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ABSTRACT Intestinal stem cells (ISCs) play an important role in tissue repair after injury.
A recent report delineates the effect of transmissible gastroenteritis virus (TGEV) infection
on the small intestine of recovered pigs. However, the mechanism behind the epithelium
regeneration upon TGEV infection remains unclear. To address this, we established a
TGEV infection model based on the porcine intestinal organoid monolayer. The results
illustrated that the porcine intestinal organoid monolayer was susceptible to TGEV. In
addition, the TGEV infection initiated the interferon and inflammatory responses follow-
ing the loss of absorptive enterocytes and goblet cells. However, TGEV infection did not
disturb epithelial integrity but induced the proliferation of ISCs. Furthermore, TGEV infec-
tion activated the Wnt/b-catenin pathway by upregulating the accumulation and nuclear
translocation of b-catenin, as well as promoting the expression of Wnt target genes,
such as C-myc, Cyclin D1, Mmp7, Lgr5, and Sox9, which were associated with the self-
renewal of ISCs. Collectively, these data demonstrated that the TGEV infection activated
the Wnt/b-catenin pathway to promote the self-renewal of ISCs and resulted in intestinal
epithelium regeneration.

IMPORTANCE The intestinal epithelium is a physical barrier to enteric viruses and com-
mensal bacteria. It plays an essential role in maintaining the balance between the host
and intestinal microenvironment. In addition, intestinal stem cells (ISCs) are responsible
for tissue repair after injury. Therefore, prompt self-renewal of intestinal epithelium will
facilitate the rebuilding of the physical barrier and maintain gut health. In the manu-
script, we found that the transmissible gastroenteritis virus (TGEV) infection did not dis-
turb epithelial integrity but induced the proliferation of ISCs and facilitated epithelium
regeneration. Detailed mechanism investigations revealed that the TGEV infection acti-
vated the Wnt/b-catenin pathway to promote the self-renewal of ISCs and resulted in in-
testinal epithelium regeneration. These findings will contribute to understanding the
mechanism of intestinal epithelial regeneration and reparation upon viral infection.

KEYWORDS TGEV, Wnt/b-catenin pathway, epithelium regeneration, intestinal
organoid monolayer, intestinal stem cells

Transmissible gastroenteritis virus (TGEV), a member of the genus Alphacoronavirus
in the family of Coronaviridae, is a single-stranded, positive-sense RNA virus (1).

TGEV causes acute intestinal diarrhea in infected pigs, and the epidemic of TGEV leads
to a huge economic loss in the global pig industry (2). The gastroenteritis caused by TGEV
is characterized by watery diarrhea, vomiting, and dehydration with high morbidity and
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mortality especially in piglets less than 2 weeks old (3). TGEV infection induces intestinal
epithelial dysfunction and imbalance of intestinal homeostasis, typically with weakened cel-
lular electrolyte absorption, and the loss of epithelium and crypt hyperplasia (3–5). Pigs of
all ages are susceptible to TGEV, but adult pigs recovered from TGEV infection showed
stunted growth (6). Xia et al. (3) reported that the epithelium recovered from TGEV infection
maintained intestinal homeostasis. However, the molecular mechanisms responsible for
this phenotype remain unknown.

As a physical barrier, the intestinal epithelium plays an essential role in maintaining the
balance between the host and intestinal microenvironment, and it is susceptible to enteric
viruses and commensal bacteria (7). The highly dynamic epithelial cells regenerate every 4
to 5 days in a steady-state and damage-induced intestinal regeneration is inseparable from
the self-renewal and differentiation of intestinal stem cells (ISCs) (8–10). ISCs, located at the
bottom of the intestinal crypt, are critical to maintaining homeostasis of the intestinal epi-
thelium by constantly self-renewing and fueling the rapid turnover of the intestinal epithe-
lium. The self-renewal of ISCs gives rise to transit-amplifying (TA) cells. Part of TA cells
migrate upward and finally differentiate into absorptive enterocytes, goblet cells, and enter-
oendocrine cells to fulfill epithelial renewal, other TA cells migrate downward to remain at
the bottom of the crypt and differentiate into Paneth cells (11). Injury and inflammatory
responses disrupt this homeostasis of stem cell renewal and differentiation, thereby induc-
ing a series of homeostatic imbalances accompanied by the loss of epithelial cells or hyper-
proliferation of crypt stem cells (12). However, to maintain homeostasis and recover from
the damage, the self-renewal and differentiation of ISCs are activated for initiating epithe-
lium regeneration (13, 14).

