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Pestiviruses are a class of viruses that in some cases can cause persistent

infection of the host, thus posing a threat to the livestock industry. Interferons

(IFNs) are a group of secreted proteins that play a crucial role in antiviral defense.

In this review, on the one hand, we elaborate on how pestiviruses are recognized

by the host retinoic acid-inducible gene-I (RIG-I), melanoma-differentiation-

associated protein 5 (MDA5), and Toll-like receptor 3 (TLR3) proteins to induce

the synthesis of IFNs. On the other hand, we focus on reviewing how pestiviruses

antagonize the production of IFNs utilizing various strategies mediated by self-

encoded proteins, such as the structural envelope protein (Erns) and non-

structural protein (Npro). Hence, the IFN signal transduction pathway induced

by pestiviruses infection and the process of pestiviruses blockade on the

production of IFNs intertwines into an intricate regulatory network. By

reviewing the interaction between IFN and pestiviruses (based on studies on

BVDV and CSFV), we expect to provide a theoretical basis and reference for a

better understanding of the mechanisms of induction and evasion of the innate

immune response during infection with these viruses.
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1 Introduction

Pestiviruses are a group of enveloped positive-sense single-stranded RNA ((+) ssRNA)

viruses, which can spread horizontally and vertically between hosts. Pestiviruses have a

wide spectrum of hosts, causing disease in many animals, such as pigs, cattle, sheep, goats,

pronghorns, giraffes, Phocoena phocoena, etc. (Vilcek & Nettleton, 2006; Jo et al., 2019). For

a long time, the genus Pestivirus has been recognized as containing four species: Bovine

viral diarrhea virus 1 (BVDV-1), BVDV-2, Classical swine fever virus (CSFV), and Border

disease virus (BDV) (Simmonds et al., 2017; Yesilbag et al., 2017). Until 2017, the revised

version of the International Committee on Taxonomy of Viruses (ICTV) taxonomy
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classified the genus Pestivirus into 11 species (from Pestivirus A to

Pestivirus K) (Smith et al., 2017). BVDV is a representative species

of pestiviruses. Most of the cattle infected with BVDV have mild

symptoms or only present subclinical symptoms, and some produce

a series of clinical symptoms that cause multiple systemic diseases,

affecting digestive tract (diarrhea), respiratory tract (cough), and

reproductive tract (reproductive disorder) (Walz et al., 2010; Tautz

et al., 2015; Sozzi et al., 2020). Among them, about 2% develop into

persistent infection (PI) cattle (Schweizer & Peterhans, 2014; Deng

et al., 2020). Those subsets of cattle have no obvious clinical

symptoms and do not generate BVDV-specific antibodies, but

carry and shed viruses for their whole life. Therefore, PI cattle are

the main virus reservoirs and cause a serious threat to healthy cattle

(Klimowicz-Bodys et al., 2022). According to whether it causes

cytopathic lesions, BVDV can be classified into cytopathic (CP)

biotype and non-cytopathic (NCP) biotype (Gillespie et al., 1961).

CSFV is another important representative species of pestiviruses,

which causes acute contact infectious disease in swine. CSFV is

characterized by high fever, hemorrhages of skin and inner organs,

along with respiratory and gastrointestinal syndromes, bringing

significant economic losses to the pig industry. As typical viruses of

the genus Pestivirus, BVDV and CSFV have been studied

extensively and deeply. Hence, these two viruses are used as

examples to expound some characteristics of the interplay

between pestiviruses and the host in the following.

The genome of Pestivirus viruses is approximately 12.3 kb,

which can encode at least 11 viral proteins (Figure 1) (Neill et al.,

2019; Johnston et al., 2020; Walz et al., 2020). Npro is a non-

structural protein unique to pestivirus with autoprotease activity

and is often used for classifying pestiviruses. In addition, Erns is also

a specific protein for the genus Pestivirus, which usually exists in the

form of homodimers linked by disulfide bonds. Erns is a highly

conserved membrane protein with ribonuclease (RNase) activity.
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These two proteins play a significant role in antagonizing the innate

immune of the host (Peterhans & Schweizer, 2010). Studies have

demonstrated that Npro and Erns were related to the formation of PI.

Interferons (IFNs) are a class of glycoproteins with multi-

biological activities, containing three families (type I, type II, and

type III). The antiviral response mediated by IFNs is a vital way of

the host defense against viral infections (Fensterl et al., 2015).

Studies have shown that IFNs can dampen the replication of

different biotypes and genotypes of BVDV (Elsheikh et al., 2019;

Quintana et al., 2020a).

When the pestiviruses infect susceptible animals, it can cause

the animals to produce corresponding IFNs to resist the invasion of

the pestiviruses (Husser et al., 2011; Dong et al., 2013; Reid et al.,

2016; Cai et al., 2017; Maldonado et al., 2020; Li et al., 2021). Indeed,

some subsets of pathogenic microorganisms have evolved

numerous strategies to escape the host’s immune response to

survive during infection, which will facilitate the replication and

transmission of viruses in vivo (Garcia-Sastre, 2017; Segredo-Otero

& Sanjuan, 2020). Many researchers have found that pestiviruses

could use their self-encoded proteins to antagonize the antiviral

impact of the host by inhibiting IFNs, antagonizing apoptosis,

regulating mitophagy, and other ways (Jefferson et al., 2014; Gou

et al., 2017; Dong et al., 2018; Zhang et al., 2018; Cao et al., 2019b;

Hardy et al., 2020; Fan et al., 2021; Xie et al., 2021; Ma et al., 2022).

Among them, the research on the inhibitory effects of Npro and Erns

proteins on IFNs is relatively deep but lacks a systematic summary

at present. Based on this, we will give a comprehensive review as

possible in this article.

