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ABSTRACT Pseudorabies virus (PRV) infection activates inflammatory responses to
release robust proinflammatory cytokines, which are critical for controlling viral infec-
tion and clearance of PRV. However, the innate sensors and inflammasomes involved
in the production and secretion of proinflammatory cytokines during PRV infection
remain poorly studied. In this study, we report that the transcription and expression
levels of some proinflammatory cytokines, including interleukin 1b (IL-1b), IL-6, and
tumor necrosis factor alpha (TNF-a), are upregulated in primary peritoneal macro-
phages and in mice during PRV infection. Mechanistically, Toll-like receptor 2 (TLR2),
TLR3, TLR4, and TLR5 were induced by the PRV infection to enhance the transcrip-
tion levels of pro-IL-1b , pro-IL-18, and gasdermin D (GSDMD). Additionally, we found
that PRV infection and transfection of its genomic DNA triggered AIM2 inflamma-
some activation, apoptosis-related speckle-like protein (ASC) oligomerization, and
caspase-1 activation to enhance the secretion of IL-1b and IL-18, which was mainly
dependent on GSDMD, but not GSDME, in vitro and in vivo. Taken together, our find-
ings reveal that the activation of the TLR2-TLR3-TRL4-TLR5-NF-kB axis and AIM2
inflammasome, as well as GSDMD, is required for proinflammatory cytokine release,
which resists the PRV replication and plays a critical role in host defense against PRV
infection. Our findings provide novel clues to prevent and control PRV infection.

IMPORTANCE PRV can infect several mammals, including pigs, other livestock, rodents,
and wild animals, causing huge economic losses. As an emerging and reemerging
infectious disease, the emergence of PRV virulent isolates and increasing human
PRV infection cases indicate that PRV is still a high risk to public health. It has
been reported that PRV infection leads to robust release of proinflammatory cyto-
kines through activating inflammatory responses. However, the innate sensor that
activates IL-1b expression and the inflammasome involved in the maturation and
secretion of proinflammatory cytokines during PRV infection remain poorly studied.
In this study, our findings reveal that, in mice, activation of the TLR2-TLR3-TRL4-
TLR5-NF-kB axis and AIM2 inflammasome, as well as GSDMD, is required for proin-
flammatory cytokine release during PRV infection, and it resists PRV replication and
plays a critical role in host defense against PRV infection. Our findings provide
novel clues to prevent and control PRV infection.
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Pseudorabies (PR; also named Aujeszky’s disease), caused by pseudorabies virus (PRV)
(Aujeszky’s disease virus or Suid herpesvirus 1), has caused substantial economic losses

to pig factories in some countries. PRV is a complex DNA virus that belongs to the family
Herpesviridae and the subfamily Alphaherpesvirinae. Without specific host tropism, PRV can
infect a wide variety of animal species, including ruminants, carnivores, rodents, and lago-
morphs. Pigs are considered the only natural hosts for PRV. Piglets and finishing pigs
infected with virulent PRV isolates caused acute death and severe clinical symptoms (1). In
addition to pigs, cattle, sheep, cats, dogs, raccoons, minks, and skunks can all be infected by
PRV, causing “mad itch,” neurological symptoms, or death (2). Recently, potential human
cases of PRV infection have been reported sporadically with conjunctivitis, dermatitis, fatal
encephalitis, and prominent central nervous system disorders (3, 4), suggesting that PRV still
poses a significant threat to public health. Therefore, it is important to strengthen the inves-
tigation of the pathogenic mechanism of PRV infection.

Virus-induced inflammatory responses, composed of immune cells and inflamma-
tory cytokines, execute a kind of complex protective mechanism to recognize and
remove the invading virus and promote the repair of damaged tissues. Many sensors
are involved in host antiviral inflammatory responses by recognizing viral infection and
activating downstream signaling pathways to induce the production of antiviral cyto-
kines and chemokines, including Toll-like receptors (TLRs), cyclic GMP-AMP synthase-
stimulator of interferon genes (cGAS-STING), DNA damage, and gamma interferon
(IFN-g )-inducible protein 16 (IFI16), etc. (5). Previous studies showed that TLRs acti-
vated IL-1 receptor-associated kinase 1 (IRAK1) and tumor necrosis factor receptor-
associated factor 6 (TRAF6) in a myeloid differentiation factor 88 (MyD88)-dependent
manner, which then promoted nuclear factor NF-kB to enter the nucleus to induce the
expression of pro-interleukin 1b (IL-1b) and pro-IL-18 (6, 7).

Inflammasomes are multiprotein complexes that consist of cytoplasmic inflamma-
tory receptors, apoptosis-related speckle-like protein (ASC), and inflammation-related
caspases. Upon viral infection, an active inflammasome leads to the maturation and
secretion of proinflammatory cytokines to induce inflammatory responses, which play
a critical role in host defense against viral infection (8). Among several major inflamma-
somes, the most intensely studied is the NLRP3 inflammasome, which can be activated
upon exposure to various pathogens, as well as a number of structurally diverse patho-
gen-associated molecular patterns (PAMPs), damage-associated molecular patterns
(DAMPs), and environmental irritants, including bacteria, viruses, reactive oxygen-free
radicals (ORS), ATP, and so on. Both RNA viruses, such as Sendai virus (SeV), respiratory
syncytial virus (RSV), vesicular stomatitis virus (VSV), and hepatitis C virus (HCV), and
some DNA viruses, including adenovirus (ADV) and herpes simplex virus 1 (HSV-1), can
activate the NLRP3 inflammasome (9, 10). Upon stimulation, NLRP3 recruits ASC and
pro-caspase-1 to form the NLRP3 inflammasome complex. After autoactivation, cas-
pase-1 directly leads to the maturation and secretion of IL-1b and IL-18 by cleaving
pro-IL-1b and pro-IL-18 (8). Additionally, ligand requirements for AIM2 inflammasome
activation are quite permissive, including cytosolic double-stranded DNA (dsDNA) from
virus, bacteria, or the host itself-damaged genomic DNA and mitochondria DNA.
Previous studies indicated that AIM2 was proposed to function in cytosolic surveillance
for DNA viruses and might contribute to autoimmune responses against self-DNA in
systemic lupus erythematosus (11). Subsequently, the released IL-1b binds its recep-
tors to induce the release of other proinflammatory cytokines (such as tumor necrosis
factor [TNF] and IL-6) and induce Th17 bias in cellular adaptive responses (12, 13),
while IL-18 plays an essential role in the induction of IFN-g and Th1 responses (14).

Gasdermins (GSDMs) are a characterized protein family encoded by six paralogous
genes, Gsdma, Gsdmb, Gsdmc, Gsdmd, Gsdme (also known as Dfna5), and Dfnb59 (15).
GSDMB and GSDME can be cleaved by the death-inducing proteases granzymes (Gzms) A
and B in natural killer (NK) cells and cytotoxic T lymphocytes (CTLs), respectively, to activate
pyroptosis during killer cell attack, which was previously thought to be noninflammatory
(16, 17). GSDMC can be cleaved by caspase 8 in TNF-mediated death receptor signaling to
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trigger pyroptosis (18). However, it is not clear how GSDMA is activated. As a key execu-
tioner of inflammasome-induced pyroptosis and the release of inflammatory cytokines,
GSDMD is the most important GSDM member and has been widely studied. GSDMD is a
substrate of caspase-1 in the canonical inflammasome and caspase-4/5 (known as caspase-
11 in mice) in the noncanonical inflammasome, which plays a central role in some inflam-
mation-related diseases (19, 20). The proteolytic cleavage of GSDMD and GSDME liberates
the N-terminal fragments (GSDMD-N, GSDME-N), which form pores in cell membranes to
induce pyroptosis and IL-1b secretion (20, 21). Then, the released GSDMD, inflammatory
cytokines, and chemokines are transported to amplify inflammation in the tissue, where
immune cells are recruited to repair damaged tissue and clear viral infection.

Similar to HSV-1 and varicella-zoster virus (VZV), PRV infection also induces strong
inflammatory responses, which cause inflammatory response-related diseases (22, 23).
In this study, we systematically investigated the mechanism by which PRV infection
induces inflammatory responses in vitro and in vivo in mice. We present biochemical
and genetic evidence showing that, in mice, PRV infection enhances the production
and secretion of IL-1b by targeting the TLR2-TLR3-TRL4-TLR5-NF-kB axis and AIM2
inflammasome, which is mainly dependent on the activation of GSDMD.

