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Abstract
Interferon gamma (IFN-γ) is best known for its ability to regulate host immune responses; however, its direct antiviral activity 
is less well studied. Transmissible gastroenteritis virus (TGEV) is an economically important swine enteric coronavirus and 
causes acute diarrhea in piglets. At present, little is known about the function of IFN-γ in the control of TGEV infection. In 
this study, we demonstrated that IFN-γ inhibited TGEV infection directly in ST cells and intestine epithelial IPEC-J2 cells 
and that the anti-TGEV activity of IFN-γ was independent of IFN-α/β. Moreover, IFN-γ suppressed TGEV infection in ST 
cells more efficiently than did IFN-α, and the combination of IFN-γ and IFN-α displayed a synergistic effect against TGEV. 
Mechanistically, using overexpression and functional knockdown experiments, we demonstrated that porcine interferon 
regulatory factor 1 (poIRF1) elicited by IFN-γ primarily mediated IFN-γ signaling cascades and the inhibition of TGEV 
infection by IFN-γ. Importantly, we found that TGEV elevated the expression of poIRF1 and IFN-γ in infected small intes-
tines and peripheral blood mononuclear cells. Thus, IFN-γ plays a crucial role in curtailing enteric coronavirus infection 
and may serve as an effective prophylactic and/or therapeutic agent against TGEV infection.

Introduction

Type II interferon gamma (IFN-γ), which is primarily pro-
duced by NK cells, T cells, and macrophages, is a pleiotropic 
cytokine that has antiviral activity and immunomodulatory 
functions [1]. Although IFN-γ was originally discovered due 
to its ability to “interfere” with virus infection, most studies 
of IFN-γ have focused on its immunomodulatory effects in 
both innate and adaptive immunity, such as enhancement 
of NK- and T-cell-mediated cytotoxicity, B-cell differentia-
tion, surface antigen expression, and macrophage activation 
[2, 3]. Previous studies have demonstrated that IFN-γ can 
inhibit infection with Ebola virus (EBOV) [4], Zika virus 
[5], severe acute respiratory syndrome-associated coronavi-
rus (SARS-CoV) directly [6]. However, little is known about 
the antiviral activity of IFN-γ in porcine enteric coronavirus 

infection or the mechanism by which IFN-γ inhibits enteric 
coronaviruses.

Transmissible gastroenteritis virus (TGEV) is an econom-
ically important enteric coronavirus that causes acute viral 
enteritis [7]. TGEV infection causes vomiting, severe diar-
rhea, and dehydration, and the disease caused by this virus is 
the most severe in neonates, resulting in high morbidity and 
mortality in neonatal piglets [8–10]. Previous reports have 
shown that TGEV infection in vitro and in vivo induces the 
production of a significant amount of IFNs including type I 
IFNs [11–13]. TGEV primarily infects intestinal epithelia in 
vivo, although infection of dendritic cells and macrophages 
by TGEV has also been observed [14, 15]. Most of the previ-
ous studies focused primarily on the capacity of type I IFNs 
(IFN-α/β) to control TGEV infection. The ability of type II 
IFN-γ to inhibit TGEV infection has not been well explored, 
although many non-lymphoid cells, including epithelia, 
express IFN-γ receptors (IFNGR) [16]. The heterodimeric 
IFNGR complex is made up of IFNGR1 and IFNGR2, is 
highly expressed on myeloid cells and lymphoid cells, and 
is also widely present in most types of cells, including intes-
tinal epithelia [16, 17]. It is well established that the pres-
ence of antigen-specific IFN-γ+ T cells is correlated with 
protection against rotaviruses, which, like TGEV, primarily 
infects intestinal epithelia and cause acute diarrhea [18]. 
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IFN-γ is the only cytokine identified in stimulated CD4+ T 
cell supernatants to inhibit rotavirus infection directly [19]. 
While studies of rotavirus infection have indicated that 
IFN-γ plays a crucial role in curtailing enteric viral infec-
tion, the importance of IFN-γ in protection against TGEV 
infection has not been established.

IFN-γ, similar to type I IFNs, stimulates the expression 
of a number of interferon-stimulated genes (ISGs) directly 
and exerts antiviral activity [20, 21]. However, many stud-
ies have demonstrated that the signaling cascades initiated 
by IFN-γ and type I IFNs are not identical, although there 
is a degree of overlap between them [22]. Previous studies 
have also shown that the mechanism by which IFN-γ exerts 
its antiviral activity can vary according to the target cell 
type [23]. Here, we demonstrate that IFN-γ inhibited TGEV 
infection directly in both ST cells and intestinal epithelial 
cells and, when combined with IFN-α synergistically sup-
presses TGEV infection. We also show that porcine IRF1 
plays a critical role in IFN-γ-induced signaling and mediates 
the inhibition of TGEV by IFN-γ. Given the important role 
of IFN-γ in modulating T cell immunity in addition to its 
direct antiviral activity, the potential of IFN-γ as an effective 
therapeutic agent against enteric coronavirus infection may 
have been underestimated.

