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ABSTRACT Porcine deltacoronavirus (PDCoV) is a recently discovered coronavirus that
poses a potential threat to the global swine industry. Although we know that amino-
peptidase N (APN) is important for PDCoV replication, it is unclear whether it is the pri-
mary functional receptor, and the mechanism by which it promotes viral replication is
not fully understood. Here, we systematically investigated the roles of porcine APN
(pAPN) during PDCoV infection of nonsusceptible cells, including in viral attachment
and internalization. Using a viral entry assay, we found that PDCoV can enter nonsus-
ceptible cells but then fails to initiate efficient replication. pAPN and PDCoV virions
clearly colocalized with the endocytotic markers RAB5, RAB7, and LAMP1, suggesting
that pAPN mediates PDCoV entry by an endocytotic pathway. Most importantly, our
study shows that regardless of which receptor PDCoV engages, only entry by an endo-
cytotic route ultimately leads to efficient viral replication. This knowledge should con-
tribute to the development of efficient antiviral treatments, which are especially useful
in preventing cross-species transmission.

IMPORTANCE PDCoV is a pathogen with the potential for transmission across diverse
species, although the mechanism of such host-switching events (from swine to other
species) is poorly understood. Here, we show that PDCoV enters nonsusceptible cells
but without efficient replication. We also investigated the key role played by amino-
peptidase N in mediating PDCoV entry via an endocytotic pathway. Our results dem-
onstrate that viral entry via endocytosis is a major determinant of efficient PDCoV
replication. This knowledge provides a basis for future studies of the cross-species
transmissibility of PDCoV and the development of appropriate antiviral drugs.
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Porcine deltacoronavirus (PDCoV) (genus Deltacoronavirus; family Coronaviridae) is a
recently discovered enteropathogenic swine coronavirus (CoV) that poses a threat to

sows and nursing piglets, often with lethal outcomes (1–6). There are currently PDCoV
outbreaks in several countries, resulting in economic losses to the swine industry (7). It is
believed to originate from sparrow CoV HKU17 because the two viruses are closely
related (8). CoVs have a remarkable capacity to change tropism and may frequently cross
the host species barrier. In fact, over the past 30 years, several cross-species transmission
events, as well as changes in viral tropism, have resulted in significant outbreaks of ani-
mal and human diseases (9, 10). Many important pathogens, such as the endemic severe
acute respiratory syndrome coronavirus, human coronavirus HKU1 (HCoV-HKU1), HCoV-
229E, HCoV-NL63, HCoV-OC43, and Middle East respiratory syndrome coronavirus, have
a zoonotic origin (11–17). Notably, PDCoV is reported to successfully infect chickens and
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calves (18, 19). Therefore, studying the entry mechanism of PDCoV may provide insight
into the likelihood of future host-switching events from swine to other species.

Aminopeptidase N (APN) is a ubiquitous transmembrane ectoenzyme that is report-
edly involved in a number of processes, including cell survival, cell migration, angio-
genesis, blood pressure regulation, and virus uptake (20, 21). Porcine aminopeptidase
N (pAPN) is reported to act as a functional receptor for PDCoV (22, 23), and it has been
shown that PDCoV can use APN from many different species (including humans) as a
receptor for entry into nonsusceptible cells (23). However, Zhu et al. provided some
evidence that pAPN contributes to viral entry but does not act as the primary receptor
for PDCoV (24). Although APN is a functional receptor of PDCoV, the mechanism by
which APN mediates PDCoV entry remains unclear.

To address these issues, we systematically evaluated the role of pAPN during
PDCoV infection. We established stable pAPN expression in nonsusceptible cells to
investigate the impact of pAPN on viral entry. Our findings indicate that pAPN is critical
for PDCoV replication in nonsusceptible cells. We also demonstrate that whereas
PDCoV can attach to and enter nonsusceptible cells, it fails to replicate efficiently in
them. Finally, we demonstrate that APN is an entry cofactor for PDCoV and that only
pAPN-mediated PDCoV internalization via an endocytotic pathway initiates efficient
PDCoV replication.

