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Abstract: Duck Tembusu virus (DTMUYV), a pathogenic member of the Flavivirus family, was first
discovered in the coastal provinces of South-Eastern China in 2010. Many previous reports have
clearly shown that some Flaviviruses utilize several endocytic pathways to enter the host cells, however,
the detailed mechanism of DTMUYV entry into BHK-21 cells, which is usually employed to produce
commercial veterinary vaccines for DTMUYV, as well as of other Flaviviruses by serial passages, is still
unknown. In this study, DTMUYV entry into BHK-21 cells was found to be inhibited by noncytotoxic
concentrations of the agents chloroquine, NH4Cl, and Bafilomycin A1, which blocked the acidification
of the endosomes. Inactivation of virions by acid pretreatment is a hallmark of viruses that utilize
a low-pH-mediated entry pathway. Exposure of DTMUYV virions to pH 5.0 in the absence of host
cell membranes decreased entry into cells by 65%. Furthermore, DTMUYV infection was significantly
decreased by chlorpromazine treatment, or by knockdown of the clathrin heavy chain (CHC) through
RNA interference, which suggested that DTMUYV entry depends on clathrin. Taken together, these
findings highlight that a low endosomal pH is an important route of entry for DTMUV.
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1. Introduction

Duck Tembusu virus (DTMUYV) is a mosquito-borne Flavivirus, and a member of the Flaviviridae
family. The virus is comprised of a single-stranded and positive-sense RNA genome which encodes
three structural proteins (envelope, E; membrane precursor, PrM; and capsid C) and seven nonstructural
proteins (NS1, NS2A, NS3, NS4A, NS4B, and NS5) and has an open reading frame (ORF). DTMUV
envelope protein (E) is the main surface protein and plays a vital role in receptor binding and successive
fusion events between the virus and host membranes [1-3]. DTMUYV infection in ducks is represented
by a variety of signs, such as decline in egg production, internal bleeding, diarrhea, acute anorexia,
and paralysis. The infection rate is up to 90% and the consequent mortality rate is as high as 30% [4].
DTMUYV has become a prevalent contagious disease in ducks, leading to severe economic losses in
the duck industry in China [5]. In addition, DTMUV manifests with a wide range of hosts including
other avian species such as, chickens, geese, and sparrows; and, like other Flaviviruses, DTMUYV has a
zoonotic nature. Recent studies have revealed that humans can be infected with DTMUYV [6-8].

Great progress has been made in the study of the etiology, molecular biology, and immunological
characteristics of DTMUYV [9], and the use of vaccines has decreased the incidence of DTMUYV [10].
Factors such as immune failure and immunosuppression often lead to an epidemic of DTMUYV [11],
and there are no effective antiviral drugs available in china. Moreover, the issue of the pathogenesis
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and antiviral research on DTMUYV has become both the focus of and difficulty in current research. The
binding of the virus to the corresponding receptors on the cell surface is the initiating link in the life
cycle of the virus, and it is also one of the decisive factors affecting the host range, tissue tropism,
and pathogenicity of the virus [12]. Viral entry has thus become an attractive target for antiviral
therapies and antiviral drug design [13]. Several enveloped Flaviviruses utilize different endocytic
methods penetrating into host cells [14]. Flaviviruses such as Dengue, West Nile, and JEV enter cells via
receptor-mediated endocytosis and low pH pathways [15,16]. Viral entry mechanisms are extensively
characterized by interaction between the virus and host cell receptors [14]. Flaviviruses access cells
through receptor-mediated endocytosis, after endocytosis the virion is deposited into the endosomes,
whereby a moderately acidic pH is required for productive entry [17-19]. However, the mechanism
of DTMUYV entry is unknown. Therefore, this is the first report on DTMUYV entering BHK-21 cells
through a low pH. In this study, we evaluated the mechanism of DTMUYV entry into BHK-21 cells. We
used lysosomotropic agents (chloroquine and NH4Cl) and Bafilomycin Al, vacuolar ATPase siRNA,
and proteasome inhibitor MG-132, to examine the DTMUYV internalization mechanism. We further
confirmed that DTMUYV entry depends on clathrin. Overall, the findings indicated that DTMUYV entered
BHK-21 cells by low pH-dependent and proteasome mediated endocytosis which requiring clathrin.

2. Material and Methods
2.1. Cells and Virus

Dulbecco’s modified essential medium (DMEM, GIBCO, Invitrogen, Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum (FBS, GIBCO, Grand island, NY, USA), 100 ug/mL
streptomycin, and 100 IU/mL penicillin (GIBCO, Grand island, NY, USA) was used for the baby
hamster kidney 21 (BHK-21, ATCC CCL-10) cell culture, at 37 °C in a 5% CO2 incubator. The
Duck Tembusu virus DTMUYV strain XZ-2012, provided by Prof. Ruibing Cao, Nanjing Agricultural
University (Genbank accession number: KM188953) was cultured in BHK-21 cells supplemented with
2% FBS. Two to three days later, following freezing and thawing three times, medium was harvested,
centrifuged at 1000x g for 10 min, and filtered with 0.22 uM Nest to remove the cells and cellular debris.
Virus aliquots were kept at —80 °C.

