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ABSTRACT Autophagy is a highly conserved recycling pathway that promotes cell
survival during periods of stress. We previously reported that induction of au-
tophagy through the inhibition of the mechanistic target of rapamycin (MTOR) in-
hibits HIV replication in human macrophages and CD4* T lymphocytes (T cells).
However, the inhibition of MTOR has modulatory effects beyond autophagy that
might affect viral replication. Here, we examined the effect on HIV replication of tre-
halose, a nontoxic, nonreducing disaccharide that induces autophagy through an
MTOR-independent mechanism. Treatment of HIV-infected macrophages and T cells
with trehalose inhibited infection in a dose-dependent manner. Uninfected and HIV-
infected macrophages and T cells treated with trehalose exhibited increased markers
of autophagy, including LC3B lipidation with further accumulation following bafilo-
mycin A1 treatment, and increased levels of LAMP1, LAMP2, and RAB7 proteins re-
quired for lysosomal biogenesis and fusion. Moreover, the inhibition of HIV by treha-
lose was significantly reduced by knockdown of ATG5. Additionally, trehalose
downregulated the expression of C-C motif chemokine receptor 5 (CCR5) in T cells
and CD4 in both T cells and macrophages, which reduced HIV entry in these cells.
Our data demonstrate that the naturally occurring sugar trehalose at doses safely
achieved in humans inhibits HIV through two mechanisms: (i) decreased entry
through the downregulation of CCR5 in T cells and decreased CD4 expression in
both T cells and macrophages and (ii) degradation of intracellular HIV through the
induction of MTOR-independent autophagy. These findings demonstrate that cellular
mechanisms can be modulated to inhibit HIV entry and intracellular replication us-
ing a naturally occurring, nontoxic sugar.

IMPORTANCE Induction of autophagy through inhibition of MTOR has been shown
to inhibit HIV replication. However, inhibition of the mechanistic target of rapamycin
(MTOR) has cellular effects that may alter HIV infection through other mechanisms. Here,
we examined the HIV-inhibitory effects of the MTOR-independent inducer of autophagy,
trehalose. Of note, we identified that in addition to the inhibition of the intracellular rep-
lication of HIV by autophagy, trehalose decreased viral entry in human primary macro-
phages and CD4" T cells through the downregulation of C-C motif chemokine receptor
5 (CCR5) in T cells and CD4 in both T cells and macrophages. Thus, we showed that tre-
halose uniquely inhibits HIV replication through inhibition of viral entry and intracellular
degradation in the two most important target cells for HIV infection.
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ntiretroviral therapy (ART) has significantly altered the course of human immuno-
deficiency type 1 (HIV) infection, and those receiving treatment can achieve
sustained viral suppression. Current antiretrovirals target multiple stages of the HIV life
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cycle, including attachment, fusion, entry, reverse transcription, integration, and mat-
uration (1). Whereas multiple FDA-approved drugs target HIV reverse transcription,
integration, and maturation, only enfuvirtide (inhibiting fusion) and maraviroc (target-
ing CCR5) inhibit viral entry (2, 3). HIV entry is initiated through the attachment and
fusion of the envelope protein gp120, gp41, the host cell CD4 receptor, and a
coreceptor, usually either C-C motif chemokine receptor 5 (CCR5) or C-X-C motif
chemokine receptor 4 (CXCR4) (4).

Macroautophagy (here referred to as autophagy) is a cellular pathway responsible
for recycling amino acids from degraded long-lived proteins or damaged organelles to
promote cellular homeostasis during times of stress or starvation (5). Initiation of
autophagy is mediated by a complex consisting of Unc-51-like kinase 1 or 2 (ULK1/2),
ATG13, and focal adhesion kinase family interacting protein of 200 kDa (FIP200) (6). The
mechanistic target of rapamycin (MTOR) is a master regulator of cell growth and
autophagy. Under nutrient-rich conditions, MTOR is associated with the ULK complex
and remains inactivated through phosphorylation, inhibiting autophagy initiation.
However, during cell stress, starvation, or sirolimus (rapamycin) treatment, MTOR
dissociates from the ULK complex, becomes hypophosphorylated, and initiates au-
tophagy (7). Following initiation, the nucleation complex, which consists of p150,
ATG14, and Beclin1, is recruited to initiate the formation of a double membrane
structure known as a phagophore. Subsequently, the ATG12-ATG5-ATG16L complex is
recruited to mediate phagophore elongation (8). Concurrently, microtubule-associated
protein 1 light chain 3 beta (LC3B-l, cytosolic) is conjugated to phosphatidylethano-
lamine (PE) through a process involving ATG4, ATG7, and ATG3 to form LC3B-Il, which
tethers to the growing phagophore. As the phagophore grows, it matures until it
eventually sequesters a portion of the cytosol and cargo within a double-membrane
vesicle, termed the autophagosome (8). The outer membrane of the autophagosome
then fuses with the membrane of a lysosome to form the autolysosome, where the
internal compartment is degraded and the contents are released back into the cytosol
for reuse (8, 9). Recent studies suggest that autophagy plays an important role in the
regulation of various cellular pathways, such as aging, inflammation, immune activa-
tion, immune response to microbial pathogens (10-12), and neurodegenerative dis-
eases, such as Alzheimer’s, Parkinson'’s, and Huntington’s disease (13, 14).

An increasing number of studies indicate that autophagy plays an important role in
HIV pathogenesis. Our research and that of others has shown that upon initial entry into
cells, HIV induces autophagy to promote its own replication. However, once HIV has
established a permissive infection, viral proteins inhibit autophagy to promote cell
survival and viral persistence. Induction of autophagy by rapamycin and other MTOR
inhibitors inhibits HIV replication, and the overinduction of a Na*/K*-ATPase-
dependent form of autophagy, termed autosis, can selectively kill latently HIV-infected
resting memory T lymphocytes (15).

Although an abundance of research has focused on MTOR-dependent autophagy,
MTOR-independent autophagy, including the inositol pathway and the calcium/calpain
pathway, is also important for cellular homeostasis (16-19). Additionally, multiple
inducers of MTOR-independent autophagy have been identified, including SMER28,
spermidine, and trehalose (20-26). Of the MTOR-independent inducers of autophagy,
trehalose has been studied most extensively. Trehalose is a natural sugar composed of
two glucose units joined by an alpha-alpha-1 linkage. (27). It is the most common sugar
found in the blood circulation of insects (28). Humans are unable to synthesize
trehalose, but they possess trehalase, which can hydrolyze trehalose in the small
intestine (29). Trehalose treatment promotes the clearance of mutant proteins associ-
ated with Alzheimer’s, Huntington’s, and prion diseases (26, 30-32). In addition, treh-
alose has been found to inhibit human cytomegalovirus (HCMV) in a variety of cell
types (33). The mechanism of trehalose-induced autophagy remains controversial. One
group has proposed that trehalose treatment inhibits several cellular glucose trans-
porters (GLUT), which in turn decreases the cellular ATP level and activates the
AMP-activated protein kinase (AMPK) and ULK1 phosphorylation to induce autophagy
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(34, 35). Additionally, trehalose induces autophagy in human foreskin fibroblasts (HEFs)
by altering the levels of RAB7 and Rab11 proteins without affecting their cellular
glucose uptake (36) and via lysosome-mediated transcription factor EB (TFEB) activation
in a motor neuron degeneration model (37). Currently, trehalose is considered a
“generally recognized as safe” (GRAS) substance by the U.S. Food and Drug Adminis-
tration, which makes it an attractive potential therapeutic agent (27). In this report, we
examined the effects of trehalose-mediated autophagy on HIV replication.

