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a  b  s  t  r  a  c  t

Classical  swine  fever  (CSF)  is  a highly  contagious  and  often  fatal  disease  that  affects  domestic  pigs and
wild  boars.  Outbreak  of  CSF can  cause  heavy  economic  losses  to  the  pig  industry.  The strategies  to  prevent,
control  and eradicate  CSF  disease  are  based  on  containing  the disease  through  a  systematic  prophylactic
vaccination  policy  and  a non-vaccination  stamping-out  policy.  The  quest  for  prevention,  control  and
eradication  of CSF  has  moved  research  forward  in academia  and  industry,  and  has  produced  noticeable
advances  in  understanding  fundamental  aspects  of  the virus  replication  mechanisms,  virulence,  and  led
eywords:
lassical swine fever virus
pidemiology
everse genetics
SFV life cycle
rotein functions

to the  development  of new  vaccines.  In this  review  we  summarize  recent  progress  in  CSFV  epidemiology,
molecular  features  of  the genome  and proteome,  the  molecular  basis  of  virulence,  and  the  development
of  anti-virus  technologies.

© 2014  Elsevier  B.V.  All  rights  reserved.
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. Patterns of CSF epidemics and vaccine strategies

Classical swine fever (CSF), formerly called hog cholera (HC),

Edwards et al., 2000). Although it had been successfully eradicated
from Canada (1963), the United States (1978), Australia and New
Zealand, it still exacts severe impacts in Asia, South America, east-
s an economically important, highly contagious disease of pigs,
hich is listed by the World Organization for Animal Health (OIE)

errestrial Animal Health Code and must be reported to the OIE. CSF
as first recognized in Tennessee, USA in 1810 (Agriculture, 2010;
IE, 2014), and then rapidly spread around the world (reviewedin

∗ Corresponding authors at: Shandong Normal University, College of Life Science,
astern Wenhua Road 88, Jinan 250014, China. Tel.: +86 0531 86188690.

E-mail addresses: jiwei yunlong@126.com, 651444115@qq.com (W.  Ji),
chqiang@126.com (C.-q. He).

ttp://dx.doi.org/10.1016/j.virusres.2014.12.006
168-1702/© 2014 Elsevier B.V. All rights reserved.
ern Europe and parts of the former Soviet Union (Fig. 1).
The etiological agent of CSF is classical swine fever virus (CSFV),

which belongs to the genus Pestivirus, family Flaviviridae, together
with bovine viral diarrhea virus (BVDV) and border disease virus
(BDV) (Rice, 2001). Strategies to control CSFV mainly consist of a
stamping out policy (non-vaccination) and a systematic prophy-
lactic vaccination (see Edwards et al., 2000; Huang et al., 2014

for reviews). Under the non-vaccination policy, a CSFV outbreak
always cause huge economic losses in areas with high-densities
of pigs (see Dong and Chen, 2007 for a review). Therefore, many
countries, except those in the European Union, use a systematic

dx.doi.org/10.1016/j.virusres.2014.12.006
http://www.sciencedirect.com/science/journal/01681702
http://www.elsevier.com/locate/virusres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.virusres.2014.12.006&domain=pdf
mailto:jiwei_yunlong@126.com
mailto:651444115@qq.com
mailto:hchqiang@126.com
dx.doi.org/10.1016/j.virusres.2014.12.006
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Fig. 1. Global distribution of CSF epidemics during 2011–2014 based on data from the OIE’s new World Animal Health Information System (WAHIS). Four countries (red)
reported CSF outbreaks in 2011–2012: Madagascar, Laos, Singapore and Lithuania. Three countries (lilac) reported CSF outbreaks in 2013–2014: Colombia, Myanmar and
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ep.  of Korea. Eighteen countries (blue) reported CSF outbreaks in both 2011–2012 

People’s Rep. of), India, Indonesia, Mongolia, Nepal, Philippines, Thailand, Vietnam
eader  is referred to the web version of this article.)