Materials and methods

Cell culture, viruses and virus infection

Swine testicular (ST) cells, IPEC-J2 cells, Vero E6 cells and 
IFNLR knockout Vero E6 cells (knocked out by CRISP-
cas9) were grown in Dulbecco’s modified Eagle’s medium 
(Gibco, USA) supplemented with 8% fetal bovine serum 
(Gibco) and antibiotics (100 μg of streptomycin and 100 U 
of penicillin per mL) at 37 °C in a humidified atmosphere 
of 5% CO2. The H87 strain of TGEV, derived from the viru-
lent strain H16 (GenBank accession no. FJ755618), and the 
recombinant TGEV infectious clone with green fluorescent 
protein (GFP) (TGEV-GFP) were propagated and titrated in 
ST cells. For TGEV infection, ST cells were infected with 
TGEV at an MOI of 0.01 or mock infected with DMEM. 
After a 2-h incubation at 37 °C, ST cells were washed three 
times with PBS to removing the unbound viruses, and the 
cells were cultured in serum-free DMEM at 37 °C until 
harvest.

shRNAs, plasmid construction and transfection

Short hairpin RNAs (shRNAs) against porcine IRF1 
(shIRF1 s) were synthesized by GenePharma (Shanghai 
GenePharma, China), and their sequences are listed in 
Table 1. To construct the pHA-poIRF1 expression vector, 

the porcine IRF1 gene was amplified by polymerase chain 
reaction (PCR) and cloned into the pCAGGS-HA vector 
(Clontech, USA). The pHA-poIRF1 recombinant plasmid 
was confirmed by sequencing. ST cells were grown in 
24-well plates to 70%-80% confluence before transfection 
with shIRF1 or nontarget control (NC) shRNA using Lipo-
fectamine 3000 (Invitrogen, USA) according to the manu-
facturer’s protocol.

RNA isolation, reverse transcription, and qPCR

Total cellular mRNA was extracted using an RNeasy 
Mini Kit (QIAGEN Sciences, Germany) according to the 
manufacturer’s protocol. cDNA was synthesized using a 
PrimeScriptTM II 1st Strand cDNA Synthesis Kit (Takara, 
China). Quantitative real-time PCR (qPCR) was performed 
using Power SYBR Green PCR Master Mix reagents 
(Takara, China). All data were acquired using a LightCycler 
480 real-time PCR system (Roche, USA). The sequences of 
the RT-qPCR primers for amplification of TGEV, CXCL9, 
CXCL10, poIRF1, IFN-γ, and GAPDH transcripts are listed 
in Table 1.

Antibodies and IFN‑γ

Porcine IFN-γ was purchased from R&D Systems, USA. 
The antibody against poIRF1 was purchased from Protein-
tech, USA. An antibody against β-actin was purchased from 

Table 1   Sequences of short hairpin (sh) RNAs and primers

Short hairpin RNA/primer Sequence (5’-3’)

shIRF1#1 GGA​AAG​AGA​GAA​AGT​CCA​AGT​
shIRF1#2 GGA​CAT​TGA​ACA​GGC​CCT​TAC​
IRF1-qPCR-F GCA​ACA​GAT​GAG​GAC​GAG​
IRF1-qPCR-R GCT​TTC​AAC​TTC​TGG​CTC​
IRF1-EcoRI-F CCG​GAA​TTC​ATG​CCC​ATC​ACT​CGG​ATGC​
IRF1-NheI –R CTA​GCT​AGC​CTA​CGG​TGC​ACA​AGG​AATG​
CXCL9-qPCR-F ACC​TCT​TTC​TCC​CACTC​
CXCL9-qPCR-R AAG​GAA​CCC​TAC​TAATG​
CXCL10-qPCR-F TGC​CCA​CAT​GTT​GAG​ATC​AT
CXCL10-qPCR-R CGG​CCC​ATC​CTT​ATC​AGT​AG
TGEV-F GCT​TGA​TGA​ATT​GAG​TGC​TGATG​
TGEV-R CCT​AAC​CTC​GGC​TTG​TCT​GG
IFN-γ-qPCR-F GCC​AAA​TTG​TCT​CCTTC​
IFN-γ-qPCR-R GTT​TCC​CAG​AGC​TACCA​
IFNAR-qPCR-F GCT​GTC​GGT​ATC​GGT​GCT​
IFNAR-qPCR-R TGA​GTG​CTC​TGG​CTT​TGA​
IFNLR-qPCR-F GCC​CGA​TCT​GAA​CTA​TGA​C
IFNLR-qPCR-R GTA​GGC​TTG​GAG​AAC​TTG​C
IFNGR-qPCR-F CGG​GAG​CGA​GGC​TAA​GAT​
IFNGR-qPCR-R TCA​CCT​GGG​CGG​TAA​ACA​
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Sigma-Aldrich, USA. Mouse anti-TGEV nucleocapsid (N) 
monoclonal antibody was from our laboratory stock.

