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Porcine reproductive and respiratory syndrome, a highly infectious disease caused by porcine

reproductive and respiratory syndrome virus (PRRSV), has developed various strategies to

evade the host innate immune response, including the suppression of type I IFN activation. The

mitochondrial antiviral signalling protein (MAVS) is an important bridging adaptor of retinoic

acid-inducible gene I/melanoma differentiation-associated protein 5 signalling pathways. Here,

we demonstrated that the 3C-like protease (3CLSP) of PRRSV prevented the induction of

IFN-b by cleaving MAVS in a proteasome- and caspase-independent manner. Moreover, this

cleavage ability was dependent on the protease activity of 3CLSP. Mutations specifically

disrupting the cysteine protease activity of 3CLSP eliminated MAVS cleavage and the inhibition

of IFN induction. Subsequently, we determined that 3CLSP cleaved MAVS at Glu268.

Remarkably, a MAVS point mutation at Glu268 rendered MAVS resistant to 3CLSP cleavage.

These results reveal a novel PRRSV mechanism to escape host immunity by directly cleaving

MAVS.
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INTRODUCTION

Porcine reproductive and respiratory syndrome (PRRS)
leads to enormous economic losses in swine production
worldwide (Neumann et al., 2005). The prevalent clinical
manifestations of PRRS are severe reproductive failure in
sows and gilts and respiratory problems in pigs of all
ages (Albina, 1997; Halbur et al., 1996). Its causative
agent, PRRSV, which is classified in the order Nidovirales,
family Arteriviridae, genus Arterivirus, is an enveloped,
positive-sense ssRNA virus (Music and Gagnon, 2010).
The PRRSV genome contains ORF1a, ORF1b, ORF2a,
ORF2b, ORF3–7 and ORF5a, which was most recently
identified. ORF1a and ORF1b encode two long non-struc-
tural polyproteins, pp1a and pp1ab. Non-structural protein
4 (nsp4) is a 3C-like serine protease (3CLSP), which pro-
cesses pp1a/pp1ab of the virus into 10 mature non-struc-
tural proteins (nsp3–nsp12) (Tian et al., 2009; Fang &
Snijder, 2010). Structural analysis of 3CLSP has revealed
two chymotrypsin-like b-barrel domains and an extra
C-terminal a/b-domain with a canonical catalytic triad
located in the open cleft between the two b-barrel domains,
which comprises Ser118, His39 and Asp64.

Type I IFNs, which comprise 13 subtypes for IFN-a and a
single subtype for IFN-b, IFN-v, IFN-k and IFN-1 in
humans, are the main antiviral cytokines in the innate
immune response (Bowie and Unterholzner, 2008; Sadler
andWilliams, 2008). The innate immune response recognizes
viral infections through host pattern recognition receptors
(PRRs), which trigger antiviral immune responses (Albina,
1997). Pathogen-associated molecular patterns (PAMPs)
trigger type I IFN expression through the activation of retinoic
acid-inducible gene I (RIG-I)-like receptors and Toll-like
receptors (Kawai and Akira, 2006). RIG-I and melanoma
differentiation-associated protein 5 (MDA5) form a known
receptor for intracellular viral dsRNA. However, RIG-I can
also recognize viral ssRNA lacking a 59 cap or with three phos-
phates at the 59 end.Onengaging viral dsRNAor ssRNA,RIG-I
and MDA5 become activated and interact with the caspase
activation and recruitment domain (CARD) of themitochon-
drial antiviral signalling protein (MAVS),which is anchored to
the mitochondrial outer-membrane through its C-terminal
transmembrane (TM) domain (Hou et al., 2011). MAVS
forms prion-like aggregates that interact with cytosolic
signalling proteins, such as TNF receptor-associated factors,
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leading to the activation of IkB kinase and serine/threonine
protein kinase. Subsequently, the transcription factors NF-
kB and IFN regulatory factor 3 (IRF3) are activated through
phosphorylation-dependent mechanisms, migrate into the
nucleus and activate promoters of type I IFNs (Albina, 1997;
Goodbourn et al., 2000). MAVS plays an essential role in the
RIG-I andMDA5 signalling pathways, which is a shared path-
way that activates both NF-kB and IRF3.