rophylactic vaccination to control or eradicate CSFV (see Van
irschot, 2003 for a review). For instance, compulsory vaccination

s the current policy in China, and vaccination coverage must be
ver 90% at any time in the year in the swine population (reviewed
n Luo et al., in press). Many vaccines were developed after the
athogenic agent of CSF was shown to be a virus in 1904, (see
ong and Chen, 2007 for a review). Modified live vaccines (attenu-
ted CSFV strains produced through serial passage in non-natural
osts; Table 1) have predominately been used and the most com-
on  vaccine is the commercial C-strain, because it is more effective

nd safer than other vaccines, such as the subunit differentiating
nfected from vaccinated (DIVA) individuals vaccine (see Huang

t al., 2014 for a review). The C-strain vaccine up-regulates the anti-
ody level and it also activates T-cell responses, while the subunit
2 vaccine only induces production of an antibody against CSFV
Huang et al., 2014).

able 1
he modified live vaccine were produced through serial passage in non-natural hosts.

Modified live vaccine Country Original strain Ad

LPC China, Taiwan ROVAC Rab
HPLC China, Mainland Shimen Rab
ROVAC American Rab
SFA British Rab
GPE- Japan ALD Sw

and
(29

Thrivel French Alfort Sw
(29

LOM/(Flc-LOM) Japan Miyagi(Japna) Bov
Pestiffa French C-strain Lam
SUVAC Hungary C-strain She
Cellpest Poland C-strain PK
Suiferin C Former East Germany C-strain 

ЛК  former USSR C-strain 

VADIMUN USA C-strain 

Riems Germany C-strain 

Duvaxin Germany 

Norden Mexico 

Pestipan 

Porcivac Mexico 

PS Poreo Brazil 

Tipest Slovakia 

TVM-1 Czech Republic 

Russian LK Russia 

he strain of swine fever virus for the manufacture of a vaccine against classical swine fe
013–2014: Bolivia, Cuba, Ecuador, Guatemala, Haiti, Peru, Bhutan, Cambodia, China
a, and Russia. (For interpretation of the references to color in this figure legend, the

Phylogenetic analysis of CSFV strains suggests there are three
genotypes (Postel et al., 2012) that can be divided into high
virulence, moderate virulence, and low to avirulent strains (the
main vaccine strains) (Leifer et al., 2011). The highly virulent and
modified live vaccine strains that have been identified belong to
genotype 1, while the genotype 2 and 3 strains have moderate and
low virulence (Dong and Chen, 2007; Leifer et al., 2011). Genotype
1 CSFV can accumulate many mutations in the field, as demon-
strated by our research (Ji et al., 2014) and CSFV outbreaks caused
by genotype 2 have been increasing in Europe and Asia (see Huang
et al., 2014 for a review). This indicates that subunit E2 vaccines
derived from genotype 1 strains may  lose their effectiveness against

virulent CSFV derived from genotype 2. The C-strain vaccine may
continue to be effective for a longer time, due to T-cell responses.
The GPE-strain vaccine can obtain pathogenicity by passaging it in
pigs (Tamura et al., 2012), when there are mutations and selection

apted host Reference

bit Lin et al. (1974), Lin et al. (1981)
bit Tc (1980), Zhou (1980)
bit Koprowski et al. (1946)
bit Baker (1946)

ine testicle, bovine testicle
 guinea-pig kidney cells,
–30 ◦C)

Sasahara et al. (1969), Shimizu et al. (1970)

ine cell, Bovine cell
–30 ◦C)

LunaisM (1972)

ine kidney cells Nishimura et al. (1964), Park et al. (2012)
b kidney cells Terpstra (1992)

ep Olah (1985), Terpstra, (1992)
-15A cell line Pejsak et al. (1991)

Dong and Chen (2007)
Dong and Chen (2007)
Dong and Chen (2007)
Liess (1988)
Björklund et al. (1998)
Björklund et al. (1998)
Björklund et al. (1998)
Björklund et al. (1998)
Björklund et al. (1998)
Björklund et al. (1998)
Björklund et al. (1998)
Björklund et al. (1998)

ver, http://www.findpatent.ru/patent/205/2057805.html.

