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ABSTRACT Porcine deltacoronavirus (PDCoV), an emerging enteropathogenic coronavirus,
causes serious diarrhea in suckling piglets and has the potential for cross-species transmis-
sion. Although extensive studies have been reported on the biology and pathogenesis of
PDCoV, the mechanisms by which PDCoV enters cells are not well characterized. In this
study, we investigated how PDCoV enters IPI-2I cells, a line of porcine intestinal epithelial
cells derived from pig ileum. Immunofluorescence assays, small interfering RNA (siRNA) in-
terference, specific pharmacological inhibitors, and dominant negative mutation results
revealed that PDCoV entry into IPI-2I cells depended on clathrin, dynamin, and a low-pH
environment but was independent of caveolae. Specific inhibition of phosphatidylinositol
3-kinase (PI3K) and the Na1/H1 exchanger (NHE) revealed that PDCoV entry involves mac-
ropinocytosis and depends on NHE rather than on PI3K. Additionally, Rab5 and Rab7, but
not Rab11, regulated PDCoV endocytosis. This is the first study to demonstrate that
PDCoV uses clathrin-mediated endocytosis and macropinocytosis as alternative endocytic
pathways to enter porcine intestinal epithelial cells. We also discussed the entry pathways
of PDCoV into other porcine cell lines. Our findings reveal the entry mechanisms of
PDCoV and provide new insight into the PDCoV life cycle.

IMPORTANCE An emerging enteropathogenic coronavirus, PDCoV, has the potential
for cross-species transmission, attracting extensive attenuation. Characterizing the detailed
process of PDCoV entry into cells will deepen our understanding of the viral infection and
pathogenesis and provide clues for therapeutic intervention against PDCoV. With the objec-
tive, we used complementary approaches to dissect the process in PDCoV-infected IPI-2I
cells, a line of more physiologically relevant intestinal epithelial cells to PDCoV infection in
vivo. Here, we demonstrate that PDCoV enters IPI-2I cells via macropinocytosis, which does
not require a specific receptor, and clathrin-mediated endocytosis, which requires a low-pH
environment and dynamin, while a caveola-mediated endocytic pathway is used by PDCoV
to enter swine testicular (ST) cells and porcine kidney (LLC-PK1) cells. These findings provide
a molecular detail of the cellular entry pathways of PDCoV and may direct us toward novel
antiviral drug development.
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Coronavirus (CoV) infections can cause respiratory illness and gastroenteritis in humans
and animals. Several newly emerged coronaviruses have posed significant threats to

public and animal health, including severe acute respiratory syndrome virus (SARS-CoV),
Middle East respiratory syndrome virus, and the newly emerged SARS-CoV-2 in humans and
the porcine deltacoronavirus (PDCoV) and swine enteric alphacoronavirus in animals (1–3).
PDCoV belongs to the newly identified Deltacoronavirus genus in the Coronavirus family of
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the Nidovirales order. PDCoV infection is characterized by acute diarrhea, vomiting, and mor-
tality in nursing piglets, leading to considerable economic losses for the swine industry (4–
6). PDCoV was first reported in Hong Kong in 2012 (7) and broke out in the United States in
2014 (8) and then rapidly spread to other countries (9–11), including China (12, 13). Several
studies have indicated that PDCoV can also infect chickens (3), turkeys (14), and cattle (15). A
recent study reported that PDCoV was identified in plasma samples of three Haitian children
with acute undifferentiated febrile illness (16). These studies suggest that PDCoV possesses
the potential for cross-species transmissibility (17), which has attracted increasing interest in
studying this emerging coronavirus.

Viral entry into cells is the first step toward successful infection. Enveloped viruses
enter cells either by directly fusing with the plasma membrane or by endocytic mecha-
nisms. To date, several endocytic pathways used by viruses to enter host cells have
been reported, such as clathrin-mediated endocytosis (CME), caveolae-mediated endo-
cytosis (CavME), clathrin- and caveolae/raft-independent endocytosis, macropinocytosis, and
lesser-known variations of these endocytic pathways (18). CME is the most evolutionarily
conserved endocytic pathway and is extensively used by viruses; it is characterized by the
uptake of cargo via invagination or clathrin-coated vesicles. African swine fever virus (ASFV),
vesicular stomatitis virus (VSV), and rabies virus use the CME pathway to enter cells (19–21).
In the classic CME pathway, low pH plays an essential role, and the dynamics of the endoso-
mal system are modulated by Rab proteins, which are small GTPases of the Ras superfamily,
including Rab5, Rab7, and Rab11, which are associated with selecting vesicle cargos, bud-
ding, targeting, and fusion. Evidence shows that these Rab proteins are involved in the life
cycles of multiple viruses, including hepatitis C virus, dengue virus, and classical swine fever
virus (CSFV) (22–24).

CavME, another well-characterized endocytic pathway, is a ligand-triggered process
dependent on lipid rafts, dynamin, and a complex signaling pathway mediated by tyrosine
kinase and phosphatase (25). Some viruses, including human coronavirus 229E (26), respira-
tory syncytial virus (27), and CSFV (23), are internalized via caveolae. Macropinocytosis is a
regulated form of endocytosis that mediates nonselected uptake of solute molecules,
nutrients, and antigens. Different from CME, macropinocytosis is involved in actin cytoskele-
ton reorganization, leading to the development of numerous irregular ruffles and blebs on
the cell membrane (28). Influenza A virus (29), ASFV (30), and Ebolavirus (31) enter cells via
macropinocytosis.

A previous study revealed that cholesterol in the cell membrane and viral envelope
is essential for viral entry and replication (32). Zhang et al. further demonstrated that
PDCoV enters cells through two pathways, one via cathepsin L (CTSL) and cathepsin B
(CTSB) in the endosome, and another via a protease at the cell surface (33). However,
how PDCoV enters host cells via endocytic pathways to initiate a successful infection
remains uncertain and requires further study.

In this study, we initially used IPI-2I cells, a line of porcine intestinal epithelial cells
derived from pig ileum, as a model to investigate PDCoV endocytosis. Specific pharmacolog-
ical inhibitor treatment, immunofluorescence, small interfering RNA (siRNA) silencing, and
overexpression of a dominant negative (DN) mutant results reveal that PDCoV entry into IPI-
2I cells depends partially on the CME, requires a low pH and dynamin, and is independent
of CavME. Apart from the CME pathway, macropinocytosis is another crucial endocytic path-
way, dependent on the Na1/H1 exchanger (NHE). Additionally, depletion of Rab5 and/or
Rab7, but not Rab11, impairs PDCoV infection, suggesting that viral transport from early to
mature endosomes is an essential step in the PDCoV life cycle. In addition, the entry of
PDCoV into other two porcine cell lines, swine testicular (ST) cells and porcine kidney (LLC-
PK1) cells, was also assessed. We found that PDCoV enters ST and LLC-PK1 cells via a cav-
eola-mediated endocytic pathway, independent of pH, the clathrin-mediated endocytosis
pathway, and micropinocytosis, indicating that the pathways and strategies may be various
for entry of PDCoV into different cell types. These results contribute greatly to the in-depth
understanding of the PDCoV cellular entry pathways and provide new insights into antiviral
drug development.
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RESULTS
PDCoV entry into IPI-2I cells is dependent on a low pH. To investigate whether

