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A B S T R A C T   

Transmissible gastroenteritis virus (TGEV) is characterized by watery diarrhea, vomiting, and dehydration and is 
associated with high mortality especially in newborn piglets, causing significant economic losses to the global pig 
industry. Hypoxia inducible factor-1α (HIF-1α) has been identified as a key regulator of TGEV-induced inflam-
mation, but understanding of the effect of HIF-1α on TGEV infection remains limited. This study found that TGEV 
infection was associated with a marked increase in HIF-1α expression in ST cells and an intestinal organoid 
epithelial monolayer. Furthermore, HIF-1α was shown to facilitate TGEV infection by targeting viral replication, 
which was achieved by restraining type I and type III interferon (IFN) production. In vivo experiments in piglets 
demonstrated that the HIF-1α inhibitor BAY87–2243 significantly reduced HIF-1α expression and inhibited TGEV 
replication and pathogenesis by activating IFN production. In summary, we unveiled that HIF-1α facilitates TGEV 
replication by restraining type I and type III IFN production in vitro, ex vivo, and in vivo. The findings from this 
study suggest that HIF-1α could be a novel antiviral target and candidate drug against TGEV infection.   

1. Introduction 

Transmissible gastroenteritis virus (TGEV), a member of the genus 
Alphacoronavirus (family Coronaviridae, order Nidovirales), is a single- 
stranded, positive-sense RNA virus (Liu and Wang, 2021). TGEV infec-
tion causes acute watery diarrhea, vomiting, dehydration, and anorexia 
and is associated with high morbidity and mortality, particularly in 
nursing piglets (Chen et al., 2023). The innate immune response defends 
the host against invading pathogens. Upon TGEV infection, pattern 
recognition receptors (PRRs) such as toll-like receptors (TLRs) and ret-
inoic acid inducible gene-I (RIG-I)-like receptors (RLRs) are activated 
through their recognition of pathogen-associated molecular patterns 
(PAMPs) released by TGEV. PRR activation induces downstream 
signaling cascades that recruit and activate TBK1/IKKε and cause the 
nuclear translocation of IRF3/7 and P65, resulting in the production of 
interferons (IFNs) and inflammatory cytokines (Zhang et al., 2022). 

Type I and type III IFNs interact with their receptors and induce the 
production of hundreds of IFN-stimulated genes (ISGs) through JAK/-
STAT signaling (Schneider et al., 2014). 

Type I and type III IFNs and ISGs play a critical role in the defense 
against virus infection (Zhang et al., 2022; Zhang et al., 2019). For 
example, IFN-β and IFN-λ1/3 have a strong antiviral effect on corona-
virus infections, especially among pigs (Ding et al., 2018; Park and 
Iwasaki, 2020; Zhang et al., 2018). Several ISGs are also reported to 
restrict infections with coronaviruses. For example, oligoadenylate 
synthetase-like (OASL) can significantly inhibit porcine epidemic diar-
rhea virus (PEDV) and TGEV infection (Song et al., 2022). In addition, 
IFN-stimulated gene 15 (ISG15) conjugation is essential for antiviral IFN 
responses against coronavirus infections (Liu et al., 2021). Meanwhile, 
coronaviruses have evolved to subvert host immunity by targeting key 
proteins participating in the IFN response (Bouhaddou et al., 2023). 
PEDV non-structure protein 1 (nsp1) inhibits type III IFN production by 
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blocking the nuclear translocation of IRF1 and reducing the number of 
peroxisomes (Zhang et al., 2018). In addition, SARS-CoV-2 PLpro can 
cleave ISG15 from IRF3 and attenuate type I IFN responses (Shin et al., 
2020). Thus, positive regulation of type I and type III IFNs is one 
mechanism for improving the host antiviral response against invading 
viruses. 

