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Potassium molybdate blocks APN-dependent coronavirus entry
by degrading receptor via PIK3C3-mediated autophagy
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ABSTRACT Swine enteric coronaviruses pose a significant challenge to the global
pig industry, inflicting severe diarrhea and high mortality rates among piglets, and
resulting in substantial economic losses. In our clinical practice, we observed that the
addition of potassium molybdate (PM) to the feed could dramatically reduce diarrhea
and diarrhea-related mortality in piglets. However, the underlying mechanisms remain
elusive and merit further investigation. In this study, we revealed that PM effectively
inhibited the infection of both aminopeptidase N (APN)-dependent coronaviruses,
transmissible gastroenteritis virus (TGEV), and porcine respiratory coronavirus (PRCV),
both in vitro and ex vivo. Specifically, PM was found to block TGEV and PRCV penetration
by degrading the cell receptor APN through the upregulation of phosphatidylinositol
3-kinase catalytic subunit type 3 (PIK3C3) expression. In addition, knockdown and
knockout of PIK3C3 resulted in the attenuation of PM-induced autophagy, thereby
rescuing APN expression and viral infection. Correspondingly, replenishment of PIK3C3
in PIK3C3-null ST cells restored PM-mediated APN degradation and successfully blocked
viral entry. Furthermore, our findings demonstrated that PM promoted the assembly
of the PIK3C3-BECN1-ATG14 complex, leading to induced autophagic degradation by
upregulating PIK3C3 Ser249 phosphorylation. In vivo experiments further confirmed
that PM-induced PIK3C3-mediated autophagic degradation of APN, thereby limiting the
pathogenicity of TGEV. In summary, our study for the first time identified the mechanism
by which PM blocked TGEV and PRCV internalization by degrading the cell receptor
APN via PIK3C3-mediated autophagy. This study provides valuable insights and potential
strategies for preventing APN-restricted coronavirus infection.

IMPORTANCE Aminopeptidase N (APN) is one of the most important host receptors of
coronavirus. Modulating APN expression can represent a novel approach for control-
ling APN-dependent coronaviruses and their variants infection. Here we found that a
chemical compound potassium molybdate (PM) negatively regulates APN expression
by inducing phosphatidylinositol 3-kinase catalytic subunit type 3 (PIK3C3)-mediated
autophagy against APN-dependent coronavirus internalization, including transmissible
gastroenteritis virus (TGEV) and porcine respiratory coronavirus (PRCV). Furthermore, PM
can promote PIK3C3-BECN1-ATG14 complex assembly to induce autophagic degrada-
tion of APN by upregulating PIK3C3 Ser249 phosphorylation. Lastly, results from pig
experiments also confirmed that PM can trigger PIK3C3-mediated autophagic degra-
dation of APN to restrict TGEV pathogenicity in vivo without toxicity. Our findings
underscore the promising potential of PM as an effective agent against APN-dependent
coronavirus and potentially emerging viral disease entry.
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C oronavirus poses a severe threat to human and animal health, especially due to
the prevalence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
in humans and some intestinal and respiratory coronavirus in farming (1, 2). It has
been reported that coronaviruses can be internalized into host cells by four kinds
of cell receptors, including angiotensin-converting enzyme 2 (ACE2), aminopeptidase
N (APN), dipeptidyl peptidase 4 (DPP4), and carcinoembryonic antigen-related cell
adhesion molecule 1 (CEACAM1) (3); moreover, APN is the main receptor for the majority
of alphacoronaviruses (family Coronaviridae, order Nidovirales), such as transmissible
gastroenteritis virus (TGEV), and porcine respiratory coronavirus (PRCV), although
porcine APN is not the main functional receptor for porcine epidemic diarrhea virus
(PEDV) (4, 5). Specifically, TGEV and PEDV primarily attack small intestinal epithelial
cells and cause acute watery diarrhea, vomiting, dehydration, and anorexia, with high
morbidity and mortality, particularly in nursing piglets (1, 6). In addition, PRCV, a
naturally occurring spike deletion mutant of TGEV, mainly infects the respiratory tract
rather than the intestine and causes coughing, interstitial pneumonia, and lung lesions
(7). Due to the lack of effective approaches for prevention and control, these porcine
coronaviruses have resulted in significant financial losses in the swine industry world-
wide (8, 9), suggesting that new antiviral methods are urgently needed.

Previous investigations have reported that a great variety of medicines are proposed
to control porcine coronavirus infection in vitro. Specifically, tomatidine and hyperi-
cin inhibit alphacoronavirus replication by targeting the 3CL protease (10, 11), while
Griffithsin blocks porcine coronavirus attachment and internalization by binding to the
viral spike protein (12, 13). Most of these medicines are extremely difficult to apply in
clinical therapy because they are mostly derived from plants and are easily decomposed
in complex environments in vivo (14). It has been reported that potassium molybdate
(PM or K;Mo0Qy), a chemical oxidant, is hydrolyzed to potassium ions and molybdate
anions, which are both inherent transition metals and are involved in many metabolic
pathways throughout life, like oxidative stress, etc. (15-17). This means that the PM
is more likely to adapt to the body’s environment and fulfill its biological function
significantly. Based on the prophylactic effect of PM in the diarrhea of piglets from
clinical practice, the underlying mechanism warrants further elucidation.

Autophagy is an intracellular catabolic process in which damaged organelles and
proteins are degraded to maintain cellular homeostasis (18, 19). In addition, autoph-
agy is a very complicated process in which many autophagy-related genes and
complex formations are involved, such as the negative regulation of mammalian target
of rapamycin (mTOR), Unc - 51 - like autophagy activating kinase 1 (ULK1) complex
activation, class Ill phosphoinositide 3 - kinase (PtdIns3K) complex formation and
the generation of double-vesicle autophagosomes and autolysosomes with digestive
functions (20, 21). During this process, the PtdIins3K complex is important for the
initiation of autophagy and includes phosphatidylinositol 3-kinase catalytic subunit
type 3 (PIK3C3), Beclin-1 (BECN1), and autophagy-related gene 14 (ATG14) (22-24).
Furthermore, the binding of PIK3C3, BECN1, and ATG14 generates a phagophore-specific
pool of phosphatidylinositol-3-phosphate (Ptdins3P), leading to the nucleation of the
phagophore to induce autophagy (25). Recent work has shown that autophagy can
suppress porcine coronavirus infection in different cell types, but the specific molecular
mechanism involved remains unclear (26, 27).

In this study, we discovered for the first time that the PM blocks TGEV and PRCV entry
by degrading the receptor APN in different types of models and the small intestine of
piglets. Detailed mechanistic investigations revealed that this degradation was achieved
by PIK3C3-mediated autophagy. Thus, our study proposes a novel antiviral strategy to
target viral cell receptors and provides insight into blocking APN-dependent coronavirus
entry.
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RESULTS
PM inhibits TGEV and PRCV infection in ST cells

To evaluate whether PM regulates porcine coronavirus infection, including TGEV, PRCV,
and PEDV, a cytotoxicity assay of different concentrations of PM was first performed with
a Cell Counting Kit 8 (Sigma—Aldrich, USA, 96992). PM at concentrations less than 30 mM
did not exhibit significant cytotoxicity in ST cells compared to CoCl,, which was used as
a positive control (Fig. TA). Next, the effect of PM on porcine coronavirus infection was
analyzed. The experimental workflow is shown in Fig. 1B. The results showed that the PM
effectively restricted TGEV infection, PRCV infection, and PDCoV infection (Fig. 1C and D;
Fig. S1). The immunofluorescence staining results demonstrated similar trends for both
TGEV and PRCV infections (Fig. 1E and F). However, the PM was unable to repress PEDV
infection in Vero-E6 cells according to the TCIDsg and western blot results (Fig. 1G). These
results indicated that PM is a potential antiviral agent for TGEV and PRCV infection but
not for PEDV infection.

