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ABSTRACT Transmissible gastroenteritis virus (TGEV)-induced enteritis is characterized
by watery diarrhea, vomiting, and dehydration, and has high mortality in newborn
piglets, resulting in significant economic losses in the pig industry worldwide. Conven-
tional cell lines have been used for many years to investigate inflammation induced
by TGEV, but these cell lines may not mimic the actual intestinal environment, mak-
ing it difficult to obtain accurate results. In this study, apical-out porcine intestinal
organoids were employed to study TEGV-induced inflammation. We found that apical-
out organoids were susceptible to TGEV infection, and the expression of representa-
tive inflammatory cytokines was significantly upregulated upon TGEV infection. In
addition, retinoic acid-inducible gene | (RIG-I) and the nuclear factor-kappa B (NF-kB)
pathway were responsible for the expression of inflammatory cytokines induced by TGEV
infection. We also discovered that the transcription factor hypoxia-inducible factor-1a
(HIF-1a) positively regulated TGEV-induced inflammation by activating glycolysis in
apical-out organoids, and pig experiments identified the same molecular mechanism
as the ex vivo results. Collectively, we unveiled that the inflammatory responses induced
by TGEV were modulated via the RIG-I/NF-kB/HIF-1a/glycolysis axis ex vivo and in vivo.
This study provides novel insights into TGEV-induced enteritis and verifies intestinal
organoids as a reliable model for investigating virus-induced inflammation.

IMPORTANCE Intestinal organoids are a newly developed culture system for investi-
gating immune responses to virus infection. This culture model better represents the
physiological environment compared with well-established cell lines. In this study, we
discovered that inflammatory responses induced by TGEV infection were regulated by
the RIG-I/NF-kB/HIF-Ta/glycolysis axis in apical-out porcine organoids and in pigs. Our
findings contribute to understanding the mechanism of intestinal inflammation upon
viral infection and highlight apical-out organoids as a physiological model to mimic
virus-induced inflammation.
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ransmissible gastroenteritis virus (TGEV), a member of the genus Alphacoronavirus

(family Coronaviridae, order Nidovirales), is a single-stranded, positive-sense RNA
virus (1). TGEV primarily attacks small intestinal epithelial cells and causes acute watery
diarrhea, vomiting, dehydration, and anorexia, with high morbidity and mortality,
particularly in nursing piglets (2). Enteritis caused by TGEV results in high mortality in
piglets less than 2 weeks old (3), suggesting that the inflammation of the small intestine
might be instrumental in the pathogenesis of TGEV infection. Wang et al. reported that
TGEV nonstructural protein 2 (Nsp2) contributes to inflammation via NF-kB activation
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in ST cells and IPEC-J2 cells (4). However, ST cells and IPEC-J2 cells are immortalized
single-cell lines, which may not reveal the actual inflammatory responses occurring
in vivo. Therefore, a more physiological culture system is urgently needed for investigat-
ing TGEV-induced inflammation.

Intestinal organoids were differentiated from Lgr5" stem cells and first reported
from mice in 2009 (5). Intestinal organoids include many intestinal cell types, such as
stem cells, goblet cells, Paneth cells, enterocytes, and so on, and can better mimic
the real gut environment (5). Recently, our laboratory developed an apical-out porcine
intestinal organoid culture system and intestinal organoid monolayer to explore virus—
host interactions and found that TGEV can infect organoid models and induce immune
responses effectively (6, 7). Apical-out organoids, which are a three-dimensional (3D)
culture model, are reported to be more likely to benefit viral infection and the differen-
tiation of intestinal cell types, suggesting that they are a more physiological model for
exploring inflammatory responses to TGEV infection (6).

Inflammatory responses are critical effectors of host responses against pathogen
invasion, but excessive inflammatory responses can be harmful (8). Coronavirus triggers
inflammatory responses through a complex signal cascade (9). In detail, pattern
recognition receptors (PRRs) are appointed to sense pathogen-associated molecular
patterns (PAMPs) (10). PRRs related to coronavirus mainly include Toll-like receptor 3
(TLR3), Toll-like receptor 7 (TLR7), Toll-like receptor 8 (TLR8), retinoic acid-inducible
gene | (RIG-1), and melanoma differentiation-associated gene 5 (MDA5), which all recruit
adaptor molecules to mediate the signaling cascade (11). Specifically, the Toll-like
receptors recruit TIR-domain-containing adaptor-inducing IFN-B (TRIF) and myeloid
differentiation primary response gene (MyD88) to activate downstream pathways.
Meanwhile, RIG-I and MDA5 belong to the RIG-like receptors (RLRs), which interact
with mitochondrial antiviral signaling protein (MAVS) to deliver the signal (12, 13).
The production of inflammatory cytokines can be induced through the activation of
various pathways such as NF-kB and mitogen-activated protein kinases (MAPK)-activat-
ing protein 1 (AP-1) pathways (14). The classical NF-kB activation cascade is initiated
by stimulus-induced ubiquitinated degradation of IkBa, releasing NF-kB dimers and
promoting their nuclear translocation (15). The AP-1 pathway is composed of JUN,
FOS, or ATF (activating transcription factor) subunits, and activation of the pathway is
characterized by the phosphorylation of JUN (16).

