nutrient
deprivation or Toll-like receptor signaling, MTORCI1 is
inhibited leading to global dephosphorylation of ULK1, dis-
sociation of ULK1 from MTORCI, and the induction of
autophagosome formation. Therefore, we first examined
whether ULK1 is involved in HDACi-mediated autophagy by
determining whether HDACi treatment causes the inhibi-
tion of MTOR and thereby the dephosphorylation and acti-
vation of ULK1. All HDACi were found to induce significant
dephosphorylation and activation of ULK1 as monitored by
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Ily using the cytotoxicity detection kit”Y> (LDH) assay. The percentage of cells
ed as mean = S.E,, n = 4; %, p < 0.05.

phospho-ULK1 (Ser”®?)-specific antibodies and by its faster
mobility in SDS-PAGE (Fig. 5). Moreover, belinostat, givi-
nostat, and panobinostat all induced the dose-dependent
decrease in phospho-ULK1 (Ser”®?) (Fig. 5). We next exam-
ined whether HDAC:i cause global inhibition of MTORCI1 by
measuring the phosphorylation status of two well known
MTOR substrates, RPS6KB2 and EIF4EBP1. HDACi treat-
ment induced the dephosphorylation of RPS6KB2 and
EIF4EBP1 in a similar manner to ULK1 (Fig. 5) suggesting
that HDACi inhibit MTOR.

HDACi-mediated Autophagy Inhibits HIV Dissemination
from Human Macrophages—To determine whether HDACi-
induced autophagy contributes to the HDACi-mediated
decrease of HIV p24 antigen release, we assessed the effect of
ATGS5 and ATG7 silencing on HIV infection post-HDACi treat-
ment. Both ATGS and ATG7 RNAi were effective in silencing
their respective genes over the 10-day infection protocol (Figs.
6A and 7A) and were efficient at inhibiting LC3B lipidation and
the degradation of SQSTM1, and thus autophagy (Figs. 6B and
7B). To validate both the selectivity of the shRNAs for ATGS
and ATG?7, and the specificity of the phenotype, we performed
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rescue experiments employing expression constructs contain-
ing shRNA-resistant forms of the gene’s open reading frame
(OREF) (Figs. 6B and 7B). In the presence of shRNA-insensitive
ORF transcripts, the wild type phenotype was rescued, and
autophagy was restored (Figs. 6B and 7B). ATGS5 RNAI abro-
gated the belinostat (p < 0.001) and givinostat (»p < 0.001) and
significantly diminished the panobinostat-, romidepsin-, and
vorinostat-mediated decrease of cell culture supernatant HIV
p24 antigen accumulation by day 10 (Fig. 6C). ATG7 RNAi
abrogated both belinostat- and givinostat-mediated inhibition
of HIV p24 accumulation by day 10 (p < 0.001). It also signifi-
cantly diminished the panobinostat-, romidepsin-, and vori-
nostat-mediated inhibition of HIV by day 10 (p < 0.001; Fig.
7C). Importantly, in the presence of shRNA-insensitive ATG5
(Fig. 6D) or ATG7 (Fig. 7D) ORF transcripts, the HDACi-me-
diated decrease in extracellular supernatant HIV p24 antigen
accumulation was similar to the nontargeting negative control
shRNA.

We next investigated whether autophagosome acidification,
a late stage event during autophagy, is required for the HDACi-
mediated autophagic decrease in HIV release. During auto-
phagy, lysosomes fuse with autophagosomes to form autolyso-
somes. Macrophages were treated with bafilomycin A;, an
inhibitor of the vacuolar H"-ATPase and autophagosome-ly-
sosome fusion, and subsequently infected with HIV. Bafilomy-
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cin A, reversed the HDACi-mediated decrease of extracellular
HIV accumulation (Fig. 84), and in the case of belinostat and
givinostat, it completely abrogated the decrease in HIV release
suggesting that the acidic pH of autolysosomes is required for
the autophagy-mediated control of HIV.

After lysosomes fuse with autophagosomes to form autoly-
sosomes, the sequestered components are degraded by lyso-
somal hydrolases and are released into the cytosol by lysosomal
efflux permeases. We investigated whether lysosomal hydro-
lases are important for the HDACi-mediated decrease in HIV
release through autophagy using SID 26681509, a novel thio-
carbazate-specific inhibitor of the lysosome hydrolase cathep-
sin L. Importantly, in the absence of HDACI, SID 26681509
induced no net inhibition of HIV (Fig. 8B). Moreover, in the
presence of HDACI, SID 26681509 reversed the observed
HDACi-mediated decline in extracellular accumulation of
HIV, and similar to bafilomycin A, it completely abrogated
both belinostat- and givinostat-mediated decrease with a less
pronounced but still significant effect on vorinostat, romidep-
sin, and panobinostat (Fig. 8B).