Hypoxia inducible factor-1α (HIF-1α) is a major transcriptional 
activator that allows cells to adapt to hypoxia and acts as a key regulator 
of the innate immune response (Koyasu et al., 2018). Peng et al. reported 
that hypoxia-induced HIF-1α directly represses IRF5 and IRF3 tran-
scription and negatively regulates type I IFN signaling, inducing in-
flammatory cytokine production by monocytes (Peng et al., 2021). In 
addition, HIF-1α has been shown to regulate various viral infections, 
including SARS-CoV-2, vesicular stomatitis virus (VSV), herpes simplex 
virus type 1 (HSV-1) (Tian et al., 2021), and H1N1 virus (Meng et al., 
2023). Furthermore, porcine reproductive and respiratory syndrome 
virus (PRRSV) nsp1β stabilizes HIF-1α to enhance viral replication(Pang 
et al., 2022). However, the effect of HIF-1α on TGEV infection is un-
known and warrants further investigation, with the aim of providing a 
reliable target against TGEV infection. 

This study found that TGEV infection was associated with increased 
HIF-1α expression in vitro and ex vivo. HIF-1α promoted TGEV infection 
by targeting viral replication in ST cells and an intestinal organoid 
monolayer. The effect of HIF-1α on TGEV infection was primarily 
dependent on the downregulation of type I and type III IFN production. 
In vivo experiments in pigs highlighted the same molecular mechanism 
by which HIF-1α promotes TGEV replication. In summary, HIF-1α was 
shown to facilitate TGEV replication by restraining type I and type III 
IFN production. 

2. Materials and methods 

2.1. Cell culture, virus, and animals 

ST cells and Vero-APN cells were maintained in Dulbecco’s Modified 
Eagle’s Medium (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% CO2. The TGEV Miller strain 
was maintained at a titer of 107.25 TCID50/mL, where TCID50 is the 50% 
tissue culture infectious dose. Porcine intestines used for crypt isolation 
were obtained from the Luoniushan Co., Ltd slaughterhouse in Hainan 
Province, China. 

2.2. 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 10 μM of the ATP-competitive inhibitor 
of Rho-associated kinases (Y-27632; CST, USA, 72302) as previously 
described (Li et al., 2020). 

2.3. Establishment of the intestinal organoid monolayer 

After 5 days of culture, 3D ileum organoids were collected using ice- 
cold DMEM and centrifuged at 250 g for 5 min. The organoid pellet 
without Matrigel was disassociated into single cells or small fragments at 
37 ℃ using TrypLE Express (Gibco, USA, 12605–010) by repeated 
pipetting to release the organoids after two 5 min intervals. Signal cells 
or small fragments were resuspended in OGM containing 10 μM Y-27632 
and seeded into a 48-well plate with 1.5% Matrigel. The monolayer 
reached confluency after 3 days of culture and was used for follow-up 
experiments (Yang et al., 2022a). 

2.4. Virus infection in the intestinal organoid monolayer 

The organoid monolayer cultured for 3 days was inoculated with the 

TGEV Miller strain (multiplicity of infection [MOI] = 1) for 2 h at 37 ◦C. 
Residual viruses were removed by washing with phosphate-buffered 
saline (PBS). The organoid monolayer was then cultured with OGM 
(with 10 μM Y-27632) for the indicated times (Yang et al., 2022a). 

2.5. Histopathological and immunofluorescence analysis 

The small intestine was collected, fixed for 24 h in 10% formalin, 
dehydrated according to the standard protocol, embedded in paraffin, 
and stained with hematoxylin and eosin using standard procedures 
(Yang et al., 2022b). For immunofluorescence analysis, ST cells or 
different segments of the small intestine were fixed with 4% para-
formaldehyde for 20 min and permeabilized with 0.1% Triton X-100 
(Beyotime, China, ST797) for 20 min at 37 ◦C. The samples were blocked 
with 5% bovine serum albumin (Biofroxx, Germany, 4240GR100) for 
1 h and labeled with primary antibodies overnight at 4 ◦C. After rinsing, 
the samples were incubated with secondary antibodies for 1 h at room 
temperature. The nuclei were then stained with 4′, 6′-dia-
midino-2-phenylindole (DAPI; Beyotime, China, C1006). After washing, 
the samples were visualized using confocal laser-scanning microscopy 
(Zeiss LSM 900, Germany). 