PM restricts TGEV and PRCV infection ex vivo

To further investigate the ex vivo antiviral activity of PM, a porcine intestinal organoid
culture system and a physiological model mimicking the gut environment for swine
enteric virus infection were used in this study (28, 29). First, porcine intestinal crypts
from the ileum were isolated and cultured in Matrigel, and intestinal 3D organoids were
formed after culture for 4 days (Fig. S2A). Next, an intestinal organoid monolayer was
established and observed via optical microscopy, and the presence of ZO-1 on the outer
membrane indicated that apical-out organoids were successfully generated according
to IFA detection (Fig. S2B). A cytotoxicity assay of different concentrations of PM was
performed and revealed that PM at concentrations less than 30 mM did not cause
significant cytotoxicity to intestinal organoids (Fig. 2A). Then, the two organoid models
were treated with different concentrations of PM before TGEV infection. As depicted
in Fig. 2B through D, treatment with PM significantly inhibited TGEV infection in the
intestinal organoid monolayer in a dose-dependent manner (Fig. 2B and C). Moreover,
real-time quantitative PCR (RT-qPCR), TCIDsp, and western blot analysis of the apical-out
organoids also revealed that the PM markedly inhibited TGEV infection (Fig. 2D). In
addition, the same phenotypes were found in the PRCV-infected organoid monolayer
and apical-out organoids (Fig. 2E through G). These results suggested that the PM
effectively suppressed TGEV and PRCV infection in porcine intestinal organoids.

PM inhibits TGEV and PRCV infection via a synergistic effect on potassium
ions and molybdate

It has been reported that PM (K;MoQy) is a chemical compound that is synthesized
from potassium ions and molybdate (17). To clarify whether the inhibitory effects of PM
on TGEV and PRCV are ion-mediated or compound-mediated, the effects of potassium
chloride and sodium molybdate on TGEV infection were assessed. RT-qPCR determined
that neither potassium chloride nor sodium molybdate was able to suppress TGEV
infection (Fig. 3A and B). Notably, cotreatment with both potassium chloride and sodium
molybdate had antiviral effects similar to those of PM on TGEV and PRCV infection (Fig.
3C and D). These results suggested that the PM restricts TGEV and PRCV infection via
synergistic effects between potassium ions and molybdate.

PM dampens TGEV and PRCV infection mainly by blocking viral entry

To characterize how PM dampens TGEV and PRCV infection, a time-of-drug-addition
assay was performed. First, we found that the PM was unable to directly prevent
early inactivation of TGEV (Fig. 4A; Fig. S3A). The next experiment was undertaken to
determine which step of TGEV infection was inhibited by PM treatment. The effect of PM
on the adsorption, internalization, replication, and release processes of TGEV throughout
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FIG1 PM inhibits TGEV and PRCV infection in ST cells. (A) A cytotoxicity assay of PM in ST cells. ST cells cultured in a 96-well plate were incubated with different
concentrations of PM for 24 h, which was tested by Cell Counting Kit 8. (B) Time course for PM inhibiting TGEV or PRCV or PEDV infection assay. (C-F) The ST cells,
pretreated with PM at the indicated concentrations for 1 h were infected with TGEV Miller (0.1 MOI) or PRCV (0.1 MOI) for 1 h and were again treated with PM at
37°C for 17 h. The cell samples were collected and examined by real-time quantitative PCR (RT-qPCR), TCID5q, western blot (C and D), and immunofluorescence
assay (IFA) (E and F), scale bar: 50 um. (G) Vero-E6 cells were treated with indicated PM and infected with PEDV LJX 01/2014 according to the time course of Fig.
1B, which was detected by TCIDsg and western blot. Results are presented as mean + SD of data from three independent experiments. ns, no significant; **, P <
0.01; ***, P < 0.001.
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PM restricts TGEV and PRCV infection in porcine intestinal organoids. (A) Intestinal organoids cultured in 96-well plate were incubated with different

concentrations of PM for 24 h, which was tested by Cell Counting Kit 8. (B and C) The intestinal organoids monolayer was treated with indicated PM and infected
with TGEV Miller (0.1 MOI) for 24 h, which was measured by IFA (B), scale bar: 50 um, RT-qPCR, TCIDsq, and western blot (C). (D) Apical-out intestinal organoids
were treated with indicated PM and infected TGEV Miller (1 MOI) for 48 h, which was determined by RT-qPCR, TCIDs(, and western blot. (E and F) The intestinal
organoids monolayer was treated with different concentrations of PM and infected with PRCV for 24 h, which was determined by IFA (E), scale bar: 50 um,
RT-gPCR, TCID50, and western blot (F). (G) Apical-out intestinal organoids were treated with indicated PM and infected PRCV (1 MOI) for 48 h, which was detected
by RT-qPCR, TCID50, and western blot. Results are presented as mean + SD of data from three independent experiments. **, P < 0.01; ***, P < 0.001.
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FIG 3 PM inhibits TGEV and PRCV infection by potassium ion and molybdate synergy. (A and B) The ST cells, pretreated with potassium chloride (KCl) or sodium

molybdate (Na;MoQ,) at the indicated concentrations for 1 h were infected with TGEV Miller (0.1 MOI) for 1 h and were again treated with KCl or Na,MoO4 at
37°C for 17 h. The cell samples were measured by RT-qPCR. (C and D) ST cells were treated with PM (K;M0Og4, 10 mM), KCI (20 mM), Na;MoO4 (10 mM), sodium
chloride (NaCl, 10 mM), K;MoO4 (10 mM), and NaCl (20 mM) as well as NaMoOg4 (10 mM) and KCI (20 mM) for 1 h and then infected with TGEV Miller (0.1 MOI) or
PRCV (0.1 MOI) for 17 h, which was determined by RT-qPCR and TCIDs(. Results are presented as mean + SD of data from three independent experiments. ***, P <

0.0017; ns, no significance.