RESULTS
Exogenous pAPN expression in nonsusceptible HEK293 and HEK293T cells

permits PDCoV infection. To investigate the role of APN in PDCoV replication, we first
constructed cell lines stably expressing pAPN, using the PiggyBac transposon system,
in otherwise nonsusceptible cell lines (Fig. 1A). Cell surface labeling with APN indicated
that APN was expressed at the cell surface (data not shown). Stable pAPN expression
in the resulting HEK293T-APN and HEK293-APN cell lines was further confirmed by
Western blotting (Fig. 1B). To examine the role of APN in these cell lines, we infected

FIG 1 pAPN expression allows PDCoV replication in nonsusceptible HEK293 and HEK293T cells. (A) Scheme of the PiggyBac transposon system. ITR, internal
transcribed spacer region; CMV, cytomegalovirus; SV40, simian virus 40. (B) HEK293-APN or HEK293T-APN cells were plated into six-well plates, and after 24
h, stable pAPN expression was confirmed by Western blotting using an anti-Flag antibody, with actin as the loading control. (C) HEK293, HEK293-APN,
HEK293T, and HEK293T-APN cells were infected with PDCoV at an MOI of 0.1 in the presence of 200 ng/ml trypsin. PDCoV N protein was analyzed by
immunofluorescence at 48 h postinfection (hpi). (D and E) Viral RNA in HEK293T and HEK293T-APN cells was collected at the indicated times (hours
postinfection) and quantified by qPCR (D), and viral titers were quantified at 72 h (E). Each experiment was repeated at least three times. Error bars
represent standard deviations (SD). *, P , 0.05; **, P , 0.01. TCID50, 50% tissue culture infective dose.
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HEK293-APN, HEK293T-APN, and both parental cell lines with PDCoV at a multiplicity
of infection (MOI) of 0.1 and tested for viral replication at 24 h postinfection (hpi) by
immunofluorescence. We found that only very few of the parental HEK293 and
HEK293T cells were infected by PDCoV, whereas those expressing pAPN were highly
susceptible to PDCoV infection (Fig. 1C). We also evaluated APN’s role in nonsuscepti-
ble BHK-21 cells, with similar results (data not shown). The viral RNA levels and viral
titers in the pAPN-expressing cell lines were also higher than those in the parental cell
lines (Fig. 1D and E). All these data suggest that pAPN expression permits PDCoV entry
and replication in nonsusceptible cell lines.

pAPN promotes PDCoV attachment and entry in a viral-dose-dependent
manner in nonsusceptible cells. We next investigated the step in the viral replication
cycle that is affected by pAPN, starting with attachment and entry. To evaluate pAPN’s
role in viral attachment, we first inoculated HEK293 and HEK293-APN cells with PDCoV
at the same MOI (0.01), allowed the virus to attach to the cells for 2 h at 4°C, and then
washed the cells three times with cold phosphate-buffered saline (PBS). The viral RNA
was extracted and measured by real-time PCR. To our surprise, there was no significant
difference in the attachment of PDCoV to HEK293 and HEK293-APN cells at a low MOI
of 0.01 (Fig. 2A). However, when the infection dose was increased to an MOI of 0.1, 1,
or 100, PDCoV attachment was significantly increased in the HEK293-APN cells com-
pared with that in the parental control cells (Fig. 2B to D).

We next evaluated whether pAPN is involved in PDCoV entry after PDCoV inocula-
tion. We first inoculated HEK293 and HEK293-APN cells with PDCoV at the same MOI
(0.01), allowed the virus to enter the cells for 2 h at 37°C, and then washed the cells
three times with cold PBS. The viral RNA was extracted and measured by real-time PCR,
which detected no significant difference in the entry of PDCoV into the parental
HEK293 and HEK293-APN cells (Fig. 2A). Similar to the attachment results, PDCoV entry