2.2. Cell Infection and Drug Treatments

BHK-21 cells were seeded in six-well plates for one to three days until they reached 70% confluence
and were then treated with the indicated concentrations of chloroquine (Sigma), NH4Cl (Sigma),
chlorpromazine CPZ (Sigma, Saint Loius, USA), Bafilomycin Al (Baf Al; Cayman, Michigan USA),
and MG-132 (MCE, NJ, USA), for 1 h at 37 °C before or during viral infection, in order to test the effects
of various drugs on DTMUYV infection. Adsorption and internalization of DTMU Virus was achieved
by infecting the cells at an MOI of 1 at 4 °C for 1 h in the presence of the drug, and then shifting them
to an incubator at 37 °C for binding and entry for 0 and 1 h, respectively. After that, cell lysing was
achieved by three cycles of freeze-thaw. A replication assay was undertaken by infecting the cells
at an MOI of 0.1 in the presence of the drug for 1 h, before further incubation in the absence of the
compound. The same experimental protocol was performed at 24 h post-infection (hpi) as described
above. Briefly, a time of addition assay was also undertaken. Cells were infected with an MOI of 0.5
for 1 h, and lysosomotropic agents were added at 0, 1, 3, and 6 h. After 9 hpi RT-qPCR and Confocal
microscopy were performed.

2.3. RNA Extraction and RT-gPCR

The total RNA in infected cells was extracted, using TRIzol reagent (TaKaRa Bio, Kyoto,
Japan). Then, the RNA was reverse transcribed into cDNA. The level of DTMUV was determined
by RT-qPCR using Eva green 2x qPCR master mix (Abm, Canada) in at 7300 real-time PCR
system (Applied Biosystems, Foster City, CA, USA). Two pairs of specific primers were designed
to amplify the DTMUYV E gene and the cellular 3- actin in the conserved region by utilizing
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DNAMan software. These were, respectively, (DTMUV-E-F: 5'-TGTCTTATGCAGGTACCGATG-3,
DTMUV-E-R: 5'-CGTATGGGTTGACTGTTATCA-3’; actin-F:5-CTCCATCATGAAGTGCGACGT-3,
actin-R:GTGATCTCCTTCTGCATCCTGTC-3"). The data analysis is presented as the 2-AACT value
from quadruplicate samples [20].

2.4. Cell Viability Assay

A CellTiter 96 Aqueous one solution cell proliferation assay kit (Promega) was used to analyze
the cytotoxic effect of the drugs on BHK-21 cells as per the manufacturer’s protocol. Noncytotoxicity
was examined in cells treated with the indicated concentrations of the drugs.

2.5. Confocal Microscopy

BHK-21 cells were seeded on glass coverslips in six-well plates. When they reached 70% confluence,
the cells were infected with DTMUYV at an MOI of 0.5 for 1 h at 37 °C. After 24 h of infection with
DTMUYV, the fixation of the monolayer of the cells was achieved with 4% paraformaldehyde for
15 min. They were permeabilized with 0.1% Triton X-100, and then stained with mouse anti-DTMUV
E monoclonal antibody. The coverslips were mounted and the cells were observed using confocal
microscopy Nikon Eclipse Ti, Japan.

2.6. siRNA Transfections

Small interference RNAs siV-ATPase (sc-36787), siCHC Clathrin heavy chain (sc-35067), and
negative-control siRNA (sc-37007) all were purchased from Santa Cruz Biotechnology, Inc. Before
siRNA transfection, the BHK-21 cells were cultured in six-well plates at 2.5 X 10° cells/well and then
transfected with 100 nM siRNAs using lipofectamine 3000 (invitrogen). The protocol was performed
as per the manufacturer’s directions. After 24 h post transfection, the cells were infected with DTMUV
at an MOI of 0.1, and the efficiency of the siRNAs was analyzed by quantified RT-qPCR and Western
blotting, as described above. For the internal control, 3-actin was used.

2.7. Western Blotting

Before lysing of the cells with lysis buffer RIPA for 15 min, the cells were washed three times with
PBS. Centrifugation at 12,000x g for 10 min was undertaken to clarify the protein lysate. SDS-PAGE
was performed to separate the proteins in the lysates, then they were transferred to nitrocellulose
membranes, and probed with the indicated antibodies. Rabbit anti-clathrin (P1663) CST and mouse
anti-V-ATPase B 1/2 antibody (sc-271832) were obtained from Santa Cruz Biotechnology Inc. DTMUV
E monoclonal antibody was a kind gift from Prof. Renyong Jia (Sichuan Agricultural University).
3-actin served as an internal loading control.

2.8. Statistical Analysis

GraphPad Prism 7 (GraphPad Software Inc, La Jolla, CA) was used for the statistical analyses.
The data were represented as means + standard deviations (SD), as indicated in the figure legends.
A Student’s t-test was applied to the data to for compare the pairs of treated or untreated groups.