RESULTS

Trehalose inhibits HIV replication in human primary macrophages. HIV modu-
lates the autophagy pathway to its advantage by differentially regulating the early and
late degradative stages to establish a permissive infection in human macrophages
(38-40). We have shown earlier that chemical inducers of autophagy can inhibit HIV
replication via induction of MTOR-dependent autophagy (41-43). In our current study,
we first analyzed the effects of MTOR-independent autophagy on HIV replication in
human macrophages. Untreated and trehalose-treated (50 mM to 150 mM) macro-
phages were infected with HIV (0.04 multiplicity of infection [MOI]) for 8 h and
incubated for 10 days in medium in the presence or absence of trehalose. Culture
supernatants were tested for p24 antigen production at day 5 and day 10 postinfection
(p.i.) by enzyme-linked immunosorbent assay (ELISA). Sirolimus-pretreated (100 nM)
infected macrophages were used as controls for HIV inhibition by autophagy. Trehalose
pretreatment decreased the quantity of HIV p24 release in culture supernatants,
resulting in a >70% reduction in p24 release at 50 mM and a >85% reduction in both
100-mM and 150- mM trehalose pretreatment groups by day 10 p.i. (P < 0.001; Fig. 1A).

Though trehalose is considered a GRAS substance and has been approved for
human consumption at up to 50 g/day, it is unknown if it exerts any cytotoxicity of
human macrophages that might result in what appears to be inhibition of HIV infection.
Therefore, we also assessed the cytotoxicity profile of trehalose-treated macrophages
by measuring the extracellular lactate dehydrogenase (LDH) release in the culture
supernatants collected from macrophages treated with trehalose (25 mM to 150 mM)
for 10 days alone or with HIV infection (Fig. 1B). Sirolimus-treated (100 nM) and vehicle-
treated macrophages were used as controls. Trehalose-treated uninfected and HIV-
infected macrophages showed minimal change in cell survival after 10 days of
treatment at different concentrations of trehalose. Spectrophotometric measure-
ments did not show any significant increase in LDH release in the culture super-
natants in the presence of trehalose in both uninfected and HIV-infected macro-
phages (P > 0.1; Fig. 1B).

Trehalose increases autophagic flux in primary human macrophages by induc-
ing TFEB nuclear translocation and activation of autophagy genes. Trehalose has
been identified to induce autophagy in several human cell types, including fibroblasts,
keratinocytes, aortic endothelial cells, and neurons (26, 31, 33, 44). Therefore, we sought
to confirm that autophagy induction was occurring in HIV-infected macrophages and
was responsible for the inhibition of infection. The initial steps of autophagy include
formation of autophagosomes, which involves the lipidation of LC3B-I to form LC3B-II.
The mature autophagosome then fuses with lysosome to form the autolysosome,
where autophagic cargo degradation and LC3B-Il turnover takes place. Relative quan-
tification of LC3B-Il is therefore used as an important marker to assess autophagy in
cells. To assess trehalose-mediated modulation of autophagic flux, we incubated
macrophages in medium in the presence or absence of 100 mM and 150 mM trehalose
for 12 to 24 h. Cells were harvested for lysate preparation and analyzed by Western
blotting using antibody to LC3B. Macrophages treated with 100 mM and 150 mM
trehalose exhibited 1.7- and 1.5-fold higher LCB-Il levels, respectively, compared to
untreated cells (P = 0.03 and P = 0.02, respectively; Fig. 2A). Increased LC3B-Il expres-
sion can be due to an increase in autophagosome formation or their accumulation
because of blockage of the autophagy pathway at the autophagosome and lysosome
fusion step. SQSTM1 degradation is generally used as a marker to measure the
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FIG 1 Trehalose is a noncytotoxic inhibitor of HIV replication in human macrophages. (A) Macrophages
were pretreated with vehicle, 100 nM sirolimus, and 50 MM to 150 mM trehalose for 12 h prior to
exposure to HIV (0.04 MOI). Cell culture supernatants were collected at days 5 and 10 p.i. for extracellular
p24 antigen quantification by ELISA. Data are derived from four independent donors and presented as
means = the standard error of the mean (s.e.m.). (B) Uninfected and HIV-infected macrophages were
incubated with vehicle, 100 nM sirolimus, or increasing concentrations of trehalose for 10 days. At day 10,
cell culture supernatants were collected, and spectrophotometric measurement of extracellular LDH was
used to determine cellular toxicity. Uninfected cells treated with 1X lysis buffer (LB) were used as a
positive control. Data are derived from three independent donors and presented as means * s.e.m. ¥,
P < 0.05; **, P<0.01; ***, P < 0.001.

completion of autophagic flux (45), but some recent studies, including one that
specifically studied the effects of trehalose in keratinocytes, suggest that SQSTM1
degradation may not be directly correlated with increased LC3B lipidation (31, 46, 47).
Therefore, in our experiments we included a 2-h cotreatment with bafilomycin A1 to
prevent the turnover of LC3B-II by blocking the autolysosome acidification via inhibi-
tion of the vacuolar H* ATPase. As such, if trehalose-treated cells exhibit a further
increase in LC3B-Il levels, it would indicate that autophagic flux was going to comple-
tion (43, 47-50). In the presence of bafilomycin A1, we observed 1.8- and 2.7-fold higher
LC3B lipidation in macrophages incubated with 100 mM and 150 mM trehalose, respec-
tively (P = 0.04 and P = 0.03, respectively; Fig. 2A). Thus, trehalose treatment induces
autophagic flux in macrophages.