PRRSV infection leads to delayed production of neutraliz-
ing antibodies and suppression of innate immune
responses. PRRSV-infected pigs do not invoke a type I
IFN response (Sun et al., 2012). Many strategies in which
PRRSV regulates type I IFN responses have been identified
in several reports describing at least four non-structural
proteins (nsp1, nsp2, nsp4 and nsp11) that play significant
roles in IFN suppression pathways (Kim et al., 2010; Sun
et al., 2012). A recent study reported that PRRSV nsp4
has the ability to inhibit IFN-b production by targeting
the E349/S350 site of NF-kB essential modulator
(NEMO) (Huang et al., 2014). PRRSV 3CLSP is multifunc-
tional and can suppress host antiviral signalling pathways
through a variety of mechanisms. In the present study,
we found that PRRSV 3CLSP inhibits IFN-b production
stimulated by Sendai virus (SeV) through mediation of
MAVS cleavage. Furthermore, we showed that 3CLSP
cleaves MAVS at E268/G269, and that the cleavage prod-
ucts lose the ability to individually activate type I IFN
responses.

RESULTS

PRRSV 3CLSP inhibits SeV-induced type I IFN
expression

The results of our previous study demonstrated that
PRRSV suppresses IFN production by interfering with
RIG-I signalling pathways (Luo et al., 2008). To determine
whether PRRSV 3CLSP inhibits IFN-b induction, we trans-
fected expression vectors encoding 3CLSP into HEK-293T
cells together with a luciferase reporter plasmid under the
control of the porcine IFN-b promoter (IFN-b–Luc) and
an internal control reporter plasmid (pRL-TK). At 24 h
post-transfection, cells were treated with SeV, which can
activate IFN expression, for 8 h and then measured lucifer-
ase activity. Overexpression of 3CLSP strongly suppressed
SeV-stimulated IFN-b promoter activity, compared with
cells transfected with an empty vector and 3CLSP inhibited
IFN-b activation in a dose-dependent manner (Fig. 1a).
These results showed that 3CLSP blocked SeV-induced
IFN-b activation.

3CLSP disrupts RIG-I/MDA5 signalling for
activation of both IRFs and NF-kB

To further determine whether PRRSV 3CLSP impairs the
activation of IRF3 and/or NF-kB, which are essential
IFN-b transcription factors, HEK-293T cells were

co-transfected with expression vectors encoding 3CLSP
and pRL-TK together with IRF3–Luc and NF-kB–Luc
reporter plasmids. The results showed that 3CLSP over-
expression inhibited the SeV-induced promoter activities
of IRF3 and NF-kB in a dose-dependent manner
(Fig. 1a). These data also revealed that 3CLSP efficiently
antagonizes IFN-b production by impairing the activation
of IRF3 and NF-kB signalling.

To further investigate whether 3CLSP blocks RIG-I-
mediated IFN-b induction, HEK-293T cells were co-trans-
fected with 3CLSP expression plasmids and expression
constructs encoding RIG-I, its constitutively active mutant
RIG-IN, MDA-5 or MAVS, together with IFN-b–Luc and
pRL-TK. Luciferase activities were examined 32 h after
co-transfection. As shown in Fig. 1(b), 3CLSP overexpression
inhibited RIG-I/MDA5-mediated signalling to antagonize
IFN-b expression.

3CLSP activity is indispensable for nsp4 to block
IFN-b production

3CLSP, which contains a canonical catalytic triad of His39-
Asp64-Ser118, is the main proteolytic enzyme of the viral
polyprotein, and the activity of 3CLSP is abolished by
any mutation to the amino acids in the catalytic triad
(Tian et al., 2009). To determine whether serine protease
catalytic activity is 3CLSP mediated in IFN-b antagonism,
we constructed a series of catalytically deficient 3CLSP
mutants, H39A, D64A and S118A. Each of the mutant vec-
tors or a 3CLSP expression plasmid was then co-transfected
into HEK-293T cells along with the IFN-b–Luc, IRF3–Luc
or NF-kB–Luc vectors and pRL-TK. Luciferase activities
were measured after SeV treatment for 8 h. Mock cells
were induced to IFN-b expression by SeV treatment.
In contrast to WT 3CLSP, 3CLSP mutants did not
significantly inhibit SeV-induced activities of the IFN-b
promoter and IRF3-responsive promoter (Fig. 2). These
results showed that 3CLSP activity is essential for nsp4
inhibition of IFN-b production.