The canonical Wnt/b-catenin pathway is involved in the self-renewal and differen-
tiation of ISCs (15–17). The Wnt signaling is one of the determinants for the fate of ISCs
in repair processes following injury (18), while the b-catenin is the central signal in this
pathway. Upon Wnt signal ligands binding with the complex of Frizzled and lipopro-
tein receptor-related protein (LRP) transmembrane receptor, the degradation complex
consists of the tumor suppressor axin and adenomatous polyposis coli (APC) as well as
constitutively active kinases glycogen synthase kinase 3b (GSK3b) and casein kinase I
(CK1) is inhibited then the b-catenin will be released. Subsequently, free b-catenin
enters the nucleus and interacts with transcription factors of the T cell factor/lympho-
cyte enhancer factor (TCF/LEF). As a result, the transcriptional complex further induces
the transcription of target genes, like C-myc, Cyclin D1, and matrix metalloproteinase
(16, 19). Studies have shown Salmonella can activate Wnt/b-catenin signaling and
increase the number of ISCs. The porcine reproductive and respiratory syndrome virus
(PRRSV) infection also induces the activation of the Wnt/b-catenin pathway and high
expression of b-catenin can inhibit PRRSV replication (20, 21). In addition, Zn-Asp
enhances ISCs activity by activating the Wnt/b-catenin signaling pathway and, thus,
maintains the epithelial structure and barrier after deoxynivalenol treatment (22).
These data suggest the association of virus infection with Wnt/b-catenin signaling and
the importance of Wnt/b-catenin signaling in boosting epithelial renewal.

In our previous study, we demonstrated that porcine ileal apical-out organoids
were susceptible to TGEV and induced a series of antiviral and inflammatory responses
(23). To better explore the impact of TGEV on the epithelium, we developed a porcine
intestinal organoid monolayer culture system that contains multiple epithelial cell sub-
sets in this study. With these monolayer cultures, we investigated the susceptibility of
an organoid monolayer to TGEV infection. The antiviral responses and the integrity of
intestinal epithelium after TGEV infection were also evaluated. Simultaneously, we
explored the effects of TGEV infection on ISC development and correlative molecular
mechanisms. The results demonstrated that the organoid monolayer was susceptible
to TGEV infection, which induced the interferon and inflammatory responses without
changing the epithelial integrity. Moreover, TGEV infection increased the self-renewal
of ISCs by activating Wnt/b-catenin signaling to initiate epithelium regeneration.
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RESULTS
Development of 3D porcine intestinal organoids. Porcine intestinal crypts were

isolated from the intestinal follicle-associated epithelium of the ileum following the
previous protocol (23), then cultured in Matrigel supplemented with organoid growth
medium (OGM) (Fig. S1A in Supplemental File 1). The formation of crypt-villus struc-
tures was observed after culturing for 12 days (Fig. S1B in Supplemental File 1), which
harbored different epithelial cell subsets and ISCs. When passaging the organoids, the
budding organoid was observed after 3 days of culturing (Fig. S1C in Supplemental
File 1). In addition, the immunofluorescence assay (IFA) result showed that a large
amount of Ki671 and Sox91 cells were observed in the organoids cultured for 5 days,
indicating their proliferative capacity and stemness (Fig. S1D in Supplemental File 1).