Preparation of PBMCs

Porcine peripheral blood mononuclear cells (PBMCs) were 
prepared from 2-week-old specific pathogen-free (SPF) 
pigs, using lymphocyte separation medium (LSM, 50494X, 
USA). The PBMCs were resuspended in RPMI-1640 
medium (Gibco) supplemented with 5% FBS (Gibco), 2 mM 
L-glutamine and antibiotics and cultured in the presence or 
absence of TGEV for 48 h at 37 °C in 96-well plates (100 
μL per well at 2 × 107 cells/mL).

Immunofluorescence assay (IFA)

ST cells were fixed with 4% paraformalde for 30 min at 
4 °C, permeabilized with 0.2% Triton X-100 for 15 min at 
room temperature (RT), and blocked with blocking buffer 
(PBST with 5% milk) for 30 min at 37 °C. The cells were 
then incubated with anti-HA monoclonal antibody (Sigma-
Aldrich) or TGEV N protein antibody at 37 °C for 2 h, fol-
lowed by labeling with Alexa Fluor 546 goat anti-mouse IgG 
antibody (Thermo Fisher Scientific) at 37 °C for 1 h. Nuclei 
were stained with 4’,6-diamidino-2-phenylindole (DAPI). 
The stained cells were visualized using an AMG EVOS F1 
fluorescence microscope.

Experimental infection of piglets

Twelve two-day-old SPF piglets were randomly divided into 
two groups. One group was inoculated orally with a 5-mL 
suspension containing 1 × 105 of TCID50 TGEV strain H87, 
and another group was inoculated with DMEM as a mock 
control. All piglets were euthanized at 48 hpi. Small-intes-
tine samples were collected from the piglets for RT-qPCR. 
The experiment was approved by the Animal Care and Eth-
ics Committee of Harbin Veterinary Research Institute.

Western blotting

Cells were harvested and treated with NP-40 lysis buffer 
(Beyotime, China) containing 0.1 mM phenylmethylsulfonyl 
fluoride (PMSF) (Roche, USA). The protein concentrations 
were measured by BCA Protein Assay (Beyotime, China). 
Equal amounts of cells lysates were separated by SDS-
PAGE, and the protein in the gels was transferred to nitrocel-
lulose membranes (GE Healthcare, USA). The membranes 
were blocked with 5% nonfat dry milk in TBST and incu-
bated with poIRF1 or β-actin antibody at 37 °C for 1 h. After 
washing, the membrane was incubated with HRP-conjugated 
anti-mouse IgG or HRP-conjugated anti-rabbit IgG (Sigma-
Aldrich) in blocking buffer for 1 h at room temperature (RT), 

and protein bands on the membrane were detected using 
electrochemiluminescence (ECL) reagent (Thermo Fisher 
Scientific).

Statistical analysis

All data in the figures are presented as the mean ± standard 
error of the mean (SEM) from three independent experi-
ments conducted in parallel and were analyzed in GraphPad 
Prism 7.0 (GraphPad Software, Inc.). Statistical significance 
was assessed by Student’s t-test. Differences were consid-
ered significant if the p-value was < 0.05. p-values are indi-
cated as follows: *, p < 0.05; **, p < 0.01; ***, p < 0.001; 
****, p < 0.0001; p > 0.05; non-significant (ns).

Results

IFN‑γ inhibits TGEV infection in ST cells 
and small‑intestinal epithelial cells

TGEV is generally propagated in ST cells in vitro. To evalu-
ate whether porcine IFN-γ directly inhibits TGEV infection, 
ST cells were pretreated with different concentrations of 
IFN-γ and then infected with TGEV. IFN-γ priming sig-
nificantly reduced both the amount of TGEV genomic RNA 
and the viral titer when quantified by RT-qPCR and virus 
titration, respectively (Fig. 1a and b). The suppression of 
TGEV by IFN-γ was dose dependent, and we found that the 
amount of TGEV genomic RNA was reduced more than 
50-fold at the concentrations of 1000 ng/mL and 100 ng/
mL by RT-qPCR. The dose-dependent inhibition of TGEV 
infection by IFN-γ was confirmed by Western blotting of 
the TGEV N protein (Fig. 1c). To verify that IFN-γ inhibits 
TGEV infection directly in ST cells, ST cells were infected 
with a recombinant TGEV with a green fluorescent protein 
(TGEV-GFP) marker. IFN-γ almost completely suppressed 
TGEV-GFP infection at a concentration of 1000 ng/mL, 
substantially reduced TGEV-GFP infection even at 1 ng/
mL, and displayed dose dependence (Fig. 1d). These results 
demonstrate that IFN-γ inhibits TGEV infection directly in 
ST cells.