PRRSV 3CLSP blocks IFN-b induction by cleaving
MAVS

MAVS is a crucial adaptor protein in the antiviral signal-
ling pathway, which has been shown to induce activation
of both IRF3 and NF-kB and thus type I IFN production
(Seth et al., 2005). MAVS acts as a shared bridge protein
between IRF3 and NF-kB signalling. RIG-I/MDA5 signal-
ling to IRFs and NF-kB diverges at MAVS in human and
mouse cells. The results of this experiment showed that
PRRSV 3CLSP disrupted RIG-I/MDA5 signalling for acti-
vation of both IRFs and NF-kB. The results of our previous
study indicated that MAVS may be the target through
which PRRSV interference suppresses IFN-b production
(Luo et al., 2008). PRRSV 3CLSP-mediated inhibition of
IFN activation may be caused by 3CLSP targeting of
MAVS. To determine whether MAVS is the proteolytic
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Fig. 1. 3CLSP inhibits the promoter activation of IFN-b, IRF3 and NF-kB, and the protease activity of 3CLSP is required to
block SeV-mediated IFN-b induction. (a) PRRSV 3CLSP inhibits the promoter activation of IFN, IRF-3 and NF-kB. IFN-b–
Luc, IRF3–Luc and NF-kB–Luc were co-transfected into HEK-293T cells, together with the pRL-TK plasmid and increasing
quantities (0, 0.1, 0.2, 0.4 or 0.8 mg) of plasmids encoding 3CLSP. After 24 h transfection, the cells were treated with SeV
for 8 h and then luciferase assays were performed. (b) 3CLSP blocks RIG-I-mediated IFN-b induction. HEK-293T cells were
co-transfected with IFN-b–Luc, the pRL-TK plasmid and pCAGGS-HA-nsp4 together with constructs expressing RIG-I, its
constitutively active mutant RIG-IN, MDA-5 or MAVS. Luciferase assays were performed 32 h after transfection. **P,0.01
(3CLSP vs vector). Results are shown as means¡SD.
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target of PRRSV 3CLSP, HEK-293T cells were co-trans-
fected with nsp4 and Flag–MAVS expression plasmids.
At 32 h after co-transfection, Western blotting was per-
formed to assess the interactions between 3CLSP and
MAVS. Compared with an empty vector, co-expression
of 3CLSP led to a reduction in MAVS abundance, con-
comitant with the generation of a faster-migrating MAVS
fragment (*37 kDa), presumably a MAVS cleavage prod-
uct (Fig. 3a). Importantly, the degree of MAVS cleavage
was related to 3CLSP expression in a dose-dependent
manner (Fig. 3b).

We found that PRRSV 3CLSP cleaved MAVS in a dose-
dependent manner. Subsequently, we assessed whether
expression of PRRSV 3CLSP was sufficient to cleave
endogenous MAVS in infected cells. Therefore, Marc-145
cells were infected with various doses of PRRSV or UV-
inactivated PRRSV (UV-PRRSV), and endogenous MAVS
protein was detected using endogenous MAVS antibodies.
Although no cleavage of MAVS was observed, MAVS
expression was significantly reduced in PRRSV-infected
cells compared with non-infected cells (Fig. 4). These
results further indicated that endogenous MAVS closely
interacts with PRRSV in host cells.

3CLSP activity is responsible for MAVS cleavage

We showed that 3CLSP activity is indispensable to nsp4 to
block IFN-b production. Therefore, we next investigated
whether 3CLSP cleaves MAVS via its protease activity.
Compared with WT 3CLSP, the mutant vectors of 3CLSP
(H39A, D64A and S118A) lost the ability to cleave MAVS
(Fig. 5a). Hence, MAVS cleavage by PRRSV 3CLSP appears
to be dependent on 3CLSP activity.

