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ABSTRACT Continuously emerging highly pathogenic coronaviruses remain a major 
threat to human and animal health. Porcine deltacoronavirus (PDCoV) is a newly 
emerging enterotropic swine coronavirus that causes large-scale outbreaks of severe 
diarrhea disease in piglets. Unlike other porcine coronaviruses, PDCoV has a wide range 
of species tissue tropism, including primary human cells, which poses a significant risk 
of cross-species transmission. Nucleotide-binding oligomerization domain-like receptor 
(NLR) family pyrin domain-containing 1 (NLRP1) has a key role in linking host innate 
immunity to microbes and the regulation of inflammatory pathways. We now report 
a role for NLRP1 in the control of PDCoV infection. Overexpression of NLRP1 remark
ably suppressed PDCoV infection, whereas knockout of NLRP1 led to a significant 
increase in PDCoV replication. A mechanistic study revealed that NLRP1 suppressed 
PDCoV replication in cells by upregulating IL-11 expression, which in turn inhibited the 
phosphorylation of the ERK signaling pathway. Furthermore, the ERK phosphorylation 
inhibitor U0126 effectively hindered PDCoV replication in pigs. Together, our results 
demonstrated that NLRP1 exerted an anti-PDCoV effect by IL-11-mediated inhibition of 
the phosphorylation of the ERK signaling pathway, providing a novel antiviral signal axis 
of NLRP1-IL-11-ERK. This study expands our understanding of the regulatory network of 
NLRP1 in the host defense against virus infection and provides a new insight into the 
treatment of coronaviruses and the development of corresponding drugs.

IMPORTANCE Coronavirus, which mainly infects gastrointestinal and respiratory 
epithelial cells in vivo, poses a huge threat to both humans and animals. Although 
porcine deltacoronavirus (PDCoV) is known to primarily cause fatal diarrhea in piglets, 
reports detected in plasma samples from Haitian children emphasize the potential risk 
of animal-to-human spillover. Finding effective therapeutics against coronaviruses is 
crucial for controlling viral infection. Nucleotide-binding oligomerization-like receptor 
(NLR) family pyrin domain-containing 1 (NLRP1), a key regulatory factor in the innate 
immune system, is highly expressed in epithelial cells and associated with the pathogen
esis of viruses. We demonstrate here that NLRP1 inhibits the infection of the intesti
nal coronavirus PDCoV through IL-11-mediated phosphorylation inhibition of the ERK 
signaling pathway. Furthermore, the ERK phosphorylation inhibitor can control the 
infection of PDCoV in pigs. Our study emphasizes the importance of NLRP1 as an 
immune regulatory factor and may open up new avenues for the treatment of coronavi
rus infection.
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P orcine deltacoronavirus (PDCoV) is an enveloped, single-stranded positive-sense 
RNA virus with a genome length of approximately 25.4 kb, belonging to the order 

Nidovirales, family Coronaviridae, subfamily Orthocoronavirinae, and genus Deltacorona
virus. It was initially reported in wild Asian leopard cats (Prionailurus bengalensis) and 
Chinese ferret badgers (Melogalemoschata) in 2007, and subsequently identified in 
various avian species and domestic pigs (1–3). In 2012, Woo et al. (3) reported the 
first PDCoV strain HKU15 in Hong Kong, confirming the existence of deltacoronaviruses 
in mammals. In early 2014, PDCoV was first associated with cases of porcine diarrhea 
in Ohio, Iowa, and Illinois in the United States (4, 5). Subsequent research revealed 
that PDCoV has spread globally, primarily affecting Asian countries and North American 
countries (6). Pigs of all age groups are susceptible to PDCoV infection, with piglets 
being the most vulnerable and experiencing high mortality rates. Infected piglets mainly 
exhibit acute watery diarrhea, vomiting, and dehydration, accompanied by depression, 
lethargy, and reduced appetite, causing serious harm to the swine industry (7, 8). In 
recent years, there have been numerous reports on the interspecies transmission of 
PDCoV. Current research has indicated that PDCoV can infect species beyond pigs, 
including calves, chickens, turkeys, and mice (9–12). Moreover, in 2021, PDCoV was even 
detected in plasma samples from children in Haiti, further highlighting its potential 
for interspecies transmission (13). Consequently, the need for an effective drug against 
PDCoV is urgent.

Nucleotide-binding oligomerization domain-like receptor family pyrin domain-con
taining 1 (NLRP1) is a pivotal member of the NLR protein family, profoundly involved in 
regulating innate immunity and inflammatory responses (14). It plays a crucial role in the 
host defense against infections by recognizing various pathogens, including bacteria and 
viruses (15–19). Upon detection of pathogen-associated molecular patterns (PAMPs) or 
danger-associated molecular patterns, NLRP1 assembles an inflammasome complex with 
the adaptor protein apoptosis-associated speck-like protein containing a CARD (ASC) 
and caspase-1 (20). This assembly leads to the cleavage of pro-inflammatory cytokines, 
such as pro-IL-1β and pro-IL-18, into their active forms. Consequently, the released 
active IL-1β and IL-18 trigger a potent inflammatory response, contributing to infection 
clearance and tissue repair processes. While direct involvement of the NLRP1 protein in 
the antiviral process lacks evidence, our previous research has shown that NLRP1 itself 
can act as an interferon-stimulating gene (ISG) to combat the infection of transmissi
ble gastroenteritis virus (TGEV) (21). This finding suggests that NLRP1 possesses the 
potential to resist virus infection.

