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ABSTRACT

Bovine coronavirus (BCoV) is an important pathogen that exhibits dual tropism for the respiratory
and intestinal tracts, causing winter dysentery in adult cattle, diarrhea and respiratory infections in
calves, thus imposing considerable economic losses on the global cattle industry. Our previous
studies demonstrated that BCoV gains entry into susceptible HRT-18 cells through membrane
fusion and clathrin-mediated endocytosis (CME). However, the precise mechanisms by which
BCoV enters host cells remain incompletely elucidated, particularly in primary bovine intestinal
epithelial cells (PBIECs). Importantly, as primary cells derived from the natural host, PBIECs more
closely recapitulate the in vivo infection microenvironment than HRT-18 cell lines. In the present
study, chemical inhibitors, RNA interference, and fluorescently labeled BCoV particles were used to
define distinct entry pathways. Our data demonstrated that BCoV enters PBIECs via membrane
fusion and three distinct endocytic pathways, including CME, caveolin-mediated endocytosis
(CavME), and macropinocytosis. Dynamin, microtubules, cathepsins, and an acidic environment
are essential for mediating endocytic entry, whereas cholesterol and TMPRSS2 are dispensable for
this process. Furthermore, targeted interference with Rab5, Rab7, and Rab11 suppressed BCoV
entry into PBIECs. Consistently, co-localization of fluorescently labeled BCoV with Rab5, Rab7, and
Rab11 was observed by confocal microscopy, indicating that these Rab GTPases are involved in
BCoV entry into PBIECs. These findings elucidate the entry mechanisms of BCoV and provide novel
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perspectives to enhance a more comprehensive understanding of the BCoV life cycle.

Introduction

Bovine coronavirus (BCoV) is an enveloped, single-
stranded positive-sense RNA virus belonging to the
family Coronaviridae, genus Betacoronavirus. The
genus also includes several highly pathogenic viruses,
such as severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), human coronavirus OC43 (HCoV-
OC43), and porcine hemagglutinating encephalomyeli-
tis virus (PHEV) [1]. Notably, some Betacoronaviruses
demonstrate a broad host range and a pronounced
capacity for cross-species transmission, making the
investigation of their entry mechanisms essential for
understanding coronavirus pathogenesis and cross-
species transmission mechanisms [2]. As a member of
this genus, BCoV is a major pathogen responsible for
substantial economic losses in the global cattle industry,
and has also been reported to infect multiple ruminant
species and swine [3]. Moreover, BCoV-like viruses
have been detected in human samples, highlighting
a non-negligible risk of interspecies transmission [3].

Like SARS-CoV-2, BCoV displays dual tropism for the
respiratory and intestinal tracts, with intestinal infec-
tion causing epithelial cell damage and severe diarrhea
[4]. Although the epidemiological and pathological
characteristics of BCoV have been extensively investi-
gated, the membrane fusion process involved in BCoV
entry, endocytic entry routes, and endosomal traffick-
ing remain poorly understood.

Viruses are obligate intracellular pathogens whose
infectious cycles rely heavily on host cellular machinery
[5]. Viral entry into host cells is an indispensable step
for successful infection. Coronaviruses primarily utilize
two distinct entry pathways:
plasma membrane fusion and endocytosis [6]. During
plasma membrane fusion, the viral spike (S) protein is
typically cleaved and activated at the cell surface,
thereby triggering fusion between the viral envelope
and the host plasma membrane and promoting rapid
release of the nucleocapsid into the cytoplasm [7], as
observed in SARS-CoV-2 and human coronavirus
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HKUL1 infections [8]. In contrast, the endocytic path-
way involves internalization of virions via membrane
invagination, followed by further processing of the
S protein within acidified endosomal compartments,
ultimately leading to viral entry [8]. For example,
Japanese encephalitis virus (JEV) enters human neuro-
nal cells and rat neuroblastoma B104 through caveolae-
mediated endocytosis (CavME) [9,10]; and the entry of
porcine epidemic diarrhea virus (PEDV) into Vero cells
and IPEC-J2 cells relies on clathrin-mediated endocy-
tosis (CME) and CavME pathways [11]. Porcine delta-
coronavirus (PDCoV) utilizes CavME to invade PK-15
cells [12], whereas entry into intestinal epithelial cells
(IPI-2I) relies on CME and macropinocytosis [13].
Similarly, Newcastle disease virus (NDV) invades
chicken macrophages through CavME [14], while
entry into DF-1 relies on CME and macropinocytosis
[15]. These studies indicate that a subset of viruses
exploit the same entry pathway to infect different cell
types, whereas others utilize distinct entry routes in
different cells.

