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ABSTRACT Coronaviruses (CoVs) have caused severe diseases in humans and ani-
mals. Endocytic pathways, such as clathrin-mediated endocytosis (CME) and caveo-
lae-mediated endocytosis (CavME), play an important role for CoVs to penetrate the
cell membrane barrier. In this study, a novel CoV entry manner is unraveled in which
clathrin and caveolae can cooperatively mediate endocytosis of porcine epidemic di-
arrhea coronavirus (PEDV). Using multicolor live-cell imaging, the dynamics of the
fluorescently labeled clathrin structures, caveolae structures, and PEDV were dis-
sected. During CavME of PEDV, we found that clathrin structures can fuse with cav-
eolae near the cell plasma membrane, and the average time of PEDV penetrating
the cell membrane was within ;3min, exhibiting a rapid course of PEDV entry.
Moreover, based on the dynamic recruitment of clathrin and caveolae structures and
viral motility, the direct evidence also shows that about 20% of PEDVs can undergo
an abortive entry via CME and CavME. Additionally, the dynamic trafficking of PEDV
from clathrin and caveolae structures to early endosomes, and from early endosomes
to late endosomes, and viral fusion were directly dissected, and PEDV fusion mainly
occurred in late endosomes within ;6.8min after the transport of PEDV to late
endosomes. Collectively, this work systematically unravels the early steps of PEDV
infection, which expands our understanding of the mechanism of CoV infection.

IMPORTANCE Emerging and re-emerging coronaviruses cause serious human and ani-
mal epidemics worldwide. For many enveloped viruses, including coronavirus, it is
evident that breaking the plasma membrane barrier is a pivotal and complex pro-
cess, which contains multiple dynamic steps. Although great efforts have been made
to understand the mechanisms of coronavirus endocytic pathways, the direct real-
time imaging of individual porcine epidemic diarrhea coronavirus (PEDV) internaliza-
tion has not been achieved yet. In this study, we not only dissected the kinetics of
PEDV entry via clathrin-mediated endocytosis and caveolae-mediated endocytosis
and the kinetics of endosome trafficking and viral fusion but also found a novel pro-
ductive coronavirus entry manner in which clathrin and caveolae can cooperatively
mediate endocytosis of PEDV. Moreover, we uncovered the existence of PEDV abor-
tive endocytosis. In summary, the productive PEDV entry via the cooperation
between clathrin and caveolae structures and the abortive endocytosis of PEDV pro-
vide new insights into coronavirus penetrating the plasma membrane barrier.

KEYWORDS porcine epidemic diarrhea coronavirus, single-virus tracking, endocytic
pathway, endosome trafficking, viral fusion

Coronaviruses (CoVs) are a group of enveloped viruses with nonsegmented, single-
stranded, and positive-sense RNA viruses (1, 2). The current ongoing outbreak of
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coronavirus disease 2019 (COVID-19) is caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) and is a serious threat to human health (3–5).
Additionally, coronavirus, such as porcine epidemic diarrhea coronavirus (PEDV), can
also cause severe disease in animals, resulting in huge economic losses in the swine
industry (6, 7). However, we still lack an effective CoV antiviral therapeutic strategy.
The hijacking of host endocytic trafficking is an important way for CoVs to penetrate
the cell membrane barrier. Unraveling the endocytic pathways of CoVs may there-
fore provide a potential therapeutic strategy for treating CoV infection.

PEDV is a major causative agent of swine enteric disease in pigs of all ages. It was
initially reported in the United Kingdom and Belgium in the early 1970s, and a highly
pathogenic variant strain was identified in 2010, which caused high morbidity of up to
100% in piglets. The threat of PEDV has been constant since then (8–10). With the lack
of a basic understanding of PEDV infection and the emergence of highly pathogenic
strains of PEDV, current antiviral therapeutic strategies cannot provide complete pro-
tection for PEDV infection. To obtain detailed insights into the mechanism of PEDV, a
systematic and comprehensive dissection of PEDV entry is urgently needed.

The PEDV genome is about 28 kb long and contains a 59 untranslated region (UTR),
at least seven open reading frames (ORFs), and a 39 UTR (11). Among the viral ORFs,
ORF 2 encodes the PEDV spike (S) glycoprotein, which is assembled into trimers on the
surface of the virion to mediate PEDV entry. Similar to other coronavirus (CoV) S glyco-
proteins, the PEDV S glycoprotein possesses two functional subunits as follows: the S1
subunit is responsible for binding to cell surface receptors and the S2 subunit is re-
sponsible for mediating viral fusion. Receptor binding and acidic pH can initiate con-
formational changes of the PEDV S glycoprotein, driving fusion of the viral envelope
membrane with the cell membrane to release the viral genome into the cytoplasm
(12). Although great efforts have been made to understand the mechanisms of PEDV
infection, such as viral genome structures, S glycoprotein conformational changes, and
receptor binding in the early stages of PEDV infection, many crucial questions regard-
ing the endocytic pathway, endosome trafficking, and viral fusion remain incompletely
understood.

First, the endocytic pathway of PEDV remains controversial. Previous studies indi-
cate that PEDV entry into cells is via clathrin-mediated endocytosis (CME) and inde-
pendent of caveolae-mediated endocytosis (CavME) (13). But the later study illustrated
that methyl-b-cyclodextrin, a CavME inhibitor, had a significant inhibitory effect on
PEDV infection during the pre-entry period, indicating that PEDV may also use CavME
to enter cells (14). Moreover, a very recent study indicated that PEDVs can enter into
cells via both CME and CavME (15). CME involves internalization of ligand-receptor car-
gos via clathrin-coated pits (CCPs), which is the main endocytic pathway in mammalian
cells (16, 17). CavME is a clathrin-independent endocytic pathway, which involves 50-
to 100-nm bulb-shaped invaginations called caveolae (18, 19). Without direct real-time
imaging of PEDV infection in living cells, it is still unclear whether CCPs or caveolae
uptake PEDV particles or whether this is the real scenario of PEDV infection in CCP and
caveolae double-labeled cells, which is vital for understanding the role of CCPs and
caveolae in PEDV entry.

Next, the identity of the endosomes in which PEDV fusion occurs also remains elu-
sive. A very recent study on PEDV infection demonstrates that PEDV particles can colo-
cate with the early and late endosomes/lysosome marks, and viral infectivity was dra-
matically reduced with inhibition of endosomal acidification (15). This finding indicates
that PEDV may mediate membrane fusion within acidic endosomes. However, static
images and ensemble cell assays cannot exhibit the dynamic fate of PEDV particles,
which involves the interaction of cellular organelles and viral fusion in living cells.
Single-virus tracking can provide direct evidence of the exact manner of viral infection
by dynamically observing individual viral particles in living cells with high spatiotem-
poral resolution (20, 21). Thus, it is an ideal tool to answer the crucial questions out-
lined above.
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Here, we imaged the dynamics of the fluorescently labeled clathrin, caveolae, and
PEDV in living cells at the single-particle level. To make a productive infection, CME
and CavME of PEDV were confirmed by directly observing the de novo formation of
CCPs and caveolae at the viral binding sites, and a novel CoVs entry manner was also
uncovered in which clathrin and caveolae cooperatively mediated endocytosis (C3ME)
of PEDV. Moreover, based on the dynamic recruitment of clathrin and caveolae struc-
tures and viral motility, about a proportion of 20% PEDV undergoing an abortive endo-
cytosis was discovered. After PEDV enters into endosomes, PEDV fusion mainly
occurred in late endosomes. These results provide detailed evidence that PEDV hijacks
multiple endocytic pathways, including CME, CavME, and C3ME, to make a productive
infection and hijacks existing abortive endocytosis of PEDV and PEDV fusion. This work
directly demonstrates the cooperation of CME and CavME for viral productive infection,
such as C3ME, which expands our understanding of the early stages of viral infection.