http://www.findpatent.ru/patent/205/2057805.html
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n the CSFV genome from the quasispecies population. Although
he C-strain could not revert to virulence through serial pig-to-
ig transmission experiments (Bran et al., 1966; Liess, 1988; Lin
t al., 1972), it can recombine with the field-form of the CSFV virus,
ngendering new strains with unknown characteristics (Ji et al.,
014). In response to the above research, fabrication of a DIVA-
aker vaccine from genotype 2 is required for better control and

radication of CSFV, and this manufacture is dependent on the
anipulation of reverse genetics systems and knowledge of CSFV

rotein functions.

. Reverse genetics systems and study of CSFV Virulence

.1. Reverse genetics systems

Reverse genetics (RG) is the creation of a virus with a full-length
opy of the viral genome and is the most powerful tool in modern
irology. The purpose of RG is to investigate the virus’ replication,
nfection, the function of viral proteins, the incidence of recombi-
ation, virus interaction with the host, antivirus strategy and the
evelopment of maker vaccines. At least five methods for rescuing
SFV have been developed and have driven the progress of CSFV
esearch. A landmark study reporting the details of an in vitro tran-
cription system was published in 1996, where infectious CSFV was
ecovered from porcine cells (SK6 cell line) through transfection of
n vitro-transcribed RNA derived from a cDNA construct (Fig. 2A;

eyers et al., 1996; Moormann et al., 1996). However titers of
he in vitro-transcribed RNA were relatively low, and four better
everse genetic systems were subsequently developed: (I) Fan et al.
2009) authenticated that the transfected efficiency of BHK-21 is
0-fold higher than PK15 and constituted a new procedure using
he high-efficiency transfected cells (BHK-21) to transfect in vitro
ynthesized RNA transcripts and porcine kidney cells (PK15)IX by
ssessing the transfected efficiency of BHK-21 (with no CSFV recep-
or) and the transfection efficiency of PK15 (with a CSFV receptor),
nd found that multiplication with a centrifugal supernatant of
nfected PK15 cells resulted in an 8-fold increase in defects com-
ared to straightforward manipulations of RNA into PK15 (Fig. 2B).
II) Van Gennip et al. (1999) developed a novel, more convenient
nd more efficient, in vivo transcriptional system, with a 200-
old increase in virus titles compared to an in vitro transcriptional
ystem by establishing a stable swine kidney cell line expressing
7 RNA polymerase (SK6-T7RNApol) and transfecting with a lin-
arized plasmid DNA into SK6-T7RNApol (Fig. 2C). (III) Bergeron
nd Perreault (2002) inserted the Hepatitis delta virus ribozyme
Hdv RZ) to function as an enzyme to form a precise 3′NCR. The
′NCR of the virus genome can circumvent linearization of tem-
late DNA with the aid of an expensive enzyme called SrfI (Zou
t al., 2011). By avoiding linearization, Van Gennip et al. (1999) uti-
ized SK6-T7RNA-pol for in vivo transcription with circular DNA,
esulting in a 20 fold increase in virus titers compared to in vitro
ranscription, but a 10-fold decrease compared to in vivo transcrip-
ion of linearized DNA. Huang et al. (2013) exploited the PK-15
ell line’s ability to stably express T7 RNA polymerase (PK15-
7RNApol) to use it for in vivo transcription (Fig. 2D). (IV) Li et al.
2013a) constructed a CSFV cDNA clone flanked by a CMV  pro-

oter, intro, T7 promoter and a hammerhead ribozyme (HamRZ)
t the 5′NCR, and flanked by HdvRZ, T7 terminator and SV40 at
he 3′NCR (Li et al., 2013a) (Fig. 2E). With this engineered CSFV,
amRZ can form a precise 5′NCR (Haseloff and Gerlach, 1988)
nd this cDNA clone can be rescued by T7 RNA polymerase or

he RNA polymerase II system (CMV promoter), with production
f 120-fold more progeny virus titers from in vivo transcription
y a CMV  promoter than the in vitro transcription by the T7
romoter.
 197 (2015) 35–47 37

