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ABSTRACT

Japanese encephalitis virus (JEV), a member of the Flavivirus genus, is an important pathogen that causes human and
animal infectious diseases in Asia. So far, no effective antiviral agents are available to treat JEV infection. Here, we
found that LDLR is a host factor required for JEV entry. Berbamine significantly decreases the level of LDLR at the
plasma membrane by inducing the secretion of LDLR via extracellular vesicles (EVs), thereby inhibiting JEV infection.
Mechanistically, berbamine blocks TRPMLs (Ca®* permeable non-selective cation channels in endosomes and
lysosomes) to compromise the endolysosomal trafficking of LDLR. This leads to the increased secretion of LDLR via
EVs and the concomitant decrease in its level at the plasma membrane, thereby rendering cells resistant to JEV
infection. Berbamine also protects mice from the lethal challenge of JEV. In summary, these results indicate that
berbamine is an effective anti-JEV agent by preventing JEV entry.
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Introduction

Flaviviruses such as Japanese encephalitis virus (JEV),
dengue virus (DENV), Zika virus (ZIKV), West Nile
virus (WNV), yellow fever virus (YFV), and tick-
borne encephalitis virus (TBEV) are among the most
significant human pathogens. They are mainly trans-
mitted to humans through infected mosquitoes and
ticks [1-4]. Japanese encephalitis cases have been
mainly reported in Asian countries, especially in
East and Southeast Asia [5]. Although a large pro-
portion of human cases of JEV infection are asympto-
matic, the features of human infection with JEV range
from mild fever to severe haemorrhagic and encepha-
litic manifestations or even death. Over the past few
decades, inactivated and living-attenuated JEVs have
been successfully used in producing vaccines in
many countries, and immunization programs have
markedly decreased the burden of disease. However,
it was estimated that annually JEV still affects about
68,000 people and results in 10,000-15,000 deaths,
with 30%—50% of survivors showing lifelong neuro-
logical sequelae [5]. Currently, patients with serious

JEV infection only receive supportive care, including
intravenous fluids, hospitalization, respiratory sup-
port, and the prevention of secondary infections.
Therefore, there is an urgent need for safe and effective
anti-JEV agents.

The endosomal trafficking system is comprised of a
series of dynamically interconverted membrane-
enclosed vesicular structures, including early endo-
some (EE), multivesicular body (MVB), and late endo-
some (LE)[6]. When EEs mature to MVBs, the inward
invagination of the membrane of MVBs forms the
intraluminal vesicles (ILVs) inside the lumen of
MVBs[7]. During this process, membrane tetraspa-
nins, including CD81, CD63, and CD?9, are incorpor-
ated into the invaginated membrane, while some
cytosolic contents, e.g. proteins (TSG101, ALIX,
HSP70, HSP9O, etc.), nucleic acids (RNA and DNA),
metabolites, and amino acids, are enclosed inside
ILVs[7]. MVBs can either fuse with lysosomes for
degradation or fuse with the plasma membrane to
release its luminal ILVs. These released ILV's are called
exosomes, a subset of extracellular vesicles (EVs) with
sizes ranging from 30-150 nm. Another subset of EV's
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is the vesicles directly budding from cell plasma mem-
brane with size ranging from 50-1000 nm. The
cell-cell communications via the release and uptake
of exosomes have been implicated in a number of
physiological and pathological processes [8].

Low-density lipoprotein receptor (LDLR), a single-
chain single-pass transmembrane glycoprotein, is the
receptor for low-density lipoprotein (LDL), and is
responsible for lipoproteins trafficking and lipid
metabolism [9,10]. The internalized receptor-ligand
complexes are firstly clustered into coated pits, fol-
lowed by transport to early and late endosomes.
LDLR is ubiquitously expressed, and the LRLR-ligand
complexes are internalized into cells by endocytosis
every 10 min [11,12]. LDLR has been reported to func-
tion as a receptor for the hepatitis C virus (HCV),
human rhinoviruses, and vesicular stomatitis viruses
(VSV) [13-17]. Here, we found that LDLR is involved
in JEV entry into host cells and can bind to JEV-E,
suggesting that LDLR is a potential cellular receptor
for JEV. Moreover, we found that berbamine, a bis-
benzylisoquinoline alkaloid isolated from herbs and
a known calcium channel or signaling inhibitor, sig-
nificantly decreases the LDLR at the plasma mem-
brane, thereby rendering cells resistant to JEV
infection. We further found that berbamine inhibits
the transient receptor potential membrane channel
mucolipin (TRPML) family to impair the lysosome
function, which in turn compromises the endolysoso-
mal trafficking of LDLR. This leads to the increased
secretion of LDLR via extracellular vesicles (EVs)
and the concomitant decrease of its levels at the
plasma membrane, thereby preventing JEV from
entering host cells.

Materials and methods

Cell culture and virus propagation- HeLa, A549, Vero,
BHK-21, or 4T1 cells were maintained in DMEM
(Gibco, 12800082) containing 10% fetal bovine
serum (Gibco, 10500064) and 100 U/ml of penicil-
lin/streptomycin. The JEV SA14-14-2 strain was
amplified from BHK-21 cells, which was maintained
in DMEM containing 2% fetal bovine serum and 100
U/ml of penicillin/streptomycin.

Immunofluorescence staining- Cells were fixed with
4% paraformaldehyde (PFA) in warm 1x PBS at room
temperature (RT) for 15 min. After rinsed with PBS
three times, cells were blocked with PBS containing
5% normal donkey serum and 0.3% Triton™ X-100
at RT for 1 h, and then incubated with primary anti-
body at 4°C overnight, followed by the appropriate
fluorescent secondary antibody. To label the receptors
on the plasma membrane, live cells were incubated
with the primary antibody in PBS (+1% BSA) on ice
for 90 min, followed by incubation with the fluor-
escent secondary antibody on ice. Images were

captured with Carl Zeiss LSM 880 confocal micro-
scopes using a 63xoil objective lens. The primary anti-
bodies used in these experiments are listed in Table S1.