Establishment of the porcine intestinal organoid monolayer. Intestinal organoid
monolayer has been widely used to study the interaction between host and enteric
virus (24). To investigate the TGEV infection, we developed the porcine intestinal orga-
noid monolayer culture system through dissociating 3D intestinal organoids into single
cells or small fragments and culturing in Transwell plate (Fig. 1A). Subsequently, the
confluent intestinal organoid monolayer was observed after 3 days culturing (Fig. 1B).
Meanwhile, the porcine intestinal epithelial barrier was successfully established, show-
ing a transepithelial electrical resistance (TER) value between 145 and 160 X/cm2 (Fig.
1C). In addition, different intestinal epithelial cell subsets, absorptive enterocyte (Villin
positive), proliferating cells (Ki67 positive), Paneth cell (LYZ positive), enteroendocrine
cells (CGA positive), goblet cells (Muc2 positive) and stem cells (Sox9 positive) and
tight junction protein of epithelial cells (ZO-1) were successfully detected in this mono-
layer culture system (Fig. 1D). These above results indicated that the intestinal orga-
noid monolayer system possessed epithelial integrity and complex multicellularity af-
ter 3 days culturing.

Porcine intestinal organoid monolayer was susceptible to TGEV. To investigate
whether the porcine intestinal organoid monolayer is valid to explore the interactions
between the intestinal epithelial cells and enteric viruses, the TGEV was employed to
infect the porcine intestinal organoid monolayer. The results of the reverse transcrip-
tion-quantitative PCR (RT-qPCR) and the 50% tissue culture infective dose (TCID50)
assay demonstrated that the organoid monolayer system was susceptible to TGEV. The
viral load peaked at 36 h postinfection (hpi) and subsequently decreased at 48 hpi, and
the viral titer measured on ST cells also peaked at 36 hpi (Fig. 2A and B). In addition,
the IFA results indicated that the expression of TGEV N on intestinal organoid monolayer
can be observed at 24 hpi (Fig. 2C). Consistent with this finding, the Western blot also
exhibited the presence of TGEV N protein (Fig. 2D) and upregulation of Aminopeptidase
N (APN) expression (Fig. 2E), the primary receptor for TGEV infection. To further explore
the antiviral responses of an organoid monolayer, the transcriptional expression levels of
interferons, interferon-stimulated genes, as well as inflammatory factors induced by
TGEV infection were evaluated by RT-qPCR. The results illustrated that the TGEV infection
significantly stimulated the transcription of interferon (IFN)-l1, IFN-l3, and IFN-g.
Meanwhile, the mRNA level of interferon-stimulated gene 15 (ISG15) and interferon-
stimulated gene 58 (ISG58) were also elevated (Fig. 2F). Furthermore, the transcription
levels of interleukin (IL)-8, IL-6, and tumor necrosis factor (TNF)-a were significantly up-
regulated (Fig. 2F). These data suggested that the IFNs and inflammatory responses
were initiated by TGEV infection. Next, we determined the target cells of TGEV infection
on the intestinal organoid monolayer. The colocalization results revealed that TGEV
infected part of Villin1 cells (absorptive enterocytes) and Ki671 cells (proliferation cells)
(Fig. 2G). Besides, the IFA result showed that TGEV infection downregulated the number
of Villin1 cells (absorptive enterocytes), but there was no significant difference in Ki671

cells (proliferation cells) (Fig. S2 in Supplemental File 1). This part of the results suggested
that the porcine intestinal organoid monolayer culture system is susceptible to TGEV, a
swine enteric virus.
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TGEV infection maintained the epithelial integrity of an intestinal organoid
monolayer. To identify whether the TGEV infection affects the epithelial integrity of the
organoid monolayer system, the TER was evaluated. The results showed that TGEV infec-
tion did not change the TER value of the intestinal organoid monolayer culture system,
indicating it didn’t disrupt the epithelial integrity of this system (Fig. 3A). In addition, the
ZO-1, a critical protein involved in the tight junction of epithelial cells, was stained to
additionally identify if TGEV infection affects the integrity of the intestinal organoid
monolayer. Again, the result demonstrated that TGEV didn’t change the expression