Trehalose has been shown to induce nuclear translocation of TFEB and upregulation
of TFEB target genes, including lysosomal hydrolases, lysosomal membrane proteins
(LAMP), and several other autophagy-related proteins, including BECN1 and LC3B (37,
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FIG 2 Trehalose induces autophagy in human macrophages via activation of TFEB nuclear translocation. Macro-
phages were treated with trehalose (Tre 100 mM, 150 mM) for 12 h. Bafilomycin A1 (Baf) cotreatment was used to
confirm the increase in autophagy flux in the presence of trehalose. Cells were harvested, lysed, and analyzed for
LC3B lipidation by immunoblotting. (A) (Top) Representative immunoblot showing expression of LC3B-Il and ACTB.
(Bottom) Relative fold change (densitomeric analysis) in LC3B-II expression normalized to ACTB. Data are derived
from three independent donors and presented as means *+ s.e.m. (B) Macrophages were treated with vehicle or
100 mM trehalose for 24 h and analyzed for TFEB nuclear translocation by IF analysis using anti-TFEB (green)
antibody and DAPI nuclear stain (blue). (Top) Representative immunofluorescent images showing TFEB localization
in vehicle- or trehalose-treated macrophages. (Bottom) The bar graph represents the quantification of TFEB nuclear
intensity in >20 cells for each sample analyzed. Scale bar = 10 uM (n = 3). (C) RT-qPCR analysis on the following
mRNAs: MAPT1LC3B, RAB7A, LAMP1, and LAMP2 in vehicle or trehalose-treated (100 mM) macrophages. The relative
fold difference in the mRNA expression was determined using vehicle-treated cells as a control. Data are derived
from three independent donors and presented as means = s.e.m. *, P <0.05; **, P<0.01; ***, P <0.001. (D)
Macrophages were treated with vehicle or 100 mM trehalose for 24 h, and IF analysis was performed with anti-LC3B
(green), anti-RAB7 (green), LAMP1 (green), and LAMP2 (green) antibodies, and nuclei were stained with DAPI (blue).
Scale bar = 10 uM (n = 3).
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51, 52). In the case of HCMV infection, trehalose treatment increased the levels of RAB7
protein, enhancing lysosomal biogenesis, vacuolation and acidification, and HCMV
autophagic degradation in infected HFE cells (36). In order to understand the mecha-
nism of trehalose-induced autophagy in macrophages, we first evaluated whether
trehalose treatment modulated TFEB nuclear translocation in these cells. Macrophages
were incubated in the absence or presence of 100 mM trehalose for 24 h, and the
expression and localization of TFEB were analyzed by confocal immunofluorescence (IF)
microscopy. Following 24 h of treatment with 100 mM trehalose, both untreated and
trehalose-treated macrophages were fixed, permeabilized, stained with antibody to
TFEB and DAPI (4',6-diamidino-2-phenylindole) nuclear stain, and analyzed by confocal
IF microscopy. Untreated macrophages expressed very low TFEB, which was mostly
confined to the cytoplasm (Fig. 2B, top). Following 24-h treatment with 100 mM
trehalose, TFEB expression and nuclear translocation were significantly increased in
macrophages (Fig. 2B, top). In the presence of trehalose, macrophages exhibited
10-fold higher TFEB nuclear translocation (Fig. 2B, bottom; nuclear TFEB quantification
P = 0.009). These data suggest that trehalose treatment induces both TFEB expression
and nuclear translocation in human primary macrophages.

Having shown that trehalose induces TFEB nuclear translocation in macrophages,
we next evaluated the expression of lysosomal biogenesis and autophagy-related
genes LAMP1, LAMP2, MAP1LC3B, and RAB7A by reverse transcriptase quantitative PCR
(RT-gPCR) (Fig. 2C) and confocal immunofluorescence microscopy (Fig. 2D). In the
presence of trehalose, macrophages exhibited a =1.7-fold increase in mRNA expression
of autophagy and lysosomal biogenesis-related genes MAP1LC3B, RAB7A, LAMP1, and
LAMP2 compared to untreated cells (P < 0.01; Fig. 2C). IF images also confirmed that
trehalose treatment not only increased TFEB expression and nuclear translocation (Fig.
2B), but also induced expression of autophagy and lysosomal biogenesis-related pro-
teins (Fig. 2D). While untreated macrophages showed minimal LC3B, RAB7, LAMP1, and
LAMP2 expression, following trehalose treatment, we observed increased punctated
staining for LC3B in the cytoplasm and increased punctated staining for RAB7, LAMP1,
and LAMP2 proteins in the perinuclear region (Fig. 2D). These data further support that
trehalose treatment modulates autophagy in macrophages via TFEB activation and
induction of autophagy-related gene expression.

Having shown a central role for TFEB in the induction of autophagy in uninfected
cells by trehalose, we next examined if TFEB-regulated autophagy was altered following
trehalose treatment of infected macrophages. For these experiments, HIV-infected
macrophages were incubated in the presence or absence of trehalose (100 mM) for
10 days, and expression of TFEB and its localization was compared in HIV-infected and
trehalose-treated HIV-infected cells using confocal immunofluorescence microscopy as
described previously (Fig. 2B). TFEB localized predominantly in the cytoplasm of
HIV-infected macrophages (Fig. 3A). However, in the presence of trehalose, both TFEB
expression and nuclear translocation are increased in infected macrophages (Fig. 3A,
left). Trehalose-treated HIV-infected macrophages exhibited a >15-fold increase in
TFEB nuclear accumulation compared to control infected cells (Fig. 3A, right; quantifi-
cation, P = 0.008). IF images confirmed that trehalose treatment increased both TFEB
nuclear translocation (Fig. 3A) and expression of autophagy and lysosomal biogenesis-
related proteins in HIV-infected macrophages (Fig. 3B). Similar to what was observed in
uninfected cells, trehalose treatment of HIV-infected macrophages also increased LC3B
lipidation >9-fold (P < 0.001; Fig. 3C, bottom), RAB7 by >10-fold (P < 0.01; Fig. 3C),
and LAMP2 >10-fold (P < 0.01; Fig. 3C, bottom), whereas LAMP1 was increased only
2-fold P > 0.05).

Trehalose inhibits HIV entry in human primary macrophages. Although our
findings to this point indicated that the induction of autophagy by trehalose is likely
responsible for the intracellular inhibition of HIV in macrophages, it was important to
determine if trehalose might affect HIV infection through viral entry. Therefore, our next
series of experiments were designed to determine if trehalose altered viral binding
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FIG 3 Trehalose activates TFEB nuclear translocation and induces autophagy in HIV-infected macrophages.
HIV-infected macrophages were treated with vehicle or trehalose (100 mM) on day 3 p.i. and incubated for 10 days.
(A) IF analysis with anti-TFEB antibody (red) and DAPI (nucleus, blue). (B) IF analysis with anti-LC3B, anti-RAB7, and
anti-LAMP2 (red) antibody and DAPI (nucleus, blue). (C) Uninfected and HIV-infected macrophages were treated
with vehicle or trehalose (Tre; 100 mM, 150 mM) on day 3 p.i. and incubated for 10 days. At day 10, cells were
harvested and lysates were analyzed by immunoblotting with anti-LC3B, anti-RAB7, anti-LAMP1, anti-LAMP2, and
ACTB antibody. (Top) Representative immunoblots of LC3B, RAB7, LAMP1, and LAMP2. (Bottom) Densitometric
analysis of immunoblots for uninfected (gray) and infected (red) cells. Data are derived from three independent
donors and presented as means * s.e.m. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