In this review, we introduced the inhibitory effect of IFNs on

pestiviruses in the following aspects: a) Pestiviruses infection

stimulates the production of IFNs; b) IFNs induced interferon-

stimulated genes (ISGs) to exert anti-pestivirus activities. What’s

more, we focus on reviewing the latest advances in pestivirus
FIGURE 1

Schematic diagram of the genome and its encoded protein of pestiviruses. The genome of Pestivirus consists of the 5’-untranslated regions (5’-
UTR), a large open reading frame (ORF), and the 3’-untranslated regions (3’-UTR). The ORF is translated into a polyprotein which is further cleaved
by protease into multiple viral proteins, including four structural proteins, viral capsid protein (C), envelope proteins (Erns, E1, and E2), and eight non-
structural proteins (Npro, p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B). In the picture, the color text is a description of the function of the
corresponding protein. RdRp, RNA-dependent RNA polymerase.
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structural proteins (Erns) and non-structural proteins (Npro) in

antagonizing IFN. Viewing that the biological functions of IFN-II

are mainly in pro-inflammatory and immune regulation, which has

limited direct antiviral activity (Walker et al., 2021), and the

induction pathway of IFN-II is disparate from IFN-I and IFN-III.

Thus, we will focus on IFN-I and IFN-III to elaborate on the

complex interplay between pestiviruses and IFNs.
2 The production of interferons
induction by pestiviruses infection

2.1 Sensing complexes during
pestiviruses infection

Cao et al. showed that CSFV infection could regulate the

expression of Toll-like receptors (TLRs). In vitro infection trials

showed that the C strain and Shimen strain could promote the

expression of TLR2, TLR4, and TLR7, but there was no impact (C

strain) or inhibition (Shimen) on the production of TLR3 (Cao

et al., 2015). Similarly, BVDV infection also regulates the differential

expression of TLRs genes in bovine peripheral blood mononuclear

cells (PBMCs) (Lee et al., 2008). Overall, studies have demonstrated

that pestiviruses infection affected the innate immune response by
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regulating TLRs (Cao et al., 2019a). In addition, Hüsser et al.

indicated that when PK-15 cells of which retinoic acid-inducible

gene-I (RIG-I), melanoma-differentiation-associated gene 5

(MDA5), and TLR3 were knocked down and infected with CSFV

respectively, the bioactivity level of IFN-I was observably decreased,

and its reduction degree was almost consistent with the degree of

RIG-I, MDA5, and TLR3. The results suggested that RIG-I, MDA5,

and TLR3 were sensors to recognize CSFV infection and played a

crucial role in CSFV infection (Husser et al., 2011).
2.2 Activation of interferons response by
pestiviruses infection

Pestiviruses infected cells initiate a variety of antiviral responses

to resist the invasion of pestiviruses, in which IFNs play a crucial

role in dampening pestiviruses replication. During pestivirus

infection, viruses are recognized by pattern recognition receptors

(PRRs) of the host to activate interferon regulatory factors (IRFs)

and nuclear factor-kappa B (NF-kB) and then induce the synthesis

of IFNs (Figure 2).

Early studies have shown that CSFV infection was recognized

by pattern recognition receptors RIG-1, MDA5, and TLR3 (mainly

RIG-I), which activated downstream signaling molecules MAVS,
FIGURE 2

The induction pathways of IFN-I and IFN-III after pestivirus infection and evasion of pestiviruses to IFN-I and IFN-III. When pestiviruses infect host
cells, they are recognized by RIG-I-like receptors (RLRs) and TLRs. RLRs (RIG-1 and MDA5) via the activate of mitochondrial antiviral signaling protein
(MAVS) on mitochondria and peroxisomes, whereas TLRs (TLR3 and TLR7) through activating TIR domain-containing adapter-inducing interferon-b
(TRIF) and MyD88 on endosomes, transmit upstream receptor molecular signals downstream, thereby activating downstream transcription factors,
including IRFs and NF-kB. Subsequently, these transcription factors are phosphorylated and transferred to the nucleus, where they bind to the
upstream promoter regions of IFN-I and IFN-III genes to initiate the expression of IFN-I and IFN-III. Different from the induction of IFN-I,
peroxisome-MAVS is involved in the induction of IFN-III. During IFN-III induction, peroxisome-MAVS is the primary downstream adaptor molecule of
the RLRs pathway, and mitochondria-MAVS only participate in a small amount of IFN-III induction. The abduction of IFN-I requires an
enhanceosome which is composed of highly coordinated and cooperative NF-kB, IRF3, and IRF7. However, in addition to transcription factors NF-
kB, IRF3, and IRF7, the involvement of IRF1 is also required for IFN-III. Moreover, pestiviruses can also antagonize the production of IFN-I and IFN-III
through multiple self-encoded proteins. In the figure, the yellow arrow shows the induction pathway of IFN-I, and the orange arrow shows the
induction pathway of IFN-III, whereas the red line indicates the inhibition of pestiviruses.
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IRF3, and NF-kB, leading to the production of IFN-a/b and a large

number of inflammatory cytokines (TNF-a, IL-1b, and IL-6)

(Husser et al., 2011; Dong et al., 2013). NS5A, a nonstructural

protein of CSFV, promoted the synthesis of IFN-a by up-regulating

the activation of myeloid differentiation factor 88 (MyD88) and

IRF7 (Cao et al., 2019b). Moreover, the hemoglobin subunit beta of

host protein specifically interacted with the capsid protein (C) of

CSFV to trigger IFNs signal transduction through the RIG-I

pathway (Li et al., 2013). Furthermore, recently, researchers

discovered that CP BVDV-1 infection MDBK cells could promote

the synthesis of IFN-b by inducing the expression and nuclear

translocation of NF-kB, IRF1, and IRF7 (Maldonado et al., 2020).