FIG 1 Establishment of a porcine intestinal organoid monolayer. (A) Graphical representation for the establishment
of an organoid monolayer. (B) Single cells grow into a confluent monolayer after seeding for 3 days. (C)
Transepithelial electrical resistance (TER) was measured during the development of an organoid monolayer. Values
were from three independent monolayers. (D) Organoid monolayer was subjected to IFA staining for absorptive
enterocytes (Villin), tight junction (ZO-1), stem cells (Sox9), enteroendocrine cells (CGA), goblet cells (Muc2), Paneth
cells (LYZ), and proliferation cells (Ki67).
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FIG 2 Porcine intestinal organoid monolayer is susceptible to TGEV. (A) The kinetics of TGEV replication porcine intestinal organoid monolayer at
the indicated time points were measured by RT-qPCR. (B) The TGEV titers in supernatant from both the apical side and basal side of the Transwell-
cultured organoid monolayer were titrated by TCID50 assay on the ST cell lines. (C) Organoid monolayer infected with TGEV for 24 h was stained
with TGEV N monoclonal antibody. (D) The expression of TGEV N and APN were detected by Western blotting. (E) The density ratio of APN
expression was calculated with Image J and normalized against GAPDH expression. **, P # 0.01; ***, P # 0.001. (F) The transcription levels of IFN-
l1, IFN-l3, IFN-g, ISG58, ISG15, IL-8, IL-6, and TNF-a in organoid monolayer after TGEV infection were evaluated by RT-qPCR. The RT-qPCR data
were calculated using the comparative threshold cycle (2-DDCT) method. *, P # 0.05; **, P # 0.01; ***, P # 0.001. (G) Colocalization analysis of TGEV
N with different epithelial cell subsets and proliferation cells was performed by confocal microscopy.
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pattern of ZO-1 at indicated infection time points and 7 dpi (Fig. 3B and C), further
approving the organoid monolayer maintained its integrity after TGEV infection.

TGEV infection promoted the self-renewal of intestinal stem cells. ISCs play an
essential role in epithelium renewal after injury or inflammation. We speculated that
the TGEV infection induced the activation of ISCs to maintain the integrity of the orga-
noid monolayer. To verify our hypothesis, the expression level of Sox9, an essential
marker of ISCs, was evaluated by Western blotting and IFA analysis. The Western blot
showed that TGEV infection significantly upregulated the expression of Sox9 at 24 hpi
and thereafter (Fig. 4A and B). In addition, the IFA analysis further delineated that TGEV
infection elevated the number of Sox91 cells (Fig. 4C), and the value of mean fluores-
cence intensity in TGEV infection at 24 hpi was significantly higher than the mock
group (Fig. 4D), indicating that TGEV infection indeed induced the self-renewal of ISCs

FIG 3 TGEV infection maintains epithelial integrity in intestinal organoid monolayer. (A) Transepithelial
electrical resistance (TER) value in organoid monolayer infection was measured after TGEV infection. Values
were from three independent monolayers. (B) TGEV-infected or mock-infected intestinal organoid
monolayer at 24 hpi, 36 hpi, and 48 hpi were stained with ZO-1 and TGEV N and observed by confocal
microscopy. (C) TGEV-infected or mock-infected intestinal organoid monolayers at 7 dpi were stained with
ZO-1 and TGEV N and analyzed by 3D imaging of confocal microscopy.
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in the organoid monolayer culture system. Moreover, the expression levels of other
main intestinal epithelial cell subsets were also measured by Western blotting. The
result showed that absorptive enterocytes (Villin1) and goblet cells (Muc21) were
decreased after TGEV infection, but Paneth cells were increased after TGEV infection

FIG 4 TGEV infection promoted the self-renewal of ISCs. (A) The expression of Sox9, representing the number of ISCs, was detected by Western blotting.
(B) The density ratio of Sox9 expression was calculated with Image J and normalized against GAPDH expression. (C) Sox9 and TGEV N were stained in
intestinal organoid monolayer at indicated time points and observed under confocal microscopy. (D) The mean fluorescence intensity of Sox91 cells in
organoid monolayer infected with TGEV was analyzed. The data from five independent stainings. (E) The expression of Villin, LYZ, and Muc2 was detected
by Western blotting, which represents absorptive enterocytes, Paneth cells, and goblet cells, respectively. (F) The density ratios of Villin, LYZ, and Muc2
were calculated with Image J and normalized against GAPDH expression. ns, not significant; **, P # 0.01; ***, P # 0.001.
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for 36h (Fig. 4D and E). However, the enteroendocrine cells were not detected in this
study, which may be related to their low percentage in the intestinal epithelium.
Collectively, those data suggested that the TGEV infection led to the loss of absorptive
enterocytes and goblet cells but induced the self-renewal of ISCs. Besides, the increase
of Paneth cells implied a special relationship with ISCs (25).