In this study, apical-out intestinal organoids were established to explore TGEV-
induced inflammation. Using this model, we found that, TGEV can effectively infect
apical-out organoids and induce the production of inflammatory cytokines, such
as tumor necrosis factor-a (TNF-q), interleukin-6 (IL-6), interleukin-8 (IL-8), interleu-
kin-18 (IL-1B), and interleukin-18 (IL-18). In addition, we found that RIG-l, but not
MDAS5, can positively activate the NF-kB pathway to regulate TGEV-induced inflamma-
tion. Furthermore, hypoxia-inducible factor-1a (HIF-1a) was demonstrated to regulate
TGEV-induced inflammation by activating glycolysis downstream of the RIG-I-NF-«kB
pathway. Finally, animal experiments showed the same molecular mechanism for
TGEV-induced inflammation. Collectively, TGEV induces inflammatory responses via the
RIG-I/NF-kB/HIF-1a/glycolysis axis in apical-out intestinal organoids and pigs.

RESULTS
Apical-out porcine intestinal organoids are susceptible to TGEV

Porcine intestinal crypts were isolated from the intestinal follicle-associated epithelium
of the ileum according to a previous protocol (6) and were cultured in Matrigel supple-
mented with organoid growth medium (OGM) (Fig. STA). The formation of crypt-villus
structures was observed from 1 to 5 days (Fig. S1B). To better mimic the physiological
environment, apical-out intestinal organoids were established with zonula occludens-1
(ZO-1) in the outer membrane of the organoids, which means that apical-out organoids
were successfully generated (Fig. S1C and D). In addition, different intestinal epithelial
cell subsets, including absorptive enterocytes (Villin-positive), enteroendocrine cells
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(CGA-positive), stem cells (SOX9-positive), goblet cells (MUC2-positive), and Paneth cells
(LYZ-positive), were successfully detected in the apical-out organoids (Fig. S1E). This
finding illustrated that the apical-out organoids possessed complex multicellularity and
thus were a more physiologically relevant research model.

To investigate whether the apical-out intestinal organoids were valid for exploring
immune responses to viral infection, TGEV was employed to infect the organoids.
Reverse transcription-quantitative PCR (RT-qPCR) and a 50% tissue culture infective dose
(TCIDsgq) assay demonstrated that the apical-out organoids were susceptible to TGEV.
The viral load in the supernatant and cells peaked at 48 hours post-infection (hpi) and
subsequently decreased by 72 hpi (Fig. 1A and B). The viral titer was also peaked at 48 hpi
(Fig. 1C). In addition, Western blotting detected the presence of TGEV N protein (Fig. 1D).
Consistent with this finding, immunofluorescence assay (IFA) results also showed that
the expression of TGEV N in apical-out intestinal organoids detected at 48 hpi (Fig. 1E).
Collectively, these data illustrated that the apical-out porcine intestinal organoids were
susceptible to TGEV.

TGEV infection induces inflammatory responses in apical-out porcine
intestinal organoids

To further investigate the inflammatory responses of apical-out organoids upon TGEV
infection, the transcription levels of TNF-q, IL-8, IL-6, IL-1(3, and IL-18 were evaluated by
RT-qPCR. TNF-a and IL-8 mRNA levels peaked at 48 hpi (Fig. 2A and B). Moreover, the
TGEV infection significantly activated the transcription of IL-6 and IL-1f at 72 hpi (Fig.
2C and D). Meanwhile, the level of IL-18 mRNA was also upregulated at 24 hpi (Fig. 2E).
These data demonstrated that inflammatory responses can be induced by TGEV infection
in apical-out organoids.

Next, to determine whether these TGEV-induced inflammatory responses were
caused by TGEV protein or by TGEV nucleic acid, the apical-out organoids were infected
with UV-TGEV and TGEV, respectively. The results demonstrated that TGEV, but not
UV-TEGV, could upregulate TNF-q, IL-8, IL-6, and IL-13 mRNA levels (Fig. 2F), indicating
that TGEV protein, but not nucleic acid, induced inflammation.