Although many previous works have elucidated the induction

of IFN-I by pestiviruses infection, there was few reports have

addressed the production and mechanism of IFN-III. Reid et al.

reported the induct of IFN-III by pestiviruses infection for the first

time, demonstrating that BVDV-infected bovine pDC could induce

IFN-I and IFN-III with different kinetics, and the IFN-III had the

characteristics of acid-labile (Reid et al., 2016). Furthermore, the

major component of total IFNs induced by BVDV during in vivo

and in vitro infection was IFN-III (Reid et al., 2016). IFN-I and IFN-

III were equivalent in terms of transcription level in the above

studies, but the expression of IFN-I protein was lower than IFN-III.

We hypothesize that there may be post-transcriptional regulation,

leading to a quite difference in the expression of IFN-I and IFN-III.

Subsequently, studies found that the in vivo and in vitro infection of

CSFV could induce the expression of IFN-III and several key ISGs

through the activation of signal transducer and activator of

transcription 1 (STAT1) and NF-kB (Reid et al., 2016; Cai et al.,

2017). Intriguingly, although CSFV infection could induce IFN-III

production, the up-regulation of IFN-III in vivo and in vitro was

limited. According to the research on the exploration of virus escape

from host immune response in recent years, the hypothesis is raised

whether pestiviruses can also restrain the up-regulated level of IFNs

via a certain mechanism, thereby antagonizing the antiviral

response of the host (Garcia-Sastre, 2017; Segredo-Otero &

Sanjuan, 2020).
3 Interferons-induced IFN-stimulated
genes to defend against
pestiviruses infection

3.1 Antiviral effects of interferons
on pestiviruses

The antiviral activities of IFNs have been extensively studied on

a variety of viruses, including pestiviruses. In vitro experiments

showed that exogenous human IFN-a could inhibit the replication

of BVDV, and there was no distinguished difference between CP

BVDV genotypes (Elsheikh et al., 2019). Quintana et al. used the

non-structural protein NS3 established direct high-throughput

Cell-ELISA and demonstrated that IFN-I and IFN-III had

antiviral effects against different biotypes and genotypes of

BVDV, and the suppression of CP BVDV was much more
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pronounced than the NCP BVDV, whereas the NCP BVDV-2

was more sensitive to IFN-I (Quintana et al., 2018). In addition,

both ovis aries IFN-ϵ and feline IFN-w have typical characteristics

of IFN-I and showed antiviral activity against BVDV (Guo et al.,

2020; Wang et al., 2020).

The in vivo trials illustrated that IFN-III could protect cattle

from BVDV infection (Quintana et al., 2020b). Additionally, some

researchers successfully established the infection model of BALB/c

mice using the NCP BVDV-2 virulent strain and attenuated strain

and used this model to evaluate the impacts of IFN-I and IFN-III in

the prevention and treatment of BVDV infection (Quintana et al.,

2020a). It discovered that both IFN-I and IFN-III could reduce

BVDV infection in vivo, and IFN-III was more effective in

preventing BVDV infection, while IFN-I had better performance

in terms of treatment (Elsheikh et al., 2019; Quintana et al., 2020a).

The above results indicated that, like endogenously produced IFNs,

exogenous IFNs also have antiviral activity in vitro and in vivo, and

their inhibitory roles on CP BVDV are more pronounced.
3.2 The mechanism of interferons defense
against pestiviruses

In reality, IFNs do not directly inactivate viruses but rather

synthesize antiviral proteins to dampen the replication of the

viruses. Lately, there have been ongoing and increasing studies

found that the signal transduction mechanism of IFN-I and IFN-III

were similar (Onoguchi et al., 2007; Sommereyns et al., 2008;

Mordstein et al., 2010), both of which through the Janus kinase

(JAK)-signal transducer and STAT signaling pathway induces the

expression of ISGs, thus exerting a synergistic antiviral response

(Figure 3) (Forero et al., 2019). Depending on the difference in

working principle, ISGs could be classified into three types: inhibit

virus entry (Mx, TRIM, IFITMs), inhibit protein synthesis (ISG15,

PKR, OASL), and inhibit virus release (Viperin) (Raftery &

Stevenson, 2017). In this part, we overview some ISGs related to

the suppression of pestiviruses.

3.2.1 Mx
Myxovirus resistance (Mx) protein was one of the ISGs

composed of Mx1 and Mx2 protein (also known as MxA and

MxB in humans) (Holzinger et al., 2007). In the cytoplasm, Mx1

acted in the early period of the virus replication cycle and targeted

the viral nucleoprotein through the GTPase activity of the N-

terminal GTPase domain (Haller & Kochs, 2011). Mx2 was

discovered later than Mx1 and has adopted the function of

specifically restraining capsid entry into the nucleus (Schneider

et al., 2014). He et al. used the exogenously expressed Mx1 fusion

protein to treat CSFV-infected cells and found that Mx1 effectively

inhibited CSFV replication in a dose-dependent manner (He et al.,

2014). In addition, Zhou et al. showed that when the endogenous

Mx1 was knocked down in PK-15 cells, the replication of CSFV

would increase (Zhou et al., 2018). Further exploration of the

antiviral mechanism of Mx1 revealed that Mx1 protein restrained

the RdRp activity of the CSFV NS5B (Zhou et al., 2018). A recent
frontiersin.org
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study demonstrated that after CSFV-infected PK15 cells, not only

porcine Mx1 had the effect of resisting CSFV, but murine Mx1

could also dampen the replication of CSFV (Chen et al., 2020).

Further identifying the mechanism of murine Mx1 (R614E)

mutants against CSFV, it found that Mx1 (R614E) mutants

interacted with the nucleocapsid protein(C) of CSFV to reduce

virus titer (Chen et al., 2020).

3.2.2 TRIM
Tripartite motif-containing protein 56 (TRIM56) is a member

of the TRIM family expressed constitutively in most organizations.