Some derivative cDNA clones were established for CSFV inves-
tigation. A recombinant CSFV stably expressing a chloramphenicol
acetyltransferase (CAT) gene represents a useful tool for quanti-
tative analysis of viral replication and gene expression. According
to this alteration, Qiu’s lab developed three analogous recombi-
nant cDNAs: (I) EGFP-CSFV cDNA was generated by inserting the
EGFP gene between amino acids 13 and 14 of the Npro protein of
CSFV for a Simplified Serum Neutralization Test (Li et al., 2013b).
However, EGFP detection requires extensive and costly automated
imaging equipment and does not integrate with high-throughput
screening (HTS) assays. To solve this problem, a reporter version of
the CSFV-Npro Fluc virus was  developed that stably expressed the
firefly luciferase (Fluc) gene in the Npro gene for rapid and quan-
titative screening and evaluation of antivirals against CSFV (Shen
et al., 2014). Additionally, a cDNA with a biarsenical tetracysteine
(TC) tag (CCPGCC) in the N-terminal region of the Npro protein
was constructed to visualize the nucleus import and export of the
Npro protein (Li et al., 2014c). These visualized modifications can be
used as maker vaccine candidates and are useful in studying CSFV
in depth.

Hitherto many significant discoveries have depended on reverse
genetics systems to establish a foundation for studying the mecha-
nisms of virulence and the functions of CSFV proteins. These results
have led to new maker vaccines through mutation, recombination
or other changes to the CSFV genome (see Dong and Chen, 2007 for
reviews).

2.2. Molecular basis of CSFV virulence

The alteration of virulence can easily be obtained by in vitro
introduction of mutations in conserved domains related to virus
entry and release, speed of replication, interaction with host cell
protein, and other essential physiological processes (see Leifer et al.,
2013 for a review). Thus far, seven proteins (Npro, Core, Erns, E1,
E2, P7, NS4B) have been found to be related to virulence in CSFV
through reverse genetic modification of cDNA. Deletion of Npro can
decrease virulence and induce immunity of specific pathogen free
(SPF) swine, suggesting Npro is related to the virulence to some
extent (Mayer et al., 2004; Tamura et al., 2014). Four conserved
domains of the Core protein (I, II, III, and IV) can interact with the
IQGAP protein (an effector of Rac1 and Cdc42), and substitutions in
the conserved domains I and III of Core protein, interact with the
host cell protein IQGAP1, resulting in a complete absence of viru-
lence (Briggs and Sacks, 2003; Gladue et al., 2011a; Watanabe et al.,
2004). Replacement of the K11A, K12A, and K53A amino acids of the
Core protein disrupts the interaction between Core and SUMO-1,
and replacement of K220A precludes an association between Core
and UBC9. All of these substitutions will attenuate CSFV (Gladue
et al., 2010). Another way to attenuate CSFV is to destroy the gly-
cosylation site of Erns by N2A/Q substitution (Sainz et al., 2008),
suggesting that glycosylation is related to virulence. To date, all
analyzed pestiviruses contain four intramolecular disulfide bonds
that are formed by eight conserved cysteine residues of Erns (Tews
et al., 2009). The intra-strand disulfide bonds are formed by a ninth
cysteine residue (171Cys) that stabilizes the Erns homodimer and
can influence virulence (Langedijk et al., 2002; Tews et al., 2009).
CSFV can also be attenuated when 30His and 79His (79AA is located
in a conserved domain of the RNase T2 family (Irie and Ohgi, 2001;
Krey et al., 2012)) of Erns are deleted, due to the destruction of
RNase activity (Hulst et al., 1998; Meyers et al., 1999). The high viru-
lence strain Brescia could be completely attenuated by inserting 19
amino acids into the C terminal of E1, suggesting that the C terminal