In situ RNA hybridization- In situ RNA hybridiz-
ation was performed with an RNAscope® Multiplex
Fluorescent kit (Advanced Cell Diagnostics, 320851)
by following the manufacturer’s instructions. In
brief, cells plated on coverslips were fixed with 4%
PFA, permeabilized, and incubated with a specific
RNA probe targeting the JEV (ACD, 435551) viral
genome for 2 h at 40°C. Then, up to four signal
amplification systems were used to detect the target
RNA. After RNA hybridization, the cells were sub-
jected to immunofluorescence staining as described
above.

Western blot analysis- The Bradford assay (Bio-
RAD) was performed to measure the protein concen-
tration of cell lysates. Equal amounts of cell lysates per
sample were loaded onto 8%—12% SDS-PAGE gels for
electrophoresis. The proteins were then transferred
to a PVDF membrane (Millipore), blocked with 5%
non-fat milk, and blotted with primary and secondary
antibodies. The primary antibodies used for immuno-
blotting are listed in Table S2.

Cytotoxicity assay- BHK-21, A549, or Hela cells,
plated in 96-well plates (Corning, 3603), were treated
with different concentrations of berbamine dihy-
drochloride (sigma, 547190) for 24 h. The cells were
then stained with propidium iodide (PI; Invitrogen,
P3566) and Hoechst 33258 (Invitrogen, H3570), and
images were acquired using a CellInsight CX7 High-
Content Screening platform with a 10x objective
lens. Quantification of the dead (PI-positive) cells
was performed with HCS Studio™ 3.0 (Thermo
Fisher). The half-maximal cytotoxicity concentration
(CCsp) was calculated via Graphpad Prism 5.

The antivirus activity of drugs- A549 cells were pre-
treated with chemicals at the indicated concentrations
for 1 h, and infected with ~1 MOI of JEV. At 48 h
post-infection, cells were fixed with 4% PFA, stained
with an anti-dsRNA antibody, and subjected to the
high content screening platform to acquire fluor-
escence images. The percentage of infected cells was
determined using HCS Studio™ 3.0. The 50% of
maximal effect (ECso) was calculated with Graphpad
Prism 5.

JEV and LDL competitive assay- Firstly, A549 cells
grown in a 96-well plate (Corning, 3603) were
serum-starved overnight by using Fluorobrite
DMEM medium (Cat. No. A1896702) plus 0.3%
BSA. Then, cells were incubated with the indicated
dose of JEV on ice for 1 h, followed by incubation at
37°C for 10 min to allow the internalization of
bound JEV. Subsequently, cells were incubated with
fluorescently labeled LDL (Dil LDL, Cat. No. L3482)
on ice for 1 h before being placed on 37 C for 30
min to start the internalization of bound Dil LDL.



Lastly, cells were fixed with 4% PFA and subjected to
DAPI staining and high-content screening to collect
images and analyze the uptake of Dil LDL.

LDL uptake assay- A549 cells grown in 96-well plate
were-serum starved overnight by using Fluorobrite
DMEM medium plus 0.3% BSA. Then, cells were pre-
treated with DMSO, Heparin (250 pg/mL), or berba-
mine (10 or 25 pM) for 3 h, followed by incubation
with Dil LDL on ice for 1 h. Afterward, the cells
were incubated at 37 C for 30 min to allow the intern-
alization of Dil LDL. Lastly, cells were fixed with 4%
PFA and subjected to DAPI staining and high-content
screening to collect images and analyze the uptake of
Dil LDL.

Analysis of size distribution and concentration of
extracellular vesicles- A549 cells grown in 6-well dishes
at about 80% confluency were rinsed with PBS twice
and changed with 1.2 ml of an EV-depleted complete
medium containing DMSO or berbamine (50 uM). Six
hours later, supernatants in each well were collected
and subjected to sequential centrifugation at different
centrifugal forces (g) to remove intact cells, dead cells,
and cell debris. Finally, the supernatants containing
EVs were analyzed with a nanoparticle tracking analy-
zer (NanoSight NS300, Malvern) to determine the
concentrations and size distribution.

Purification of EVs from the culture medium- A549
cells were grown in 15-cm dishes to ~80% confluency.
The cells were then rinsed with PBS and incubated in
an EV-depleted complete medium containing DMSO
or berbamine (25 uM) for 48 h. The supernatant was
collected and subjected to sequential centrifugation
steps at different centrifugal forces (g) to remove the
intact cells, dead cells, or cell debris. After each cen-
trifugation, the supernatant was transferred into a
new 50 ml tube, and the pellet was discarded. Finally,
the supernatant was subjected to ultracentrifugation at
120,000 x g for 90 min, and the pellet (now containing
EVs) was washed with PBS and subjected to another
ultracentrifugation at 120,000 x g for 90 min.
Finally, the exosome pellet was collected and used
for immunoblot analysis.

Intracellular Ca®* measurements- HeLa cells were
grown in 24-well plates to ~80% confluency. The
cells were then loaded with HBSS (Gibco, 14025092)
containing 4 uM Fura-2 AM (Invitrogen, F1221) and
0.4% Pluronic™ F-127 (Invitrogen, P3000MP) at
room temperature for 30 min. The cells were washed
with Ca**-free HBSS containing 2 mM EGTA, and
incubated in Ca®*-free HBSS in the presence or
absence of berbamine (10 pM) at room temperature
for another 30 min. Fluorescence images were
acquired at 3 s intervals by alternate excitation at
340 and 380 nm with emission at 510 nm using a
Nikon Eclipse Ti-S Calcium imaging system. Approxi-
mately 1 min after live-cell imaging, 200 pM GPN
(Abcam, ab145914), or 25 uM ML-SA1 (Tocris
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Bioscience, 4746) was added to the cells to trigger
Ca®" release from the lysosomes.