RESULTS
PRV infection induces IL-1b and IL-18 maturation and secretion in vitro and in

vivo. To investigate whether the levels of several proinflammatory cytokines, including
pro-IL-1b , pro-IL-18, and TNF-a, are upregulated upon PRV infection, mouse peritoneal
macrophages were isolated and infected with PRV at a multiplicity of infection (MOI) of
1, 5, or 10 for 12 h or infected with PRV at an MOI of 1 for 3, 6, or 12 h as indicated. The
quantitative PCR (qPCR) results showed that the mRNA levels of pro-IL-1b , pro-IL-18,
and TNF-a were significantly upregulated (Fig. 1A to F). Additionally, the protein levels
of secreted IL-1b in the cell supernatants were also increased in a dose- and time-de-
pendent manner after PRV infection (Fig. 1G to J). In line with these results, Western
blot results illustrated that pro-caspase-1 was activated to produce active caspase-1
(p10) and that pro-IL-1b was cleaved to produce mature IL-1b (p17) in PRV-infected
mouse peritoneal macrophages (Fig. 1K and L). As ASC oligomerization is a direct indi-
cator of inflammasome activation (8), we further examined whether PRV infection
induced ASC oligomerization and inflammasome complex formation in mouse perito-
neal macrophages. As shown in Fig. 1M, the AIM2-ASC-caspase-1 complex, but not the
NLRP3-ASC-caspase-1 complex, was detected in the PRV-infected group, suggesting
that the AIM2 inflammasome was activated in PRV-infected mouse peritoneal macro-
phages. Additionally, ASC was diffusely distributed in the nucleus and cytoplasm in
mock-infected macrophages, whereas ASC formed distinct small specks in PRV-
infected macrophages, suggesting that PRV infection facilitated ASC oligomerization
(Fig. 1N and O). Taken together, our findings demonstrate that PRV infection activates
the AIM2 inflammasome, resulting in the maturation and secretion of IL-1b .

To assess whether PRV infection induces inflammatory responses in vivo, wild-type
(WT) mice were infected with PRV (2,000 PFU/mouse) by tail vein injection. As shown
in Fig. 2A, 10 out of 10 WT mice (100%) died in the PRV-infected group at 5 days post-
infection (dpi), whereas 3 out of 3 WT mice (0%) survived in the control group injected
with phosphate-buffered saline (PBS) at 10 dpi. The protein levels of secreted IL-1b , IL-
6, IL-18, and TNF-a in the serum from the mice infected with PRV for 24 h were signifi-
cantly higher than those from the control mice injected with PBS (Fig. 2B to E).
Correspondingly, the mRNA levels of Il-1b , Il-6, Il-18, and Tnf-a genes in the spleen,
lung, and brain from the PRV-infected mice were also significantly upregulated (Fig. 2F
to I). Additionally, in the tested tissues, the spleen showed the highest transcriptional
levels of Il-1b , Il-6, Il-18, and Tnf-a genes. Consistent with these results, the PRV DNA
copy numbers in the blood, spleen, lung, and brain were significantly increased in the
PRV-infected mice after infection for 24 h (Fig. 2J and K). These results demonstrate
that PRV infection activates inflammatory responses in vivo.
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PRV infection enhances IL-1b levels through the TLR2-TLR3-TRL4-TLR5-NF-jB
pathway. To elucidate the underlying molecular mechanisms by which PRV infection
upregulates pro-IL-1b production, we first assessed the effect of TLRs on pro-IL-1b
expression in PRV-infected mouse peritoneal macrophages. Mouse peritoneal macro-
phages were pretreated with different inhibitors of TLRs, MyD88, and NF-kB signaling
and then infected with PRV for 24 h. As shown in Fig. 3A to D, AN-3485 (inhibitor of
TLR2, TLR3, TLR4, and TLR5), T6167923 (inhibitor of MyD88), Hydroxychloroquine (in-
hibitor of TLR7 and TLR9), and JSH-23 (inhibitor of NF-kB) were harmless to mouse
peritoneal macrophages. Notably, qPCR and Western blot results demonstrated that
only the mRNA and protein levels of pro-IL-1b induced by PRV infection were signifi-
cantly suppressed in mouse peritoneal macrophages pretreated with AN-3485,
T6167923, and JSH-23 (Fig. 3E to L). In accordance with these results, the secreted IL-
1b levels induced by PRV were significantly inhibited in AN-3485-, T6167923-, and JSH-
23-pretreated mouse peritoneal macrophages but were not affected by Hydroxychl
(Fig. 3M to P).

To further define the roles of TLR2, TLR3, TLR4, and TLR5 involved in enhancement
of IL-1b production during PRV infection, HEK293T cells were transfected with an NF-
kB reporter and a plasmid expressing mouse TLR2, TLR3, TLR4, or TLR5 for 24 h, respec-
tively. Then, the cells were infected with PRV. As shown in Fig. 4A to D, we found that,
without coexpressing TLRs, the activity of the NF-kB reporter with PRV infection was
higher than that of control cells without PRV infection, suggesting that PRV infection
itself can also trigger NF-kB activation (black columns 1 and 2), which is consistent
with previous studies (24, 25). Additionally, our results indicated that overexpression of

FIG 1 PRV infection induces IL-1b maturation and secretion in vitro. Mouse peritoneal macrophages isolated from C57BL/6 mice were infected with PRV at
an MOI of 1, 5, or 10 for 12 h or infected with PRV at MOI of 1 for 3, 6, or 12 h as indicated. Mouse peritoneal macrophages were pretreated with LPS
(1 mg/mL) for 8 h followed by treatment with 5 mM ATP for another 2 h, which was used as a positive control. The mRNA levels of IL-1b (A, D), IL-18 (B,
E), and TNF-a (C, F) were detected by qPCR. The levels of secreted IL-1b in cell supernatants, PRV DNA copy number, and the protein levels of pro-IL-1b ,
IL-1b (p17), pro-caspase-1, and caspase-1 (p10) in cell lysates were detected by ELISA (G, H), qPCR (I, J), and Western blotting (K, L), respectively. (M, N)
Mouse peritoneal macrophages were either mock infected or infected with PRV at an MOI of 1 for 12 h. The cell lysates were coimmunoprecipitated with
anti-ASC monoclonal antibody (mAb) or mouse IgG. (M) The immunoprecipitants and the whole-cell lysates were detected with anti-NLRP3, AIM2, ASC,
caspase-1, and GAPDH antibodies, respectively. Alternatively, the oligomerization of ASC was examined under confocal microscopy. The scale bars
represent 10 mm in panel N. (O) The statistical analysis of ASC dots. The results shown are representative of three independent experiments (one-way
ANOVA) in panels A to J. *, P , 0.05; **, 0.001 , P , 0.01; ***, P , 0.001. All error bars show standard deviations (SDs).
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TLR2, TLR3, TLR4, and TLR5 enhanced NF-kB reporter’s activity during PRV infection
(black columns 2 and 4). Consistent with these results, Western blot results also dem-
onstrated that overexpression of TLR2, TLR3, TLR4, and TLR5 in HEK293T cells strength-
ened the production of pro-IL-1b during PRV infection (Fig. 4E to H). Taken together,
these findings suggest that TLR2-TLR3-TRL4-TLR5-NF-kB may play an important role in
the production of proinflammatory cytokines during PRV infection.

Shutting off the TLR2-TLR3-TRL4-TLR5-NF-jB pathway enhances PRV replica-
tion. To further investigate the effect of the TLR2-TLR3-TRL4-TLR5-NF-kB pathway on
IL-1b expression and virus replication in PRV-infected mouse peritoneal macrophages,
the cells were transfected with small interfering RNA (siRNAs) targeting Tlr2, Tlr3, Tlr4,
Tlr5, Tlr7, Tlr8, and Tlr9 and Myd88 genes to downregulate TLRs and Myd88 expression
and then infected with PRV. The knockdown efficiency of Tlr and Myd88 genes was
confirmed with qPCR and Western blot analysis, respectively (Fig. 5A and B). Indeed,
knockdown of the expression of Tlr2, Tlr3, Tlr4, Tlr5, or Myd88 substantially reduced the
mRNA and protein levels of IL-1b induced by PRV infection (Fig. 5C and D), whereas
knockdown of the expression of Tlr7, Tlr8, and Tlr9 had no effect on the production of
IL-1b induced by PRV infection (Fig. 5E and F). In addition, the confocal experimental
results also showed that PRV infection promoted the transport of NF-kB (p65) from the
cytoplasm to the nucleus (Fig. 5G and H). To confirm this result, the effect of PRV infec-
tion on the nuclear translocation of NF-kB was also analyzed by Western blotting. As
shown in Fig. 5I, PRV infection augmented the amount of NF-kB in the nucleus in a