After cells respectively infected with BVDV, hepatitis C virus

(HCV), and vesicular stomatitis virus (VSV), overexpression of

TRIM56 led to a dramatic decline in BVDV titer without affecting

the other two viruses (Wang et al., 2011). They found that TRIM56

targeted the life cycle of viral RNA replication and specifically

restricted BVDV infection by interacting with Npro (Wang

et al., 2011).

3.2.3 IFITM
Recently, Li et al. found that overexpression of IFN-induced

transmembrane (IFITM) in porcine alveolar macrophages (PAM)

could significantly dampen CSFV infection. When IFITMs were

knockdown, the titer of CSFV in cells increased observably,
Frontiers in Cellular and Infection Microbiology 05
indicating that the IFITM proteins could restrain CSFV in vitro.

In addition, the results demonstrated that IFITMs did not interfere

with the binding of CSFV to cells but restricted CSFV from entering

cells (Li et al., 2019).
3.2.4 ISG15
IFN-stimulated gene 15 (ISG15) is one of the earliest broad-

spectrum ISGs, could be covalently coupled to the target protein via

the C-terminal motif (LRLRGG), and also could regulate viral

replication in the form of unbound free cytokines (Han et al.,

2018). Studies showed that when CSFV infected PK-15 cells, IRF1

interacted with the binding site of the 5’-terminal promoter region

of ISG15 to up-regulated the expression of ISG15 and then curbed

the replication of CSFV (Li et al., 2018). Recent studies via

overexpression and knockdown of ISG15 in vitro corroborated

the inhibitory effect of ISG15 on CSFV in PAM. In addition,

treatment of PAM with exogenous IFN-a could induce the

expression of ISG15, thereby reducing the titer of CSFV (Li et al.,

2020). Further exploration of the antiviral mechanism of this

process revealed that ISG15 not only restrained the replication of

CSFV through ISGylation but also dampened autophagy via

ISGylation of autophagy protein BECN1, to prevent the up-

regulation of CSFV induced by autophagy, thus ultimately

inhibiting the proliferation of CSFV (Li et al., 2020).
FIGURE 3

IFN-I and IFN-III induce signaling cascades to inhibit pestivirus infection. Both IFN-I and IFN-III trigger a series of signaling cascades by activating the
JAK-STAT signaling pathway. IFN-I and IFN-III respectively bind to the heterodimeric receptors IFNAR (IFNAR1 and IFNAR2) and IFNLR (IFNLR1 and
IL-10R2) on the cell membrane, causing the conformation change of the intracellular part of the receptor subunit, and then leads to phosphorylation
of JAK and tyrosine kinase 2 (TYK2). Activation of JAK and TYK2 allows STAT1 and STAT2 to be recruited and phosphorylated, and the
phosphorylated STAT1 and STAT2 further recruit IRF9 to form interferon-stimulated gene factor 3 (ISGF3). Subsequently, ISGF3 translocates from the
cytoplasm to the nucleus and binds to ISRE sequences of the ISG promoter region to initiate the expression of a variety of ISGs (for example, Mx,
TRIM, IFITMs, ISG15, PKR, OASL, Viperin, etc.), and ultimately inhibit the replication and spread of the pestiviruses. The black arrow indicates the
induction pathway of ISGs, and the red line indicates the inhibition of pestiviruses.
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3.2.5 PKR
RNA-dependent protein kinase (PKR) recognized viral dsRNA

through conserved dsRNA binding motifs (dsRBMs) and

phosphorylated the eukaryotic translation initiation factor (eIF2a)
to inhibit viral translation (Rothenburg & Brennan, 2020). Recently,

Gil et al. have shown that different biotypes of BVDV infected the

cells, and the activation of PKR was quite distinct. That CP BVDV

infection could induce the activation of PKR and NF-kB, as well as
the suppression of translation. However, NCP BVDV infection

dampened the expression of PKR caused by poliovirus infection and

inhibited the activation of NF-kB mediated by dsRNA (Gil et al.,

2006b). On the basis of the above results, it is speculated that the

specific repression of PKR by NCP BVDV may connect with the PI

establishment of NCP BVDV (Gil et al., 2006b).

3.2.6 OASL
Oligoadenylate synthetases-like (OASL) protein belongs to the

OAS family. This family synthesized 2’-5’ oligoadenylates by

recognizing the dsRNA produced by the virus, which then

activated the latent RNase L, leading to RNA cleavage in the virus

and cellular, ultimately dampening the synthesis of proteins via a

broad-spectrum manner (Kristiansen et al., 2011). Intriguingly,

depending on the different stages and mechanisms of virus

infection, OASL could either inhibit or promote the replication of

the virus (Choi et al., 2015). Among the genus Pestivirus, studies

have revealed that infection of CSFV both in vivo and in vitro could

induce the expression of pOASL. Furthermore, pOASL interacted

with pMDA5 in RNase L-independent way and increased the

production of IFN by enhancing pMDA5-mediated antiviral

signal transduction, finally restraining CSFV replication (Li

et al., 2017a).

3.2.7 Viperin
Some explorations have indicated that the C-terminal domain

of viperin may be related to combat the family Flaviviridae

infections (Seo et al., 2011). Recently, Gizzi et al. observed that

viperin protein could produce 3’-deoxy-3’,4’-didehydro-CTP

(ddhCTP) through the radical S-adenosyl-L-methionine (SAM)-

dependent mechanism, and then ddhCTP was used as the

replication chain terminator of multiple members of the family

Flaviviridae to directly terminated the replication of the virus in

advance, thereby exerting antiviral actions (Gizzi et al., 2018). In the

PK-15 cells, the titer of CSFV was significantly curbed by stably

overexpressing of viperin. Further studies demonstrated that

viperin did not influence the binding, entry, and release of CSFV

but could act on the replication and/or translation. In addition, the

study found that viperin interacted with CSFV E2 protein in the

cytoplasm, indicating that viperin may restrain CSFV through this

interaction course (Li et al., 2017b). Nevertheless, another research

indicated that viperin interacted with the NS5A of CSFV (Xu et al.,

2020). Xu et al. constructed three truncated domains of the viperin

to explore the exact region that interacted with the NS5A and
Frontiers in Cellular and Infection Microbiology 06
confirmed that the N-terminal domain played a significant role in

inhibiting the replication of CSFV (Xu et al., 2020).
4 Strategies for pestiviruses to
circumvent interferons

Interestingly, viruses also antagonize the production of IFNs in

various ways to cripple the host antiviral response (Garcia-Sastre,

2017). Studies have found that some pestiviruses could antagonize

IFNs through their self-encoded protein (Figure 3), causing IFNs to

maintain a tolerable low level in vivo, wherefore the pestiviruses

would not be eliminated, eventually might lead to a state of PI in

the animal.