domain plays an important role in virulence (Risatti et al., 2005a).
Specifically, the high virulence strain BICv can lose fertility and be
attenuated when N6A, N19A, and N100A amino acids of E1 are sub-
stituted (Fernandez-Sainz et al., 2009). The highly virulent strain
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Fig. 2. Five reverse genetics systems for rescuing CSFV. (A) Infectious CSFV was recovered from porcine cells (SK6 cell line) through transfection of RNA derived from a
linearized cDNA transcribed in vitro by T7 RNA polymerase. (B) The in vitro-transcribed RNA were used to transfect a high transfection efficacy hamster cell line (BHK-21)
and  the supernatant from the BHK21 cell-culture medium was used to infect the PK15 cell line to rescue virons. (C) A stable swine kidney cell line expressing T7 RNA
polymerase (SK6-T7RNApol) was established for in vivo transcription of a linearized cDNA. (D) The circular vector can be used for in vivo transcription via insertion of Hdv
R  that c
fl vRZ, T
o

B
g
2
A
(
a
a

Z  after the 3′NCR of the viral genome and establishment of a PK-15/SK6 cell line
anked  by the CMV promoter, intron, T7 promoter and HamRZ at 5′NCR, and by Hd
r  the RNA polymerase II system (with a CMV  promoter).

rescia can also be attenuated when the E2 gene is replaced, sug-
esting that E2 is the primary determinant of virulence (Risatti et al.,
005b). The conserved epitope 140-TAVSPTTLR-148 located on the
 domain of the E2 protein plays an important role in virulence
Risatti et al., 2006). The E2 gene has an O-linked glycosylation site
nd six N-linked glycosylation sites, which all influence virulence
nd also play a role in the production of swine protective antibodies
onsistently expresses T7 RNA polymerase. (E) Construction of a CSFV cDNA clone
7 terminator and SV40 at 3′NCR can be used to rescue CSFV by T7 RNA polymerase

and the subunit vaccine (Gavrilov et al., 2011; Risatti et al., 2007a). A
mutation of 710Leu → His in E2 will attenuate the virus only if there
are additional mutations on Erns (276R, 476R, 477I; (Van Gennip

et al., 2004). Replacements of groups of amino acids in the C ter-
minal of the E2 protein can also influence the virulence of CSFV
(Risatti et al., 2007b). P7 can influence CSFV virulence, replication
and also the formation of infectious virions (Gladue et al., 2012;
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Fig. 3. Schematic diagram of the CSFV life cycle. The life cycle of CSFV is similar
to the life cycles of other members of the Flaviviridae family. Extracellular CSFV
virions encounter and interact with receptor molecules at the cell surface (a) and
go  through receptor-mediated endocytosis (b) into a low-pH vesicle, which triggers
conformational changes in the virion, fusion of the viral and cell membranes, particle
disassembly, and the release of viral RNA into the cytoplasm (c). The genomic RNA is
translated to a single large polyprotein that is then processed into 12 mature proteins
in  association with the ER membrane (d). The mature proteins replicate the RNA
genome via a minus-strand replicative intermediate to produce progeny positive-
strand RNA: a fraction of this newly synthesized RNA is packaged into nucleocapsids
for  budding into the ER (f). Virons follow the cellular secretory pathway and, during
this transportation, maturation of infectious particles occurs (g). Mature virons are
r
±
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eleased from the cell, completing the life cycle (h). + Is positive-sense genomic RNA;
 is minus-strand replicative intermediate associated with positive-strand genomic
NA.

arada et al., 2000). There is a putative Toll/interleukin-1 recep-
or (TIR)-like domain in NS4B that consists of two conserved box1
195IYKTYLSIRR204) and box2 (228SVGIAVML235) domains and

utations in these conserved domains can influence the virulence
f CSFV (Fernandez-Sainz et al., 2010). On the basis of these inves-
igations, we estimate that artificial modification in the conserved
omains will lead to alteration of virulence of CSFV. Moreover, the
irulence of CSFV might depend on multiple mechanisms involving
pro, C, Erns, E2, P7, and NS4B.