FIG 2 PRV infection induces IL-1b and IL-18 expression and secretion in mice. (A) Survival rate of WT mice (10 mice in the PRV-infected group and 3 mice
in the PBS-infected group). (B to E) Detection of proinflammation cytokines (IL-1b , IL-6, IL-18, and TNF-a) in serum by ELISA. (F to I) Detection of the mRNA
levels of proinflammation cytokines (IL-1b , IL-6, IL-18, and TNF-a) in the spleen, lung, and brain by qPCR. (J, K) Detection of PRV DNA copy number in
blood, spleen, lung, and brain. The results shown are representative of three independent experiments (n = 3 mice per group). *, P , 0.05;
**, 0.001 , P , 0.01; ***, P , 0.001. All error bars show standard deviations (SDs).
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dose-dependent manner, in line with the notion that NF-kB could be activated upon
PRV infection (26). Notably, inhibiting the activities of TLR2, TLR3, TLR4, TLR5, Myd88,
and NF-kB or knocking down the expression of Tlr2, Tlr3, Tlr4, Tlr5, or Myd88 genes
increased the PRV genomic DNA and 50% tissue culture infective dose (TCID50) (Fig. 5J
to M). Taken together, these results implicated that PRV infection strengthened IL-1b
production through the TLR2-TLR3-TRL4-TLR5-NF-kB axis. Shutting off the TLR2-TLR3-
TRL4-TLR5-NF-kB pathway can inhibit the IL-1b level and enhance PRV replication.

The AIM2 inflammasome is required for PRV-induced IL-1b secretion. It has
been reported that virus infection-induced inflammasome activation promotes caspase-1
activation and pro-IL-1b cleavage, resulting in IL-1b maturation and secretion (8). To test
which inflammasome activation is required for activating caspase-1 and IL-1b secretion in
mice during PRV infection, mouse peritoneal macrophages were pretreated with the NLRP3
inhibitor MCC950 or the caspase-1 inhibitor VX-765, respectively, and then mock infected or
infected with PRV. As shown in Fig. 6A and B, these two inhibitors did not affect cell viability.
Enzyme-linked immunosorbent assay (ELISA) results revealed that VX-765 treatment virtually
abolished IL-1b secretion, whereas MCC950 treatment did not affect IL-1b secretion in PRV-
infected mouse peritoneal macrophages (Fig. 6C and D), suggesting that NLRP3 inflamma-
tion may not be involved in PRV-induced inflammatory responses.

To test whether AIM2 inflammasome activation is required for active caspase-1 and
IL-1b secretion during PRV infection, we generated and identified Nlrp32/2, Aim22/2,
ASC2/2, and caspase-12/2 mice (Fig. 7A to F). Subsequently, mouse peritoneal macro-
phages isolated from Nlrp32/2, Aim22/2, and WT mice were mock infected or infected
with PRV at MOI of 1, 5, or 10 for 12 h. As shown in Fig. 6E and F, PRV infection still
induced caspase-1 activation in mouse peritoneal macrophages isolated from Nlrp32/2

FIG 3 PRV infection enhances IL-1b transcription, and expression was dependent on the TLR2-TLR3-TRL4-TLR5-NF-kB axis. (A to D) Mouse peritoneal
macrophages were primed with TLR2, TLR3, TLR4, and TLR5 inhibitor AN-3485 (1 mM) (A), MyD88 inhibitor T6167923 (20 mM) (B), TLR7 and TLR9 inhibitor
Hydroxychl (20 mM) (C), or NF-kB inhibitor JSH-23 (20 mM) (D), respectively, for 12, 24, or 36 h. Cell viability was analyzed by detecting LDH release.
Positive indicates the total LDH level in the cell and supernatant. (E to P) Mouse peritoneal macrophages were pretreated with AN-3485 (0.1, 0.5, or 1 mM)
(E, I), T6167923 (5, 10, or 20 mM) (F, J), Hydroxychl (5, 10, or 20 mM) (G, K), or JSH-23 (2, 10, 20, or 40 mM) (H, L), respectively, for 1 h and then mock
infected or infected with PRV at MOI of 1 for another 24 h. The mRNA and protein levels of pro-IL-1b were detected with qPCR and Western blot,
respectively. The secretion levels of IL-1b in the cell supernatant were detected by ELISA in panels M to P. The results shown are representative of three
independent experiments (one-way ANOVA) (panels A to H and M to P). **, 0.001 , P , 0.01; ***, P , 0.001; ns, no significance. All error bars show
standard deviations (SDs).
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and WT mice but not in mouse peritoneal macrophages isolated from Aim22/2 mice.
Consistent with these results, PRV infection also enhanced IL-1b secretion in mouse peri-
toneal macrophages isolated from Nlrp32/2 and WT mice but not in mouse peritoneal
macrophages isolated from Aim22/2, ASC2/2, and caspase-12/2 mice. These results indi-
cate that the AIM2 inflammasome, but not the NLRP3 inflammasome, is involved in PRV-
induced caspase-1 activation and IL-1b secretion. Notably, it was reported that in mice,
active caspase-11 may also be involved in the noncanonical pyroptotic pathway and
involved in IL-1b secretion (8). In our results, we found that the caspase-1 inhibitor VX-
765 completely inhibited PRV-induced inflammatory responses, and macrophage iso-
lated from caspase-12/2 mice could not release IL-1b after PRV infection (Fig. 6D and F),
so we concluded that other caspases might not participate in this biological process.

To further confirm these results, a recombinant AIM2 inflammasome system was
reconstructed in vitro in which HEK293T cells were transfected with plasmids express-
ing AIM2, ASC, pro-caspase-1, and pro-IL-1b . The programmed cells were mock
infected or infected with PRV at an MOI of 1 or 5 for 12 h. The result showed that the
maturation and secretion of IL-1b (p17) were upregulated when the cells were infected
with PRV (Fig. 6G and H). These results indicate that the AIM2 inflammasome plays an
essential role in PRV-induced IL-1b secretion. Previous studies showed that AIM2
inflammasome activation required the adaptor protein ASC oligomerization to bridge
AIM2 and pro-caspase-1 (8). Therefore, we assessed ASC oligomerization in PRV-
infected mouse peritoneal macrophages from WT, Nlrp32/2, and Aim22/2 mice. These
results showed that ASC was diffusely distributed in the nucleus and cytoplasm in the
mock-infected macrophages, while ASC formed distinct small specks in WT and Nlrp32/

2 macrophages upon PRV infection. Notably, Aim2 deficiency significantly inhibited
PRV-induced ASC oligomerization (Fig. 6I and J). Overall, these results demonstrate
that the AIM2 inflammasome is essential for PRV-induced IL-1b secretion in vitro.

The AIM2 inflammasome is critical for host defense against PRV. To explore the
role of Aim2-mediated inflammatory responses during PRV infection, Nlrp32/2 and
Aim22/2 mice and their WT littermates were challenged with PRV by tail vein injection.

FIG 4 Overexpressed TLR2, TLR3, TLR4, and TLR5 enhance IL-1b production during PRV infection. (A to D) HEK293T cells were transfected with the NF-kB
reporter or a plasmid expressing TLR2, TLR3, TLR4, and TLR5 (200 ng/each). After transfection for 24 h, the cells were infected with PRV, and then luciferase
assays were performed. The experiment shown is a representative experiment of three independent experiments with the mean 6 SD of three technical
replicates (one-way ANOVA) in panels A to D. **, 0.001 , P , 0.01; ***, P , 0.001. (E to H) HEK293T cells were transfected with plasmids expressing the
indicated proteins. After transfection for 24 h, the cells were infected with PRV for 8 h and were assessed by Western blot analysis.
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We noticed that, compared with WT and Nlrp32/2 mice, Aim22/2 mice were more sus-
ceptible to PRV infection, and all Aim22/2 mice died after 3 dpi (Fig. 8A). Consistent
with these results, the secreted IL-1b levels in the serum from Aim22/2 mice were sig-
nificantly lower than those from WT and Nlrp32/2 mice, while the IL-6 and TNF-a levels
had no obvious change among these mice (Fig. 8B to D). Notably, the mRNA levels of
IL-1b in the liver, lung, brain, and spleen from these mice were not different, suggest-
ing that Aim2 knockout had no effect on IL-1b transcription (Fig. 8E). It is worth noting
that the PRV DNA copy numbers in these tissues from Aim22/2 mice were higher than
those of WT and Nlrp32/2 mice (Fig. 8F). Additionally, pathological examinations dem-
onstrated that the lung tissues from WT and NLRP32/2 mice exhibited less necrosis of
bronchioles and alveolar epithelial cells than those from Aim22/2 mice (Fig. 8G and H).
Taken together, we proposed that AIM2-mediated inflammatory responses play critical
roles in host defense against PRV infection.