TGEV infection induces inflammatory responses by RIG-1 in apical-out porcine
intestinal organoids

Activation of various PRRs represents the prime step of the inflammatory response to
induce cytokine production. RIG-l, MDA5, TLR3, TLR7, and TLR8 have been reported
to be involved in the immune response of coronavirus (11). To explore which PRRs
have critical roles in recognizing viral components and inducing inflammatory response
during TGEV infection in apical-out organoids, the expression of PRRs, namely RIG-I,
MDAS5, TLR3, TLR7, and TLR8, was analyzed using RT-qPCR. The mRNA level of RIG-I was
significantly upregulated, whereas no obvious changes in the expression of other PRRs
were observed (Fig. 3A; Fig. S2A). This trend was confirmed by Western blot analysis (Fig.
3B). To elucidate the function of RIG-l in TGEV-induced inflammation, Cyclo (Phe-Pro),
a specific inhibitor of RIG-I activation, was added to mock- or TGEV-infected organoids
(17). As expected, RIG-I activation was suppressed by Cyclo treatment (Fig. 3C), and
levels of inflammatory cytokines were also reduced in Cyclo-treated organoids during
TGEV infection (Fig. 3D). Furthermore, TGEV infection was enhanced by Cyclo treatment
(Fig. 3E) and IFN responses were significantly decreased (Fig. 3F). Cyclo exhibited no
cytotoxicity at the concentrations used in this study (Fig. S3A).

TGEV infection triggers inflammatory responses via the NF-kB pathway in
apical-out porcine intestinal organoids

To further explore the role of key pathways of inflammatory cytokines during TGEV
infection in apical-out intestinal organoids, the activation of NF-kB and AP-1 was
determined by Western blotting to detect phosphorylation of P65 and JUN after TGEV
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FIG 1 Apical-out porcine intestinal organoids are susceptible to TGEV. (A and B) Apical-out organoids were inoculated with TGEV, and organoids and

supernatant were collected at the indicated times for viral load detection by RT-qPCR. (C and D) TGEV titers and N protein at the indicated times were detected by

TCIDsg and Western blotting, respectively. (E) Apical-out organoids infected with TGEV for 48 h were stained with TGEV N monoclonal antibody; scale bar: 20 pm.

All experiments were performed in triplicate.

infection. The level of phosphorylated P65 was significantly upregulated, whereas the
phosphorylation of JUN was slightly increased after TGEV infection, suggesting that TGEV
infection can markedly activate the NF-kB pathway (Fig. 4A and B). This result was further
confirmed by Western blotting, which showed that nuclear P65 expression and IkBa
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FIG 2 TGEV infection induces inflammatory responses in apical-out porcine intestinal organoids. (A-E) Tra

nscription levels of TNF-q, IL-8, IL-6, IL-1B, and IL-18 at

the indicated times post-TGEV infection were evaluated by RT-qPCR. (F) Transcription levels of TNF-q, IL-8, IL-6, and IL-1p at 48 h after TGEV or UV-TGEV infection

were measured by RT-qPCR. Results are presented as mean + SD of data from three independent experiments *, P < 0.05; **, P < 0.01; ***, P < 0.001, determined

by two-tailed Student’s t test.

degradation were promoted by TGEV infection (Fig. 4A and B). In addition, IFA results
demonstrated that TGEV induced nuclear translocation of P65 in apical-out organoids at
48 hpi (Fig. 4Q).

To further investigate the effect of NF-kB activation on TGEV-induced inflammation,
BAY11-7082 (BAY11), which is a specific inhibitor of NF-kB, was added into mock-
or TGEV-infected organoids. This inhibitor did not have any effect on viral load and
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FIG 3 TGEV infection induces inflammatory responses by RIG-I in apical-out porcine intestinal organoids. (A) Transcription levels of RIG-I, MDA5, TLR3, TLR7, and
TLR8 in apical-out organoids at the indicated times post-TGEV infection were evaluated by RT-gPCR. (B) RIG-I expression in apical-out organoids at the indicated
times post-TGEV infection was detected by Western blotting and calculated with ImageJ. (C) Apical-out organoids were treated with 500 uM or 1 mM Cyclo for
(Continued on next page)
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FIG 3 (Continued)

48 h, then RIG-I expression was measured by Western blotting and calculated with Imagel. (D-F) Apical-out organoids were infected with TGEV followed by Cyclo
treatment (1 mM) for 48 h. Subsequently, mRNA levels of TNF-q, IL-8, IL-6, and IL-1(3 (D), TGEV viral load (E), and mRNA levels of IFN-a, IFN-B, and IFN-A1 (F) were
determined by RT-qPCR. Results are presented as mean + SD of data from three independent experiments *, P < 0.05; **, P < 0.01; ***, P < 0.001, determined by
two-tailed Student’s t test.

cytotoxicity in organoids (Fig. 4D; Fig. S3B). As expected, mRNA levels of inflammatory
cytokines, including TNF-q, IL-8, IL-6, and IL-1(3, were reduced in BAY11-treated organoids
during TGEV infection (Fig. 4E). This finding indicated that NF-kB signaling plays a critical
role in the TGEV-induced inflammatory response in apical-out intestinal organoids.

RIG-I controls NF-kB pathway activation upon TGEV infection in apical-out
porcine intestinal organoids

PRRs have been reported to regulate the NF-kB pathway to induce inflammation (18).
Therefore, we hypothesized that RIG-I controls NF-kB pathway activation after TGEV
infection. To verify this hypothesis, RIG-l, the phosphorylation of P65, nuclear P65,
cytoplasmic P65, and IkBa expression were measured after Cyclo treatment. Western
blotting showed that when RIG-I activation was repressed by Cyclo, the phosphory-
lation of P65 and nuclear P65 were reduced and cytoplasmic P65 expression and
IkBa degradation were restored compared to the TGEV-infected group (Fig. 5A and
B). Furthermore, TGEV-induced nuclear translocation of P65 was abolished by RIG-I
inhibition (Fig. 5C). These results illustrated that NF-kB pathway activation can be
regulated by RIG-I upon TGEV infection.