Small interference RNA (siRNA)- Cells were trans-
fected with siRNAs against respective genes (Table
$3) using Lipofectamine 3000 according to the manu-
facturer’s instructions. The knockdown efficiency was
validated by immunoblot analysis or qRT-PCR.

The anti-JEV activity of berbamine in mice- The
anti-JEV activity of berbamine was performed in
BALB/c mice as described previously [18]. Briefly,
3-4-week BALB/c mice were randomly divided into
four groups (eight mice per group): an uninfected
and PBS-treated group, an uninfected and berba-
mine-treated group, a JEV-infected and PBS-treated
group, and a JEV-infected and berbamine-treated
group. Mice were first injected intraperitoneally with
PBS or 15 mg/kg of bodyweight of berbamine. 6 h
later, mice were infected intraperitoneally with 107
TCIDs, of JEV (SA14 virus strain). Thereafter, mice
were treated with PBS or berbamine (15 mg/kg)
twice per day for 14 days. The mice were monitored
daily for morbidity and mortality. The mice that
showed severe neurological signs of disease were
euthanized. All animal studies were performed in B3
level laboratories by strictly following the safety and
animal ethics guidelines of the wuniversity and

government.
Statistical analysis- Data are presented as mean +
S.EM. Statistically significant differences were

determined by the Student’s t-test, and P < 0.05 was
considered to be statistically significant.

Results

LDLR is required for JEV internalization. Since
LDLR has been reported to function as a receptor
for HCV and VSV, we assessed whether LDLR is
involved in JEV infection. We found that LDLR
knockdown markedly decreased JEV infection in
A549 cells (Figure 1(A and B)). Moreover, LDLR
knockdown significantly impaired JEV propagation
in A549 cells (Figure 1(C)). In addition, we examined
whether JEV infection triggers the internalization of
LDLR. Thus, live A549 cells were incubated on ice
with the anti-LDLR antibody and an Alexa Fluor
488-tagged secondary antibody to label the cell surface
LDLR, followed by JEV incubation on ice for 1
h. Thereafter, cells were incubated at 37 C to trigger
the internalization of the virus and/or LDLR-antibody
complex, and subjected to in situ RNA hybridization
to detect the vRNA of the JEV at the indicated time
points. We showed that the internalized LDLR-posi-
tive endosomes exhibited strong colocalization with
the VRNA particles by 30 min after virus infection
(middle panel in Figure 1(D)). The vRNA particles
then became dissociated from the LDLR-positive
endosomes by 60 min after virus infection (lower
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Figure 1. LDLR is required for JEV internalization. (A) Knockdown efficiency of LDLR in A549 cells by LDLR siRNAs. (B, C) A549
cells were transfected with LDLR siRNAs and were then infected with ~1 MOI of JEV, followed by immunostaining against dsRNA
at 48 h.p.i. (B), or titer measurement by TCIDs, assay at 24 h.p.i. (C). (D) A549 cells were incubated with an anti-LDLR primary
antibody and an Alexa Fluor 488-tagged secondary antibody (green) on ice, before being infected with ~50 MOI of JEV on
ice. Subsequently, the cells were incubated at 37 C for indicated times, followed by in situ RNA hybridization for detecting the
JEV RNA genome (red). (E) A549 cells were incubated with an increasing amount of JEV on ice for 1 h, followed by incubation
at 37 C for 10 min to allow the endocytosis of bound JEV. Then, cells were incubated with fluorescently labeled LDL (Dil LDL)
on ice for 1 h before being placed on 37 C for 30 min to start the internalization of bound Dil LDL. (F) A549 cells were incubated
with LDL (0, 20 pg/ml or 100 pg/ml) at 37 C for 30 min before incubating with ~ 50 MOI of JEV on ice for another 1 h. The cells
were then incubated at 37 C for 30 min, and qPCR was performed to quantify the entry-level of JEV. (G) A549 cells were transfected
with LDLR siRNAs, followed by incubation with ~ 50 MOI of JEV on ice for 1 h. Cells were then incubated at 37 C for 30 min, and
gPCR was performed to quantify the entry-level of JEV. (H) A549 cells were transfected with LDLR siRNAs, followed by 50 MOI of
JEV infection for 80 min. Then, in situ RNA hybridization was performed to detect the internalization of JEV. (I) HEK293T cells were
transfected with JEV-E (tagged with Flag) and LDLR. The interaction between JEV-E and LDLR was confirmed by a co-IP assay.
Bound proteins were eluted and analyzed by immunoblot with LDLR and Flag-tag antibodies. (J) The cell lysates from
HEK293T cells that overexpressed LDLR were incubated with Rabbit IgG or JEV-E antibody, followed by immunoblot analysis.
(K) Schematic diagram of JEV-E structure. (L) The empty vector (Flag-EV), a full-length JEV-E (Flag-E), first and second domain
of JEV-E (Flag-E-DI-Il), or the third domain of JEV-E (Flag-E-DIll) was transfected with LDLR into HEK293T cells. Cell lysates
were subjected to immunoprecipitation using anti-Flag Magnetic Beads and immunoblot analysis. (M) HEK293T cells were co-
transfected with Flag-E-DI-Il and LDLR. Cell lysates were then subjected to immunoprecipitation with Rabbit IgG or anti-LDLR anti-
body, followed by immunoblot analysis. The blots, images, and graphs represent data from three independent experiments. The
difference between the two groups was analyzed using a two-tailed Student’s t-test, P<0.05 was considered statistically
significant.
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Figure 2. Berbamine blocks JEV infection by depleting cell-surface LDLR. (A) A549 cells were treated with DMSO or berba-
mine at different concentrations for 1 h, and then infected with ~1 MOI JEV for 48 h. The cells were immunolabeled with dsRNA
antibodies and subjected to fluorescence imaging. (B) Pretreatment of A549 cells with berbamine (BBM, 40 uM) significantly inhib-
ited JEV progeny virion production, as determined by virus titer measurements. (C) A549 cells were treated with berbamine (20
uM) for 1 h, and were then incubated with ~50 MOI JEV on ice for another 1 h. Afterward, they were incubated in the medium at
37 C for another 80 min followed by in situ RNA hybridization to detect the RNA genome of JEV (JEV-VRNA) (red). (D) A549 cells
were treated with or without berbamine (50 uM) for 1 h, and then they were incubated with JEV on ice for another 1 h. Thereafter,
the cells were incubated at 37 C for the indicated times followed by LDLR immunoblot analysis. (E) A549 cells were treated with or
without berbamine (50 uM) for 3 h, followed by LDLR immunostaining. Subsequently, FACS analysis was performed to measure
the cell surface LDLR. (F) A549 cells were treated with/without berbamine (50 pM) for the indicated times, followed by LDLR
immunostaining. Alexa Fluor 488-conjugated wheat germ agglutinin (WGA) was used to label the plasma membrane. (G)
A549 cells were pretreated with Heparin (250 pg/ml) or berbamine (10 uM or 25 puM) for 3 h, followed by incubation with Dil
LDL on ice for another 1 h. Then, the cells were incubated at 37 C for 30 min to allow the internalization of Dil LDL. The
blots, images, and graphs represent data from three independent experiments. The difference between the two groups was ana-
lyzed using a two-tailed Student’s t-test, P<0.05 was considered statistically significant.
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panel in Figure 1(D)), and we suspect that this is likely
due to the release of viral genome RNA from the
endosomes.