or entry in macrophages. Macrophages were incubated with or without trehalose
(100 mM) prior to exposure to HIV for 35 min as previously described (53). Maraviroc-
pretreated (1 M) and mannan-pretreated (16 mg/ml) macrophages were used as
controls for inhibition of HIV binding to the surface of macrophages by blocking CCR5
or mannose receptor, respectively (3, 53). Following HIV exposure, cells were washed
three times and lysed, and lysates were analyzed for p24 antigen by ELISA to measure
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FIG 4 Trehalose inhibits HIV entry into human macrophages. (A) Macrophages pretreated with either
1 wM maraviroc (MVC), 100 mM trehalose (Tre), or 16 mg/ml mannan for 30 min were exposed to HIV for
35 min, after which cells were washed and lysates prepared to detect HIV p24 antigen by ELISA. (B)
Macrophages pretreated with either 1 uM maraviroc (MVC) or 50 mM to 150 mM trehalose (Tre-50,
Tre-100, Tre-150) for 6 h were exposed to HIV for 35 min, and lysates were assessed for HIV binding by
ELISA. (C) Macrophages pretreated with either 1 uM maraviroc (MVC) or 50 MM to 150 mM trehalose
(Tre-50, Tre-100, Tre-150) for 6 h were exposed to HIV for 3 h. Following 3 h of incubation, genomic DNA
was prepared to measure early virus transcript by qPCR, and results are presented as percent HIV entry
compared to vehicle-treated HIV-exposed macrophages. (D) (Top) Representative immunoblot showing
expression of CD4, CCR5, and ACTB in cell lysates from vehicle and macrophages treated with MVC
(1 uM), trehalose (100 mM), and mannan (16 mg/ml) (30-min treatment). (Bottom) Relative fold change
(densitometric analysis) in CD4 and CCR5 protein normalized to ACTB. (E) (Top) Representative immu-
noblot showing expression of CD4, CCR5, and ACTB in cell lysates from vehicle and MVC-treated (1 wM)
and trehalose-treated (50 mM to 150 mM) macrophages (6-h treatment). (Bottom) Relative fold change
(densitometric analysis) in CD4 and CCR5 proteins normalized to ACTB. Data are derived from three
independent donors and presented as means * s.e.m. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

HIV binding. Compared to untreated HIV-exposed macrophages, there was a 30%
reduction in HIV binding in maraviroc-treated macrophages and approximately 50%
reduction in mannan-treated macrophages (P <<0.01 and P < 0.001, respectively;
Fig. 4A); however, no significant difference was observed in viral binding following
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30 min of trehalose treatment (Fig. 4A). To assess if time of exposure to trehalose might
alter binding and entry of HIV, we next treated macrophages with trehalose (50 mM to
150 mM) for 6 h followed by exposure to HIV for 35 min to assess binding (Fig. 4B) or
for 3 h to assess entry (Fig. 4C). To assess entry, genomic DNA was extracted and HIV
strong stop DNA (a measure of early HIV transcription or entry) was quantified by qPCR.
In contrast to what had been observed following a 30-min exposure to trehalose, 6-h
pretreatment resulted in a dose-dependent decrease in HIV binding (Fig. 4B). Addition-
ally, similar to what was observed for HIV binding, a dose-dependent decrease in early
HIV transcription was observed following a 6-h pretreatment of macrophages with
trehalose, indicative of a decrease in viral entry (Fig. 4C).

Having identified that a 6-h treatment with trehalose decreases viral entry, we
hypothesized that the steady-state expression of CD4 or the major coreceptor on
macrophages, CCR5, would be altered by trehalose. Therefore, we analyzed the expres-
sion of CD4 and CCR5 in our binding experiments following 30-min or 6-h pretreatment
with vehicle, maraviroc, and trehalose by immunoblotting (Fig. 4D and E). Consistent
with our binding and entry experiments, we did not observe any significant change in
CD4 and CCR5 expression following 30 min of incubation (Fig. 4D). However, there was
a dose-dependent decrease in CD4 expression following 6 h of incubation with
trehalose (50 mM to 150 mM) (P < 0.001; Fig. 4E). These findings were further con-
firmed by flow cytometry (Fig. 5A, top left) that demonstrated a 60% reduction in CD4
surface expression (P << 0.001) and a 28% decrease in CCR5 on macrophages in the
presence of trehalose (P = 0.002). In contrast, macrophages treated with sirolimus, a
known MTOR-dependent inducer of autophagy, resulted in no significant change in
CD4 or CCR5 expression (Fig. 5A). In total, these findings indicate that trehalose partially
inhibits HIV binding and entry through the downregulation of CD4 and CCR5 expres-
sion on macrophages.

Having shown a decrease in expression of CD4 and a modest decrease in CCR5
expression following trehalose treatment, we examined if there was a general decrease
in cell surface receptor expression. Macrophages were treated as described above, and
surface expression for two additional surface receptors, CXCR1 and CXCR4, was as-
sessed by flow cytometry (Fig. 5A, top right). Of note, no significant change in CXCR1
and CXCR4 surface expression was observed (P > 0.5; Fig. 5A, bottom, quantification)
following trehalose treatment. These results suggest that trehalose treatment specifi-
cally reduces the surface expression of CD4 and CCR5 receptors in macrophages.

The SIGLEC1 receptor is known to interact with sialic acid on the HIV envelope and
is thought to mediate CD4-independent HIV binding and entry in macrophages (54, 55).
To assess if trehalose treatment also affects SIGLECT-mediated entry in macrophages,
we analyzed the effect of trehalose on SIGLEC1 expression by gPCR and found no
significant effect (Fig. 5B, right). Because SIGLEC1 expression is very low in adherent
macrophages and cannot be reliably detected by immunoblotting (56), we used gene
silencing (Fig. 5C, left) to assess the effect of trehalose on SIGLECT-mediated HIV entry
(Fig. 5C, right). Compared to control small interfering RNA (siRNA)-treated HIV-exposed
macrophages, knockdown of SIGLECT had a modest effect on viral entry; however, no
additional effect was observed on viral entry in trehalose-treated macrophages
(Fig. 5C). In total, trehalose pretreatment did not show any direct effect on SIGLEC1
expression, and SIGLEC1 does not appear to play an important role in the trehalose-
mediated decrease in viral entry.

Trehalose inhibits HIV infection and replication via reduction of CD4-
dependent HIV entry and induction of autophagy. Having unexpectedly identified
that trehalose decreases HIV entry into macrophages, it was important to establish our
original hypothesis that the non-MTOR induction of autophagy by trehalose is impor-
tant in HIV inhibition. To determine the role of autophagy in trehalose intracellular
inhibition, macrophages were infected with HIV for 8 h and cultured for 72 h without
any treatment, at which time trehalose (100 mM) was added to the culture medium.
Cultures were maintained for an additional 7 days, at which time supernatants were
collected (10 days p.i.) and p24 antigen was measured by ELISA (Fig. 6A). Trehalose-

September 2020 Volume 94 Issue 17 e00237-20

Journal of Virology

jviasm.org 9


https://jvi.asm.org

Rawat et al.