Interleukin-11 (IL-11) is a versatile cytokine belonging to the IL-6 family (22). It 
mediates its effects through the IL-11 receptor, which exists as a heterodimer consisting 
of IL-11 receptor alpha (IL-11Rα) and the common cytokine receptor subunit, gp130 
(23). IL-11 plays a crucial role in modulating diverse biological processes, including 
hematopoiesis, inflammation, tissue repair, and immunity against viral infections (23–25). 
IL-11 exhibits potent abilities in promoting intestinal cell proliferation and inhibiting 
apoptosis, playing a crucial protective role against various injuries to intestinal epithelial 
cells (26–28). These cells serve as target cells for porcine enteric coronaviruses. Stud
ies have revealed that during porcine epidemic diarrhea virus (PEDV) infection, IL-11 
activates the IL-11/STAT3 signaling pathway to impede PEDV-induced cell apoptosis, 
thereby suppressing viral infection (25). Moreover, several signaling pathways, such 
as the mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/
ERK) and phosphatidylinositol 3-kinase (PI3K)/AKT, have also been implicated in the 
regulatory pathway of IL-11 (23).

Our study showed that NLRP1 suppressed PDCoV replication in cells by upregulat
ing IL-11 expression, which in turn inhibited the phosphorylation of the ERK signaling 
pathway. Furthermore, the ERK phosphorylation inhibitor U0126 effectively hindered 
PDCoV replication in pigs. Our findings establish a novel link between NLRP1 and 
IL-11, providing new insights into NLR-guided signal pathway and offering a promising 
therapeutic strategy for coronavirus infections.
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RESULTS

NLRP1 inhibits the replication of PDCoV

We previously showed that NLRP1 has antiviral capabilities against TGEV infection, but it 
is still unclear whether NLRP1 can antagonize other coronaviruses (21). To investigate the 
impact of NLRP1 on PDCoV replication, we initially constructed a eukaryotic expression 
plasmid, Flag-NLRP1, tagged with a Flag epitope. Subsequently, immortal pig intesti
nal-2I (IPI-2I) cells were transfected with the plasmid and infected with PDCoV at an 
MOI of 0.1 after 24 h of transfection. Following a 24-h infection period, cell samples 
were collected, and total RNA was extracted. The results from real-time quantitative PCR 
(RT-qPCR), as shown in Fig. 1A and B, revealed a significant reduction of approximately 
91.2% in PDCoV replication levels within the NLRP1-transfected IPI-2I cells compared to 

FIG 1 pNLRP1 inhibits the replication of PDCoV. IPI-2I cells were transfected with Flag-tagged NLRP1 (0 or 1 µg) for 24 h, 

followed by infection with PDCoV at an MOI of 0.1 for 24 h. (A) The overexpression of NLRP1 was verified by RT-qPCR. (B) The 

relative expression of PDCoV was determined by RT-qPCR. (C) The PDCoV TCID50 in the supernatants was titrated on swine 

testis cells. (D) The protein expression of NLRP1 and PDCoV-N was detected by Western blotting. (E) The relative intensities 

of PDCoV-N were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). (F) IPI-2I cells were transfected with 

Flag-tagged NLRP1 (0 or 1 µg) for 24 h, followed by infection with PEDV at an MOI of 1 for 24 h. The relative expression of PEDV 

was determined by RT-qPCR. (G) The PEDV TCID50 in the supernatants was titrated on Vero-E6 cells. The means and SD of the 

results from three independent experiments are shown. **P < 0.01; ***P < 0.001; and ****P < 0.0001.
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the control group. In addition, cell culture supernatants were collected to determine 
the viral titers, and the results showed that the viral titers were substantially reduced 
in NLRP1-transfected cells (Fig. 1C). Subsequently, we collected cell samples under the 
same conditions for further validation by Western blotting. The results, presented in 
Fig. 1D and E, demonstrated a remarkable decrease in the expression level of PDCoV-N 
protein within the NLRP1-transfected group. Additionally, overexpression of NLRP1 also 
inhibits the replication of PEDV (Fig. 1F and G), indicating that NLRP1 plays an important 
role in resisting coronavirus replication.

Knockdown or knockout of NLRP1 enhances PDCoV replication

To further confirm the inhibitory effect of NLRP1 on PDCoV replication, we designed 
two small interfering RNAs (siRNAs) specifically targeting NLRP1, named siNLRP1#1 and 
siNLRP1#2. Initially, we demonstrated the significant knockdown effects of siRNAs by 
Western blotting and RT-qPCR (Fig. 2A, D, and E). Subsequently, siNLRP1#1, siNLRP1#2, 
and a negative control siRNA (NC) were simultaneously transfected into IPI-2I cells for 
24 h, and the cells were infected with PDCoV at an MOI of 0.1. The intracellular relative 
NLRP1 expression and viral loads were tested by Western blotting and RT-qPCR at 24 h 
post-infection (hpi). As shown in Fig. 2A and B, the mRNA levels of endogenous NLRP1 in 
IPI-2I cells decreased by approximately 38% and 56%, respectively, while the replication 
level of PDCoV increased significantly compared with the negative control. Furthermore, 
the cell culture supernatants were collected, and the viral titers were determined by 
assessing the 50% tissue culture infective dose (TCID50). As indicated in Fig. 2C, the viral 
titers in NLRP1-overexpressed cells increased by approximately 10-fold compared with 
the negative control. Corresponding to the mRNA levels, the tendency of siNLRP1#1 or 
siNLRP1#2 to promote PDCoV propagation was observed by Western blotting (Fig. 2D 
through F). In addition, pNLRP1 (porcine NLRP1) knockout (NLRP1−/−) IPI-2I cells, which 
we established in a previous report, were infected with PDCoV at an MOI of 0.1 and then 
harvested to test viral loads by RT-qPCR, Western blotting, and viral titers by TCID50. As 
expected, PDCoV replication was increased significantly in NLRP1−/−IPI-2I cells compared 
with WT IPI-2I cells (Fig. 2G through J). Taken together, these results supported that the 
NLRP1 plays a role in counteracting PDCoV replication.