PDCoV entry is pH dependent, we evaluated the effect of two lysosomotropic agents,
chloroquine and NH4Cl, on PDCoV entry and infection in IPI-2I cells. The subtoxic doses of
chloroquine were determined using a CCK-8-based cell viability assay, which showed that
IPI-2I cells tolerated the chloroquine treatments up to 100 mM (Fig. 1A). Cells were pre-
treated for 1 h with various concentrations of chloroquine, followed by PDCoV infection for
1 h at 4°C (binding step), and then shifted to 37°C for 1 h (entry step). Viral RNA copy num-
bers were determined via reverse transcriptase quantitative PCR (RT-qPCR). As shown in Fig.
1B, chloroquine treatment inhibits PDCoV entry into cells but does not inhibit PDCoV bind-
ing to cells. At 6 h postinfection (hpi), viral infection was also evaluated using RT-qPCR,
Western blot analysis, and 50% tissue culture infective dose (TCID50) assay. Viral RNA copy
numbers, N protein expression levels (Fig. 1C), and viral titer (Fig. 1D) were notably reduced
dose-dependently after the chloroquine treatment. Immunofluorescence assay (IFA) was
also performed to assess the effect of chloroquine on viral infection. Consistent with the
results of RT-qPCR and Western blotting and viral titers, chloroquine treatment significantly
and dose-dependently reduced the number of PDCoV-infected cells by approximately 28%,
26%, and 19% (the mean fluorescence intensities based on three independent experiments),
respectively, compared to those of the dimethyl sulfoxide (DMSO)-treated control cells (Fig.
1E). Similar results were also observed in IPI-2I cells infected with PDCoV by NH4Cl treatment
(Fig. 1F to J). Previous studies showed that the internalizations of vesicular stomatitis virus
(VSV) and Sendai virus (SeV) occur in a pH-dependent and pH-independent manner, respec-
tively (19, 34, 35). Thus, we used VSV-green fluorescent protein (GFP) (a recombinant VSV
expressing GFP) and SeV as the positive control and negative control, respectively. As shown
in Fig. 1K and L, both chloroquine and NH4Cl inhibited VSV-GFP entry into IPI-2I cells.
However, no obviously negative effect of two components on SeV entry into IPI-2I cells was
observed (Fig. 1M and N). These results strongly indicate that PDCoV requires a low pH to
enter IPI-2I cells.

PDCoV enters IPI-2I cells via CME. Viruses can enter cells via endocytosis either
dependently or independently of clathrin. To identify whether the endocytic pathways
used by PDCoV involve clathrin, several complementary approaches were performed.
Chlorpromazine (CPZ), a pharmacological inhibitor of clathrin lattice polymerization,
was extensively used in previous studies (23, 36). Cell viability upon CPZ treatment was
determined to exclude cytotoxic effects, and IPI-2I cell viability remained unchanged at
up to 20 mM CPZ (Fig. 2A). The effect of CPZ on PDCoV entry and infection was eval-
uated via RT-qPCR and Western blotting. VSV-GFP serves as a positive control in this
experiment. As shown in Fig. 2B, CPZ inhibits PDCoV entry but does not inhibit PDCoV
binding. CPZ inhibits PDCoV and VSV-GFP infection in a dose-dependent manner, as
evidenced by the results that RNA copy numbers and protein expression levels of the
PDCoV N or GFP were notably reduced dose-dependently after CPZ treatment (Fig. 2C
and D). Viral titer detection and IFA results indicated that CPZ treatment severely and
dose-dependently inhibited PDCoV infection (Fig. 2E and 2F), consistent with the RT-
qPCR and Western blotting results (Fig. 2C). EPS15 is reported to be a crucial compo-
nent of clathrin-coated pits by interacting with adaptor protein 2, a major clathrin
adaptor complex (37). The role of CME was further investigated by siRNA experiments.
EPS15 knockdown significantly inhibited PDCoV entry into cells (Fig. 2G). At 6 hpi, viral
infection was also evaluated using RT-qPCR and Western blot analysis. EPS15 knock-
down significantly reduced viral RNA copy numbers and N protein expression levels,
suggesting that EPS15 plays a positive role in PDCoV infection in IPI-2I cells (Fig. 2H).
To further evaluate the role of clathrin in PDCoV internalization, clathrin heavy chain
(CHC)-specific siRNA was used to knock down clathrin expression in IPI-2I cells, and
then the cells were infected with PDCoV. Compared with the control siRNA, CHC siRNA
notably inhibited PDCoV entry into IPI-2I cells (Fig. 2I). At 6 hpi, viral infection was also
evaluated using RT-qPCR and Western blotting. CHC knockdown obviously reduced
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FIG 1 PDCoV entry into IPI-2I cells requires an acidic endosomal pH. (A) CCK-8-based cell viability assay for chloroquine as described in Materials
and Methods. (B) Chloroquine inhibited PDCoV entry but not binding. IPI-2I cells were pretreated with subtoxic doses at 37°C for 1 h and infected

(Continued on next page)
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CHC expression, viral RNA copy numbers, and N protein expression levels (Fig. 2J).
These findings suggest that PDCoV entry into IPI-2I cells is clathrin dependent.

PDCoV entry into IPI-2I cells is caveola independent. Caveolae are cholesterol-
and sphingolipid-rich smooth invaginations of the plasma membrane and are generally
involved in caveolin, which is essential for caveolar formation and stability. The caveolin-
mediated lipid raft-dependent pathway is a well-characterized endocytic pathway for SV40
entry (38). We therefore investigated whether caveolin-mediated endocytosis is vital to
PDCoV internalization. IPI-2I cells were treated with various concentrations of nystatin (with
known functions to disrupt the caveolar) (28) for 1 h, followed by PDCoV infection for 1 h at
4°C, and then shifted to 37°C for 1 h. Viral RNA copy numbers were determined via RT-qPCR.
As shown in Fig. 3A, nystatin had an obvious detrimental effect on PDCoV binding and
entry. At 6 hpi, viral infection was also evaluated by RT-qPCR and Western blotting. The
results indicated that nystatin treatment failed to inhibit viral infection and instead slightly
increased the viral RNA copy numbers and N protein expression levels (Fig. 3B). IPI-2I cell via-
bility was also confirmed to be unchanged by concentration (10 and 25 mM; Fig. 3C). The
role of the caveola was further investigated via expression of Flag-tagged DN caveolin-1
(Cav1) mutants (Cav1 DN, Cav1KSF, and Cav1DGI), followed by RT-qPCR, IFA, and Western blot-
ting assay for the measurement of PDCoV entry and infection. Cav1 DN expression did not
markedly affect PDCoV entry (Fig. 3D) and infection (Fig. 3E). Although the viral RNA copy
numbers were slightly increased in cells expressing Cav1 DN compared with those express-
ing wild-type (WT) Cav1, N protein expression levels have no significant difference (Fig. 3F).
Compared with the control siRNA, Cav1 siRNA knockdown did not have a significant effect
on PDCoV entry into cells (Fig. 3G). At 6 hpi, viral infection was also evaluated using RT-
qPCR and Western blotting. Cav1 siRNA effectively knocked down Cav1 expression but did
not have a significant effect on viral RNA copy numbers and N protein expression levels (Fig.
3H). Taken together, these results strongly indicate that PDCoV entry into IPI-2I cells is cav-
eola independent.