HIF-1a positively regulates TGEV-induced inflammation downstream of the
RIG-I-NF-kB pathway

The above investigations demonstrated that TGEV induced inflammatory responses
via the RIG-I-NF-kB pathway. We hypothesized that key factors participate in TGEV-
induced inflammation downstream of the RIG-I-NF-kB pathway. This hypothesis was
explored by screening some key proinflammatory proteins related to coronavirus,
namely HIF-1a, NOD-like receptor family pyrin domain-containing 3 (NLRP3), NOD-like
receptor family pyrin domain-containing 6 (NLRP6), high mobility group box-1 (HMGB1),
and NIMA-related kinase 7 (NEK7). HIF-1a was significantly induced by TGEV infection,
but inhibited after downregulation of RIG-I expression and NF-kB pathway by specific
inhibitors, respectively, suggesting that the RIG-I-NF-kB pathway positively regulates
HIF-1a expression upon TGEV infection (Fig. 6A and B; Fig. S4A). Those inhibitors showed
no cytotoxicity at the concentrations used in this study (Fig. S3 and S4B). To further
validate the role of HIF-1a on TGEV-induced inflammation, BAY 87-2243 (BAY87, a
HIF-1a inhibitor) and CoCl, (a HIF-1a agonist) were employed. HIF-1a expression was
inhibited by BAY87 treatment (Fig. 6C), whereas CoCl, treatment significantly induced
HIF-1a expression (Fig. 6D) in apical-out organoids. BAY87 and CoCl, exhibited no
cytotoxicity at the concentrations used in this study (unpublished data). As expected,
TGEV-induced inflammatory cytokines were reduced after BAY87 treatment (Fig. 6E),
whereas the same cytokines were promoted by CoCl, treatment (Fig. 6F), suggesting
that HIF-1a positively controls TGEV-induced inflammation. In addition, pharmacological
inhibition of HIF-1a could restrict TGEV infection (Fig. 6G), whereas pharmacological
upregulation of HIF-1a could promote TGEV infection (Fig. 6H). Taken together, the
proposed molecular mechanism is that TGEV induced inflammation via the RIG-I/NF-kB/
HIF-1a axis in apical-out intestinal organoids.
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FIG 4 TGEV infection triggers inflammatory responses via the NF-kB pathway in apical-out intestinal organoids. (A) Apical-out organoids were infected with
TGEV for 24 and 48 h, then P-JUN, P-P65, total P65, cytoplasmic P65, nuclear P65, IkBa, and TGEV N were detected by Western blotting. (B) The density ratios of
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were stained with TGEV N and P65 and analyzed by confocal microscopy; scale bar: 5 um. (D and E) Apical-out organoids were infected with TGEV followed by
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presented as mean + SD of data from three independent experiments *, P < 0.05; **, P < 0.01; ***, P < 0.001, determined by two-tailed Student’s t test.
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FIG 6 HIF-1a positively regulates TGEV-induced inflammation downstream of the RIG-I-NF-kB pathway. (A and B) Apical-out organoids were infected with TGEV
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organoids post TGEV infection were measured by RT-qPCR (A) and HIF-1a protein expression was determined by Western blotting and analyzed using Image)J

(B). (C and D) Apical-out organoids were treated with the indicated concentrations of BAY87 or CoCl, for 48 h, then HIF-1a protein expression was detected by

Western blotting and analyzed by Imagel. (E and F) Apical-out organoids were infected with TGEV followed by BAY87 (5 uM) or CoCl; (25 uM) treatment for
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FIG 6 (Continued)

48 h, then transcription levels of TNF-q, IL-8, IL-6, and IL-1f were determined by RT-qPCR. (G and H) Apical-out organoids were infected with TGEV followed by
BAY87 (5 uM) or CoCl; (25 uM) treatment for 48 h, then TGEV viral load was detected by RT-gPCR, and TGEV N and HIF-1a protein expressions were measured
by Western blotting. Results are presented as mean + SD of data from three independent experiments *, P < 0.05; **, P < 0.01; ***, P < 0.001, determined by
two-tailed Student’s t test.