RESULTS
Characterization of DiD-labeled PEDVs and fluorescent protein-labeled endocytic

structures. A lipophilic 1,19-dioctadecyl-3,3,39,39-tetramethylindodicarbocyanine (DiD)
dye which can be incorporated into the viral envelope was used to label PEDVs, and
the characteristics of DiD-labeled PEDVs were tested using an immunofluorescence
assay. In the presence of Polybrene in viral supernatants, DiD-labeled PEDVs were im-
mobilized on coverslips and then incubated with anti-PEDV N primary antibody and
fluorescein isothiocyanate (FITC)-conjugated secondary antibody for PEDV N protein
labeling (Fig. 1A). Analysis indicates that about 39% FITC-labeled particles exhibited
DiD fluorescence signals (Fig. 1B), meaning the efficiency of DiD dye labeling is similar
to that of other enveloped viruses. Meanwhile, viral titers of equal amounts of previ-
ously DiD-unincubated PEDVs (preunlabeled PEDVs) and the harvested DiD-incubated
PEDVs (DiD-labeled PEDVs) were determined by 50% tissue culture infective dose
(TCID50) (Fig. 1C). The average of logarithms of TCID50 values in three independent
experiments of preunlabeled PEDVs was 6.53 and that of DiD-labeled PEDVs was 6.26,
illustrating that the viral titer reduction of DiD-labeled PEDVs was only 4% compared
with that of preunlabeled PEDVs. Therefore, PEDVs were labeled with lipophilic DiD
dyes with satisfactorily efficient fluorescence signals and low influence on viral
infectivity.

A Cla-enhanced green fluorescent protein (EGFP) plasmid was constructed to label
clathrin-coated structures, and the characteristics of Cla-EGFP plasmid-labeled clathrin-
coated structures were tested using an immunofluorescence assay. Over 98% of dis-
crete structures in the immunofluorescence image were colocalized with those in the
EGFP image (Fig. 1D and E), illustrating that the functional integrity of clathrin was not
compromised by the Cla-EGFP plasmid. Moreover, transferrin (Tf), a classic CME marker,
accumulated around the nuclei, and over 95% of Tf-546 was colocalized with the cla-
thrin-coated structures in cells expressing the Cla-EGFP plasmid (Fig. 1F), revealing that
Cla-EGFP plasmid expression did not influence transferrin internalization. Both results
support the use of the Cla-EGFP plasmid for clathrin-coated structure labeling.

Similarly, a Cav1-mKO2 plasmid was constructed to label caveolae endocytic struc-
tures, and the characteristics of Cav1-mKO2 plasmid-labeled caveolae endocytic struc-
tures were tested using an immunofluorescence assay. Over 95% of discrete structures
in the immunofluorescence image were colocalized with those in the mKO2 image
(Fig. 1D and G), illustrating that the functional integrity of caveolae was not compro-
mised by the Cav1-mKO2 plasmid. Moreover, cholera toxin B subunit (CTB), a com-
monly used CavME marker, accumulated around the nuclei and over 95% of CTB-Alexa
647 was colocalized with caveolae endocytic structures in cells expressing the Cav1-
mKO2 plasmid (Fig. 1H), revealing that Cav1-mKO2 plasmid expression did not influ-
ence CTB internalization. These results support the use of the Cav1-mKO2 plasmid for
caveolae endocytic structure labeling.

Productive clathrin-mediated endocytosis of PEDV. CME is a common route for
viral internalization, and single-virus tracking was adopted to observe the dynamics of
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FIG 1 Characterization of DiD-labeled PEDVs and fluorescent protein-labeled endocytic structures. (A)
Fluorescence images of DiD-labeled and immunostained PEDVs. (B) The efficiency of viral labeling by
DiD dyes evaluated by the colocalization of DiD signal and anti-PEDV N protein signal. (C) Infectivity
assay of preunlabeled PEDVs and DiD-labeled PEDVs measured by TCID50; the average of logarithms
of TCID50 values in 3 independent experiments of preunlabeled PEDVs was 6.53 and that of DiD-

(Continued on next page)
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PEDV internalization via CME (Fig. 2; see Movie S1a and b in the supplemental mate-
rial). In two representative time-lapse images of the CME of PEDVs (Fig. 2A and G), the
clathrin protein gradually accumulated around the viruses, as de novo clathrin-coated
pit (CCP) formation was directly observed, which is also revealed by the colocalization
between DiD-labeled PEDVs and de novo-formed CCPs shown in kymographs of time-
lapse images at viral binding sites (Fig. 2B and H). Moreover, the trajectories (Fig. 2C
and I) show there were two stages of PEDV internalization. First, in the viral binding
stage, PEDVs recruited the de novo formation of CCPs, revealed by the increased Cla-
EGFP fluorescence intensity, and exhibited a rather slow speed (Fig. 2D and J) with re-

FIG 2 Productive CME of PEDV. (A) Time-lapse images of PEDV (red) entering into cells expressing
Cla-EGFP (green). Scale bar, 2mm. (B) Kymographs at viral binding sites. (C) Trajectories of PEDV
infection during viral binding (green) and moving (red) stages. (D) Time-lapse Cla-EGFP fluorescence
intensities at viral binding sites and PEDV velocities. (E, F) MSD plots of the PEDV movements during
viral binding and moving stages, respectively. (G to L) Another set of time-lapse images and analysis
of PEDV entry via CME. Scale bar, 2mm. (M to O) Ultrastructural analysis on CME of PEDV, and in O,
PEDV indicated with arrow was invaginated into a fuzzy “bristle-like” coated vesicle. Scale bar,
200 nm.

FIG 1 Legend (Continued)
labeled PEDVs was 6.26. (D) Colocalization analysis of discrete fluorescent protein signal (Cla-EGFP)
and immunofluorescence signal (anti-Cla) of clathrin structures and fluorescent protein signal (Cav1-
mKO2) and immunofluorescence signal (anti-Cav1) of caveolae structures, respectively. (E) Repre-
sentative immunofluorescence images of clathrin-coated structures in Vero CCL81 cells. (F) Uptake of
Tf in Vero-CCL81 cells expressing Cla-EGFP. (G) Representative immunofluorescence images of
caveolae structures in Vero-CCL81. (H) Uptake of CTB subunit in Vero-CCL81 cells expressing Cav1-
mKO2. In all panels, data shown are mean results 6 standard deviation (SD) of three independent
experiments, and white bars indicate 10mm.
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stricted movement (Fig. 2E and K). Second, in the viral moving stage, PEDVs entered
into cells shortly after the Cla-EGFP fluorescence signal disappeared, with an acceler-
ated speed (Fig. 2D and J) and directed movement (Fig. 2F and L). Both of these exam-
ples illustrate that PEDVs can enter cells via CME.

To investigate the CME of PEDV at an ultrastructural level, transmission electron mi-
croscopy (TEM) was employed to observe the details of PEDV internalization (Fig. 2M
to O). A PEDV was first attached to the cell surface (Fig. 2M) and then induced a fuzzy
“bristle-like” coated invagination (Fig. 2N); finally, an invagination was transformed into
a clathrin-coated vesicle completely compassing a PEDV (Fig. 2O).

