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ABSTRACT Porcine epidemic diarrhea virus (PEDV), the causative agent of porcine
epidemic diarrhea, has caused huge economic losses in pig-producing countries. Al-
though PEDV was long believed to replicate in the intestinal epithelium by using
aminopeptidase N as a receptor, the mechanisms of PEDV infection are not fully
characterized. In this study, we found that PEDV infection of epithelial cells results in
disruption of the tight junctional distribution of occludin to its intracellular location.
Overexpression of occludin in target cells makes them more susceptible to PEDV in-
fection, whereas ablation of occludin expression by use of small interfering RNA
(siRNA) in target cells significantly reduces their susceptibility to virus infection.
However, the results observed with occludin siRNA indicate that occludin is not re-
quired for virus attachment. We conclude that occludin plays an essential role in
PEDV infection at the postbinding stages. Furthermore, we observed that macropi-
nocytosis inhibitors blocked occludin internalization and virus entry, indicating that
virus entry and occludin internalization are closely coupled. However, the macropi-
nocytosis inhibitors could not impede virus replication once the virus had entered
host cells. This suggests that occludin internalization by macropinocytosis or a
macropinocytosis-like process is involved in the virus entry events. Immunofluores-
cence confocal microscopy showed that PEDV was trapped at cellular junctional re-
gions upon macropinocytosis inhibitor treatment, indicating that occludin may serve
as a scaffold in the vicinity of virus entry. Collectively, these data show that occludin
plays an essential role in PEDV infection during late entry events. Our observation
may provide novel insights into PEDV infection and related pathogenesis.

IMPORTANCE Tight junctions are highly specialized membrane domains whose
main function is to attach adjacent cells to each other, thereby forming intercellular
seals. Here we investigate, for the first time, the role of the tight junction protein oc-
cludin in PEDV infection. We observed that PEDV infection induced the internaliza-
tion of occludin. By using genetic modification methods, we demonstrate that occlu-
din plays an essential role in PEDV infection. Moreover, PEDV entry and occludin
internalization seem to be closely coupled. Our findings reveal a new mechanism of
PEDV infection.

KEYWORDS PEDV, occludin, tight junction

oronaviruses are a group of positive-strand RNA viruses belonging to the family

Coronaviridae in the order Nidovirales. They are broadly distributed among mam-
malian and avian species, and they cause acute and persistent infections. In most cases,
coronaviruses are generally associated with significant respiratory and/or intestinal
tract diseases (1, 2). Porcine epidemic diarrhea virus (PEDV) has been identified as the
etiologic agent of porcine epidemic diarrhea (PED), and it causes diarrhea, vomiting,
and dehydration in infected swine (3, 4). Outbreaks of PED have occurred frequently in
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many swine-raising countries in Europe, Asia, and America, resulting in considerable
economic losses (5-10).

As noted earlier, epidemic PEDV strains are highly enteropathogenic and mainly
infect villous epithelial cells of the small intestine before disseminating (11, 12). It is well
known that the intestinal epithelium has two important functions: absorbing helpful
substances and providing a physical fence against harmful substances. The essential
components of this epithelial barrier are physical intercellular structures, termed tight
junctions, which attach adjacent cells to each other, thereby forming intercellular seals
(13, 14). Many proteins are specifically localized to tight junctions, including cytoplas-
mic actin-binding proteins and adhesive transmembrane proteins. Among them, the
major types of proteins in junctions are the claudin and occludin proteins (15). Many
pathogens that infect epithelial cells have evolved elaborate strategies to bypass this
barrier and establish their infections. The precise mechanisms regulating PEDV entry
into intestinal epithelial cells remain unknown, although porcine aminopeptidase N
(APN) has been identified as a functional receptor for PEDV infection (16-18).

In recent years, increasing evidence has shown that some viruses can hijack the
different components of tight junctions to initiate infections (for reviews, see references
19-22). For example, the tight junction protein occludin has been identified as an
essential host factor for entry of several viruses, such as coxsackie B virus (CBV),
rotavirus, human hepatitis C virus (HCV), West Nile virus, and others (21, 23-25). In
addition to occludin, the tight junction protein claudin-1 is tightly related to the
infection of dengue virus, HCV, West Nile virus, and others (25-28). During PEDV
infection, it has been demonstrated that structural destruction and disorganization of
tight junctions are observed (12, 29). However, the role of tight junctions in PEDV
infection has not yet been defined. In the present study, we observed that the tight
junction protein occludin disappeared from its normal location in PEDV-infected cells.
By using genetic modification methods, we demonstrated that occludin plays an
essential role in PEDV entry. Confocal microscopy data provided further evidence that
macropinocytosis-mediated occludin internalization is involved in virus entry. These
findings highlight an important role for occludin in mediating virus entry and subse-
quent replication.