As an essential part of the small GTPase superfamily,
Rab proteins play an important role in regulating intra-
cellular vesicle transport, membrane fusion, and endo-
somal maturation [16]. Accumulating evidence
indicates that many enveloped viruses hijack specific
Rab proteins during host cell entry to ensure efficient
transport of viral particles along the endocytic pathway
and to facilitate subsequent membrane fusion events
[17]. In the canonical endocytic pathway, Rab5 predo-
minantly regulates the formation of endocytic vesicles
as well as their fusion with early endosomes. Rab7
serves as a marker of late endosomes and lysosomes
and mediates the maturation of early endosomes into
late endosomes. In contrast, Rabll functions in the
recycling endosome pathway and controls the transport
of recycled membrane proteins to the plasma mem-
brane [16]. These Rab proteins not only regulate endo-
somal trafficking and maturation, but also critically
influence whether viral particles can traffic to intracel-
lular compartments permissive for membrane fusion
and genome release [17]. Previous studies have shown
that different viruses selectively exploit distinct Rab
proteins depending on their entry strategies. For exam-
ple, PHEV entry into mouse neuroblastoma (Neuro-2a)
cells and influenza virus entry into HeLa cells require
both Rab5 and Rab7 [18,19]; classical swine fever virus
(CSFV) entry into PAMs depends on Rab5, Rab7, and
Rab11 [20]; whereas dengue virus and West Nile virus
entry into HeLa cells relies solely on Rab5 [21]. In
summary, different viruses rely on distinct endosomal
trafficking pathways to accomplish subsequent intracel-
lular transport following entry into host cells. Our

previous work revealed that BCoV enters susceptible
HRT-18 cells through membrane fusion and the CME
pathway, and requires both Rab7 and Rabll [7].
However, the precise molecular mechanisms governing
BCoV entry into PBIECs remain to be elucidated. The
present work was designed to elucidate the entry path-
ways of BCoV into PBIECs and to define the roles of
Rab proteins in this process. PBIECs isolated from
neonatal calves were used as an in vitro model, and
a combination of chemical inhibitors, RNA interfer-
ence, and fluorescently labeled BCoV particles was
employed to identify the host cellular factors involved
in viral entry into PBIECs. In this study, we confirmed
that BCoV enters PBIECs utilizing both membrane
fusion and multiple endocytic pathways, including
CME, CavME, and macropinocytosis. This entry pro-
cess requires an acidic environment, dynamin, micro-
tubules, and cathepsins, whereas TMPRSS2 and
cholesterol are dispensable. Additionally, we identified
Rab5, Rab7, and Rabl1 as essential regulators involved
in BCoV entry into PBIECs. Collectively, these findings
provide deeper insight into the molecular mechanisms
of BCoV entry and highlight potential host factors for
the development of antiviral strategies.

Results

Isolation, identification of primary bovine intestinal
epithelial cells (PBIECs) and BCoV infection