TGEV infection triggers inflammatory responses by the RIG-I/NF-kB/HIF-1a
pathway in pigs

Given the above results ex vivo, we hypothesized that TGEV induces inflammation via the
RIG-I/NF-kB/HIF-1a axis in vivo. To verify this hypothesis, experiments were performed to
evaluate how TGEV induces inflammatory responses in pigs. Groups of pigs were treated
with Dulbecco’s modified Eagle’s medium (DMEM) or BAY87 and then inoculated with
TGEV individually by oral administration (Fig. 7A). First, RIG-| and MDAS5 expressions in
the ileum of the mock and TGEV groups were measured. TGEV infection significantly
upregulated RIG-I expression but not MDA5 expression (Fig. 7B; Fig. S2B), which was
consistent with ex vivo results. In addition, P65 was markedly phosphorylated after
TGEV infection, suggesting that the NF-kB pathway is instrumental in TGEV-induced
inflammation in pigs (Fig. 7C). Furthermore, HIF-1a expression in the ileum was markedly
induced by TGEV infection, but decreased after BAY87 treatment, and this treatment also
inhibited TGEV infection in vivo (Fig. 7D; Fig. S5A and S5B).

To further confirm the relationship between HIF-1a and TGEV-induced inflammation
in vivo, the expression of TNF-q, IL-8, IL-6, and IL-13 was determined by RT-qPCR and
protein microarray. We found that TGEV-induced cytokines in the ileum, intestinal
digesta, and serum were downregulated after oral administration of BAY87 in pigs (Fig.
7E through G). In addition, alanine aminotransferase (ALT) and aminotransferase (AST)
were not changed by BAY87 treatment, meaning that oral administration of BAY87 was
not cytotoxic in our animal model (Fig. S6A). To further characterize the effect of HIF-1a
on inflammatory infiltration caused by TGEV, ileum samples were paraffin-embedded,
followed by slicing and staining with hematoxylin and eosin (H&E). Pharmaceutical
inhibition of HIF-1a almost reversed the inflammatory infiltration of the ileum (Fig. 7H).
These results again suggested that TGEV triggers inflammatory responses predominantly
via the RIG-I/NF-kB/HIF-1a axis in vivo.

HIF-1a promotes TGEV-induced inflammatory responses by activating
glycolysis

Although HIF-1a was proved to be an indispensable factor in TGEV-induced inflam-
mation, the mechanism of HIF-1a-mediated inflammation upon TGEV infection was
unclear and warranted further exploration. HIF-1a is known to positively regulate
inflammatory responses mainly by upregulating vascular endothelial growth factor
(VEGF) or activating glycolysis (19, 20). Therefore, in this study, VEGF and glycolysis
were screened after TGEV infection. The results demonstrated that TGEV infection could
not regulate VEGF expression, but could significantly upregulate lactate production
and PKM2 expression, which are key markers of glycolysis activation. Moreover, the
TGEV-induced lactate production and PKM2 expression were markedly decreased by
BAY87 treatment, indicating that HIF-1a can positively regulate TGEV-induced glycolysis
ex vivo (Fig. 8A) and in vivo (Fig. 8B). To further verify the effect of HIF-1a-mediated
glycolysis on TGEV-induced inflammation, 2-DG (a glycolysis inhibitor) was employed to
treat TGEV-infected organoids. As expected, TGEV-induced inflammation was obviously
decreased and TGEV infection was also inhibited by pharmaceutical inhibition of
glycolysis (Fig. 8C and D). In addition, 2-DG presented no cytotoxicity at the concentra-
tions used in this experiment (Fig. 8E). Collectively, the proposed molecular mechanism is
that TGEV induces inflammation via the RIG-I/ NF-kB/HIF-1a/glycolysis axis (Fig. 9).
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FIG 7 TGEV infection triggers inflammatory responses via the RIG-I/NF-kB/HIF-1a pathway in vivo. (A) Experimental schemes in three groups of piglets. (B) The
transcription level of RIG-I in the ileum from piglets sacrificed at 24 hpi was detected by RT-qPCR, and RIG-I and TGEV N protein expressions in the ileum were
determined by Western blotting. (C) Phosphorylated P65, P65, and TGEV N in the ileum from piglets sacrificed at 24 hpi were detected by Western blotting and
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analyzed by Imagel. (D) The transcription level of HIF-1a in the ileum was detected by RT-gPCR, and HIF-1a and TGEV N in the ileum were measured by Western
blotting. (E) The mRNA levels of TNF-q, IL-8, IL-6, and IL-1f in the ileum were determined by RT-qPCR. (F and G) A protein microarray was performed to detect
TNF-q, IL-8, IL-6, and IL-1f in intestinal digesta (F) and serum (G). (H) Hematoxylin and eosin staining of ilea from piglets sacrificed at 24 hpi; scale bar: 10 or

Journal of Virology

50 pm. Results are presented as mean + SD of data from three independent experiments ***, P < 0.001, determined by two-tailed Student’s t test.