Finally, we examined the effect of HDACIi on intracellular
HIV p24 antigen levels at a late time point post-infection by
treating macrophage cultures exposed to HIV with HDACi at 7
days post-infection in the presence or absence of bafilomycin
A,. As expected, HIV p24 antigen levels were increased in the
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FIGURE 6. HDACi-mediated decrease of HIV p24 antigen release from macrophages requires ATG5. A, macrophages transduced with ATG5 shRNA
(TRCNO000150940 or TRCN0000151963) or scrambled shRNA (shNS) were incubated with HDACi for 24 h before HIV infection under continuous HDACi
treatment for 10 days. Top, representative immunoblots performed using antibodies raised to ATG5 and ACTB. Bottom, densitometric analysis of
immunoblots presented as means =+ S.E., n = 4. B, macrophages transduced as in A with the corresponding shRNA-insensitive open reading frame (ORF)
lentiviral vectors were treated with 100 nmol/liter sirolimus for 24 h, harvested, and analyzed for autophagy proteins. A representative immunoblot of
LC3B isoforms, ATG5, and SQSTM1 using antibody to LC3B, SQSTM1, ATG5, and ACTB is presented. C, macrophages transduced as in A were incubated
with HDACi for 24 h before HIV infection under continuous HDACi treatment for 10 days. ELISA was performed for extracellular release of HIV p24
antigen. D, macrophages transduced with ATG5 shRNA and the corresponding rescue cDNA ORF vector were incubated with HDACi for 24 h before HIV
infection under continuous HDACi treatment for 10 days. ELISA was performed for extracellular release of HIV p24 antigen. All data are reported as

mean = S.E., n = 4; %, p <0.05.

presence of bafilomycin A, alone. Moreover, at the concentra-
tions tested, HDACi induced a significant decrease in intracel-
lular HIV p24 antigen by day 10 post-infection (Fig. 9). Impor-
tantly, the degradation of HIV induced by HDACi was
abrogated in the presence of bafilomycin A,. Collectively, these
data indicate that HDACi induce the degradation of HIV
through the induction of autophagy, which leads to a reduction
in the number of virions that are then released.

DISCUSSION

Several HDACi have been evaluated for their ability to acti-
vate HIV production from latently infected cells (45, 46). To
date, only vorinostat (3, 47, 48), valproic acid (48), MRK1 (49),
and romidepsin (12) have demonstrated an ability to reactivate
HIV from resting CD4™" T cells from HIV-infected patients on
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suppressive cART, the gold standard for studying latently
infected CD4™ T cells. However, vorinostat was found to pro-
mote HIV infection of uninfected CD4™" T cells in a dose- and
time-dependent manner that was independent of receptor and
coreceptor usage raising concerns for the clinical use of vori-
nostat as it could reseed the viral reservoirs intended to be
purged (4). To our knowledge, no study, in vitro or in vivo, had
investigated the effect of HDACi on HIV infection of macro-
phages, an important site of HIV infection and persistence.
Macrophages, along with dendritic cells, are an important res-
ervoir due to their longevity and widespread dissemination
within multiple tissue compartments. However, there is cur-
rently a lack of scientific data demonstrating that HIV can be
cleared from macrophages. In this study, we investigated the
effect of the HDACIi belinostat, givinostat, panobinostat,
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FIGURE 7. HDACi-mediated decrease of HIV p24 antigen release from macrophages requires ATG7. A, macrophages transduced with ATG7 shRNA
(TRCN0000007584 or TRCN0000435480) or scrambled shRNA (shNS) were incubated with HDACi for 24 h before HIV infection under continuous HDACi
treatment for 10 days. Top, representative immunoblots performed using antibodies raised to ATG7 and ACTB. Bottom, densitometric analysis of immunoblots
presented as means = S.E., n = 4. B, macrophages transduced as in A with the corresponding shRNA-insensitive open reading frame (ORF) lentiviral vectors
were treated with 100 nmol/liter sirolimus for 24 h, harvested, and analyzed for autophagy proteins. A representative immunoblot of LC3B isoforms, ATG7, and
SQSTM1 using antibody to LC3B, SQSTM1, ATG7, and ACTB is presented. C, macrophages transduced as in A were incubated with HDACi for 24 h before HIV
infection under continuous HDACi treatment for 10 days. ELISA was performed for extracellular release of HIV p24 antigen. D, macrophages transduced with
ATG7 shRNA and the corresponding rescue cDNA ORF vector were incubated with HDACi for 24 h before HIV infection under continuous HDACi treatment for

10 days. ELISA was performed for extracellular release of HIV p24 antigen. All data are reported as mean = S.E.,, n = 4; *, p < 0.05.