TGEV infection activated the Wnt/b-catenin pathway in an intestinal organoid
monolayer. The Wnt/b-catenin pathway, a crucial signal for the proliferation and dif-
ferentiation of ISCs, was reported also involves in epithelium repair after injury (26). We
hypothesized that the TGEV infection promoted ISC self-renewal via the Wnt/b-catenin
pathway. To testify this speculation, the relative expression levels of critical compo-
nents in this pathway were measured by RT-qPCR. The results revealed that the TGEV
infection significantly upregulated the mRNA transcription levels of Wnt3a, b-catenin,
TCF4, Cyclin D1, C-myc, Mmp7, Lgr5, and Sox9 (Fig. 5A). Simultaneously, the Western
blot also indicated that TGEV infection promoted the accumulation of b-catenin and
the upregulations of Cyclin D1 and C-myc expressions (Fig. 5B and C). Furthermore, the
IFA results confirmed the ectopic expression of b-catenin. The nuclear translocation
of b-catenin was observed after TGEV infection at 24 hpi in an organoid monolayer
(Fig. 5D). These results indicated that the TEGV infection activated the Wnt/b-catenin
pathway to promote the self-renewal of ISCs.

TGEV infection promoted the self-renewal of porcine intestinal stem cells via
the Wnt/b-catenin pathway. The activation of the Wnt/b-catenin pathway depends on
the accumulation of b-catenin and interaction with TCF/LEF and, finally, that initiates the
transcription of Wnt target genes (15). To further identify that the TGEV infection promoted
ISC self-renewal via the Wnt/b-catenin pathway, the ICG-001 (HY-14428; MCE, USA), a small
molecule inhibitor for the Wnt/b-catenin pathway, was employed in our organoid mono-
layer system. This molecule can block the interaction between b-catenin and creb-binding
protein (CBP) thereby repressing b-catenin/TCF-mediated transcription. First, the ICG-001
treatment dosing and timing were optimized. The result displayed that the Wnt/b-catenin
pathway was effectively inhibited by treatment with 10 mM ICG-001 for 24 h (Fig. 6A and
B). Next, the organoid monolayer was treated with 10 mM ICG-001 for 24 h before TGEV
infection, and the expression of C-myc and the development of ISCs were evaluated. The
result illustrated that TGEV infection reversed the inhibition of the Wnt/b-catenin pathway
and ISCs self-renewal caused by ICG-001 (Fig. 6C and D). Collectively, these data revealed
that the TGEV infection promoted the self-renewal of ISCs via the Wnt/b-catenin signaling
pathway.

DISCUSSION

Intestinal organoids derived from Lgr51 stem cells were first proposed in 2009 (27).
Due to the organoid system better mimicking the multiple cell types than conventional
cell lines, it was widely used to study the interactions between host and pathogen (28).
In our previous study, we developed a porcine apical-out intestinal organoid culture
system, and it was susceptible to TGEV and induced an antiviral response (23). Xia et al.
(3) reported that TGEV infection damaged the small intestine, inhibited mucosal
immune responses, and elevated inflammatory response, but enhanced ISCs prolifera-
tion in the recovered pig. In this study, we developed a porcine intestinal organoid
monolayer culture system to investigate the antiviral response of TGEV, the impact of
TGEV on epithelial integrity, epithelial cell subsets fate, and the mechanism of epithe-
lium regeneration. Our results demonstrated that TGEV was able to infect the intestinal
organoid monolayer and induced the interferon (IFN) antiviral responses, especially
IFN-l . Meantime, the expression of inflammatory factors, such as IL-8, IL-6, and TNF-a,
was significantly upregulated. These results were consistent with previous reports (23,
29). In addition, we found that TGEV can infect partially absorptive enterocytes and
proliferation cells, leading to the loss of absorptive enterocytes and goblet cells. These
data clarify the reason for impaired intestinal absorption and loss of villous epithelium
after TGEV infection (3). Goblet cells, a group of secretory epithelial cells that produce
mucus, can effectively prevent pathogen invasion (30). We speculate the loss of goblet
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FIG 5 TGEV infection activated the Wnt/b-catenin pathway. (A) The transcription levels of Wnt3a, b-catenin, TCF4, Cyclin D1, Lgr5, Sox9, C-myc, and Mmp7
in organoid monolayer were measured by RT-qPCR after TGEV infection. The RT-qPCR data were calculated using the comparative threshold cycle (2-DDCT)