To further confirm CME of PEDV, two plasmids, namely, Eps15DN and D3D2(WT),
were used in interference experiments. Eps15DN, a dominant-negative mutant of
Eps15, specifically interferes with the formation of CCPs at the plasma membrane.
D3D2(WT), another form of Eps15, has no effect on CME. Compared with D3D2 expres-
sion, Eps15DN expression not only remarkably reduced the transferrin internalization
but also significantly decreased PEDV internalization (Fig. 3), proving that CME is
involved in PEDV internalization.

Taken together, results obtained by single-virus tracking as well as TEM and domi-
nant-negative mutant interference experiments prove that CME is a productive path-
way for PEDV internalization. However, instances of PEDV entering cells without CCPs
were also observed by single-virus tracking in living cells (see Fig. S1 in the supplemen-
tal material; Movie S1c and d). The viral binding and moving stages of PEDVs in Fig. S1
have similar velocities, trajectories, and movements to those shown in Fig. 2.
Therefore, we speculate that PEDV may enter cells via CavME.

Productive caveolae-mediated endocytosis of PEDV. In addition to CME, we
found that PEDVs also entered cells via CavME. Here, single-virus tracking was also
used to observe the dynamics of PEDV internalization via CavME (Fig. 4; see Movie S2a
and b in the supplemental material). In two representative time-lapse images of the
CavME of PEDVs (Fig. 4A and G), caveolin-1 protein accumulation around viruses was
directly observed as de novo caveolae formation. This finding was further supported by
the colocalization between DiD-labeled PEDVs and de novo-formed caveolae visible in
kymographs of time-lapse images at the viral binding site (Fig. 4B and H). Moreover,
the trajectories (Fig. 4C and I) showed that there were still two stages of PEDV internal-
ization. First, in the viral binding stage, PEDVs recruited caveolae, revealed by the
increased Cav1-mKO2 fluorescence intensity, and exhibited rather slow speed (Fig. 4D
and J) and restricted movement (Fig. 4E and K). Second, in the viral moving stage,
PEDVs entered cells rapidly (Fig. 4D and J) with directed movement (Fig. 4F and L).
Unlike CME of PEDV, the Cav1-mKO2 fluorescence intensity did not decrease when
PEDVs entered cells via CavME. These examples illustrate that PEDVs can enter cells via
CavME.

To investigate CavME of PEDV at an ultrastructural level, TEM was used to show
that PEDVs can enter cells via smooth noncoated invagination (Fig. 4M to O). PEDV
was first attached at the cell surface (Fig. 4M) and then induced a noncoated invagina-
tion (Fig. 4N); an invagination was also transformed into a caveolae vesicle, completely
compassing a PEDV (Fig. 4O).

To further confirm CavME of PEDV, two dominant-negative plasmids, namely,
Cav1DN and Cav3DN, that both specifically interfere with caveolae at the plasma mem-
brane were used in interference experiments. Compared with nontransfected cells,
Cav1DN and Cav3DN both significantly reduced CTB and PEDV internalization (Fig. 5),
proving that CavME is involved in PEDV internalization. The results of single-virus track-
ing as well as from TEM and interference experiments illustrate that in addition to
CME, CavME is also a productive pathway for PEDV internalization.

Productive endocytosis of PEDV cooperatively mediated by clathrin. We found
PEDVs entered cells not only via CME or CavME alone but also when clathrin and caveo-
lae cooperatively mediated endocytosis (C3ME), in which viruses can simultaneously uti-
lize both CCPs and caveolae to enter cells. Using single-virus tracking relying on a triple-
color confocal microscope, the dynamics of PEDV entering into cells coexpressing Cla-
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EGFP and Cav1-mKO2 were observed (Fig. 6A; see Movie S3a in the supplemental mate-
rial). Colocalization among PEDV, CCP, and caveolae, as shown in kymographs of time-
lapse images at the viral binding site (Fig. 6B), proves that PEDV entered the cell via
C3ME. Moreover, PEDV velocity, Cla-EGFP and Cav1-mKO2 fluorescence intensity, and
trajectory (see Fig. S2A in the supplemental material) reveal that there were still two
stages in PEDV internalization via C3ME. First, in the viral binding stage, PEDV in caveolae
recruited clathrin proteins, a process revealed by increased Cla-EGFP fluorescence inten-
sity and relatively stable Cav1-mKO2 fluorescence intensity with low speed and

FIG 3 Disruption of CME by overexpressing Eps15 DN hampers PEDV entry. (A, B) Fluorescence
images of the uptake of transferrin in cells expressing D3D2-EGFP and Eps15 DN-EGFP. As a
verification of Eps15 DN inhibition efficiency, Vero CCL81 cells were transfected with plasmid D3D2-
EGFP or Eps15 DN-EGFP; after 24 h of transfection, cells were incubated with Tf-Alexa 546 at 37°C for
30min and then fixed and imaged. (C, D) Fluorescence images of the uptake of DiD-labeled PEDV in
cells expressing D3D2-EGFP or Eps15 DN-EGFP. Vero CCL81 cells were transfected with plasmid
D3D2-EGFP or Eps15 DN-EGFP; after 24 h of transfection, cells were infected with DiD-labeled PEDVs
(MOI, 10) at 37°C for 30min and then fixed and imaged. (E, F) To quantify the internalization
dependency of Tf and PEDVs on the expression of each plasmid, in cells transfected with plasmid
D3D2-EGFP or Eps15 DN-EGFP, fluorescence intensities of Tf-Alexa 546 and DiD-labeled PEDV were
measured and normalized according to those of untransfected cells. Error bars denote mean 6
standard deviation of three independent experiments. (G) Cells were transfected with plasmid D3D2-
EGFP or Eps15 DN-EGFP. After a 24-h transfection, cells were infected with PEDVs (MOI, 1) and
cultured at 37°C for 6 h. Then, samples were collected and analyzed by Western blotting with
corresponding antibodies. PEDV-infected cells transfecting the D3D2-EGFP plasmid served as controls.
**, P, 0.01. Scale bar, 10mm.
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restricted movement shown in (Fig. 6C and Fig. S2B). Second, in the viral moving stage,
the PEDV entered the cell with accelerated speed and directed movement (Fig. 6C;
Fig. S2C) accompanied by decreased Cla-EGFP fluorescence intensity and stationary
Cav1-mKO2 fluorescence intensity.

Moreover, in order to determine where C3ME of PEDV occurred, single-virus tracking
using a triple-color total internal reflected fluorescence (TIRF) microscope was adopted
to record time-lapse images of PEDV entering cells via C3ME (Fig. 6D; Movie S3b).
Based on the colocalization among PEDV, CCP, and caveolae in kymographs of time-
lapse images at the viral binding site (Fig. 6E), as well as the similar PEDV velocity
(Fig. 6F), trajectory (Fig. S2D), movements (see Fig. S2E and F in the supplemental ma-
terial), and Cla-EGFP and Cav1-mKO2 fluorescence signal variations (Fig. 6F) compared
with previous results (Fig. 2 and 3), it is clear that PEDV entered the cell via C3ME. TIRF
microscopes can collect only fluorescence signals near the cell membrane (22); there-
fore, we believe that C3ME of PEDV occurred near the cell membrane.

Besides C3ME of PEDV, CME and CavME of PEDV can also be observed using single-
virus tracking relying on triple-color TIRF (Fig. 6G to L; Fig. S2G to L; Movie S3c and d).