NLRP1 does not rely on the IFN pathway to inhibit PDCoV replication

It has been reported that NLRP6 can bind to viral RNA through the RNA helicase Dhx15 
and interact with mitochondrial antiviral signaling protein (MAVS), inducing the upregu
lation of type I and III interferons (IFNs) and ISGs (29). This mechanism helps to regulate 
the antiviral response within the intestinal tract. Since both NLRP1 and NLRP6 belong to 
the NLR family, we initially speculated that IFNs may play a role in NLRP1-mediated 
antiviral processes. As shown in Fig. 3A and B, the mRNA and protein levels of IFN-β in 
PDCoV-infected IPI-2I cells displayed a dose-dependent decrease after 24 hpi, consistent 
with the previous report (30). However, when NLRP1 was overexpressed in IPI-2I cells and 
subsequently infected with PDCoV, the mRNA and protein levels of IFN-β showed no 
significant difference compared to the mock group (Fig. 3C and D). Therefore, these 
results suggested that IFN-I does not play a crucial role in the NLRP1-mediated antiviral 
process.

To further explore the mechanism that may be associated with the antiviral effect of 
NLRP1, we examined the transcript levels of some relevant cytokines in the inflammatory 
pathway in cell samples overexpressing NLRP1 and infected with PDCoV. As shown in Fig. 
3E, compared to IL-18 and IL-1β, which play roles in the classical inflammatory pathway, 
the transcription level of IL-11 was upregulated approximately 9.1-fold in these samples. 
To understand the relationship between human, pig, rat, and mouse IL-11 nucleotide 
sequences, we performed multiple sequence alignment, as shown in Fig. 3F, which 
revealed a high homology of 93% between pig and human IL-11 sequences. Subse
quently, we used an ELISA kit specifically targeting human IL-11 to measure the secretion 
of IL-11 in the supernatant of two sets of samples: one with NLRP1 overexpression and 
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FIG 2 Knockdown or knockout of NLRP1 enhances PDCoV replication. IPI-2I cells were transfected with siNLRP1#1, siNLRP1#2, 

or NC at 50 nM for 24 h and subsequently infected with PDCoV at an MOI of 0.1 for 24 h. (A and B) mRNA levels of NLRP1 and 

PDCoV-N in NLRP1 knockdown cells. (C) The PDCoV TCID50 in the supernatants was titrated on swine testis (ST) cells. (D–F) 

Expression of NLRP1 and PDCoV-N was detected by Western blotting, and the relative intensities of NLRP1 and PDCoV-N were 

normalized to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). (G and I) WT IPI-2I cells and NLRP1−/− IPI-2I cells 

were infected with PDCoV at an MOI of 0.1 for 24 h, and then the relative mRNA levels and protein levels of PDCoV-N were 

detected by RT-qPCR (G) and Western blotting (I). (H) The PDCoV TCID50 in the supernatants of WT or NLRP1−/− IPI-2I cell was 

titrated on ST cells. (J) The relative intensity of PDCoV-N was normalized to that of GAPDH. The means and SD of the results 

from three independent experiments are shown. ***P < 0.001 and ****P < 0.0001.
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FIG 3 NLRP1 does not rely on the IFN pathway to inhibit PDCoV replication. (A and B) The mRNA levels of IFN-β were detected 

by RT-qPCR (A) and the protein levels of IFN-β were detected by ELISA (B) in IPI-2I cells either mock infected or infected with 

PDCoV at MOI of 0.01, 0.1, and 1. (C–E) The mRNA expression of IFN-β (C) and cytokines (E) was measured by RT-qPCR, and the 

protein expression of IFN-β was measured by ELISA in NLRP1-overexpression cells. (F) Multiple sequence alignment between 

the pig, human, rat, and mouse. (G and H) Protein levels of IL-11 in the supernatant of NLRP1-overexpression cells (G) or 

NLRP1-knockdown cells (H) were analyzed by ELISA. The means and SD of the results from three independent experiments are 

shown. ns, no significant difference. *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001.
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PDCoV infection, and the other with NLRP1 knockdown and PDCoV infection. The results 
in Fig. 3G and H demonstrated that NLRP1 overexpression significantly upregulated the 
expression of IL-11, while NLRP1 knockdown led to a significant decrease in IL-11 
secretion. These findings indicated that NLRP1 may exert antiviral effects through IL-11.

The treatment of IL-11 recombinant protein inhibits the replication of PDCoV

To further validate this hypothesis, we treated PDCoV-infected cells with various 
concentrations of exogenous IL-11 recombinant protein for 24 h. The results from 
RT-qPCR and Western blotting indicated that IL-11 treatment significantly suppressed 
PDCoV replication, with intracellular virus replication levels reduced by approximately 
35.6%, 81.5%, and 98.8%, showing a dose-dependent manner (Fig. 4A through C). 
Subsequently, we treated IPI-2I cells infected with different MOI of PDCoV with 
100 ng/mL of IL-11, and the results are shown in Fig. 4D through F. Compared with 
the mock group, the IL-11-treated group exhibited a substantial reduction in virus 
replication, and interestingly, the inhibitory effect of IL-11 was more pronounced in cells 

FIG 4 The treatment of IL-11 recombinant protein inhibits the replication of PDCoV. After incubation with 0.1 MOI of PDCoV for 2 h at 37°C, IPI-2I cells were 

washed three times with phosphate-buffered saline (PBS) to remove unbound virus and then treated with different concentrations of IL-11 protein (0, 10, 100, 

or 1,000 ng/mL) for 24 h. (A) The relative viral copy number of PDCoV and the protein expression level of PDCoV-N were measured by RT-qPCR and Western 

blotting, respectively. (B) The relative intensity of PDCoV-N was normalized to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). (C) The PDCoV 

TCID50 in the supernatants of IPI-2I cells was titrated on swine testis cells. (D–F) The relative viral RNA copy number of PDCoV in IL-11-treated cells. After 

incubation with 0.01 (F), 0.1 (E), or 1 (D) MOI of PDCoV for 2 h at 37°C, IPI-2I cells were washed three times with PBS to remove unbound virus and then treated 

with 100 ng/mL of IL-11 protein for 24 h. The means and SD of the results from three independent experiments are shown. ns, no significant difference. *P < 0.05; 

**P < 0.01; ***P < 0.001; and ****P < 0.0001.
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infected with the lower MOI. These results provided further support for our hypothesis 
that NLRP1 exerts its antiviral effect through the regulation of IL-11 expression.