. CSFV life cycle and molecular features of the CSFV
enome

.1. CSFV life cycle

In recent years significant progress has been made in under-
tanding key steps of the CSFV life cycle, although many steps
emain enigmatic (Fig. 3). Once CSFV reaches the host target cell,
he infection cycle begins with the attachment and entry pro-
ess, which is mediated by the E1 and E2 glycoproteins (Wang
t al., 2004), while the cell surface receptor is undefined (Gladue
t al., 2014b) (possibly CD46, the receptor of BVDV (El Omari et al.,
013)), and the mechanism of CSFV endocytosis is still unclear
BVDV entry is dependent on clathrin-mediated endocytosis (Lecot

t al., 2005)). After CSFV entry, the membrane fusion is mediated
y glycoproteins in a pH-dependent way, triggered by acidification
Sieczkarski and Whittaker, 2002; Wang et al., 2004) and the pep-
ide 129CPIGWTGVIEC139 in E2 may  be involved in membrane fusion
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(Fernández-Sainz et al., 2014). After fusion of the viral envelope
and the cell plasma membrane, the viral nucleocapsid is released
into the cytosol of infected cells where cap-independent translation
gives rise to a polyprotein and replication of the viral genome is ini-
tiated. CSFV replication requires the synthesis of a complementary
RNA(−), which is used as a template for further synthesis of progeny
RNA(+), based on the observation that the NS5B protein binds the
minus-strand 3′ UTR more efficiently than the plus-strand 3′ UTR
(Xiao et al., 2004). Then NS2–3, along with cofactor NS4A, medi-
ates viron morphogenesis (Moulin et al., 2007). Finally, virions are
released from the host cell following maturation of the infectious
particles (David and Knipe, 2013b). All mature proteins (except
Npro) and the precursor NS2–3, are essential to the life cycle of
CSFV, while NS3, NS4A, NS4B, NS5A, NS5B are required for CSFV
RNA replication (Moulin et al., 2007). Upon infection, several bio-
logical processes of the infected cells are modulated to enhance
their replication and to some extent mediate immune evasion.
These are regulation of the SUMOylation pathway by Core, inter-
action between actin and E2, induction of S phase retardation by
NS2, stimulation of autophagy by NS5A and modulation of innate
immunity by Npro and Erns (Fig. 5).

3.2. Molecular features of CSFV genome and protein

CSFV is a single-stranded, non-segmented, positive-sense RNA
virus, and the diameter of this lipid-enveloped RNA virus is approx-
imately 40–60 nm.  The genome consists of a non-capped 5′ UTR
(containing the internal ribosome entry site or IRES), an open
reading frame (ORF), and a 3′ UTR lacking a poly A region (Thiel
et al., 1991). The ORF encodes a 3898 amino acid polyprotein that
undergoes transcriptional and post-transcriptional modifications
by a signal peptidase from the host cells and by Npro, NS2, and
NS3 proteinase from CSFV (Bintintan and Meyers, 2010; Gottipati
et al., 2013; Heimann et al., 2006; Moulin et al., 2007; Rümenapf
et al., 1998; Tang et al., 2010). Two  precursor proteins and 12
mature proteins are produced from the polyprotein: four struc-
tural proteins (C, Erns, E1, E2), eight non-structural proteins (Npro,
P7, NS2, NS3, NS4A, NS4B, NS5A, NS5B) and two  precursor pro-
teins (E2-P7, NS2–3; Fig. 4A). The precise cleavage sites between
adjacent proteins are shown in the entry for NC 002657 of the NCBI-
Viral Genomes database (Bao et al., 2004). We  defined the protein
topologies using bioinformatics, biochemical analysis and previous
research on CSFV (Fig. 4B).