the life cycle was evaluated in ST cells. As shown in Fig. 4B through F and Fig. S3B, PM
treatment was uninfluential in virus adsorption and release (Fig. 4B and F; Fig. S3B) but
significantly inhibited TGEV entry (Fig. 4C and D) and moderately restricted viral replica-
tion (Fig. 4E). The same results were also demonstrated for PRCV infection (Fig. S4A and
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FIG4 PM dampens TGEV infection by mainly blocking viral entry. (A) Inactivated assay. TGEV (0.1 MOI, red bar) and PM (10 mM) or H,O (blue bar) were mixed
and incubated at 37°C for 3 and 5 h, respectively, and then the mixtures were added into ST cells. After incubation at 37°C for another 1 h, culture supernatants
were replaced with fresh culture medium for 17 h at 37°C. After washing with PBS, the mRNA levels and viral load of TGEV N protein were measured by RT-qPCR.
(B) Adsorption assay. ST cells were pretreated with PM (10 mM) or H,0 (blue bar) for 1 h at 37°C, and then the media were replaced by a mixture of PM (10 mM) or
H,0 and TGEV (5 MO, red bar) for 0.5 or 1 h at 4°C. After washing with PBS, the genomic RNA levels and viral load of TGEV N protein were measured by RT-qPCR.
(Cand D) Penetration assay. ST cells were infected with 5 MOI TGEV (red bar) for 1 h at 4°C and were then treated with PM (10 mM) or H,O (blue bar) for 1 or 2 h
(Continued on next page)
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Fig 4 (Continued)

at 37°C after washing with PBS. The cell samples were washed using sodium citrate buffer and tested through RT-qPCR (C) and IFA (D), scale bar: 50 um/5 pm.
(E) Replication assay. ST cells infected with 5 MOI TGEV (red bar) were incubated at 37°C for 3 h and washed with sodium citrate buffer. Then, cells were treated
with PM (10 mM) or H,O (blue bar) for 5 or 13 h. The cells were harvested and examined by RT-qPCR. (F) Release assay. ST cells were infected with 5 MOl TGEV
(red bar) for 16 h and then PM (10 mM) or H,O (blue bar) was added to the cells for 1 or 2 h. qRT-PCR was used to test the mRNA levels and viral load of the virus
in the supernatant. Results are presented as mean + SD of data from three independent experiments. ***, P < 0.001; ns, no significance.

B). Interestingly, the TGEV replication process was also restricted by PM treatment (Fig.
4E), but the effect on replication was not as significant as that on entry. Overall, these
findings suggest that the PM inhibits TGEV and PRCV infection mainly by blocking viral
entry.

PM blocks TGEV and PRCV infection by decreasing APN expression

It has been reported that APN is the main cell receptor for TGEV and PRCV internalization
but is not the functional cell receptor for PEDV entry (3, 4). According to our above
results, PM blocked the penetration of both TGEV and PRCV but not that of PEDV,
and we hypothesized that the PM degraded the APN receptor and resulted in the
restriction of TGEV and PRCV infection. To test this hypothesis, ST cells were treated
with PM and harvested at different time points for western blot and IFA analysis. The
results showed that PM decreased APN expression in ST cells (Fig. 5A and B). To further
explore the relationship between APN expression and TGEV or PRCV infection, ST cells
were treated with PM and then infected with TGEV or PRCV. The results demonstrated
that PM can reduce APN expression to inhibit TGEV and PRCV infection (Fig. 5C; Fig.
S5A). Furthermore, as depicted in Fig. 5D through |, intestinal organoid monolayers
and apical-out intestinal organoids were used to confirm these findings. Clearly, PM
decreased ex vivo APN expression in the absence or presence of TGEV at different time
points, as shown by western blotting (Fig. 5D, F, G and 1) and IFA detection (Fig. 5E
and H). To further confirm the effect of PM on APN degradation and TGEV inhibition,
an APN plasmid was overexpressed followed by TGEV and PM treatment in ST cells.
The results demonstrated that overexpression of APN rescued TGEV from PM-mediated
restriction, which indicated that PM blocks TGEV entry by decreasing APN expression
(Fig. 5J). In addition, to explore whether the PM degrades APN in different species,
HEK-293T and BHK-21 cells were treated with PM for 8 and 16 h. The results showed
that the PM also decreased human and mouse-derived APN expression (Fig. S6A and B).
To determine whether intracellular, extracellular, and membrane receptors were affected
by PM treatment, retinoic acid-inducible gene 1 (RIG-I), toll-like receptor 4 (TLR4), ACE2,
DPP4, and CEACAM1 were detected. The results demonstrated that PM treatment did not
affect RIG-I, TLR4, ACE2, or CEACAM1 expression (Fig. S7A through D) but could inhibit
DPP4 expression (Fig. S7E). These results demonstrated that the PM blocked TGEV and
PRCV entry by decreasing APN expression.

PM degrades APN via the autophagy-lysosome pathway

To elucidate the molecular mechanism responsible for APN degradation by PM, potential
pathways were screened by using pathway inhibitors. As indicated in Fig. 6A, the
degradation of APN by PM was reversed by 3-MA (an autophagy inhibitor) but not
by MG132 (a protease inhibitor) or Z-VAD-FMK (a caspase inhibitor) (Fig. 6A), suggest-
ing that PM degrades APN expression via the autophagy—lysosome pathway. Further
investigation revealed that, compared with that in the control group, p62 was consumed,
and more of the autophagosome protein LC3-ll was generated from LC3-I with the
degradation of APN (Fig. 6B). Furthermore, precise measurement of autophagic flux is
of paramount importance for understanding autophagy induction, so the effect of PM
on autophagic flux was determined by the RFP-EGFP-LC3B sensor. In this system, LC3B
shows both green and red fluorescence in autophagosomes. Once autophagosomes fuse
with lysosomes, the acidic environment quenches the green fluorescence from EGFP,
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monolayer (E) or apical-out intestinal organoids (H) were treated with PM (10 mM) at 16 h, which was measured by IFA, scale bar: 20 pum. (C, F, and I) ST cells (C) or
intestinal organoids monolayer (F) or apical-out intestinal organoids (I) were treated with PM (10 mM) and infected with 0.1 MOI TGEV at 2, 4, 8, and 16 h. The
cell samples were harvested and detected by western blot. (J) ST cells were transfected with empty vector or pCMV-HA-APN (pig) plasmids for 24 h, which was
treated with H,0 or PM and then infected with 0.1 MOI TGEV for 16 h. The cell samples were detected by western blot. All western blot results were calculated by
Image J. All experiments were performed in triplicate.
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FIG 6 PM degrades APN by autophagy-lysosome pathway. (A) ST cells were treated with PM (10 mM) and infected with TGEV (0.1 MOI) in the presence and
absence of MG132 (20 uM), 3-MA (20 mM), and Z-VAD-FMK (20 uM) for 16 h. The APN expression and TGEV N were detected by western blot. (B) ST cells were
treated with PM (10 mM) at 2, 4, 8, and 16 h, autophagy markers P62 and LC3, and APN were measured by western blot. (C) ST cells were transfected with
RFP-EGFP-LC3B for 12 h and then treated with PM (10 mM) or H,O for 36 h. The fluorescence of GFP and RFP was detected by confocal microscopy, scale bar:
5 um. (D) Quantification of autophagosomes (Merge) and autolysosomes (RFP) from C using Image J software. (E) ST cells were treated with PM or H,O for
24 h. The autophagosomes (yellow arrow) and autolysosomes (asterisk) were detected by transmission electron microscope, scale bar: 2 ym. (F) The number of
autophagosomes (yellow arrow) and autolysosomes (asterisk) was quantified. All western blot results were calculated by Image J. Results are presented as mean
+ SD of data from three independent experiments. ***, P < 0.001.
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while the red fluorescence from RFP remains stable to show autolysosomes. The results
demonstrated that increased RFP signals (autolysosomes) and merge signals (autopha-
gosomes) were observed in response to PM treatment (Fig. 6C) and were quantified by
ImageJ (Fig. 6D). In addition, the PM-treated ST cells formed more autophagosomes
(yellow arrow) and autolysosomes (white asterisk) than the H,O-treated cells, as meas-
ured via transmission electron microscopy analysis and quantified per area (Fig. 6E and
F). Collectively, these results indicated that PM decreased APN expression via the
activation of autophagy.