PBIECs were isolated from the ileum of neonatal calves.
Briefly, ileal tissues were thoroughly washed with PBS
containing antibiotics and then subjected to enzymatic
digestion for cell isolation. PBIECs were maintained in
DMEM/F12 medium containing various growth factors.
As shown in Figure 1A, a limited number of cells
adhered to the culture surface after 2 d. Following med-
ium replacement and an additional 2 d of culture, two
distinct cell morphologies were observed: cobblestone-
like epithelial cells and spindle-shaped fibroblast-like
cells. After 7 d of culture, cells were purified using
a combination of differential adhesion and trypsiniza-
tion. The purified cells were subsequently identified by
immunofluorescence assay (IFA) using antibodies
against the epithelial cell marker cytokeratin 18 (CK-
18). The results confirmed that highly purified PBIECs
were successfully obtained (Figure 1B), and purified
PBIECs were used for subsequent research. The growth
characteristics of purified PBIECs were evaluated with
the CellTiter-Glo® 3D Cell Viability Assay to generate
a growth curve. As shown in Figure 1C, PBIECs entered
a plateau phase on day 4 of culture, which persisted for
approximately 2 days, followed by a marked decrease in
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Figure 1. Isolation and characterization of PBIECs and BCoV infection (A) Isolation and purification of PBIECs. Blue arrows indicate
fibroblast-like cells, and red arrows indicate epithelial-like cells. (B) identification of the epithelial origin of PBIECs by IFA detection of
CK-18 expression. (C) growth curve of PBIECs. (D) TEM showing BCoV particles in infected PBIECs. Scale bar=200nm. (E) viral
replication in PBIECs was analyzed by RT-gPCR and TCIDs, assays following BCoV infection.

relative luminescence unit (RLU) values. These results
indicate that PBIECs cultured in vitro undergo a period
of growth arrest and subsequently enter cellular senes-
cence. Transmission electron microscopy (TEM)
revealed typical coronavirus particles in PBIECs follow-
ing BCoV infection. The virions appeared spherical or
pleomorphic, with diameters of approximately 80-120
nm, and displayed characteristic surface spike projec-
tions, indicating successful infection of PBIECs by
BCoV (Figure 1D). Finally, the replication kinetics of
BCoV in PBIECs were analyzed. Viral RNA loads and
viral titers were determined by absolute quantitative
PCR and the TCIDs, assay, respectively, to generate
viral growth curves. Our data showed that both intracel-
lular BCoV RNA loads and viral titers reached their peak
at 72 h post-infection (Figure 1E).

BCoV entry into PBIECs depends on an acidic
environment

Viral entry into many cell types relies on an acidic
environment [22]. To determine whether BCoV entry
into PBIECs is dependent on an acidic environment,
chloroquine (CQ) or ammonium chloride (NH,CI)
were used as inhibitors of endosomal acidification.
CCK-8 assays showed that the maximum non-
cytotoxic concentrations of CQ and NH,Cl were 20
mM and 100 uM, respectively (Figure 2A). PBIECs
were subjected to CQ or NH,CI at their maximum
nontoxic concentrations and subsequently infected
with BCoV at an MOI of 1 for 24, 48, and 72h,
BCoV N protein expression was examined by Western
blotting (Figure 2B), progeny viral titers were measured
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by the TCIDs, assay (Figure 2C), the quantity of
infected cells was measured by IFA (Figure 2D), and
viral RNA loads were quantified by RT-qPCR
(Figure 2E). These results showed that, compared with
the untreated control group, both CQ and NH,CI treat-
ments significantly inhibited BCoV infection (p<
0.001). To additionally assess involvement of endoso-
mal acidification in BCoV entry, PBIECs were cultured
in the presence of CQ or NH,Cl Afterward, the cells
were exposed to BCoV at an MOI of 5 for 1, 2, and 3 h.
Experimental data showed that CQ and NH,CI mark-
edly impaired BCoV entry into cells (Figure 2F; p <
0.001). Conversely, after BCoV was incubated at 4 °C
for 1h, RT-qPCR analysis indicated that neither CQ
nor NH,Cl impaired viral attachment. (Figure 2G; p >
0.05). These results indicate that BCoV entry into
PBIECs depends on an acidic environment, whereas
viral attachment does not.