(A) Isotype ———— Vehicle e Trehalose == === Sirolimus

2.0

1.0K -

‘05 103 0 '10 10‘ 105
20K~ 3.0 -
10K+
3.0K 4 A
@ 15K 07 2.0k Il
g 800 ~ 2.0K - 1
O 1.0k I
(&] - g
Prog 1.0K 4 \
500 - \
200 \
° 0 o - 0 v h kL - r
.:oi -D '|o° u')z 10‘ 105 103 0 1n3 10‘ ws
CXCR4
20 =3 Vehicle
’ ns mm Trehalose ™
2 T 1 2z Sirolimus 24
‘B ns T 1.5
& 154 5
£% *okk * ok ne ns =
g & 1 /£
E [&]
et (4
235 €
oL S
£ 0.5- 5 054
I} =
L o
o 1%}
0.0- 0.0
CD4 CCR5 CXCR1 CXCR4
€ 150 s
*okok *kk — =3 siControl
Ere—— | .
100 * 3 siSIGLECT
160 1 Em siControl+Tre
) T = siSIGLECT+Tre

T
Al

% HIV Entry (Early HIV transcript)

I

o

% SIGLEC1 expression (MRNA)
[¢)]
o
1

T
siControl siSIGLEC1

FIG 5 Trehalose treatment reduces surface expression of CD4 and CCR5 in human macrophages. (A) Macrophages
treated with vehicle, sirolimus, or trehalose for 12 h were analyzed for expression of CD4, CCR5, CXCR1, and CXCR4 by
flow cytometry. (Top) Representative histogram showing surface expression of CD4, CCR5, CXCR1, and CXCR4 receptors.
(Bottom) Geometric mean intensity fold change showing expression of CD4, CCR5, CXCR1, and CXCR4. Data are
presented as means of four independent donors = s.e.m. (B) Macrophages treated with vehicle or trehalose (50 mM to
150 mM) were analyzed for SIGLEC1 expression by qRT-PCR. (C) Macrophages transfected with nonspecific control siRNA
(siControl) or SIGLECT siRNA were treated with 100 mM trehalose for 6 h followed by incubation with HIV (0.04 MOI) for
3 h. At 48 h post siRNA transfection, cells were harvested and analyzed for SIGLEC1 expression by gRT-PCR and
presented as percent SIGLEC1 expression compared to control cells (siControl) (left). At 3 h post-HIV exposure, cells were
trypsinized and washed, and genomic DNA was prepared and analyzed for early HIV transcript levels by qPCR. Results
are presented as percent HIV entry compared to control siRNA transfected HIV-exposed cells (siControl). Data are derived
from four independent donors and presented as means = s.e.m. *, P <0.05; **, P < 0.01; ***, P < 0.001.

treated macrophages released 50% less p24 antigen in culture supernatants compared
to untreated HIV-infected cells (P < 0.001; Fig. 6A). Bafilomycin A1 cotreatment partially
blocked trehalose-mediated inhibition of HIV, as under these conditions, p24 release in
the culture supernatants was increased by 1.6-fold compared to the trehalose-treated
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FIG 6 Trehalose inhibits HIV replication in HIV-infected macrophages by induction of autophagy. (A)
HIV-infected macrophages were incubated for 72 h, at which time cells were treated with vehicle,
trehalose (100 mM), or sirolimus 100 nM). Bafilomycin A1 (Baf) cotreatment was used to inhibit trehalose-
or sirolimus-induced autophagic flux. At day 10 p.i., extracellular p24 antigen release was analyzed in the
culture supernatants by ELISA. Data are derived from four independent donors and presented as
means * s.e.m. (B) HIV-infected macrophages transfected with nonspecific control siRNA (siControl) or
ATG5 siRNA were treated with 100 mM trehalose for 3 days. At 48 h post-siRNA transfection, cells were
harvested and analyzed for ATG5 expression by immunoblotting (left). At 72 h post-trehalose treatment,
culture supernatants were collected and analyzed for p24 release by ELISA. Data are derived from three
independent donors and presented as means *+ s.e.m. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

cells (P < 0.005; Fig. 6A). To further confirm the importance of autophagy in trehalose-
mediated inhibition of HIV, we employed gene silencing of the autophagy elongation
protein ATG5 (Fig. 6B, left). Following knockdown of ATG5 in HIV-infected macro-
phages, trehalose treatment failed to inhibit HIV replication (Fig. 6B, right). In total,
these findings confirm that trehalose inhibits intracellular HIV in infected macrophages
through induction of autophagy, which is consistent with recent findings on the effect
of trehalose on mycobacteria/HIV coinfection of human macrophages (57).
Trehalose inhibits HIV replication in human CD4+ T cells. Although HIV infects
macrophages, the virus predominantly infects CD4" T cells. Having shown that treha-
lose inhibits HIV replication in human macrophages, we analyzed the effects of treh-
alose treatment in HIV-infected T cells (Fig. 7A) as described earlier for macrophages.
Untreated and trehalose-treated (50 mM to 150 mM) T cells were infected with HIV for
6 h and incubated for 10 days with medium in the presence or absence of trehalose.
Culture supernatants were tested for p24 antigen release at day 5 and day 10 p.i. by
ELISA (Fig. 7A). Trehalose-treated HIV-infected T cells exhibited a dose-dependent
decrease in HIV p24 release compared to untreated HIV-infected T cells (Fig. 7A). By day
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FIG 7 Trehalose treatment inhibits HIV replication in human CD4+ T cells. (A) PHA-stimulated T cells
(PHA-T cells) were pretreated with vehicle and increasing concentrations of trehalose (50 mM to 150 mM)
for 6 h prior to exposure to HIV. Trehalose-pretreated HIV-infected T cells were incubated with vehicle
or trehalose (Tre; 50 mM to 150 mM) for 10 days, and culture supernatants were collected at days 5 and
10 p.i. for extracellular p24 antigen quantification by ELISA. Data are derived from three independent
donors and presented as means * s.e.m. (B) Uninfected and HIV-infected T cells were incubated with
vehicle or various concentrations of trehalose for 10 days. At day 10, cell culture supernatants were
collected, and spectrophotometric measurement of extracellular LDH was used to determine cellular
toxicity. Uninfected cells treated with 1X lysis buffer (LB) were used as a positive control. Data are
derived from four independent donors and presented as means * s.e.m. *, P < 0.05; **, P < 0.01; ***,
P < 0.001.

10, we observed approximately 30%, 50%, and 70% inhibition in 50 mM, 100 mM, and
150 MM trehalose-treated cells, respectively (P < 0.001; Fig. 7A). Trehalose-treated
uninfected and HIV-infected T cells showed little change in cell survival after trehalose
treatment at all concentrations tested (Fig. 7B). We did not observe a significant
increase in LDH release in the culture supernatants in the presence of trehalose in both
uninfected and HIV-infected T cells (P> 0.1; Fig. 7B).

Trehalose inhibits HIV entry in human CD4+ T cells. Having previously shown
that trehalose inhibits HIV entry through the decreased expression of CD4 and CCR5 in
macrophages, we sought to examine if viral entry was similarly reduced in CD4" T cells.
Phytohemagglutinin (PHA)-stimulated T cells were incubated with or without trehalose
(50 mM to 150 mM) for 6 h, after which cells were collected, lysed, and analyzed for
CD4, CCR5, and CXCR4 expression by immunoblotting (Fig. 8A). Trehalose treatment
altered both CD4 and CCR5 expression in T cells. We observed 27%, 49%, and 60%
decreases in CD4 expression on T cells treated with trehalose at 50 mM, 100 mM, and
150 mM, respectively (P < 0.05, P < 0.05, P < 0.001, respectively), and 25% and 42%
reductions in CCR5 expression at the two highest trehalose concentrations (P < 0.01;
Fig. 8A). No significant change was found in CXCR4 expression in T cells following
trehalose treatment at all concentrations tested (P > 0.3; Fig. 8A).