RESULTS

PEDV infection alters the expression and distribution of occludin in target
cells. PEDV causes an acute and devastating viral enteric disease. This virus enters its
host through the fecal-oral route and must cross the intestinal mucosa in order to reach
its target cells to initiate infection (12). To do so, this virus must gain access to the tight
junctions. To understand the correlation between tight junctions and PEDV infection,
we first analyzed the mRNA and protein levels of the tight junction proteins occludin
and claudin-1 in virus-infected IPEC-J2 and Vero E6 cells. As determined by quantitative
PCR, the mRNA levels for claudin-1 revealed no remarkable change following PEDV
infection; however, the mRNA levels for occludin were significantly upregulated in
PEDV-infected IPEC-J2 and Vero E6 cells at 24 and 48 h postinfection (hpi) (Fig. 1A and
2A). Similarly, the protein levels of occludin were increased in virus-infected IPEC-J2 and
Vero E6 cells at 24 and 48 hpi, whereas the protein levels of claudin-1 had changed little
during the course of PEDV infection (Fig. 1B and 2B).

To further understand the relationship between tight junctions and PEDV infection,
we examined the cellular distribution of occludin and claudin-1 in IPEC-J2 cells upon
virus infection. The immunofluorescence microscopy results showed that the tight
junction protein occludin showed a pronounced distribution at the cell-cell junction in
mock-treated IPEC-J2 cells; however, in PEDV-infected cells, occludin staining was less
evident in the junctional area, and there was an increased cytoplasmic distribution of
this protein (Fig. 1C). In contrast, PEDV infection did not markedly alter the cell
junctional localization of the tight junction protein claudin-1 (Fig. 1D). To ensure that
these observations were not limited to the specific cell type used, we repeated these
experiments with Vero E6 cells. Consistent with the findings obtained with IPEC-J2 cells,
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FIG 1 PEDV infection alters occludin (OCLN) expression and distribution in IPEC-J2 cells. (A) PEDV infection leads to
upregulation of occludin mRNA. IPEC-J2 cells were infected with PEDV at an MOI of 1. At 6, 12, 24, and 48 hpi, RNA was
extracted and quantitative PCR analysis performed as described in Materials and Methods. (B) Expression levels of occludin are
increased in IPEC-J2 cells upon PEDV infection. Cell monolayers were infected with PEDV at an MOI of 1 and further cultured
as indicated. Cell lysates were subjected to immunoblotting with antibodies to occludin, claudin-1, PEDV nucleocapsid protein,
or B-actin (loading control). (C and D) PEDV infection alters the distribution of occludin but not that of claudin-1. IPEC-J2 cells
were infected with PEDV at an MOI of 1 and cultured for another 24 h. Cells were fixed, and triple-color immunofluorescence
staining and confocal microscopy were used to detect and analyze the virus (red), occludin/claudin-1 (green), and the nucleus
(blue), using a Leica SP2 confocal laser scanning microscope. Results are representative of three independent experiments
(means * SD). *, P < 0.05. The P value was calculated using Student’s t test.

the cellular distribution of occludin shifted from mostly junctional localization to a
punctate cytoplasmic signal in PEDV-infected Vero E6 cells, while claudin-1 remained at
the typical cell-cell junctional region during PEDV infection (Fig. 2C and D). These data
indicate that PEDV infection induces the internalization of the tight junction protein
occludin, but not claudin-1, in target cells, suggesting that alteration of occludin
protein distribution may contribute to PEDV infection.