Knockdown of IL-11RA enhances PDCoV infection

During intercellular signal transduction, IL-11 forms a hexameric complex composed of 
IL-11, IL-11 receptor alpha (IL-11RA), and gp130 proteins in a 2:2:2 ratio (23). Theoretically, 
knocking down IL-11RA can effectively block IL-11 signaling and prevent its function. 
Therefore, to further explore the impact of IL-11 on PDCoV replication, we designed 
two siRNAs specifically targeting pig IL-11RA. Subsequently, IPI-2I cells were separately 
transfected with siIL-11RA#1, siIL-11RA#2, and NC, followed by infection with PDCoV at 
an MOI of 0.1 for 24 h. As shown in Fig. 5A, compared to the NC group, the mRNA 
levels of IL-11RA in cells transfected with siRNA were reduced by approximately 69% 
and 67%, respectively. The results demonstrated that after knocking down IL-11RA, 
PDCoV replication levels increased by approximately 8.33- and 8.29-fold (Fig. 5B), which 
is consistent with the result of virus titer (Fig. 5C). Furthermore, as depicted in Fig. 5D 

FIG 5 Knockdown of IL-11RA enhances PDCoV infection. IPI-2I cells were transfected with IL-11RA#1, IL-11RA#2, or NC at 50 nM for 24 h and subsequently 

infected with PDCoV at an MOI of 0.1 for 24 h. (A and B) mRNA levels of IL-11RA and PDCoV-N in IL-11RA knockdown cells. (C) The PDCoV TCID50 in the 

supernatants was titrated on swine testis cells. (D–F) Expression of IL-11RA and PDCoV-N was detected by Western blotting, and the relative intensities of 

NLRP1 and PDCoV-N were normalized to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The means and SD of the results from three independent 

experiments are shown. ***P < 0.001 and ****P < 0.0001.
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through F, a notable upregulation in PDCoV replication was observed when IL-11RA 
protein expression was reduced by Western blotting. Collectively, these data confirmed 
that knocking down IL-11RA significantly promotes PDCoV replication.

NLRP1 relies on the IL-11 pathway to inhibit PDCoV replication

To further verify whether NLRP1 exerts its antiviral effect through IL-11, we decided to 
compare the viral replication in cells overexpressing NLRP1 and infected with PDCoV 
with or without knocking down IL-11RA. To prepare the IL-11RA knockdown cell samples, 
we first transfected IPI-2I cells with 50 nM of siIL-11RA#2 or NC (control group). After 
12 h, we transfected 1 µg of NLRP1 eukaryotic expression plasmid, and 24 h later, the 
cells were infected with PDCoV at an MOI of 0.1. Cell samples were collected at 24 hpi. 
As shown in Fig. 6A, 1C, and D, when IL-11RA was not knocked down, the overexpres
sion of NLRP1 effectively suppressed PDCoV replication at both the protein and mRNA 
levels. However, after knocking down IL-11RA (Fig. 6B through D), the overexpression of 
NLRP1 failed to significantly inhibit PDCoV replication. These results indicated that when 
IL-11RA is knocked down, the pathway through which NLRP1 relies on IL-11 to exert its 

FIG 6 NLRP1 relies on the IL-11 pathway to inhibit PDCoV replication. After transfection with 50 nM of siIL-11RA#2 or NC for 12 h, IPI-2I cells were transfected 

with 1 µg of Flag-tagged NLRP1 for 24 h and then infected with PDCoV at an MOI of 0.1 for 24 h. (A and B) The relative expression of NLRP1 and PDCoV-N 

in NC (A) or IL-11-knockdown cells (B). (C) The protein expression of PDCoV-N was detected by Western blotting. (D) The relative intensity of PDCoV-N was 

normalized to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The means and SD of the results from three independent experiments are shown. 

ns, no significant difference. ***P < 0.001 and ****P < 0.0001.
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antiviral effect is blocked. In conclusion, NLRP1 depends on the IL-11 pathway to inhibit 
PDCoV replication.

The treatment of IL-11 inhibits the phosphorylation of the ERK signaling 
pathway

In the classic signaling pathway of IL-11, the JAK/STAT signaling pathway is the most 
well-established downstream pathway (31, 32). Previous studies have reported that IL-11 
can inhibit the replication of PEDV, another porcine enteric coronavirus, by activating the 
IL-11/IL-11R/STAT3 signaling pathway (25). To further investigate the signaling pathway 
through which IL-11 exerts its antiviral effect on PDCoV replication, we treated IPI-2I 
cells with different doses (0, 10, 100, and 500 µg/mL) of recombinant IL-11 protein, 
followed by infection with PDCoV at an MOI of 1 for 24 h. Through Western blotting, 
we examined the expression and phosphorylation levels of signaling pathway proteins, 
including STAT3, AKT1, and ERK. As shown in Fig. 7A through F, only the phosphorylation 
level of ERK1/2 was suppressed by IL-11 treatment, and this inhibitory effect displayed a 

FIG 7 The treatment of IL-11 inhibits the phosphorylation of the ERK signaling pathway. After infection with PDCoV at an MOI of 1, IPI-2I cells were treated with 

different doses (0, 10, 100, and 500) μg/mL of recombinant IL-11 protein. (A) The total proteins and phosphorylation proteins’ expression of ERK1, ERK2, AKT1, 

and STAT3 were measured by Western blotting. (B–F) The relative intensities of PDCoV-N (B), pERK1 (C), pERK2 (D), pAKT1 (E), and pSTAT3 (F) were normalized to 

that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The means and SD of the results from three independent experiments are shown. ***P < 0.001 and 

****P < 0.0001.
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dose-dependent manner. Therefore, we concluded that exogenous treatment with IL-11 
significantly inhibits the phosphorylation of the ERK signaling pathway.