To confirm that trehalose pretreatment decreased CD4 and CCR5 sufficiently to
decrease HIV entry, T cells were exposed to HIV for 8 h, washed, and incubated for an
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FIG 8 Trehalose treatment inhibits HIV entry into human CD4+ T cells by modulating the CD4 and CCR5 expression.
(A) PHA-T cells were treated with vehicle or trehalose (50 to 150 mM) for 6 h and analyzed for expression of CD4,
CCR5, and CXCR4 by immunoblotting. (Left) Representative immunoblot showing the expression of CD4, CCR5,
CXCR4, and ACTB. (Right) Relative fold change (densitometric analysis) in CD4, CCR5, and CXCR4 protein normalized
to ACTB. (B and C) Untreated and trehalose-pretreated (73) T cells were exposed to HIV (0.04 MOI) for 8 h. At 24
p.i., cell lysates were prepared to detect HIV antigen by immunoblotting (B) and ELISA (C). Data are derived from
four independent donors and presented as means = s.e.m. ¥, P < 0.05; **, P < 0.01; ***, P < 0.001.

additional 24 h in growth medium. At 24 h post-HIV infection, cells were collected and
washed, and lysates were analyzed for p24 by immunoblotting and p24 antigen
capture ELISA (Fig. 8B and C). Compared to controls, there was a 16.5% and 55%
reduction in intracellular p24 expression in 100 MM and 150 mM trehalose-treated T
cells by immunoblotting (P = 0.05 and P < 0.001, respectively; Fig. 8B). Similar to the
immunoblotting data, a dose-dependent decrease in HIV entry in trehalose-treated T
cells was also observed by ELISA (Fig. 8C). CD4™ T cells exhibited approximately 30%
and 80% reductions in HIV entry following 100-mM and 150-mM trehalose treatments,
respectively (P < 0.001; Fig. 8C). These results confirm that trehalose-mediated down-
regulation in CD4 and CCR5 expression also inhibits HIV entry in T cells.

Trehalose inhibits HIV infection in CD4+ T cells via inhibition of HIV entry and
induction of autophagy. Having demonstrated that trehalose inhibits HIV entry in
CD4+ T cells, we next evaluated the role of autophagy in trehalose-mediated inhibition
of HIV postentry. Following the methods described for macrophages, HIV-infected T
cells treated with trehalose at 100 MM and 150 mM exhibited 2.0- and 2.4-fold higher
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FIG 9 Trehalose inhibits intracellular HIV replication in CD4* T cells via induction of autophagy. (A) PHA-T cells were
treated with trehalose (Tre; 100 mM, 150 mM) for 6 h. Bafilomycin cotreatment was included to confirm the increase in
autophagy flux in the presence of trehalose. Cells were harvested, lysed, and analyzed for expression of LC3B lipidation
by immunoblotting. (Top) Representative immunoblot showing expression of LC3B-Il and ACTB. (Bottom) Relative fold
change (densitometric analysis) in LC3B-Il expression normalized to ACTB. (B) Uninfected and HIV-infected CD4* T cells
were treated with vehicle or trehalose (100 MM and 150 mM) on day 3 p.i. and incubated for 10 days. At day 10, cells
were harvested and lysates were analyzed by immunoblotting with anti-LC3B, anti-RAB7, anti-LAMP1, and anti-LAMP2
and ACTB antibody. (Top) Representative immunoblots of LC3B, RAB7, LAMP1, and LAMP2. (Bottom) Densitometric
analysis of uninfected CD4+ T cells (gray) and infected CD4+ T cells (upper right, red). (C) Infected T cells transfected with
nonspecific control siRNA (siControl) or ATG5 siRNA were treated with 100 mM trehalose for 3 days. At 48 h post-siRNA
transfection, cells were harvested and analyzed for ATG5 expression by immunoblotting (top). At 72 h post-trehalose
treatment, culture supernatants were collected and analyzed for p24 release by ELISA (bottom). Data are derived from
three independent donors and presented as means * s.em. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

LC3B-II levels, respectively, compared to untreated cells (P =0.02 and P = 0.009, re-
spectively; Fig. 9A). In the presence of bafilomycin A1, 100 mM and 150 mM trehalose-
treated T cells exhibited 1.7- and 1.4-fold, respectively, higher LC3B lipidation (P = 0.002
and P = 0.03, respectively; Fig. 9A), confirming the induction of autophagic flux by
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trehalose. We next evaluated the expression of autophagy and lysosomal biogenesis-
related proteins LC3B, RAB7, LAMP1, and LAMP2 in trehalose-treated T cells by immu-
noblotting (Fig. 9B). As observed previously with macrophages, trehalose treatment
(100 mM and 150 mM) of infected T cells resulted in a significant increase in LC3B
lipidation (2.2-fold; P = 0.007 and P < 0.001, respectively) and expression levels of RAB7
(3- and 2.9-fold; P = 0.007 and P = 0.001, respectively) and LAMP2 (4.6- and 3.9-fold,
respectively; P < 0.001) (Fig. 9B). Though we observed 1.8-fold higher LAMP1 expres-
sion in infected T cells in the presence of trehalose (100 mM and 150 mM), this increase
was not significant (P = 0.1 and P = 0.098, respectively; Fig. 9B). Importantly, following
knockdown of the autophagy elongation protein ATG5 in infected T cells (P < 0.001;
Fig. 9C, top), trehalose treatment failed to inhibit HIV replication (P = 0.28; Fig. 9C,
bottom).

In total, these findings show that trehalose treatment inhibits HIV infection through
two independent pathways. First, it downregulates the expression of CD4 in macro-
phages and both CD4 and CCR5 in T cells to reduce virus entry. Second, trehalose
promotes the degradation of intracellular virus via induction of autophagy in both cell

types.

DISCUSSION

Autophagy plays an important role in host-virus interactions and viral pathogenesis
(58). Whereas some viruses use the proteins of autophagy to enhance replication, other
viruses are inhibited by autophagy. Still others, including HIV, utilize the proteins of
autophagy to enhance replication, but after establishing a permissive infection inhibit
autophagy to maintain cell survival. In these cases, the induction of autophagy can lead
to inhibition of the targeted virus, including HIV (39, 41, 42, 59-62).

Most research examining the effects of autophagy on viral infections has focused on
the induction of autophagy through inhibition of MTOR. However, there is a growing
literature on the induction of autophagy via MTOR-independent pathways and the
effect on microbial pathogens (33, 63, 64). Of the non-MTOR inducers of autophagy,
trehalose is among the most studied and has been shown to inhibit human cytomeg-
alovirus, varicella zoster virus and Zika virus replication (33, 36; D. Spector, personal
communication). Recently, trehalose was also shown to limit mycobacterial infection
during HIV coinfection by reversing the autophagy block in HIV-infected peripheral
blood mononuclear cells (PBMC) and macrophages (57). The a,a-trehalose derivatives
containing guanidino groups have also been found to inhibit HIV replication through
the disruption of HIV-1 tat-TAR interaction in human cell lines (65). In the present study,
we found that trehalose is a potent inhibitor of HIV in human macrophages and T cells
without inducing cytotoxicity. Of note, we have also observed that other non-MTOR
inhibitors of autophagy, spermidine and SMER28, inhibit HIV replication (our unpub-
lished data). Uniquely, however, we have identified that the inhibition of HIV infection
by trehalose is dependent not only on the induction of MTOR-independent autophagy,
but also via the inhibition of viral entry through decreased expression of CD4 in both
T cells and macrophages and CCR5 in T cells. We have also shown that the decreased
expression of CD4 and CCR5 by trehalose is specific to these receptors since trehalose
had no effect on CXCR1, CXCR4, or SIGLECT. Thus, trehalose differs from other anti-HIV
compounds in that it affects HIV infection at entry and intracellularly.