PDCoV entry into IPI-2I cells is dynamin dependent. Both clathrin and caveola-medi-
ated endocytosis depend on dynamin 2, a large GTPase that is essential for vesicle scission
during endocytosis (39). To determine whether dynamin is involved in PDCoV entry and
infection, IPI-2I cells were treated for 1 h with increasing concentrations of dynasore, fol-
lowed by PDCoV infection for 1 h at 4°C, and then shifted to 37°C for 1 h. Viral RNA copy
numbers were determined via RT-qPCR. As shown in Fig. 4A, dynasore inhibited PDCoV
entry but did not inhibit PDCoV binding. The infection of PDCoV or VSV-GFP was also eval-
uated further. RT-qPCR and Western blotting results showed that dynasore significantly
reduced the PDCoV infection, just like the dose-dependent reduction of viral RNA and N pro-
tein levels (Fig. 4B). VSV-GFP infection was also attenuated dose-dependently but to a lesser
degree than was PDCoV (Fig. 4C). The results of viral titer detection and IFA indicated that
dynasore treatment severely and dose-dependently inhibited PDCoV infection (Fig. 4D
and E). No cytotoxicity was observed in the cells treated with dynasore used in the experi-
ments (Fig. 4F). These results showed that dynasore effectively impeded PDCoV endocyto-
sis into IPI-2I cells. We further used RT-qPCR and confocal microscopy to investigate the

FIG 1 Legend (Continued)
with PDCoV (MOI of 5) at 4°C for 1 h (binding step) and then shifted to 37°C for 1 h (entry step). Cells were lysed to determine viral RNA copy
numbers by RT-qPCR. (C and D) RT-qPCR, Western blotting, and viral titer detection analysis for viral infection inhibition by chloroquine. Cells were
pretreated with increasing subtoxic doses of chloroquine or DMSO at 37°C for 1 h and then inoculated with PDCoV (MOI of 5) at 37°C for 6 h. Cells
were lysed to determine viral RNA copy numbers via RT-qPCR, N protein levels via Western blotting (C), and viral titer (D) via TCID50 assay. (E) IFA
for viral infection inhibition by chloroquine. Cells were pretreated with subtoxic doses of these drugs at 37°C for 1 h and then inoculated with
PDCoV (MOI of 5) at 37°C for 6 h. Cells were fixed and subjected to IFA. Relative fluorescence intensity was quantified by Image-Pro Plus software
as shown on the right. (F) CCK-8-based cell viability assay for NH4Cl as described in Materials and Methods. (G to J) RT-qPCR, Western blot analysis,
viral titer detection, and IFA for viral entry and infection inhibition by NH4Cl. Cells were pretreated with increasing subtoxic doses of NH4Cl or H2O,
followed by RT-qPCR (G), Western blotting (H), viral titer detection (I), and IFA (J) as described in corresponding panels B, C, D, and E. (K to N) Effect
of chloroquine and NH4Cl on the entry of VSV-GFP and SeV into IPI-2I cells. The cells were pretreated with increasing subtoxic doses of chloroquine
(K and M) or NH4Cl (L and N) and then were infected with VSV-GFP (K and L) and SeV (M and N) at 4°C for 1 h (binding step) and then shifted to
37°C for 1 h (entry step). Cells were lysed to determine viral RNA copy numbers by RT-qPCR. Target protein expression was quantitatively estimated
by ImageJ software and presented as the density value relative to that of the b-actin. The presented results represent the means and standard
deviations of data from three independent experiments. *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001.
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FIG 2 PDCoV entry into IPI-2I cells requires clathrin. (A) CCK-8-based cell viability assay for chlorpromazine as described in Materials and Methods. (B)
Chlorpromazine inhibited PDCoV entry but not binding. IPI-2I cells were pretreated with subtoxic doses at 37°C for 1 h and infected with PDCoV (MOI of 5)
at 4°C for 1 h (binding step) and then shifted to 37°C for 1 h (entry step). Cells were lysed to determine viral RNA copy numbers by RT-qPCR. (C and D) RT-
qPCR and Western blot analysis for inhibition of PDCoV (C) and VSV-GFP (D) infections by chlorpromazine. Cells were pretreated with increasing subtoxic

(Continued on next page)
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role of Flag-tagged DN dynamin mutants in PDCoV entry and infection, respectively. As
shown in Fig. 4G, dynamin DN expression significantly inhibited PDCoV entry into cells
compared to the control group. IFA results showed that IPI-2I cells expressing WT dynamin
were infected with PDCoV, while cells expressing dynamin DN were barely infected with
PDCoV (Fig. 4H). To further evaluate the role of dynamin in PDCoV internalization, an
siRNA experiment was performed. Compared with the control siRNA, dynamin siRNA nota-
bly inhibited PDCoV entry and infection, as evidenced by the significantly reduced dyna-
min mRNA expression and viral RNA copy numbers (Fig. 4I and J). These results indicate
that PDCoV entry into IPI-2I cells is dynamin dependent.

PDCoV entry into IPI-2I cells is macropinocytosis dependent. Macropinosome
formation requires NHEs, which are considered a diagnostic criterion for macropinocytosis
(40). To evaluate the role of macropinocytosis in PDCoV entry and infection, we examined
the effect of 5-(N-ethyl-N-isopropyl) amiloride (EIPA; a macropinocytosis inhibitor that blocks
Na1/H1 exchange) on PDCoV internalization and infection. As shown in Fig. 5A, EIPA inhib-
ited PDCoV entry but did not inhibit PDCoV binding. Viral infection was evaluated by RT-
qPCR, Western blotting, TCID50, and IFA. EIPA treatment significantly decreased the PDCoV
infection, just like the dose-dependent reduction of viral RNA levels, N protein levels (Fig.
5B), viral titer (Fig. 5C), and number of infected cells (Fig. 5D). Cell viability was unaffected by
EIPA treatment at the concentrations used (Fig. 5E). Macropinocytosis also relied on phos-
phatidylinositol 3-kinase activation (41). Wortmannin, an inhibitor of this kinase, was used in
subsequent experiments. Treating IPI-2I cells with the inhibitor had no obvious detrimental
effect on PDCoV entry (Fig. 5F) and infection and even slightly increased the viral infection
at the highest concentration used (Fig. 5G and H). Cell viability was also unaffected by wort-
mannin treatment at the concentration used (Fig. 5I). These findings suggest that PDCoV is
internalized via macropinocytosis in IPI-2I cells.