Inhibiting ERK phosphorylation hinders PDCoV replication

ERK1/2, a member of the MAPK cascade pathway, plays a crucial role in regulating 
various cellular processes, including proliferation, differentiation, survival, and apoptosis 
(33–35). Swine acute diarrhea syndrome coronavirus (SADS-CoV) replication is reduced 
by inhibition of the ERK signaling pathway (36). To evaluate the effect of inhibiting ERK 
phosphorylation on PDCoV replication, the ERK signaling pathway inhibitor U0126 was 
used. First, the CCK-8 cell viability assay was used to investigate the impact of U0126 on 
the viability of IPI-2I cells at different concentrations. As shown in Fig. 8A, there was no 
significant difference in cell viability between the treatment group and the control group 
when the inhibitor concentration ranged from 0 to 200 µM. To further validate the effect 
of the ERK signaling pathway on PDCoV replication, we treated IPI-2I cells with U0126 
at concentrations of 5, 10, 20, 50, and 100 µM, respectively, followed by infection with 
PDCoV at an MOI of 1. Cell samples were collected for RT-qPCR and Western blotting 
at 24 hpi, and the supernatant was collected for TCID50 assay to determine the virus 
titer. As shown in Fig. 8B, the phosphorylation of ERK1/2 was significantly inhibited by 
U0126, and the replication of PDCoV was inhibited in a dose-dependent manner by 
U0126. The TCID50 assay results (Fig. 8C) showed consistent results in the virus titer 
of the collected supernatant. Thus, inhibiting the phosphorylation of the ERK signaling 
pathway significantly reduced the intracellular replication of PDCoV. Taken together, 
these results indicated that NLRP1 suppresses the phosphorylation of ERK protein by 
upregulating IL-11 expression, thereby inhibiting intracellular PDCoV replication and 
exerting its antiviral effect.

The efficacy of U0126 in inhibiting other porcine enterocoronaviruses is well-estab
lished, such as PEDV and SADS-CoV (36, 37). Therefore, we also explored whether U0126 
has antiviral effects on TGEV, and the results showed that the ERK phosphorylation 
inhibitor U0126 effectively hindered TGEV replication (Fig. 8D and E). These results 
indicate that U0126 has therapeutic potential against porcine enterocoronavirus.

Inhibition of the phosphorylation of the ERK signaling pathway suppresses 
PDCoV infection in piglets

To further verify whether ERK1 phosphorylation inhibitor-U0126 can exert antiviral 
effects in pigs, specific pathogen-free (SPF) piglets were infected with PDCoV and 
animals were treated once daily with 15 mg/kg U0126, starting on the day of infection. 
Severe diarrhea began at 36 h post-infection in the PDCoV infection group, and at 72 
hpi, all surviving piglets were euthanized to reduce the stress of the other piglets. Virus 
loads in fecal swabs at different time points of artificially infected piglets were tested by 
the RT-qPCR. The results showed that the viral load in fecal swabs of the PDCoV-infected 
group was the highest at 36 hpi. The viral load in the fecal swabs of U0126-treated piglets 
was significantly lower than that in the PDCoV-infected group and was barely detectable 
after 48 hpi (Fig. 9A).

The small intestinal wall became thin, which was especially true for the jejunum, 
and animals presented with intestinal dilation with an abundance of yellow liquid. In 
the U0126-treated group, the small intestinal wall was slightly thinner than that in 
the mock group. Overall, the damage to the small intestine in the PDCoV group was 
significantly worse than that in the U0126-treated group (Fig. 9B). Moreover, hematoxylin 
and eosin (H and E) staining revealed extensive fine damage to the jejunum, character
ized by the fragmentation and shedding of intestinal villi (Fig. 9C). Next, we analyzed 
the viral infection efficiency in the intestine. The results showed that treatment of piglets 
with U0126 resulted in significant inhibition of PDCoV replication in the intestine (Fig. 
9D). Immunohistochemistry showed that the virus was present in the PDCoV-infected 
group but not in the U0126-treated group, consistent with the clinical results (Fig. 9E). 
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FIG 8 The phosphorylation inhibitor of ERK1/2 (U0126) significantly inhibits the replication of PDCoV in cells. (A) Cell viability 

of IPI-2I treated with different concentrations (0, 5, 10, 20, 50, and 200 µM) of U0126. (B) The viral copy number and the 

expression of PDCoV-N were tested by RT-qPCR and Western blotting in U0126-treated cells. (C) The PDCoV TCID50 in the 

supernatants was titrated on swine testis (ST) cells. (D) IPI-2I cells were treated with different concentrations (0, 20, 50, and 

100 µM) of U0126, followed by infection with TGEV at an MOI of 0.1 for 24 h. The viral copy number of TGEV was determined 

by RT-qPCR. (E) The TGEV TCID50 in the supernatants was titrated on ST cells. The means and SD of the results from three 

independent experiments are shown. ns, no significant difference. ***P < 0.001 and ****P < 0.0001.
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Taken together, these data confirmed that inhibition of the phosphorylation of the ERK 
signaling pathway suppresses PDCoV replication in vivo.

DISCUSSION

NLRP1 can form an inflammasome complex that triggers cell pyroptosis and hinders 
pathogen replication by recognizing diverse PAMPs, such as double-stranded RNA and 
virus-encoded proteins (17, 19, 38). However, being the first-discovered inflammasome-
forming protein, there has been limited research on the direct modulation of viral 
replication by the NLRP1 protein. Our early research revealed the function of NLRP1 
as an ISG to resist TGEV infection (21). In this study, we present the inaugural evidence 
that NLRP1 inhibits PDCoV infection through the elevation of IL-11 expression, resulting 
in the suppression of ERK phosphorylation, rather than through the regulation of the 
IFN-I signaling pathway (Fig. 10).