FIG 4 Productive CavME of PEDV. (A) Time-lapse images of two PEDVs (red) entering cells expressing
Cav1-mKO2 (green). Scale bar, 2mm. (B) Kymographs at viral binding site. (C) Trajectories of PEDV
infection during viral binding (green) and moving (red) stages. (D) Time-lapse Cla-EGFP fluorescence
intensities at viral binding sites and PEDV velocities. (E, F) MSD plots of the PEDV movements during
viral binding and moving stages, respectively. (G to L) Another set of time-lapse images and analysis
of PEDV entry via CME. Scale bar, 2mm. (M to O) Ultrastructural analysis on CavME of PEDV, and in O,
PEDV indicated with arrow was invaginated in a smooth vesicle. Scale bar, 200 nm.
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It is worth noting that PEDV movements, as well as Cla-EGFP and Cav1-mKO2 fluores-
cence signal variations, are similar to previous results (Fig. 2 and 3). Moreover, a total
of 83 viral productive endocytosis events were observed; among them, 62.6% of PEDVs
entered cells via CME, 20.5% via CavME, and 16.9% via C3ME (Fig. 6M), indicating that

FIG 5 Disruption of CavME by overexpressing Cav1 DN or Cav3 DN hampers PEDV entry. (A, B) Fluorescence
images of the uptake of CTB in cells expressing Cav1 DN-mKO2 or Cav3 DN-EGFP. As a verification of the
dominant-negative mutant inhibition efficiency, Vero CCL81 cells were transfected with plasmid Cav1 DN-mKO2
or Cav3 DN-EGFP; after a 24-h transfection, cells were incubated with CTB-Alexa 647 for 30min and then fixed
and imaged. (C, D) Fluorescence images of the uptake of DiD-labeled PEDVs in cells expressing Cav1 DN-mKO2
or Cav3 DN-EGFP. Vero CCL81 cells were transfected with plasmid Cav1 DN-mKO2 or Cav3 DN-EGFP; after a 24-
h transfection, cells were infected with DiD-labeled PEDVs (MOI, 10) for 30min and then fixed and imaged. (E,
F) To quantify the internalization dependency of CTB and PEDVs on expression of each plasmid, in cells
transfected with plasmid Cav1 DN-mKO2 or Cav3 DN-EGFP, fluorescence intensities of CTB-Alexa 647 and DiD-
labeled PEDV were measured and normalized according to those of untransfected cells. Error bars denote
mean 6 standard deviation of three independent experiments. (G) Cells were transfected with plasmid Cav1
DN-mKO2 or Cav3 DN-EGFP. After 24 h of transfection, cells were infected with PEDVs (MOI, 1) and cultured at
37°C for 6 h. Then, samples were collected and analyzed by Western blotting with corresponding antibodies.
PEDV-infected untransfected cells served as controls. *, P, 0.05; **, P, 0.01. Scale bar, 10mm.
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PEDV prefers recruiting clathrin proteins for cell entry. The duration of CCPs, caveolae,
and clathrin/caveolin-1 double-positive vesicles was also analyzed (Fig. 6N), and the
results are as follows: the duration of CCPs in cases of productive CME is 56.96 27.5 s,
that of caveolae in cases of productive CavME is 118.16 41.0 s, and that of CCPs and
caveolae in cases of productive C3ME is 69.96 26.5 s. The duration of CCPs and caveo-
lae in different pathways indicates that the recruitment of clathrin proteins may

FIG 6 Productive C3ME of PEDV. (A to C) PEDV infection via C3ME captured by triple-color confocal
microscope. (A) Time-lapse images of PEDV (red) entering cells coexpressing Cla-EGFP (green) and
Cav1-mKO2 (white). Scale bar, 2mm. (B) Kymographs at viral binding site. (C) Time-lapse clathrin and
caveolin-1 fluorescence intensities at the viral binding site and PEDV velocity. (D to F) PEDV infection
via C3ME captured by triple-color TIRF microscope. (D) Time-lapse images of PEDV (red) entering cells
coexpressing Cla-EGFP (green) and Cav1-mKO2 (white). Scale bar, 2mm. (E) Kymographs at the viral
binding site. (F) Time-lapse clathrin and caveolin-1 fluorescence intensities at the viral binding site
and PEDV velocity. (G to I) PEDV infection via CME captured by triple-color confocal microscope. (G)
Time-lapse images of PEDV (red) entering cells coexpressing Cla-EGFP (green) and Cav1-mKO2
(white). Scale bar, 2mm. (H) Kymographs at viral binding site. (I) Time-lapse clathrin and caveolin-1
fluorescence intensities at the viral binding site and PEDV velocity. (J to L) PEDV infection via CavME
captured by triple-color confocal microscope. (J) Time-lapse images of PEDV (red) entering cells
coexpressing Cla-EGFP (green) and Cav1-mKO2 (white). Scale bar, 2mm. (K) Kymographs at the viral
binding site. (L) Time-lapse clathrin and caveolin-1 fluorescence intensities at the viral binding site
and PEDV velocity. (M) Proportion of PEDVs entering cells via CME (n= 52), CavME (n=17), and C3ME
(n= 14). (N) Duration in different pathways; error bars represent SD (n= 83). (O) 3D fluorescence
colocalization imaging on CCP, caveolae, and PEDV using confocal microscope. Scale bar, 10mm.
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promote the entry of PEDVs into cells. Additionally, three-dimensional (3D) fluores-
cence imaging was also used to validate the colocalization among PEDV, CCP, and cav-
eolae (Fig. 6O), providing further evidence for C3ME of PEDV.

Moreover, clathrin and caveolin-1 double immunogold electron microscopy (EM)
was used to reveal the entry pathway of PEDV. The results demonstrated the existence
of not only distinct CCP and caveolae regions on the cell membrane (Fig. 7A) but also
clathrin and caveolin-1 double-positive invagination on the cell membrane in PEDV-
infected cells (Fig. 7B). The dual immunogold EM results also clearly exhibited that
PEDV could induce the formation of CCPs (Fig. 7C), caveolae (Fig. 7D), and clathrin and
caveolin-1 double-positive invaginations (Fig. 7E and F) on the cell membrane, indicat-
ing CME, CavME, and C3ME of PEDV, respectively. The results obtained from single-virus
tracking, 3D fluorescence imaging, and dual immunogold electron microscopy all
proved that CME, CavME, and C3ME existed simultaneously in productive PEDV inter-
nalization. To our best knowledge, this is the first work reporting that viruses can
exploit C3ME to enter cells, and this viral entry manner is completely different from the
reported CME and CavME.

Abortive internalization of PEDV. Besides productive internalization of PEDV via
CME, CavME, and C3ME, we also found that some PEDVs could successfully induce
CCPs or caveolae, but they did not enter cells and instead remained at the cell surface
after the disappearance of the CCPs or caveolae. This scenario was probed by single-vi-
rus tracking (Fig. 8). Based on the dynamic recruitment of clathrin and caveolae struc-
tures and viral motility, these events are defined as abortive internalization of PEDV.
Abortive CME and CavME of PEDVs were both observed (Fig. 8A and G; see Movie S4a
and b in the supplemental material). Kymographs of the time-lapse images (Fig. 8B
and H) indicate colocalization between PEDV and CCP, as well as between PEDV and
caveolae, proving the PEDVs recruited CCPs or caveolae. But, even after Cla-EGFP or
Cav1-mKO2 fluorescence signals disappeared (Fig. 8D and J), the PEDVs remained at
the cell surface, as revealed by the trajectories (Fig. 8C and I), and exhibited extremely

FIG 7 Clathrin and caveolin-1 double immunogold electron microscopy of PEDV entry pathway. (A)
Distinct regions of CCPs and caveolae on cell membrane. (B) Clathrin and caveolin-1 double-positive
invagination on cell membrane. (C) CME of PEDV. (D) CavME of PEDV. (E, F) C3ME of PEDV. Clathrin
was labeled with 10-nm immunogold, as indicated by the green arrow; caveolin-1 was labeled with
4-nm immunogold, as indicated by the blue arrow; and PEDV was indicated by the red arrow. Scale
bar, 200 nm.