Induction of cell death reportedly leads to rapid MAVS
cleavage independent of the apoptosis and proteasome
pathways (Scott and Norris, 2008). To investigate whether
3CLSP cleavage of MAVS was also through the apoptosis
and/or proteasome pathways, MAVS expression plasmids
along with plasmids encoding 3CLSP were transfected
into HEK-293T cells. At 24 h post-transfection, the cells
were treated with the caspase inhibitor z-VAD-FMK or
the proteasome inhibitor MG132 for 8 h. The results
showed that neither z-VAD-FMK nor MG132 affected
MAVS cleavage by 3CLSP (Fig. 5b). Therefore, we con-
cluded that MAVS cleavage is specifically attributable to
the protease activity of 3CLSP and is independent of the
apoptosis and proteasome pathways.
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Fig. 2. 3CLSP suppression of IFN-b induction is dependent on protease activity. HEK-293T cells were co-transfected with
IFN-b–Luc, IRF3–Luc or NF-kB–Luc along with pRL-TK plasmid and the 3CLSP mutants/3CLSP expression plasmids
(0.8 mg). An empty vector (pCAGGS-HA) was used as a control. At 24 h post-transfection, cells were treated with SeV for
8 h and then luciferase activity was measured. *P,0.05 (WT 3CLSP vs 3CLSP mutants). WT 3CLSP significantly inhibited
IFN-b expression compared with the mutants and mock cells. Results are shown as means¡SD; NS, not significant.
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PRRSV 3CLSP cleaves MAVS at Glu268

Previous studies have indicated that 3CLSP preferentially
cleaves glutamic acid/glycine (E/G), glutamic acid/alanine
(E/A) and/or glutamic acid/serine (E/S) bonds of viral poly-
proteins and cellular targets (Tian et al., 2009; Huang et al.,
2014). Therefore, we next examined the residues of MAVS
for potential 3CLSP cleavage sites. The cleavage product
of N-terminal, Flag-tagged MAVS is predicted to be a
*37 kDa product, while intact MAVS is predicted to be
about a 55 kDa product encoding 540 aa. In consideration
of the ubiquitination of the N-terminal of MAVS, we pre-
dicted that potential 3CLSP cleavage sites existed between
aa 250 and 320. Hence, we selected three sites (E268/
G269, E274/S275 and E288/A289) to construct MAVS
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mutant plasmids (0.5 mg). The cells were lysed at 32 h post-
transfection and analysed by Western blotting (WB). (b) HEK-
293T cells were transfected with Flag-tagged MAVS expression
plasmids (3 mg) along with the 3CLSP expression plasmid or an
empty vector (0.5 mg). At 24 h post-transfection, the cells were
treated with MG132 (20 mM) or zVAD-FMK (20 mM) for 8 h. The
cells were lysed and analysed by Western blotting.

Endogenous MAVS

PRRSV infection

M
oc

k

U
V-P

RRSV

b-Actin

WB: anti-MAVS

Fig. 4. Marc-145 cells were infected with different doses (m.o.i.
of 0.01, 0.1 and 1) of PRRSV or UV-PRRSV as a control. The
cells were lysed 36 h p.i. and analysed by Western blotting (WB)
using rabbit anti-MAVS antibody.
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Fig. 3. PRRSV 3CLSP cleaves MAVS. (a) HEK-293T cells were
transfected with Flag-tagged MAVS expression plasmids (3 mg)
along with 3CLSP expression plasmids (0.5 mg). At 32 h after
co-transfection, the cells were collected and analysed by West-
ern blotting. (b) HEK-293T cells were transfected with Flag-
tagged MAVS expression plasmids (3 mg) along with increasing
quantities (0, 0.1, 0.2, 0.4 or 0.8 mg) of plasmid encoding
3CLSP. The cells were collected and analysed by Western blot-
ting at 32 h post-transfection.
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mutants (Fig. 6a), in which the invariant glutamine, which
is a possible targeted cleavage site, was mutated to alanine.
We co-transfected WT MAVS or MAVS mutants (E268A,
E274A and E288A), along with 3CLSP or an empty vector
into HEK-293T cells. Compared with WT MAVS, only
E268A was resistant to 3CLSP-mediated cleavage in
HEK293 cells (Fig. 6a). These results demonstrated that
Glu268 is the probable cleavage site of 3CLSP.

Interestingly, the E268A mutation of MAVS preserved its
IFN-b promoter activity, while the E268A mutation of

MAVS remarkably overcame the 3CLSP blockade on acti-
vation of the IFN-b promoter, compared with WT MAVS
(Fig. 6b). Together, these results further confirmed that the
MAVS cleavage site of PRRSV 3CLSP is E268/G269.