TGEV primarily infects small-intestinal epithelial cells in 
vivo. Therefore, we next investigated the antiviral effect of 
IFN-γ against TGEV infection in intestinal epithelial cells in 
vitro using the IPEC-J2 cells, which have been reported to be 
a good in vitro model of porcine enteric infections [24]. Con-
sistent with the results in ST cells, IFN-γ inhibited TGEV 
infection in IPEC-J2 cells and displayed a dose-dependent 
effect. At 1000 ng/mL and 100 ng/mL, IFN-γ decreased 
the TGEV titer more than tenfold when compared with an 
untreated control (Fig. 1e and f). These data demonstrate 
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that IFN-γ is capable of inhibiting TGEV infection in both 
ST cells and IPEC-J2 cells.

The inhibition of TGEV infection by IFN‑γ does 
not depend on a type I IFN or type III IFN response

Previous studies have shown that TGEV infection induces 
significant production of type I IFN-α/β in vitro and in vivo 
[11, 12, 25], which results in substantial suppression of 
TGEV infection. To exclude the possibility that the reduc-
tion of TGEV infection following IFN-γ stimulation requires 
the presence of a type I IFN response, we performed IFN-γ 
anti-TGEV assay in the Vero E6 cell line, which is unable 
to produce type I IFNs [26]. TGEV infected Vero E6 cells 
less efficiently than ST cells. Similar to our findings in ST 
cells and IPEC-J2 cells, IFN-γ pretreatment significantly 
decreased the amount of TGEV genomic RNA present, even 
at 1 ng/mL, and displayed a dose-dependent effect compared 
with the untreated control, indicating that the direct anti-
TGEV activity of IFN-γ does not require the response of 
type I IFNs (Fig. 2a). To exclude the possibility that the 
TGEV inhibition by IFN-γ is dependent on type III IFN, 
we performed the inhibition experiment in Vero E6 cells 

with an IFNLR knockout, making these cells defective for 
both type I and type III IFNS. We found that IFN-γ still 
inhibited TGEV infection in the IFNLR knockout Vero E6 
cells (Fig. 2b). Taken together, these results indicate that the 
direct antiviral activity of IFN-γ does not depend on the type 
I IFN and type III IFN responses.

However, IFN-γ inhibited TGEV less efficiently in Vero 
E6 cells or IFNLR knockout Vero E6 cells than in ST cells 
and IPEC-J2 cells. Using 1000 ng of IFN-γ per mL resulted 
in only about 50% reduction in TGEV (Fig. 2a and b), indi-
cating that the type I IFN and type III IFN response may 
enhance the antiviral activity of IFN-γ. To exclude the pos-
sibility that the observed differences did not result from 
differences in the expression levels of IFNGR in ST cells, 
IPEC-J2 cells, and Vero E6 cells, we examined the expres-
sion of IFNGR in these three cell lines. We found that all of 
them expressed IFNGR and that Vero E6 cells had higher 
levels of IFNGR expression than ST and IPEC-J2 cells 
(Fig. 2c). However, the inhibition of TGEV infection was 
less efficient in Vero E6 cells than in ST cells and IPEC-J2 
cells, indicating that the differences in inhibition of TGEV 
infection by IFN-γ were not due to differences in IFNGR 
expression. Taken together, these results indicate that the 

Fig. 1   IFN-γ inhibits TGEV in a dose-dependent manner. (a, e) ST 
cells or IEC cells were treated with different concentrations of IFN-γ 
(1000 ng/mL, 100 ng/mL, 10 ng/mL, 1 ng/mL) for 24 h, followed by 
infection with TGEV. Cells were harvested at 24 hpi for quantifica-
tion of the TGEV genome. (c) ST cells were treated with IFN-γ and 
infected TGEV, and cell lysates were analyzed by Western blotting 
for detection of the TGEV N protein. (b, f) Cell culture supernatants 

were collected for virus titration. (d) IFN-γ treatment inhibits infec-
tion of ST cells by TGEV-GFP. ST cells were treated with IFN-γ 
24 h prior to TGEV-GFP infection. GFP-positive cells at 24 hpi are 
shown. The data represent the mean ± SEM from three independent 
experiments. Asterisks indicate statistical significance relative to the 
no-IFN-γ control. *, p < 0.05; **, p < 0.01; ***, p < 0.001
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direct antiviral activity of IFN-γ does not depend on the 
type I IFN response.