Overexpression of occludin facilitates PEDV infection. To characterize the role of
occludin in PEDV infection, we surveyed the relationship between its expression and
virus susceptibility in a variety of cell lines. First, we tested whether overexpression of
occludin in Vero E6 and IPEC-J2 cells would increase their susceptibility to PEDV
infection. These cells were transduced with a bicistronic lentiviral vector expressing
porcine occludin and ZsGreen (green fluorescent protein), which is expressed in a
proportional manner. A lentivirus encoding ZsGreen only served as a vector control. As
shown in Fig. 3A, more than 95% of Vero E6 and IPEC-J2 cells were green fluorescence
positive, indicating that the lentiviruses were successfully transduced into cells. The
Western blot results confirmed that occludin was overexpressed in both types of cells
(Fig. 3B). PEDV infectivity in occludin-overexpressing Vero E6 and IPEC-J2 cells increased
4.1- and 11.5-fold, respectively, compared to that in vector control-treated parental
cells (Fig. 3C). We next examined the effect of occludin overexpression on the PEDV
yield by measuring the 50% tissue culture infective dose (TCIDy,). The data showed that
viral yields were higher in occludin-overexpressing Vero E6 cells (6.4 * 0.3 log,,
TCID5o/ml) and IPEC-J2 cells (3.8 = 0.3 log,, TCID5,/ml) than in vector control-treated
Vero E6 cells (5.5 = 0.4 log,, TCID5o/ml) and IPEC-J2 cells (2.9 = 0.4 log,, TCID5o/ml),
respectively (Fig. 3D). However, the PEDV-resistant cell line BHK also expressed detect-
able levels of endogenous occludin and remained PEDV resistant when it overex-
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FIG 2 PEDV induces occludin internalization in virus-infected Vero E6 cells. (A) Quantitative PCR assay to detect the levels of
occludin and claudin-1 in PEDV-infected Vero E6 cells. Cells were mock infected or infected with PEDV at an MOI of 0.1 and
cultured for the indicated times. Total RNA was used to determine the mRNA levels of occludin and claudin-1 by quantitative
PCR assay. (B) Protein levels of occludin and claudin-1 in PEDV-infected Vero E6 cells. Cells were infected with PEDV at an MOI
of 0.1. Cell lysates were collected at 6, 12, 24, and 48 hpi and subjected to immunoblotting with the indicated antibodies. PEDV
infection caused the internalization of occludin (C), but not claudin-1 (D), in Vero E6 cells. Vero E6 cells were mock infected
or infected with PEDV at an MOI of 0.1. At 24 hpi, the cell monolayer was stained for the virus (red), occludin/claudin-1 (green),
and the nucleus (blue). Results are representative of three independent experiments (means = SD). *, P < 0.05. The P value
was calculated using Student’s t test.

pressed occludin (data not shown). These observations demonstrate that the presence
of occludin renders target cells more susceptible to PEDV infection, although directed
expression of occludin alone is not sufficient to render cells susceptible, suggesting that
occludin plays an important role in virus infection.

Knockdown of endogenous occludin expression inhibits PEDV infection. To
determine whether the tight junction protein occludin is required for efficient PEDV
infection of permissive cells, IPEC-J2 cells were transfected with small interfering RNA
(siRNA) duplexes targeting the occludin gene. The expression of the occludin protein
was determined by Western blotting and immunofluorescence assay. As shown in Fig.
4A, cells transfected with occludin-specific siRNA showed a marked reduction in the
level of occludin protein. Additionally, immunofluorescence data showed that the
cell-cell junctional distribution of occludin protein was dramatically decreased in
occludin siRNA-transfected cells (Fig. 4B). In contrast, we did not note any evident
changes in the expression and staining pattern of claudin-1 in occludin siRNA-transfected
cells compared to those in control siRNA-treated cells (Fig. 4A and B), suggesting that
occludin gene silencing does not impair the integrity of tight junctions in target cells.
Using these cells, we investigated the influence of occludin on PEDV entry and
replication. As shown in Fig. 4C, the susceptibility of occludin-silenced IPEC-J2 cells to
PEDV infection was approximately 70% lower than that of control cells as determined
by enumeration of PEDV-positive cells following immunofluorescence labeling. The
reduction in the titer of progeny virus in occludin knockdown cells was confirmed by
measuring the TCIDs, (Fig. 4D). As was the case with IPEC-J2 cells, silencing the
endogenous expression of occludin in Vero E6 cells (Fig. 4E and F) decreased the
efficiency of PEDV infection (Fig. 4G) and reduced viral yields compared to those in cells
treated with control siRNA (Fig. 4H). Taken together, these data demonstrate that
knockdown of endogenous occludin expression in target cells results in their reduced
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FIG 3 Overexpression of occludin facilitates PEDV infection. (A) Vero E6 and IPEC-J2 cells were transduced with a bicistronic lentivirus
vector expressing ZsGreen alone (vector control) or occludin plus ZsGreen as described in Materials and Methods. (B) Overexpression
of occludin in Vero E6 and IPEC-J2 cells. Detergent lysates from cells transduced with occludin or the vector control were subjected
to immunoblotting with the indicated antibodies. (C) Occludin overexpression enhances PEDV infection as detected by immunoflu-
orescence assay. Vero E6 and IPEC-J2 cells were transduced with the vector control or occludin as described above and then infected
with PEDV at MOls of 0.1 and 1, respectively, for 24 h. The percentage of PEDV-infected cells was determined by immunofluorescence
staining with anti-PEDV spike protein MAb. (D) Occludin overexpression enhances PEDV replication as determined by TCID,, assay. The
cell monolayer was exposed to PEDV 24 h after transduction with occludin or the vector control. At 48 hpi, virus yields were
determined by TCID,, assay with Vero E6 cells. Results are representative of three independent experiments (means = SD). *, P < 0.05.
The P value was calculated using Student’s t test.

susceptibility to PEDV infection, suggesting that the tight junction protein occludin is
essential for PEDV infection.