PRV genomic DNA activates the AIM2 inflammasome to induce IL-1b secretion.
To examine whether the PRV replication process is required for IL-1b expression and
secretion, mouse peritoneal macrophages were mock infected or infected with live
PRV or UV-inactivated PRV. We noticed that the mRNA and protein levels of pro-IL-1b
were increased in PRV-infected mouse peritoneal macrophages. However, UV-inacti-
vated PRV only triggered a low inflammatory response (Fig. 9A and B). Consistent with
these results, live PRV infection, but not UV-inactivated PRV, induced pro-caspase-1
activation and IL-1b secretion in the cell supernatant (Fig. 9C and D). Consistently, in

FIG 5 Knockdown of TLR2, TLR3, TLR4, TLR5, and Myd88 enhances PRV replication. (A, B) Mouse peritoneal macrophages were transfected with control
siRNA (siNC) and siRNAs targeting Tlr2, Tlr3, Tlr4, Tlr5, Tlr7, Tlr8, Tlr9, and Myd88 genes for 48 h or 72 h. The mRNA and protein levels of Tlr2, Tlr3, Tlr4, Tlr5,
Tlr7, Tlr8, Tlr9, and Myd88 genes were detected with qPCR (A) and Western blotting (B). (C to F) Mouse peritoneal macrophages were transfected with
control siRNA (siNC) and siRNAs targeting Tlr2, Tlr3, Tlr4, Tlr5, Tlr7, Tlr8, Tlr9, and Myd88 genes for 48 h and then mock infected or infected with PRV at MOI
of 1 for another 24 h. The mRNA and protein levels of pro-IL-1b were detected with qPCR (C, E) and Western blotting (D, F). (G to I) Mouse peritoneal
macrophages were infected with PRV for 24 h. (G) The subcellular locations of NF-kB (green) and the nuclear marker DAPI (blue) were visualized with
confocal microscopy. (H) The percentage of the NF-kB localized in the cellular nucleus was calculated. The scale bars represent 5 mm. (I) The cell lysates
were used for cytoplasmic and nuclear separation and analyzed by Western blotting. (J to M) Referring to the methods of panels C to F, PRV genomic DNA
and the TCID50 were detected. Results shown are representative of three independent experiments (mean 6 SD) or are representative of three
independent experiments with similar results (one-way ANOVA) in panels C, E, and J to M. *, P , 0.05; **, 0.001 , P , 0.01; ***, P , 0.001; ns, no
significance.
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vivo, PRV infection induced pro-IL-1b upregulation in the lung, spleen, and brain, as
well as IL-1b secretion in the serum of mice, while the UV-inactivated PRV could not
induce pro-IL-1b upregulation in the lung and brain and IL-1b secretion in the serum,
except for a weaker upregulation of pro-IL-1b in the spleen of mice (Fig. 9E and F).
These results suggest that the viral replication process is required for PRV-induced
inflammatory responses and that the tegument proteins of PRV are not involved in this
biological process.

Previous studies demonstrated that recognition of cytosolic DNA by AIM2 was
essential for AIM2 inflammasome activation (8). Therefore, we next evaluated the abil-
ity of PRV DNA to trigger pro-caspase-1 activation, IL-1b expression, and secretion in
vitro. As shown in Fig. 9G to J, we found that PRV DNA could induce caspase-1 activa-
tion, pro-IL-1b expression, and IL-1b secretion in a dose-dependent manner after
transfection of PRV genomic DNA into mouse peritoneal macrophages for 24 h.
Moreover, DNA pulldown results showed that AIM2 bound PRV genomic DNA but not
NLRP3 (Fig. 9K). Furthermore, transfection of PRV DNA in mouse peritoneal macro-
phages facilitated ASC oligomerization and the formation of the AIM2-ASC-caspase-1
complex but not the NLRP3-ASC-caspase-1 complex (Fig. 9L to N). Overall, these find-
ings indicate that PRV genomic DNA can induce the maturation and secretion of IL-1b
through activating the AIM2 inflammasome.

Transfection with intact PRV DNA into cells may produce viral proteins and live viral par-
ticles, which may activate inflammatory responses. To further prove it, the 59-untranslated

FIG 6 PRV-induced IL-1b secretion is dependent on the AIM2 inflammasome. (A, B) Mouse peritoneal macrophages were pretreated with an inhibitor of
NLRP3, MCC950 (2 mM) (A), or an inhibitor of caspase-1, VX-765 (2 mM) (B), for 12, 24, and 36 h. The cell viability was assessed by detecting LDH release.
Positive indicates the total LDH level in the cell and supernatant. (C, D) Mouse peritoneal macrophages from WT mice were pretreated with MCC950 (C) or
VX-765 (D) for 1 h, followed by PRV infection (MOI = 1, 5, or 10) for 12 h. The secreted IL-1b levels in the supernatants were measured by ELISA. (E, F)
Mouse peritoneal macrophages from WT, Nlrp32/2, Aim22/2, ASC2/2, and caspase-12/2 mice were mock infected or infected with PRV (MOI = 1, 5, or 10) for
12 h. The pro-caspase-1 activation was analyzed (E), and the secreted IL-1b level in the supernatants was measured by ELISA (F). (G, H) HEK293T cells were
transfected with plasmids expressing HA-Aim2, HA-ASC, and HA-pro-caspase-1, together with Flag-pro-IL-1b , to reconstruct the AIM2 inflammasome system
and then infected with PRV at an MOI of 1 or 5 for 12 h. Then, the expression and secretion of IL-1b were detected by Western blotting (G) and ELISA (H),
respectively. (I, J) Mouse peritoneal macrophages from WT, Nlrp32/2, and Aim22/2 mice were mock infected or infected with PRV for 12 h. The ASC
oligomerization was analyzed by fluorescence microscopy. The scale bars represent 10 mm. Data are representative of three independent experiments with
three biological replicates (mean 6 SD in panels A to F and H; one-way ANOVA in panels A, B, and H; two-way ANOVA in panels C to F). **,
0.001 , P , 0.01; ***, P , 0.001; ns, no significance.
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region (59-UTR) and 39-UTR transcripts of the PRV genome were synthesized in vitro (Table
1) and transfected into mouse peritoneal macrophages. Most notably, both the 59 UTR and
39 UTR transcripts of PRV only induced moderate expression of pro-IL-1b and pro-IL-18
(Fig. 10A and B), as well as secretion of IL-1b (Fig. 10C). Interestingly, we found that the 59-
UTR and 39-UTR transcripts could induce caspase-1 activation and ASC oligomerization
(Fig. 10D to F). These data demonstrate that the 59-UTR and 39-UTR transcripts of PRV were
sufficient for caspase-1 activation and ASC oligomerization but not pro-IL-1b and IL-18
transcription. Taken together, our results reveal that the PRV replication process is indis-
pensable for PRV-induced inflammatory responses.

GSDMD is mainly involved in PRV infection-induced IL-1b secretion in mice.
GSDMD and GSMDE are important substrates of inflammatory caspases involved in canoni-
cal and noncanonical inflammatory responses. To investigate whether GSDMD and GSDME
are involved in the release of inflammatory cytokines induced by PRV infection in mice,
mouse peritoneal macrophages derived from WT, Gsdmd2/2, and Gsdme2/2 mice (Fig. 7G
to I) were mock infected or infected with PRV at MOI of 1 for 24 h. As shown in Fig. 11A to
C, knockout of the Gsdmd or Gsdme gene did not affect the transcription level of pro-IL-
1b , whereas knockout of the Gsdmd gene obviously decreased the IL-1b levels in the cell
supernatants, suggesting that GSDMD may be related to IL-1b secretion in the process of
PRV infection in mice. In addition, we noticed that PRV infection positively regulated the
expression and cleavage of GSDMD (Fig. 11D). Consistently, the in vivo results showed that,
compared to those of WT and Gsdme2/2 mice, IL-1b and IL-18 levels in serum from
Gsdmd2/2 mice were significantly decreased upon PRV infection for 24 and 48 h, indicating
that the secretion of IL-1b and IL-18 induced by PRV was mainly dependent on the

FIG 7 Construction and identification of knockout mice. (A to D, G to H) Construction strategy of Nlrp32/2, Aim22/2, ASC2/2, caspase-12/2,
Gsdmd2/2, and Gsdme2/2mice. (E, F, and I) Identification of knockout mice by Western blotting.
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activation of GSDMD in mice (Fig. 11E and F). Interestingly, knockout of the Gsdmd gene
affected the replication of PRV in the spleen, lung, and brain in mice (Fig. 11G). Taken to-
gether, our results reveal that during PRV infection, GSDMD acts as a main executor and is
activated to promote the release of IL-1b and IL-18 in mice.