Trehalose has been found to induce autophagy by distinct mechanisms in different
disease model systems. In the case of HCMV infection, trehalose treatment increases
levels of RAB7 promoting lysosomal biogenesis, fusion, and autophagic degradation of
the virus (36). In multiple neurodegenerative disease (ND) model systems, trehalose-
induced autophagy occurs via activation of TFEB. In these ND models, trehalose
treatment increases TFEB nuclear translocation and gene expression of TFEB targets to
activate degradative autophagy (37, 52, 66). In agreement with these studies, we also
found that trehalose treatment increased the nuclear accumulation of TFEB and
expression of lysosomal biogenesis and degradation proteins RAB7, LAMP1, and LAMP2
and LC3B lipidation. The finding that trehalose alters TFEB is of particular interest since
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in previous studies we have shown that during permissive infection, HIV Nef binds to
BECNT1, resulting in MTOR activation, TFEB phosphorylation and cytosolic sequestration,
and the inhibition of autophagy (41). The TFEB-mediated inhibition of autophagy leads
to enhanced cell survival and maintenance of HIV infection. Trehalose reverses this
process and, working through TFEB, enhances autophagy and inhibits HIV intracellular
replication.

The upregulation of RAB7 by trehalose is also of considerable interest given our
finding that trehalose decreases the expression of CD4. HIV Nef downregulates CD4 and
the major histocompatibility complex class | from the cell surface via endosomal
trafficking pathways to establish continued viral fitness and persistence (67). Recently,
Nef has been found to target serine incorporator 5 (SERINC5) for internalization and
receptor-mediated endocytosis and relocalization of SERINC5 to Rab5+ early, RAB7+
late, and Rab11™ recycling endosomes. Endosomal sorting to the RAB7-dependent late
endosome/lysosomal route leads to degradation, a similar strategy that has been found
for Nef-mediated downregulation of CD4 (68, 69). Thus, the increase of RAB7 observed
following trehalose treatment of CD4* T cells and macrophages suggests that the
decreased expression of CD4 observed in these cells could be related to the CD4
endosomal/lysosomal degradation.

In summary, we have shown that the nontoxic, naturally occurring sugar trehalose
can uniquely inhibit HIV infection both at pre- and postentry. Preentry inhibition by
trehalose occurs by decreasing cell expression of CD4 and CCR5 on T cells and CD4 on
macrophages. Postentry, trehalose inhibits HIV infection through the induction of
MTOR-independent autophagy mediated through TFEB activation. These findings dem-
onstrate that cellular mechanisms can be modulated to inhibit HIV entry and intracel-
lular replication using trehalose. Trehalose may be a useful, safe adjunct in the
maintenance of patients who achieve an HIV functional cure.

MATERIALS AND METHODS

Ethics Statement. Healthy HIV seronegative donors were enrolled for venous blood draw using a
protocol that was reviewed and approved by the Human Research Protection Program of the University
of California San Diego in accordance with the requirements of the Code of Federal Regulations on the
Protection of Human Subjects (45 CFR 46 and 21 CFR 50 and 56) and was in full compliance with
the principles expressed in the Declaration of Helsinki. Written informed consent was obtained from all
the donors prior to their participation.

Cell Culture and Reagent Preparation. Human peripheral blood mononuclear cells (PBMC) were
isolated from whole blood or buffy coat of HIV-seronegative donors by density gradient centrifugation
over Ficoll-Paque Plus (GE Healthcare). Monocyte-derived macrophages (macrophages) were derived
from PBMCs using a monocyte isolation kit (Miltenyi Biotec) and cultured in RPMI 1640 medium with
L-glutamine (Gibco) supplemented with 100 units/ml penicillin, 100 ng/ml streptomycin (Gibco), 10%
vol/vol heat-inactivated fetal bovine serum (FBS; Sigma-Aldrich), and 10 ng/ml macrophage colony-
stimulating factor (MCSF; R&D Systems) at 5% CO, and 37°C for 7 to 10 days with medium change every
3 days. Phytohemagglutinin (PHA, Sigma-Aldrich)-stimulated PBMC (PHA-PBMC) were prepared by incu-
bating 2 X 106 PBMC ml—" in expansion medium (RPMI 1640 supplemented with 10% [vol/vol] heat-
inactivated FBS, 2 mM L-glutamine, 10° U liter~" penicillin, 0.1 g liter=" streptomycin with T mg/ml PHA)
for 48 h in 5% CO?2 at 37°C. CD4* T cells were purified from PHA-PBMC by negative selection using the
Miltenyi Biotech human CD4* T cell isolation kit and cultured in RPMI 1640 supplemented with 10%
(vol/vol) heat-inactivated FBS, 2 mM L-glutamine, 10> U liter—" penicillin, 0.1 g liter~" streptomycin, and
20 U ml~" human interleukin-2 (IL-2) (47).

For autophagy induction, the culture medium was supplemented with different concentrations of
trehalose (50 to 150 mM; Sigma-Aldrich) or sirolimus (rapamycin) (Sigma-Aldrich) at 100 nM concentra-
tion. The lysosomal degradation inhibitor, bafilomycin A1 (Enzo Life Sciences), was reconstituted in
DMSO and used at a final concentration of 50 nM to measure autophagic flux. Maraviroc (Toronto
Research Chemicals) was reconstituted in methanol and used at a final concentration of 1 uM.

Virus assay. HIVg,, was obtained through the AIDS Research and Reference Reagent Program, from
Suzanne Gartner and Robert Gallo (49, 70). HIVy,, virus stocks were prepared and the titer was
determined as previously described (71). The 50% tissue culture infective dose (TCID,,) was determined
using the Spearmen-Karber method (72) using the Alliance HIVp24 antigen ELISA (Perkin Elmer). Cells
were pretreated with an autophagy-inducing agent for 6 to 12 h and then infected with 10° TCID;y/ml
HIVg,.. per 5 X 10° cells unless otherwise stated.

For virus binding assessment, macrophages (2.5 X 105/well in a 48-well plate) were preincubated
with 100 wl of medium (10% RPMI/FBS) or maraviroc (1 uM), mannan (16 mg/ml), or trehalose (100 mM)
for 30 min at 37°C. Pretreated macrophages were further incubated with HIV for 35 min at 37°C (53). The
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cells were washed three times and then lysed in 200 ul of 1% TritonX100/PBS for 1 h at 37°C. The amount
of bound viral p24 was measured by ELISA capture assay (ZeptoMetrix, Buffalo, NY).