Occludin knockdown does not affect initial PEDV attachment. Coronavirus
infection is initiated by the binding of viral particles to specific proteins on the cell
surface (26). We carried out PEDV virion binding assays in order to determine whether
the occludin protein plays an essential role in initial virus binding events. Vero E6 cells
were first transfected with control siRNA or occludin-specific siRNA to knock down the
expression of endogenous occludin. At 24 h posttransfection, cells were incubated with
PEDV for 2 h at 4°C so that virion binding, but not entry, could occur. After removal of
excess virions, total RNA was extracted to determine viral levels by quantitative PCR. As
shown in Fig. 5, there was no significant difference in PEDV attachment between
control siRNA- and occludin siRNA-treated Vero E6 cells. Similar results were obtained
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FIG 4 Depletion of endogenous occludin reduces viral infection. (A and E) Occludin knockdown efficiency was determined by
Western blotting. Detergent lysates from IPEC-J2 (A) and Vero E6 (E) cells transfected with occludin-specific or scrambled
control siRNA were subjected to immunoblotting with the indicated antibodies. (B and F) Occludin knockdown was confirmed
by immunofluorescence assay. IPEC-J2 (B) and Vero E6 (F) cells were transfected with 100 nM siRNA duplexes against occludin
or scrambled control siRNA. At 48 h posttransfection, cell monolayers were fixed and stained for occludin/claudin-1 (green) and
the nucleus (blue). (C and G) Depletion of occludin suppresses PEDV infection. IPEC-J2 (C) and Vero E6 (G) cells were transfected
with occludin-specific siRNA or control siRNA for 24 h, followed by infection with PEDV at MOlIs of 1 and 0.1, respectively. At
24 hpi, the cell monolayers were fixed, and the numbers of PEDV-positive cells were determined by use of anti-PEDV spike
protein MADb. (D and H) Occludin knockdown inhibits PEDV replication. IPEC-J2 (D) and Vero E6 (H) cells were exposed to PEDV
24 h after occludin-specific siRNA transfection. At 48 hpi, virus yields were determined by TCID,, assay with Vero E6 cells.
Results are representative of three independent experiments (means = SD). *, P < 0.05. The P value was calculated using
Student’s t test.

with IPEC-J2 cells (Fig. 5). Western blot analysis showed that occludin siRNA reduced
the endogenous occludin expression in both Vero E6 and IPEC-J2 cells (Fig. 4A and E).
These data demonstrate that occludin is not involved in the initial attachment of virions
to target cells, indicating that occludin acts at the postbinding stage of PEDV entry.
Inhibitors of macropinocytosis block both occludin internalization and PEDV
entry. Previous data showed that binding of coronaviruses to target cells is followed by
internalization of the viral particles via endocytosis (30). Macropinocytosis is a form of
endocytosis which has been identified as an entry mechanism for several viral patho-
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FIG 5 Occludin does not affect PEDV initial attachment. Vero E6 and IPEC-J2 cells were treated with
occludin-specific or scrambled control siRNA for 24 h. After three washes with PBS, cells were incubated
with PEDV at MOlIs of 0.1 and 1 for Vero E6 and IPEC-J2 cells, respectively, for 2 h at 4°C. Unbound viral
particles were removed by washing with ice-cold PBS five times. Total RNA was extracted, and the
relative PEDV RNA level was analyzed by quantitative PCR as described in Materials and Methods. Data
are presented as mean values = SD (error bars) for three independent experiments performed in
triplicate.