FIG 2 pAPN promotes PDCoV attachment and entry in a viral-dose-dependent manner. (A to D) HEK293 and HEK293-APN cells were plated into six-well
plates, and at 90% confluence, the cells were infected at an MOI of 0.01 (A), an MOI of 0.1 (B), an MOI of 1 (C), or an MOI of 100 (D). The cells were then
subjected to attachment and entry assays. At 24 h postinfection, the viral RNA copies were confirmed as the positive infection control. (E to H) IPI-21 cells
were plated into 12-well plates, and at 90% confluence, the cells were transfected with siRNA-3 or the scrambled siRNA control. After 24 h, the cells were
infected at an MOI of 0.01 (E), an MOI of 0.1 (F), an MOI of 1 (G), or an MOI of 100 (H). The cells were then subjected to attachment and entry assays. At
24 h postinfection, the viral RNA copies were confirmed as the positive infection control. Each experiment was repeated at least three times. Error bars
represent SD. *, P , 0.05; NS, not significantly different.
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was significantly higher in the pAPN-expressing cells at the higher infection doses
(MOI = 0.1, 1, or 100) (Fig. 2B to D). The viral RNAs were also quantified at 24 h postin-
fection as the positive control. This indicated that pAPN significantly promotes PDCoV
replication (Fig. 2A to D). To confirm the role of pAPN, we knocked down endogenous
pAPN expression with a specific small interfering RNA (siRNA) (siRNA-3) in porcine epi-
thelioid intestinal (IPI-21) cells. The knockdown efficacy is illustrated in Fig. 3C. We then
performed attachment and entry assays in IPI-21 cells. The results indicated that, unlike
HEK293 cells, pAPN did not influence the attachment of PDCoV to IPI-21 cells, except
when the MOI was 100 (Fig. 2E to H). However, PDCoV entry and replication were sig-
nificantly reduced by pAPN knockdown in IPI-21 cells (Fig. 2E to H). These results dem-
onstrate that nonsusceptible cells lacking pAPN expression still allow PDCoV attach-
ment and entry.

pAPN promotes PDCoV internalization. We next investigated how pAPN affects
the PDCoV life cycle. Because a previous study indicated that pAPN contributes to the
early steps of PDCoV replication (24), we first tested whether PDCoV is internalized into
cells, which we detected at the protein level. We first performed this experiment at a
lower MOI, but it was very difficult to detect the viral N protein at that MOI (data not
shown). Therefore, we performed this experiment at a higher MOI of 100. HEK293 and
HEK293-APN cells were infected at the high MOI (100) at 37°C, and after 2 h, the inter-
nalized virions were quantified by Western blotting. The procedure is shown in Fig. 3A.
The infected cells were treated with pronase before the internalized virions were puri-
fied to exclude any virions on the cell surface. PDCoV successfully entered the cells

FIG 3 pAPN promotes PDCoV internalization. (A) Scheme of the PDCoV entry assay. The same quantities of HEK293 and HEK293-APN cells were plated into
10-cm2 dishes, and after the cells had adhered, they were infected with PDCoV at an MOI of 100 for 2 h at 37°C. The cells were then harvested, treated
with pronase (7 mg/ml), washed three times with ice-cold PBS, and centrifuged at 500 � g for 7 min at 4°C. The cell pellet was treated with hypotonic lysis
buffer, lysed with a Dounce homogenizer, and centrifuged at 1,000 � g for 4 min at 4°C to remove the nuclear pellet. The supernatant fraction was
centrifuged at 144,000 � g for 2 h at 4°C in a 50% sucrose solution in PBS. (B) The pellet fraction was analyzed by Western blotting (WB). The protein
bands were then quantified by densitometry relative to the levels of N protein. This experiment was performed three times. A representative result is
shown. (C) Knockdown of pAPN in IPI-21 cells. IPI-21 cells were transfected with either the indicated pAPN-specific siRNAs (100 nM siRNA-1 to 24) or
100 nM scrambled siRNA control (nontargeting control [NC]). At 24 h posttransfection (hpt), pAPN was quantified by Western blotting. This experiment was
performed three times, and a representative result is shown. (D) Knockdown of pAPN reduced PDCoV replication in IPI-21 cells. IPI-21 cells were transfected
with the indicated pAPN-specific siRNAs (100 nM siRNA-1 to -4) or 100 nM scrambled siRNA control (siScr) and then infected with PDCoV at an MOI of 100
for 2 h at 37°C, as described above. The protein bands then were quantified by densitometry relative to the levels of N protein. This experiment was
performed three times. A representative result is shown. (E) Upon reaching 80% confluence, HEK293 cells were cotransfected with 1 mg of the pAPN-Flag
plasmid (or the control vector). At 24 hpt, the cells were infected with PDCoV at an MOI of 100 at 37°C. After 2 h, we detected the internalized virions by
immunofluorescence specific for the viral N protein. Each experiment was repeated at least three times. (F) The internalization ratios were analyzed as the
number of cells with internalized virions/total cell numbers. Error bars represent the SD. *, P , 0.05.
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regardless of their pAPN expression (Fig. 3B), although the quantity of internalized viri-
ons was significantly smaller when pAPN was absent (Fig. 3B).