In the premier studies on BVDV infection, researchers

discovered an intriguing phenomenon. Infection of CP BVDV

could observably induce the expression of IFNs in vitro, whereas

NCP BVDV infection curbed the production of IFNs. When NCP

BVDV infected cows in early pregnancy (prior 125 days), fetuses

might be born normally and develop into PI cattle after birth, while

having specific immunotolerant to the infected strain. Some

researchers demonstrated that the expression of multiple genes in

PI fetal tissues is down-regulated, such as IFN-I transcription

regulator, antigen presentation, T cell markers, B cell activation,

and so on (Meyers et al., 2007; Knapek et al., 2020). Among them,

inhibiting the production of IFN is a significant reason for the

persistent infection of PI animals. However, in recent years, it has

been discovered that the signal conduction of IFNs was not

completely suppressed (Nilson et al., 2020). When PI fetuses with

acute infection, it is found that a few activated immune cells could

transiently induce the secretion of IFN-g. The IFN-g would enter

the circulatory system and cooperate with the innate immune

response, resulting in a distinct reduction of PI fetal viremia but

could not completely eradicate the virus (Smirnova et al., 2014;

Hansen et al., 2015).

When exploring the mechanism and characteristics of BVDV

infection, investigators discovered that both NCP BVDV and CP

BVDV blocked the expression of IFN-independent antiviral protein

Mx but did not inhibit the induction of IFN-dependent Mx.

Strikingly, the specific inhibitory effect mentioned above had no

impact on the antiviral activities of IFNs against other viruses in

cells (Schweizer et al., 2006). CSFV not only antagonized self-

induced IFNs but also could blocking-up IFNs induced by other

viruses (Ruggli et al., 2005; Luo et al., 2009a). Though the

pestiviruses infection did not affect the antiviral properties of

IFNs, owing to pestiviruses dampened the induction of IFNs by

themselves and other viruses, it creates a low IFNs environment,

thus increasing the replication of other co-infected viruses

(Alkheraif et al., 2017). A growing number of studies have shown

that the proteins of pestiviruses, such as Npro and Erns, played a vital

role in antagonizing the production of IFNs. Combining with recent

studies on pestiviruses and taking BVDV and CSFV as examples, we
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will review the counteract of pestiviruses to IFNs in detail in the

following sections.
4.1 Npro inhibits IFNs production

4.1.1 Npro inhibits IFN-I production
4.1.1.1 Npro-mediated the proteasomal degradation
of IRF3

Npro is the first protein encoded by the genome of the genus

Pestivirus, which has autoprotease activity and can catalyze itself to

break from the polyprotein and become a mature protein. IRF3 is one

of the key molecules in the IFN-I production pathway. Studies have

found that the Npro protein of pestiviruses can act on IRF3 in various

ways, thereby restraining the production of IFN-I. Overexpression of

exogenous CSFV Npro could dampen the IFN-a/b induced by CSFV

or other viruses, and the results confirmed that CSFV Npro protein is

an antagonist to IFN induction (Ruggli et al., 2005). Moreover, the

previous research of our group found that Npro of NCP BVDV

isolated from clinical pigs could inhibit IFN-I induced by poly(I:C) as

well (Tao et al., 2017). In earlier studies on this antagonistic

mechanism, La Rocca et al. showed that CSFV Npro exerted

antagonistic on IFN-a/b by repressing IRF3 transcriptional (La

Rocca et al., 2005). However, BVDV Npro could antagonize IFNs

by curbing IRF3-mediated immune response, indicating that BVDV

and CSFV Npro might have different functions in impeding IFN-I

(Horscroft et al., 2005). Different from the results of La Rocca,

Bauhofer et al. showed that CSFV Npro neither did not affect the

transcriptional activity of the IRF3 promoter and the stability of IRF3

mRNA, nor did it interfere with the phosphorylation level and the

nuclear translocation of IRF3, but via directly or indirectly targeted

IRF3 for proteasomal degradation (Bauhofer et al., 2007; Seago et al.,

2007). Interestingly, BVDV Npro inhibited the activation of IRF3 and

targeted IRF3 for polyubiquitination, and then IRF3 was degraded by

the proteasome. Furthermore, even if IRF3 was not degraded and

successfully translocated to the nucleus, BVDV Npro could dampen

the binding of IRF3 to DNA in the nucleus (Hilton et al., 2006).

Unlike BVDV, IRF3 was rapidly degraded after CSFV infection,

wherefore there was no report on whether Npro prevented IRF3 from

binding to DNA (Bauhofer et al., 2007). Indeed, pestiviruses Npro-

mediated proteasomal degradation of IRF3 did not rely on other

proteins but directly interacted with the binding site of Npro on IRF3

to form a soluble complex. This process demanded the participation

of full-length IRF3 no matter whether IRF3 is activated (Gottipati

et al., 2016). In conclusion, the proteasome degradation of IRF3

mediated by pestiviruses Npro is one of the essential mechanisms for

pestiviruses antagonizing IFN-I.