gens, including CBVY, influenza virus, Ebola virus, vaccinia virus, HIV, and coronaviruses
(31). As described above, we observed that PEDV infection induced the internalization
of occludin, which might be due to its removal from the cell surface by macropinocy-
tosis pathways (23). To determine whether macropinocytosis is involved in occludin
and virus internalization, Vero E6 cells were pretreated with 5-(N-ethyl-N-isopropyl)
amiloride (EIPA), which has largely been described as a macropinocytosis inhibitor (32).
After treatment, the medium with EIPA was removed, and PEDV was added. The
separation of EIPA treatment and virus incubation was done to ensure that the inhibitor
was able to act only on host cells, not on the virus. We compared occludin and virus
internalization levels in cells treated with a nontoxic dose of EIPA or with dimethyl
sulfoxide (DMSO), the carrier control. As shown in Fig. 6A, EIPA prevented occludin and
virus internalization. These data indicate that both occludin internalization and virus
entry occur through a macropinocytotic pathway during PEDV infection. In these cells,
EIPA pretreatment reduced the efficiency of PEDV infection (Fig. 6B) and decreased the
viral yield (Fig. 6E). As was the case with Vero E6 cells, EIPA prevented occludin and
virus internalization in PEDV-infected IPEC-J2 cells (Fig. 6C) and hampered virus infec-
tion (Fig. 6D) and subsequent replication (Fig. 6F). In addition, another macropinocy-
tosis inhibitor, rottlerin (33), was used and showed similar patterns of inhibition of virus
infection (Fig. 6E and F). Because we observed that the internalization of occludin
through macropinocytosis is tightly associated with PEDV infection, the role of occludin
in virus entry was further examined. We pretreated Vero E6 cells with EIPA to block the
internalization of occludin (Fig. 6A) and then tested the virus distribution by using
confocal microscopy. As shown in Fig. 7A, viral particles were randomly distributed in
the perinuclear cytoplasm of DMSO-treated Vero E6 cells, while EIPA pretreatment
trapped viral particles at the cellular junctional region and prevented them from
entering the cytoplasm. However, only weak colocalization of occludin with PEDV
protein was detected; thus, the occludin protein does not appear to interact directly
with the virus. Similar results were obtained with IPEC-J2 cells (Fig. 7B). These findings
reveal that inhibitors that block macropinocytosis block both occludin internalization
and virus entry. It is worth mentioning that these results are similar to the reported
macropinocytosis of CBV (23), suggesting that macropinocytosis-mediated occludin
internalization is involved in PEDV entry.

To determine whether macropinocytosis is required for PEDV infection at a late
stage, EIPA was added to the target cells after virus entry had occurred (4 hpi).
Experiments showed that EIPA treatment did not block the internalization of occludin
in virus-infected cells (data not shown). This macropinocytosis inhibitor did not inhibit
PEDV entry and replication in either Vero E6 (Fig. 8A and B) or IPEC-J2 (Fig. 8C and D)
cells. These data suggest that macropinocytosis or a macropinocytosis-like process is
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FIG 6 Macropinocytosis inhibitors block PEDV infection. (A and C) Occludin and virus internalization is blocked when cells are
treated with EIPA. Vero E6 (A) and IPEC-J2 (C) cells were pretreated with the macropinocytosis inhibitor EIPA (50 uM) or the
carrier control DMSO for 60 min. Cells were washed and infected with PEDV at MOIs of 0.1 and 1, respectively. At 12 hpi, cell
monolayers were fixed and stained for PEDV (red), occludin (green), and the nucleus (blue). (B and D) Immunofluorescence
assay to detect PEDV infection. Vero E6 and IPEC-J2 cells were treated with DMSO or EIPA for 1 h, followed by infection with
PEDV at MOlIs of 0.1 and 1, respectively. At 24 h postinoculation, cell monolayers were fixed, and the numbers of PEDV-positive
cells were determined by immunofluorescence assay. (E and F) Macropinocytosis inhibitors reduce PEDV yields as determined
by TCID,, assay. Monolayers were exposed to PEDV for 1 h after treatment with DMSO, EIPA, or rottlerin (10 uM). At 48 hpi,
virus yields were determined by a TCID, assay with Vero E6 cells. Data are shown as means = SD for three separate
experiments. *, P < 0.05. The P value was calculated using Student’s t test.

involved in virus entry during early events of infection. Taken together, our data show
that virus entry and the tight junction protein occludin seem to be closely coupled,
suggesting that the occludin protein may serve as a scaffold in the vicinity of virus
entry.

DISCUSSION

Tight junctions are composed of a group of highly specialized membrane proteins
responsible for many important cellular functions. One of the key functions is to
maintain adjacent cells close enough to each other to avoid the free passage of
microorganisms across the paracellular space (34, 35). This tight junctional structure is
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FIG 7 Macropinocytosis inhibitor inhibits PEDV entry. Vero E6 (A) and IPEC-J2 (B) cells were treated with EIPA
for 1 h, followed by infection with PEDV at MOls of 0.1 and 1, respectively, for a further 4 h. Cell monolayers
were fixed, and triple-color immunofluorescence staining was performed to detect the PEDV spike protein
(red), occludin (green), and the nucleus (blue). Images are representative of three independent experiments.

widely distributed in epithelial cells as a primary physical barrier, especially in the
intestinal epithelium. Emerging evidence indicates that tight junctions are not an
absolute barrier but rather an important component in the infection of several viruses
(21). In this study, we found that internalization of the tight junction protein occludin
occurs by a macropinocytosis-like process upon PEDV infection. Inhibitors that block
macropinocytosis can block both occludin internalization and virus entry. These data
along with the fact that occludin knockdown impairs PEDV infection strongly suggest
that occludin plays an essential role in the PEDV entry process.