2.6. Western blotting 

Proteins were separated by sodium dodecyl sulfate-polyacrylamide 
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 

Table 1 
Antibodies used in this study.  

Antibody Type Supplier Product Number 

HIF-1α Rabbit Proteintech 20960–1-AP 
GAPDH Rabbit Proteintech 10494–1-AP  

Table 2 
Primers used for real-time qPCR.  

Names Primer or 
probe 

Sequence (5’-3’) 

TGEV N Forward 
Reverse 
Probe 

TGCCATGAACAAACCAAC GGCACTTTACCATCGAAT 
HEX-TAGCACCACGACTACCAAGC-BHQ1a 

GRP78 Forward 
Reverse 

TCTACTCGCATCCCAAAG 
CTCCCACGGTTTCAATAC 

ATF4 Forward 
Reverse 

TGGAGCAGAACAAGACAGC 
CTTTACATTCGCCAGTGAG 

LC3B Forward 
Reverse 

CCGAACCTTCGAACAGAGAG 
AGGCTTGGTTAGCATTGAGC 

ATG7 Forward 
Reverse 

AGATTGCCTGGTGGGTGGT 
GGGTGATGCTGGAGGAGTTG 

Caspase3 Forward 
Reverse 

TGGGATTGAGACGGACAGTG 
CGCTGCACAAAGTGACTGGA 

FasL Forward 
Reverse 

GGGTTCTCCTGTCACTGGTA 
TCAGCATGTTTCCGTTTGCC 

IFN-β Forward 
Reverse 

CCACCACAGCTCTTTCCATGA 
TGAGGAGTCCCAGGCAACT 

IFN-λ1 Forward 
Reverse 

CCACGTCGAACTTCAGGCTT 
ATGTGCAAGTCTCCACTGGT 

IFN-λ3 Forward 
Reverse 

GCCAAGGATGCCTTTGAAGAG 
CAGGACGCTGAGGGTCAGG 

OASL Forward 
Reverse 

TCCCTGGGAAGAATGTGCAG 
CCCTGGCAAGAGCATAGTGT 

HIF-1α Forward 
Reverse 

GGCGCGAACGACAAGAAAAA 
GTGGCAACTGATGAGCAAGC 

ISG15 Forward 
Reverse 

GGTGAGGAACGACAAGGGTC 
GGCTTGAGGTCATACTCCCC 

ISG56 Forward 
Reverse 

AAATGAATGAAGCCCTGGAGTATT 
AGGGATCAAGTCCCACAGATTTT  
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overnight with the primary antibodies specified in Table 1. The mem-
branes were then incubated with a secondary antibody for 1 h at room 
temperature. Finally, proteins were visualized using WesternBright ECL 
(Advansta, USA, K-12045-D50) (Zhang et al., 2021). 

2.7. RNA extraction, real-time quantitative PCR (RT-qPCR), and 
enzyme-linked immunosorbent assay (ELISA) 

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), according to the manufacturer’s 
instructions. The TGEV virus copy number was detected using a TaqMan 
probe-based RT-qPCR developed previously (Huang et al., 2019). 
Relative qPCR was performed using the ChamQ SYBR qPCR master mix 
(Vazyme, China, Q311–02) and calculated with the 2− ΔΔCT method. The 
primers and probe used in this study are listed in Table 2. For the ELISA 
assay, IFN-β in the supernatant of TGEV-infected ST cells and the in-
testinal content of piglets sacrificed at 24 h post-infection (hpi) was 
detected using a commercial kit according to the manufacturer’s in-
structions (NEWA, China, SY-P00306). 