PM degrades APN expression by activating PIK3C3-mediated autophagy

The induction of autophagy includes many important processes, including mTOR
inhibition, formation of the ULK complex, and the PtdIns3K complex (Fig. 7A). The
potential pathways involved in PM-induced autophagy were further screened. As shown
in Fig. 7B, treatment with 3-MA (a PtdIns3K complex inhibitor) reversed the changes in
APN expression after PM treatment. However, SBI0206965 (a ULK complex inhibitor) and
3BDO (an mTOR activator) cannot abolish the degradation of APN after PM treatment.
In addition, to further determine the effect of PM on the PtdIns3K complex, the main
elements involved in this complex, PIK3C3, BECN1, and ATG14, were measured. The
results showed that the PM activated PIK3C3 expression, rather than BECN1 or ATG14
expression, to induce autophagy and decreased APN expression, but these effects were
abolished by the addition of 3-MA (Fig. 7C). To further confirm this phenotype, small
interfering RNAs (siRNAs) targeting PIK3C3 were constructed and screened. The results
showed that siRNA-4 markedly downregulated PIK3C3 expression (Fig. 7D). Addition-
ally, knockdown of PIK3C3 reduced autophagy and rescued APN degradation after
PM treatment (Fig. 7E). Furthermore, PIK3C3 KO STs were constructed and identified
by sequencing (Fig. 7F) and western blotting (Fig. 7G). Figure 7H clearly shows that
compared with those in WT ST cells, PM-induced autophagy and degradation of APN
were abolished in PIK3C3 KO ST cells (Fig. 7H). In addition, ectopic expression of PIK3C3
in KO ST cells recovered PIK3C3-mediated autophagy and inhibited APN expression
compared to that in the control group after PM treatment (Fig. 7I). These results
suggested that the PM-activated PIK3C3-mediated autophagy to reduce APN expression.

PM promotes PIK3C3-BECN1-ATG14 complex assembly by enhancing PIK3C3
Ser249 phosphorylation

The PtdIns3K complex is a critical component of the initiation of autophagy. On the basis
of the above results, we hypothesized that PM regulates PtdIins3K complex formation
to induce autophagy. To verify this hypothesis, interactions between components of the
PtdIins3K complex were investigated via coimmunoprecipitation (Co-IP). As expected, the
interaction between exogenously expressed Myc-PIK3C3 and Flag-BECN1 increased after
PM treatment (Fig. 8A). However, the interaction between Flag-BECN1 and His-ATG14
was not affected by PM treatment (Fig. 8B), indicating that PIK3C3 is a specific target for
PM treatment. The PtdIns3K complex is formed and activated mainly by phosphorylating
PIK3C3 at Ser249, BECN1 at Ser15 (human)/Ser14 (murine), and ATG14 at Ser29 (30). The
detailed effects of PM on the PIK3C3-BECN1-ATG14 complex were further evaluated. ST
cells were co-transfected with Myc-PIK3C3, Flag-BECN1, or His-ATG14 for 12 h and treated
with PM for 36 h, followed by immunoprecipitation with Myc, Flag, or His antibod-
ies. The results demonstrated that the interaction of Myc-PIK3C3, Flag-BECN1, and
His-ATG14 was promoted in all IPs by upregulation of PIK3C3 Ser249 phosphorylation
after PM treatment (Fig. 8C through E), indicating that the phosphorylation of PIK3C3 at
Ser249 was crucial for PM to promote PIK3C3-BECN1-ATG14 complex assembly. Confocal
microscopy analysis confirmed that PM enhanced the colocalization of Myc-PIK3C3,
Flag-BECN1, and His-ATG14 in ST cells (Fig. 8F), and the number of merged fluorescent
spots representing the PIK3C3-BECN1-ATG14 complex was significantly higher than that
in the mock group (Fig. 8G). To further confirm the effect of PIK3C3 Ser249 on the
promotion of PIK3C3-BECN1-ATG14 assembly, a Myc-PIK3C3 mutant with Ser249A was
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FIG 7 PM degrades APN expression via activating PIK3C3-mediated autophagy. (A) Graphical representation for autophagy and the targets of different
autophagy inhibitors. (B) ST cells were treated with PM (10 mM) in the presence and absence of 3-MA (20 mM), SBI0206965 (20 uM), and 3BDO (30 puM) for 16 h,
and the APN expression was detected by western blot. (C) ST cells were treated with PM (10 mM) in the presence and absence of 3-MA (20 mM) for 16 h, and
(Continued on next page)
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Fig 7 (Continued)

the APN, PIK3C3, ATG14, BECN1, P62, and LC3 were measured by western blot. (D) ST cells were transfected with PIK3C3 siRNA-1, PIK3C3 siRNA-2, PIK3C3 siRNA-3,
PIK3C3 siRNA-4, and NC siRNA for 24 h, the PIK3C3 expression was detected by western blot. (E) ST cells were transfected with PIK3C3 siRNA-4 or NC siRNA for
24 h and then treated with PM (10 mM) for 16 h. The APN, PIK3C3, ATG14, BECN1, P62, and LC3 were detected by western blot. (F) Sequencing diagram for WT ST
cells and PIK3C3 KO ST cells. (G) PIK3C3 was detected by western blot in WT ST cells and PIK3C3 KO ST cells. (H) WT ST cells and PIK3C3 KO ST cells were treated
with PM (10 mM) for 16 h and then the APN, PIK3C3, ATG14, BECN1, P62, and LC3 were detected by western blot. (I) WT ST cells and PIK3C3 KO ST cells were
transfected with pCMV-Myc and pCMV-Myc-PIK3C3, respectively, for 24 h and treated with PM (10 mM) for 16 h. The APN, PIK3C3, P62, and LC3 were detected by
western blot. All western blot results were calculated by Image J. All experiments were performed in triplicate.

constructed, co-transfected into ST cells with Flag-BECN1 and His-ATG14 for 12 h, and
then treated with PM for 36 h. The results illustrated that the assembly of the PIK3C3-
BECN1-ATG14 complex by PM treatment was attenuated by mutant PIK3C3 Ser249A
(Fig. 8H). Collectively, these results suggested that PM promoted PIK3C3-BECN1-ATG14
complex assembly by increasing PIK3C3 Ser249 phosphorylation.

PM represses TGEV and PRCV infection by degrading APN via PIK3C3-medi-
ated autophagy

The above investigations demonstrated that the PM activated PIK3C3-mediated
autophagy to reduce APN expression. Therefore, it is rational to hypothesize that PM
dampens TGEV and PRCV infection by degrading APN via PIK3C3-mediated autoph-
agy. As expected, we initially found that knockdown of PIK3C3 reduced PM-induced
autophagy and rescued APN expression and TGEV infection (Fig. 9A). TCID5g and RT-qPCR
results also validated the recovery of TGEV infection in PIK3C3-knockdown ST cells (Fig.
9B). Furthermore, TGEV or PRCV N and APN expression in PIK3C3 KO ST cells were
significantly restored after PM compared to those in WT ST cells (Fig. 9C; Fig. S8A). The
decrease in TGEV or PRCV mRNA levels and viral titers induced by PM treatment was
reversed in PIK3C3 KO ST cells (Fig. 9D; Fig. S8B and C). Furthermore, ectopic expression
of PIK3C3 in KO ST cells restored PM-mediated APN degradation and inhibited TGEV
or PRCV infection by reinducing autophagy (Fig. 9E; Fig. S8D). TCIDsy and RT-qPCR
confirmed the inhibitory effects of TGEV (Fig. 9F) and PRCV infection (Fig. S8E and F)
by PM treatment after replenishment of PIK3C3 in KO ST cells, indicating that the PM
restricted TGEV and PRCV infection by degrading APN via PIK3C3-mediated autophagy.