For virus entry assessment, macrophages (0.5 X 105/well in a 24-well plate) were preincubated with
400 pl of medium (10% RPMI/FBS) or maraviroc (1 uM) or various concentrations of trehalose (50 mM to
150 mM) for 6 h. Pretreated macrophages were further incubated with HIV for 3 h at 37°C. After 3 h, cells
were washed twice with 1X PBS and trypsinized to remove the virus from the surface and washed with
PBS. Genomic DNA was extracted from cells using the Pure Link genomic DNA minikit (Life Technologies)
and used to measure the level of HIV strong stop DNA by gqPCR using TagMan primer/probe sets (Applied
Bioscience) as described previously (54). Briefly, TagMan primer probe sets for HIV strong stop DNA
(measure of early reverse transcript, virus entry) (forward primer [5'R]-5' AACTAGGGAACCCACTGCTTAA,
reverse primer [3'U5]-5'TGAGGGATCTCTAGTTACCAGAGTCA, and R-probe [5'FAM]-CCTCAATAAAGCTTG
CCTTGAGTGCTTCAA) were used for gPCR amplification of HIV early transcripts in genomic DNA samples.
Predesigned GAPDH primer probe sets (Applied Biosciences) were used to both normalize the sample
inputs and serve as a template integrity control. The cycling parameters used were as follows: 95°C for
10 min and 45 cycles at 95°C for 15 s and 60°C for 1 min. Normalized relative levels were calculated as
log,-transformed fold difference from corresponding control (vehicle-treated) sample by 2-24¢7, where
AAC; = AC; of treatment sample - AC; of vehicle-treated cells, and AC; = average cycle threshold (C;)
of HIV target — average C; of corresponding GAPDH (54).

Virus entry was also assessed by measuring intracellular p24 levels in cell lysates using ELISA. For T
cells, virus entry was assessed in vehicle or trehalose-pretreated (50 mM to 150 mM), HIV-infected T cells.
HIV-exposed T cells were cultured for 24 h and washed 3 times with DPBS and lysed with 120 ul of cell
lytic M cell lysis reagent (Sigma-Aldrich) as described above. Virus entry was analyzed by measuring the
intracellular p24 levels in lysates using immunoblotting and ELISA.

Cytotoxicity assay. Cytotoxicity and cell death were measured in vehicle and trehalose-treated
macrophages with or without HIV infection using the LDH cytotoxicity detection kit (TaKaRa). Briefly,
following 24 h of incubation with vehicle or trehalose, cells were infected with HIV and cultured in the
presence of trehalose for 10 days. Uninfected cells were also cultured for 10 days in the presence of
trehalose. At day 10, culture supernatants were collected, and LDH release was measured by ELISA.

Flow cytometry. For cell surface expression analysis of CD4, CCR5, CXCR1, and CXCR4 by flow
cytometry, macrophages were treated with trehalose for 12 h, collected, and stained with the following
fluorescent-tagged antibodies according to the manufacturer’s instructions: allophycocyanin-CD4 (APC-
CD4), phycoerythrin-cyanine7-CCR5 (PECy7-CCR5), fluorescein-5-isothiocyanate-CXCR1 (FITC-CXCR1),
and phycoerythrin-CXCR4 (PE-CXCR4) (all from eBioscience) along with a live/dead fixable aqua dead cell
stain (Molecular Probes). Stained cells were fixed with fixation buffer (BD Biosciences) and resuspended
in stain buffer for flow cytometry analysis using BD FACS Canto RUO-ORANGE analyzer. Data were
analyzed using FlowJo software v10.

RNA interference. The TriFECT Dicer-substrate siRNA (DsiRNA) kit for ATG5 (hs.Ri.ATG5.13) and
SIGLECT (hs.Ri.SIGLEC1.13) were purchased from Integrated DNA Technologies, Inc. (IDT, San Diego, CA)
for silencing ATG5 in primary macrophages and T cells and SIGLECT in primary macrophages. Negative-
control siRNA (DS NC1) was used as a nonspecific targeting control. DsiRNA transfections were performed
using lipofectamine RNAi MAX reagent (Thermo Fisher) following the manufacturer’s instructions. Two
days later, cells were analyzed for target gene silencing using RT-qPCR analysis and used in experiments.

RNA isolation and real-time qPCR. Total RNA was isolated using an RNeasy minikit (Qiagen)
according to the manufacturer’s protocol, and 200 to 500 ng RNA was used in 20 to 40 ul of reverse
transcription reaction using a high-efficiency cDNA reverse transcription kit (Applied Biosystems). Tag-
Man gene expression assays (Applied Biosystems) were used for microtubule-associated protein 1 light
chain 3 beta (MAP1LC3B), lysosomal-associated membrane protein 1 (LAMPT), lysosomal-associated
membrane protein 2 (LAMP2), RAB7A, SIGLEC1, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
gene RT-qPCR analysis. The fold change in gene expression was calculated by the AAC; method using
GAPDH as an internal loading control. All RT-qPCR assays were performed in triplicate.

Immunoblotting. Cell lysates were prepared using RIPA lysis buffer (Pierce) supplemented with 1X
halt protease and phosphatase inhibitor cocktail (Thermo Scientific) according to the manufacturer’s
instructions. Lysates were resolved on Bolt 12% Bis-Tris plus gels and transferred to polyvinylidene
difluoride membrane (PVDF) or nitrocellulose membrane (Thermo Fisher Scientific). The primary anti-
bodies in 5% dry milk in Tris-buffered saline with 0.1% Tween 20 (TBS-T) that were used were ACTB
(Sigma-Aldrich), LC3B and CXCR4 (both from Novus Biologicals), LC3B, LAMP2, and RAB7 (all from Cell
Signaling), LAMP1 (Santa Cruz Biotechnology), and CD4 and CCR5 (both from Abcam). Target proteins
were detected using the WesternBreeze chemiluminescence kit (Invitrogen), and their relative band
intensities were analyzed and compared with the ACTB bands using ImageJ (NIH).

Immunofluorescence microscopy. Macrophages (untreated [uninfected or HIV-infected] and
trehalose-treated [uninfected or HIV-infected]) were fixed and permeabilized using 4% (wt/vol) parafor-
maldehyde and 0.25% (vol/vol) TritonX-100 (Sigma-Aldrich). For immunofluorescence staining, cells were
incubated with appropriate primary antibodies: anti-TFEB, anti-LAMP1, anti-LAMP2, anti-HIV gag/p24 (all
from Abcam), and RAB7 (Cell Signaling) followed by incubation with Alexa Fluor-conjugated secondary
antibodies (Molecular Probes). Cells were nuclear stained and mounted using Prolong Gold antifade
mountant with 4'6’-diamidino-2-phenylindole (DAPI) (Molecular Probes). Stained cells were visualized
using an Olympus FluoView FV-1000 confocal imaging system and minimally processed with Adobe
Photoshop CSé6.
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Statistical analysis. All results were assessed in GraphPad Prism 8.0 (GraphPad, La Jolla, CA).
Statistical significance was determined by using two-tailed Student’s t test, analysis of variance (ANOVA),
and Wilcoxon rank test as appropriate.
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