3. Results
3.1. DTMUV Entry is pH Dependent

A number of viruses require exposure to an acidified environment for successful penetration and
infection after internalization through endocytosis [21,22]. Treatment of cells with lysosomotropic
agents, such as chloroquine and ammonium chloride, inhibits virus entry by preventing acidification [23].
In order to evaluate pH dependent DTMUYV entry into cells, initially we studied the effects of two
lysosomotropic agents (chloroquine and NH4Cl) and of Bafilomycin Al (a potent inhibitor of V-ATPase
and a particular inhibitor of the acidification of endosomal vesicles) on DTMUYV infection in BHK-21
cells [24]. We found that chloroquine, NH4Cl, and Baf Al inhibited DTMUYV entry into cells but
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did not inhibit DTMUYV binding to cells. The results also showed that the level of viral RNA was
significantly decreased (Figure 1A—C). The concentrations of 50 uM chloroquine, 100 tM NHA4Cl,
and 500 nM Baf Al caused 84%, 72%, and 70% reductions of the viral load, respectively. It was
evident that the DTMUYV entry process involves a low pH, and 24 hpi, RT-qPCR was performed to
check the viral replication. All three inhibitors decreased DTMUYV infection as compared with the
control (Figure 1D-F). A concentration of 50 uM chloroquine, 100 pM NH4Cl, and 500 nM Baf Al
led to 72%, 75%, and 65% decreased amount of viral load, respectively. Subtoxic doses of the drugs
were determined from cell proliferation assays (Figure 1D-F). Furthermore, confocal microscopy and
Western blotting also showed that the DTMUYV E proteins were decreased in a dose-dependent manner
as compared with control (Figure 1G,H). Finally, we checked the requirement for a low pH for DTMUV
entry by silencing the expression of vacuolar ATPase (V-ATPase), a proton pump key to establishing the
low pH of the endosomal compartments [24]. Western blotting demonstrated that of small interfering
RNA (siRNA) in the BHK-21 cells and treatment with siV-ATPase significantly decreased both the viral

E protein level and the viral load (Figure 2). Altogether, the presented data demonstrated that entry of
DTMUYV into BHK-21 cells is dependent on pH.
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Figure 1. Acidic endosomal pH is required for entry and infection by Duck Tembusu virus (DTMUYV).
(A—C) DTMUYV entry was inhibited by NH4Cl, chloroquine, and Bafilomycin Al (Baf A1), but not
binding. Subtoxic doses were used as a cell pretreatment at 37 °C for 1 h and 1 MOI of DTMUV was
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inoculated at 4 °C for 1 h. Following binding at 0 h or entry at 1 h post-infection at 37 °C, the amount of
viral internalization was quantified by RT-qPCR after lysing the infected cells. (D-F) DTMUYV infection
was inhibited by chloroquine, NH4Cl, and Baf Al. Subtoxic doses were used as cells pretreatment
at 37 °C for 1 h and 0.1 MOI of DTMUYV was inoculated at 37 °C for 1 h. After 24 h post-infection
(hpi), RT-qPCR was undertaken to check the viral load by lysing the infected cells. Subtoxic doses
of chloroquine, NH4Cl, and Baf Al on BHK-21 cells are shown in the horizontal lines, after being
determined by cell viability assay. Means + SDs of three independent trials are presented as results.
**,p < 0.01. (G) Confocal microscopy showed the inhibition of the drugs. Different concentrations of
NH4C], chloroquine, and Baf Al were used as cell treatments for 1 h with infection with 0.1 MOI of
DTMUV. At 24 hpi, monoclonal antibodies against DTMUYV E were used for staining the cells after
being fixed by 4% paraformaldehyde. DAPI was used for nuclei staining. Scale bar, 50 uM. (H) Western
blotting showed the inhibition of the drugs. Cells were treated with NH4Cl, chloroquine, and Baf A1l
with different concentrations for 1 h and infected with 0.1 MOI of DTMUV. At 24 hpi, Western blotting
assay was performed with monoclonal antibodies against DTMUYV E by lysing the cells.

>
EF
& 15- e [S—
4]
‘e 1.0q ==
; *%*
s | I
E
P 0.5+
o
2
=
L]
w T
& 0.0 N T
& E
e R
W«
é\

Figure 2. DTMUYV infection was inhibited by V-ATPase knockdown. A 0.1 MOI of DTMUYV was used
for infection of siV-ATPase or siCtrl-transfected cells. At 24 hpi, RT-qPCR was performed to determine
the viral load by lysing infected cells. Means + SDs of three independent trials are presented as results.
**, p < 0.01. Western blotting was done to check the V-ATPase knockdown effect on DTMUYV infectivity.
Anti-V-ATPase or anti-DTMUV E antibody was probed and expression of V-ATPase or DTMUV E
was checked.

3.2. Lysosomotropic Agents Act at an Early Time Point in DTMUYV Infection

A time of addition assay was performed to see whether lysosomotropic agents inhibited DTMUV
at earlier or later time points of infection. BHK-21 cells were infected with DTMUV MOI 0.5 for 1 h at
37 °C. Then, the cells were replaced with fresh medium, NH4Cl, chloroquine, and Baf A1 (100 uM,
50 uM, and 500 nM, respectively) added at 0, 1, 3, and 6 h. After 9 hpi, the effects of the lysosomotropic
agents were analyzed using RT-qPCR and confocal microscopy. Later treatment showed a lesser
inhibitory effect on viral infection, which indicated that lysosomotropic agents are effective at an early
stage of DTMUYV infection (Figure 3).
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Figure 3. DTMUYV entry effects by time course of lysosomotropic agents. DTMUV was bound to
confluent cells in 24-well plates at 4 °C and remained there for 1 h. Sodium citrate buffer was used for
inactivation of any non-internalized viruses, and NH4Cl (A), chloroquine (B), and Baf Al (C) were
added at 0-6 h post-infection. Infection continued for a total of 9 h. Sodium citrate buffer was used
as a treatment for each time point for control wells, and untreated medium was added to the cells.
RT-qPCR was undertaken to evaluate the viral replication by lysing the infected cells. Means + SDs
of three independent trials are presented as results. *, p < 0.05; **, p < 0.01. (D) BHK-21 cells were
infected 1 h and NH4Cl, chloroquine and Baf Al were added at 0-6 h. After 9 hpi the cells were fixed,

permeabilized, and stained with DTMUYV E antibody. DAPI was used for nuclei staining. Scale bar
50 UM,