Additionally, NCP/CP BVDV Npro could restrain the activation

of IRF3 through multiple signaling pathways (TRIF, TBK1, MDA5,

and RIG-I), and both of them blocked the binding of IRF3 to DNA,

ultimately repressing the production of IFN-b which was induced

by poly(I:C). However, NCP/CP BVDV Npro could not prevent the

activation of NF-kB by poly(I:C) (Hilton et al., 2006). Intriguingly,

although the IFN-I induced by BVDV was suppressed by viral

proteins, NCP BVDV and CP BVDV could still produce a certain

amount of IFNs after infecting pDC, and the total IFNs generated
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by CP BVDV was observably higher than that of NCP BVDV (Lee

et al., 2008; Reid et al., 2016; Song et al., 2022). When investigating

the reasons for this phenomenon, researchers found that NCP

BVDV infection did not cause the activation of NF-kB, while CP

BVDV could induce NF-kB activation (Gil et al., 2006b; Maldonado

et al., 2020). In addition, CP BVDV infection significantly activated

NF-kB, IRF1, and IRF7 to promote IFN-b expression, and the

action of IRF7 was greater than that of IRF1 (Maldonado et al.,

2020). NF-kB and IRF3 are enhancer components for the induction

of IFN-I. We speculated that CP BVDV infection induces IFN-I

may be due to the following two reasons. On the one hand, CP

BVDV infection results in the activation of NF-kB. Alternatively,
there may be other regulatory factors that can replace IRF3 to a

certain extent, like IRF1 or IRF7, wherefore CP BVDV infection can

dramatically induce IFN-I. In terms of NCP BVDV, since it cannot

activate NF-kB after infection, although there may be other

regulatory factors that can substitute IRF3, it still cannot

distinctly induce the production of IFN-I.

The half-life of CSFV Npro protein in PK-15 cells is about 4

hours, and it is degraded by ubiquitin-dependent proteasomal

degradation in the cytoplasm (Seago et al., 2010). Pestivirus Npro

is known to be an unstable autoprotease located at the N-terminus

of the genome. In order to clarify whether the degradation of IRF3

by pestivirus Npro was related to the autoprotease activity of Npro,

the specific deletion mutants of two amino acids of CSFV Npro (C

112 and D 136) were obtained, which did not affect the activity of

Npro autoprotease but lost the ability to degrade IRF3. The results

indicated that the degradation of IRF3 by Npro was independent of

the proteolytic activity of Npro (Ruggli et al., 2009). Analogously,

BVDV Npro targeting IRF3 degradation is also independent of

autoprotease activity (Gil et al., 2006a). According to the results

of previous researchers, the mutation of Npro made it lose the ability

to target IRF3 for degradation and then lose the inhibitory impact

on IFN-I, leading to the phenomenon that the host induces high

levels of IFN-I to restrain pestivirus replication. Unexpectedly,

mutants (C112R and D136N) of CSFV Npro lost the ability to

degrade IRF3, but still retained the virulence in vivo, and there was

no attenuation or only partial attenuation. To some extent, these

results suggested that there may be other proteins in the pestivirus

that could curb the expression of IFN-I (Ruggli et al., 2009).

Further, in vivo research revealed the mutant amino acid site in

the live attenuated vaccine had no recovery during the continuous

passage, which derived from the CSFV Npro mutant (D136N), and

the induction of IFN-I was not dampened (Tamura et al., 2014).

Intriguingly, if the mutant amino acid restores to the original amino

acid (N136D), the degradation ability of CSFV Npro to IRF3 would

resume, and the property of inhibiting IFN-I would also recover.

Simultaneously, the replication ability and pathogenicity of CSFV

were also enhanced, indicating that Npro played a significant role in

the pathogenicity of CSFV in pigs (Tamura et al., 2014). In short,

the autoprotease activity of pestivirus Npro does not influence the

degradation of IRF3 and is not necessary for pestivirus to

circumvent the antiviral effect of IFN-I.

Moreover, Npro is a metalloprotein. The crystal structure

prediction of CSFV Npro revealed that Npro had a unique protease

fold comprised of a cysteine protease domain and a zinc-binding
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domain (located at the C-terminal) (Gottipati et al., 2013). The

zinc-binding domain contained a conserved metal-binding TRASH

motif (Cys112-X21-Cys134-X3-Cys138, X represents any amino

acid) (Szymanski et al., 2009; Gottipati et al., 2013). Szymanski et al.

demonstrated that the cysteine residue in the TRASHmotif played a

vital role in the protein stability and zinc-binding of Npro. The

deletion of the cysteine residue led to Npro losing the ability to

degrade IRF3 (Szymanski et al., 2009). In addition to the

involvement of the TRASH motif in regulating the stability of

CSFV Npro, the amino acid residues in the N-terminal domain of

Npro also played an essential role in the stability of Npro and via

regulation the interaction between Npro and IRF3 to participate in

regulating the production of IFN-I (Mine et al., 2015). Overall, the

TRASH motif of pestivirus Npro is essential for targeting the

polyubiquitination degradation of IRF3, suggesting that the

TRASH motif is crucial for pestivirus to restrain IFN.

4.1.1.2 Npro inhibits IFN-I expression in an IRF7-
dependent manner

Indeed, apart from inhibiting the expression of IFN-I via

interreaction with IRF3, CSFV Npro also interacted with the

cytokine IRF7 in pDC, and the interaction required the almost

complete structure of IRF7 to partake. The TRASH motif restrained

the expression of IFN-I in IRF7 dependent manner, but this course

may not be crucial, and the concrete mechanism of the interplay

between Npro and IRF7 is still unclear (Fiebach et al., 2011).
4.1.1.3 Npro inhibits the expression of other interactant
cellular proteins

As we all know, the successful infection of pathogenic

microorganisms inevitably requires the involvement of host cells.

S100A9, a member of the cellular danger-associated molecular

patterns (DAMPs), promotes the activation of NF-kB through the

TLR4/MyD88 pathway and then activates the expression of IFN-I.