Since LDLR is endocytosed together with JEV vir-
ion particles, we investigated whether JEV competes
with LDL (the LDLR ligand) for binding to LDLR.
Briefly, A549 cells were first incubated with an increas-
ing amount of JEV on ice for 1 h, followed by incu-
bation at 37 C for 10 min to allow the endocytosis of
the bound JEV. Thereafter, cells were incubated with
fluorescently labeled LDL (Dil LDL) on ice for 1 h fol-
lowed by incubation at 37 C for another 30 min to
initiate the internalization of the bound Dil LDL. As
expected, JEV infection significantly decreased LDL
internalization in a concentration-dependent manner
(Figure 1(E)), further confirming that LDLR is trans-
ported into cells during JEV internalization. Likewise,
preincubation with LDL significantly inhibited JEV
internalization (Figure 1(F)), indicating that LDLR is
required for the entry of JEV into host cells. To further
confirm LDLR is required for JEV internalization,
control or LDLR-knockdown A549 cells were incu-
bated with JEV on ice for 1 h, and were then incubated
with a warm medium at 37 C for the indicated time
followed by qPCR (Figure 1(G)) or in situ RNA
hybridization (Figure 1(H)) to detect the JEV vRNA.
As expected, LDLR knockdown significantly inhibited
the levels of JEV vRNA (Figure 1(G and H)). In sum-
mary, these results indicate that LDLR is required for
JEV entry into host cells.

Subsequently, we performed the coimmunoprecipi-
tation (co-IP) to determine whether LDLR interacts
directly with JEV envelope protein (E), the viral
protein responsible for cellular attachment and recep-
tor binding. In HEK293T cells overexpressing Flag-
tagged JEV-E and LDLR, the anti-LDLR antibody
brought down both LDLR and JEV-E (Figure 1(I)).
Likewise, the anti-JEV-E antibody pulled down both
JEV-E and LDLR (Figure 1(J)). The ectodomain of
JEV-E protein contains three domains: DI, DII and
DIII, and DII is composed of two extended loops
that protrude from DI (Figure 1(K)). We, thus, trun-
cated the E protein into DI-DII and DIII to determine
which fragment of JEV-E interacts with LDLR. We
showed that the DI-DII of E protein is responsible
for interacting with LDLR (Figure 1(L and M)).
These data suggest that LDLR is a potential host recep-
tor for JEV entry.

Berbamine inhibits JEV infection by decreasing
the cell-surface LDLR level. Berbamine is a bis-benzy-
lisoquinoline alkaloid isolated from berberis (one tra-
ditional Chinese medicine), and has reported effects
on Ca** signaling [19-25]. We found that berbamine
significantly inhibited JEV infection in A549 cells,
and the half-maximal effective concentration (ECsg)
of berbamine against JEV is approximately 1.62 uM
(Figure 2(A)). Consistently, berbamine significantly

inhibited the infectious progeny viral particle pro-
duction of JEV (Figure 2(B)). Moreover, berbamine
blocked the entry of JEV into host cells (Figure 2(C)).

Interestingly, we found that JEV infection induced
the LDLR accumulation, whereas berbamine treat-
ment abolished this increase (Figure 2(D)). We, thus,
examined whether berbamine decreases the LDLR
levels at the cell surface by performing the LDLR
immunostaining in cells treated with or without ber-
bamine, followed by flow cytometric analysis or confo-
cal imaging. We showed that berbamine significantly
decreased the levels of LDLR at the plasma membrane
(Figures 2(E and F)). In addition, we found that pre-
treatment of cells with berbamine markedly inhibited
the uptake of Dil LDL, similar to the effect of heparin
on uptake of Dil LDL (Figure 2(G)). In summary,
these results suggest that berbamine might inhibit
JEV infection by decreasing the level of LDLR at the
plasma membrane.