BCoV entry into PBIECs depends on a membrane
fusion pathway

Coronaviruses generally enter host cells via membrane
fusion and/or endocytic pathways. Given that BCoV
belongs to the Coronaviridae, it is essential to assess
the impact of membrane fusion on BCoV entry into
PBIECs. In this study, SSAAQ9E3, a novel inhibitor of
coronavirus membrane fusion, was used for subsequent
experiments. First, CCK-8 assays were performed to
determine the maximum non-cytotoxic concentration
of SSAAQ09E3, which was confirmed to be 10puM
(Figure 3A). PBIECs were pretreated with SSAA09E3
at 10 uM for 24 h and subsequently infected with BCoV
(MOI=1). At 24, 48, and 72h post-infection, BCoV
N protein expression was detected by Western blotting
(Figure 3B; p <0.001), progeny virus titers were mea-
sured via the TCIDs, assay (Figure 3C; p <0.001), the
number of infected cells was quantified using IFA
(Figure 3D), and viral genome copy numbers were
determined by RT-qPCR (Figure 3E; p <0.001). These
results showed that SSAA09E3 significantly inhibited
BCoV infection, indicating that BCoV infection of
PBIECs depends on membrane fusion. Subsequently,
the effect of SSAAO9E3 on BCoV attachment and
entry into PBIECs was evaluated, demonstrating that
SSAAO09E3 strongly suppressed the entry and attach-
ment (P <0.001; Figure 3F,G). To verify whether the
effect of SSAAO09E3 on BCoV entry was mediated by
inhibiting viral attachment, PBIECs were first incu-
bated with BCoV at 4 °C to allow attachment. After
removal of unattached viral particles, cells were treated
with SSAA09E3 for 3 or 5h. SSAAO9E3 administration
for 3 and 5h significantly reduced viral RNA levels
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(Figure 3H; p < 0.001), indicating that SSAAQ9E3 inhi-
bits BCoV entry independently of viral attachment. To
provide additional evidence of the inhibitory effect of
SSAAQ9E3 on BCoV-mediated membrane fusion, cell
membranes were labeled with 1,1’-dioctadecyl-3,3,3’,3-
tetramethylindodicarbocyanine (DiD), and mean fluor-
escence intensity (MFI) was measured by flow cytome-
try. Increased membrane fusion and syncytium
formation correlate with elevated MFI values. In unin-
fected groups (Mock and SSAAQ9E3 alone),

no significant differences in MFI were observed
between groups, indicating that SSAA09E3 does not
affect cell-cell fusion in the absence of viral infection
(p > 0.05; Figure 3I). In contrast, MFI in the Mock, 3 h
BCoV, and 48 h BCoV groups increased significantly
with prolonged BCoV infection, demonstrating that
BCoV infection induces membrane fusion in a time-
dependent manner (p <0.001; Figure 3I). Notably, in
both the 3h and 48 h infection groups, SSAA09E3 led
to a significant reduction in MFI relative to the corre-
sponding untreated BCoV-infected groups, indicating
that SSAAOQ9E3 effectively inhibits BCoV-induced
membrane fusion (Figure 3I; p<0.001). To directly
visualize BCoV-induced syncytium formation, PBIECs
were examined using fluorescence microscopy.
Consistent with the flow cytometry results, BCoV infec-
tion induced prominent syncytium formation, which
was markedly suppressed by SSAA09E3 treatment
(Figure 3J). Collectively, these findings demonstrate
that the entry of BCoV into PBIECs relies on
a membrane fusion pathway.