2.8. Animal experiments 

Neonatal pigs spontaneously delivered from sows were confirmed 
negative for TGEV by RT-qPCR and ELISA. The piglets were randomly 

separated into three groups: mock (3), TGEV (3), and TGEV-BAY87 (3). 
In the TGEV group, the piglets were orally infected with 1.245 × 108 

plaque-forming units (PFU) of TGEV Miller strain. In the TGEV-BAY87 
group, piglets were orally infected with 1.245 × 108 PFU of TGEV 
Miller stain and treated with BAY87 (10 mg/kg). All piglets were 
euthanized at 24 hpi, and the intestinal tissues were collected for RT- 
qPCR, western blotting, and pathological examination. 

2.9. Ethics statement 

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. 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). 

2.10. Statistical analysis 

All data were analyzed using GraphPad Prism 8.0 software (Graph-
Pad, La Jolla, CA, USA) by one-/two-way analysis of variance. Results 
are presented as the mean ± standard deviation of data from three in-
dependent experiments. *, P ≤0.05; **, P ≤0.01; ***, P ≤0.001; ns, not 
significant, as determined by two-tailed Student’s t-test. Each experi-
ment was performed with three biological replicates. 

Fig. 1. TGEV infection promotes HIF-1α expression in vitro and ex vivo. (A, B) ST cells were infected with TGEV at a multiplicity of infection (MOI) of 1 for 0, 6, 
12, 18, and 24 h, and HIF-1α expression was measured by western blotting (A) and RT-qPCR (B). (C, D) The intestinal organoid monolayer was infected with TGEV at 
an MOI of 1 for the indicated time points and HIF-1α expression was measured by western blotting (C) and RT-qPCR (D). Results are presented as the mean ±
standard deviation of data from three independent experiments. ***, P ≤0.001, determined by two-tailed Student’s t-test. 
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Fig. 2. HIF-1α promotes TGEV infection in ST cells and the intestinal organoid monolayer. (A, B) ST cells (A) or the intestinal organoid monolayer (B) were 
pretreated with CoCl2 (25 μM) for 1 h, infected with TGEV (multiplicity of infection [MOI]=1) for 1 h, and treated again with CoCl2 at 37 ◦C for 19 h. Cell samples 
were collected and examined by RT-qPCR, 50% tissue culture infectious dose (TCID50) assay, and western blotting. (C) ST cells were transfected with Flag-HIF-1α for 
24 h and infected with TGEV (MOI=1) for 20 h. HIF-1α was detected by RT-qPCR, TCID50 assay, and western blotting. (D, E) ST cells (D) or the intestinal organoid 
monolayer (E) were pretreated with BAY87 (10 μM) for 1 h and then infected with TGEV (MOI=1) for 20 h. Cell samples were collected and examined by RT-qPCR, 
TCID50 assay, and western blotting. Results are presented as the mean ± standard deviation of data from three independent experiments ***, P ≤0.001, determined 
by two-tailed Student’s t-test. 
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Fig. 3. HIF-1α enhances TGEV infection by targeting viral replication. (A) Adsorption assay. ST cells (left) or the intestinal organoid monolayer (right) were 
pretreated with CoCl2 (25 μM), BAY87 (10 μM), or DMSO for 1 h at 37 ◦C, and the media were replaced by a mixture of CoCl2 (25 μM), BAY87 (10 μM), or DMSO and 
TGEV (multiplicity of infection [MOI]=1) for 1 h at 4 ◦C. After washing with PBS, TGEV N mRNA levels were measured by RT-qPCR. (B) Penetration assay. ST cells 