To infect its host, a virus must first enter target cells at the body surface. The most
common route of viral entry is to break epithelial cell barriers to establish infection.
Tight junctions correlate with the maintenance of the paracellular barrier function in
epithelial cells even when epithelial cells divide (36, 37). In the experiments reported
here, we demonstrated, for the first time, that PEDV induces occludin internalization in
virus-infected cells, indicating an alteration in the barrier properties of the epithelium.
In addition, the relocalization of occludin upon PEDV infection is also seen in nonin-
fected cells, suggesting indirect effects of PEDV on the cellular distribution of occludin.
Since others have reported that PEDV-infected Vero E6 and IPEC-J2 cells do not produce
type | interferon (38, 39), we infer that the internalization of occludin in noninfected
cells may be induced by some other pathophysiologic stimuli, such as proinflammatory
cytokines (40). Jung and colleagues demonstrated that PEDV infection resulted in
structurally altered tight junction proteins ZO-1 and E-cadherin in the villous epithelium
in vivo (41). Other viruses that are capable of causing diarrhea, such as rotaviruses,
infect intestinal columnar epithelial cells and significantly alter the distribution of the
tight junction proteins claudin-1 and occludin to promote virus infection (42). A similar
event has been observed during human CBV infection, which alters the integrity of
tight junctions and induces occludin internalization (23). Surprisingly, we observed that
PEDV upregulates the expression level of the occludin protein. In most cases, host cells
that were infected with pathogens showed decreased expression of tight junction
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FIG 8 Macropinocytosis inhibitor does not affect virus infection at a late stage. (A and C) PEDV infection was determined
by immunofluorescence assay. Vero E6 (A) and IPEC-J2 (C) cells were infected with PEDV for 4 h and then incubated in
medium containing DMSO or EIPA. Twenty-four hours after inoculation, the cell monolayers were fixed and examined
for PEDV infection by immunofluorescence assay with FITC-conjugated PEDV spike protein MAb. The PEDV-positive cells
were counted in three independent experiments, and values shown are means = SD. *, P < 0.05. The P value was
calculated using Student’s t test. (B and D) Virus yields were determined by TCID,, assay. Monolayers were first
inoculated with PEDV and then incubated in medium containing DMSO or EIPA. At 48 hpi, virus yields were determined
by a TCID,, assay with Vero E6 cells. All values are representative of three independent experiments.

proteins, such as claudin-1 and occludin (43-46). Although it is not clear why PEDV
induces the upregulation of occludin, there are two likely possibilities. The first is that
the maintenance of the epithelial barrier is associated with restoration of tight junction
structures and increased expression of tight junction proteins (47, 48). The second
possibility is that the inflammatory mediators secreted by virus-infected cells play
important roles in the modification of tight junction protein expression (25, 49, 50).

Currently, it seems that PEDV infection is initiated by binding of the viral spike
protein to the cellular receptor porcine APN, followed by the entry process (17, 18, 51).
Contradictory results have been reported concerning the PEDV functional receptor.
Shirato et al. reported that porcine APN is not a cellular receptor of PEDV (52),
suggesting that some other cellular factor(s) might be involved in infection by PEDV.
Here we show that overexpression of occludin facilitates PEDV infection and that
knockdown of occludin expression inhibits virus infection in PEDV-susceptible cell lines.
However, upon overexpression of occludin, a PEDV-resistant cell line remained unsus-
ceptible to PEDV. These data suggest that the tight junction protein occludin contrib-
utes to PEDV infection and acts as an entry cofactor. Similarly, CBV can use the tight
junction protein occludin as a coreceptor to infect polarized epithelium (23). Addition-
ally, human occludin is an HCV entry factor required for infection of mouse cells (24).

Numerous viruses have been found to use proteins of more than one molecular
species as receptors for cell infection. Distinct receptor interactions may be required for
specific events in the process of virus infection, such that one receptor may permit virus
to attach to the cell surface and a second may facilitate virus entry into the cytoplasm
(53). Our data show that the occludin protein does not mediate the initial attachment
of virions to target cells, suggesting that occludin appears not to interact directly with
virus at the cell surface. These findings indicate that another attachment receptor(s),
such as cell surface heparan sulfate (54), may serve to bind the viral particles and thus
help to concentrate viruses on the cell surface.