A Joint Endocytosis Unraveled by Single-Virus Tracking ®

March/April 2021 Volume 12 Issue 2 e00256-21 mbio.asm.org 11

https://mbio.asm.org


low speed (Fig. 8D and J) and restricted movement (Fig. 8F and L). However, we did
not observe abortive internalization when PEDVs recruited both CCPs and caveolae.
Moreover, our statistical analysis of the abortive internalization of PEDV showed that
22.2% of PEDVs (10/45 in 25 cells) underwent abortive CME and 18.7% (6/32 in 25 cells)
underwent abortive CavME (Fig. 8M and N). These results suggest that there is still
abortive internalization of PEDV via CME and CavME in addition to productive
internalization.

PEDV trafficking from early to late endosomes. We found that PEDV was directly
delivered to endosomes after CME or CavME, which was also revealed using single-vi-
rus tracking. According to the time-lapse images of PEDV trafficking after CME of PEDV
(Fig. 9A; see Movie S5a in the supplemental material), as Cla-EGFP fluorescence

FIG 8 Abortive internalization of PEDV. (A to F) Abortive internalization of PEDV via CME. (A) Time-
lapse images of PEDV (red)-infected cells expressing Cla-EGFP (green). Scale bar, 2mm. (B)
Kymographs at the viral binding site. (C) Trajectory of PEDV infection. (D) Time-lapse clathrin
fluorescence intensity at the viral binding site and velocity of PEDV. (E, F) MSD plots of the PEDV
movements during viral diffusion. (G to L) Abortive internalization of PEDV via CavME. (G) Time-lapse
images of PEDV (red)-infected cells expressing Cav1-mKO2 (green). Scale bar, 2mm. (H) Kymographs
at the viral binding site. (I) Trajectory of PEDV infection. (J) Time-lapse clathrin fluorescence intensity
at the viral binding site and velocity of PEDV. (K, L) MSD plots of the PEDV movements during viral
diffusion. (M) Proportion of the productive (n=35) and abortive (n= 10) internalization of PEDVs
recruiting clathrin. (N) Proportion of the productive (n= 26) and abortive (n= 6) internalization of
PEDVs recruiting caveolin-1.
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FIG 9 PEDV trafficking from early to late endosomes. (A) Time-lapse images of PEDV (red) via CME from CCP
(green) to Rab5 positive early endosome (white). Scale bar, 2mm. (B) Time-lapse Cla-EGFP (green) and Rab5-
mCherry (blue) fluorescence intensities at viral binding site and PEDV velocity (red) corresponding to (A). (C)
Time-lapse images of PEDV (red) via CavME from caveolae (green) to Rab5 positive early endosome (white).
Scale bar, 2mm. (D) Time-lapse Cav1-mKO2 (green) and Rab5-EGFP (blue) fluorescence intensities at viral
binding site and PEDV velocity (red) corresponding to (C). (E) Time-lapse images of PEDV (red) transporting
from early endosome (green) to late endosome (white). Scale bar, 2mm. (F) Time-lapse Rab5-EGFP (green) and
Rab7-mCherry (blue) fluorescence intensities at viral binding site and PEDV velocity (red) corresponding to (E).
(G, H) Ultrastructural analysis on the internalization of PEDV particles in endosomes. Scale bar, 200 nm.
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intensity decreased, PEDV accelerated to reach the early endosome with increased
Rab5-mCherry fluorescence intensity (Fig. 9B). Moreover, based on the time-lapse
images of PEDV trafficking after CavME of PEDV (Fig. 9C; Movie S5b), PEDV accelerated
to reach the early endosome with increased Rab5-mCherry fluorescence intensity but
with nearly stable Cav1-mKO2 fluorescence intensity (Fig. 9D). These results prove that
PEDVs entered into early endosomes after internalization.

We also observed using single-virus tracking that PEDVs were transported from
early endosomes to late endosomes (Fig. 9E; Movie S5c). Time-lapse images show that
Rab5-EGFP fluorescence intensity decreased while Rab7-mCherry fluorescence inten-
sity increased (Fig. 9F). These results verify PEDV trafficking from Rab5-positive early
endosomes to Rab7-positive late endosomes.

In addition, we used TEM to investigate PEDV endosome trafficking at an ultrastruc-
tural level (Fig. 9G and H). PEDV particles were compassed in the endosomes. To fur-
ther confirm that the PEDV endosome trafficking is Rab5 and Rab7 dependent, we
used Rab5CA and Rab5DN to disturb early endosomes and Rab7CA and Rab7DN to dis-
turb late endosomes. In cells expressing Rab5DN and Rab7DN, PEDV entry was remark-
ably reduced (Fig. 10A and C). In contrast, in cells expressing Rab5CA and Rab7CA,
PEDVs could be enriched only in early endosomes (Fig. 10B and D). The results of
Western blotting revealed that Rab5DN and Rab7DN can inhibit PEDV N protein
expression in PEDV infection (Fig. 10E and F).

The PEDV endosome trafficking observed by single-virus tracking and results
obtained from TEM and inhibition experiments prove that PEDVs entered early endo-
somes after CME and CavME and were then transported from early endosomes to late
endosomes.

PEDV fusion. Finally, PEDV fusion was investigated using single-virus tracking.
When adequate DiD dyes incorporate into the envelope of virions, the DiD fluores-
cence is self-quenched but still allows detection of a single DiD-labeled virion (23, 24).
Therefore, when the envelope of a DiD-PEDV particle fuses with the endosomal mem-
brane, DiD dyes are fluorescently dequenched, leading to a significant increase of fluo-
rescence intensity. PEDV fusion occurred in the early endosome since DiD fluorescence
intensity dramatically increased with high Rab5-EGFP fluorescence intensity but low
Rab7-mCherry fluorescence intensity (Fig. 11A and B; see Movie S6a in the supplemen-
tal material). Additionally, PEDV fusion occurred in the intermediate endosome
because DiD fluorescence intensity dramatically increased with both high Rab5-EGFP
and Rab7-mCherry fluorescence intensities (Fig. 11C and D; Movie S6b). PEDV fusion
also occurred in the late endosome, as DiD fluorescence intensity dramatically
increased with low Rab5-EGFP fluorescence intensity but high Rab7-mCherry fluores-
cence intensity (Fig. 11E and F; Movie S6c). Therefore, PEDV fusion can occur in the
early, intermediate, and late endosomes. A total of 48 viral fusion events were
observed via single-virus tracking; among them, 12.5% of PEDVs fused in early endo-
somes, 16.7% in intermediate endosomes, and 70.8% in late endosomes (Fig. 11G),
illustrating that most PEDV fusion occurred in late endosomes.

We also analyzed viral fusion kinetics by measuring the colocalization time between
PEDVs and endosomes (Fig. 11H). In Rab5-positive endosomes (early endosomes),
PEDV exhibited 136.4-6 48.5-s virus-endosome colocalization time before viral fusion
occurred. In Rab5 and Rab7 double-positive endosomes (intermediate endosomes),
PEDV exhibited 232.4-6 165.9-s virus-endosome colocalization time before viral fusion
occurred. In Rab7-positive endosomes (late endosomes), PEDV exhibited 241.2-6
167.9-s virus-endosome colocalization time before viral fusion occurred. These data
indicate that PEDV exhibited shorter virus-endosome colocalization time in the early
endosomes than in the intermediate and late endosomes before PEDV fusion occurred
in the different stages of endosomes.