Oral administration of PM reduces TGEV pathogenicity via autophagic
degradation of APN in piglets

Given the above in vitro and ex vivo results, neonatal pigs were used to evaluate
the therapeutic and preventive efficacy of PM against TGEV infection in vivo. First,
the cytotoxicity of PM was evaluated at different times by detecting key biochemical
indicators. The results demonstrated that oral administration of PM did not affect
aminotransferase (AST), creatine kinase (CK) or creatinine (CERA) levels at different times
(Fig. S9A), which indicated that PM (100 mg/kg) is a safe concentration in piglets. To
further confirm the frequency of orally administered PM, pharmacokinetic parameters
were calculated. The results illustrated that the t1/2 of PM was approximately 12 h (Table
1; Fig. S9B). Therefore, the oral administration of PM every 12 h is the optimal frequency
for maintaining the activation of PM.

Next, we determined the therapeutic and prophylactic efficacy of PM against TGEV
infection in piglets. The piglets in the different groups were treated with PM or Dul-
becco’s modified Eagle’s medium (DMEM) every 12 h and then inoculated with TGEV
individually by oral administration (Fig. 10A). We monitored body weight and collected
anal swabs every 12 h. The animals in the TGEV group lost more weight and had higher
viral shedding than those receiving PM (Fig. STOA; Fig. 10B). To further determine the
effect of PM on TGEV-induced damage to the small intestine, each segment of the small
intestine was paraffin-embedded, followed by slicing and staining with hematoxylin
and eosin. As expected, PM treatment alone did not have any impact on the small
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FIG 8 PM promotes PIK3C3-BECN1-ATG14 complex assembly by enhancing PIK3C3 Ser249 phosphorylation. (A) ST cells were transfected with pCMV-Myc-
PIK3C3 and pCDNA3.1-Flag-BECN1 for 12 h and then treated with PM (10 mM) for 36 h. The Co-IP was carried out by Flag or Myc Ab, followed by western
blot analysis. (B) ST cells were transfected with pCDNA3.1-Flag-BECN 1 and pCDNA3.4-His-ATG14 for 12 h and treated with PM (10 mM) for 36 h. The Co-IP was
performed with Flag or Myc Ab, followed by western blot detection. (C-E) ST cells were transfected with pCMV-Myc-PIK3C3, pCDNA3.1-Flag-BECN1, and
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Fig 8 (Continued)

PCDNA3.4-His-ATG14 for 12 h, and PM (10 mM) was added to the cells for 36 h. Then Co-IP was performed with a Myc, Flag, and His Ab individually, and
all IPs, input, and phosphorylation of PIK3C3 (Ser249), BECN1 (Ser14), and ATG14 (Ser29) were detected by western blot. (F) ST cells were transfected with
pCMV-Myc-PIK3C3, pCDNA3.1-Flag-BECN1, and pCDNA3.4-His-ATG14 for 12 h, and PM (10 mM) was added to the cells for 36 h, which detected by IFA, scale bar:
20 pm. (G) Quantification of PIK3C3-BECN1-ATG14 complex (merged signal) from F using Image J software. (H) ST cells were transfected with pCMV-Myc-PIK3C3
or pCMV-Myc-PIK3C3 mutant, pCDNA3.1-Flag-BECN1 and pCDNA3.4-His-ATG14 for 12 h and then treated with PM (10 mM) for 36 h. Then Co-IP was performed
with a My, Flag, and His Ab individually, and all IPs, input, and phosphorylation of PIK3C3 (Ser249), BECN1 (Ser14), and ATG14 (Ser29) were detected by western
blot. Results are presented as mean + SD of data from three independent experiments. ***, P < 0.001.

intestine, and, strikingly, PM almost completely reversed TGEV-induced villous atrophy of
small intestinal segments despite preventive or therapeutic treatment (Fig. S10B and Q).
Moreover, inflammatory infiltration and intestinal villus shedding were improved in the
PM treatment group compared with those in the TGEV infection group. Mechanistically,
via RT-gPCR and western blot detection, the TGEV burden and APN and P62 expression
throughout the small intestine were substantially lower, and PIK3C3 expression was
significantly higher in the PM-therapy and PM-prevention groups than in the control
group (Fig. 10C). The IFA results also showed that APN expression and TGEV N protein
expression were almost entirely inhibited upon PM treatment (Fig. 10D). Overall, our
data demonstrated that PM induced PIK3C3-mediated autophagic degradation of APN in
response to TGEV infection in a therapeutic and prophylactic manner in vivo.

DISCUSSION

In recent years, the outbreak and prevalence of coronavirus have posed major threats
to human health and the livestock industry. In addition to vaccines and neutralizing
antibodies, diverse small-molecule drugs that target virus functional receptors are
promising therapeutic options. Wang et al. reported that diltiazem blocks SARS-CoV-2
attachment and penetration by decreasing ACE2 expression in different types of cell lines
and mouse lungs (31). Moreover, inhibitors of the cell receptor DPP4 could modulate
the pathogenesis of MERS-CoV infection and serve as potential therapeutics (32). In our
study, we first found that PM significantly inhibited the invasion of TGEV and PRCV but
not that of PEDV. Despite the unknown underlying mechanisms involved, we inferred
that PM may play an inhibitory role by modulating the TGEV and PRCV receptors.

APN, a member of the M1 zinc metallopeptidase family, is a multifunctional
metalloenzyme expressed in many cells and a cell receptor that mainly mediates
alphacoronavirus invasion (5, 33). A previous study reported that TGEV and PRCV invade
host cells through the binding of APN to their spike proteins (5). However, it has
been reported that PEDV entry into Vero-E6 cells and porcine small intestine epithelial
cells is APN-independent and that APN-KO piglets are protected from TGEV but not
from PEDV infection (34, 35). In the present study, PM dampened TGEV and PRCV
infection in vitro and ex vivo mainly by blocking their internalization but not by blocking
PEDV internalization. Because of the same functional receptor for TGEV and PRCV, we
speculated that APN was involved in this effect. As expected, PM significantly inhibi-
ted porcine-derived APN expression to block APN-restricted coronavirus penetration in
ST cells, porcine intestinal organoid monolayers, apical-out intestinal organoids, and
piglets. Furthermore, the overexpression of APN can ameliorate TGEV infection, which
means that APN degradation is a dominant factor in the effectiveness of PM treatment
against TGEV infection. Notably, PM degraded human and mouse-derived APN receptors,
implying that PM may inhibit human and mouse APN-dependent coronavirus infection.
It is noteworthy that PM does not exhibit a degradative effect on pattern recognition
receptors RIG-1 andTLR4, as well as coronavirus receptors ACE2 and CEACAM1, excluding
DPP4, which is the cell receptor for MERS-CoV (36). These findings suggested that PM
may pose the potential to impede MERS-CoV infections by targeting DPP4 for degrada-
tion, nonetheless, this possibility needs to be further explored.