Roles of cathepsins and TMPRSS2 in BCoV entry
into PBIECs

Cathepsins and TMPRSS2 are two major classes of host
proteases that play pivotal roles in viral entry, particu-
larly for enveloped viruses such as coronaviruses. These
proteases facilitate viral entry through distinct molecu-
lar mechanisms [23]. To explore the roles of cathepsins
and TMPRSS2 in BCoV entry into PBIECs, we used the
cathepsin inhibitor E64d and the TMPRSS2 inhibitor
camostat to selectively inhibit their enzymatic activities.
Based on CCK-8 assays, 80 pM (Figure 4A) and 100 uM
(Figure 4B) were identified as the maximum non-
cytotoxic concentrations for E64d and camostat,
respectively. PBIECs were preincubated with E64d or
camostat, after which the effects of these inhibitors on
BCoV infection, entry, and attachment were evaluated.
Compared with untreated controls, E64d treatment sig-
nificantly reduced BCoV infection, as reflected by
decreases in multiple infection-related parameters
(Figure 4C-G, and [; p < 0.05), and markedly inhibited
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viral entry into PBIECs (Figure 4K; p < 0.01), while viral ~ attachment (p > 0.05; Figure 4L,N). These results indi-
attachment remained unaffected (Figure 4M, p>0.05).  cate that cathepsins are required for efficient BCoV
In contrast, camostat treatment had no detectable effect entry into PBIECs, whereas TMPRSS2 is not essential
on BCoV infection (p>0.05; Figure 4D-]), entry or  for this process.
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BCoV enters PBIECs via clathrin-mediated
endocytosis

The clathrin-mediated endocytosis (CME) pathway is
commonly employed by most coronaviruses to gain
entry into host cells [24]. To evaluate the role of CME
in the entry of BCoV into PBIECs, chlorpromazine
(CPZ), a well-known CME inhibitor, was employed.
PBIECs were treated with the maximum non-
cytotoxic concentration of CPZ (15uM, Figure 5A)
and infected with BCoV for 24, 48 and 72 h. Western
blotting (Figure 5B), IFA (Figure 5C), TCIDs, assays
(Figure 5D), and RT-qPCR (Figure 5E) showed that
CPZ treatment markedly decreased N protein expres-
sion, progeny virus titers, the number of infected cells,
and viral RNA copy numbers. These results indicate
that CPZ treatment significantly suppresses BCoV
infection (p<0.001). To further determine whether
CME is implicated in the initial stage of BCoV entry,
PBIECs were preincubated with CPZ prior to BCoV
infection. RT-qPCR assays showed that CPZ treatment

significantly inhibited BCoV entry (Figure 5F; p<
0.001). In contrast, when CPZ-treated PBIECs were
incubated with BCoV at 4 °C to permit viral attach-
ment, CPZ treatment had no impact on viral attach-
ment (Figure 5G; p>0.05). To further validate these
findings, siRNAs targeting clathrin heavy chain (CLTC)
were designed and synthesized. Among them, CLTC-3
displayed robust silencing effects, and was therefore
selected for further experimental studies (Figure 5H).
Silencing clathrin expression significantly inhibited
BCoV infection and entry into PBIECs (Figure 5I-M;
p <0.01), while viral attachment remained unaffected
(Figure 5N; p>0.05). To validate the efficiency of DiD
labeling, BCoV particles were labeled with DiD and
analyzed via confocal microscopy for colocalization
with FITC-labeled viral particles (Figure 50). The
strong colocalization confirmed the high efficiency of
DiD labeling, supporting its suitability for subsequent
experiments. Confocal microscopy observed clear colo-
calization between DiD-labeled BCoV and clathrin dur-
ing the early stage of viral entry (Figure 5P). Taken
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reduced virus titers, as measured by the TCIDs, assay. (D) CPZ treatment decreased the proportion of infected cells as determined by
IFA. Scale bar=100 pum. (E) CPZ treatment reduced viral genomic copy numbers as determined by RT-qPCR. (F) CPZ treatment
inhibited BCoV entry as determined by RT-qPCR. (G) CPZ treatment had no significant effect on BCoV attachment as determined by
RT-gPCR. (H) screening of siRnas targeting CLTC, and the most efficient siRNA was selected. (I-L). Western blotting (1), TCIDs, assay
(J), IFA (K), and RT-gPCR (L) were performed to assess the effects of CLTC silencing on BCoV infection (M, N) the impact of CLTC
silencing on BCoV entry and attachment were analyzed by RT-qPCR. (O) detection of DiD-labeled and antibody-stained BCoV
particles. (P) confocal microscopy analysis of the colocalization of DiD-labeled BCoV with CLTC during viral entry. Scale bar =10 um.
Data are presented as the mean + SD of three independent experiments (not significant, p > 0.05; **p < 0.01; ***p < 0.001).

together, these data demonstrate that BCoV enters
PBIECs via CME, whereas viral attachment to PBIECs
occurs independently of this pathway.