Role of Rab proteins in PDCoV infection. To investigate the roles of small Rab5,
Rab7, and Rab11 GTPases, key regulators in vesicular trafficking to early, late, and recy-
cling endosomes, in PDCoV infection, several independent experiments were performed.
DN mutants of Rab5 (S34N), Rab7 (T22N), and Rab11 (S25N) have been extensively
reported in previous studies of enveloped viruses (23, 36). To determine whether block-
age of Rab-mediated transport negatively affects viral infection, cells were transfected
with WT Rab5, Rab7, Rab11, and their DN forms, then infected with PDCoV, followed by
the detection of viral infection via IFA. IPI-2I cells overexpressing Rab5 DN and Rab7 DN,
but not Rab11 DN, constructs were minimally infected with PDCoV compared with cells
overexpressing WT Rab5 and Rab7 (Fig. 6A), indicating that Rab5 and Rab7 are required
for PDCoV transportation after internalization. To further identify the endosomal com-
partment traversed by endocytosed PDCoV, Rab5-, Rab7-, and Rab11-specific siRNAs
were used to examine the requirement of transportation to the endosomes in PDCoV
entry. The silencing efficiencies of siRab5, siRab7, and siRab11 were determined via RT-
qPCR and Western blot analysis (Fig. 6B to D). Compared with control siRNA, Rab5 and
Rab7 siRNA notably reduced viral RNA copy numbers and N protein expression levels
(Fig. 6B and C). Consistent with the IFA results, cells transfected with Rab11 siRNA had no
obvious detrimental effect on viral infection compared with that of the negative control
(Fig. 6D). These results suggest that Rab5 and Rab7 are required for PDCoV endocytosis
and subsequent productive infection.

FIG 2 Legend (Continued)
doses of chlorpromazine or DMSO at 37°C for 1 h and then inoculated with VSV-GFP or PDCoV (MOI of 5) at 37°C for 6 h. Cells were lysed to determine viral
RNA copy numbers via RT-qPCR and viral protein levels via Western blotting. (E) Viral titer detection for PDCoV in the medium from cells treated as described
in panel C. (F) IFA for viral infection inhibition by chlorpromazine. Cells were pretreated as described in panel C, followed by IFA using anti-PDCoV N antibody.
Relative fluorescence intensity is quantified by Image-Pro Plus software as shown in panel F on the right. (G and H) EPS15 knockdown inhibited PDCoV entry
(G) and infection (H). siEPS15- or siCtrl-transfected cells were infected with PDCoV (MOI of 5). At 1 and 6 hpi at 37°C, cells were lysed to determine the
silencing efficiency of EPS15, the viral RNA copy numbers via RT-qPCR, and N protein expression levels by Western blotting. (I and J) CHC knockdown
inhibited PDCoV entry (I) and infection (J). siCHC- or siCtrl-transfected cells were infected with PDCoV (MOI of 5). At 1 and 6 hpi at 37°C, the cells were lysed
to determine the viral RNA copy numbers and N protein expression levels via RT-qPCR and Western blot analysis, respectively. Target protein expression was
quantitatively estimated by ImageJ software and presented as the density value relative to that of the b-actin. The presented results represent the means and
standard deviations of data from three independent experiments. *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001.
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FIG 3 Caveolae are not required for PDCoV entry into IPI-2I cells. (A) Effect of nystatin on PDCoV binding and entry. IPI-2I cells were pretreated with
increasing subtoxic doses at 37°C for 1 h and infected with PDCoV (MOI of 5) at 4°C for 1 h (binding step) and then shifted to 37°C for 1 h (entry step). Cells
were lysed to determine viral RNA copy numbers by RT-qPCR. (B) RT-qPCR and Western blot for inhibition of PDCoV infection by nystatin. Cells were
pretreated with increasing subtoxic doses of nystatin or DMSO at 37°C for 1 h and then inoculated with PDCoV (MOI of 5) at 37°C for 6 h. Cells were lysed to
determine viral RNA copy numbers via RT-qPCR and N protein levels via Western blot analysis. (C) CCK-8-based cell viability assay for nystatin as described in
Materials and Methods. (D to F) Effect of DN caveolin (Cav1) on PDCoV entry (D) and infection (E and F) was determined via RT-qPCR, confocal microscopy,
and Western blot analysis. Cells transfected with plasmid constructs encoding Flag-tagged WT and DN Cav1 were infected with PDCoV (MOI of 5).

(Continued on next page)
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The pathways used by PDCoV to enter other porcine cell lines. Many studies
have indicated that a virus may enter into different cell types via different pathways.
Therefore, we further investigated the pathways used by PDCoV to enter two other
porcine cell lines, ST and LLC-PK1 cells. No obvious cytotoxic effects could be detected
in both ST and LLC-PK1 cells when the highest concentrations of several key inhibitors
used in IPI-2I cells were used (data not shown), and the effects of several key inhibitors
on the entry of PDCoV into ST and LLC-PK1 cells were determined via RT-qPCR. As shown
in Fig. 7A, for ST cells, chloroquine, NH4Cl, chlorpromazine, EIPA, and wortmannin treat-
ments did not obviously inhibit the viral RNA copy numbers compared with those in
DMSO- or H2O-treated control cells, while nystatin treatment significantly inhibited the
viral RNA copy numbers compared with those in control cells. Similar results were also
observed in LLC-PK1 cells (Fig. 7B). These results showed that, different from the entry
pathway in IPI-2I cells, PDCoV enters ST and LLC-PK1 cells via a caveola-mediated endocytic
pathway, independent of pH, the clathrin-mediated endocytosis pathway, and macropinocy-
tosis. Taken together, these results indicated that PDCoV enters different cell types via dis-
tinct pathways and strategies.

DISCUSSION

PDCoV enters cells through both direct membrane fusion at the cell surface and
endocytic pathways (33, 42). Endocytic pathways are the most widely reported entry
approach used by numerous viruses. Therefore, we mainly focused on the entry of PDCoV
via endocytic pathways and systematically investigated the steps of this process. Our results
reveal that PDCoV entry into IPI-2I cells depends on macropinocytosis and the CME, requires
low pH and dynamin, and is independent of CavME. Furthermore, Rab5 and Rab7, but not
Rab11, are required for PDCoV infection.