CLSP-induced MAVS cleavage fragments exhibit
impaired type I IFN signalling

For MAVS, the N-terminal CARD domain, proline-rich
(PRO) domain and C-terminal TM domain are required
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for induction of type I IFN in both the TLR and RLR signal-
ling pathways (Seth et al., 2005; Moresco et al., 2011). Our
results showed that PRRSV 3CLSP cleaved MAVS at E268,
which is located between the PRO domain and TM
domain. To determine whether either of the 3CLSP-
mediated cleavage fragments of MAVS remained active,
two MAVS cleavage mutants, the N-terminal fragment (aa

1–268) and C-terminal fragment (aa 269–540) of MAVS
were constructed. We then investigated the ability of these
two truncated mutants to activate IFN-b and IRF3/NF-
kB-dependent promoters. As shown in Fig. 6(c), compared
with the full-length MAVS, neither fragment (aa 1–268 and
aa 269–540) was capable of efficiently activating any of the
three promoters. These results further indicated that nsp4

Fig. 6. 3CLSP-mediated MAVS cleavage is involved in the inhibition of type I IFN induction. (a) Schematic representation of
WT MAVS and its derivatives. HEK-293T cells were co-transfected with Flag-tagged WT MAVS or MAVS mutants (E268A,
E274A and E288A) along with 3CLSP or an empty vector. These cells were lysed at 32 h post-transfection and analysed by
Western blotting (WB). (b) HEK-293T cells were co-transfected with IFN-b–Luc, the pRL-TK plasmid and a plasmid encod-
ing 3CLSP (0.3 mg) together with the empty vector, MAVS or MAVS (E268A) expression vector (0.3 mg). Luciferase activity
was examined at 32 h post-transfection. The MAVS E268A mutant was significantly different from WT MAVS (*P,0.01). (c)
MAVS or MAVS truncated mutants are shown. Complete MAVS contained the N-terminal CARD domain, proline-rich domain
and C-terminal TM domain. HEK-293T cells were co-transfected with the indicated reporter plasmid (0.1 mg), pRL-TK
(0.1 mg) or the Flag-tagged MAVS expression plasmid (0.5 mg) along with a plasmid encoding Flag-tagged WT MAVS,
3CLSP-induced cleavage fragments of MAVS or an empty vector. **P,0.01. Results are shown as means¡SD.
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antagonizes IFN-b expression through 3CLSP-mediated
MAVS cleavage and that the cleavage site is at E268.

DISCUSSION

Previous publications have reported that many viruses,
including PRRSV, have evolved various strategies to
antagonize innate immune responses by blocking the pro-
duction or action of IFNs (Murtaugh et al., 2002; Seth
et al., 2005; Luo et al., 2008; Beura et al., 2010). Although
IFNs can efficiently inhibit PRRSV replication (Albina
et al., 1998), PRRSV infection triggers poor type I IFN
responses and inhibits the production of type I IFNs
induced by poly(I : C) or transmissible gastroenteritis
virus (Albina et al., 1998; Buddaert et al., 1998; Van
Reeth et al., 1999; Miller et al., 2004). Previous studies
have revealed that PRRSV nsp4 plays an important role
in the inhibition of type I IFN production. It has been
reported that IFN-b promoter activation by IRF3 was sup-
pressed to various degrees by PRRSV nsp1, nsp2, nsp4 and
nsp11 (Beura et al., 2010), indicating that PRRSV nsp4 may
interfere with signalling pathways to type I IFN activation.
A very recent study reported that PRRSVnsp4 had the
ability to inhibit dsRNA-induced type I IFN expression
by PRRSV 3CLSP-mediated cleavage of NEMO (Huang
et al., 2014). In the present study, we showed that
PRRSV 3CLSP acts as a multifunctional protein that
antagonizes type I IFN activation. Besides the cleavage of
NEMO, MAVS cleavage by PRRSV 3CLSP presents an
alternative mechanism to inhibit IFN-b expression.