3.3. Effect of Moderate Acidic pH Pretreatment on DTMUV

Acidic pretreatment of virions that enter cells via a low-pH pathway inactivates their
infectivity [25,26]. Exposure to a low-pH medium in the absence of a host target membrane is believed
to impulsively prompt fusion glycoproteins of virions to change conformation in an irreversible manner,
making the virus ineffective in fusion with host membranes [27]. Inactivation of DTMUYV infectivity
when exposed to a pretreatment of low pH was determined. Acidic conditions were provided to
virions before infection of the cells. DTMUYV virions were incubated at pH 7.2, 6.5, 6.0, 5.5, or 5.0 for
30 min; neutralized at pH 7.2; and then added to cells to check infectivity. Entry into BHK-21 cells was
prevented by low-pH pretreatment, with a 65% reduction, compared with virions at pH 7.2 (Figure 4).
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Figure 4. The moderate pH effect on DTMUYV infection. DTMUYV was incubated at different pH (7.2-5.0)
at 37 °C for 30 min and pH 7.2 was set for neutralization before. The 24-well plates containing confluent
cells were infected with treated virions for 6 h. RI-qPCR was undertaken to check the viral load by
lysing the infected cells. Means + SDs of three independent trials are presented as results. *, p < 0.05;
**, p<0.01.

3.4. Effect of the Proteasome on DTMUYV Entry

The eukaryotic proteasome system is a process in which the host cells degrade proteins and regulate
cellular activities. Proteasome inhibition also decreases JEV entry into BHK-21 cells in vitro [28]. This
suggests that a conserved proteasome-dependent mechanism can be employed by DTMUY, although
the detailed mechanisms have yet to be elucidated. MG-132 is a peptide aldehyde that attaches to
the active site of the 20S proteasome to act as a potent inhibitor of proteasome degradative activity.
To define the role of the proteasome in DTMUYV infection, we used MG-132 to figure out whether
the proteasome was involved in DTMUYV infection. Initially, we characterized the DTMUYV life cycle
during in the early events of binding and entry. BHK-21 cells were pretreated and inoculated with
DTMUV MOI 1 at 4 °C and 37 °C for 1 h for binding and entry. Then the binding and entry events were
quantified by RT-qPCR. The proteasome inhibitor MG-132 impaired entry without binding in a dose
dependent manner (Figure 5A). Additionally, we measured MG-132 noncytotoxic concentrations using
a cell viability assay (Figure 5B). The subconfluent BHK-21 cells were pretreated with the indicated
concentrations of MG-132 for 30 min, and infected with DTMUYV MOI 0.1 in the presence or absence
of MG-132. After 6 hpi, multiplication of DTMUYV was analyzed using RT-qPCR. The proteasome
inhibitor MG-132 inhibited DTMUYV multiplication in a dose dependent manner (Figure 5B).
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Figure 5. Effect of MG-132, a proteasome inhibitor, on DTMUYV entry. (A) MG-132 inhibited DTMUV
entry but not binding. Subtoxic doses were used as a cell pretreatment at 37 °C for 1 h and 1 MOI
of DTMUYV was inoculated at 4 °C for 1 h. Binding at 0 h or entry at 1 h at 37 °C were assessed by
RT-qPCR to check the viral load by lysing the infected cells. (B) DTMUYV infection was inhibited by
MG-132. Subtoxic doses were used as a cell pretreatment at 37 °C for 1 h and 0.1 MOI of DTMUV
was inoculated at 37 °C for 1 h. At 24 hpi, the amount of viral RNA was quantified by RT-qPCR. The
cells are shown in horizontal lines, determined through the cell viability assay. Means + SDs of three
independent trials are presented as results. **, p < 0.01.

3.5. DTMUV Entry is Clathrin Dependent

Previous reports have suggested that calthrin-mediated endocytosis is used by JEV for entry
into PK-15 or C6/36 cells [29,30]. Here, DTMUYV entry into BHK-21 cells was determined by a series
of experiments. Initially, cells were treated with different concentrations of chlorpromazine (CPZ),
a potent inhibitor of clathrin. The results of CPZ treatment on DTMUYV entry and infection were
measured by RT-qPCR. We found that CPZ inhibited DTMUYV entry but did not inhibit its binding
(Figure 6A). Additionally, CPZ inhibited DTMUYV infection (Figure 6B). The cell viability results
showed no cytotoxic effect on cells (Figure 6B). The function of clathrin during DTMUYV entry was
further evaluated by siRNA knockdown of the clathrin heavy chain (CHC). A significant decrease of
DTMUYV E proteins and viral RNA was noticed in the siCHC-transfected cells, as compared to that