Accumulating evidence shows that the entry processes of many viruses, including
coronaviruses, via endocytic uptake often require an acidic endosomal environment
to undergo uncoating and/or escape from the endosome and the decline of local pH,
followed by internalization into endolysosomes. Using chloroquine and NH4Cl that
selectively enhance the luminal pH of the endosome and lysosome, we first demon-
strated that PDCoV enters IPI-2I cells dependent on a low-pH microenvironment, sug-
gesting endocytic uptake and viral delivery to an acidic intracellular compartment
where fusion occurs. In addition, we chose VSV-GFP and SeV as the positive and neg-
ative controls in this study, respectively. As expected, chloroquine and NH4Cl inhib-
ited VSV-GFP entry into IPI-2I cells but did not have a significant negative effect on
SeV entry. These results suggested that their inhibitory effects on PDCoV entry into
IPI-2I cells was not due to the general cytotoxicity of the drugs, which strongly sup-
ports that PDCoV entry into IPI-2I cells is dependent on a low pH. This conclusion is
consistent with a previous report that bafilomycin A1, a lysosomal acidification inhibitor
that blocks vacuolar proton ATPases, significantly inhibited PDCoV infection (33). In this
study, combining approaches of CPZ-mediated inhibition and clathrin heavy-chain
knockdown, we provided a direct support that PDCoV entry into IPI-2I cells depends on
clathrin. Many studies have indicated that clathrin-mediated entry of viruses, such as por-
cine hemagglutinating encephalomyelitis virus, Japanese encephalitis virus (JEV), and
CSFV, depends on EPS15 (36, 43, 44). However, mouse hepatitis virus type 2 entry report-
edly occurred through a CME pathway independent of EPS15. Here, we showed that the
CME pathway of PDCoV depends on EPS15. Dynamin is a high-molecular-weight GTPase
that mediates membrane fusion required for clathrin-mediated endocytosis. In this study,
the essential role of dynamin in the PDCoV entry into IPI-2I cells process was further

FIG 3 Legend (Continued)
At 1 and 6 hpi at 37°C, cells were harvested and subjected to RT-qPCR, IFA, and Western blot analysis, respectively. Bar, 10 mm. (G and H) Cav1 knockdown
failed to inhibit PDCoV entry (G) and infection (H). siCav1- or siCtrl-transfected cells were infected with PDCoV (MOI of 5). At 1 and 6 hpi at 37°C, the cells
were lysed to determine the silencing efficiency of Cav1, the viral RNA copy numbers, and N protein expression levels via RT-qPCR and Western blot analysis.
Target protein expression was quantitatively estimated by ImageJ software and presented as the density value relative to that of the b-actin. The presented
results represent the means and standard deviations of data from three independent experiments. **, P , 0.01; ***, P , 0.001; ns, nonsignificant difference.

PDCoV Entry Depends on Macropinocytosis and Clathrin Journal of Virology

December 2021 Volume 95 Issue 24 e01345-21 jvi.asm.org 9

https://jvi.asm.org


FIG 4 PDCoV entry into IPI-2I cells depends on dynamin. (A) Effect of dynasore on PDCoV binding and entry. IPI-2I cells were pretreated with increasing
subtoxic doses as described in above Fig. 3A, and lysed cells were subjected to determine viral RNA copy numbers by RT-qPCR. (B and C) Dynasore
inhibited PDCoV and VSV-GFP infection. Cells were pretreated with increasing subtoxic doses of dynasore or DMSO at 37°C for 1 h and then inoculated
with PDCoV (B) or VSV-GFP (C) at 37°C for 6 h, followed by determination of viral infection by RNA copy numbers and viral protein expression levels by RT-
qPCR and Western blot analysis. (D) Viral titer detection for PDCoV in the medium from cells treated as described in panel B. (E) IFA for the effect of
dynasore on PDCoV infection. Cells were pretreated as described in panels B, followed by IFA. Bar, 100 mm. Relative fluorescence intensity is quantified by
Image-Pro Plus software as shown in panel E on the right. (F) CCK-8-based cell viability assay for dynasore as described in Materials and Methods. (G and
H) Inhibitory effect of the dynamin DN construct on PDCoV entry (G) and infection (H) was determined via RT-qPCR and confocal microscopy. Cells
transfected with plasmid constructs encoding Flag-tagged WT and DN dynamin were infected with PDCoV (MOI of 5). At 1 and 6 hpi at 37°C, cells were
harvested and subjected to RT-qPCR and IFA, respectively. Bar, 10 mm. (I and J) Dynamin knockdown inhibited PDCoV entry (I) and infection (J). Si-dynamin-
or siCtrl-transfected cells were infected with PDCoV (MOI of 5). At 1 and 6 hpi at 37°C, the cells were lysed to determine the viral RNA copy numbers via RT-qPCR.
Target protein expression was quantitatively estimated by ImageJ software and presented as the density value relative to that of the b-actin. The presented results
represent the means and standard deviations of data from three independent experiments. *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001.
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determined (Fig. 4). CME is a primarily receptor-mediated pathway. However, to date, the
key functional receptor of PDCoV remains unknown. Several studies have indicated that
aminopeptidase N (APN), a receptor of several alphacoronaviruses, promotes susceptibility
to PDCoV infection in nonsusceptible cells (17, 45) but is likely not a functional receptor
owing to normal viral infection in APN-knockout cells in vitro and in vivo (46–48). Whether
the increase in APN-mediated PDCoV infection depends on clathrin requires further
investigation.

A previous study showed that PDCoV production was limited when cells were treated
with methyl-beta-cyclodextrin (MbCD) prior to infection and was almost abolished when
cholesterol was depleted from the viral envelope (32). This suggests that lipid rafts and
cholesterol-enriched lipid-order membranes play crucial roles in PDCoV entry into cells. To
define the role of caveola-mediated endocytosis in PDCoV entry into IPI-2I cells, we used
nystatin, a polyene antifungal agent that interacts with cholesterol and inhibits the lipid
raft/caveolin pathway. In our experiment, nystatin treatment could not block and even
slightly promote viral infection, suggesting that inhibition of PDCoV entry via depletion of
cholesterol by MbCD did not occur by impairing caveola-mediated endocytosis but likely
by disturbing the integrity of the membrane lipid microdomains. Similar results have been
reported for SARS-CoV (49), foot-and-mouth disease virus (28), and JEV (36). Entry of these
viruses into cells did not depend on caveolae but required the involvement of cholesterol.
Different from the entry pathway in IPI-2I cells, PDCoV enters ST and LLC-PK1 cells via a
caveola-mediated endocytic pathway, independent of pH, the clathrin-mediated endocy-
tosis pathway, and macropinocytosis as evidenced by the significantly lower PDCoV inter-
nalization level due to nystatin treatment, and no obvious effects by chloroquine, NH4Cl,
CPZ, EIPA, and wortmannin compared with the control group (Fig. 7). PDCoV replicates so
efficiently in ST and LLC-PK1 cells, implying that both two cell lines possess cellular recep-
tors for PDCoV entry. In addition, the caveola-mediated endocytosis is ligand triggered
and characterized by the formation of primary endocytic vesicles. It depends on choles-
terol, lipid rafts, and a complex signaling pathway associated with tyrosine kinase and
phosphatases (50). It is possible that nystatin treatment disrupts the formation or stability
of caveola, which consists of potential PDCoV receptor molecules or coreceptors and sub-
sequently interferes with PDCoV entry, but it needs to be further investigated. These
results indicated that PDCoV may enter different cell types via different pathways. It
should be noted that similar phenomena had been reported in other viruses, including
coronaviruses. For example, CSFV enters into porcine alveolar macrophages dependent
on pH, dynamin, and caveola-mediated pathway (23), but enters into PK-15 cells via cla-
thrin-mediated endocytic pathway (44). JEV enters into PK-15 cells via clathrin-mediated
pathways, independent of pH and the caveola-mediated pathway (44, 51), while JEV
enters into rat neuroblastoma cells via a pH-dependent, dynamin- and caveola-mediated
endocytosis pathway (52). A recent study indicated that Newcastle disease virus (NDV)
enters into chicken origin cells (HD11 and LMH) via a pH-dependent, dynamin- and cav-
eola-mediated endocytic pathway, while NDV enters into DF-1 cells via pH-dependent
dynamin, the clathrin-mediated endocytosis pathway, as well as macropinocytosis (53).
Currently, there are relatively few studies on the enter pathways of coronaviruses in differ-
ent cells. However, SARS-CoV has been reported to enter the hepatocellular carcinoma cell
line HepG2 through clathrin-mediated endocytosis (54), while it enters Vero cells through
a clathrin- and caveolae-independent endocytic pathway (49), suggesting that coronavi-
ruses can use different pathways to enter different cells, and our present study further sup-
ports this conclusion.