It has been known that coronavirus entry into cells occurs via direct fusion at the
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TABLE 1 PCR primers used for this study

Primer Sequence (5'-3')

occludin-F@ CCGCTCGAGATGTCATCCAGGCCTCTTGAA
occludin-R? ATTTGCGGCCGCCTACTTGTCGTCATCGTCTTTGTAGTCTGTTTTCCTTCGATCATAAT
PEDV-F? GCACTTATTGGCAGGCTTTGT

PEDV-R? CCATTGAGAAAAGAAAGTGTCGTAG
occludin-F® ACGAGCTGGAGGAAGACTGGATC
occludin-R? GATCCCTTAACTTGCTTCAGTCTATTG
claudin-1-F® CCTACGCTGGTGACAACATTG

claudin-1-Rt CACTTCATGCCAACAGTGGC

Monkey B-actin-Fo AGGCTCTCTTCCAACCTTCCTT

Monkey B-actin-R® CGTACAGGTCTTTACGGATGTCCA

Porcine B-actin-F® CTTCCTGGGCATGGAGTCC

Porcine B-actin-Rt GGCGCGATGATCTTGATCTTC

aA Flag tag (underlined) was fused at the carboxyl terminus of occludin by PCR and was cloned into the Xhol (bold) and Notl (italics) sites in the pLVX-IRES-ZsGreen1
vector.
bUsed for relative quantitative PCR.

plasma membrane or by endocytosis (51). Previous research reported that occludin not
only is a key player in transepithelial barrier function but also may be involved in the
biogenesis of endocytic vesicles (55). In this study, we found that EIPA, a hallmark
inhibitor of macropinocytosis, inhibited occludin internalization and PEDV entry. Im-
munofluorescence microscopy data provide solid evidence that EIPA traps viral parti-
cles at the junctional regions of virus-infected cells. Our findings suggest that macropi-
nocytosis of virus is coupled to the internalization of occludin. Macropinocytosis has
emerged as a major form of endocytosis in which small particles are brought into cells.
Many viruses, such as HIV and influenza A virus, employ macropinocytosis to gain entry
into host cells (31, 56, 57). However, once viral entry has occurred, EIPA cannot block
PEDV infection, suggesting that macropinocytosis- or macropinocytosis-like process-
mediated virus entry is an early event in virus infection. Moreover, although we
demonstrated that the tight junction protein occludin is an important PEDV entry
factor, significant colocalization of occludin with PEDV protein was not evident, which
suggests that occludin may serve as a scaffold in the vicinity of virus entry.

Based on these results, we conclude that although occludin does not directly bind
PEDV on the cell surface and is not associated with PEDV in the cytoplasm, it is
nonetheless essential for early steps of virus entry. Although the detailed interplay
between occludin and PEDV remains incompletely understood, it is possible that
occludin facilitates virus internalization by recruiting some other regulatory molecules.
Further work is needed to conclusively answer this question. Together, these findings
provide novel insights into PEDV infection and spreading, which might be valuable for
understanding PEDV-related pathogenesis.

MATERIALS AND METHODS

Cells and viruses. Vero E6 (African green monkey kidney epithelial cells), IPEC-J2 (porcine
intestinal epithelial cell clone J2), and BHK (baby hamster kidney fibroblasts) cell lines were grown
and maintained in Dulbecco minimum essential medium (DMEM) supplemented with 10% heat-
inactivated fetal bovine serum (FBS; Thermo Fisher) (58). All cells were cultured in a humidified
atmosphere at 37°C and 5% CO,. PEDV strain CV777 (GenBank accession number KT323979) was
grown and titrated in Vero E6 cells.

Overexpression of occludin in Vero E6 and IPEC-J2 cells. The occludin gene was amplified from
porcine intestinal epithelium cDNA by use of the primers listed in Table 1 and then cloned into the
bicistronic lentivirus vector pLVX-IRES-ZsGreen1 (Clontech). The nucleotide sequences of the plasmids
expressing occludin were determined to ensure that the correct clones were used in this study. The
packaging and production of lentiviral vectors were performed as previously described (59). When Vero
E6 and IPEC-J2 cells reached 80% confluence, cell monolayers were transduced with recombinant
lentivirus at a multiplicity of infection (MOI) of 20 with 4 wg/ml Polybrene (Sigma). At 24 h postincuba-
tion, the cells and supernatants were harvested for further analysis.