We confirmed this finding in IPI-21 cells. We knocked down endogenous pAPN with
specific siRNAs (siRNA-1, siRNA-2, siRNA-3, or siRNA-4) or a nonspecific scrambled con-
trol siRNA (siScr) in IPI-21 cells and found that siRNA-2, siRNA-3, and siRNA-4 signifi-
cantly knocked down pAPN expression (Fig. 3C). Cells transfected with these specific
siRNAs or the nonspecific scrambled siRNA were then inoculated with PDCoV at 24 h
posttransfection (hpt), and the level of PDCoV replication was measured 48 h later. As
shown in Fig. 3D, the knockdown of pAPN significantly suppressed the production of
PDCoV compared with that in the siScr-transfected control cells.

To identify the step that is influenced by pAPN, we visualized the internalization sta-
tus of the virus by immunofluorescence. HEK293 cells were transfected with 1 mg of
the pAPN-Flag plasmid (or the control vector), and 24 h later, the cells were infected
with PDCoV at an MOI of 100 at 37°C. After 2 h, we detected the PDCoV N protein by
immunofluorescence. To our surprise, without pAPN expression, the majority of PDCoV
virions localized to the cell surface, and a few virions were detected in the cytoplasm
(Fig. 3E and F). In contrast, in the pAPN-expressing cells, most of the virions were found
within the cytoplasm (Fig. 3E and F). This finding demonstrates that pAPN significantly
facilitates the internalization of PDCoV virions.

pAPN may mediate PDCoV internalization via an endocytotic pathway. Many
CoVs are known to enter host cells predominantly via an endocytotic pathway, so we
hypothesized that PDCoV internalization is related to endocytosis. We first evaluated
whether the location of pAPN correlates with the endocytotic route. Because RAB5,
RAB7, and LAMP1 are cellular proteins commonly involved in viral trafficking through
the early endosome, late endosome, and lysosome, respectively, we investigated
whether pAPN is trafficked via these compartments. We cotransfected HEK293 cells
with plasmids encoding pAPN and fluorescently labeled RAB5, RAB7, or LAMP1 and
found significant colocalization 2 h after viral inoculation (Fig. 4A to C, left). Based on
these results, we speculated that pAPN mediates PDCoV internalization through an
endocytotic pathway. To determine whether pAPN is essential for the endocytotic
internalization of PDCoV, we first coexpressed pAPN and fluorescently labeled RAB5,
RAB7, or LAMP1 in HEK293 cells, and 24 h later, we infected the cells with PDCoV at an
MOI of 100. After 2 h, we detected the colocalization of pAPN and PDCoV with RAB5,
RAB7, and LAMP1 (Fig. 4A to C, left). Most importantly, PDCoV inoculation significantly
increased the colocalization of pAPN with RAB5, RAB7, and LAMP1 (Fig. 4A to C, right).
This indicated that pAPN may mediate PDCoV internalization via an endocytotic
pathway.

Inhibition of endosomal acidification and lysosomal proteases significantly
reduced PDCoV replication in susceptible and less susceptible cells. Because most
CoVs require endosomal acidification and lysosomal proteases for their efficient replica-
tion, we tested the effect of the specific inhibition of endosomal acidification and lysoso-
mal proteases on PDCoV replication in a susceptible cell line, LLC-PK. The endosomal acidi-
fication inhibitor bafilomycin A1 (Baf-A1) and the lysosomal protease inhibitor CA-074
were tested for cell toxicity by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide assay (data not shown). The results indicated that both Baf-A1 and CA-074 signifi-
cantly reduced the replication of PDCoV (Fig. 5A to D). These data demonstrate that
PDCoV also uses the endocytotic pathway to initiate efficient viral replication in suscepti-
ble LLC-PK cells. To confirm that pAPN mediates its entry via endocytosis, we then pre-
treated HEK293-APN cells with dynasore, an endocytosis inhibitor. Dynasore significantly
blocked the entry of PDCoV into HEK293-APN cells (Fig. 5E).