LDLR is a known receptor for VSV [15]. We, thus,
generated the lentivirus-based pseudotyped particles
that incorporated VSV G protein and expressed a
reporter gene (RFP-tagged Histone B), to assess
whether berbamine also inhibits the entry of the
VSV-G pseudotyped particles. As showed in Figure
S1, pretreatment of cells with berbamine for 1.5 h
effectively inhibited the entry of VSV-G pseudotyped
particles into host cells, whereas treatment of cells
with berbamine at 1.5 h post-infection had negligible
effects on VSV entry.

Berbamine inhibits endolysosomal trafficking and
induces the secretion of extracellular vesicles to
decrease cell-surface LDLR. We next investigated
the mechanism by which berbamine decreases LDLR
levels at the cell surface. We first examined whether
berbamine regulates the general endolysosomal
trafficking of cell surface receptors by performing
the classical epidermal growth factor receptor
(EGFR) degradation assay. As shown in Figures S2A
and S2B, the fluorescently labeled epidermal growth
factor (EGF-488)-EGFR complex entered cells and
translocated to early endosomes and late endosomes/
lysosomes in both DMSO- and berbamine-treated
cells by 30 min to 1 h after EGF addition. At 3 h
after EGF treatment, nearly all EGF-488-EGFR com-
plex was degraded in control, not in berbamine-trea-
ted, cells. This data suggests that berbamine inhibits
the endolysosomal degradation of EGFR but does
not affect the internalization of the receptors.

We then assessed whether berbamine affects the
endolysosomal trafficking of LDLR by performing
LDLR and LAMPI co-immunostaining in cells treated
with or without berbamine. In brief, A549 cells were
first incubated with an anti-LDLR antibody on ice
for 90 min. The internalization of the LDLR-antibody
complex was initiated when cells were warmed to 37 C
[26]. In the control cells, after ~30 min to 1 h, the
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were then fixed and subjected to LDLR immunostaining. (F, G) EVs were collected from the culture medium of control or berba-
mine-treated (25 uM) A549 cells, and their concentration and distribution of sizes were determined with a nanoparticle tracking
analyzer (F). The levels of TSG101, LDLR, ANXA2, ITGB3, and SCARBT1 in these EVs were determined by immunoblot analysis (G). (H)
EVs were collected from the culture medium of control or berbamine-treated A549 cells (25 pM) in the presence or absence of
GW4689 (10 uM). The levels of LDLR, CD63, and ALIX in these EVs were determined by immunoblot analysis. (I) Immunoblot analy-
sis of RAB27A was performed to confirm the knockdown efficiency of RAB27A shRNAs in A549 cells. (J) EVs were collected from the
culture medium of control- and RAB27A-knockdown A549 cells treated with or without berbamine (25 uM). The levels of LDLR,
(D63, and ALIX in these EVs were determined by immunoblot analysis. The blots, images, and graphs represent data from three
independent experiments. The difference between the two groups was analyzed using a two-tailed Student’s t-test, P<0.05 was
considered statistically significant.
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internalized LDLR-antibody complex was found in the
late endosomes or lysosomes, as shown by the coloca-
lization between LDLR and LAMPI; and by ~3 h,
most internalized LDLR was degraded (top panel in
Figure 3(A)). However, in berbamine-treated cells,
the LDLR-antibody complex was internalized nor-
mally but failed to be sent to lysosomes for degra-
dation (bottom panel in Figure 3(A)).

Since the endolysosomal degradation of LDLR was
compromised in the berbamine-treated cells (Figure 3
(A)), we reasoned that this should lead to an increase
in the total amount of LDLR in these cells. However,
we found that berbamine markedly decreased the
total amount of LDLR in cells (Figure 3(B)). In
addition, berbamine decreased the level of LDLR in
cells treated with or without cycloheximide (Figure 3
(C)), suggesting that the decrease of LDLR by berba-
mine is not due to the protein synthesis inhibition.
Thus, we speculated that the reduced levels of LDLR
that occurred in berbamine-treated cells might be
due to an increase in the secretion of LDLR-contain-
ing EVs out of cells. To verify this possibility, we
examined whether the blockage of EV secretion
could reverse the decrease of LDLR induced by berba-
mine. As shown in Figure 3(D), GW4869, a sphingo-
myelinase inhibitor that abolishes the secretion of
exosome [27,28], markedly reversed the decrease of
LDLR induced by berbamine. This data suggests that
berbamine might promote LDLR secretion through
exosome, thereby decreasing the levels of LDLR.
Therefore, we studied whether berbamine could
induce the colocalization between LDLR and multive-
sicular body (MVB). As expected, upon berbamine
treatment, LDLR gradually translocated from the
plasma membrane to MVB, manifested by the
increased colocalization between LDLR and CD63, a
MVB marker (Figure 3(E)). Taken together, these
results suggest that berbamine induces LDLR
secretion via exosomes.

Dysregulated endolysosomal trafficking could pro-
mote the exosome release [29]. Therefore, we quan-
tified the concentration of EVs in the cell culture
medium of control or berbamine-treated cells using
a nanoparticle analyzer. As expected, berbamine sig-
nificantly promoted the secretion of EVs (Figure 3
(F)). We then examined whether these EVs contain
elevated levels of membrane receptors in the berba-
mine-treated group when compared with the control
group. Thus, EVs in the culture medium from the con-
trol or berbamine-treated cells were collected by ultra-
centrifugation, and the protein levels of LDLR and
several other previously reported cell membrane
receptors or membrane-binding proteins for viruses
(e.g. ITGB3 [30-34], SCARBI [35,36], and ANXA2
[37-39]), were analyzed by immunoblot analysis. We
showed that the levels of LDLR, ANXA2, ITGB3,
and SCARBI, similar to TSG10 (which is an exosome

surface protein marker), were all markedly increased
in EVs collected from the berbamine-treated cells
when compared with the control group (Figure 3
(G)). Moreover, GW4869 or RAB27A blocked the
ability of berbamine to induce exosomal LDLR levels
(Figure 3(H-J). Taken together, these results suggest
that berbamine inhibits the endolysosomal trafficking
of LDLR and/or other viral receptors. This leads to an
increase in the level of exosomal LDLR and a conco-
mitant decrease in its level at the plasma membrane.