NLRP6 binds viral RNA through the RNA helicase Dhx15 and interacts with MAVS, 
leading to the induction of type I/III IFNs and ISGs. This function plays a crucial role 
in the regulation of intestinal antiviral immunity. In contrast, our study revealed that 
overexpression of pNLRP1 following PDCoV infection had no impact on IFN-β production 
but significantly increased the expression of the cytokine IL-11. IL-11, a member of 
the IL-6 cytokine family, is secreted by a variety of cell types, including hepatocytes, 
gastrointestinal epithelial cells, T cells, B cells, and macrophages (39, 40). This cytokine 
is detectable in tissues associated with inflammation-related diseases and possesses 

FIG 9 U0126 suppresses PDCoV replication in piglets. SPF pigs were infected with PDCoV (n = 3) or infected with PDCoV and treated with U0126 (15 mg kg−1, 

n = 3), or mock infected with Dulbecco’s modified Eagle’s medium (n = 3). (A) Daily virus shedding in feces from the different groups was measured by RT-qPCR 

detection of viral genomes in fecal swabs. (B) Gross lesions in piglets inoculated with the PDCoV group or U0126-treated group. The intestinal lesions were 

examined on the day of death or after euthanasia at the final time points. The necropsy images show transparent intestines observed in piglets inoculated with 

the PDCoV group but not in mock-inoculated piglets. (C) Histopathological examination of the jejunum from the PDCoV-infected piglets. Jejunum was taken 

from each group and then processed for hematoxylin and eosin staining. Representative images are shown. (D) PDCoV viral RNA in the jejunum was measured by 

RT-qPCR. (E) Immunohistochemistry of jejunum from the piglets. The black arrows point to the virus in the tissue.
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significant anti-inflammatory properties. Extensive research has been conducted on 
IL-11, particularly in the context of fibrotic diseases and solid malignancies, given its 
close association with their pathogenesis (23, 41, 42). Additionally, IL-11 demonstrates 
robust abilities in promoting the proliferation of intestinal cells and inhibiting apoptosis, 
providing significant protection against various injuries to intestinal epithelial cells (26–
28, 43). Intestinal epithelial cells serve as target cells for porcine enteric coronaviruses, 
highlighting the potential significance of IL-11 in the context of virus invasion.

IL-11 engages the IL-11/STAT3 signaling pathway to impede PEDV-induced cell 
apoptosis, consequently suppressing viral infection (25). While the JAK/STAT signaling 
pathway has been extensively studied as a downstream pathway of IL-11, it is notewor
thy that other signaling pathway proteins, such as ERK, MAPK, and PI3K/AKT, have 
also been reported to play roles in the regulation of IL-11 (23, 28). In this study, 
we examined several related signaling pathway proteins in IL-11-treated and PDCoV-
infected cell samples. The results revealed a more pronounced inhibition of the ERK 
signaling pathway protein compared to STAT3 and AKT1, aligning with the suppression 
of viral replication (Fig. 7A). ERK1 and ERK2 belong to the MAPK family, a group of 
structurally related kinases. The ERK signaling pathway regulates six fundamental cellular 
processes: cell proliferation, survival, growth, metabolism, migration, and differentiation 
(44). Viruses, which depend on host cells for their survival, have evolved numerous 
strategies to exploit the ERK signaling pathway, enhancing their replication machinery 
for optimal infection. Recent studies have shown that ERK signaling is crucial for the 
efficient replication of several swine enteric coronaviruses, including PEDV, PDCoV, and 
SADS-CoV, in cultured cells (36, 37, 45). In our study, we observed a suppression of 
ERK phosphorylation in IPI-2I cells treated with various doses of IL-11 and infected with 
PDCoV. U0126 can reduce the titer of PDCoV progeny viruses in cell culture by more than 
90%, which prompts us to speculate that U0126 may have high antiviral potential against 
PDCoV in vivo.

FIG 10 The mechanism of NLRP1 inhibits PDCoV infection. NLRP1 suppressed the PDCoV replication by promoting the secretion of IL-11 to inhibit the 

phosphorylation of the ERK signaling pathway.
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U0126 has been reported to have antiviral activity against pandemic H1N1 and 
highly pathogenic avian influenza virus in vitro and in vivo (46). Because of the obvious 
anti-PDCoV activity using U0126 in vitro, we additionally performed in vivo experiments 
using U0126 to investigate their antiviral potential in pigs. The results showed that U0126 
has a high antiviral potential against PDCoV in vivo. U0126 has become commercially 
available, which is used in clinical trials against cancer. It has been demonstrated to cause 
a significant reduction in early liver tumor growth when administered intraperitoneally in 
mice and has shown promise in ameliorating post-stroke cerebral vasoconstriction in rats 
(47, 48). U0126 is not available in an oral formulation. As shown by Pinto and colleagues 
(49), intraperitoneal delivery of U0126 has an antiviral effect on influenza virus infection. 
For this reason, we decided to deliver U0126 intraperitoneally. Besides, U0126 also has 
an inhibition effect on TGEV replication (Fig. 8D and E). Our data demonstrate that ERK1 
phosphorylation inhibitor might be very promising as a new class of antivirals against 
coronavirus.

Our results revealed an undiscovered mechanism employed by the host to resist 
coronavirus through the NLRP1-mediated regulation of the IL-11-ERK signaling pathway. 
The results clearly demonstrate the antiviral effectiveness of the ERK1 phosphorylation 
inhibitor in cell culture and in the piglets. This finding establishes a novel antiviral signal 
axis of NLRP1-IL-11-ERK, providing new insights into NLR-guided signal pathway and 
offering a promising therapeutic strategy for coronavirus infections.

MATERIALS AND METHODS

Cells and virus

IPI-2I cells, swine testis (ST) cells, Vero-E6 cells, and human embryonic kidney (HEK-293T) 
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, USA) 
supplemented with 10% fetal bovine serum (Gibco, USA) and maintained at 37°C in a 
5% CO2 humidified atmosphere. PDCoV strain NH10 (GenBank accession no. KU981062.1) 
and PDCoV strain NH100 (derived from strain NH10) were propagated and titrated 
in ST cells. TGEV strain H87, derived from the virulent strain H16 (GenBank accession 
no. FJ755618), was propagated and titrated in ST cells. PEDV strain CV777 (GenBank 
accession no. AF353511) was propagated and titrated in Vero-E6 cells.