Effect of poIRF1 on IFN‑γ‑mediated signaling

Next, we investigated the mechanism of the anti-TGEV effect 
of IFN-γ. IFN regulatory factor (IRF) 1 is a crucial regulator 
of IFN-γ and ISGs [27]. It is constitutively expressed in most 
cell types, and its transcription is induced by IFN-γ [28]. 
Moreover, IRF1 is essential for protection of the host against 
certain classes of viruses [29]. We hypothesized that porcine 
IRF1 (poIRF1) plays a critical role in IFN-γ-mediated inhi-
bition of TGEV infection in ST cells. Initially, we assessed 
whether IFN-γ induces poIRF1 expression in ST cells. The 
levels of poIRF1 mRNA significantly increased following 

IFN-γ stimulation and displayed a dose-dependent response 
to IFN-γ (Fig. 3a). The induction of poIRF1 by IFN-γ was 
verified by Western blotting of poIRF1 (Fig. 3b). Addition-
ally, the expression of poIRF1 also increased after IFN-γ 
treatment followed by TGEV infection in a manner simi-
lar to that observed after IFN-γ treatment alone in ST cells 
(Fig. 3c). To determine whether poIRF1 is involved in the 
direct inhibition of TGEV by IFN-γ, we initially evaluated 
the role of poIRF1 in IFN-γ-induced signaling. The pro-
duction of CXCL9 and CXCL10 is specifically activated 
by IFN-γ in different cell types [30]. To determine whether 
poIRF1 plays an important role in the IFN-γ-mediated 
induction of CXCL9 and CXCL10, we silenced endogenous 
poIRF1 expression by using specific shRNAs. ST cells were 
transfected with poIRF1 shRNA or a non-targeting shRNA 

Fig. 2   The inhibition of TGEV 
infection by IFN-γ does not 
depend on type I IFNs, type 
III IFN, or the expression of 
IFNGR in IPEC-J2, ST, and 
Vero E6 cell lines. (a, b) IFN-γ 
inhibits TGEV in a dose-
dependent manner in Vero E6 
cells or IFNLR-knockout Vero 
E6 cells. Cells were harvested 
for quantification of the TGEV 
genome. Asterisks indicate 
statistical significance relative 
to the no-IFN-γ control. ***, 
p < 0.001; ****, p < 0.0001 (c) 
IPEC-J2, ST, and Vero E6 cell 
lines were harvested after 24 h 
for quantification of IFNGR 
mRNA levels
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(shNC), and the efficiency of poIRF1 knockdown was con-
firmed by Western blotting (Fig. 3d). shIRF1#1 and #2 led to 
a 45% and 65% decrease in poIRF1 expression, respectively, 
when compared with shNC (Fig. 3d). The overexpression 
of poIRF1 in ST cells was verified by IFA (Fig. 3f). We 
next examined the mRNA levels of CXCL9 and CXCL10 
under conditions of poIRF1 knockdown (Fig. 3e) or overex-
pression (Fig. 3g) in ST cells following IFN-γ stimulation. 
IFN-γ substantially upregulated the expression of CXCL9 
and CXCL10 in ST cells, and the knockdown of endogenous 
poIRF1 substantially impaired the IFN-γ-elicited production 
of CXCL9 and CXCL10 (Fig. 3e), suggesting that poIRF1 
plays a crucial role in the induction of CXCL9 and CXCL10 

by IFN-γ. Consistent with the results of poIRF1 silencing, 
the overexpression of poIRF1 significantly increased the 
expression of CXCL9 and CXCL10 in a dose-dependent 
manner (Fig. 3g). These data show that poIRF1 plays a vital 
role in IFN-γ-elicited signaling.

Direct inhibition of TGEV by IFN‑γ is mediated 
through activation of IRF‑1 signaling

To evaluate whether poIRF1 plays a key role in IFN-γ-
mediated TGEV inhibition, we monitored TGEV inhibi-
tion of IFN-γ in poIRF1-silenced ST cells. By quantify-
ing TGEV genomic RNA (Fig. 4a) and measuring viral 

Fig. 3   IFN-γ elevates expression of poIRF1, and poIRF1 mediates 
IFN-γ signaling in ST cells. (a, b) Induction of changes in mRNA 
and protein levels of porcine IRF1 by IFN-γ. ST cells were treated 
with different concentrations of IFN-γ for 24 h. The level of poIRF1 
RNA was measured by RT-qPCR. Cell lysates of ST cells were ana-
lyzed by Western blot using an antibody against IRF1. (c) Expression 
of poIRF1 in TGEV-infected ST cells primed with IFN-γ for 24 h. 
ST cells pretreated with IFN-γ were infected with TGEV for 24 h, 
and poIRF1 mRNA was detected by RT-PCR. Significance was deter-
mined by Student’s t-test compared to a no-IFN-γ mock control. (d) 
The knockdown efficiency of poIRF1 by shRNA was determined 
by Western blotting. (e) Knockdown of poIRF1 suppresses IFN-
γ-stimulated genes. ST cells were transfected with NC or poIRF1 