Month XXXX Volume O Issue 0 10.1128/jvi.01449-24 15

Downloaded from https://journals.asm.org/journal/jvi on 22 January 2025 by 137.224.252.10.


https://doi.org/10.1128/jvi.01449-24

Full-Length Text

siPIK3C3

PM
TGEV

APN

PIK3C3

ATG14

BECN1

P62

LC3-1
LC3-1I

Viral load(log copies/ul)

log10 TCIDy/ml

PM

)
1

%
i

EN
1

S
1

©
I

EN
1

)
N

- -+
- + o+
+ + o+

WT PI3KC3 KO

Hkk
| —

hl

WT PIK3C3 KO

Fkk

o
I

TGEV

[ —
- + +
+ + +

Viral load(log copies/ul)

log10 TCIDsy/ml

0-

PIK3C3 siRNA - - +
PM - + +
TGEV + + +
WT PIK3C3 KO
PIK3C3-Myc - - . +
PM - + o+ o+
TGEV + + o+ 4+
APN o e
1 0.11  0.92 0.13
PIK3C3 - ‘ -
1 284 0 2.72
P62 - - -y e
1 0.12 0.95 0.24
LC3-1 o
LC3-1I ~— ‘—-— 3
1 4.01 1.12 3.56
TGEV N
—— —
1 0 079 0
carpH (D GO G OB

WT PIK3C3 KO

PM - + +
TGEV + + +
1 0.04  0.85
1 1.7 0
1 0.97 1.05
proni | ——
1 1.1 0.99
1 0.25 0.76
LC3-1I
1 3.68 0.98
1 0.16  0.72

WwT PIK3C3 KO

Journal of Virology

121
L 1
2 10
5
o0
=
T 8
2
g
g 6]
WwI PIK3C3 KO
109 —m— —
ek kk
z 84 | | —
%
a 6
e
s 4
80
=)
=,
0.
PIK3C3-Myc - - - +
PM - + + +
TGEV + + + +

FIG 9 PM represses TGEV infection by degrading APN via PIK3C3-mediated autophagy. (A and B) ST cells transfected with PIK3C3 siRNA-4 or NC siRNA for 24 h
were treated with PM (10 mM) and infected with TGEV (0.1 MOI) for 16 h. The APN, PIK3C3, ATG14, BECN1, P62, TGEV N, and LC3 were measured by western blot
(A), and viral titers and TGEV N mRNA levels were determined by TCIDsy and RT-gPCR (B). (C and D) WT ST cells and PIK3C3 KO ST cells were treated with PM
(10 mM) and infected with TGEV (0.1 MOI) for 16 h. Then the APN, PIK3C3, ATG14, BECN1, P62, TGEV N, and LC3 were detected by western blot (C), and viral titers
and TGEV N mRNA levels were determined by TCIDsq and RT-qPCR (D), respectively. (E and F) WT ST cells and PIK3C3 KO ST cells transfected with pCMV-Myc and
pCMV-Myc-PIK3C3, respectively, for 24 h were treated with PM (10 mM) and infected with TGEV (0.1 MOI) for 16 h. The APN, PIK3C3, P62, TGEV N, and LC3 were
detected by western blot (E). TCIDsg and RT-qPCR (F) were performed to detect viral titers and TGEV N m RNA level. All western blot results were calculated by

Image J. Results are presented as mean + SD of data from three independent experiments. ***, P < 0.001.

Transition metals such as potassium (K), manganese (Mn), and zinc (Zn), which are
necessary for all forms of life, have been reported to restrict many viral infections (37).
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TABLE 1 Pharmacokinetic parameters of PM

Parameter Unit Mean + SD
AUC(o-) mg/L*h 975.253 + 33.380
AUC(0-c0) mg/L*h 1,341.054 £ 21.475
MRT(0-1) h 10.735+0.155
MRT(0-co) h 19.027 +1.388
t1/22 h 11.784 + 0.954
Tmax h 7333 £2.309
ClLz/F L/h/kg 0.074 £ 0.001

Vz/F L/kg 1.267 £ 0.093
Crnax mg/L 62.645 +0.677

Specifically, manganese activates antiviral innate immunity via the cGAS-STING pathway
against DNA virus infection (38). Zinc restricts coronavirus replication and arterivirus
RNA polymerase activity (39) and was even used as a drug for asymptomatic or mild
coronavirus disease 2019 infection in a randomized controlled trial (40). Furthermore,
silver nanoparticles were also indicated to be antiviral materials against nonenveloped
and enveloped viruses (41). Copper has recently been reported to orchestrate broad-
spectrum virus resistance by regulating the SPL9-miR528-A0 pathway (42). A recent
study showed that cerium molybdates have antiviral activity against the bacteriophage
®6 and SARS-CoV-2, but the detailed underlying mechanisms are unclear (43). Thus,
the PM-mediated antiviral phenomenon has been poorly studied, and the underly-
ing mechanisms have also been elucidated. Interestingly, neither potassium ions nor
molybdate, which are the main elements of PM, had a significant effect on TGEV
infection, while the synergistic effect of potassium ions and molybdate suppressed TGEV
and PRCV infection, suggesting that only potassium ions and molybdate synergy or PM
compounds have a vital inhibitory effect on TGEV and PRRSV infection.

Three canonical pathways, the autophagy—lysosome pathway, proteasome pathway,
and apoptotic pathway, are involved in protein degradation (44, 45). In the present study,
PM decreased APN expression to block APN-restricted coronavirus penetration via the
autophagy-lysosome pathway, which indicated that PM-mediated autophagy regulates
coronavirus infection (26). Specifically, autophagy has been reported to negatively
regulate TGEV infection, but the underlying mechanism has not been further explored.
Here, the PM induced autophagy to degrade TGEV cell receptors through PIK3C3-medi-
ated autophagy, which may explain why autophagy inhibited TGEV infection. In addition,
the phosphorylation of PIK3C3, BECN1, and ATG14 has been reported to be critical
for PtdIns3K complex assembly and the initiation of autophagy (46, 47). Our results
suggest that PM can enhance the PIK3C3-BECN1-ATG14 interaction by inducing PIK3C3
Ser249 phosphorylation, but molecular docking revealed that PM cannot directly bind
PIK3C3. Despite the lack of studies on the underlying mechanisms, we speculate that PM
plays a role in several aspects of this process. First, due to molybdate being the active
site of several molybdenum-requiring enzymes, PM may function in the metabolism of
purines, hormone biosynthesis, and protein synthesis, thus mediating PIK3C3 expression
(48-50). Second, molybdate is a kind of phosphatase substrate, and inactivating alkaline
phosphatase enzymes may be one strategy for increasing PIK3C3 Ser249 phosphoryla-
tion (51, 52). Based on our data, we infer that PM may regulate the protein conformation
of PIK3C3 to increase its expression and activation; however, these findings need to
be further verified. In addition, knockdown and knockout of PIK3C3 partially reversed
viral replication, suggesting that other pathways might be involved in the restriction of
TGEV and PRCV entry by PM. The Kv1.3 ion channel was revealed to restrict hepatitis
C virus, dengue virus, and Zika virus entry by inhibiting endosome acidification-medi-
ated viral membrane fusion (53). Therefore, we speculate that the Kv1.3 ion channel
may also be involved in blocking TGEV and PRCV entry via the synergistic effect of
potassium ions with molybdate during PM treatment, but this possibility needs to be
further explored. In addition, autophagic degradation always occurs in the cytoplasm
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hpi. Scale bar: 50 pm. Results are presented as mean + SD of data from three independent experiments. **, P < 0.01; ***, P < 0.001.
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(25), but why APN, a membrane protein, can be degraded is still unclear. Endosomes,
PAK1-mediated cytoskeleton rearrangement, and SUMOylation have been proven to be
involved in the autophagic degradation of membrane proteins (54-56). We hypothesize
that these mechanisms may mediate the autophagic degradation of APN, although Co-IP
detection revealed that PIK3C3 can precipitate with APN (data not shown). However,
further studies are needed to understand this phenomenon in detail.