Macropinocytosis is characterized by actin-dependent membrane ruffling, is thought to
be independent of receptors or dynamin (31), and is the only endocytic pathway sensitive
to NHE deactivation. EIPA is often reported to be a main indicator of viral macropinocytosis.
Here, EIPA notably impeded PDCoV entry into IPI-2I cells dose-dependently, while the phos-
phatidylinositol 3-kinase (PI3K) inhibitor wortmannin did not, suggesting that macropinocy-
tosis-mediated PDCoV entry into IPI-2I cells depends on NHE and is independent of the PI3K
pathway. In addition to NHE and PI3K, Rho GTPases (Rac1 and Cdc42), kinases (Pak1 and
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FIG 5 PDCoV entry into IPI-2I cells depends on macropinocytosis. (A and F) Effect of EIPA (A) and wortmannin (F) on PDCoV binding and entry. IPI-2I cells
were pretreated with increasing subtoxic doses as described in above Fig. 3A, and lysed cells were subjected to determine viral RNA copy numbers by RT-
qPCR. (B and G) RT-qPCR and Western blot analysis for the effect of EIPA (B) and wortmannin (G) on PDCoV infection. Cells were pretreated with increasing

(Continued on next page)
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PKC), and myosin II are associated with macropinocytosis. PKC is a Ca21- and diacylglycerol-
dependent serine/threonine kinase, and its activation promotes formation of membrane ruf-
fles and macropinosomes (55). Our previous study demonstrated that PDCoV modulates cal-
cium influx to favor viral replication (56). Therefore, PDCoV may modulate calcium signaling
to result in macropinocytosis, which requires further investigation. In this study, we did not
further investigate whether other pathways were involved in macropinocytosis-mediated
PDCoV entry into IPI-2I cells. Previous studies have shown that PDCoV infects various host
cells, including pigs, chickens, cattle, and humans (3, 15), suggesting its extensive host tro-
pism. Macropinocytosis acts as an alternative approach for PDCoV entry into cells, which
may expand the cellular range of PDCoV and might explain the replication of PDCoV in
APN-negative lung fibroblast-like cells and porcine alveolar macrophages (PAMs) (47, 48),
but it needs to be further verified through additional experiments. In addition, the molecular
details of macropinocytosis used by PDCoV to enter IPI-2I cells require further study.

Rab5 and Rab7 GTPases are key regulators of transport to early and late endosomes,
the role of which has been extensively investigated in viral entry (23, 44). Rab9 facili-
tates vesicular transport from the late-endosome to the trans-Golgi network (57).
Rab11 is localized primarily to perinuclear recycling endosomes and modulates a
slower recycling pathway via these compartments. Accumulating evidence indicated
that entry of some members of Flaviviridae, including JEV, CSFV, and West Nile virus,
into cells depends on Rab5, or/and Rab7, or/and Rab11 (22, 23, 36, 44). However, stud-
ies on the roles of Rab proteins in coronavirus infections remain largely unclear. PEDV
entry into cells is reported to depend on the endolysosome pathway, which is involved
in Rab7 (58). RNAi (RNA interference)-mediated gene silencing identified endocytosis-
associated proteins, including early endosome-associated genes (EEA1 and Rab5), late
endosome-associated genes (Rab7A and Rab7B), and late-endosome to lysosome mat-
uration-associated genes (VPS39), to be important for mouse hepatitis virus (MHV)
infection (59). In addition, functional inactivation of Rab5 and Rab7 obviously inhibited
infectious bronchitis virus (IBV) infection (60). These data showed that Rab5, Rab7, or
Rab11 appears to be more important for virus transport. Here, overexpression of DN
Rab proteins and RNAi technology showed that Rab5 and Rab7 are required for the
trafficking of PDCoV particles following endocytosis. Late endosome to lysosome mat-
uration was not monitored in this study, but a previous study demonstrated that lyso-
somal CTSL and CTSB facilitated PDCoV entry into cells, suggesting that the endolyso-
somal pathway is also involved in PDCoV endocytosis (33). Therefore, we hypothesized
that PDCoV particles are first transported to early endosomes in a Rab5-dependent
manner and then guided to late endosomes via a Rab7-dependent pathway. PDCoV is
then transported to the lysosome and processed by lysosomal proteases, such as CTSL
and CTSB, to release viral RNA. Several coronaviruses, such as mouse hepatitis virus
(MHV) and feline infectious peritonitis virus (FIPV), use this classic endocytic pathway
(59). Interestingly, these viruses can modulate the endolysosomal system to facilitate
the fusion of viral and endosomal membranes and subsequent release of the viral ge-
nome into the cytosol and to escape degradation by the acidic environment and vari-
ous enzymes. The detailed molecular mechanisms deserve further exploration.