in the siCtrl-transfected cells (Figure 6C). We concluded that DTMUYV entry into BHK-21 cells was
clathrin dependent.
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Figure 6. DTMUYV entry is clathrin dependent. (A) DTMUYV entry is inhibited by chlorpromazine
(CPZ) but not binding. Subtoxic doses were used as a cell pretreatment at 37 °C for 1 h, the medium
was replaced, and then 1 MOI of DTMUYV was inoculated on the cells at 4 °C for 1 h. Binding at 0 h or
entry at 1 h post-infection were assessed by RT-qPCR to check the viral load by lysing the infected cells.
(B) DTMUYV infection was inhibited by CPZ. An increased concentration of CPZ was used as a cell
pretreatment for 1 h at 37 °C, the medium was replaced, and then 0.1 MOI of DTMUYV was inoculated
on the cells. At 24 hpi, RT-qPCR was undertaken to check the viral load by lysing the infected cells. The
effects of subtoxic doses of CPZ on BHK-21 cells are shown in horizontal lines, determined through the
cell viability assay. (C) Western blotting was used to check the clathrin heavy chain (CHC) knockdown
effect on DTMUYV infectivity. A 0.1 MOI of DTMUYV was used for siCHC- or siCtrl-transfected cell
infection. At 24 hpi, the expression of CHC and DTMUYV E was probed with the indicated antibodies.
(D) DTMUV infection was inhibited by clathrin knockdown, and 0.1 MOI of DTMUYV was used for
siCHC- or siCtrl-transfected cell infection. At 24 hpi, RT-qPCR was undertaken to check the viral load
by lysing the supernatant. Means =+ SDs of three independent trials are presented as results. **, p < 0.01.

4. Discussion

Duck Tembusu virus (DTMUYV) is a novel pathogenic member of the flaviviridae family and was
first reported in South-Eastern China in 2010 in the coastal provinces [31]. The rapid spread of the
disease can cause a serious decline in the egg production of laying ducks and neurological symptoms
in ducks. Most Flaviviruses can cause zoonotic diseases and present different clinical symptoms, such
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as viral encephalitis and even systemic infection. Mosquito is the main host and principal vector of
Flaviviruses. Under natural conditions, a variety of birds including ducks, chickens, and geese are at
risk of DTMUYV [8], affecting their growth and production [4]. DTMUYV is an RNA virus with a single
strand and positive-sense, which produces pathogenicity similar to that of other Flaviviruses [32]. It is
well known that Flaviviruses, such as JEV, infect multiple cell types and have the capability to employ
various endocytic pathways for entry into cells [33]. However, the endocytosis of DTMUV remains
unclear. Therefore, this work aimed to investigate the mechanism of DTMUYV entry.

Host cell triggers such as low intracellular pH or receptor binding are often required to overcome the
energy barrier for membrane fusion [25]. We evaluated here that DTMUYV depends on low-pH exposure
for entry into the BHK-21 cell line. In this study, chloroquine, NH4Cl, and Baf A1 inhibited 84%, 72%,
and 70% of entry at the highest concentrations tested, respectively, suggesting that low-pH-mediated
endocytosis was a leading route for DTMUYV entry into BHK-21 cells. Our previous work showed
that chloroquine, NH4Cl, and Baf A1 also inhibited the entry and replication of another important
flavivirus, JEV [34]. The present study was in agreement with that early study. Furthermore, V-ATPase
knockdown inhibited DTMUYV infection. The results depicted here contribute to our understanding
of DTMUV entry by explaining the role of endocytosis and exposure to low pH in BHK-21 cells.
DTMUYV is traverses a particular endocytic pathway, which is similar to most Flaviviruses. DTMUYV, like
many other Flaviviruses enters diverse pathophysiologically relevant cell types by employing distinct
pathways. The DTMUYV endocytic entry route is yet to be determined in primary cells. We suggest that
an endosomal low pH is a significant trigger of fusion throughout DTMUYV entry into certain cell types.

The host proteasome system 26s plays a vital role in the regulation and degradation of unwanted
intracellular proteins in eukaryotic cells [35]. Previous studies have demonstrated that viral entry
depends on the host proteasome system. Bovine Herpesvirus 1, Procine alpahaherpesvirus, JEV, and
PCV2 entries are impeded by a proteasome inhibitor [25,28,36,37]. Here, we evaluated the role of
the host proteasome in DTMUYV entry. Pretreatment with MG-132, a peptide aldehyde inhibitor of
the proteasome, did not affect the viral binding event but significantly decreased DTMUYV entry by
blocking the activity of the 26s proteasome. Our results revealed that the host proteasome system is
necessary for the successful entry of DTMUV.

Flaviviruses are globally important pathogens which affect humans and animals. These viruses
enter through an endocytic process to infect a variety of cells. However, the mechanism of DTMUV
internalization in BHK-21 cells has been unclear until now. Here, we identified DTMUYV entry to be
clathrin-dependent endocytosis. Chloropromazine is broadly used as an inhibitor of clathrin [38].
We observed that chloropromazine did not affect viral binding but DTMUYV entry replication significantly
decreased in a dose-dependent manner. Furthermore, a small interference of clathrin heavy chain
(siCHC) knockdown decreased DTMUYV replication, which is consistent with previous reports [34,39].
However, we suppose DTMUYV can use the different pathways depending the host cell spectrum.
In the future, we will determine whether this virus uses other endocytosis.