In conclusion, our research is the first to reveal that PM blocks APN-dependent
coronavirus entry by degrading receptors via PIK3C3-mediated autophagy (Fig. 11).
These findings indicate that PM could be considered an inhibitor of current and
emerging APN-dependent coronaviruses in humans and animals. Our study provides
novel insight into the degradation of cell receptors on viruses through autophagic
pathways to block receptor-dependent virus entry.

MATERIALS AND METHODS
Cell culture and viruses

Swine testicular cells (ST cells), PK1 cells, Vero-E6 cells, human embryonic kidney 293T
cells (HEK-293T cells), baby hamster Syrian kidney-21 cells (BHK-21 cells), and A549
cells were maintained in DMEM (Sigma—Aldrich, USA, D6429) supplemented with 10%
fetal bovine serum (Invigentech, Brazil, A6901). The cells were incubated at 37°C in a
humidified incubator with 5% CO,. The TGEV Miller, PRCV, PEDV LJX01/2014, and PDCoV
strains were maintained in our laboratory, and their titers were 10”?* TCID5o/mL, 10°
TCIDsg/mL, 10 TCID5o/mL, and 10%° TCID5o/mL, respectively.

Porcine intestinal 3D organoid culture

Porcine ileum crypts were isolated from pigs and cultured in Matrigel (Corning, USA,
356231) and Organoid Growth Medium (OGM) (Stem Cell, Canada, 06010) containing
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FIG 11 Schematic diagram of PM blocking APN-dependent coronavirus entry by degrading receptor via PIK3C3-mediated autophagy. PM promoted PIK3C3-

BECN1-ATG14 complex assembly by enhancing PIK3C3 Ser249 phosphorylation to induce autophagy, which degraded cell receptor APN to block APN-depend-

ent coronavirus entry. The diagram was created in BioRender.com.
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10 uM ATP-competitive inhibitor of Rho-associated kinases (Y-27632; CST, USA, 72302)
according to the manufacturer’s protocol (28).

Establishment of apical-out porcine intestinal organoids

Porcine 3D ileum organoids coated with Matrigel for 1 week were dissociated by
incubation in 5 mM cold EDTA buffer on a rotating platform for 1 h at 4°C. After that, the
organoids were harvested by centrifugation at 250 x g for 5 min, washed with ice-cold
DMEM/F12 (Sigma—Aldrich, USA, D0697), and cultured in ultralow-attachment 24-well
tissue culture plates (Corning, USA, 3473) in OGM supplemented with 10 uM Y-27632 at
37°C with 5% CO, according to the protocol. The apical-out organoids were generated
after 3 days (57).

Porcine intestinal organoid monolayer culture

The 3D ileum organoids were collected using ice-cold DMEM/F12 medium and
centrifuged at 250 x g for 5 min after culture for 5 days. The organoid pellet without
Matrigel was generated by washing twice with an ice-cold DMEM/F12 medium. TrypLE
Express (Gibco, USA, 12605-010) was used to disassociate organoids into single cells for
5 min at 37°C. Single cells or small fragments were resuspended in OGM supplemented
with 10 uM Y-27632 and seeded into 48-well plates according to the manufacturer’s
protocol (29, 58). The monolayers reached confluency after 3 days of culture and were
used for the follow-up experiment.

Antibodies and reagents

Rabbit pAb against APN (A5662) and rabbit pAb against SQSTM1/P62 (A7758) were
obtained from ABclonal. Rabbit mAbs against LC3B (3868), rabbit mAb against ACE2
(4355S), rabbit mAb against P-PIK3C3 (Ser249) (13857), rabbit mAb against P-BECN1
(Ser15) (84966), rabbit mAb against P-ATG14 (Ser29) (92340), rabbit mAb against
Flag (D6 W5B) (14793), and mouse mAb against Myc (9B11) (2276) were obtained
from Cell Signaling Technology. Rabbit pAb against PIK3C3 (13723-1-AP), rabbit pAb
against BECN1 (11306-1-AP), and rabbit pAb against ATG14 (19491-1-AP); mouse mAb
against His (66005-1); rabbit pAb against GAPDH (10494-1-AP); and coralite 488-conju-
gated goat anti-rabbit IgG (H+L) were obtained from Proteintech. Rabbit mAb against
CEACAM1 (ab108397), rabbit mAbs against DPP4 (ab215711), goat anti-rabbit IgG H&L
(Alex Fluor 594, ab150080), and goat anti-mouse IgG H&L (Alex Fluor 647, ab150115)
were obtained from Abcam. TGEV-N and PRCV-N were gifts from Prof. Li Feng (Har-
bin Veterinary Research Institute, Chinese Academy of Agricultural Sciences). PEDV N
was generated in our laboratory. Potassium molybdate (308390) was obtained from
Sigma—Aldrich. 3-Methyladenine (3-MA) (HY-19312), MG-132 (HY-13259), Z-VAD-FMK
(HY-16658B), SBI - 0206965 (HY-16966), and 3BDO (HY-U00434) were obtained from
MedChemExpress.

Plasmid construction, small interfering RNA, and transfection

The coding sequences of porcine PIK3C3 (NM_001012956.2), BECN1 (NM_001044530.1),
and ATG14 (XM_001924990.5) were amplified from the cDNA of ST cells and cloned and
inserted into pCMV-Myc, pCDNA3.1-Flag, and pCDNA3.4-His, respectively. The pCMV-
Myc-PIK3C3 mutant was constructed by site-directed mutagenesis. RFP and LC3B were
cloned and inserted into pEGFP-C1 to construct RFP-EGFP-LC3B plasmids for monitoring
autophagic flux. pPCMV-HA-APN (pigs) was stored in our laboratory. All plasmids were
transfected with Lipofectamine 3000 transfection reagents (Thermo Fisher Scientific,
USA, L3000015). Four siRNAs targeting PIK3C3 were designed and synthesized by
GenePharma. The sequences of primers used were as follows: PIK3C3-1, 5'-GGACUAUAC-
CAAGAAACAUTT-3" PIK3C3-2, 5-GCCAAUGGAUGUAGAGGAUTT-3% and PIK3C3-3, 5'-
GCUCGUCCAAGCUCUCAAATT-3% and PIK3C3-4 (5-GCUGGAUAUUGCGUGAUUATT-3"). All
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siRNAs targeting PIK3C3 were transfected with GP-transfect-Mate according to the
manufacturer’s instructions.