In conclusion, our results demonstrate that PDCoV enters IPI-2I cells via clathrin-de-
pendent endocytosis and macropinocytosis. After endocytosis, PDCoV is transported
from early to late endosomes and then likely to the lysosomes before an acidic pH-

FIG 5 Legend (Continued)
subtoxic doses of these drugs or DMSO at 37°C for 1 h and then inoculated with PDCoV at 37°C for 6 h, followed by determination of viral infection by
RNA copy numbers and viral protein expression levels via RT-qPCR and Western blot analysis. (C) Viral titer detection for PDCoV in the medium from cells
treated as described in panel B. (D and H) IFA for the effects of EIPA (D) and wortmannin (H) on PDCoV infection. Cells were treated as described in panels
B and G, respectively. Infected cells were fixed and subjected to IFA using anti-PDCoV N antibody as the primary antibody. Relative fluorescence intensity is
quantified by Image-Pro Plus software as shown in panels D and H on the right. (E and I) CCK-8-based cell viability assay for EIPA (E) and wortmannin (I) as
described in Materials and Methods. Target protein expression was quantitatively estimated by ImageJ software and presented as the density value relative
to that of the b-actin. The presented results represent the means and standard deviations of data from three independent experiments. **, P , 0.01; ***,
P , 0.001.
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FIG 6 Effect of Rabs on PDCoV infection. (A) Effect of DN Rab proteins on PDCoV infection was determined via confocal microscopy.
Cells transfected with plasmid constructs encoding Flag-tagged Rab5, Rab7, Rab11 WT, or DN were infected with PDCoV (MOI of 5)

(Continued on next page)
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dependent step, followed by the release of viral RNA to the cytoplasm and subsequent
successful infection.

MATERIALS ANDMETHODS
Viruses, cells, and antibodies. IPI-2I cells were obtained from the China Center for Type Culture

Collection and were cultured and maintained at 37°C and 5% CO2 in Dulbecco's modified Eagle's me-
dium (DMEM; Invitrogen, NY, USA) supplemented with 10% heat-inactivated fetal bovine serum
(Pan-Biotech, Bavaria, Germany). ST and LLC-PK1 cells were purchased from American Type Culture
Collection (ATCC CL-101). PDCoV strain CHN-HN-2014 (GenBank accession number KT336560) was
isolated from a piglet with severe diarrhea in China in 2014 (2). SeV was obtained from the Centre of
Virus Resource and Information, Wuhan Institute of Virology, Chinese Academy of Sciences.
Vesicular stomatitis virus expressing green fluorescent protein (VSV-GFP) was gifted by Zhigao Bu at
Harbin Veterinary Research Institute, Chinese Academy of Agricultural Sciences. Rabbit anti-Cav1,
anti-CHC, anti-Rab5, anti-Rab7, and anti-Rab11 antibodies were purchased from Cell Signaling
Technology (Danvers, MA, USA). Mouse anti-Flag and anti-GFP antibodies were purchased from
Medical and Biological Laboratories (Nagoya, Japan). Mouse anti-PDCoV N antibody was described
previously (61).

RNA extraction and quantitative real-time RT-PCR. Cells in 24-well plates were treated with vari-
ous experimental conditions, followed by PDCoV, VSV-GFP, or SeV infection. At the indicated time
points, total RNA was extracted from the cells using TRIzol reagent (Invitrogen), followed by first-
strand cDNA synthesis using avian myeloblastosis virus reverse transcriptase (TaKaRa, Japan) with
the indicated primers (Table 1). The cDNA was used as the templates and subjected to SYBR green
PCR assays (Applied Biosystems) at least three times. The results are expressed as threshold cycle
(22DDCT) from quadruplicate samples. Glyceraldehyde-3-phosphate dehydrogenase was used as the
reference gene.

Cell infection and drug treatment. To determine the effects of various drugs on the PDCoV infec-
tion, cells grown to 90% confluence were treated with the indicated concentrations in figures of chloro-
quine (MedChemExpress [MCE], NJ, USA), NH4Cl (Sigma), chlorpromazine (CPZ; MCE), dynasore (MCE),
wortmannin (MCE), or 5-(N-ethyl-N-isopropyl) amiloride (EIPA; MCE) for 1 h at 37°C before or during
PDCoV infection. For the PDCoV binding and internalization, cells were infected at a multiplicity of infec-
tion (MOI) of 5 in the presence of these drugs at 4°C for 1 h, during when viruses can bind cells but no
entry can occur (binding step), and then shifted to 37°C for 1 h, during when viruses start to enter cells
(entry step). Cellular total RNA was extracted using TRIzol reagent, followed by the measurement of viral
genomic RNA (gRNA) via RT-qPCR with specific primers (Table 1) targeting the nsp16 gene of PDCoV as
described previously (46).

Cell viability analysis. The cytotoxic effects of the drugs on cells were measured using a CCK-8-
based cell viability assay (Beyotime, Shanghai, China). Briefly, cells were treated with various concentra-
tions of the indicated drugs for 12 h and then subjected to CCK-8-based cell viability assays according to
the manufacturer’s instructions. No cytotoxicity was observed in the cells treated with the indicated con-
centrations of these drugs.

Plasmids and siRNA transfections. The full-length cDNA of dynamin-2 and Cav1 was amplified
from IPI-2I cells using the indicated primers (Table 1) and then cloned into pCAGGS-Flag-N with an
N-terminal Flag tag to yield pCAGGS-Flag-dynamin-2 and pCAGGS-Flag-Cav1, respectively.
Dynamin-2 DN (K44A) form was constructed by mutagenesis of amino acid (aa) 44 K to A. Two DN
forms of Cav1, Cav1KSF (aa 135 to 178) and Cav1DGI (aa 82 to 178), were constructed as previously
described (62). Flag-tagged expression constructs encoding wild-type (WT) Rab5 and DN Rab5
(S34N), WT Rab7 and DN Rab7 (T22N), and WT Rab11 and DN Rab11 (S25N) were constructed by
cloning the corresponding full-length cDNA into the pCAGGS-Flag-N vector with the indicated primers
(Table 1) using GFP-WT Rab5 and GFP-DN Rab5 (S34N), GFP-WT Rab7 and GFP-DN Rab7 (T22N), or GFP-WT
Rab11 and GFP-DN Rab11 (S25N) expression plasmids gifted from Stephen S. G. Ferguson at the University of
Ottawa as the templates.

To investigate the effect of the DN mutants on PDCoV infection, cells on coverslip dishes with 80%
confluence were transfected with the indicated expression plasmids using Lipofectamine 3000
(Invitrogen) according to the manufacturer’s instructions. For the siRNA interference experiment, IPI-2I
cells were seeded in 24-well plates with 80% confluence and then transfected with siRNA using
Lipofectamine 3000. The siRNA duplexes included siEPS15, siCHC, siCav1, sidynamin, siRab5, siRab7,
siRab11, and the negative-control siCtrl (Table 2). After 24 h of transfection, cells were infected with
PDCoV at an MOI of 5 at 4°C for 1 h and then shifted to 37°C for 1 h or 6 h. PDCoV entry and infection
were evaluated via RT-qPCR, Western blotting, or confocal fluorescence microscopy.