To our knowledge, this is the first report on DTMUYV entry into BHK-21 cells via low endosomal
pH and clathrin-mediated endocytosis. Our findings provide a novel insight into understanding the
mechanism of DTMUYV internalization and may be beneficial for the development of antiviral drugs
that may be able to impede the early stages of DTMUYV infection.

Author Contributions: Data curation, A.S.B.; Formal analysis, X.L. and B.Z.; Methodology, C.L., Y.L. and J.C.;
Resources, R.C.; Writing — original draft, A.S.B. and B.Z.; Writing — review & editing, B.Z.

Funding: This work was supported by a grant from the National Natural Science Foundation of China (31572554,
31872471), and by the National Key Research and Development Program of China (2018YFD0500801 and
2016YFD0500801).

Acknowledgments: This work was supported by a grant from the National Natural Science Foundation of China
(81572554, 31872471), and by the National Key Research and Development Program of China (2018 YFD0500801
and 2016YFD0500801). For editing and critical reading, we are highly thankful to Feirong Gu from Nanjing
Agricultural University, China.

Conflicts of Interest: The authors declare no conflict of interest.



Viruses 2019, 11, 1112 11 of 12

References

1. Liu, M,; Liu, C,; Li, G,; Li, X;; Yin, X,; Chen, Y.; Zhang, Y. Complete Genomic Sequence of Duck Flavivirus
from China. J. Virol. 2012, 86, 3398-3399. [CrossRef] [PubMed]

2. Mukhopadhyay, S.; Kuhn, R.J.; Rossmann, M.G. A structural perspective of the flavivirus life cycle. Nat. Rev.
Microbiol. 2005, 3, 13. [CrossRef] [PubMed]

3.  Bai, X,;Lv,R;Liu, C.; Qiu, N,; He, Y,; Yin, X; Li, X.; Liu, M.; Zhang, Y. Molecular characterization of a duck
Tembusu virus from China. Virus Genes 2013, 47, 478-482. [CrossRef] [PubMed]

4. Cao, Z.; Zhang, C.; Liu, Y.; Ye, W,; Han, ].; Ma, G.; Zhang, D.; Xu, F; Gao, X.; Tang, Y. Tembusu virus in ducks,
China. Emerg. Infect. Dis. 2011, 17, 1873. [CrossRef] [PubMed]

5. Liu, P; Lu, H,; Li, S;; Wu, Y;; Gao, G.F; Su, J. Duck egg drop syndrome virus: An emerging Tembusu-related
flavivirus in China. Sci. China Life Sci. 2013, 56, 701-710. [CrossRef] [PubMed]

6. Tang, Y.; Gao, X,; Diao, Y.; Feng, Q.; Chen, H; Liu, X,; Ge, P,; Yu, C. Tembusu virus in human, China.
Transbound. Emerg. Dis. 2013, 60, 193-196. [CrossRef]

7. Chen, S; Wang, S.; Li, Z,; Lin, F; Cheng, X.; Zhu, X.; Wang, J.; Chen, S.; Huang, M.; Zheng, M. Isolation
and characterization of a Chinese strain of Tembusu virus from Hy-Line Brown layers with acute egg-drop
syndrome in Fujian, China. Arch. Virol. 2014, 159, 1099-1107. [CrossRef]

8. Yu, G;; Lin, Y,; Tang, Y.; Diao, Y. Evolution of Tembusu Virus in Ducks, Chickens, Geese, Sparrows, and
Mosquitoes in Northern China. Viruses 2018, 10, 485. [CrossRef]

9. Wang,J,; Lei, C.-Q.; Ji, Y.; Zhou, H.; Ren, Y.; Peng, Q.; Zeng, Y.; Jia, Y.; Ge, ].; Zhong, B. Duck Tembusu virus
nonstructural protein 1 antagonizes IFN-f3 signaling pathways by targeting VISA. J. Immunol. 2016, 197,
4704-4713. [CrossRef]

10. Huang, J.; Shen, H,; Jia, R.; Wang, M.; Chen, S.; Zhu, D.; Liu, M.; Zhao, X.; Yang, Q.; Wu, Y. Oral vaccination
with a DNA vaccine encoding capsid protein of duck Tembusu virus induces protection immunity. Viruses
2018, 10, 180. [CrossRef]

11. Kono, Y.; Tsukamoto, K.; Hamid, M.A.; Darus, A.; Lian, T.C.; Sam, L.S.; Yok, C.N.; Di, K.B.; Lim, K.T,;
Yamaguchi, S. Encephalitis and retarded growth of chicks caused by Sitiawan virus, a new isolate belonging
to the genus Flavivirus. Am. J. Trop. Med. Hyg. 2000, 63, 94-101. [CrossRef] [PubMed]

12.  Yan,D,;Shi, Y.; Wang, H.; Li, G,; Li, X.; Wang, B.; Su, X.; Wang, J.; Teng, Q.; Yang, J. A single mutation at position
156 in the envelope protein of Tembusu virus is responsible for virus tissue tropism and transmissibility in
ducks. J. Virol. 2018, 92, e00427-18. [CrossRef] [PubMed]

13.  Alen, M.M.; Schols, D. Dengue virus entry as target for antiviral therapy. . Trop. Med. 2012, 2012. [CrossRef]
[PubMed]