Cell Counting Kit-8 assay

ST cells or intestinal organoids cultured in a 96-well plate were incubated with different
concentrations of PM (0, 0.1, 0.25, 0.5, 1, 2.5, 5, 10, 20, and 30 mM) for 24 h. After
incubation, 10 uL of CCK-8 reagent (Sigma—Aldrich, USA, 96992) was added to each well,
followed by incubation at 37°C for an additional 4 h. The absorbance of each well was
then measured at 450 nm using a microplate reader to determine cell viability.

Histopathological and immunofluorescence analysis

Small intestinal tissues were collected, fixed for 24 h in 10% formalin, dehydrated
according to the standard protocol, embedded in paraffin, and subjected to hema-
toxylin and eosin staining by standard procedures. For immunofluorescence analysis,
Organoid monolayers or ST cells were fixed with 4% paraformaldehyde for 20 min
and then permeabilized with 0.1% Triton X-100 (Beyotime, China, ST797) for 20 min
at 37°C. Organoid monolayers or ST cells were blocked with 5% BSA (Biofroxx, Ger-
many, 4240GR100) for 1 h and then labeled with primary antibodies overnight at 4°C.
After rinsing, the sections were incubated with secondary antibodies for 1 h at room
temperature. Next, 4,6-diamidino-2-phenylindole (DAPI; Beyotime, China, C1006) was
used to stain the nuclei. After washing, the organoid monolayers or ST cells were
visualized using confocal laser-scanning microscopy (Zeiss LSM 900, Germany). Apical-
out porcine intestinal organoids or small intestinal tissues were stained with primary
and secondary antibodies and visualized using confocal laser-scanning microscopy (Zeiss
LSM 900, Germany) according to the manufacturer’s protocol (28).

RNA extraction and real-time quantitative PCR

Total RNA was extracted using RNAiso reagent (TaKaRa, Japan, 9109) and reverse
transcribed into cDNA using HiScript Q RT SuperMix for qPCR (Vazyme, China, R223-01),
both of which followed the manufacturer’s recommendations. The TGEV and PRCV virus
copy numbers were detected by the TagMan probe-based RT-qPCR method developed
previously in our laboratory (59). Relative gPCR was also performed using ChamQ SYBR
gPCR master mix (Vazyme, China, Q311-02), and the results were calculated via the 27247
method. The primers and probes used in this study are listed in Table 2.

Coimmunoprecipitation and western blot

Cotransfected cells were washed with cold PBS twice and lysed with NP40 lysis buffer
(Beyotime, China, P0013F) supplemented with 1T mM PMSF (Beyotime, China, ST506) and
phosphatase inhibitors (Beyotime, China, P1096). Lysis buffer containing cells was added

TABLE 2 Primers for real-time qPCR

Name Primer or probe Sequence (5'-3')
TGEV N Forward TGCCATGAACAAACCAAC

Reverse GGCACTTTACCATCGAAT

Probe HEX-TAGCACCACGACTACCAAGC-BHQ1a
PRCVN Forward TGCCATGAACAAACCAAC

Reverse GGCACTTTACCATCGAAT

Probe HEX-TAGCACCACGACTACCAAGC-BHQ1a
PDCoV M Forward ATTTGGACCGCAGTTGACA

Reverse GCCCAGGATATAAAGGTCAG

Probe Cy5-TAAGAAGGACGCAGTTTTCATTGTG-BHQ2
GAPDH Forward CATCCATGACAACTTCGGCA

Reverse GCATGGACTGTGGTCATGAGTC
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to 20 pL of protein A+G agarose beads (Beyotime, China, P2055) and IgG (Santa Cruz,
USA, 2025) on a rotating device for 4 h at 4°C to remove nonspecific proteins, after which
the mixture was centrifuged at 2,500 rpm for 5 min. The supernatant was harvested,
and anti-Flag/Myc/His/IgG antibodies were added to the samples on a rocking platform
overnight at 4°C. Subsequently, 40 uL of protein A+G agarose beads were added to
the supernatant containing the antibody, which was incubated for 4 h at 4°C on a
rotating device. After washing with lysis buffer three times, the immunoprecipitates were
collected by centrifugation, and the supernatant was discarded. Immunoprecipitated
proteins were detected by western blotting. For the western blot, the proteins were
separated by SDS—PAGE and transferred onto a PVDF membrane (GE, USA, 10600023).
The membranes were blocked in 5% nonfat milk at room temperature for 2 h and
then incubated with specific primary antibodies overnight. Subsequently, the membrane
was incubated with the secondary antibody for 1 h at room temperature. Finally, the
proteins on the membranes were visualized with WesternBright ECL (Advansta, USA,
K-12045-D50).

CRISPR—-Cas9 for PIK3C3 knockout in ST cell lines

Porcine PIK3C3-specific sgRNAs targeting the second exon sequence (GTAAGAACTTCG
TATAAGGC) were designed (http://crispor.tefor.net/) and cloned and inserted into the
pSpCas9(BB)-2A-Puro (PX459) vector. The recombinant vectors were transfected into
ST cells by Lipofectamine 3000 followed by puromycin (2 pg/mL) selection for 5 days.
Monoclonal cells were chosen and identified for further experiments. The knockout level
of PIK3C3 in ST cells was determined by Sanger sequencing and western blotting (60).

Pig experiments

Neonatal pigs spontaneously delivered from sows were confirmed to be negative for
TGEV by RT-qPCR and enzyme-linked immunosorbent assay. For the cytotoxicity and
pharmacokinetic parameters of the PM, three piglets were orally administered PM
(100 mg/kg), and the serum was collected by venipuncture at 0, 1, 2, 4, 6, 8, 10, 12,
16, and 24 h after oral administration of PM for cytotoxicity assays and pharmacoki-
netic parameter determination. For antiviral animal experiments, piglets were randomly
separated into four groups: the mock group (3), TGEV group (3), TGEV-PM-therapy group
(3), and TGEV-PM-prevention group (3). For the TGEV group, neonatal pigs were orally
administered 1.245 x 10° PFU TGEV Miller for 24 h. In addition, piglets in the TGEV-PM
therapy group were orally infected with 1.245 x 10° PFU TGEV Miller and then treated
with PM (100 mg/kg). For the TGEV-PM-prevention group, three neonatal pigs were orally
pretreated with PM (100 mg/kg) for 24 h and subsequently inoculated with 1.245 x
108 PFU TGEV Miller for 24 h. The body weights of all piglets were recorded, and anal
swabs were collected every 12 h. At 24 hpi, all pigs were euthanized, and intestinal
tissues were collected for RT-gPCR, western blot, IFA, and pathological examination. All
animals were handled in strict accordance with good animal practice according to the
Animal Ethics Procedures and Guidelines of the People’s Republic of China, and the
study was approved by The Animal Administration and Ethics Committee of Lanzhou
Veterinary Research Institute, Chinese Academy of Agricultural Sciences (Permit No.
LVRIAEC-2020-030).

Statistical analysis

All data were analyzed using GraphPad Prism 8.0 software (GraphPad, La Jolla, CA,
USA) by one or two-way analysis of variance. Differences between the two groups are
indicated as *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant. Every experiment
was performed with three biological replicates, and the results were recorded as the
mean = SD.
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