(left) or the intestinal organoid monolayer (right) were infected with TGEV (MOI=1) for 1 h at 4 ◦C and then treated with CoCl2 (25 μM), BAY87 (10 μM), or DMSO 
for 2 h at 37 ◦C after washing with PBS. Cell samples were washed using sodium citrate buffer and examined using RT-qPCR. (C) Replication assay. ST cells (left) or 
the intestinal organoid monolayer (right) infected with TGEV (MOI=1) were incubated at 37 ◦C for 3 h and washed with sodium citrate buffer. The cells were then 
treated with CoCl2 (25 μM), BAY87(10 μM), or DMSO for 13 h. The cells were harvested and examined by RT-qPCR. (D) Release assay. ST cells (left) or the intestinal 
organoid monolayer (right) were infected with TGEV (MOI=1) for 16 h, and then CoCl2 (25 μM), BAY87 (10 μM), or DMSO was added to the cells for 4 h. RT-PCR 
was used to test the viral load in the supernatant. Results are presented as the mean ± standard deviation of data from three independent experiments ***, P ≤0.001; 
ns, not significant, determined by two-tailed Student’s t-test. 
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Fig. 4. HIF-1α facilitates TGEV replication by downregulating type I and type III IFN production. (A) ST cells transfected with Flag-HIF-1α for 24 h were 
infected with TGEV (multiplicity of infection [MOI]=1) for 20 h. Transcriptional levels of IFN-β, IFN-λ1, IFN-λ3, OASL, ISG15, and ISG56 were evaluated by RT- 
qPCR. (B, C) ST cells (B) or the intestinal organoid monolayer (C) were treated with BAY87(10 μM) or CoCl2 (25 μM) and infected with TGEV (MOI=1) for 20 h. 
Transcriptional levels of IFN-β, IFN-λ1, IFN-λ3, OASL, ISG15, and ISG56 were detected by RT-qPCR. (D) ST cells transfected with Flag-HIF-1α for 24 h were infected 
with TGEV (MOI=1) for 20 h. IFN-β was measured in the supernatant by enzyme-linked immunosorbent assay. (E, F) ST cells were treated with ruxolitinib (4 μM) 
and transfected with Flag-HIF-1α for 24 h, and then infected with TGEV (MOI=1) for 20 h. HIF-1α in the supernatant and cell samples was detected by 50% tissue 
culture infectious dose (TCID50) assay and western blotting. Results are presented as the mean ± standard deviation of data from three independent experiments *, P 
≤0.05; **, P ≤0.01; ***, P ≤0.001; ns, not significant, determined by two-tailed Student’s t-test. 
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Fig. 5. Pharmaceutical inhibition of HIF-1α suppresses TGEV replication and pathogenesis in vivo. (A) Experimental schemes for assessing the efficacy of 
BAY87 treatment against TGEV challenge in three groups of piglets. (B) Viral shedding was measured by RT-qPCR every 12 h post-infection (hpi). (C) TGEV genome 
copy numbers in the duodenum, jejunum, and ileum were detected by RT-qPCR, and HIF-1α and TGEV N levels in the small intestine were determined by western 
blotting of samples from piglets sacrificed at 24 hpi. (D) Immunofluorescence analysis of TGEV N was conducted on different segments of the small intestine from 
piglets sacrificed at 24 hpi. Scale bar: 50 μM. (E) Hematoxylin and eosin staining of three segments of the small intestine from piglets sacrificed at 24 hpi. Scale bar: 
50 μm. (F) Villin/crypt was calculated by Image J. Results are presented as the mean ± standard deviation of data from three independent experiments **, P ≤0.01; 
***, P ≤0.001, determined by two-tailed Student’s t-test. 