Dynamin is essential for BCoV entry into PBIECs

The entry of many viruses depends on dynamin-mediated
vesicle fission [25]. To assess dynamin’s contribution to

BCoV entry into PBIECs, we used the specific inhibitor
dynasore and dynamin (DNM)-targeted siRNA. The
maximum non-cytotoxic concentration of dynasore was
100 uM  (Figure 6A). Western blotting showed that
siDNM2 had the highest knockdown efficiency
(Figure 6B). PBIECs were treated with dynasore
(100 uM) or transfected with siDNM2 and subsequently
infected with BCoV at an MOI of 1. Results from
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effects of dynasore treatment and DNM2 silencing on BCoV N protein expression were analyzed by Western blotting, with grayscale
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presented as the mean + SD of three independent experiments (not significant, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001).

Western blotting, TCIDs, assays, IFA, and RT-qPCR
assays revealed that both dynasore treatment and dyna-
min silencing substantially suppressed BCoV infection
compared with the control groups, suggesting that dyna-
min is involved in BCoV infection (p < 0.05; Figure 6C-J).
To further distinguish the role of dynamin in viral entry
vs attachment, PBIECs treated with dynasore or dyna-
min-targeted siRNA were examined for BCoV entry and
attachment. RT-qPCR analysis demonstrated that both
dynasore treatment and dynamin silencing markedly sup-
pressed BCoV entry (p < 0.05; Figure 6K,L), whereas viral
attachment was not affected (p>0.05; Figure 6M,N).
Moreover, confocal microscopy revealed clear colocaliza-
tion of dynamin with DiD-labeled BCoV particles at 1, 2,
and 3 h post-infection (Figure 60). Collectively, these data
demonstrate that dynamin is essential for BCoV entry
into PBIECs.

BCoV entry into PBIECs depends on the
caveolin-mediated endocytic pathway

Caveolin-mediated endocytosis (CavME) serves as
a key cellular internalization route that relies on
specialized membrane invaginations formed by
caveolin proteins [26]. The caveolae-disrupting
agent nystatin was used to investigate the role of
CavME in BCoV entry. PBIECs were pretreated
with nystatin (150 uM, Figure 7A) and cell samples
were collected after infection with BCoV. Subsequent
analyses revealed that nystatin treatment markedly
reduced BCoV N protein expression (Figure 7B; p <
0.001), progeny virus titers (Figure 7C), p<0.001),
infected cell numbers (Figure 7D), and viral RNA
copy numbers (p <0.001; Figure 7E), indicating that
efficient BCoV infection relies on the caveolin-
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mediated endocytic pathway. To further substantiate
these observations, siRNAs targeting Caveolin-1
(CAV1) were designed and evaluated, and the
siRNA with the best knockdown efficiency was
selected (Figure 7H). Silencing of CAV1 expression
resulted in a substantial attenuation of BCoV

infection in PBIECs, as demonstrated by multiple
infection-related readouts (Figure 7I-L; p<0.01),
further supporting the involvement of caveolin in
BCoV infection. The specific role of CavME in viral
entry and attachment was then examined. PBIECs
pretreated with nystatin were infected with BCoV



(MOI =5). The results demonstrated that nystatin
treatment inhibited BCoV entry (Figure 7F; p<
0.01) without affecting viral attachment (Figure 7G;
p > 0.05). Consistently, silencing of CAV1 by siRNA
also suppressed BCoV entry (Figure 7M; p <0.05)
without exerting any detectable impact on viral
attachment (Figure 7N; p>0.05). Finally, at 1, 2,
and 3 h post-infection, clear colocalization between
caveolin and DiD-labeled BCoV particles was
observed in PBIECs (Figure 70). Collectively, these
results demonstrate that efficient BCoV entry into
PBIECs relies on CavME.
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BCoV enters PBIECs via the macropinocytosis
pathway

In addition to the classical CME and CavME, macro-
pinocytosis represents another important pathway for
viral internalization. To determine whether macropino-
cytosis facilitates BCoV entry into PBIECs, blebbistatin
was employed to block this pathway.