Viral infections and virus titration

For PDCoV infection, IPI-2I cells cultured in desired plates were infected with PDCoV at 
the indicated MOI or mock infected with DMEM. After incubation for 2 h at 37°C, cells 
were washed three times with phosphate-buffered saline (PBS) to remove unbound virus 
and cultured in maintenance medium (serum-free DMEM supplemented with 2.5 µg/mL 
trypsin) at 37°C for the indicated time points. The infected cell supernatants were 
harvested for testing virus titration. Briefly, ST cells were seeded into 96-well plates 
and cultured until 90% confluent. The infected cell supernatants were serially diluted 
10-fold from 10−1 to 10−10. Next, ST cell monolayers were washed three times with PBS 
and then inoculated with dilutions. Cytopathic effects of the virus were observed after 
72 h, and titers were calculated using the Reed and Muench method and expressed as 
TCID50/0.1 mL.

Antibodies

Rabbit polyclonal antibody (pAb) to AKT1, phospho-ERK1/2 rabbit monoclonal antibody 
(mAb), STAT3 rabbit mAb, phospho-STAT3-S727 rabbit mAb, and glyceraldehyde-3-phos
phate dehydrogenase (GAPDH) rabbit mAb were purchased from Abcam (Cambridge, 
UK). Rabbit anti-NLRP1 pAb, phospho-AKT1-S473 rabbit mAb, and IL-11RA rabbit 
pAb were purchased from ABclonal (Wuhan, China). Mouse anti-FLAG M2 mAb and 
ERK1/2 rabbit pAb were purchased from Sigma (USA). Goat anti-rabbit and anti-mouse 
secondary antibodies conjugated to DyLight680, DyLight800, and goat anti-mouse 
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secondary antibody conjugated to peroxidase were purchased from Thermo Fisher 
Scientific (MA, USA). MAbs against PDCoV N protein were prepared and stocked by our 
team.

RNA extraction and real-time quantitative PCR

Total RNA was extracted using a Simply P total RNA extraction kit (BioFlux, China) 
according to the manufacturer’s protocol. The cDNA was synthesized from the purified 
RNA using a PrimeScript II first-strand cDNA synthesis kit (TaKaRa, Japan) according to 
the manufacturer’s instructions. Real-time quantitative PCR was performed in triplicate 
on a QuantStudio5 system (Applied Biosystems, USA) with TB Green Premix Ex Taq II 
(Takara, Japan). All qPCR primer sequences are listed in Table 1. Relative gene expression 
levels were determined based on the cycle threshold (ΔΔCT) method and normalized to 
GAPDH expression.

RNA interference

The siRNA targeting NLRP1, IL-11RA, and control scrambled were designed and 
purchased from Ribo (Guangzhou, China). All siRNA sequences are listed in Table 2. 
IPI-2I cells were seeded into 12-well plates for 16 h and then transfected with indicated 
siRNAs using Lipofectamine RNAiMAX reagent (Thermo Fisher Scientific, USA) following 
the manufacturer’s protocol. Cells were infected with PDCoV at indicated MOI for 24 h 
at 24 h post-transfection. The siRNAs’ knockdown efficiency of the target proteins was 
evaluated by RT-qPCR or Western blotting.

Generation of NLRP1−/− cell lines

The NLRP1−/− cell line was generated in our laboratory as previously reported (21). Briefly, 
three guide RNAs were connected with the p × 330-U6-Chimeric_BB-CBh-hSpCas9 
plasmid and then co-transfected with the pEGFP-C2 vector into IPI-2I cells. Two days 
later, GFP-positive cells were sorted into single clones on a 96-well plate by flow 
cytometry and then screened by RT-qPCR and Western blotting analysis.

Cell viability assay

IPI-2I cells were seeded into 96-well plates for 24 h and then incubated with ERK inhibitor 
(U0126) at indicated concentrations or carrier control DMSO for 24 h. Cell viability was 
determined using the Cell Counting Kit-8 (CCK-8) assay (Dojindo, Japan) according to the 

TABLE 1 Sequences of RT-qPCR primers used in the study

Primer Sequence (5′−3′)
PDCoV-N-qPCR-F AGCAACCACTCGTGTTACTTG
PDCoV-N-qPCR-R CAACTCTGAAACCTTGAGCTG
IL-11-qPCR-F ACTAAGCCTGTGGCCAGACAGAG
IL-11-qPCR-R GATTACGATCTCCGTCAGCTGG
IL-11RA-qPCR-F GTTCTGGAGCCAATACCGGA
IL-11RA-qPCR-R GTGGGTCAGGGCGTAAGATG
IL-18-qPCR-F GATAGCCTCACTAGAGGTCTG
IL-18-qPCR-R GTATCTTATCATCATGTCCAGG
IL-1β-qPCR-F GAAAGCCCAATTCAGGGACC
IL-1β-qPCR-R TTCCTTGGCGGGTTCAGGTA
NLRP1-qPCR-F ACAAGCTGCATGGACAGGTAC
NLRP1-qPCR-R GATAGAGGCGGTCCTTACAGG
IFN-β-qPCR-F AGCACTGGCTGGAATGAAAC
IFN-β-qPCR-R TCCAGGATTGTCTCCAGGTC
GAPDH-qPCR-F CCTTCCGTGTCCCTACTGCCAAC
GAPDH-qPCR-R GACGCCTGCTTCACCACCTTCT
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manufacturer’s instructions. Briefly, 10 µL of CCK-8 solution was added to each well after 
treatment. The plates were incubated at 37°C for 2 h, and then the absorbance was read 
at a wavelength of 450 nm.

Chemical treatment

Recombinant human IL-11 protein was purchased from ABclonal (Wuhan, China). After 
incubation with indicated MOI of PDCoV for 2 h at 37°C, IPI-2I cells were washed three 
times with PBS to remove unbound virus and then treated with different concentrations 
of IL-11 protein (0, 10, 100, or 1,000 ng/mL) for the indicated time points. ERK inhibitor 
(U0126) was purchased from Beyotime (Shanghai, China). IPI-2I cells were pretreated 
with various concentrations of U0126 (20, 50, and 100 µM) or with the same volume of 
DMSO, followed by infection with PDCoV at an MOI of 1. After incubation for 2 h, the 
supernatant was removed and replaced with a maintenance medium containing various 
doses of U0126. Cells were collected at 24 hpi and then the desired protein expression 
was detected by Western blotting and RT-qPCR.