When pestivirus infection, BVDV Npro interacted with the S100A9

to restrain IFN-I expression by decreasing the availability/activity of

S100A9 in cells (Darweesh et al., 2018). Besides, CSFV Npro

specificity interplay with the ribosomal protein uS10 to reduce the

production of uS10 in a proteasomal-dependent manner and

inhibited the expression of TLR3 to facilitate CSFV replication

(Lv et al., 2017b).
4.1.2 Npro inhibits IFN-III production
Recent studies suggested that CSFV Npro not only dampened

the production of IFN-I but also could restrain IFN-III by inhibiting

the promoter activity and the expression of IRF1, as well as blocking

the nuclear translocation of IRF1 (Cao et al., 2019a). Our study

found that BVDV Npro also inhibited IFN-III expression

(unpublished data). These discoveries provide new insight for

understanding the inhibition mechanisms of Npro on IFNs and

display more comprehensive mechanisms by which the virus

escapes the host immune response. Overall, pestiviruses use Npro

protein to restrain IFNs of the host in diverse ways, which is one of

the significant causes for pestiviruses establishing PI.
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4.2 Erns inhibits IFNs production

Furthermore, in addition to the suppression of IFN-I by Npro,

Erns, a highly glycosylated protein, has continuously been pointed

out that blocking the expression of IFN-I (de Martin & Schweizer,

2022). The envelope protein Erns could interact with receptors on

the cell surface and via energy-dependent clathrin-mediated

endocytosis internalized into the cell to participate in the

regulation of IFN-I (Zurcher et al., 2014a). Soluble BVDV Erns

could curb IFN-I induced by ssRNA and extracellular (rather than

intracellular) dsRNA with its RNase activity (Magkouras et al.,

2008; Matzener et al., 2009; Zurcher et al., 2014a; de Martin &

Schweizer, 2022). The RNase activity of BVDV Erns was essential for

blocking IFN-I, and the C-terminus of BVDV Erns also played a vital

role in suppressing the IFN-I (Zurcher et al., 2014a). Analogously,

the Erns of CSFV restrained IFN-b induced by poly(I:C) in a dose-

dependent manner, as well as blocking IFN-b mediated by other

viral infections (Chen et al., 2007; Luo et al., 2009a). Unlike BVDV,

the RNase activity of Erns was not necessary for this inhibition

course (Luo et al., 2009a). N-linked glycosylation of CSFV Erns was

requisite for suppressing poly(I:C)-induced IFN-b (Luo et al.,

2009b), indicating that the Erns of BVDV and CSFV restrains IFN

through disparate mechanisms.

Human antimicrobial peptide LL37 forms a complex with RNA

and acts as a protective agent for RNA. The study found that the

complex was not degraded by the RNase of pestivirus Erns in vitro,

whereas it could be degraded by Erns RNase intracellularly, and that

the TLR3-dependent IFN synthesis activated by the complex was

also restrained by pestivirus Erns (Zurcher et al., 2014b). It revealed

that pestivirus Erns was an antagonist of IFN, and RNase activity

played an important role in controlling IFN (Zurcher et al., 2014b).

In addition to the RNase activity of Erns, it has also been speculated

that Erns inhibition of dsRNA depends on the homodimer form of

Erns. But then some researchers showed that monomeric Erns also

could cleave dsRNA and the induction of IFN by dsRNA under in

vitro conditions (Lussi et al., 2018). In brief, the antagonism of Erns

on IFNs is independent of its existing form.

Both Npro and Erns are antagonists of IFN. The puzzling thing is,

are they redundant when establishing PI in the host? Or is there any

interaction between the two? Although PI animals carry the virus

for their whole life long, not all cells of PI animals are infected by the

pestivirus. Npro only exists in the infected cells, while the secreted

Erns can circulate throughout the body in the bloodstream and act

on uninfected cells (Peterhans & Schweizer, 2013; Tautz et al.,

2015). Indeed, Npro and Erns are not redundant and inhibit

pestivirus-induced IFN-I at different levels (Schweizer &

Peterhans, 2014; Tautz et al., 2015). N-terminal of BVDV Npro

lacking protease activity or Erns of BVDV lacking RNase activity

infected pregnant cows, both of them could lead to attenuation in

the adult host but could not preclude the formation of the PI fetus.

However, the double mutant of Npro and Erns above-mentioned

could significantly induce the production of IFN-I, thereby

preventing the establishment of the PI fetus, indicating that Npro

and Erns have a synergistic effect in the formation of PI (Meyers

et al., 2007). Furthermore, Tao et al. of our group discovered that
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Npro His49 and Erns Lys412 were the crux amino acid sites in this

course (Tao et al., 2018). In short, BVDV Npro and Erns are non-

redundant antagonists of IFN that cooperate to escape the host’s

antiviral response in vivo and in vitro.
4.3 Other viral proteins inhibit IFN
production

Apart from Npro and Erns, there are also other proteins in

pestivirus to curb IFNs. Early studies have shown that the protease

activity of BVDV NS3 could not block the activation of the IFN-b
promoter, indicating that NS3 has no inhibitory property on the

transcriptional level of IFN-b (Gamlen et al., 2010). However, after

CSFV infection, NS3 of CSFV could interact with tumor necrosis

factor receptor-associated factor 6 (TRAF6). On the one hand,

TRAF6 activated the NF-kB pathway and induced the expression of

IFN-b and IL-6 to inhibit CSFV replication. On the other hand,

CSFV NS3 promoted CSFV replication by degrading TRAF6 and

antagonizing TRAF6-activated antiviral responses, suggesting that

CSFV NS3 could also protect CSFV from host antiviral defenses (Lv

et al., 2017a). CSFV NS4B could restrain the expression of IL-6, IL-

8, and IFN-b to a certain extent by inhibiting MAVS-mediated IRF3

protein expression and NF-kB phosphorylation (Cao et al., 2019b;

Dong et al., 2022). Moreover, BVDV NS4B protein could interact

with the N-terminal caspase recruitment domain (CARD) of

MDA5, inhibiting the MDA5-mediated signal transduction

pathway to antagonize the production of IFN-b (Shan et al., 2021).