RNA interference. Small interfering RNA (siRNA) duplexes were introduced to knock down endog-
enous occludin expression. Vero E6 and IPEC-J2 cells were transfected with 100 nM occludin-specific or
scrambled control siRNA duplexes (Table 2) by use of Lipofectamine RNAIMAX reagent (Invitrogen)
according to the manufacturer’s instructions. Twenty-four hours after transfection, cells were prepared
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TABLE 2 Sequences of siRNA sense strands used to ablate occludin protein expression in
Vero E6 or IPEC-J2 cells

Sense strand sequence

Double-stranded RNA (5'-3") Target

SiRNA 1 UUGUAAGCUCUUGUACUCCTT Monkey occludin
SiRNA 2 UAAGCUCUUGUACUCCUGCTT Porcine occludin
Control siRNA UUCUCCGAACGUGUCAGCUTT Scrambled sequence

and assayed for specific gene silencing by immunofluorescence microscopy and Western blotting. In
some experiments, at 24 h posttransfection, PEDV infection was performed at MOls of 0.1 and 1 for Vero
E6 and IPEC-J2 cells, respectively.

Pharmacological inhibitors. The macropinocytosis inhibitors 5-(N-ethyl-N-isopropyl) amiloride (EIPA)
and rottlerin (60, 61) (Sigma) were used at 50 uM and 10 uM, respectively. Vero E6 and IPEC-J2 cells were
pretreated with inhibitors or the carrier control DMSO for 1 h at 37°C. After removal of the drugs, cell
monolayers were infected with PEDV at MOIs of 0.1 and 1 for Vero E6 and IPEC-J2 cells, respectively. At
4 or 12 hpi, the cells were fixed for subsequent determination of the occludin distribution and virus
infection. In some experiments, cells were first infected with PEDV for 4 h and then incubated with the
drugs as described above to assess the effects of drugs on virus replication.

Virus binding assay. At 24 h post-siRNA transfection, Vero E6 and IPEC-J2 cells were washed with
ice-cold phosphate-buffered saline (PBS) and then incubated with PEDV for 2 h at 4°C, at MOls of 0.1 and
1, respectively. The exposed cells were then washed five times with ice-cold PBS to remove excess virions.
Viral RNA was quantified by quantitative PCR.

Quantitative PCR. RNA extraction, reverse transcription (RT), and quantitative PCR were performed
as previously described (62). In brief, relative quantification was performed by the cycle threshold (AAC,)
method (63). All the gene-specific primers are listed in Table 1.

Confocal immunofluorescence microscopy. Confocal microscopy was performed as described
previously (64), with slight modifications. After various treatments, the Vero E6 and IPEC-J2 cell mono-
layers were washed twice with PBS and fixed in methanol for 20 min at —20°C. After blocking, cells were
incubated with rabbit anti-occludin polyclonal antibody (Thermo Fisher) or rabbit anti-claudin-1 mono-
clonal antibody (MAb) (Santa Cruz Biotechnology). After washing, cells were incubated with fluorescein
isothiocyanate (FITC)/tetramethyl rhodamine isocyanate (TRITC)-conjugated goat anti-rabbit or anti-
mouse IgG (Jackson ImmunoResearch). For some experiments, cells were incubated with mouse anti-
PEDV spike protein MAb (Median Diagnostics, South Korea) followed by incubation with FITC/TRITC-
conjugated goat anti-mouse IgG (Jackson ImmunoResearch). Lastly, cells were stained with DAPI
(4',6-diamidino-2-phenylindole) for 5 min and then examined with a Leica SP2 laser scanning spectrum
confocal system (Leica Microsystems).

Immunofluorescence assay. An immunofluorescence assay was performed as previously described
(58). Briefly, Vero E6 and IPEC-J2 cell monolayers were inoculated with PEDV at MOlIs of 0.1 and 1,
respectively. At 24 hpi, cells were fixed, stained with mouse anti-PEDV spike protein MAb (Median
Diagnostics, South Korea), and then incubated with FITC/TRITC-conjugated goat anti-mouse IgG (Jackson
ImmunoResearch). Fluorescence was visualized with an Olympus inverted fluorescence microscope
equipped with a camera.

Western blot assay. Western blot analysis was done as described previously (65), with slight
modifications. Typically, samples were separated by SDS-PAGE under reducing conditions and trans-
ferred to a polyvinylidene difluoride (PVDF) membrane. After blocking, the membranes were incubated
with a primary antibody and then incubated with an IRDye-conjugated secondary antibody (Li-Cor). The
rabbit anti-occludin polyclonal antibody was purchased from Abcam. The rabbit anti-claudin-1 MAb and
mouse anti-B-actin MAb were purchased from Santa Cruz Biotechnology. The mouse anti-PEDV nucleo-
capsid protein MAb was prepared in our laboratory.

Statistical analysis. Values are expressed as means * standard deviations (SD). Data were analyzed
using Student’s t test and analyzed using Prism 5. P values of <0.05 were considered significant.

Accession number(s). The nucleotide sequences of the plasmids encoding occludin were deposited
in GenBank under accession number NM_001163647.2.
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