IFNs are secreted cytokines and have multifunctional roles
in antiviral defence and in shaping adaptive immunity
(Goodbourn et al., 2000). Type I IFNs are the main cyto-
kines in the innate immune response against viral infec-
tions via induction and activation of a large number of
IFN-stimulated genes that code for effector proteins with
well-defined functions to limit virus replication (Krebs
and Hilton, 2001; Sadler and Williams, 2008). During
viral infection, host-cell PRRs recognize PAMPs, such as
the lipid envelope, nucleic acids and glycoproteins, as
well as dsRNA, the by-product of the replication cycle,
and then initiate activation of the IFN pathway. The cyto-
plasmic RIG-I-like receptors and membrane-associated
Toll-like receptors represent two major classes of PRRs,
which detect viral infection and activate signalling cascades
culminating in the production of type I IFNs. MAVS,
which plays an important role in the RLR signalling path-
way, contains an N-terminal CARD domain, a PRO region
and a C-terminal hydrophobic TM region, which are all
requisite for MAVS function. An increasing number of
publications have reported that cleavage of the adaptor
protein MAVS is important to mediate host innate
immune activity. Some viruses can specifically disrupt the
signal transduction of MAVS to evade host innate
immune responses. For example, enterovirus 71 protease
2Apro, hepatitis C virus protease NS3/4A and hepatitis A
virus 3ABC, a precursor of the sole hepatitis A virus

protease, can cleave MAVS at different sites to disrupt
RIG-I/MDA5 signalling (Li et al., 2005; Yang et al., 2007;
Wang et al., 2013). Canine hepacivirus NS3 serine protease
and coxsackievirus B 3Cpro can cleave the adaptor proteins
MAVS and TRIF (Mukherjee et al., 2011; Parera et al.,
2012). MAVS is cleaved during human rhinovirus 1a infec-
tion (Drahos and Racaniello, 2009). In our study, 3CLSP-
mediated cleavage of MAVS was identified as an alternative
molecular mechanism of type I IFN evasion utilized by
PRRSV. Our results revealed that PRRSV 3CLSP is able
to cleave specific host innate immune molecules via differ-
ent mechanisms. In addition, the 3C proteases of other
viruses have been reported to have similar characteristics
to cleave MAVS. These viruses include foot-and-mouth
disease virus (Wang et al., 2011), coronavirus (Clementz
et al., 2010), bovine viral diarrhea virus (Chen et al.,
2007), enterovirus 71 (Lei et al., 2011), coxsackievirus B
(Mukherjee et al., 2011) and hepatitis A virus (Qu et al.,
2011). Therefore, we speculate that 3CLSP of other arteri-
viruses, such as equine artervirus, may cleave MAVS or
other immune molecules. In future studies, we plan to
further investigate this hypothesis.

Western blots demonstrated remarkable reductions of
MAVS expression in PRRSV-infected cells compared with
mock cells, although endogenous MAVS cleavage was not
detected in infected cells. The cause may be as follows:
(i) virus–host interaction is more complicated in infected
cells – it is possible that the MAVS cleavage fragment was
further degraded to undetected cleavage; it only shows
the difference of MAVS expression; or (ii) the amount of
endogenous MAVS cleavage may be relatively less, and
therefore the cleavage cannot be detected in the infected
cells as the detecting method may not be sensitive enough.

The PRRSV 3CLSP cleavage site of MAVS is at E268/G269,
and this cleavage renders MAVS incapable of activating the
IFN-b promoter. MAVS is composed of an N-terminal
CARD domain, PRO domain and C-terminal TM
domain. Each domain is required for induction of type I
IFN activation in both the TLR and RLR signalling path-
ways (Seth et al., 2005; Moresco et al., 2011). The cleavage
of MAVS may interfere or block the IFN signalling pathway
initiated by binding of dsRNA to RIG-I or MDA-5. More-
over, MAVS cleavage was specifically attributable to the
protease activity of 3CLSP, rather than the apoptosis or
proteasome pathways. Previously, Huang et al. (2014)
reported that PRRSV nsp4 can antagonize IFN-b
expression by targeting NEMO. Here, we determined that
nsp4 blocked the IFN signalling pathway by cleaving
MAVS. This finding indicates that PRRSV nsp4 plays an
important role in PRRSV pathogenesis and immunological
responses. MAVS is an upstream signal to NEMO in IFN
signalling cascades. MAVS plays an essential role in the
RIG-I and MDA5 signalling pathways, which is a shared
pathway that activates both NF-kB and IRF3. If the
MAVS signal is disrupted, both the NF-kB and IRF3 sig-
nalling cascade of IFN-b expression can be inhibited.
Nevertheless, NEMO cleavage may only inhibit the
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NF-kB signalling cascade. In contrast, MAVS cleavage by
3C protease of PRSRV may be more efficient.