Moreover, our results also showed that 87.5% of PEDV particles dequenched in
Rab7-positive endosomes (intermediate and late endosomes), indicating that the ma-
jority of PEDV particles were transported to the Rab7-positive compartments for viral
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fusion. These data may also imply that a longer duration of acid accumulation of the
Rab7-positive compartments is one of the main triggers for PEDV membrane fusion
since the pH decreases progressively during endosomal maturation (25, 26).

DISCUSSION

When confronting host cells, enveloped viruses have evolved a variety of pathways
to deliver viral genomes into the cytoplasm to initiate their life cycle (26–28).
Unraveling how viruses penetrate cell membrane barriers is not only important for
deepening our understanding of viral infection but also helpful for designing antiviral
drugs. In this study, we mainly used single-virus tracking in living cells to dynamically
reveal the early stages of PEDV infection, including the endocytic pathway, endosome
trafficking, and viral fusion, which were previously not fully understood.

Hijacking the endocytic pathway is critical for viruses to penetrate the cell mem-
brane barrier. CoVs, like other viruses, are obligate parasites which depend on host cell
factors for propagation. It is an emerging theme that the same virus might infect cells

FIG 10 The infection of PEDV is dependent on early and late endosomes. (A, B) Fluorescence images
of the infection of DiD-labeled PEDVs in cells expressing Rab5 CA-mCherry or Rab5 DN-mCherry. After
24 h of transfection, cells were infected with DiD-labeled PEDVs (MOI, 10) for 30min, and then
samples were fixed and imaged. (C, D) Fluorescence images of the infection of DiD-labeled PEDVs in
cells expressing Rab7 CA-mCherry or Rab7 DN-mCherry. After 24 h of transfection, cells were infected
with DiD-labeled PEDVs (MOI, 10) for 30min, and then samples were fixed and imaged. (E, F) Cells
were transfected with plasmid Rab5 DN-mCherry or Rab7 DN-mCherry. After 24 h of transfection,
cells were infected with PEDVs (MOI, 1) and cultured for 6 h. Then, samples were collected and
analyzed by Western blotting with corresponding antibodies. PEDV-infected untransfected cells
served as controls. Scale bar, 10mm.
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with a lack of strict dependence of one pathway to make a productive infection.
Several CoVs, such as severe acute respiratory syndrome coronavirus (SARS-CoV),
mouse hepatitis coronavirus (MHV), human coronavirus OC43 (HCoV-OC43) and infec-
tious bronchitis coronavirus (IBV), have been demonstrated to use multiple pathways
to enter cells (29–32). Previous studies showed that PEDV enters cells via CME, whereas
the CavME inhibitor methyl-b-cyclodextrin could also significantly inhibit PEDV infec-
tion in the pre-entry period, indicating that CavME may also be a pathway for PEDV
entry (14). We directly observed the de novo formation of CCPs and caveolae at the vi-
ral binding sites in CME and CavME of PEDV, respectively. This finding is consistent
with a very recent study showing that PEDV can enter cells via CME and CavME (14).
Moreover, an analysis of the viral velocities and mean square displacement (MSD)
revealed that PEDVs first moved slowly at plasma membranes with restricted diffusion
and then moved rapidly into the cytoplasm with directed diffusion, indicating that

FIG 11 PEDV fusion. (A) Time-lapse images of PEDV (red) fused in Rab5-positive early endosome
(green). Scale bar, 2mm. (B) Time-lapse Rab5-EGFP (green), Rab7 (white), and DiD-labeled PEDV (red)
fluorescence intensities corresponding to A. (C) Time-lapse images of PEDV (red) fused in Rab5
(green) and Rab7 (white) double-positive endosome. Scale bar, 2mm. (D) Time-lapse Rab5 (green),
Rab7 (blue,) and DiD-labeled PEDV (red) fluorescence intensities corresponding to C. (E) Time-lapse
images of PEDV (red) fused in Rab7-positive late endosome (white). Scale bar, 2mm. (F) Time-lapse
Rab5 (green), Rab7 (blue), and DiD-labeled PEDV (red) fluorescence intensities corresponding to E. (G)
Proportion of PEDV fusion with Rab5-positive (n= 6), Rab5 and Rab7 double positive (n= 8), and
Rab7-positive (n= 34) endosomes. (H) Colocalization time of PEDV with Rab5-positive, Rab5 and Rab7
double positive, and Rab7-positive endosomes before viral fusion. Error bars represent SD.
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PEDV enters into cells with different diffusion patterns. In addition, we also directly
visualized CME and CavME at an ultrastructural level using TEM. To further confirm the
roles of CME and CavME, inhibition experiments proved that cells transfected with
Eps15-DN, Cav1-DN, or Cav3-DN significantly suppressed PEDV internalization. Single-
virus tracking, TEM, and inhibition experiments illustrated that CME and CavME are
two productive pathways for PEDV entry.

Although CME and CavME are distinct endocytic pathways, these two pathways are
not absolutely irrelevant. For example, bovine papillomavirus type 1 (BPV1) can enter
cells via a clathrin-dependent pathway and then utilize a caveolae-dependent pathway
for infection, revealing a pattern that viruses are from CCPs to caveolae (33). Besides,
the direct fusion of CCPs and caveolae is also found during the internalization of TGF-
b receptors; and the clathrin and caveolae double-positive vesicles appear half smooth
and half fuzzy when visualized by TEM (34). In this work, we used triple-color confocal
and TIRF microscopes to not only confirm independent CME and CavME of PEDV but
also reveal C3ME of PEDV. Similar to CME and CavME, in C3ME, PEDVs first moved
slowly at the plasma membrane with restricted diffusion and then moved rapidly into
the cytoplasm with directed diffusion. Among the observed productively internalized
PEDVs, 62.6% entered cells via CME, 20.5% via CavME, and 16.9% via C3ME. It can also
be inferred by the duration of CCPs and caveolae that the duration of CCPs in CME and
that of CCPs and caveolae in C3ME are obviously shorter than that of caveolae in
CavME. An analysis of the proportion of PEDV entry route and duration indicates that,
compared to caveolae recruitment, CCP recruitment is more beneficial for PEDV inter-
nalization. Moreover, the average time of PEDV penetrating the cell membrane was
almost within;3min, suggesting that viral particles may require a short time to recruit
receptors or cofactors, once the formation of CCPs and caveolae at viral binding sites,
the entry process of PEDV is extremely fast. Also, the dual immunogold EM results
clearly exhibited that PEDV could induce the formation of CCPs, caveolae, and clathrin
and caveolin-1 double-positive invaginations on the cell membrane, indicating CME,
CavME, and C3ME of PEDV, respectively. C3ME of PEDV was also validated by colocaliza-
tion among PEDVs, CCPs, and caveolae using 3D imaging. Together, our results
revealed a novel manner of CoV entry that entails the cooperation of multiple endo-
cytic pathways, such as C3ME, which may also exist in other CoVs.

In addition to productive PEDV internalization via CME, CavME, and C3ME, abortive
PEDV internalization via CME and CavME was also observed using single-virus tracking.
These PEDVs had consistently slow movement at the plasma membrane, with re-
stricted diffusion even after CCPs or caveolae disappeared. These results provided
direct evidence that not all hijacking of the host cell endocytic pathways by viruses
can make a productive infection. Similar abortive endocytosis events were also
reported for which influenza virus induced the abortive recruitments of clathrin and
dynamin (35). Note that we observed abortive PEDV internalization via CME or CavME
but not via C3ME, implying that the C3ME manner may be a more efficient pathway for
PEDV infection. Moreover, our statistical analysis of the abortive internalization of PEDV
shows that about 20% of PEDVs experienced abortive endocytosis, suggesting that the
majority of PEDVs can hijack the endocytic pathways to make a productive infection.