DISCUSSION

PR is considered a reemerging infectious disease, consistently threatening the live-
stock industry in some countries. In 2010, epidemics of highly pathogenic PRV variants
caused huge economic losses, which led to great difficulties in the prevention and con-
trol of PRV. Recently, some of these PRV variants were associated with rare cases of pre-
sumed PRV infection in humans and reportedly associated with severe respiratory
symptoms, neurological symptoms, and even death (4, 27), suggesting that some of
these PRV variants possibly pose a threat to public health. In this study, we found that
PRV infection induced the release of inflammatory cytokines and severe inflammatory cell
infiltration in the lung of infected mice. Mechanistically, in mice, we elucidated that
PRV infection enhanced the expression of pro-IL-1b and pro-IL-18 by targeting the
TLR2-TLR3-TRL4-TLR5-NF-kB axis. Using knockout mice as a model, we found that the
AIM2 inflammasome was activated by PRV infection to drive the maturation and

FIG 8 AIM2 inflammasome is critical for host defense against PRV infection in mice. (A) Survival rates of WT, Nlrp32/2, and Aim22/2 mice infected with PRV
at 20 PFU/each mouse by tail vein injection (n = 10 per group). Statistical significance was determined by the log-rank test. (B to H) The WT and Nlrp32/2-
and Aim22/2-deficient mice were infected with PRV at 20 PFU/each mouse by tail vein injection for 24 h. The levels of IL-1b (B), IL-6 (C), and TNF-a (D) in
serum were detected by ELISA. The mRNA levels of IL-1b (E) and the PRV DNA copy number (F) in the tissues were analyzed with qPCR. (G, H) Pathological
lesions of mice (H&E staining) from the lung were shown. Data are representative of three independent experiments with three biological replicates (mean
6 SD in panels B to F) (two-way ANOVA in panels B to F). *, P , 0.05; **, 0.001 , P , 0.01; ***, P , 0.001; ns, no significance.
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secretion of IL-1b and IL-18 in mice, which was mainly dependent on the activation of
GSDMD (Fig. 12).

IL-1 family members, most notably IL-1b and IL-18, play very important roles in host
antiviral defense. IL-1b is largely responsible for acute phase responses, which include
fever, anorexia, somnolence, and induction of Th17 bias in the cellular adaptive responses
(12). IL-18 is essential for the induction of IFN-g production and Th1 responses (14).
Notably, these cytokines activate neutrophils and macrophages to phagocytose the invad-
ing pathogen and to release toxic oxygen, nitrogen radicals, and IFNs to eliminate the
pathogen (28, 29). Previous studies have demonstrated that the TLR-NF-kB axis is involved
in inducing the production of inflammatory cytokines upon viral infection by recognizing a
variety of conserved microbial PAMPs to activate intracellular signaling pathways (30). Ye

TABLE 1 Primers sequences used for 59-UTR and 39-UTR transcript amplification

Gene Sequence (59→39)
59-UTR F, CCCCCCAGCCCCTCCGCTCCCCCTTTCCCC

R, CCCACGGCGGCTGGCGGCGGACGGCGGTGC
39-UTR F, GCGGGGCGCCCCCTCGGCCCGGCTGGACTC

R, TAATCTGCATAACCCCTCCCCCTAATCTGC

FIG 9 PRV genomic DNA activates AIM2 inflammasome to induce IL-1b secretion in vitro and in vivo. (A to D) Mouse peritoneal macrophages were mock
infected or infected with PRV or infected with UV-inactivated PRV (UV inactivated for 3, 6, or 12 h, respectively) at MOI of 10 for 12 h. The mRNA levels of
pro-IL-1b and the protein levels of pro-IL-1b , cleaved IL-1b , and activated IL-1b (p17) in the cell lysates were measured by qPCR (A) and Western blot
analysis (B), respectively. The caspase-1 activity in cell lysates and the secreted IL-1b in the cell supernatants were analyzed by Caspase-Glo 1
inflammasome assay kits (C) and ELISA (D), respectively. (E, F) WT mice were infected with PRV or UV-inactivated PRV at 2,000 PFU/mouse by tail vein
injection for 24 h. (E) The mRNA levels of IL-1b in the tissues were analyzed with qPCR. (F) The secretion level of IL-1b in serum was detected by ELISA. (G
to J) PRV genomic DNA was extracted and transfected into mouse peritoneal macrophages at 1, 2, and 5 mg/mL for 24 h. The active caspase-1 in cell
lysates was also analyzed (G). The mRNA, protein, and secreted levels of IL-1b were measured by qPCR (H), Western blotting (I), and ELISA (J), respectively.
(K) HEK293T cells were transfected with pCAGGS-Flag-Nlrp3 or pCAGGS-HA-Aim2 for 24 h. Cell lysates were harvested and coincubated with biotinylated
PRV genomic DNA (10 mg) at 4°C for 12 h. Streptavidin-Sepharose beads were then added and rotated at 4°C for 4 h. The beads were washed and
analyzed by immunoblotting with the indicated antibodies. (L to N) PRV genomic DNA was transfected into mouse peritoneal macrophages at 2 mg/mL for
24 h. (L, M) The ASC oligomerization was examined with anti-ASC mAb under confocal microscopy, and the cell lysates were coimmunoprecipitated with
anti-ASC mAb or mouse IgG. (N) The immunoprecipitants and whole-cell lysates were detected with anti-NLRP3, AIM2, ASC, caspase-1, and GAPDH
antibodies. The scale bars represent 5 mm. Data are representative of three independent experiments with three biological replicates (mean 6 SD in panels
A, C to H, and J and one-way ANOVA in panels A, C to H, and J). **, 0.001 , P , 0.01; ***, P , 0.001.
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et al. reported that PRV infection upregulated the mRNA levels of pro-IL-1b and TNF-a
through NF-kB signaling (26). Consistently, we found that PRV infection augmented the
amount of NF-kB in the nucleus in a dose-dependent manner, in line with the notion that
NF-kB could be activated upon PRV infection (24).

Each TLR has a specific function, and different TLRs may be involved in NF-kB activity
and pro-IL-1b upregulation through different mechanisms (5, 31). For example, the innate
resistance to alphaherpesvirus HSV-1 is mediated by MyD88 and activated by multiple TLRs
(TLR2, TLR3, TLR7, and TLR9) (32). Cytomegalovirus (CMV), a double-stranded DNA virus with
a capsule, can activate several TLRs (TLR2/CD14, TLR3, TLR9) (31). In addition to members of
Herpesviridae, HCV was also reported to mediate the natural immune response process
through TLR2, TLR3, TLR4, and TLR7 (31). The majority of TLRs sense pathogen components
on the cell surface, whereas TLR3, TLR7, TLR8, and TLR9 play a critical role in the recognition
of nucleic acids (33). TLR2 and TLR4 recognize many different microbial components of bac-
teria, fungi, and protozoa, as well as envelope proteins of viruses (such as human cytomega-
lovirus [HCMV], vaccinia virus [VACV], RSV, and HSV-1). TLR3 and TLR7/8 are usually present
in endosomal compartments, where they sense double-stranded RNA (dsRNA) and single-
stranded RNA (ssRNA) of some RNA viruses, respectively (34). TLR9 is essential for recogniz-
ing viral DNA and synthetic oligodeoxynucleotides containing unmethylated CpG dinucleoti-
des (CpG DNA) (35). In our study, the use of specific inhibitors and siRNAs targeting Tlr2, Tlr3,
Tlr4, Tlr5, and Myd88 genes significantly suppressed the expression and secretion of IL-1b in
mouse peritoneal macrophages. In accordance with these results, overexpression of TLR2,
TLR3, TLR4, and TLR5 enhanced the reporter’s activity of NF-kB and IL-1b expression during