(Continued on next page)
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cells induced by TGEV is potentially responsible for the increased susceptibility to
pathogens in the intestinal epithelium.

It is well known that ISCs are the dominant force in the rapid renewal of intestinal
epithelium. They possess self-renewal and multilineage differentiation potential to
maintain epithelium homeostasis and repair injured epithelium (31). In previous stud-
ies, investigators demonstrated that the proliferation of ISCs is a repair mechanism in
response to the damaged intestinal epithelium, and an unknown signal involved in
damaged epithelial cells induced stem cell proliferation (13, 32). Salmonella and
Erwinia carotovora induced the activation and division of ISCs via different signaling
(13, 20). Similarly, our result elucidated that the TGEV infection promoted the self-
renewal of ISCs and resulted in the repair of epithelium after infection. In addition,
TGEV infection also increased the differentiation of Paneth cells transiently. Paneth
cells are in the bottom of the crypt, intercalated between ISCs, and serve as a stem cell
niche (25). A previous report showed the Paneth cells govern ISCs renewal and regen-
eration following homeostasis or injury (33).

The Wnt pathway is essential for the proliferation and maintenance of ISCs (34, 35). The
epithelial Wnt derived from Paneth cells forms the epithelial Wnt gradient for the mainte-
nance of stem cells (33). In our study, TGEV infection significantly upregulated the expres-
sion of b-catenin and Wnt target genes, such as C-myc, cyclin D1, and Mmp7. Wnt3a is an

FIG 6 TGEV infection promoted the self-renewal of porcine intestinal stem cells via the Wnt/b-catenin pathway. (A) The
optimal concentration and treated time of ICG-0001 were screened based on the expression of b-catenin, C-myc, and
Sox9. (B) The density ratios of b-catenin, C-myc, and Sox9 were calculated with Image J and normalized against GAPDH
expression. ns, not significant; **, P # 0.01; ***, P # 0.001. (C) The expression of C-myc and Sox9 were detected in
organoid monolayer treated with 10 mM ICG-001 before TGEV infection. (D) The density ratios of C-myc and Sox9 were
calculated with Image J and normalized against GAPDH expression. ns, not significant; **, P # 0.01; ***, P # 0.001.

FIG 5 Legend (Continued)
method. *, P # 0.05; **, P # 0.01; ***, P # 0.001. (B) The expression of b-catenin, Cyclin D1, and C-myc in organoid monolayer was detected by Western
blotting after TGEV infection. (C) The density ratios of b-catenin, Cyclin D1, and C-myc were calculated with Image J and normalized against GAPDH
expression. ns, not significant; *, P # 0.05; ***, P # 0.001 (D) The nuclear translocation of b-catenin was observed in organoid monolayer by confocal
microscopy after TGEV infection (bar = 20/5 mm).
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activator of the canonical Wnt/b-catenin pathway and it is mainly derived from Paneth cells
in vivo (33). TGEV infection significantly increased the transcription of Wnt3a, which acti-
vated the Wnt/b-catenin signaling. Similarly, an investigation showed that Salmonella infec-
tion increased the number of stem cells and proliferative cells through the activation of the
Wnt/b-catenin signaling pathway (20). In addition, recent reports also discussed the effort
of inflammatory factors on the self-renewal and differentiation of stem cells (32, 36, 37).
Damaged Drosophila intestinal epithelium express IL-6, which in turn activates the Jak/Stat
pathway in the ISCs and promotes the differentiation to achieve repair of the damaged epi-
thelium (32). IL-22 has also been linked to ISC-mediated epithelial regeneration and regener-
ation of the ISC pool (36). Besides, the Wnt/b-catenin signaling pathways were activated to
promote the malignant transformation of ISCs in TNF-a-induced inflammatory responses
(37). Considering this, we speculate that the TGEV-induced proinflammatory factors may
facilitate the self-renewal of stem cells and ISCs-mediated epithelial regeneration.