Berbamine blocks lysosomal TRPMLs to promote
the secretion of LDLR-containing exosomes.
Although berbamine is known to be a calcium channel
blocker, berbamine treatment did not change basal
cytosolic Ca** concentration, nor affected thapsigar-
gin (a specific Sarco/endoplasmic reticulum Ca?
*_ATPase inhibitor)-induced Ca*" release from ER,
suggesting that berbamine does not affect ER Ca**
pool. It also had little effect on store-operated Ca**
entry (SOCE) (Fig. §3). Thus, we speculated that ber-
bamine might inhibit endolysosomal trafficking by
blocking the lysosomal calcium channels. We first
examined whether berbamine affects the lysosomal
Ca®" levels by assessing the ability of Gly-Phe p-
naphthylamide (GPN) to trigger Ca>" release from
lysosomes in cells treated with or without berbamine.
We showed that berbamine significantly mitigated the
GPN-induced cytosolic Ca** increase, suggesting that
it inhibits the lysosomal Ca** channels (Figure 4(A)).
Since TRPMLs in lysosomes and endosomes play criti-
cal roles in membrane trafficking, autophagy, and exo-
cytosis [40-42], we further assessed whether
berbamine blocks lysosomal Ca** release by inhibiting
TRPMLs. As shown in Figure 4(B), berbamine signifi-
cantly decreased the TRPML-mediated Ca** release
from lysosomes, which was triggered by ML-SAI, a
selective and potent TRPMLs agonist [43]. In addition,
we found that pretreatment of ML-SA1 reversed the
LC3-II accumulation induced by berbamine (Figure 4
(C)), suggesting that berbamine blocks TRPMLs to
impair lysosome function. Consistently, ML-SA1
reversed the LDLR decrease caused by berbamine
(Figure 4(D and E)). These results again suggested
that berbamine inhibits TRPMLs to block endolysoso-
mal trafficking of LDLR. Subsequently, we knocked
down the expression of TRPMLI, 2, and 3 simul-
taneously by pools of siRNAs in A549 cells (Figure
S4) and found that the intracellular and cell surface
levels of LDLR were markedly decreased in
TRPMLs-knockdown cells when compared to control
cells (Figure 4(F and G)). Notably, the extent of
decrease of LDLR levels at cell surface induced by ber-
bamine in TRPMLs-knockdown cells was lower when
compared to its effects on the control cells (Figure 4
(G)). These results suggest that berbamine inhibits
TRPMLs to reduce the levels of LDLR at the cell sur-
face. In addition, we compared the amount of LDLR
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Figure 4. Berbamine inhibits TRPMLs to promote LDLR-containing EV secretion. (A, B) Berbamine significantly inhibited
GPN- (A) or ML-SA1- (B) induced cytosolic Ca”" increase in Fura-2-loaded Hela cells. (C) A549 cells in the presence or absence
of ML-SAT (pretreated for 6h) were treated with or without berbamine for 3 h, followed by LC3B immunoblot analysis. (D, E)
A549 cells in the presence or absence of ML-SA1 (pretreated for 6h) were treated with or without berbamine (50 uM) for 3 h,
followed by LDLR immunoblot analysis (D); alternatively, the live cells were stained with the anti-LDLR antibody, followed by
FACS analysis to measure the cell surface LDLR levels (E). (F) A549 cells were transfected with siRNAs against non-target control
(siNC) or TRPMLs (siTRPML1-3), and cell lysates were subjected to LDLR immunoblot analysis. (G) A549 cells were transfected with
siNC or siTRPMLs, and were then treated with berbamine (50 pM) for 3 h, followed by FACS analysis to measure the cell surface
LDLR levels. (H) EVs were collected from the culture medium of control or TRPMLs-knockdown A549 cells, the levels of LDLR, CD63
and ALIX in these EVs were determined by immunoblot analysis. (I) CD63-mcherry was transiently transfected into control or
TRPMLs-knockdown A549 cells. At 36h post-transfection, cells were fixed and subjected to LDLR immunostaining and confocal
analysis. The blots, images, and graphs represent data from three independent experiments. The difference between the two
groups was analyzed using a two-tailed Student’s t-test, P<0.05 was considered statistically significant.
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Figure 5. Berbamine inhibits JEV infection through blockage of TRPMLs. (A, B) A549 cells were transfected with siRNAs
against non-target control (siNC) or TRPMLs (siTRPML1-3), and then cells were infected with ~1MOI of JEV for 48 h or 24 h, fol-
lowed by immunostaining against dsRNA (A) or titer measurement (B), respectively. (C) A549 cells were transfected with siNC or
siTRPMLs, and were then infected with ~50 MOI JEV for 90 min followed by in situ RNA hybridization to detect the RNA genome
(red) of JEV. (D) A549 cells were transfected with siNC or siTRPMLs, then cells were pretreated with DMSO or berbamine (50 uM) for
3h, followed by infection with 10 MOI JEV. At 1.5 h post-infection, cell lysates were collected and subjected to titer measurement
after 12 h. The images, and graphs represent data from three independent experiments. The difference between the two groups
was analyzed using a two-tailed Student’s t-test, P<0.05 was considered statistically significant.

and exosome markers (TSG101, CD63 and ALIX) in
the exosome isolated from control or TRPMLs-knock-
down cells. We showed that TRPMLs knockdown
markedly increased exosomal LDLR levels, along
with exosome markers (Figure 4(H)). Moreover, we
found that the colocalization between LDLR and
CD63 was increased significantly in TRPMLs-knock-
down cells when compared to control cells (Figure 4
(I)). Taken together, these results suggest that berba-
mine inhibits TRPMLs to cause lysosomal dysfunc-
tion, and this, on one hand, inhibits the fusion
between LDLR-containing MVBs/late endosomes
and lysosomes to prevent the trafficking of LDLR,
and on the other hand, promotes the fusion between
MVBs and plasma membrane to increase exosome
secretion.