DISCUSSION

Sensitive cell lines have long been used for viral infections, even though cell lines
do not mimic the physiological states in the body. Organoids are more acceptable
for the establishment and application of models exploring viral infection and immune
responses because the origin and composition of organoids are closer to that of organ
systems. Intestinal organoids derived from Lgr5* stem cells were first proposed in 2009
(5). Organoids have proved useful in investigations of the production, signaling, and
function of innate immunity in response to human enteric viruses, such as human
norovirus, rotavirus, and reovirus (21). Previously, our laboratory developed an apical-out
porcine intestinal organoid culture system for swine enteric virus infection and immune
response investigations. Apical-out organoids facilitate most enteric virus infections and
the differentiation of intestinal cell types, and thus are physiological research models for
virus—epithelial interaction investigations (6). In this study, our results demonstrated that
TGEV was able to infect the apical-out intestinal organoids and triggers TGEV-induced
inflammatory factors, especially TNF-q, IL-8, and IL-6, which were markedly upregulated.
We also found that TGEV protein, but not nucleic acid, induced inflammation in the
apical-out organoids. We infer that TGEV nonstructural protein participates in TGEV-
induced inflammation, but further studies are needed to understand the details.

Activation of PRRs is an important strategy utilized by coronaviruses for manipulating
inflammatory responses (10). TGEV infection is reported to trigger inflammation by
RIG-I- and MDA5-mediated signaling in ST cells (22). Here, we found that TGEV induces
inflammation by upregulating RIG-I expression in apical-out organoids and pigs, rather
than activating MDA5. A potential reason for these discrepancies may be that apical-out
organoids are more likely to mimic in vivo environments compared to conventional cell
lines. Moreover, TGEV infection can be enhanced by Cyclo (a RIG-I inhibitor) treatment,
suggesting that RIG-1 not only regulates TGEV-induced inflammation but also may affect
interferon production which has an antiviral function (23). Some studies have reported
that TGEV induces inflammatory responses by the NF-kB pathway in conventional cell
lines (4, 22). Our results provide a similar trend in apical-out organoids and in pigs,
indicating that the NF-kB pathway could be a reliable target to control TGEV-induced
enteritis. In addition, our results suggested that NF-kB signaling pathway activation had
no remarkable effects on TGEV replication, which was consistent with the results of
previous studies (4, 22). We infer that NF-kB may play a critical role in many cellular
processes to regulate viral replication, including cell proliferation, survival, and differen-
tiation except to inflammation. Therefore, NF-kB not only regulates the expression of
HIF-1a but also participates in the regulation of other genes related to viral infection. We
infer that there are more host factors involved in the relationship between NF-kB and
TGEV infection. Further studies are required to understand this in more detail.

There are many proinflammatory factors involved in coronavirus-induced inflamma-
tion. It is reported that HIF-1a promotes SARS-CoV-2 infection and aggravates inflam-
matory responses in COVID-19 (24); and HMGB1 enhances porcine epidemic diarrhea
virus-induced inflammation by binding to TLR4-induced activation of p38 MAPK (25).
The activation of NLRP3 and NLRP6 inflammasomes also triggers coronavirus-induced
inflammatory responses by releasing IL-13 and IL-18 (26, 27). In addition, NLRP3
activation can be mediated by NEK7 downstream of potassium efflux (28). In this study,
we found that HIF-1a expression can be regulated by the RIG-I-NF-kB pathway upon
TGEV infection. Moreover, HIF-1a had higher expression in intestinal organoids and
tissues compared to conventional cell lines, like ST cells (data not shown). We inferred
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FIG 8 (Continued)

levels of TNF-q, IL-8, IL-6, and IL-1(3 (C) and TGEV viral load (D) were determined by RT-qPCR. (E) Intestinal organoids were incubated with different concentrations
of 2-DG for 48 h and cell viability was assessed using a Cell Counting Kit-8. Results are presented as mean * SD of data from three independent experiments *, P <
0.05; **, P < 0.01; ***, P < 0.001, determined by two-tailed Student’s t test.

that HIF-1a may be involved in TGEV-induced inflammation. Our subsequent results
demonstrated that HIF-1a was actually a key mediator of TGEV-induced inflammatory
responses in intestinal organoids and the porcine ileum, further clarifying that intestinal
organoids are more likely to mimic in vivo environments than conventional cell lines.
However, the detailed molecular mechanism of regulation of NF-kB and HIF-1a remains
unclear. We infer that p50 may stabilize HIF-1a protein upon TGEV infection (29), but this
theory requires further study.

HIF-1a is reported to positively regulate inflammation by different mechanisms. Codo
et al. reported that SARS-CoV-2 stabilized HIF-1a expression, which induced monocyte-
derived cytokines by activating glycolysis (20). HIF-1a also promotes the H1N1-induced
host inflammatory response by regulating glycolysis (30). In contrast, HIF-1a promotes
experimental acute ocular inflammation by stimulating VEGF signaling (19). In our study,
VEGF and glycolysis were screened after TGEV infection or inhibition of HIF-1a to further
explore the potential mechanism of HIF-1a promoting TGEV-induced inflammation.
We found that HIF-1a facilitated TGEV-induced inflammation by regulating glycolysis.
It can actually present novel mechanistic insight for this trend. In addition, similar
to HIF-1q, activation of glycolysis can also upregulate TGEV infection. It is reported
that HIN1-induced HIF-1a can promote glycolysis to produce lactate which reduces
accumulation of the RIG-I-MAVS complex and IFN responses to promote viral infection
(30). We hypothesize that HIF-1a promotion of TGEV infection may be associated with
glycolysis and IFN production, and this theory needs to be explored in detail in future
studies.