FIG 10 The 59 UTR and 39 UTR of PRV genome DNA were sufficient for caspase-1 activation and ASC oligomerization but not pro-IL-1b transcription. (A to
F) The 59-UTR and 39-UTR transcripts of PRV genomic DNA were amplified and transfected into mouse peritoneal macrophages isolated from C57BL/6 mice
for 24 h. The mRNA levels of IL-1b (A) and IL-18 (B) were measured by qPCR, and the secretion levels of IL-1b were measured by ELISA (C). The protein
levels of pro-caspase-1, cleaved caspase-1, and active caspase-1 (p10) in cell lysates were analyzed by Western blotting (D). (E, F) ASC oligomerization was
examined with anti-ASC mAb under confocal microscopy. The scale bars represent 10 mm. Data are representative of three independent experiments with
three biological replicates (mean 6 SD in panels A to C).
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PRV infection. These results suggest that TLR2, TLR3, TLR4, TLR5, and MyD88 signal-
ing play important roles in enhancing pro-IL-1b expression upon PRV infection. As a
DNA virus, PRV infection can activate TLR3 in mice to induce the production of pro-
IL-1b . Since TLR3 not only recognizes dsRNA from the genome of RNA viruses but
also senses the viral RNA generated during the life cycle of DNA viruses, we propose
that it is the viral RNA generated during PRV infection that activates TLR3, leading to
the induction of inflammatory cytokines. Similar to our study, the infection of the
TLR3-expressing human postmitotic neuron-derivative cell line NT2-N with HSV-1
triggers IL-6 and IFN regulatory factor 1 (IRF1) mRNA production (36). Furthermore,
TLR5 could mediate the signal induced by flagellin (37). To date, few studies have
reported the recognition of viral components by TLR5. Our study provides additional
evidence that TLR5 is required for inducing the upregulated expression of IL-1b after
PRV infection, which expands our understanding of TLR5 function. Additionally, we found
that PRV infection triggered TLR2 and TLR4 activation to generate pro-IL-1b and enhance
the inflammatory response, which may be dependent on the envelope protein of PRV.
The detailed molecular mechanisms need to be further explored. It should be noted that
the use of knockout mice deficient in TLR2, TLR3, TLR4, TLR5, and Myd88 could make our

FIG 11 GSDMD acts as an executor to promote the release of IL-1b and IL-18 induced by PRV in vitro and in vivo. (A to D) Mouse peritoneal macrophages
were isolated from WT, Gsdmd2/2, and Gsdme2/2 mice and infected with PRV at MOI of 1 for 24 h. The transcription level of pro-IL-1b and the expression
and secretion level of IL-1b were measured with qPCR (A), Western blotting (B), and ELISA (C), respectively. (D) The expression and activation (GSDMD-N
fragment) of GSDMD were detected by Western blotting. (E, F) WT, Gsdmd2/2, and Gsdme2/2 mice were mock infected (n = 3) or infected with PRV (n = 3)
at 2,000 PFU/mouse for 24 h and 48 h, and the secretion levels of IL-1b and IL-18 in the serum were detected by ELISA. (G) The PRV DNA copy number in
the tissues was detected with qPCR. Data are representative of three independent experiments with three biological replicates (mean 6 SD in panels A, C,
E to G; two-way ANOVA in panels A, C, and E to G). *, P , 0.05; **, 0.001 , P , 0.01; ***, P , 0.001; ns, no significance.
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results more convincing. Unfortunately, we could not successfully obtain all knockout
mice.

Viral infection induces inflammasome activation to release inflammatory cytokines
and chemokines, which activate host antiviral immune responses. It was reported that
many inflammasomes, including NLRP3, NLRC4, NLRP1b, and IFI16, were involved in
inflammatory responses after viral infection. Increasing evidence has shown that AIM2
plays key roles in atherosclerosis (38), shaping neurodevelopment (11) and sensing viral
DNA to switch on antiviral innate immunity (39). The NLRP3 inflammasome is activated
upon exposure to whole pathogens as well as a number of structurally diverse PAMPs,
DAMPs, and environmental irritants. It was reported that both RNA viruses, such as SeV,
RSV, VSV, and HCV, and some DNA viruses, including ADV and HSV-1, could also activate
the NLRP3 inflammasome (12, 13). Previous studies have shown that PRV infection pro-
duces many inflammatory cytokines, including IL-1b , IL-6, TNF-a, and MCP-1 (23).
However, the mechanism by which PRV infection induces inflammatory cytokine secretion
is not clear. Recently, (26) found that PRV infection could not directly induce inflamma-
some activation, whereas the NLRP3 inflammasome was activated for IL-1b maturation in
mouse macrophages treated with PRV and ATP (26). In this study, to determine which
inflammasome was mainly involved in PRV-induced inflammatory responses in mice, the
ASC antibody was used to perform immunoprecipitation-mass spectrometry (IP-MS)-based
experiments. We found that only AIM2 was involved in the PRV-induced inflammatory
response in mice (data not shown). Furthermore, we demonstrated that the maturation
and secretion of IL-1b and IL-18 were dependent on the activation of the AIM2 inflamma-
some in vitro and in vivo. Compared to WT and Nlrp32/2, knockout of Aim2, Asc, and cas-
pase-1 genes significantly decreased IL-1b production and increased PRV replication.
Consistent with these results, we observed more inflammatory cell damage in the lung of
Aim22/2 mice. Combining our results and previous relevant conclusions, we propose that

FIG 12 Schematic model showing the mechanism by which PRV infection induces the inflammatory
response. During PRV infection and replication in mice, the TLR2-TLR3-TRL4-TLR5-NF-kB axis is
activated to promote p65 translocation to the nucleus, which enhances the expression of pro-IL-1b ,
pro-IL-18 and GSDMD. Additionally, PRV genomic DNA is captured by AIM2, which results in the
assembly of the AIM2 inflammasome by recruiting ASC and pro-caspase-1. The active caspase-1
cleaves GSDMD, pro-IL-1b , and IL-18 to secrete the biologically active IL-1b and IL-18.
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the AIM2 inflammasome enhances the upregulation of the IL-1b secretion during PRV
infection, which may be further enhanced by ATP.

Notably, humans, rodents, and horses are the only species that possess AIM2, whereas
porcine cannot express AIM2 (40, 41). In this study, we want to figure out how PRV infec-
tion activates inflammatory responses in mice by using several knockout mice as models.
These data of the current manuscript cannot be extrapolated to the pigs. In our previous
study, we found that the mRNA levels of pro-IL-1b in the tissues of PRV-infected pigs
were also significantly upregulated, but PRV infection failed to induce the secretion of IL-
1b in pig serum (42). Notably, we found that the expression of NLRP3 was positively
regulated in PRV-infected mouse peritoneal macrophages and RAW 264.7 cells (see Fig.
S1 in the supplemental material), suggesting that the upregulation of NLRP3 induced by
PRV infection may play a significant role, although it is not involved in IL-1b secretion.
Further work will focus on this axis to explore the function of NLRP3 and its molecular
mechanisms in the process of PRV infection in pigs and mice.

In this study, we noticed that UV-inactivated PRV could not induce the expression of
pro-IL-1b or the secretion of IL-1b , suggesting that the PRV replication process was
required for PRV infection-induced inflammatory responses, as PRV replication produces
large amounts of viral DNA, which may be recognized by cytosolic DNA sensors.
Therefore, we proposed that transfection of PRV genomic DNA could be recognized by
AIM2 in mouse peritoneal macrophages, which induced AIM2 inflammasome activation
and IL-1b maturation and secretion. As expected, we found that AIM2 could recognize
PRV genomic DNA without sequence specificity and induced AIM2 inflammasome activa-
tion. Notably, both 59-UTR and 39-UTR transcripts of the PRV genome are sufficient to
trigger AIM2 inflammasome activation but only induce a few transcriptions of pro-IL-1b
and the secretion of IL-1b . In general, we propose that the PRV replication process is
essential for the activation of the TLR2-TLR3-TRL4-TLR5-NF-kB axis and AIM2 inflamma-
some to induce the transcription, expression, and secretion of IL-1b .

Pyroptosis is characterized by the activation of inflammatory caspases. Gasdermin
family members, such as GSDMD, a critical mediator of pyroptosis, can be cleaved
within a linker between the N-terminal domain and the C-terminal domain by inflam-
matory-related caspases (19, 20). Subsequently, the N-terminal domain of GSDMD
(GSDMD-N1–275) oligomerizes to be inserted into the plasma membrane, resulting in
pore formation and the loss of osmotic homeostasis, leading to cell swelling and
death. This process also participates in the release of proinflammatory cytokines,
including IL-1b and IL-18 (43). Released IL-1b and IL-18 affect innate immunity and
adaptive immunity, which contribute greatly to host antiviral responses and the de-
velopment of autoimmune and inflammatory diseases (44). In this study, we found
that GSDMD was upregulated and cleaved in PRV-infected mouse peritoneal macro-
phages, which was required for PRV infection-induced IL-1b secretion in vitro and in
vivo. Thus, we propose that PRV infection-induced AIM2 inflammasome activation
promotes caspase-1 activation, resulting in GSDMD cleavage and IL-1b secretion.