To conclude, we revealed that the TGEV was infective to porcine intestinal organoid
monolayer and triggered the self-renewal of ISCs, which further initiated the epithelial
regeneration (Fig. 7). Briefly, in homeostasis, the rapid turnover of intestinal epithelium
depended on the support of intestinal crypt stem cells. An exquisite balance was estab-
lished between the proliferation of stem cells and the generation of differentiated off-
spring. However, upon TGEV infection, parts of absorptive enterocytes were infected and
responded to viral infection, which caused the loss of different epithelial cells. Meantime,
TGEV infection activated the Wnt/b-catenin pathway and, therefore, promoted the self-
renewal of ISCs, which further accelerated the differentiation of offspring and completes
epithelium regeneration. These findings contribute to understanding the mechanism of
intestinal epithelial regeneration and reparation upon viral infection.

MATERIALS ANDMETHODS
Virus and animals. The TGEV H165 strain was previously recovered from a commercialized attenu-

ated live vaccine (23) and stored at 286°C until use. Porcine intestines for crypts isolation were obtained
from Luoniushan slaughterhouse, Hainan province.

FIG 7 Schematic diagram of TGEV-induced intestinal epithelial regeneration via Wnt/b-catenin pathway.
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Porcine intestinal 3D organoids culture. Porcine ileum crypts were isolated and cultured in 3D
organoids culture system with the support of Matrigel (Corning, USA; catalog number 356231) and the
Organoids Growth Medium (OGM; StemCell, Canada; catalog number 06010) which contains 10 mM
ATP-competitive inhibitor of Rho-associated kinases (Y-27632; CST, USA; catalog number 72302) follow-
ing the protocol described previously (23). Fresh medium was replaced every 2 days. The differentiated
organoids (culture for 5 days) were used for the next experiment.

Porcine intestinal organoid monolayer culture. The 3D ileum organoids cultured for 5 days were
collected using ice-cold DMEM/F12 (Sigma, USA; catalog number D8437) medium and centrifuged at
250 � g for 5 min. The organoids pellet without Matrigel was generated by washing twice with an ice-
cold DMEM/F12 medium. TrypLE Express (Gibco, USA; catalog number 12605-010), a gentle dissociation
medium, was used to disassociate organoids into single cells or small fragments. The organoids were
incubated with TrypLE Express for 10 min at 37°C and pipette up and down to release the organoids ev-
ery 5 min. The dissociation process was aborted by DMEM/F12 with 20% FBS (Invigentech, USA; catalog
number A6901FBS). Single cells or small fragments were resuspended with OGM (with 10 mM Y-27632)
and seeded into a precoated Transwell (Corning, USA; catalog number 3413) with 1.5% Matrigel at a
density of 1.5 � 105 cells/well. The upper chamber of Transwell contained 200 mL OGM with 10 mM
Y-27632, and the lower chamber contained 500 mL OGM. Monolayer reached confluence after 3 days of
culture and was used for the follow-up experiment.