In conclusion, our research is the first to employ apical-out porcine intestinal
organoids and pigs for exploring TGEV-induced inflammation and revealed that TGEV
induces inflammatory responses via the RIG-I/NF-kB/HIF-1a/glycolysis axis. Our study
provides a novel insight into potential therapeutic targets for TGEV-caused swine
enteritis and verifies apical-out organoids as a more physiological model for mimicking
enteric virus-induced inflammation.

MATERIALS AND METHODS
Cell culture, virus, and animals

ST cells for TCID5q detection were maintained in DMEM (Sigma-Aldrich, USA, D6429) 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 strain was maintained in our
laboratory and the titer was 10”% TCIDso/mL. Porcine intestines for crypt isolation were
obtained from Luoniushan Co., Ltd (Hainan Province, China).

Porcine intestinal 3D organoids culture

Porcine ileum crypts were isolated from pigs and cultured in Matrigel (Corning, USA,
356231) and OGM (Stem Cell, Canada, 06010) containing 10 uM ATP-competitive
inhibitor of Rho-associated kinases (Y-27632; CST, USA, 72302) according to a published
protocol (6).

Establishment of apical-out porcine intestinal organoids

Porcine 3D ileum organoids cultured with Matrigel for 5 days were dissociated by
incubation with 5 mM cold EDTA buffer on a rotating platform for 1 h at 4°C. The
organoids were then harvested by centrifugation at 250 x g for 5 min, washed with
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FIG9 Proposed model of TGEV-induced inflammation via the RIG-I/NF-kB/HIF-1a/glycolysis pathway in intestinal organoids and in vivo.

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 and 5% CO,. According to the previously published protocol, the
apical-out organoids were generated after 3 days (6).

Virus infection on apical-out organoids

Apical-out organoids were harvested from culture suspension by centrifugation at 250
x g for 5 min and inoculated with the TGEV Miller strain (multiplicity of infection = 10)
for 1 h at 37°C. The virus residue was removed and washed three times with DMEM/F12
for centrifugation. The organoids were incubated in OGM in a 37°C incubator supplied
with 5% CO,. Cells and supernatant were collected at indicated times for determination
of viral load and inflammatory responses.

Histopathological and immunofluorescence analysis

Porcine ileum samples were collected, fixed for 24 h in 10% formalin, dehydrated
according to the standard protocol, embedded in paraffin, and subjected to H&E
staining by standard procedures. For IFA, apical-out porcine intestinal organoids were
fixed with 4% paraformaldehyde for 20 min and then were blocked and permea-
bilized with 10 mM phosphate buffer [with 3% bovine serum albumin (Biofroxx,
Germany, 4240GR100) and 1% Triton X-100 (Beyotime, China, ST797)] for 12 h at
4°C. The apical-out organoids were labeled with primary antibodies for 24 h at
4°C. After rinsing, secondary antibodies were incubated for 24 h at 4°C. Next, 4,
6-diamidino-2-phenylindole (DAPI; Beyotime, China, C1006) was used to stain with
the nucleus. After washing, the apical-out organoids were visualized using confocal
laser-scanning microscopy (Zeiss LSM 900, Germany).
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Nuclear and cytoplasmic extraction, Western blotting, and lactate measure-
ment

Apical-out organoids were collected by NP40 containing PMSF per 20 uL of cell pellet
and lysed to nuclear extract and cytoplasmic extract according to the manufacturer’s
recommendations (Nuclear and Cytoplasmic Protein Extraction Kit, Beyotime, China,
P0027). For the Western blot, proteins were separated by sodium dodecyl sulfate-polya-
crylamide gel electrophoresis (SDS-PAGE) and transferred onto a polyvinylidene fluoride
(PVDF) membrane (GE, USA, 10600023). The membranes were blocked in 5% nonfat milk
at room temperature for 2 h and incubated with specific primary antibodies overnight
(see Table 1 for antibodies). Subsequently, the secondary antibody was incubated with
the membrane for 1 h at room temperature. Finally, the proteins on the membranes were
visualized with WesternBright ECL (Advansta, USA, K-12045-D50) (31, 32). The lactate
level in supernatant or serum was determined by using a lactate assay kit (Dojindo,
China, L256) according to the manufacturer’s instructions.

RNA extraction, real-time quantitative PCR, and protein microarray

Total RNA was extracted using RNAiso reagent (TaKaRa, Japan, 9109) and reverse
transcribed into ¢cDNA using HiScript Q RT SuperMix for gPCR (Vazyme, China, R223-01),
both following the manufacturer’s recommendations. The TGEV virus copy number was
detected by the TagMan probe-based RT-qPCR developed previously in our laboratory
(33). The relative qPCR was performed using the ChamQ SYBR gPCR master mix (Vazyme,
China, Q311-02) and calculated with the 272" method. The primers and probes used
in this study are listed in Table 2. For protein microarray, samples of intestinal contents
and serum were detected by Quantibody Porcine Cytokine Array 1 (Raybiotech, USA,
QAP-CYT-1).