The uracil-rich 3′ UTR is approximately 232 bp and is involved
in the initiation of virus replication (Björklund et al., 1998). The 3′

UTR consists of two NS5A binding sites: 3′ UTRSL-1 and 3′ UTRSL-2.
When NS5A is present in low concentrations, it joins with NS5B to
preferentially bind to 3′ UTRSL-1. When NS5A is present in high
concentrations, it may  also bind to 3′ UTRSL-2 in order to inhibit
RNA replication (Sheng et al., 2012). The Sheng et al. (2012) study
also indicated that NS5A has a higher affinity to the 3′ UTR than to
NS5B and NS5A has a higher affinity to 3′ UTRSL-1 than to 3′ UTRSL-
2. Previous research demonstrated that the 3′NCR insertion of 13
nucleotides in lapinized vaccine strains might be incorporated dur-
ing the adaptation of the virus to the rabbit host system (Björklund
et al., 1998). Li’s research (2014a) subverted this hypothesis and
demonstrated that the noncoding regions (NCRs) of C-strain were
essential for inducing fever in rabbits, but not necessary for viral
replication and adaptation in the spleen of rabbits.

The 5′ UTR region of CSFV is approximately 375 bp, and initiates
cap-independent translation (Fletcher and Jackson, 2002; Zhu et al.,
2010). The IRES is located between 60 nt and 375 nt in the 5′ end and

can be recognized by the ribosome to initiate translation. This initi-
ation process is similar to the initiation of translation in prokaryotes
in that the ribosome binds directly to the Shine–Dalgarno (SD)
sequence (Fletcher et al., 2002). Virus translation is regulated by
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Fig. 4. Organization of the CSFV genome, polyprotein processing, and protein topology. (A) The CSFV genome is a single-stranded, non-segmented RNA, consists of a non-
capped 5′ UTR (containing IRES), an open reading frame (ORF), and a 3′ UTR lacking a poly A region. The ORF encodes a 3898-amino acid polyprotein that undergoes a complex
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o-  and post-translational series of cleavage events, catalyzed by both host and vira
f  CSFV proteins relative to the ER membrane.

he IRES and viral genomes generally have a long 5′ UTR with mul-
iple AUG codons (Hellen and Sarnow, 2001). The IRES of CSFV
ontains complete domains II and III, stems 1 and 2, and a loop
etween the two stems (Fletcher and Jackson, 2002). The deletion
f domain II destroys the function of IRES, stem mutations sub-
tantially decrease the activity of IRES, and the size of the loop is
mportant for proper IRES function (Fletcher and Jackson, 2002). A
tudy by Zhu et al. (2010) found that IRES contains the binding sites
or NS3 and NS5A, which may  participate in both RNA replication
nd translation. IRES mediation of RNA translation, as well as repli-
ation, has also been illustrated in hepatitis C virus (HCV) (Friebe
t al., 2001).

The Npro gene codes for a 19 kDa protein of approximately 168
mino acids (Ruggli et al., 2005). Npro is a cysteine protease (Glu22-
is49-Cys69 is the active center) (Rümenapf et al., 1998) that forms

ts own C53 cysteine protease family (http://merops.sanger.ac.uk/)
Rawlings et al., 2014). Npro has an N terminal catalytic domain and

 C terminal zinc-binding domain (a metal-binding TRASH domain
onsisting of C112-X21-C134-X3-C138) (Gottipati et al., 2013;
zymanski et al., 2009). The cis-protease activity of Npro results
n the release of Npro from a polyprotein (Rümenapf et al., 1998).
he complete non-virus protein was able to be produced when eGFP
nd a foot-and-mouth disease virus 2a protease gene (FMDV 2apro)
ere inserted between npro and core (Fan and Bird, 2008), demon-

trating the cis-protease activity of Npro. Replacement of Npro by
 murine ubiquitin gene showed growth characteristics similar to
hose of the parent virus (Tratschin et al., 1998), indicating that
pro is not required for viral replication. Structural analysis of the