romidepsin, and vorinostat on HIV infection of macrophages.
Although the HDAC:I tested had no effect on viral binding,
entry, reverse transcription, integration, or protein synthesis
events, they dose-dependently inhibited HIV through the deg-
radative canonical autophagy pathway involving ULK1 that
required the formation of autophagosomes and their subse-
quent maturation into autolysosomes. These results reveal a
previously unknown mechanism of HDACi on HIV infection
that is distinct from their ability to reactivate viral transcription
from latently infected CD4™ T cells. Our findings with vorinos-
tat are in contrast to those reported by Lucera et al. (4) in unin-
fected CD4™ T cells outlining the importance of studying the
different HDACi and their actions on different cell types. For
instance, the pan-HDAC inhibitor valproic acid induces acety-
lation at the integrated HIV proviral promoter and reactivates
latent HIV expression from resting CD4™" T cells of aviremic
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patients without activating or rendering uninfected CD4" T
cells more permissive for de novo infection (50). Furthermore,
structurally related HDACi have been shown to have both anti-
and pro-inflammatory responses in vivo; therefore, predicting
their effects in the context of in vivo HIV infection may be
difficult (51, 52). As an example, the anti-inflammatory pan-
HDAC: vorinostat can stimulate thymic production of natural
regulatory T cells (Tregs), promote peripherally generated
induced Tregs, and enhance the immune suppressive function
of human Tregs (53, 54). In addition, the structurally related
trichostatin A increases forkhead box P3 (FOXP3) acetylation
thereby protecting it from proteasomal degradation (55). Thus,
hydroxamic acid HDACi-induced immune suppression via
Tregs may impact the course of HIV infection by permitting
virus-associated excess inflammation that drives disease pro-
gression in untreated HIV infection and causes premature
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FIGURE 8. HDACi-mediated decrease of HIV p24 antigen release from macrophages requires the completion of autophagic flux. A, macrophages were
pretreated with vehicle control (top) or bafilomycin A, (bottom) before incubation with HDACi for 24 h before infection with HIV. Cells were then washed and
incubated with HDACi and bafilomycin A, for 10 days. ELISA was performed for extracellular HIV p24 antigen release over 10 days. Results are reported as
mean = S.E.,.n = 5. B, macrophages were pretreated with vehicle control (top) or SID 26681509 (bottom) before incubation with HDACi for 24 h before infection
with HIV. Cells were then washed and incubated with HDACi and SID 26681509 for 10 days. ELISA was performed for extracellular HIV p24 antigen release over

10 days. Results are reported as mean = S.E, n = 5.% p < 0.05.

immunosenescence and morbidity in persons on cART (56).
However, entinostat, a benzamide HDACI, transcriptionally
down-regulates FOXP3 expression and blocks the suppressive
function of Tregs without affecting T effector cells (57). These
findings further demonstrate the complex and diverse biologi-
cal roles of HDACi drugs.

In our studies, all HDACi induced the significant dephos-
phorylation and activation of ULK1 indicative of the inactiva-
tion of MTOR. However, it is unknown whether these HDACi
inactivate MTOR via histone deacetylation and therefore tran-
scription of certain autophagic genes or via the deacetylation
inhibition of a non-histone protein, which regulates MTOR
function. Importantly, unlike reports from studies involving
cancer cell lines, at the biologically relevant concentrations
tested, these HDACi failed to induce either nonapoptotic cell
death or apoptosis of primary macrophages further demon-
strating that the effects of HDACi can vary significantly
depending upon the cell type studied.

This study provides support for the potential benefits of sup-
plementing cART with HDACi in a cure strategy. Well con-
trolled clinical trials are needed to determine whether HDACi
supplementation is of value as adjunctive treatment in HIV-
infected persons. However, if hydroxamic acid-based HDACi
are to be employed in a shock-and-kill strategy, increasing
cART may help reduce the likelihood of reseeding the CD4* T
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cell viral reservoirs and may play a role in decreasing the size of
the viral reservoir in treated patients. This is especially impor-
tant when considering that local drug exposure and viral
dynamics differ significantly in HIV sanctuary sites when com-
pared with the systemic compartment. Combined with patient
noncompliance and viral resistance, this may potentially
endanger the efficacy of both cART and thereby the shock-and-
kill strategy in the long term, and it may even make eradication
of HIV impossible under such circumstances.

Our recent studies have demonstrated that the pharmaco-
logical induction of autophagy inhibits HIV replication in
macrophages (6, 17, 35-37). Consequently, this study adds a
new drug class that is not only able to decrease HIV release
from macrophages but also degrades viral particles through
autophagy. Further highlighting autophagy in the control of
HIV, a recent study found that peripheral blood mononu-
clear cells from elite controllers contain significantly more
autophagic vesicles and express more autophagic markers
than normal progressors. Moreover, the same peripheral
blood mononuclear cells from elite controllers were more
responsive to sirolimus treatment leading to an enhanced
autophagic response and a greater reduction in virus pro-
duction (58). Dissecting the molecular mechanisms by which
HIV utilizes autophagy has the potential to lead to the iden-
tification of novel drug candidates to treat HIV infection and
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p24 antigen using antibody to HIV p24 antigen and ACTB. Bottom, densito-
metric analysis of immunoblots presented as means = S.E.,n = 4. %, p < 0.05.

related opportunistic infections. The induction and modu-
lation of autophagy through pharmacological means to
enhance HIV treatment are both attractive and novel as
autophagy works at the host cellular level to improve intra-
cellular killing of both replicating and nonreplicating HIV,
although resistance is unlikely to develop. However, it
remains to be determined whether the general beneficial
effects of increased autophagy for treating infections and
other disorders outweigh its possible harmful effects on nor-
mal cellular functions.
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