FIG 6 Legend (Continued)
at 37°C for 6 h. Cells were fixed with 4% paraformaldehyde and then reacted with anti-Flag and anti-PDCoV N antibodies and
visualized via confocal microscopy. Bar, 10 mm. (B to D) Rab5 and Rab7, but not Rab11, knockdown inhibited PDCoV infection.
siRab5- (B), siRab7- (C), siRab11- (D), or siCtrl-transfected cells were infected with PDCoV (MOI of 5) for 6 h. Cells were lysed to
determine the silencing efficiency of Rabs, viral RNA copy numbers, and N protein expression levels via RT-qPCR and Western blot
analysis. Target protein expression was quantitatively estimated by ImageJ software and presented as the density value relative to
that of the b-actin. The presented results represent the means and standard deviations of data from three independent experiments.
*, P , 0.05; **, P , 0.01; ns, nonsignificant difference.
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Indirect immunofluorescence assay. The IFA was performed as described previously (63). Briefly,
cells seeded onto coverslips in 24-well plates were treated according to various experiments and then
harvested, fixed with 4% paraformaldehyde, and permeated with methanol. Treated cells were blocked
with 5% bovine serum albumin, incubated separately with primary antibodies, treated with the second-
ary antibodies, including Alexa Fluor 488-conjugated donkey anti-mouse IgG and Alexa Fluor 594-conju-
gated donkey anti-rabbit IgG (Jackson ImmunoResearch, PA, USA), and stained with DAPI (49,6-

FIG 7 Effects of inhibitors on the entry of PDCoV into ST and LLC-PK1 cells. (A and B) ST (A) and LLC-PK1 (B) cells were pretreated with the highest
concentration of chloroquine, NH4Cl, chlorpromazine, nystatin, EIPA, and wortmannin used in IPI-2I cells without resulting in obvious cytotoxic effects for
1 h at 37°C, respectively. Then, the cells were infected with PDCoV (MOI of 5) at 4°C for 1 h and then shifted to 37°C for 1 h (entry step). Cells were lysed
to determine viral RNA copy numbers by RT-qPCR. The presented results represent the means and standard deviations of data from three independent
experiments. **, P , 0.01.
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diamidino-2-phenylindole) for 15 min at room temperature. Fluorescent images were visualized using a
confocal laser scanning microscope (Fluoview ver.3.1; Olympus, Japan) after three washes with phos-
phate-buffered saline (PBS).

Western blot analysis. The cells were washed with PBS and then lysed in 0.1 ml of lysis buffer
(50 mM Tris-HCl, 150 mM NaCl, 1% NP-40, 10% glycerin, 0.1% SDS, and 2 mM Na2EDTA, pH 7.4) for
30 min at 4°C. The lysates were clarified by centrifugation at 13,000 � g for 10 min. Supernatants
from the lysates were separated by 12% SDS-PAGE and transferred to a polyvinylidene difluoride
membrane (Millipore, Darmstadt, Germany). The membranes containing proteins were blocked
with 5% nonfat milk in PBS with 0.1% polysorbate 20, treated with the indicated primary antibodies,
and incubated with horseradish peroxidase-conjugated secondary antibodies (Beyotime). Finally,
the membrane was visualized via enhanced chemiluminescence reagents (Bio-Rad, Hercules, CA,
USA).

Statistical analysis. Statistical differences were determined using one-way analysis of variance or
Student's t test using GraphPad Prism 5.0 software (GraphPad Software, CA, USA). For all experiments, P
values of,0.05 were considered statistically significant.

TABLE 2 Sequence of siRNA used to abolish indicated protein expression

siRNA Sequence
siCHC 5-UGACAAAGGUGGAUAAAUU-3
siCav1 5-CACACAGUUUCGAUGGCAUCUTT-3
siEPS15 5-GCUAGAUACCCUUAACAAUTT-3
sidynamin 5-CCUGCAGAAGACUCUGAAUTT-3
siRab5 5-GCAAGCCAGUCCUAACAUUTT-3
siRab7 5-GCUCUACAAUGAAUUCCCUTT-3
siRab11 5-GCAAAUGUCAGACAGACGUTT-3
siCtrl (negative control) 5-UUCUCCGAACGUGUCACGUTT-3

TABLE 1 Primers used for the construction of plasmids and real-time RT-PCR assay

Primer Nucleotide sequence
Dynamin-2-F 5-GATAAGGAATTCGAGCTCATCGATATGGGCA-3
Dynamin-2-R 5-GCAGAGGGAAAAAGATCTGCTAGCCTAGTCG-3
Caveolin-1-F 5-ATAATCGATATGTCGGGGGGCAAATACGTAG-3
Caveolin-1-R 5-GCGCTCGAGTTATATTTCTTTCTGCATGTTGATGC-3
Caveolin-1KSF-F 5-GTGATCGATATGAAGAGTTTCCTGATTGAGATTC-3
Caveolin-1DGI-F 5-TTGATCGATATGGATGGCATCTGGAAGGCCAGCTT-3
Rab5-F 5-GATGGTACCATGGCTAATCGAGGAGCAACAAGAC-3
Rab5-R 5-GGAAGATCTTTAGTTACTACAACACTGACTCCTG-3
Rab7-F 5-GATGGTACCATGACCTCTAGGAAGAAAGTGTTGC-3
Rab7-R 5-GGAAGATCTTCAGCAACTGCAGCTTTCTGCCGAG-3
Rab11-F 5-GATGGTACCATGGGCACCCGCGACGACGAGTACG-3
Rab11-R 5-GGAAGATCTTTAGATGTTCTGACAGCACTGCACC-3
qEPS15-F 5-ACCATGATGGGATGCTTGACA-3
qEPS15-R 5-GGACACAACCCACGTTTTCC-3
qCHC-F 5-ACAAAGGTGGATAAATTAGACGC-3
qCHC-R 5-CCCATAGGGTGGTGCAGTAT-3
qCaveolin 1-F 5-TACGTAGACTCAGAGGGACATC-3
qCaveolin 1-R 5-GTGTGCGCGTCATACACTTG-3
qDynamin-F 5-TCCCCAACCAGGTGATCCG-3
qDynamin-R 5-AGCCCTTTTCCACATCACGG-3
qRab5-F 5-GTCGATTTCCAGGAAGCACA-3
qRab5-R 5-GCGTGGGTTCAGTAAGGTCTA-3
qRab7-F 5-ATCCTGGGAGATTCTGGAGTTG-3
qRab7-R 5-GTAGAAGGCCACGCCAAGAG-3
qRab11-F 5-ATTTGCGTCATCTCAGGGCA-3
qRab11-R 5-ACAATGCGGTATATCTCTGTCA-3
qPDCoV-nsp16-F 5-GCCCTCGGTGGTTCTATCTT-3
qPDCoV-nsp16-R 5-TCCTTAGCTTGCCCCAAATA-3
qVSV-N-F 5-ACGGCGTACTTCCAGATGG-3
qVSV-N-R 5-CTCGGTTCAAGATCCAGGT-3
qSeV-HN-F 5-AAAATTACATGGCTAGGAGGGAAAC-3
qSeV-HN-R 5-GTGATTGGAATGGTTGTGACTCTTA-3
qGAPDH-F 5-ACATGGCCTCCAAGGAGTAAGA-3
qGAPDH-R 5-GATCGAGTTGGGGCTGTGACT-3
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