In summary, our data indicated that PRRSV 3CLSP can
inhibit IFN-b expression by impairing the activation of
both IRF3 and NF-kB. Moreover, 3CLSP-mediated pro-
teolytic cleavage of MAVS was directly involved in the
inhibition of type I IFN activation and cleavage of MAVS
at Glu268. Our future studies will aim to determine
which bond is cleaved by the virus protease. These findings
should further contribute to our understanding of the
molecular mechanisms of innate immunity evasion strat-
egies utilized by PRRSV.

METHODS

Viruses, cells and chemicals. SeV was obtained from the Centre of
Virus Resource and Information, Wuhan Institute of Virology, Chi-
nese Academy of Sciences (Wuhan, China). HEK-293T cells were
cultured in RPMI 1640 (Invitrogen) supplemented with 10% FBS at
37 uC in a humidified 5% CO2 incubator. The broad caspase inhibitor
z-VAD-FMK and the proteasome inhibitor MG132 were obtained
from the Beyotime Institute of Biotechnology. Mouse mAbs against
Flag and haemagglutinin (HA) were purchased from Medical and
Biological Laboratories. mAbs against b-actin were obtained from
Beyotime Institute of Biotechnology. Rabbit polyclonal antibodies
directed against MAVS were obtained from Proteintech.

Plasmids. Construction of the 4|PRDIII/I–Luc (referred to as
IRF3–Luc) and 4|PRDII–Luc (referred to as NF-kB–Luc) luciferase
reporter plasmids has been described elsewhere (Wang et al., 2011).
The expression plasmids for WT RIG-I (pEF-Flag-RIG-I), its con-
stitutively active mutant (pEF-Flag-RIG-IN), which only contains the
active CARD domain of the RIG-I N terminus and has the negative
regulating domain of the RIG-I C terminus deleted, and p125–Luc
(IFN-b–Luc) were gifts from T. Fujita (Tokyo Metropolitan Institute
of Medical Science, Tokyo, Japan). The cDNA expression constructs
encoding porcine MAVS and MDA5 have been described previously
(Wang et al., 2011). The empty vector control was designated ‘mock’.
cDNA encoding nsp4 of PRRSV strain WUH3 was amplified by
standard reverse transcription PCR from total RNA extracted from
Marc-145 cells infected with PRRSV strain WUH3 and cloned into
vector pCAGGS-HA. Mutagenesis of MAVS (E268A, E274A and
E288A) and PRRSV 3CLSP (H39A, D64A and S1188A) constructs was
carried out by overlap-extension PCR using PrimeSTAR HS DNA
polymerase (TaKaRa Bio).

Luciferase reporter gene assay. HEK-293T cells grown in 24-well
plates were co-transfected with 0.1 mg reporter plasmid per well,
0.1 mg plasmid pRL-TK (Promega) per well as an internal control for
normalization of transfection efficiency, and the indicated expression
plasmids or an empty control plasmid. Where indicated, the cells were
infected with SeV (10 haemagglutinating activity units per well) 24 h
after co-transfection. The cells were lysed after 12 h and firefly luci-
ferase and Renilla luciferase activities were determined using a Dual-
Luciferase Reporter Assay System (Promega) according to the
manufacturer’s protocol. The data are presented as relative firefly
luciferase activities normalized to Renilla luciferase activities
(mean+SD) and are representative of three independent experiments.

Immunoblot analysis. Briefly, HEK-293T cells grown in 60 mm
dishes were transfected with the appropriate plasmids. After 36 h, the
cells were harvested with lysis buffer, and protein concentrations in
whole-cell extracts were measured. Equal sample amounts were then

subjected to SDS-PAGE and analysed for the expression of WT and
mutant MAVS proteins by Western blotting using an anti-Flag anti-
body (Medical & Biological Laboratories). To confirm the expression
levels of HA-tagged WT and mutant PRRSV 3CLSP proteins, an anti-
HA antibody (Medical & Biological Laboratories) was used for
immunoblotting. b-Actin expression was detected with an anti-b-
actin mouse mAb (Beyotime Institute of Biotechnology) to demon-
strate equal protein sample loading. The experiments were repeated
three times. The data are representative of three independent
experiments.

Statistical analysis. The bioinformatics program GraphPad Prism
was used for statistical analysis. ANOVA and Student’s t-test were
used to evaluate statistical differences of luciferase induction. The
results were considered to be statistically significant for Pv0.05.
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