Y. Zhang et al.                                                                                                                                                                                                                                   



Veterinary Microbiology 292 (2024) 110055

8

Fig. 6. Oral administration of the HIF-1α inhibitor BAY87 induces an antiviral state in the piglet intestine by upregulating type I and type III IFN pro-
duction. (A–C) Transcriptional levels of IFN-β, IFN-λ1, IFN-λ3, OASL, ISG15, and ISG56 in the duodenum (A), jejunum (B), and ileum (C) of piglets sacrificed at 24 h 
post-infection (hpi) were detected by RT-qPCR. (D) IFN-β levels in the intestinal digesta of piglets sacrificed at 24 hpi were measured by enzyme-linked immuno-
sorbent assay. Results are presented as the mean ± standard deviation 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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3. Results 

3.1. TGEV infection promotes HIF-1α expression in vitro and ex vivo 

TGEV infection can upregulate HIF-1α expression in apical-out in-
testinal organoids at 48 hpi (unpublished data). To examine the 
response of HIF-1α to TGEV infection in different cell models at various 
times, an intestinal organoid monolayer was established (Fig. S1A and 
B). ST cells and the intestinal organoid monolayer were infected with 
TGEV and the kinetics of HIF-1α expression were assessed at different 
time points. TGEV infection was found to promote HIF-1α protein and 
mRNA expression in ST cells and the intestinal organoid monolayer 
(Fig. 1A–D). 

3.2. HIF-1α promotes TGEV infection in ST cells and the intestinal 
organoid monolayer 

To further investigate the effect of HIF-1α on TGEV infection, the 
HIF-1α agonist CoCl2 and HIF-1α inhibitor BAY87 were employed. A 
cytotoxicity assay demonstrated that CoCl2 at a concentration less than 
50 µM and BAY87 at a concentration less than 20 µM had no effect on ST 
cells and intestinal organoid monolayer (Fig. S2A). Subsequently, ST 
cells and the intestinal organoid monolayer were treated with CoCl2 for 
1 h followed by infection with TGEV for 19 h. This CoCl2 treatment 
induced HIF-1α expression and led to an increase in TGEV infection 
(Fig. 2A and B). HIF-1α overexpression was also shown by RT-qPCR, 
TCID50, and western blotting to enhance TGEV infection (Fig. 2C). In 
contrast, BAY87 downregulated HIF-1α expression and inhibited TGEV 
infection in ST cells (Fig. 2D) and the intestinal organoid monolayer 
(Fig. 2E). These results indicated that HIF-1α can promote TGEV infec-
tion in ST cells and the intestinal organoid monolayer. 

3.3. HIF-1α enhances TGEV infection by targeting viral replication 

A time-of-drug-addition assay was performed to determine which 
step of TGEV infection was affected by HIF-1α. The impact of HIF-1α on 
the adsorption, internalization, replication, and release of TGEV was 
evaluated in ST cells and the intestinal organoid monolayer. CoCl2 and 
BAY87 treatment had no effect on virus adsorption, entry, or release 
(Fig. 3A, B, and D and Fig. S3A) but significantly affected TGEV repli-
cation (Fig. 3C and S4A). These findings suggested that HIF-1α can 
upregulate TGEV infection by targeting viral replication. 

3.4. HIF-1α facilitates TGEV replication by downregulating type I and 
type III IFN production 

The mechanism by which HIF-1α facilitates TGEV replication was 
explored by evaluating intrinsic antiviral defenses, including endo-
plasmic reticulum (ER) stress (glucose-regulated protein 78 [GRP78] 
and activating transcription factor 4 [ATF4]), autophagy (LC3B and 
autophagy-related 7 [ATG7]), apoptosis (caspase 3 and FasL), and IFN 
responses, after overexpressing HIF-1α in TGEV-infected cells. HIF-1α 
slightly regulated GRP78, ATF4, and caspase 3 expression, but signifi-
cantly inhibited type I and type III IFN production (Fig. 4A and 
Fig. S5A). In addition, BAY87 treatment resulted in an obvious increase 
in TGEV-induced IFN and ISGs production, whereas CoCl2 treatment 
significantly downregulated TGEV-induced IFN and ISGs production in 
vitro and ex vivo (Fig. 4B and C). ELISA results indicated a similar trend 
(Fig. 4D). To explore whether type I and type III IFN production corre-
lated with HIF-1α-induced TGEV infection, the cells were treated with 
ruxolitinib, which disrupts the IFN response by inhibiting Janus kinase 1 
(JAK1) and Janus kinase 2 (JAK2). TGEV-induced IFN responses were 
significantly decreased by ruxolitinib treatment (Fig. S6A). Further-
more, HIF-1α overexpression was unable to enhance TGEV infection 
after ruxolitinib treatment compared to DMSO treatment (Fig. 4E and F). 
Vero-APN cells, characterized by their deficiency in IFN responses, were 