Transepithelial electrical resistance. Transepithelial electrical resistance (TER) of the porcine intesti-
nal organoid monolayer in a Transwell was measured using the epithelial volt-ohm meter (Millicell ERS-2,
Merck, USA). Cells were equilibrated at room temperature for 30 min before measurement. The electrode
tip was washed with 70% ethanol and DMEM/F12, respectively. Afterward, it was inset vertically into
Transwell and the resistance value was recorded. An empty Transwell with OGM (200 mL in the upper
chamber; 500 mL in the lower chamber) was used as a control group. The valid resistance value of the
organoid monolayer was calculated by subtracting the resistance of the control group, and the final resist-
ance value in X cm2 = valid resistance value � membrane area (0.33 cm2).

Virus infection. Organoid monolayers cultured for 3 days were washed three times with phosphate
buffer saline (PBS) and then inoculated with the TGEV H165 strain (MOI = 1) or mock-infected (ST cells
supernatant) for 2 h at 37°C. The residual viruses were removed by washing with PBS. Then the organoid
monolayer was cultured with OGM (with 10 mM Y-27632) for indicated times.

Immunostaining. Organoid monolayer was washed three times with PBS and fixed with 4% parafor-
maldehyde for 20 min at room temperature, permeabilized with 0.2% Triton X-100 (Beyotime, China; cat-
alog number ST797) for 20 min at room temperature, and blocked with 5% BSA (Biofroxx, Germany; cat-
alog number 4240GR100) for 1h. Primary antibodies were diluted with PBS and 5% BSA then incubated
at 4°C overnight. After rinsing, secondary antibodies were diluted with PBS and incubated for 1 h at room
temperature. The antibodies used in this study are listed in Table 1. Next, the nucleus of the organoid
monolayer was stained with 4’,6-diamidino-2-phenylindole (DAPI; Beyotime, China; catalog number
C1006). The Transwell membranes were cut out using a surgical blade after washing with PBS and placed
on a glass slide for imaging. The slide was observed using confocal microscopy (Zeiss LSM 900, Germany).

RNA extraction and quantitative real-time PCR. Total RNA from organoid monolayer in the
Transwell was extracted using RNAiso reagent (TaKaRa, Japan; catalog number 9109), and cDNA synthe-
sized was performed using Honor II 1st Strand cDNA Synthesis SuperMix (Vazyme, China; catalog number
R223-01). The TGEV virus copy number was measured by the TaqMan probe-based RT-qPCR developed
previously in our laboratory (38). The relative gene expression levels were also determined using the
Unique Aptamer qPCR SYBR green master mix (Vazyme, China; catalog number Q311-02,) and calculated
with the 2-DDCT method. The primers and probes used in this study are listed in Table 2.

Western blot. Organoid monolayer in Transwell was lysed using NP-40 (Beyotime, China; catalog
number P0013F) with PMSF (Beyotime, China; catalog number ST506) for 20 min at 4°C and centrifuged
at 10000 � g for 5 min to remove unlysed cell debris. The protein was separated by SDS-PAGE and trans-
ferred onto a PVDF (GE, USA; catalog number 10600023) membrane. After blocking with 5% BSA, the
membrane was immunoblotted overnight at 4°C with the primary antibodies (Table 1). Subsequently,
the secondary antibody was incubated with the membrane for 1 h at room temperature. Finally, the

TABLE 1 List of antibodies used in this study

Antibody Type Supplier Product no.
Ki-67 Mouse BD Biosciences 550609
Sox9 Rabbit CST 82630
Villin Mouse Santa Cruz SC-58897
ZO-1 Rabbit Invitrogen PA5-85256
CGA Mouse Santa Cruz sc-393941
Muc2 Rabbit Abcam ab134119
LYZ Rabbit Invitrogen PA5-16668
b-catenin Rabbit CST 8480
APN Rabbit Abconal A5662
C-myc Rabbit ZENBIO 343250
Cyclin D1 Rabbit CST 2922
GAPDH Rabbit Proteintech 10494-1-AP
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protein expression was visualized with chemiluminescence detection reagents (Advansta, USA; catalog
number K-12045-D50), and Image J was used to calculate the density ratio.

Statistical analysis. The data from three independent biological replicates were presented as the
means 6 standard deviations (SDs). The statistical analysis was performed by two-way analysis of var-
iance (ANOVA) or Student's t test with GraphPad Prism 7 software and are shown as P values.
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