shRNA, followed by treatment with 100 ng of IFN-γ per mL, and the 
expression of CXCL9 and CXCL10 was determined by RT-qPCR. 
(f) Transient expression of poIRF1 in ST cells. poIRF1 was cloned 
and expressed using the eukaryotic expression vector pCAGGS-HA. 
The overexpression efficiency of IRF1 in ST cells was confirmed by 
IFA. (g) Overexpression of poIRF1 promotes the expression of IFN-
γ-stimulated genes. ST cells were transfected with IRF1-HA or empty 
vector, followed by stimulation with 100 ng of IFN-γ per mL, and the 
expression of CXCL9 and CXCL10 was determined by RT-qPCR. 
Data are shown as the mean ± SEM. Significance was determined 
by Student’s t-test compared to shNC or empty vector. *, p < 0.5; **, 
p < 0.01; ***, p < 0.001; ****, p < 0.0001
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titers (Fig. 4b), we found that IFN-γ significantly inhibited 
TGEV infection, whereas silencing of endogenous IRF1 by 
shIRF1 s completely abolished IFN-γ inhibition of TGEV 
infection, indicating that the direct anti-TGEV activity of 
IFN-γ is mainly mediated through the poIRF1 signaling 
pathway. We demonstrated above that IFN-γ treatment sub-
stantially increased poIRF1 expression (Fig. 3a and b). To 
test whether the IFN-γ-mediated TGEV inhibition occurs 

through the induction of poIRF1, the inhibition of TGEV 
by poIRF1 itself was evaluated. Knockdown of endogenous 
poIRF1 by shIRF1#1 and shIRF#2 resulted in more than 
a tenfold increase in the amount of TGEV genomic RNA 
(Fig. 4c) and up to a 15-fold elevation of TGEV titers in ST 
cells (Fig. 4d), indicating that poIRF1 itself is a potent host 
restrictor of TGEV infection. We next monitored the effect 
of poIRF1 overexpression on TGEV infection. As expected, 

Fig. 4   poIRF1 restricts TGEV infection and plays an essential role 
in the IFN-γ-mediated inhibition of TGEV infection. (a, b) IRF1 
knockdown abolishes IFN-γ-mediated inhibition of TGEV. ST cells 
were transfected with NC or shIRF1 s and then treated with 100 ng 
of IFN-γ per mL, followed by infection with TGEV. Cells were har-
vested at 24 h for quantification of the TGEV genome (a) and deter-
mination of the virus titer (b). (c, d) Knockdown of poIRF1 promotes 
TGEV replication without IFN-γ stimulation. ST cells were trans-
fected with NC or shIRF1  s and subsequently infected with TGEV. 
After 24  h, cells were harvested for quantification of the TGEV 

genome (c) and determination of the virus titer (d). (e-g) Transient 
expression of IRF1 inhibits TGEV infection. ST cells were trans-
fected with poIRF1-HA for 24  h and then infected with wild-type 
TGEV (e and f) or TGEV-GFP (g). TGEV infection was determined 
by measuring TGEV genomic RNA (e) and the viral titer (f). GFP-
positive cells at 24 h after TGEV-GFP infection are shown (g). Data 
are shown as the mean ± SEM. Significance was determined by Stu-
dent’s t-test compared to empty vector. *, p < 0.5; **, p < 0.01; ***, 
p < 0.001; ****, p < 0.0001
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poIRF1 overexpression substantially decreased infection by 
wild-type TGEV (Fig. 4e and f) and reduced TGEV-GFP 
fluorescence in ST cells, and the reduction of TGEV-GFP 
fluorescence was related to the expression levels of poIRF1 
(Fig. 4g). These data thus indicate that poIRF1 plays a cru-
cial role in protection of the host against TGEV. Collectively, 
the data show that inhibition by IFN-γ of TGEV infection is 
mediated primarily through the induction of poIRF1.

TGEV infection induces the expression of IFN 
and IRF1 in vivo

To explore whether IFN-γ potentially contributes to the 
control of TGEV infection in vivo, we evaluated the 
expression of IFN in the small intestine after TGEV infec-
tion. We found that TGEV infection resulted in a 4.5-fold, 
7-fold and 4.7-fold increase in IFN-α,IFN-γ and IFN-λ 
expression, respectively, in intestine tissue when compared 
the mock control (Fig. 5a). We also measured the expres-
sion of IFN receptors in intestinal tissues and found that all 
three interferon receptors were expressed. The expression 
level of IFNLR was higher than that of IFNAR and IFNGR 
(Fig. 5b). We also examined the expression of IRF1 after 
TGEV infection in intestinal tissue and found that IRF1 
was upregulated after TGEV infection (Fig. 5c). Activated 
leukocytes are major sources of IFN-γ in vivo [31]. We 
further investigated whether TGEV can directly stimulate 
porcine PBMCs to secrete IFN-γ and express IRF1. The 

results showed that PBMCs exposed to TGEV significantly 
increased the expression of IFN-γ and IRF1 (Fig. 5d and 
e). The results suggest that IFN-γ could play an important 
role in controlling TGEV infection in vivo.