Although HeLa and Vero cells do not express APN, they support PDCoV replication to
some extent. Therefore, we investigated whether an endocytotic pathway is a determi-
nant for efficient viral replication. We treated both these cell lines with Baf-A1 or CA-074
before PDCoV infection and found that both inhibitors significantly reduced PDCoV repli-
cation (Fig. 6A to F). These data suggest that regardless of receptor usage, only entry via
an endocytotic pathway leads to efficient PDCoV replication.
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DISCUSSION

PDCoV is an emerging enteropathogenic swine virus, and its potential for cross-spe-
cies transmission (23) makes understanding its entry mechanism very important. APN
is the major receptor for most alphacoronaviruses, including porcine, feline, and
human CoVs (25–27). To resolve a recent dispute about whether APN is a critical func-
tional receptor for PDCoV (22–24), we demonstrate here that the stable expression of
pAPN in otherwise nonsusceptible HEK293 and HEK293T cells rendered those cells sus-
ceptible to PDCoV infection (Fig. 1). This conclusion is also supported by previous stud-
ies that showed that pAPN expression renders other nonsusceptible cells, such as BHK,
HeLa, and Vero cells, susceptible to PDCoV infection (22–24). Furthermore, APN from
other species can also facilitate PDCoV infection in nonpermissive cells (23). All these
data support the notion that APN is an important cofactor for PDCoV entry. However,
our data also support the existence of an alternative receptor(s) because PDCoV

FIG 4 pAPN may mediate PDCoV internalization via an endocytotic pathway. HEK293 cells were plated into confocal dishes, and
upon reaching 80% confluence, they were cotransfected with 1 mg of the pAPN-Flag plasmid (or the control vector) and either
1 mg of Rab5-BFP (blue) (A), 1 mg of Rab7-EGFP (green) (B), or 1 mg of LAMP1-RFP (red) (C). The cells were then infected with
PDCoV (MOI = 100) for 2 h at 37°C, and the N protein was visualized by an immunofluorescence assay. The colocalization ratios
in the right panel were analyzed with ImageJ. Error bars represent the SD. *, P , 0.05.
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attachment and entry were not influenced by pAPN at a low infectious dose
(MOI = 0.01). Furthermore, pAPN knockout in IPI-21 and swine testis (ST) cells only
partly reduced PDCoV infection, whereas transmissible gastroenteritis virus (TGEV)
infection was absolutely blocked (23, 24). Recent studies have also demonstrated that
pAPN knockout pigs were susceptible to PDCoV infection, indicating the presence of
another receptor for PDCoV entry (28, 29).

In the present study, although the nonsusceptible cell lines supported PDCoV entry,
the virus failed to replicate efficiently in those cells. We consider that the putative re-
ceptor(s) utilized in nonsusceptible cells is incapable of initiating effective virus-cell
fusion, which is critically dependent upon the interaction between the viral spike (S)
protein and the cell receptor (Fig. 7). CoVs are known to depend upon the acidification
of the endosome (30–32) and the proteolytic activation of the S protein by proteases
along the endocytotic route (33, 34). In a recent study, Zhang et al. demonstrated that
PDCoV initiates protease-mediated entry at the cell surface and that cathepsins facili-
tate its entry into the endosome (35). We believe that PDCoV entry mainly occurs via
the endosomal pathway because PDCoV entry is significantly inhibited by these endo-
some inhibitors. In a recent study, we used a pseudovirus entry assay to demonstrate
that PDCoV entry is not trypsin dependent (36). The inhibition of intracellular proteases
has also been shown to block viral entry and virus-cell fusion (10, 33–35, 37). Therefore,
we conclude that pAPN mediates PDCoV entry into its target cells predominantly via
an endocytotic pathway rather than via membrane fusion at the cell surface (Fig. 7).