First, the maximum non-cytotoxic concentration of
blebbistatin was 10 uM (Figure 8A). The FITC-labeled
dextran is a specific marker of macropinocytosis and is
internalized via macropinocytic vesicles rather than
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CME or CavME. PBIECs were pretreated with 10 uM
blebbistatin for 24 h, followed by FITC-labeled dextran
incubation to assess macropinocytic activity. Confocal
microscopy showed that FITC-labeled dextran fluores-
cence intensity was markedly decreased in blebbistatin-
treated cells relative to the control cells (Figure 8B),
confirming that blebbistatin effectively inhibited the
macropinocytic pathway in this experimental system.
The effect of blebbistatin (10 uM) on BCoV infection in
PBIECs was analyzed by Western blotting (Figure 8C),
TCIDs, assays (Figure 8D), IFA (Figure 8E), and RT-
qPCR (Figure 8F). Compared with the untreated con-
trol group, blebbistatin treatment markedly decreased
BCoV infection (p < 0.001), indicating that BCoV infec-
tion of PBIECs is closely associated with the macropi-
nocytosis pathway. Subsequently, the role of
blebbistatin in viral entry was further examined. The
results showed that blebbistatin treatment significantly
reduced intracellular BCoV RNA levels during the
entry stage (Figure 8G; p <0.001). Next, the impact of
blebbistatin on viral attachment was evaluated. RT-
qPCR results indicated that blebbistatin pretreatment
reduced BCoV attachment to PBIECs (Figure 8H; p <
0.01). To clarify whether the observed inhibition of
viral entry was merely a consequence of impaired
attachment, BCoV was first allowed to bind to
PBIECs, after which blebbistatin was added. Under
these conditions, blebbistatin treatment for 3h or 5h
still significantly suppressed BCoV infection (Figure 81;
p <0.001), demonstrating that blebbistatin inhibits
BCoV entry independently of its effect on viral attach-
ment. Finally, at 1, 2, and 3h post-infection, clear
colocalization between FITC-labeled dextran and DiD-
labeled BCoV particles was observed in PBIECs
(Figure 8]). Collectively, these data strongly demon-
strate that BCoV entry into PBIECs is mediated via
the macropinocytosis pathway.

Cholesterol is dispensable for BCoV entry into
PBIECs

Cholesterol plays a pivotal role in the viral life cycle,
and depletion of cellular cholesterol is known to impair
viral entry [27]. Methyl-B-cyclodextrin (MPCD) at 2.5
mg/mL (Figure 9A) was used to elucidate the contribu-
tion of cholesterol to BCoV infection of PBIECs. The
results showed that MBCD treatment markedly reduced
BCoV infection, as demonstrated by decreased viral
N protein expression, progeny virus titers, numbers of
infected cells, and viral RNA copy numbers (p < 0.05;
Figure 9B-E), indicating that cholesterol is involved in
BCoV infection of PBIECs. To further delineate the
stage at which cholesterol is required, the effects of

cholesterol depletion on viral entry and attachment
were examined (Figures 9F,G). The data revealed that
cholesterol depletion did not inhibit BCoV attachment
or entry (p > 0.05).