Pig experiments

Neonatal pigs spontaneously delivered from sows were confirmed negative for TGEV by
RT-qPCR and enzyme-linked immunosorbent assay. The piglets were randomly separated
into three groups: mock (three pigs), TGEV (3), and TGEV-BAY87 (3). For the TGEV group,
piglets were orally infected 1.245 x 10® PFU TGEV for 24 h. For the TGEV-BAY87 group,
piglets were orally administered BAY87 (10 mg/kg) every 12 h from 0 to 48 h and orally
infected with 1.245 x 108 PFU TGEV for 24 h. At 24 hpi, all pigs were euthanized, and
intestinal tissues were collected for RT-qPCR, Western blot, and pathological examina-
tion. ALT and AST in serum were detected by biochemical parameters (HITACHI, Japan,
3110).

TABLE 1 List of antibodies used in this study

Antibody Type Supplier Product number
Z0-1 Rabbit Invitrogen PA5-85256
Sox9 Rabbit CST 82630
Villin Mouse Santa Cruz SC-58897
CGA Mouse Santa Cruz 5C-393941
Muc2 Rabbit Abcam ab134119
LYz Rabbit Invitrogen PA5-16668
P65 Rabbit Proteintech 10745-1-AP
P-JUN Rabbit Proteintech 28891-1-AP
P-P65 Rabbit CST 3033
LaminB1 Rabbit Proteintech 12987-1-AP
IkBa Rabbit Proteintech 10268-1-AP
RIG-I Rabbit Proteintech 20566-1-AP
HIF-1a Rabbit Proteintech 20960-1-AP
GAPDH Rabbit Proteintech 10494-1-AP
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TABLE 2 Primers for real-time qPCR

Names Primer or probe Sequence (5"-3")
TGEV N Forward TGCCATGAACAAACCAAC
Reverse GGCACTTTACCATCGAAT
Probe HEX-TAGCACCACGACTACCAAGC-BHQT1a
TNF-a Forward GTCTCAAACCTCAGATAAG
Reverse GTTGTCTTTCAGCTTCAC
IL-8 Forward TCCTGCTTTCTGCAGCTCTC
Reverse GGGTGGAAAGGTGTGGAATG
IL-6 Forward AATGCTCTTCACCTCTCC
Reverse TCACACTTCTCATACTTCTCA
IL-1B Forward AGAGGGACATGGAGAAGCGA
Reverse GCCCTCTGGGTATGGCTTT
IL-18 Forward CGATGAAGACCTGGAATCGG
Reverse CATCATGTCCAGGAACACTTCTCTG
RIG-I Forward AGAGCAGCGGCGGAATC
Reverse GGCCATGTAGCTCAGGATGAA
IFN-a Forward CTGCTGCCTGGAATGAGAGCC
Reverse TGACACAGGCTTCCAGGTCCC
IFN-B Forward CCACCACAGCTCTTTCCATGA
Reverse TGAGGAGTCCCAGGCAACT
IFN-A1 Forward CCACGTCGAACTTCAGGCTT
Reverse ATGTGCAAGTCTCCACTGGT
MDA5 Forward TCCGGGAAACAGGCAACTC
Reverse CAAAGGATGGAGAGGGCAAGT
TLR3 Forward GAGCAGGAGTTTGCCTTGTC
Reverse GGAGGTCATCGGGTATTTGA
TLR7 Forward TCTGCCCTGTGATGTCAGTC
Reverse GCTGGTTTCCATCCAGGTAA
TLR8 Forward CTGGGATGCTTGGTTCATCT
Reverse CATGAGGTTGTCGATGATGG
HIF-1a Forward GGCGCGAACGACAAGAAAAA
Reverse GTGGCAACTGATGAGCAAGC
NLRP3 Forward GAGCCAGAATGGGACAATGCAAAT
Reverse CTTTCTTTTTCTTACAAATAGAG
NLRP6 Forward CGGGACAATCCCCTAGGACT
Reverse CCTCCCTCCTCGTTCCAAGT
HMGB1 Forward ACATCCTGGCCTGTCCATTG
Reverse TCGTATTTTTCCTTCAGCTTCGC
NEK7 Forward GGCTGATTCCTGAGAGAACTGT
Reverse AGCCGGCTTTATATCTCGGTG
VEGF Forward CAAGATCCGCAGACGTGTAA
Reverse CAACGCGAGTCTGTGTTTCT
PKM2 Forward TTCGCATCTTTCATCCGTAA
Reverse CGCCCAATCATCATCTTCT

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 two groups are indicated
as *, P < 0.05; **, P < 0.01; ***, P < 0.001. Every experiment was performed with three
biological replicates, and the results were recorded as the mean + standard deviation
(SD).
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