Enhancement of antiviral effects in ST cells 
following combined treatment with IFN‑γ and IFN‑α

Previous studies and our above results (Fig. 5) have shown 
that TGEV infection induces both type I IFNs and IFN-γ 
[12, 13, 25]. The co-existence of IFN-γ and type I IFNs 
is a common scenario in vivo. To more accurately mimic 
the in vivo situation, we measured TGEV inhibition after 
pretreating ST cells with the combination of IFN-α and 
IFN-γ. IFN-γ or IFN-α alone at a concentration of 200 ng/
mL resulted in 10.8-fold or 3.9-fold inhibition of TGEV 
replication, respectively, when compared to a mock control 
without IFN treatment. The combination of 100 ng/mL 
IFN-γ and 100 ng/mL IFN-α inhibited TGEV infection by 
126-fold and caused more than 95% inhibition of TGEV 
(Fig. 6a and b), suggesting that IFN-α and IFN-γ synergis-
tically inhibit TGEV replication. The synergistic antiviral 
effect of IFN-α and IFN-γ was confirmed by measuring 
TGEV N protein levels in TGEV-infected cells by IFA 
(Fig. 6c and d). These results indicate that IFN-γ enhances 
the anti-TGEV activity of IFN-α and displays a synergistic 
effect with IFN-α.

Fig. 5   TGEV infection induces the expression of IFN-γ and poIRF1 
in vivo. (a, c) Piglets were inoculated with 5  mL of a suspension 
containing 1 × 105 of TCID50 TGEV or DMEM. Total cellular RNA 
was extracted from the small intestine, and the levels of IFN-α, IFN-
γ, IFN-λ and poIRF1 were measured by RT-qPCR. (b) Total cellular 
RNA was extracted from small intestine cells, and the mRNA levels 

of IFNAR, IFNLR, and IFNGR were measured by RT-qPCR. (d, e) 
PBMC were induced to express IFN-γ and poIRF1 by TGEV. Total 
cellular RNA was collected, and the levels of IFN-γ and poIRF1 were 
quantified by RT-qPCR. Data are shown as the mean ± SEM. Signifi-
cance was determined by Student’s t-test compared to the mock con-
trol. *, p < 0.5; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001



2667Inhibition of transmissible gastroenteritis virus by IFN-γ

1 3

Discussion

TGEV infection causes a highly contagious swine disease 
that results in serious economic losses to the pig industry. 
The development of effective anti-TGEV therapeutics is 
still very necessary. Here, we demonstrate that IFN-γ treat-
ment directly inhibits the infection of ST cells and IPEC-J2 
cells by TGEV. Moreover, in addition to the direct antiviral 
activity of IFN-γ, IFN-γ enhances the anti-TGEV activity 
of IFN-α and exhibits a synergistic effect when combined 
with IFN-α. Since the inhibition of TGEV by IFN-γ occurs 
largely through the IRF1 pathway, IFN-γ would be predicted 
to play a vital role in protection of the host against TGEV 
infection in vivo.

Just as our published results and those of others have 
indicated that type I IFNs suppress TGEV in vitro [12, 32], 
IFN-γ was found to inhibit enteric coronavirus TGEV in ST 
cells and IPEC-J2 cells in vitro. Previous studies have dem-
onstrated that TGEV infection induces a significant amount 
of type I IFN-α/β in vitro and in vivo [12, 13, 25]. However, 
we found that IFN-γ inhibited TGEV less efficiently in Vero 
E6 cells or IFNLR knockout Vero E6 cells than in ST cells 
and IPEC-J2 cells (Fig. 2), indicating that the type I IFN and 
type III IFN response may enhance the antiviral activity of 