utilized to further investigate the correlation between IFN responses and 
the promotion of TGEV infection by HIF-1α. The results confirm that 
HIF-1α is unable to enhance TGEV replication under IFN-deficient 
conditions (Fig. S7A). Collectively, these findings illustrated that HIF- 
1α enhanced TGEV replication by downregulating type I and type III IFN 
production. 

3.5. Pharmaceutical inhibition of HIF-1α suppresses TGEV replication 
and pathogenesis in vivo 

The in vitro and ex vivo results suggested that HIF-1α could be a po-
tential target for controlling TGEV infection in piglets. To explore this 
theory, the effect of HIF-1α on TGEV infection was assessed in neonatal 
pigs in vivo. Piglets were treated with BAY87 or DMEM and individually 
inoculated with TGEV through oral administration (Fig. 5A). Anal swabs 
were collected every 12 h. Animals in the TGEV group exhibited higher 
viral shedding than those receiving BAY87 (Fig. 5B), and RT-qPCR and 
western blotting indicated that the TGEV burden and HIF-1α expression 
in the small intestine were substantially lower in the BAY87-TGEV group 
than in the TEGV group (Fig. 5C). Immunofluorescence analysis showed 
that TGEV N protein production was almost entirely inhibited by BAY87 
treatment (Fig. 5D). To further examine the effect of BAY87 on TGEV- 
induced damage to the small intestine, segments of the small intestine 
were paraffin-embedded, sliced, and stained with hematoxylin and 
eosin. BAY87 almost reversed the villous atrophy of small intestinal 
segments (Fig. 5E and F). Collectively, these data demonstrated that the 
inhibition of HIF-1α by BAY87 treatment restricted TGEV replication 
and pathogenesis in vivo. 

3.6. Oral administration of the HIF-1α inhibitor BAY87 induces an 
antiviral state in the piglet intestine by upregulating type I and type III IFN 
production 

To confirm whether HIF-1α could serve as a target for controlling 
TGEV infection, the mRNA expression levels of type I IFN, type III IFN, 
and ISGs were assessed in different segments of the small intestine. Oral 
administration of BAY87 to piglets upregulated IFN-β, IFN-λ1, IFN-λ3, 
OASL, ISG15, and ISG56 in the duodenum (Fig. 6A), jejunum (Fig. 6B), 
and ileum (Fig. 6C). In addition, ELISA results demonstrated that 
pharmaceutical inhibition of HIF-1α upregulated IFN-β secretion in the 
intestinal digesta (Fig. 6D). These findings confirmed that the suppres-
sion of HIF-1α by BAY87 strengthened the ability of the intestine to 
prevent TGEV replication in vivo. 

4. Discussion 

The ability of viruses to manipulate host factors is a vital immune 
evasion strategy that aids viral replication (Bouhaddou et al., 2023). For 
example, many viruses hijack HIF-1α to promote infection. SARS-CoV-2 
open reading frame 3a (ORF3a) induces HIF-1α expression (Tian et al., 
2021), whereas PRRSV nsp1β stabilizes HIF-1α to enhance viral repli-
cation (Pang et al., 2022). This study found that TGEV infection signif-
icantly promoted HIF-1α expression at different times in ST cells, the 
intestinal organoid monolayer, and in vivo, suggesting that this tran-
scription factor participates in regulating TGEV infection. 