Berbamine inhibits JEV infection by blocking
endolysosomal TRPMLs. We then investigated the
role of TRPMLs in JEV infection. We showed that
TRPMLs knockdown significantly inhibited JEV
propagation (Figure 5(A and B)) and the entry of
JEV into host cells (Figure 5(C)). Moreover, control-
or TRPMLs-knockdown cells were pretreated with
DMSO or berbamine for 3 h, and the culture medium
containing berbamine and JEV were removed 1.5 h
post-infection. Berbamine failed to further inhibit
JEV infection in TRPMLs-knockdown cells (Figure 5

(D)). In summary, these results indicate that berba-
mine compromises the endolysosomal trafficking of
LDLR via inhibition of TRPMLs, and this leads to a
decrease in the levels of LDLR, thereby preventing
JEV from entering the host cells.

It has been previously reported that tetrandrine
(an analogue of berbamine) prevents the entry of
the Ebola virus into host cells by blocking two-
pore channels (TPCs) [44]. TPCs have also been
shown to mediate MERS-CoV pseudovirus trans-
lation [45]. TPCs are Ca2+-permeable non-selective
cation channels in the endo-lysosomal system
[46,47]. We, thus, knocked down the expression of
TPC1 or TPC2 in A549 cells (Fig. S5A) and found
that knockdown of either TPC2 or TPC1 had little
effect on JEV infection in A549 cells (Figs S5B
and S5C). In addition, double knockdown of both
TPC1 and TPC2 failed to inhibit JEV infection in
A549 cells (Fig. S5D). These data indicate that ber-
bamine does not target TPCs to inhibit JEV
infection.

Berbamine protects mice from the lethal chal-
lenge of JEV. We assessed the cytotoxicity of berba-
mine (Figure 6(A)) in different cell lines, and found
that the half-maximal cytotoxicity concentration
(CCsp) for berbamine in these cell lines ranged
from ~115 uM to ~127 uM (Figure 6(A)). We
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Figure 6. Berbamine protects mice from lethal challenge of JEV. (A) Cells grown in 96-well plates were treated with different
concentrations of berbamine for 48 h, and then they were subjected to Pl and Hoechst staining. Pl-positive cells were quantified,
and the CCs, values of berbamine in different cell lines were calculated. (B-E) Mice infected with the 10” TCIDso SA-14 JEV strain
were treated with or without 15 mg/kg berbamine (IP) twice per day for 15 days. Mice treated with berbamine without infection
were used as a control to monitor the side effects of berbamine. The survival rate (B) and the bodyweight change of mice (C) were
monitored every day. In addition, on Day 5 post-infection, the spleen and brain were collected, and were subjected to the viral
load quantification (qRT-PCR) (D) and H&E staining (E), respectively. Arrows indicate histopathological changes, including menin-
gitis, perivascular cuffing, and glial nodules. The images and graphs represent data from two independent experiments. The differ-
ence between the two groups was analyzed using a two-tailed Student’s t-test, P<0.05 was considered statistically significant.

then calculated the selectivity index (SI) of berba-
mine for JEV infection. The SI helps to determine
the window between cytotoxicity and antiviral
activity by dividing the ECs, over its CCs, value
(i.e. CCs¢/ECsp). The SI value of berbamine is
about 78, suggesting that berbamine is an anti-
JEV agent with good therapeutic window. We,
thus, assessed the protective effects of berbamine
against JEV infection in a mouse model. As
shown in Figure 6(B and C), berbamine (15 mg/
kg, IP, twice per day) protected mice from a lethal
challenge of JEV, as demonstrated by the higher

survival rate (i.e. 75% in the berbamine-treated
group versus 12.5% in the control group) and the
better bodyweight recovery. The virus shedding in
the spleen of the berbamine-treated group (n=3)
is much lower than in the control group (n=3)
(Figure 6(D)). Moreover, berbamine alleviated the
brain damage caused by JEV infection, such as
meningitis, perivascular cuffing, vacuolar degener-
ation, and glial nodules, when comparing to the
control group (Figure 6(E)). In summary, these
results indicate that berbamine is a potential anti-
JEV drug.
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Discussion

LDLR is the first member of the LDLR family to be
identified, and the family also contains VLDLR,
ApoER2, LRP1, LRP2, and LRP6. These family mem-
bers all share several structural domains, such as
LDLR repeats (for ligand binding), an EGF-like
domain, and a transmembrane anchor motif. The
LDLR family members mainly participate in lipopro-
tein trafficking to maintain cholesterol homeostasis
[48]. LDLR has been shown to be one of the receptors
for the hepatitis C virus, rhinovirus, and vesicular sto-
matitis virus [13-15,17]. LDLR is the receptor for low-
density lipoprotein (LDL), and these receptor-ligand
complexes are transported into the cells by clathrin-
mediated endocytosis. Since LDLRs are internalized
and recycle back to the plasma membrane every 10
min, they are ideal virus entry ports [11,12]. We
found that LDLR knockdown significantly inhibited
JEV infection (Figure 1(B-C)), specifically the entry
into host cells. In addition, pre-incubation of cells
with JEV impaired LDL uptake in a dose-dependent
manner (Figure 1(E)). The direct interaction between
LDLR and the JEV-E was confirmed by co-IP studies
(Figure 1(I-IM)). The DIII of flavivirus Envelope
protein has been shown to be the major antigenic
domain and be responsible for receptor binding. How-
ever, we found that LDLR interacts with the DI-II of
JEV-E, indicating that LDLR might be a cofactor facil-
itating internalization of the JEV-receptor complex,
instead of a direct JEV receptor. Additional exper-
iments are needed to confirm the exact role of LDLR
in JEV entry. It is also of interest to study if other
LDLR family members might be involved in JEV
infection since they share a similar ligand-binding
domain.