Organisms employ various mechanisms to fight viral infection,

such as directly inducing the production of IFNs to affect virus

replication, and regulating autophagy and apoptosis to influence the

virus from infecting cells. Studies have found that RNA virus infection

caused RLR-induced IRF3-mediated apoptosis was another effective

way to reduce virus transmission. This apoptotic response was

triggered by the specific lysine ubiquitination of IRF3, which was

independent of the transcriptional activation mechanism of IRF3

(Chattopadhyay et al., 2016; Chattopadhyay & Sen, 2017). Indeed,

IRF3 has dual functions in the course of the antiviral response. IRF3

degradation by CSFV Npro not only could inhibit MAVS-mediated

IFN-I expression but also blocked MAVS and IRF3-mediated

mitochondrial apoptosis pathways (Gou et al., 2017; Dong et al.,
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2018; Hardy et al., 2020). Jefferson et al. demonstrated that pestivirus

Npro curbed endogenous mitochondrial apoptosis by inhibiting the

activation of the IRF3-dependent pro-apoptotic protein Bcl2-

Associated X (BAX), indicating that mitochondria and peroxisomes

may be new sites for Npro to regulate IRF3 (Jefferson et al., 2014).

Additionally, pestivirus infection induced autophagy to promote virus

replication (Pei et al., 2014; Oguejiofor et al., 2019; Zhang et al., 2021).

Explored the mechanism and found that CSFV-mediated autophagy

restrained the expression of IFN-I. This inhibition process was related

to the interplay between MAVS and BECN1, and mitogen-activated

protein kinase (MAPK/ERK) signaling worked an essential role (Xie

et al., 2021). As can be seen from the foregoing description, Npro can

interact with multiple host proteins to antagonize the antiviral effects

of the host through disparate mechanisms (Table 1). It is curious

whether Npro also involves in the regulation of autophagy. And what

role does Npro play? These questions may shed new light on an in-

depth exploration of Npro in the future.
5 Conclusions and perspectives

Members of pestiviruses have a wide broad range of hosts and

can cause cross-infection. Moreover, common pestiviruses (such as

BVDV, CSFV, and BDV) can give rise to persistent infections of the

host, causing them to carry and shed viruses for lifelong without

inducing the production of antibodies. Therefore, this is also one of

the critical reasons why pestiviruses are hard to eradicate and easy

to pose a severe threat to economic development. Herein, we

elaborate that pestiviruses infection can be recognized by a variety

of PRRs in the host, thereby promoting the synthesis of IFNs, then

inducing the secretion of multiple ISGs through the cascade of

signal molecules, and finally exerting an antiviral effect. In addition,

we also overview that pestiviruses can use their self-encoded

proteins to antagonize the host antiviral response. In particular,

the Npro protein which is unique to pestivirus promotes immune

escape by inhibiting the production of IFN, apoptosis, and other

pathways. Thereinto, the repression of pestiviruses in IFNs has

received extensive attention and in-depth research. Hereon, we

reviewed the interaction between pestiviruses and IFNs, aiming to

provide the theoretical underpinning for exploring the mechanism

of immune escape by pestiviruses.
TABLE 1 Npro interacts with host proteins to antagonize the antiviral effects of the host through disparate mechanisms.

Interacting host
protein

Antagonistic host antiviral
methods

Mechanism Reference

IRF3 Antagonism the production of IFN-I Targeting IRF3 for proteasomal degradation (Bauhofer et al., 2007; Seago et al.,
2007)

IRF7 Antagonism the production of IFN-I Unclear (Fiebach et al., 2011)

S100A9 Antagonism the production of IFN-I Reduce the availability/activity of S100A9 in cells (Darweesh et al., 2018)

uS10 Antagonism the production of IFN-I Suppress the production of uS10 (Lv et al., 2017b)

IRF1 Antagonism the production of IFN-III Block the expression and nuclear translocation of
IRF1

(Cao et al., 2019a)

BAX Inhibit apoptosis Restrain the activation of BAX (Jefferson et al., 2014)
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Studies on pestiviruses and IFNs are rich and diverse, and we

apologize for the research not being covered in this article.

Nevertheless, there is still a long way to go to explore their

mutual regulation, and future research can focus on the following

aspects: (I) We know that IFN-I and IFN-III are two non-redundant

antiviral proteins that they are not only similar in signal

transduction but also have many resemblances to their biological

functions. At present, there are lots of studies on the interaction

between pestiviruses and IFN-I, whereas the exploration of IFN-III

is rare and still in the initial stage. Therefore, revealing the specific

regulatory mechanism of pestiviruses infection on the IFN-III

signaling pathway and clarifying the role of Npro and Erns

proteins during the regulation can be future directions and sheds

new light on researching the infection of pestiviruses. (II) In

addition to the several pestiviruses proteins involved in IFNs

regulation introduced in this overview, whether other proteins

participated in the mutual regulation of pestiviruses and IFNs,

and which signal molecules do they specifically act on in the IFN

signaling pathway? These questions still require to be answered.

(III) We already know that different types of IFNs have imparity

prophylactic or therapeutic effects on different pestiviruses.

However, at which stage of the pestivirus life cycle do different

types of IFNs specifically act? Which ISGs are regulated by each

kind of IFN to exert inhibitory properties, and what are the

similarities and differences in their mechanisms, these issues

remain equally unresolved and need to be further explored. In

conclusion, the in-depth probe of the above problems will be helpful

for the study of immune escape characteristics and pathogenesis

mechanism of pestiviruses, to provide new ideas and means for the

prevention and control of pestiviruses.
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