CoV entry includes two principal steps, receptor binding and membrane fusion, and
the latter step requires the activation of the viral spike protein by host proteases, par-
ticularly lysosomal proteases (38). Lysosomal proteases have been shown to play a key
role in CoV infection. We agree that IPI-21 and ST cells may have another functional re-
ceptor(s) (23, 24), which may also mediate PDCoV entry by an endocytotic pathway
and may use lysosomal proteases to activate the S protein to facilitate viral membrane
fusion. In nonsusceptible cells, although lysosomal proteases can activate the S protein

FIG 5 Specific inhibitors of endosomal acidification and lysosomal proteases significantly inhibited PDCoV replication in susceptible cells. LLC-PK cells were
treated with the indicated concentrations of bafilomycin A1 (Baf-A1), CA-074 methyl ester, or the same volume of dimethyl sulfoxide (DMSO) (control) for 2
h at 37°C and then infected with PDCoV at an MOI of 0.1. (A and C) Immunofluorescence assay for detecting the viral N protein at 24 h postinfection (hpi).
(B and D) Viral RNA was collected at 24 hpi and quantified by qPCR. (E) HEK293-APN cells were treated with 20 mM dynasore or the same volume of DMSO
(control) for 2 h at 37°C and then infected with PDCoV at an MOI of 1. Viral RNA was collected at 24 hpi and quantified by qPCR. Experiments were
repeated at least three times. Error bars represent the SD. *, P , 0.05.
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and facilitate viral membrane fusion, without a guiding receptor (such as APN) to bring
the virus into an endocytotic pathway, the initiation of efficient replication is difficult.

In summary, we have demonstrated that APN is a cofactor for PDCoV entry and that
although PDCoV can attach to and enter cells lacking APN, it fails to initiate efficient
replication in them. This is probably because pAPN mediates PDCoV internalization via
an endocytotic pathway, and only this pathway can initiate efficient viral replication.

MATERIALS ANDMETHODS
Cells, virus, reagents, and plasmids. The LLC-PK cell line (porcine kidney; ATCC CL-101); human

embryonic kidney HEK293T and HEK293 cells; and BHK, IPI-21 (a porcine intestinal cell line that is always
used as a cell model for PDCoV), HeLa, and Vero cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco, USA) supplemented with 10% fetal bovine serum (HyClone, USA). The HEK293T-
APN and HEK293-APN cell lines (stably expressing pAPN) were generated with the PiggyBac transposon
system, as previously described (36). We chose the HEK293T and HEK293 cell lines for the experiment
because these cells are nonpermissive for PDCoV infection, and the transfection efficiency of HEK293T
and HEK293 cell lines is high, allowing us to investigate the role of APN in PDCoV replication.

PDCoV attachment assay. HEK293 and HEK293-APN cells were seeded into six-well plates, and
when they reached 90% confluence, they were infected with PDCoV at different MOIs (0.01, 0.1, 1, or
100) for 2 h at 4°C. The cells were then washed three times with cold PBS, and the RNA was extracted
and quantified by quantitative PCR (qPCR), as described previously (22).

PDCoV entry assays. HEK293 and HEK293-APN cells were seeded into six-well plates, and upon reach-
ing 90% confluence, they were infected with PDCoV at different MOIs (0.01, 0.1, 1, or 100) for 2 h at 4°C.
The cells were then washed three times with cold PBS and cultured at 37°C under 5% CO2 for another 1 h
to allow virus internalization. Viral entry was quantified by qPCR, as described previously (22).

Virus entry was also detected by a Western blot assay. Briefly, equal numbers of HEK293 and HEK293-
APN cells were plated into 10-cm2 dishes, and after the cells had adhered, they were infected with PDCoV
(MOI = 100) for 2 h at 37°C. The cells were harvested by scraping, treated with 1 ml of DMEM containing
pronase (7 mg/ml), and incubated on ice for 5 min. They were then washed three times with ice-cold PBS
(with centrifugation at 500 � g for 7 min at 4°C). After washing, 2 ml of hypotonic lysis buffer (10 mM Tris-
HCl [pH 8.0], 10 mM KCl, 1 mM EDTA, and a protease inhibitor tablet) was added, and the samples were
incubated on ice for 15 min. The cells were lysed with 15 strokes of pestle B in a Dounce homogenizer.
The lysates were centrifuged at 1,000 � g for 4 min at 4°C to separate the nuclear pellet from the cytosolic
fraction. An aliquot (100 ml) of the supernatant was collected for the actin input, and the remainder was

FIG 6 Inhibition of endosomal acidification and lysosomal proteases significantly reduced PDCoV replication in HeLa and Vero cells. (A and D) HeLa (A) and
Vero (D) cells were treated with the indicated concentrations of CA-074 methyl ester, bafilomycin A1 (Baf-A1), or the same volume of DMSO (control) for 2
h at 37°C and then infected with PDCoV at an MOI of 10 or 1, respectively, for 24 h. Viral N protein was visualized by an immunofluorescence assay. (B, C,
E, and F) Viral RNA was collected at 24 h postinfection and quantified by qPCR. Experiments were repeated at least three times. Error bars represent SD. *,
P , 0.05.
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centrifuged (Beckman SW41 rotor at 144,000 � g for 2 h at 4°C) on 50% sucrose in PBS. After the careful re-
moval of the sucrose, the pellet was resuspended in 40 ml of 4� loading buffer and analyzed by Western
blotting. The band intensity ratios were analyzed using ImageJ software.