14. Yamauchi, Y.; Helenius, A. Virus Entry at a Glance; The Company of Biologists Ltd.: Cambridge, UK, 2013.

15. Burke, D.; Monath, T. Fields Virology; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2001;
pp. 1043-1125.

16. Smit, J.; Moesker, B.; Rodenhuis-Zybert, I.; Wilschut, J. Flavivirus cell entry and membrane fusion. Viruses
2011, 3, 160-171. [CrossRef]

17.  Brindley, M.A.; Maury, W. Endocytosis and a low-pH step are required for productive entry of equine
infectious anemia virus. J. Virol. 2005, 79, 14482-14488. [CrossRef]

18. Sieczkarski, S.B.; Whittaker, G.R. Dissecting virus entry via endocytosis. J. Gen. Virol. 2002, 83, 1535-1545.
[CrossRef]

19. Nicola, A.V.; Aguilar, H.C.; Mercer, ].; Ryckman, B.; Wiethoff, C.M. Virus entry by endocytosis. Adv. Virol.
2013. [CrossRef]

20. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and
the 2—AACT method. Methods 2001, 25, 402-408. [CrossRef]

21. Nicola, A.V.; McEvoy, A.M,; Straus, S.E. Roles for endocytosis and low pH in herpes simplex virus entry into
HeLa and Chinese hamster ovary cells. J. Virol. 2003, 77, 5324-5332. [CrossRef]

22. Sari, TK,; Pritchard, SM.; Cunha, C.W.; Wudiri, G.A.; Laws, E.I,; Aguilar, H.C.; Taus, N.S.; Nicola, A.V.
Contributions of herpes simplex virus 1 envelope proteins to entry by endocytosis. J. Virol. 2013, 87,
13922-13926. [CrossRef]

23.  De Duve, C.; De Barsy, T.; Poole, B.; Tulkens, P. Lysosomotropic agents. Biochem. Pharmacol. 1974, 23,

2495-2531. [CrossRef]


http://dx.doi.org/10.1128/JVI.07086-11
http://www.ncbi.nlm.nih.gov/pubmed/22354941
http://dx.doi.org/10.1038/nrmicro1067
http://www.ncbi.nlm.nih.gov/pubmed/15608696
http://dx.doi.org/10.1007/s11262-013-0966-3
http://www.ncbi.nlm.nih.gov/pubmed/23949785
http://dx.doi.org/10.3201/eid1710.101890
http://www.ncbi.nlm.nih.gov/pubmed/22000358
http://dx.doi.org/10.1007/s11427-013-4515-z
http://www.ncbi.nlm.nih.gov/pubmed/23917842
http://dx.doi.org/10.1111/tbed.12085
http://dx.doi.org/10.1007/s00705-013-1931-0
http://dx.doi.org/10.3390/v10090485
http://dx.doi.org/10.4049/jimmunol.1502317
http://dx.doi.org/10.3390/v10040180
http://dx.doi.org/10.4269/ajtmh.2000.63.94
http://www.ncbi.nlm.nih.gov/pubmed/11358004
http://dx.doi.org/10.1128/JVI.00427-18
http://www.ncbi.nlm.nih.gov/pubmed/29899104
http://dx.doi.org/10.1155/2012/628475
http://www.ncbi.nlm.nih.gov/pubmed/22529868
http://dx.doi.org/10.3390/v3020160
http://dx.doi.org/10.1128/JVI.79.23.14482-14488.2005
http://dx.doi.org/10.1099/0022-1317-83-7-1535
http://dx.doi.org/10.1155/2013/469538
http://dx.doi.org/10.1006/meth.2001.1262
http://dx.doi.org/10.1128/JVI.77.9.5324-5332.2003
http://dx.doi.org/10.1128/JVI.02500-13
http://dx.doi.org/10.1016/0006-2952(74)90174-9

Viruses 2019, 11, 1112 12 of 12

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Lecot, S.; Belouzard, S.; Dubuisson, J.; Rouillé, Y. Bovine viral diarrhea virus entry is dependent on
clathrin-mediated endocytosis. J. Virol. 2005, 79, 10826-10829. [CrossRef] [PubMed]

Miller, J.L.; Weed, D.J.; Lee, B.H.; Pritchard, S.M.; Nicola, A.V. Low-pH Endocytic Entry of the Porcine
Alphaherpesvirus Pseudorabies Virus. J. Virol. 2019, 93, €01849-18. [CrossRef] [PubMed]

Rosenthal, K.S.; Killius, J.; Hodnichak, C.M.; Venetta, T.M.; Gyurgyik, L.; Janiga, K. Mild acidic pH inhibition
of the major pathway of herpes simplex virus entry into HEp-2 cells. ]J. Gen. Virol. 1989, 70, 857-867.
[CrossRef] [PubMed]

Dollery, S.J.; Wright, C.C.; Johnson, D.C.; Nicola, A.V. Low-pH-dependent changes in the conformation and
oligomeric state of the prefusion form of herpes simplex virus glycoprotein B are separable from fusion
activity. J. Virol. 2011, 85, 9964-9973. [CrossRef] [PubMed]

Wang, S.; Liu, H.; Zu, X,; Liu, Y.; Chen, L.; Zhu, X.; Zhang, L.; Zhou, Z.; Xiao, G.; Wang, W. The ubiquitin-
proteasome system is essential for the productive entry of Japanese encephalitis virus. Virology 2016, 498,
116-127. [CrossRef] [PubMed]