MATERIALS ANDMETHODS
Plasmids. The NF-kB reporter and TK-Renilla reporter were obtained from Hong Tang. To con-

struct plasmids expressing Flag-tagged NLRP3, IL-1b , GSDMD, GSDME, TLRs, and hemagglutinin
(HA)-tagged AIM2 and caspase-1, the cDNAs corresponding to these proteins were amplified by
standard reverse transcription-PCR (RT-PCR) using total RNA extracted from mouse peritoneal mac-
rophages as the templates and then cloned into the pCAGGS-HA and pCAGGS-Flag vectors, respec-
tively. All constructs were validated by DNA sequencing. The primers used in this study are available
upon request (Table 2).

Cell lines and viruses. Human HEK293T cells were purchased from American Type Culture Collection
(Manassas, VA) and cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 100 U/mL penicillin, and 100 mg/mL streptomycin at 37°C with 5% CO2. Mouse
peritoneal macrophages were isolated from mice after injection of thioglycolate (Merck) and cultured in
RPMI 1640 medium supplemented with 10% FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin at
37°C with 5% CO2. The PRV-TJ strain was kindly provided by Tongqing An (Harbin Veterinary Research
Institute [HVRI], China).

Antibodies and chemical reagents. Anti-NLRP3 (catalog no. ab263899), anti-AIM2 (catalog no.
ab119791), anti-caspase-1 (procaspase1p10) (catalog no. ab179515), anti-IL-1b (catalog no. ab234437), anti-
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GSDMD (catalog no. ab209845), and anti-cleaved N-terminal GSDMD (catalog no. ab215203) antibodies were
purchased from Abcam Biotechnology. The anti-Flag tag monoclonal antibody (catalog no. 66008-4-Ig), anti-
HA tag monoclonal antibody (catalog no. 66006-2-Ig), anti-GAPDH (catalog no. 60004-1-Ig), anti-lamin B1
(catalog no. 12987-1-AP), anti-ASC (catalog no. 7494-1-Ig), and anti-phospho-NF-kB p65 (CST; catalog no.
3033S) were purchased from Proteintech and Cell Signaling Technology, respectively. DAPI (49,6-diamidino-2-
phenylindole; Sigma-Aldrich; catalog no. D9542), lipopolysaccharide (LPS; Beyotime; catalog no. S1732), ATP
(MedChemExpress; catalog no. HY-B2176), AN-3485 (MedChemExpress; catalog no. HY-18325), T6167923
(MedChemExpress; catalog no. HY-19744), hydroxychloroquine sulfate (Selleckchem; catalog no. S4430), JSH-
23 (ApexBio; catalog no. B1645), Belnacasan (VX-765) (Selleckchem; catalog no. S2228), Caspase-Glo 1 inflam-
masome assay (Promega; catalog no. G9951), and Alexa Fluor 488-labeled goat anti-rabbit IgG (Thermo
Fisher Scientific; catalog no. A11008) were purchased from the corresponding technology companies.

Mice. Specific-pathogen-free (SPF) C57BL/6 mice were purchased from Liaoning Changsheng
Biotechnology Co., Ltd. (Liaoning, China). Nlrp32/2, Asc2/2, and Caspase-12/2 mice (C57BL/6), gener-
ated by homologous recombination technology, were purchased from Saiye Biotechnology Co., Ltd.
(Guangzhou, China). Aim22/2 mice were provided by Yongjun Yang. Gsdmd2/2 and Gsdme2/2 mice
were provided by Feng Shao. The genotypes of these mice were confirmed by PCR using the primers
listed in Table 3 and Western blot analysis. The knockout mice and their wild-type littermates (6 to
8 weeks old) were used throughout the experiments. All mice were generated and housed in SPF bar-
rier facilities at the HVRI of the Chinese Academy of Agricultural Sciences (CAAS) (Harbin, China). All
animal experiments were performed according to animal protocols approved by the Subcommittee
on Research Animal Care at the HVRI.

Western blot analysis. The cells were harvested in lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM
NaCl, 5 mM MgCl2, 1 mM EDTA, 1% Triton X-100, and 10% glycerol) supplemented with protease
and phosphatase inhibitor phenylmethylsulfonyl fluoride (PMSF). Protein samples were separated
by SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) membranes (Millipore), which
were blocked with 5% nonfat milk (Biosharp) in Tris-buffered saline with Tween 20 (TBST) for 2 h at
room temperature. Incubation with primary antibody (1:1,000) was performed at 4°C overnight and
then incubated with goat anti-mouse IRDye 800CW or goat anti-rabbit IRDye 800CW (Odyssey) for
1 h at room temperature. Immunoblot results were visualized with an Odyssey 2-color infrared fluo-
rescence imaging system (Odyssey CL, USA).

ELISA. The concentrations of these inflammatory cytokines, including IL-1b , IL-6, IL-18, and TNF-a, in cell
culture supernatant and the serum of mice were measured using the ELISA kits according to the manufac-
turer’s instructions. ELISA kits for IL-1b , IL-6, and IL-18 were purchased from Abclonal Technology, and ELISA
kits for TNF-a were purchased from Thermo Fisher Scientific.

Cell viability assay. Lactate dehydrogenase (LDH) assays were performed to determine cell viability.
Mouse peritoneal macrophages, isolated from WT or knockout mice, were treated with different inhibi-
tors of TLRs, Myd88, or inflammasomes. The cell culture supernatant was harvested and cleared by cen-
trifugation at 2,000 � g for 5 min, and 50 mL was used to perform the LDH assay according to the manu-
facturer’s instructions (absorption at 490 and 680 nm for correction).

Confocal microscopy analysis.Mouse peritoneal macrophages were fixed for 30 min in 4% para-
formaldehyde in 1� phosphate-buffered saline (PBS; pH 7.4) after being infected with PRV for 24 h.

TABLE 2 PCR primers used for constructing the plasmids

Plasmid Primer (59–39)
Flag-Nlrp3 F, GATGACGACGATAAGGAATTCATGACGAGTGTCCGT

R, ATTAAGATCTGCTAGCTCGAGCTACCAGGAAATCTC
Flag-IL-1b F, GATGACGACGATAAGGAATTCATGGCAACTGTTCCT

R, ATTAAGATCTGCTAGCTCGAGTTAGGAAGACACGGA
Flag-Gsdmd F, GATGACGACGATAAGGAATTCATGCCATCGGCCTTTGAG

R, ATTAAGATCTGCTAGCTCGAGCTAACAAGGTTTCTGGCC
Flag-Gsdme F, GATGACGACGATAAGGAATTCATGTTTGCCAAAGCAACT

R, ATTAAGATCTGCTAGCTCGAGCTAGTCTTGACCTGTAGC
Flag-Tlr2 F, GATGACGACGATAAGGAATTCATGCTACGAGCTCTTTGG

R, ATTAAGATCTGCTAGCTCGAGCTAGGACTTTATTGCAGT
Flag-Tlr3 F, GATGACGACGATAAGGAATTCATGAAAGGGTGTTCCTCT

R, ATTAAGATCTGCTAGCTCGAGTTAATGTGCTGAATTCCG
Flag-Tlr4 F, GATGACGACGATAAGGAATTCATGATGCCTCCCTGGCTC

R, ATTAAGATCTGCTAGCTCGAGTCAGGTCCAAGTTGCCGT
Flag-Tlr5 F, GATGACGACGATAAGGAATTCATGGCATGTCAACTTGAC

R, ATTAAGATCTGCTAGCTCGAGCTAGGAAATGGTTGCTAT
Flag-Tlr9 F, GATGACGACGATAAGGAATTCATGGTTCTCCGTCGAAGG

R, ATTAAGATCTGCTAGCTCGAGTTCTGCTGTAGGTCCCCG
HA-Aim2 F, GTTCCAGATTACGCTGAATTCATGGAGAGTGAGTACCGG

R, ATTAAGATCTGCTAGCTCGAGTCACTCCACACTTTTCAT
HA-Caspase-1 F, GTTCCAGATTACGCTGAATTCATGGCTGACAAGATC

R, ATTAAGATCTGCTAGCTCGAGTTAATGTCCCGGGAA
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Then, the fixed cells were permeabilized for 15 min with 0.3% Triton X-100 in 1� PBS and then
blocked in 1� PBS with 10% bovine serum for 60 min. The cells were incubated with ASC or NF-kB
antibodies and then stained with Alexa Fluor 488-labeled goat anti-rabbit IgG. ASC oligomerization
or the subcellular localization of NF-kB was visualized using a Zeiss LSM 980 laser scanning fluores-
cence microscope (Carl Zeiss AG, Oberkochen, Germany) under a 63� oil objective. Zeiss processing
system software was used to determine the positive rate (%) of NF-kB localized in the cellular
nucleus.