A number of studies have shown that virus infec-
tion changes the cytosolic Ca®" homeostasis (or the
resultant Ca®" signaling) in the host cells, not only
to facilitate the entry, replication, packaging, and
release of the virus, but also to inhibit the cellular
immune response against virus infection [44,49-53].
Here, we demonstrated that berbamine inhibited
TRPML-mediated Ca®* release from lysosomes to
compromise the endolysosomal trafficking of host fac-
tors, e.g. membrane receptors for JEV, thereby pro-
moting the secretion of these trapped host factors
out of cells via EVs and decreasing the LDLR on the
cell membrane (Figures 2-5). The decreased levels of
viral host factors, such as LDLR, at the plasma mem-
brane, are likely responsible for the anti-JEV activity
of berbamine. Notably, berbamine did not change
the functional SOCE (Fig. $3), and this might explain
why it was only minimally cytotoxic (Figure 6(A)).

Lysosomes play an essential role in various
intracellular vesicle trafficking pathways, including
endocytosis, phagocytosis, autophagy, and exocytosis

[54-56]. Loss of lysosomal Ca** homeostasis leads to
dysfunctional lysosomes, resulting in the accumu-
lation of damaged macromolecules and impaired
organelles [57-61]. TRPMLs, which contain three
members, including TRPML1, TRPML2 and
TRPML3 [62,63], are one of the major types of Ca’
"-permeable channels in lysosomes and endosomes.
Mutated TRPMLI genes are the cause of human
mucolipidosis type IV disease (ML4), in which abnor-
mal lysosomal accumulation of lipids together with
water-soluble substances are found in cells isolated
from ML4 patients [64-66]. Here, we found that ber-
bamine inhibited the ML-SA1 (a TRPML selective
agonist)-induced release of Ca®" from lysosomes
(Figure 4(B)), and ML-SAI reversed the reduced
level of LDLR in berbamine-treated cells (Figure 4(D
and E)). Moreover, both the intracellular level and
cell surface level of LDLR were significantly decreased
in TRPLMs-knockdown cells when compared to con-
trol cells (Figure 4(F-G)). The colocalization between
LDLR and CD63 was increased significantly in
TRPMLs-knockdown cells when compared to control
cells (Figure 4(I)). These results suggest that berba-
mine blocks TRPMLs to inhibit the fusion between
MVBs/late endosomes and lysosomes. The accumu-
lation of MVBs likely leads to an increase in the fusion
between MVBs and plasma membrane, and this
results in the increased secretion of exosomes contain-
ing various host factors (e.g. LDLR), and a concomi-
tant decrease in these factors at the plasma
membrane, thereby rendering the cell resistant to
JEV infection. As expected, TRPMLs knockdown sig-
nificantly impaired JEV infection (Figure 5(A-C)).
Moreover, berbamine did not further inhibit JEV
infection in TRPMLs-KD cells at the early stage of
the JEV life cycle (Figure 5(D)).

Interestingly, treating the A549 cells with berba-
mine after 1 h of JEV infection still significantly inhib-
ited JEV propagation (Fig. S6). This suggests that
berbamine not only inhibits the entry of JEV into
host cells but also affects other stages of the viral life
cycle. Notably, it has been shown that berbamine is
an autophagy inhibitor via the blockage of SNARE-
mediated autophagosome-lysosome fusion [67]. Actu-
ally, several late-stage autophagy inhibitors, such as
chloroquine and bafilomycin Al, markedly inhibit
flavivirus infections [68-72]. Thus, berbamine might
impair the post-entry stages of JEV infection by block-
ing autophagosome-lysosome fusion. The underlying
mechanism of how berbamine might affect JEV repli-
cation via the blockage of autophagy remains to be
determined.

Berbamine is also known to be an ATP-competitive
inhibitor of Ca**/calmodulin-dependent protein
kinase II (CaMKII), and it inhibits CaMKII to destabi-
lize c-Myc, an oncoprotein, thereby reducing tumor
burden [73,74]. CAMK2D is the dominant CaMKII



family member in A549 cells, and we knocked down
the expression of CAMK2D in A549 cells (Fig.
S7A). However, CAMK2D knockdown only subtly
inhibited JEV infection (Figs S7B and S7C). This
result indicates that CaMKII is not essential for JEV
replication, and it is not the primary target for berba-
mine’s impairment of JEV infection at post-entry
stages.

Berbamine is widely used to treat leukopenia in
China and Japan for many years [75-77]. Berbamine
also exhibits anti-inflammatory, immunosuppressive,
anti-arrhythmia, anti-myocardial ischemia, anti-
hypertension, and antithrombosis activities [21,78].
We showed that berbamine potently inhibited the
JEV infection in vitro (Figure 2(A and B)), and pro-
tected mice from the lethal challenge of JEV (Figure
6(B-D)). Therefore, berbamine is a potential and
attractive therapeutic agent for the prevention and/
or treatment of JEV infection.
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