Yang, S.; He, M,; Liu, X,; Li, X;; Fan, B.; Zhao, S. Japanese encephalitis virus infects porcine kidney epithelial
PK15 cells via clathrin-and cholesterol-dependent endocytosis. Virol. J. 2013, 10, 258. [CrossRef]

Chuang, C.-K;; Yang, T.-H.; Chen, T.-H.; Yang, C.-F; Chen, W.-]. Heat shock cognate protein 70 isoform D is
required for clathrin-dependent endocytosis of Japanese encephalitis virus in C6/36 cells. J. Gen. Virol. 2015,
96, 793-803. [CrossRef]

Zhang, W.; Chen, S.; Mahalingam, S.; Wang, M.; Cheng, A. An updated review of avian-origin Tembusu
virus: A newly emerging avian Flavivirus. J. Gen. Virol. 2017, 98, 2413-2420. [CrossRef]

Wu, L; Liu, J.; Chen, P; Jiang, Y.; Ding, L.; Lin, Y;; Li, Q.; He, X.; Chen, Q.; Chen, H. The sequential tissue
distribution of duck Tembusu virus in adult ducks. BioMed Res. Int. 2014, 2014. [CrossRef]

Nain, M.; Abdin, M.Z; Kalia, M.; Vrati, S. Japanese encephalitis virus invasion of cell: Allies and alleys. Rev.
Med. Virol. 2016, 26, 129-141. [CrossRef] [PubMed]

Liu, C.-C,; Zhang, Y.-N,; Li, Z.-Y,; Hou, J.-X.; Zhou, J.; Kan, L.; Zhou, B.; Chen, P.-Y. Rab5 and Rabl11 are
required for clathrin-dependent endocytosis of Japanese encephalitis virus in BHK-21 cells. J. Virol. 2017, 91,
€01113-17. [CrossRef] [PubMed]

Collins, G.A.; Goldberg, A.L. The logic of the 26S proteasome. Cell 2017, 169, 792-806. [CrossRef] [PubMed]
Pastenkos, G.; Lee, B.; Pritchard, S.M.; Nicola, A.V. Bovine herpesvirus 1 entry by a low-pH endosomal
pathway. J. Virol. 2018, 92, e00839-18. [CrossRef]

Cheng, S.; Yan, W.; Gu, W.; He, Q. The ubiquitin-proteasome system is required for the early stages of porcine
circovirus type 2 replication. Virology 2014, 456, 198-204. [CrossRef]

Wang, H.; Liu, W,; Sun, M.; Chen, D.; Zeng, L.; Lu, L.; Xie, J. Inhibitor analysis revealed that clathrin-mediated
endocytosis is involed in cellular entry of type III grass carp reovirus. Virol. J. 2018, 15, 92. [CrossRef]
Zhang, Y.-N.; Liu, Y.-Y;; Xiao, E-C,; Liu, C.-C,; Liang, X.-D.; Chen, J.; Zhou, J.; Baloch, A.S.; Kan, L.; Zhou, B.;
et al. Rab5, Rab7, and Rab11 Are Required for Caveola-Dependent Endocytosis of Classical Swine Fever
Virus in Porcine Alveolar Macrophages. . Virol. 2018, 92, e00797-18. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1128/JVI.79.16.10826-10829.2005
http://www.ncbi.nlm.nih.gov/pubmed/16051874
http://dx.doi.org/10.1128/JVI.01849-18
http://www.ncbi.nlm.nih.gov/pubmed/30355685
http://dx.doi.org/10.1099/0022-1317-70-4-857
http://www.ncbi.nlm.nih.gov/pubmed/2543762
http://dx.doi.org/10.1128/JVI.05291-11
http://www.ncbi.nlm.nih.gov/pubmed/21813610
http://dx.doi.org/10.1016/j.virol.2016.08.013
http://www.ncbi.nlm.nih.gov/pubmed/27567260
http://dx.doi.org/10.1186/1743-422X-10-258
http://dx.doi.org/10.1099/jgv.0.000015
http://dx.doi.org/10.1099/jgv.0.000908
http://dx.doi.org/10.1155/2014/703930
http://dx.doi.org/10.1002/rmv.1868
http://www.ncbi.nlm.nih.gov/pubmed/26695690
http://dx.doi.org/10.1128/JVI.01113-17
http://www.ncbi.nlm.nih.gov/pubmed/28724764
http://dx.doi.org/10.1016/j.cell.2017.04.023
http://www.ncbi.nlm.nih.gov/pubmed/28525752
http://dx.doi.org/10.1128/JVI.00839-18
http://dx.doi.org/10.1016/j.virol.2014.03.028
http://dx.doi.org/10.1186/s12985-018-0993-8
http://dx.doi.org/10.1128/JVI.00797-18
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Material and Methods 
	Cells and Virus 
	Cell Infection and Drug Treatments 
	RNA Extraction and RT-qPCR 
	Cell Viability Assay 
	Confocal Microscopy 
	siRNA Transfections 
	Western Blotting 
	Statistical Analysis 

	Results 
	DTMUV Entry is pH Dependent 
	Lysosomotropic Agents Act at an Early Time Point in DTMUV Infection 
	Effect of Moderate Acidic pH Pretreatment on DTMUV 
	Effect of the Proteasome on DTMUV Entry 
	DTMUV Entry is Clathrin Dependent 

	Discussion 
	References