Immunofluorescence analysis of PDCoV entry. HEK293 cells were plated into laser confocal dishes,
and upon reaching 80% confluence, they were cotransfected with 1 mg of the pAPN-Flag plasmid (or
the control vector). After 24 h, the cell monolayers were infected with PDCoV (MOI = 100) for 2 h at
37°C. The cells were fixed in 4% paraformaldehyde for 1 h and then treated with 0.1 M glycine for
10 min to neutralize the paraformaldehyde. They were washed three times with PBS, permeabilized with
0.2% Triton X-100 for 1 h, washed three times again, and blocked with 1% bovine serum albumin for
2 h. After the cells were blocked, they were incubated with a mouse anti-N antibody or a rabbit anti-Flag
antibody for 1 h at room temperature and then with an Alexa Fluor 488-conjugated goat anti-mouse
IgG secondary antibody (Sigma) or an Alexa Fluor 568-conjugated goat anti-rabbit IgG secondary anti-
body (Sigma), respectively. To visualize the cell nuclei, the cells were treated with 49,6-diamidino-2-phe-
nylindole (DAPI; Sigma).

Knockdown of pAPN expression in IPI-21 cells with siRNA. Four pAPN-specific siRNAs (siRNA-1
[sense, 59-GCGAGUUGUCACUGUGAUUTT-39; antisense, 59-AAUCACAGUGACAACUCGCTT-39], siRNA-2 [sense,
59-GCGAGAUGGUUUGACUCCAUTT-39; antisense, 59-AUGGAGUCAAACAUCUCGCTT-39], siRNA-3 [sense, 59-
GGUCCACCAUCUACUGCAATT-39; antisense, 59-UUGCAGUAGAUGGUGGACCTT-39], and siRNA-4 [described in
a previous study {22}]) and a scrambled negative siRNA control (siScr) were synthesized by RiboBio, China. IPI-
21 cells were seeded into 12-well plates and transfected with either a pAPN-specific or a negative-control
siRNA that had been diluted to 100 nM in serum-free medium. The knockdown efficacy of pAPN was verified
by Western blotting. The anti-APN antibody was purchased from ABclonal (China).

Subcellular localization of pAPN. HEK293 cells were plated into confocal dishes, and upon reaching
80% confluence, they were cotransfected with 1 mg of the pAPN-Flag plasmid and either 1 mg of Rab5-
blue fluorescent protein (BFP) (blue), 1 mg Rab7-enhanced green fluorescent protein (EGFP) (green), or
1 mg LAMP1-red fluorescent protein (RFP) (red). The cells were then infected with PDCoV (MOI = 100) for
2 h at 37°C, and an immunofluorescence assay was performed, as described above.

Treatment with specific inhibitors. LLC-PK, HeLa, Vero, and HEK293-APN cells were seeded into 24-
well plates, and upon reaching 90% confluence, they were treated with the indicated concentrations of
CA-074 methyl ester (Selleck), Baf-A1 (MedChemExpress [MCE]), or dynasore (MCE) for 2 h at 37°C. The
cells were then infected with the indicated dose of PDCoV for 24 h at 37°C, and an immunofluorescence
assay was performed, as described above.

Statistical analysis. Origin GraphPad Prism 8.0 software was used for all graphical representations.
Statistical significance was analyzed by one-way analysis of variance (ANOVA) and Tukey’s multiple-

FIG 7 Illustration of APN’s role in PDCoV replication. PDCoV attaches to and enters nonsusceptible cells but fails to initiate
efficient replication because pAPN mediates PDCoV internalization via the endocytotic pathway, and only this pathway
initiates efficient viral replication.
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comparison test or the independent-sample Student t test. All P values of ,0.05 were considered statis-
tically significant.
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