IFN-γ. Unlike type I IFNs, TGEV infection did not induce 
the production of IFN-γ by ST cells or IPEC-J2 cells (data 
not shown), which is consistent with the fact that IFN-γ is 
mainly secreted by immune cells. However, we also showed 
that TGEV infection induces the expression of IFN-γ in 
infected small intestines and PBMCs (Fig. 5). IFN-γ exerts 
its direct anti-TGEV activity through a paracrine mechanism 
by which IFN-γ from immune cells act on TGEV-infected 
cells in vivo. The co-existence of IFN-γ and IFN-α/β in the 
local microenvironment of TGEV-infected intestine (Fig. 5a) 
raises the interesting question of how this affects their anti-
TGEV activity. We demonstrated substantial synergy in the 
antiviral activity of IFN-γ and IFN-α against TGEV infec-
tion. The combination of 100 ng/mL IFN-γ and 100 ng/
mL IFN-α caused a 126-fold inhibition of TGEV infection, 
which was more than tenfold higher than that of IFN-γ or 
IFN-α alone (Fig. 6). This is in agreement with previous 
studies with herpes simplex virus 1 (HSV-1) and hepati-
tis C virus (HCV) showing that the combination of type I 
IFNs and IFN-γ synergistically inhibits viral infection both 
in vitro and in vivo [6, 33]. In line with the synergetic effect 
of IFN-γ and IFN-α, we observed reduced anti-TGEV activ-
ity of IFN-γ in Vero E6 cells, which do not undergo a type I 
IFN response, compared with ST or IPEC-J2 cells, which are 

Fig. 6   Synergistic antiviral 
effect of IFN-γ and IFN-α in ST 
cells. ST cells were treated with 
either IFN-γ or IFN-α alone 
at a concentration of 200 ng/
mL, or with a combination of 
both (100 ng/mL each) and then 
infected with TGEV at an MOI 
of 0.01. TGEV infection was 
detected at 24 hpi by measuring 
the TGEV genomic RNA (a) 
or by IFA (c). The percentage 
of infected cells was calculated 
after the number of TGEV RNA 
copies in the IFN-treated groups 
was normalized to that in the 
untreated mock control (b). The 
percentage of fluorescence-
positive cells 24 h after infec-
tion (c). TGEV-positive cells 
in six random fields (20X IFA 
image) were counted, and the 
percentage of infected cells was 
calculated after being normal-
ized to the untreated mock con-
trol (d). Data are shown as the 
mean ± SEM. Significance was 
determined by Student’s t-test 
compared to the mock control, 
*, p < 0.5; **, p < 0.01; ***, 
p < 0.001; ****, p < 0.0001
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competent for type I IFN production (Fig. 2). This implies 
that IFN-γ can play at least a dual role, with a direct anti-
TGEV effect and a booster effect for type I IFN antiviral 
activity in vivo. Given the fact that TGEV infection of ST 
cells also induces the production of type III IFN, which sup-
presses TGEV infection (Fig. 5), it will be worthwhile to 
investigate whether the synergistic effect observed with the 
combination of type I IFN and type II IFN will also occur 
with the combination of type II IFN and type III IFN.

We and others have demonstrated that the antiviral 
activity of IFN-γ does not depend on the presence of type 
I IFNs (Fig. 2) despite the synergistic effect of IFN-γ and 
IFN-α [34]. The specific mechanisms of the antiviral activ-
ity of IFN-γ are not completely clear. IRF1 is the first 
identified member of the IRF family of transcription fac-
tors and is an important regulator of IFN-γ and ISGs [28]. 
Consistent with this, we observed that IFN-γ potently elic-
ited expression of poIRF1 in ST cells (Fig. 3a-c), which 
mediated the induction of the IFN-γ target genes CXCL9 
and CXCL10 (Fig. 3e and g), indicating that IRF1 is an 
important modulator of IFN-γ signaling. In line with this, 
the knockdown of poIRF1 almost completely abolished 
the direct antiviral activity of IFN-γ (Fig. 4a and b), indi-
cating that poIRF1 plays a key role in the direct antiviral 
activity of IFN-γ against TGEV. This is consistent with 
studies of dengue virus and murine norovirus showing 
that the antiviral activity of IFN-γ is dependent on IRF1 
[27, 34]. IRF1 is a potent host viral restrictor and restricts 
replication of certain classes of viruses including West 
Nile virus [35], HCV [36], and vesicular stomatitis virus 
[37]. In line with a previous study [38], the overexpression 
of poIRF1 substantially inhibited TGEV infection (up to 
287-fold) in ST cells, even in the absence of IFN-γ treat-
ment (Fig. 4e-g), whereas silencing of poIRF1 resulted in 
a moderate increase of TGEV infection (Fig. 4c and 4d), 
suggesting that poIRF1 is an important cellular inhibitor 
of TGEV infection.

In summary, we have demonstrated that IFN-γ inhibits 
TGEV infection directly in vitro and that the anti-TGEV 
activity of IFN-γ is dependent on IRF-1 and does not require 
the presence of type I IFNs. Moreover, IFN-γ was found 
to enhance the antiviral activity of IFN-α in a synergistic 
manner. Taken together, these data suggest that IFN-γ could 
potentially be developed as an effective therapeutic agent 
against TGEV infection.
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