It is known that the early endosome is the initial station for cellular cargo sorting
(36). Most viruses, such as the Semliki Forest virus (SFV), chikungunya virus, and severe
fever with thrombocytopenia syndrome virus (SFTSV) are first delivered to early endo-
somes and then transported to late endosomes (37–39). We directly observed that
PEDV moved from clathrin structures or caveolae structures to early endosomes. After
leaving clathrin structures or caveolae structures, PEDVs entered early endosomes with
accelerated speed, exhibiting the colocalization between DiD-labeled PEDVs and Rab5
early endosomes, and then were transported to late endosomes, shown by colocaliza-
tion between DiD-labeled PEDVs and Rab7 late endosomes. Moreover, the transfection
of constitutively active mutants Rab5a Q79L and Rab7a Q67L resulted in colocalization
between DiD-labeled PEDVs and Rab5 early endosome/Rab7 late endosome,
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respectively; and transfection of the dominant-negative mutants Rab5a S34N and
Rab7a T22N significantly reduced PEDV entry. Both of these results prove that early
and late endosomes are involved in PEDV entry.

Additionally, viral fusion is a crucial step in PEDV entry. We directly observed
PEDV fusion in endosomes via single-virus tracking. Although, PEDV fusion occurred
in early, intermediate, and late endosomes, statistical analysis shows that PEDV pre-
dominantly (70.8%) fused in late endosomes within ;6.8min after the transport of
PEDV to late endosomes. Our results clearly show that PEDV was colocalized with
late endosomes several minutes before the onset of membrane fusion, implying that
membrane fusion of PEDV might require other host cell factors, such as lysosome,
and the detailed membrane fusion mechanism of PEDV still needs to be further
investigated.

In this work, using single-virus tracking, we systematically unraveled the dynamic
interactions of individual PEDVs, clathrin structures, caveolae, and early and late
endosomes. Hence, we revealed the C3ME mechanism of PEDV that during CavME of
PEDV, clathrin structures can fuse with caveolae near the cell plasma membrane to
make a productive infection, and with about a proportion of 20%, PEDV underwent
an abortive endocytosis via CME or CavME. Moreover, trafficking of PEDV from cla-
thrin and caveolae structures to early endosomes and from early endosomes to late
endosomes was revealed. Also, PEDV fusion mainly occurred in late endosomes
within ;6.8min after the transport of PEDV to late endosomes (Fig. 12). In conclu-
sion, we dissected the dynamic PEDV entry in living cells at the single-virus level. The
cooperation of multiple endocytic pathways, such as C3ME, may also exist in other
coronaviruses, which not only expands our understanding of the mechanism of CoV
infection, but also may benefit the development of potential anticoronavirus thera-
peutic strategies.

MATERIALS ANDMETHODS
Cell culture, virus propagation, and purification. First, Vero cells (ATCC CCL-81) were cultured in

Dulbecco’s modified Eagle medium (DMEM; Gibco, USA), supplemented with 10% fetal bovine serum
(FBS; Biological Industry, Israel) and antibiotics (100 U/ml penicillin and 100mg/ml streptomycin), and
maintained in a humidified atmosphere containing 5% CO2 at 37°C. Then, PEDV strain CV777 (provided
by Gang Xing, Zhejiang University, China) was propagated in Vero cells in FBS-free DMEM containing
0.3% tryptose phosphate broth (TPB; Sigma, USA) and 3mg/ml trypsin (Sigma) (40). After a few days of
viral infection, cultural supernatants were collected following the appearance of a significant cytopathic
effect (CPE) throughout the monolayer cells, and viral purification was implemented. The prepared viral
supernatants were centrifuged at 120,000 � g for 20min to remove cell debris and centrifuged at

FIG 12 Entry model of PEDV into host cells. PEDV infection started with the recruitment of clathrin
and caveolin-1. About 20% PEDVs experienced abortive internalization. Productive internalized PEDVs
hijacked CME, CavME, and C3ME to penetrate cell membrane and then were delivered to early and
late endosomes. Finally, PEDV fusion mainly occurred in the late endosomes.

Li et al. ®

March/April 2021 Volume 12 Issue 2 e00256-21 mbio.asm.org 18

https://mbio.asm.org


140,000 � g at 4°C for 120min to concentrate viruses using a Beckman SW32Ti rotor; the viruses were
suspended in HNE buffer (5mM HEPES, 150mM NaCl, and 0.1mM EDTA [pH 7.4]) and purified using su-
crose (10% to 60%) gradient ultracentrifugation at 140,000 � g for 120min with the same rotor. Viral
bands in sucrose solution were collected and centrifuged to remove sucrose (41). Finally, the purified
viruses were resuspended in HNE buffer, aliquoted, and stored at 280°C for later use.

Virus labeling. PEDVs were labeled with a lipophilic cationic dye, 1,19-dioctadecyl-3,3,39,39-tetrame-
thylindodicarbocyanine (DiD; Thermo Fisher, USA). A final concentration of 250mM DiD dye was used to
label the purified viruses, and it was first incubated at room temperature for 90min with a soft vortex to
ensure sufficient partition of DiD dye into the viral envelope (23, 24, 42). Next, excess dyes were
removed using a NAP-10 filtration column (GE Healthcare). Finally, DiD-labeled PEDVs were filtered
through a 0.22-mm pore filter (Millipore), aliquoted, and stored at 280°C.

Plasmid construction and transfection. The full-length light chains of clathrin (LCa) (accession
number XM_007968752), caveolin 1 (Cav1) (accession number AM_007982675), and epidermal growth
factor receptor substrate 15 (Eps15) (accession number XM_007978771) were amplified by PCR using
Vero cell cDNA and then inserted into pEGFP-C1, pmKO2-N1, and pEGFP-C3 to generate pLCa-EGFP,
pCav1-mKO2, and pEps15-EGFP, respectively. Eps15 homology (EH) domain-deleted pEGFP-Eps15
formed EGFP-tagged Eps15 D29/295, which inhibits clathrin-coated vesicle formation. pEGFP-Eps15 was
used to construct pEGFP-D3D2, which does not perturb CME (43, 44). Cav1-mKO2 was used to construct
a caveolin-1 dominant-negative (Cav1-DN) mutant, and the cDNA of Mus musculus was used to construct
a caveolin-3 dominant-negative (Cav3-DN) mutant to inhibit CavME (45, 46). Wild-type and dominant-
negative Rab5 and Rab7 were generated by PCR from cDNA libraries of 293T cells and then inserted into
pEGFP-C1 and pmCherry-C1 to generate pEGFP-Rab5, pmCherry-Rab5 S34N, pmCherry-Rab5 Q79L,
pEGFP-Rab7, pmCherry-Rab7 T22N, and pmCherry-Rab7 Q67L plasmids (47). The primers used to con-
struct the plasmids are shown in Table S1 in the supplemental material.