To further clarify whether cholesterol is involved in
BCoV entry or infection, we performed additional cho-
lesterol depletion and replenishment experiments.
PBIECs were divided into four groups: an untreated
control group (Mock), an MBCD-treated group, an
MPBCD + cholesterol ~ replenishment  group, and
a cholesterol-only group. Prior to these experiments,
CCK-8 assays identified 100 uM as the maximum non-
cytotoxic concentration of cholesterol for PBIECs
(Figure 9H). Following the treatments described
above, PBIECs were infected with BCoV at an MOI of
1. Cell samples were collected at 48 h post-infection,
and viral infection was evaluated by Western blotting
and RT-qPCR. The results showed that MBCD treat-
ment significantly reduced BCoV N protein expression
and viral RNA copy numbers (Figure 91, J ;p < 0.001).
Importantly, cholesterol replenishment after MBCD
treatment effectively restored BCoV N protein expres-
sion and viral RNA copy numbers (p < 0.001). In con-
trast, cholesterol-only treatment exerted no significant
effects on BCoV N protein expression or viral RNA
copy numbers compared with the control group (p >
0.05). These findings indicate that cholesterol replen-
ishment can partially rescue BCoV infection following
cholesterol depletion. To explore the role of cholesterol
in BCoV entry, PBIECs were harvested at 2h post-
infection after the above treatments. RT-qPCR analysis
demonstrated that neither cholesterol depletion by
MBCD, cholesterol replenishment after MPCD treat-
ment, nor cholesterol-only treatment caused significant
changes in viral RNA copy numbers during viral entry
(Figure 9K; p>0.05). Altogether, these observations
demonstrate that cholesterol is not essential for BCoV
attachment or entry into PBIECs.

Microtubules are involved in BCoV entry into
PBIECs

During viral entry into host cells, microtubules provide
important structural support and intracellular transport
routes [28]. Colchicine disrupts microtubule dynamics
by inhibiting microtubule polymerization and promot-
ing the depolymerization of preexisting microtubules,
thereby dismantling the cellular microtubule network.
To investigate the functional role of microtubules in
BCoV entry into PBIECs, we employed colchicine as
a specific pharmacological inhibitor. Initially, CCK-8
assays were performed to establish the maximum non-
cytotoxic concentration of colchicine, which was
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0.001).

identified as 200 nM (Figure 10A). PBIECs were then
treated with colchicine at this concentration, and con-
focal microscopy revealed that the normally dense
microtubule network became markedly dispersed, con-
firming effective microtubule depolymerization at the
selected concentration (Figure 10B). Subsequently,
PBIECs were preincubated with colchicine and infected

with BCoV at an MOI of 1. We then analyzed viral
N protein expression, infected cell numbers, progeny
virus titers, and viral RNA copy levels. All of these
parameters were significantly decreased in colchicine-
treated cells (Figure 10C-F; p < 0.01), indicating that an
intact microtubule network is essential for efficient
BCoV infection of PBIECs. To further define the
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specific stage where microtubules act during BCoV
infection, we separately evaluated viral attachment and
entry. Our findings revealed that colchicine treatment
suppressed viral entry (Figure 10G; p <0.001) without
impairing the attachment stage (Figure 10H; p > 0.05).
Taken together, these observations suggest that micro-
tubules contribute to BCoV entry into PBIECs.

Visualization of BCoV entry into PBIECs

To directly visualize the entry process of BCoV and
further verify the roles of membrane fusion, CME,
CavME, and macropinocytosis in BCoV entry into
PBIECs, we performed a DiD - DiO dual-labeling
assay combined with high-speed super-resolution con-
focal microscopy. Five experimental groups were set up
to assess distinct viral entry pathways: a control group,
a CPZ-treated group (for CME inhibition), a nystatin-

treated group (for CavME inhibition), a blebbistatin-
treated group (for macropinocytosis inhibition), and an
SSAAOQ9E3-treated group (for membrane fusion inhibi-
tion). PBIECs were pre-treated with corresponding
pathway inhibitors, followed by DiO labeling of cell
membranes and DiD labeling of BCoV particles using
the lipophilic membrane dye DiD. DiD-labeled BCoV
was incubated with DiO-labeled PBIECs at 4°C for 1h
to enable stable viral attachment to the cell surface. The
viral entry process was then monitored in real time
over a 5-min period. High-speed super-resolution con-
focal laser scanning microscopy revealed that in the
control group, most DiD-labeled BCoV particles pene-
trated the DiO-labeled plasma membrane and entered
the cytoplasm (Figure 11A). In contrast, in all inhibi-
tor-treated groups, the majority of viral particles
remained adherent to the cell surface and failed to
internalize (Figure 11A). Collectively, these results
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Figure 11. Visualization 