Plasmid construction and transfection

The cDNA of pNLRP1 was amplified from the porcine alveolar macrophage passage cell 
lines as described previously (21). Briefly, the full-length of pNLRP1 was cloned into 
the p3 × FLAG-CMV-10 vector by homologous recombination using the ClonExpress 
Ultra One Step Cloning Kit (Vazyme, China). All primer sequences are listed in Table 
3. Plasmids were transfected into IPI-2I cells using Lipofectamine 3000 transfection 
reagent (ThermoFisher, USA), following the manufacturer’s instructions. For HEK-293T 
cells, X-tremeGENE HP reagent (Roche, Switzerland) was used as the transfection reagent.

Western blotting

All cell samples were collected to detect the indicated protein expression after plasmid 
transfection or PDCoV infection. Cells were harvested in 100 µL RIPA buffer (Beyotime, 
China) supplemented with 1 mM PMSF Solution (Beyotime, China) for 20 min on ice. The 
supernatant was separated by centrifugation at 14,000 rpm for 10 min at 4°C and boiled 
with 5× SDS-PAGE Sample Loading Buffer (Beyotime, China) for 10 min. Cell lysates were 
electrophoresed on 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
and electroblotted onto nitrocellulose filter membranes (Pall, USA) in transfer buffer 
(0.5 mM Tris-HCl, 20% methanol, and 0.2 M glycine). The membrane was blocked 
with 5% (wt/vol) skimmed milk for 2 h at room temperature and incubated with the 
primary antibodies at 4°C overnight. Subsequently, the membranes were incubated with 
DyLight680 or DyLight800 for 1 h at room temperature before washing three times with 
PBST. Finally, after being washed three times with PBST, immunolabeled proteins were 
scanned in an Odyssey Infrared Imaging System (LiCor BioSciences, USA). Quantification 
of band intensities by densitometry was performed using the Image J software.

TABLE 2 Sequences of siRNAs used in the study

Small interfering RNA Sequence (5′−3′)
NC TTCTCCGAACGTGTCACGT
siNLRP1#1 CCAAGTTGCCCACTTCAAA
siNLRP1#2 CCTCACCTTCACCCTCAAA
siIL-11RA#1 AGAGTTCTGGAGCCAATAC
siIL-11RA#2 GGAACCAGCAACACTCACA

TABLE 3 Sequences of primers used to construct the plasmids in the study

Primer Sequence (5′−3′)
NLRP1-F TTGCGGCCGCGAATTCAATGAGTCTCACTGAATTAATCATAAAAGCCTCG
NLRP1-R ATGCCACCCGGGATCCTCAGAGCAGGTGTTCAGACAGC
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PDCoV infection of piglets

Nine 1-day-old specific pathogen-free piglets were randomly divided into three groups 
and fed with fresh liquid milk diluted in warm water every 2 h. All piglets were confirmed 
to be free of PDCoV, TGEV, PEDV, and rotavirus by RT-PCR analysis of piglet feces before 
viral challenge. The piglet challenge group was inoculated orally with PDCoV at a dose 
of 1 × 106 TCID50. For the compound administration group, U0126 was dissolved in 10% 
DMSO, 40% PEG300 (Sigma), 5% Tween-80, and 45% PBS. U0126 was administered by 
intraperitoneal injection at 15 mg/kg in a volume of 600 µL once a day. The control group 
received vehicle only. After viral infection, clinical signs were recorded on a daily basis. 
All piglets were euthanized at 72 hpi. At necropsy, piglet small intestine samples were 
collected for RT-qPCR analyses or fixed in 10% formalin for histopathological examination 
and stained with H and E.

Immunohistochemistry

Intestinal tissue samples were initially fixed in 10% formalin, followed by deparaffiniza-
tion in xylene and rehydration using a descending ethanol concentration series (100%, 
95%, and 70%). Antigen retrieval was conducted in a citrate buffer solution (pH 7.4) at 
121°C for 30 min. Subsequently, slides were blocked with 5% skim milk in PBS at room 
temperature for 30 min. Antigen detection utilized a mouse anti-PDCoV-N monoclonal 
antibody (diluted 1:100) developed in our laboratory. Following an overnight incubation 
at 4°C, slides were washed thrice with PBS and then incubated with a goat anti-mouse 
secondary antibody for 40 min at room temperature. Visualization was achieved using 
diaminobenzidine (Sigma-Aldrich, USA), followed by counterstaining with hematoxylin. 
Finally, slides were dehydrated, clarified in xylene, mounted with Entellan mounting 
medium (Sigma-Aldrich, USA), and assessed for positive immune reactivity using an 
optical microscope.

H & E staining

Tissue samples fixed in formalin were processed as follows: they were serially dehydra
ted using 70%, 95%, and 100% ethanol, subsequently cleared in xylene, embedded in 
paraffin wax, and sectioned to a thickness of 4–6 μm. Following dewaxing in xylene 
and sequential rehydration with 100%, 95%, and 70% ethanol, ileum sections underwent 
staining with hematoxylin and eosin (Sigma-Aldrich) for histopathological assessment. 
The sections were then examined using a light microscope.

ELISA

The protein level of IL-11 in cell culture supernatants was measured by the Human 
IL-11 ELISA Kit purchased from ABclonal (Wuhan, China) according to the manufacturer’s 
instructions. The protein levels of IFN-β in cell culture supernatants were measured by 
the Porcine IFN-β ELISA Kit purchased from Bioswamp (Wuhan, China) according to the 
manufacturer’s instructions.

Statistical analyses

Analysis of experimental data, standard deviations calculations, and graph plotting from 
the results of three independent experiments were performed using the GraphPad Prism 
software (version 9.0). All statistical analyses were performed by one-way analysis of 
variance. Differences were considered significant if the P-value was < 0.05.
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