Immunofluorescence assay. Vero cells were first grown on a 15-mm glass-bottomed cell culture
dish (Nest Biotechnology, China) and then transfected with pEGFP-LCa or pmKO2-Cav1. After 24 h, the
cells were fixed with 4% paraformaldehyde for 15min at room temperature, washed three times with
phosphate-buffered saline (PBS), permeabilized with 0.3% Triton X-100 for 5min, and blocked with
QuickBlock blocking buffer (Beyotime Biotechnology, China) for 15min. Next, to label the clathrin-
coated structures and caveolae, cells were incubated with rabbit anti-clathrin light-chain IgG primary
antibody (1:300 dilutions; Proteintech, China) and rabbit anti-caveolin-1 IgG primary antibody (1:200
dilutions, Proteintech), respectively, for 2 h at room temperature. After being washed three times with
PBS, the cells were incubated with Alexa Fluor 546-conjugated goat anti-rabbit IgG secondary antibody
(1:500 dilutions; Thermo Fisher, USA) to label clathrin and Alexa Fluor 488-conjugated goat anti-rabbit
IgG secondary antibody (1:500 dilutions, Thermo Fisher) to label caveolin 1, respectively. Finally, Hoechst
33342 (Thermo Fisher) was used to stain cellular nuclei.

To visualize DiD-labeled PEDVs using an immunofluorescence assay, 25ml of viral supernatant was
fixed on a glass-bottomed cell culture dish containing Polybrene (8mg/ml final concentration, using
stock 8mg/ml at 1:1,000; Sigma, USA) to promote the adhesion of virus particles to glass surfaces (48).
Then, the mouse anti-PEDV N IgG primary antibody (1:200 dilutions, prepared in our laboratory) and
FITC-conjugated goat anti-mouse IgG secondary antibody (1:500 dilutions; KPL, SeraCare, USA) were
used to label viruses. Finally, fluorescence images were recorded using a Nikon A1 confocal microscope
(Japan).

Single-virus tracking. Vero cells were first seeded on a glass-bottomed cell culture dish to reach a
70% to 80% confluence. Then, plasmids were transfected into the cells using LipoMax (Sudgen, China).
After transfection for 24 h, the cell culture medium was refreshed with phenol red-free DMEM (Procell
Life, China) containing 0.3% TPB, 3mg/ml trypsin, and 1% ProLong live antifade reagent (Thermo Fisher,
USA) before live-cell imaging. Next, in single-virus tracking, DiD-labeled PEDVs infected the cells with a
multiplicity of infection (MOI) of 50 and were incubated at 4°C for 30min to synchronize viral infection
(49). The fluorescence signals were collected using a micro-objective (Plan Apo 60�/1.40, oil immersion;
Nikon, Japan) in a Nikon A1 plus confocal microscope (Japan), equipped with a stage-top incubator
(Tokai Hit, Japan) for a stable cell imaging environment with 5% CO2 at 37°C. EGFP, mCherry/mKO2, and
DiD were excited using lasers with wavelengths of 488 nm (Melles Griot, USA), 561 nm (Coherent, USA),
and 640 nm (Coherent), respectively; their corresponding emission fluorescence signals were collected
through bandpass filters with central wavelengths/full width at half maximum of 527/55 nm, 615/70 nm,
and 707/90 nm, respectively. The laser powers were low, only a few milliwatts, to guarantee long imag-
ing periods. Live-cell TIRF imaging was performed using a commercial TIRF microscope (Nikon)
equipped with a Plan Apo TIRF 100�/1.49 NA oil immersion micro-objective (Nikon). The excitation
lasers, emission filters, and cell imaging environment were the same as for confocal imaging.
Fluorescence signals were collected using an EMCCD camera (iXon3, Andor). Finally, in imaging analysis,
time-lapse images were deconvoluted with a Gaussian filter. Kymographs and time traces of fluores-
cence intensities were obtained from these time-lapse series using NIS-Elements AR 4.51.00 (Nikon).
Trajectories and velocities of viruses were analyzed using the MTrackJ plugin in Fiji/ImageJ; MSD was cal-
culated using an in-house Matlab program (MathWorks, USA), and movement modes were determined
by binomially fitting of MSD time plots (50).

Transmission electron microscopy. To visualize the cellular morphology in viral infection, cells
were first incubated with PEDVs at a high MOI of 1,000 for 30min at 4°C, and the cultures were then
transferred to 37°C. After infection with PEDV for 30min at 37°C, cells were next fixed with 2.5% glutaral-
dehyde for 1 h at room temperature; finally, cells were collected. Next, the specimens were processed
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for ultrathin-section preparation (51). Finally, these ultrathin (70 to 80 nm) sections of cells were
observed using TEM (Tecnai G 2 Spirit BioTWIN; FEI, USA).

Double-label immunoelectron microscopy. Cells were first incubated with PEDVs at a high MOI of
1,000 for 30min at 4°C, then transferred to 37°C, fixed with immune electron microscopy fixative
(G1124; Servicebio) for 2 h at room temperature, and finally collected. Double-label immunoelectron
microscopy was performed with standard procedures. Briefly, the collected cell precipitation was
resuspended and washed twice with precooled 0.1 M PBS (pH 7.4). After the supernatant was
removed, samples were processed with dehydrating, resin penetrating, embedding and polymerizing
steps. Sample resin blocks were sliced into 90-nm ultrathin cryosections using a Leica FC7 ultramicro-
tome and collected onto the 150-mesh nickel grids with Formvar film for immunogold labeling. The
nickel grids were incubated with 1:100 dilution of rabbit anti-clathrin light chain antibody (ab150658;
Abcam) and 1:50 dilution of mouse anti-caveolin-1 antibody (ab17052; Abcam) overnight at 4°C. The
nickel grids were rinsed with PBS 3 times at 5min each and then were incubated with a 1:50 dilution
of gold-conjugated goat anti-rabbit IgG (G7402, 10 nm; Sigma) and 1:100 dilution of gold-conjugated
goat anti-mouse IgG (115-185-146, 4 nm; Jackson) for 1 h at 37°C. The grids were washed and stained
with 2% uranyl acetate. Finally, the sections were examined with a transmission electron microscope
(HT7800; Hitachi).

Internalization assay for transferrin, CTB, and PEDV entry. For the internalization assay, Vero cells
were first seeded onto a glass-bottomed cell culture dish and transfected with wild-type and/or domi-
nant-negative plasmids. After 24 h, cells were incubated with Alexa 546-conjugated transferrin (10mg/
ml; Thermo Fisher, USA), Alexa 647-conjugated CTB (10mg/ml; Thermo Fisher), and DiD-labeled PEDVs
(MOI 10) at 4°C for 20min. Then, the specimens were kept at 37°C for 30min. Next, internalization was
blocked by ice-cold DMEM washes. From the cell membrane, noninternalized endocytic markers and
viruses were removed using 0.1 M glycine and a 0.1 M NaCl solution (pH 3.0). Finally, cells were fixed
with 4% paraformaldehyde for 15min at room temperature and observed with a Nikon A1 plus confocal
microscope (Japan). Fluorescence images were recorded from at least three separate samples. The aver-
age fluorescence intensity was quantified using NIS-Elements AR 4.51.00 (Nikon).

Western blot. Cells were washed twice with PBS (pH 7.2) and lysed with NP-40 lysis buffer contain-
ing 1mM protease inhibitor phenylmethanesulfonyl fluoride (Beyotime, China). After samples were
incubated on ice for 15min, the cell lysates were collected by centrifugation at 10,000 � g for 10min,
and the protein content was measured using bicinchoninic acid (BCA) protein assay kits (GenStar,
China). Then, equalized amounts of proteins were separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE), transferred to 0.2-mm nitrocellulose blot membranes (GE
Healthcare, UK), and blocked using 5% nonfat milk for 1 h at room temperature. Next, the membranes
were incubated with various primary antibodies and horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies. Finally, the membranes were detected using the enhanced chemiluminescence
(ECL) buffer (Vazyme, China).
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