DNA pulldown assay. 293T cells were transfected with pCAGGS-Flag-Nlrp3 or pCAGGS-HA-Aim2
and harvested 24 h posttransfection (hpt). The cells were lysed in lysis buffer containing PMSF. Ten
micrograms of PRV genomic DNA were prepared and biotinylated according to the manufacturer’s
instructions (Novagen) and then incubated with cell lysates at 4°C for 12 h. Streptavidin-Sepharose
beads (Novagen) were then added and rotated at 4°C for 4 h. Afterward, the beads were washed
extensively with PBS and analyzed by immunoblotting with the indicated antibodies.

RNA interference. Mouse peritoneal macrophages were transfected with the indicated siRNA
(Gene Pharma) for 48 h at a final concentration of 120 pM. Transfections were performed with GP-
transfect-Mate reagent (Gene Pharma) according to the manufacturer’s instructions in Opti-MEM
medium. The Opti-MEM medium was replaced with RPMI medium (Sigma) containing 10% FBS after
12 hpt. The knockdown efficiency was assessed by qPCR after 48 hpt. The siRNA sequences of Tlr
genes and Myd88 are shown in Table 4. Mouse peritoneal macrophages were transfected with nega-
tive-control siRNA (siNC) or the indicated siRNAs for 48 h and then infected with PRV (MOI = 1).
After infection for another 12 h, the total RNA or cell lysates were harvested and assessed.

RNA extraction and qPCR. For detection of the mRNA levels of Il-1b , Il-6, Il-18, Tnf-a, Tlrs, and
Myd88 genes, total RNA was extracted using TRIzol reagent (Invitrogen), and the reverse transcrip-
tion products were amplified with a PrimeScript RT reagent kit (TaKaRa). Reverse transcription prod-
ucts were amplified with TB Green premix Ex Taq II (TaKaRa) according to the manufacturer’s
instructions. The mRNA levels of these genes were normalized to Gapdh (glyceraldehyde-3-phos-
phate dehydrogenase). The final mRNA levels of genes in this study were calculated using the com-
parative cycle threshold method. The qPCR primers are listed in Table 5.

TABLE 3 PCR primers used for identifying the genotypes of mice

Genotype Primer (59–39)
Nlrp32/2 F, GTTTTCATTCCTGCACTGCCAGTG

R, CAAAAACCCTTCTGTTTACTCACTC
Asc2/2 F, GCTGACTTCCTGGTCTTG

R, CCACGGTGCTAAGTTCAA
Caspase-12/2 F, GCTGTATGTGAAAGGGACATTTTGC

R, CTGCCAGGTAGCAGTCTTCATTAC
Aim22/2 F, GTTTGGCTCAGAAATGTCCAG

R1, CCCACATAACCTGGGATTAGTT
R2, AAGGGTCTTTGAGCACCAGA

Gsdmd2/2 F, TGGCAGTGGTGGAAGACTCTAC
R, GATATCTGGTAGCAGGCAGAAGCAAG

Gsdme2/2 F, CCATTACTGTGGCTAAAGAGGGG
R1, TCCTAAACTCCTGCGGAAGACA
R2, GCCTAGCTTTGAAGTCTAATGTTGTCCAG

TABLE 4 siRNA sequences of Tlrs andMyd88 genes

Gene siRNA sequence
Tlr2 GCCUUGACCUGUCUUUCAATT

UUGAAAGACAGGUCAAGGCTT
Tlr3 CACUCCACAUCAUUAUUAUTT

AUAAUAAUGAUGUGGAGUGTT
Tlr4 GCUAUAGCUUCUCCAAUUUTT

AAAUUGGAGAAGCUAUAGCTT
Tlr5 GACCAAACAUUCAGAUUAUTT

AUAAUCUGAAUGUUUGGUCTT
Tlr7 GCCGGUGAUAACAGAUACUTT

AGUAUCUGUUAUCACCGGCTT
Tlr8 CUGGAAGACAACCAGUUAUTT

AUAACUGGUUGUCUUCCAGTT
Tlr9 CCGCAAGAAGGUAUCCUUUTT

AAAGGAUACCUUCUUGCGGTT
Myd88 GCCUAUCGCUGUUCUUGAATT

UUCAAGAACAGCGAUAGGCTT
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For PRV genome copies, glycoprotein B (gB)-specific absolute quantification PCR was performed.
PRV genomic DNA was extracted from the cells, tissues, or EDTA-treated whole peripheral blood by
using the universal genomic DNA kit (Axygen) and applied for gB-specific absolute quantification
PCR to precisely detect PRV genome copies. The primers and TaqMan probe sequences are listed in
Table 6. The final PRV genome copies were calculated based on the standard curve established with
the recombinant pCAGGS-Flag-gB plasmid as the template and presented as the mean 6 standard
deviation (SD) from three replicated wells.

Viral infection. For mouse infection, 8- to 10-week-old and sex-matched Nlrp32/2, Aim22/2,
Gsdmd2/2, and Gsdme2/2 mice and their WT littermates were intraperitoneally injected with PRV
(2,000 PFU/mouse). For survival experiments, the survival of mice was monitored every day after PRV
infection. Serum from PRV-infected mice was collected for ELISA analysis 24 h postinfection (hpi), and
the tissues (spleen, lung, and brain) were collected for qPCR, PRV genome copies, or histological
analysis.

Histological analysis. The tissues of mice infected with PRV were fixed in a 10% formalin neutral
buffer solution overnight. Histological analysis of tissue damage was assessed by standard hematoxylin
and eosin (H&E) staining. The results were analyzed by light microscopy. Representative views of the tis-
sue sections are shown.

Statistical analysis. All data were analyzed by Prism software (GraphPad; version 8.0). Statistical
analysis was performed by unpaired two-tailed Student’s t test for two-group comparisons, log-rank
test for survival experiments, or one-way analysis (ANOVA) of Dunnett’s multiple-comparison test
for comparisons of more than two groups or two-way ANOVA for comparisons of more than two
groups with two or more time points. Statistical significance was determined with P values of ,0.05
were considered to be statistically significant, where *, P , 0.05; **, P , 0.01; ***, P , 0.001; and ns,
no significance.

Ethics statement. All animal experiments were performed according to animal protocols approved
by the Subcommittee on Research Animal Care at the HVRI and carried out in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals of the Ministry of Science
and Technology of the People’s Republic of China.

TABLE 5 Primers used for qPCR amplification of the mouse genes

Gene Sequence (59→39)
m-Gapdh F, TGGCCTTCCGTGTTCCTAC

R, GAGTTGCTGTTGAAGTCGCA
m-Il-1b F, GAAATGCCACCTTTTGACAGTG

R, TGGATGCTCTCATCAGGACAG
m-Il-6 F, ACAAAGCCAGAGTCCTTCAGA

R, TCCTTAGCCACTCCTTCTGT
m-Il-18 F, GACAGCCTGTGTTCGAGGATATG

R, TGTTCTTACAGGAGAGGGTAGAC
m-Tnf-a F, ACTGAACTTCGGGGTGATCG

R, TCTTTGAGATCCATGCCGTTG
m-Tlr2 F, ACAGCAAGGTCTTCCTGGTTCC

R, GCTCCCTTACAGGCTGAGTTCT
m-Tlr3 F, GTCTTCTGCACGAACCTGACAG

R, TGGAGGTTCTCCAGTTGGACCC
m-Tlr4 F, AGCTTCTCCAATTTTTCAGAACTTC

R, TGAGAGGTGGTGTAAGCCATGC
m-Tlr5 F, TCCTGACCAGAGCACATTTGCC

R, CCTTCAGTGTCCCAAACAGTCG
m-Tlr7 F, GTGATGCTGTGTGGTTTGTCTGG

R, CCTTTGTGTGCTCCTGGACCTA
m-Tlr8 F, AAGTGCTGGACCTGAGCCACAA

R, CCTCTGTGAGGGTGTAAATGCC
m-Tlr9 F, GCTGTCAATGGCTCTCAGTTCC

R, CCTGCAACTGTGGTAGCTCACT
m-Myd88 F, ACCTGTGTCTGGTCCATTGCCA

R, GCTGAGTGCAAACTTGGTCTGG

TABLE 6 Primers and TaqMan probe sequences used in this study

Primer name Sequence (59→39)
gB-probe-F ACGGCACGGGCGTGATC
gB-probe-R ACTCGCGGTCCTCGAGCA
gB-TaqMan-probe FAM-CTCGCGCGACCTCATCGAGCCCTGCAC-MGB
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