HIF-1α expression can be induced by an optimal concentration of 
CoCl2 and is repressed by the appropriate concentration of BAY87 
(Chang et al., 2023; Yue et al., 2023). Consequently, several researchers 
have used these two chemical compounds to regulate HIF-1α expression. 
This study found that CoCl2 treatment of ST cells and the intestinal 
organoid monolayer induced HIF-1α and enhanced TGEV infection. In 
contrast, BAY87 treatment markedly reduced HIF-1α expression and 
TGEV infection in vitro and ex vivo. HIF-1α overexpression showed a 
similar trend. Although organoids are considered a physiological model 
for mimicking the intestinal microenvironment, animal experiments 
remain the most ideal model for exploiting the function of genes or 
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drugs. In this study, experiments in piglets revealed that pharmaceutical 
inhibition of HIF-1α suppressed TGEV replication and pathogenesis, 
suggesting that HIF-1α could be a potential anti-TGEV target for the 
treatment of TGEV infection. 

ER stress, autophagy, apoptosis, and IFN production are the primary 
intrinsic immune responses responsible for inhibiting virus replication 
(Majdoul and Compton, 2022). In this study, HIF-1α facilitated TGEV 
infection by specifically targeting viral replication, not viral attachment, 
entry, or release. This finding suggests that HIF-1α may impact TGEV 
replication by regulating ER stress, autophagy, apoptosis, and IFN re-
sponses. Subsequent analyses demonstrated that pharmaceutical upre-
gulation or eukaryotic overexpression of HIF-1α significantly restricted 
IFN-β, IFN-λ1, IFN-λ3, OASL, ISG15, and ISG56 production in vitro and 
ex vivo. In addition, pharmaceutical inhibition of HIF-1α upregulated the 
production of these cytokines in vitro, ex vivo, and in vivo. Several studies 
have shown that IFN-β, IFN-λ1, IFN-λ3, OASL, and ISG15 have obvious 
antiviral effects on coronavirus replication (Ding et al., 2018; Park and 
Iwasaki, 2020; Song et al., 2022; Zhang et al., 2018), explaining how 
HIF-1α can negatively regulate IFN responses to promote TGEV infec-
tion. ST cells (an immortal cell line), the intestinal organoids, and piglet 
intestine samples all showed the same trend throughout this study. A 
possible explanation for the congruent results despite organoids being a 
more physiological model than cell lines is that HIF-1α is a 
high-expressed gene to promote TGEV replication by restraining IFN 
responses in different models or tissues. It is reported that HIF-1α is also 
a transcriptional repressor of IRF5 and IRF3, which are transcription 
factors required for IFN responses in human monocytes (Peng et al., 
2021). This may be the molecular mechanism by which HIF-1α down-
regulates IFN responses in porcine cell models, although further 
research is required to confirm this mechanism. 

In conclusion, this study is the first to illustrate that HIF-1α enhances 
TGEV infection by restraining type I and type III IFN responses in ST 
cells, the intestinal organoid monolayer, and in piglets (Fig. 7). The 
findings provide novel insight into the use of HIF-1α as a potential 
therapeutic target for controlling TGEV infection. 

5. Limitations of this study 

Firstly, our study demonstrated that TGEV infection induces HIF-1α 
expression in vitro, ex vivo, and in vivo. However, the mechanism by 
which TGEV prevents HIF-1α degradation requires further exploration 
as a new research project. Additionally, we have validated that HIF-1α 
facilitates TGEV replication by suppressing the production of type I and 
type III interferons. Notably, we have not investigated whether HIF-1α 
regulates other porcine coronaviruses through a similar mechanism. 
This warrants further investigation to augment our understanding of the 
role of HIF in the prevention and control of porcine coronaviruses. 
Lastly, while HIF-1α has been identified as a negative regulator of TGEV- 
induced interferon responses in cell models and piglets, the specific 
underlying mechanism of this phenomenon remains unclear. Further in- 
depth studies are needed to elucidate this aspect. 
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