eleased Npro shows no protease activity because the C terminal
omain blocks the N terminal catalytic domain (Gottipati et al.,
013). Npro works in tandem with the C terminal zinc-binding

omain to decrease the levels of IFN regulatory factor 3 (IRF3) and

FN regulatory factor 7 (IRF7) through a ubiquitin proteasome path-
ay and the reduction of IRF3 and IRF7 can inhibit the production

f type I interferon and then decrease the anti-virus reaction in
eases, to produce 12 mature proteins and two precursor proteins. (B) The topology

cells (Bauhofer et al., 2007; Chen et al., 2007; Fiebach et al., 2011;
Gil et al., 2006; Iwasaki and Medzhitov, 2010; Ruggli et al., 2003;
Seago et al., 2007; Szymanski et al., 2009; Tarradas et al., 2014).
Npro also plays an important role in the process of escaping RNA-
induced apoptosis through interactions with HAX-1 (Johns et al.,
2010a,b). Genes in the HAX-1 and Bcl-2 families possess the homol-
ogous domain BH1, a potent inhibitor of Bax-induced apoptosis
(Sharp et al., 2002). This process promotes cell survival by inhibiting
the activation of caspase9 (Han et al., 2006). However, the double-
stranded RNA formed by the 5′ and 3′ UTRs of CSFV that triggers
cell apoptosis cannot be suppressed by Npro (Hsu et al., 2014).

The Core gene codes for a 14.3 kDa protein with 99 amino acids,
which is rich in alkaline amino acids (lysine and arginine) and influ-
ences the host gene expression (Heimann et al., 2006; Liu et al.,
1998). The Core protein is released from a polyprotein after the
N terminal is cleaved by Npro and the C terminal is cleaved by a
host signal peptidase (Gottipati et al., 2013; Heimann et al., 2006).
Cleavage inhibition of Npro leads to the accumulation of Npro-
core precursor proteins in the host cells (Rümenapf et al., 1998),
which clarify cleavage activity of Npro. Deletion experiments have
shown that 11–12AA, 26–30AA, and 40–44AA of the Core protein
are of vital importance to the production of progeny viruses (Riedel
et al., 2010). Deletion of 1–77AA of the Core protein leads to infer-
tility, which is reversible by providing the Core protein in trans,
and Ala87 seems to play an especially important role in fertility
(Riedel et al., 2010). The Core protein can enhance CSFV RNA repli-
cation in a virus species-specific manner (Li et al., 2014b), and
substitution of the OS9 binding site significantly decreases repli-
cation efficacy (Gladue et al., 2014a). In addition, the Core protein
can be involved in the SUMOylation pathway by interacting with
SUMO-1 (small ubiquitin-like modifier) and UBC9 (SUMO conjugat-

ing enzyme), which eventually mediates virus proliferation (Gladue
et al., 2010) and immune evasion of CSFV. This has also been shown
in some other viruses, such as the human cytomegalovirus (Huh
et al., 2008), Epstein-Barr virus (Shirai and Mizuta, 2008), dengue

http://merops.sanger.ac.uk/
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irus (Chiu et al., 2007), Moloney murine leukemia virus, (Yueh
t al., 2006) and vaccinia virus (Palacios et al., 2005).

Erns is a shortened form of “envelope protein RNase secreted”
nd codes for a 44 kDa protein consisting of 227 amino acids (van
ennip et al., 2000). A cleavage site between Erns and E1 is pro-
essed by the host signal peptidase and this process takes place in
he ER lumen (Bintintan and Meyers, 2010). Erns creates disulfide
inks to form a 100 kDa highly glycosylated homo-dimer in which
-linked glycosylated residues account for half of the molecular
ass (Branza-Nichita et al., 2004; Langedijk et al., 2002). Erns can

ttach to the cell surface of various species (Hulst and Moormann,
997) even if those species are not susceptible to CSFV, since the
ranslocation of Erns is energy-independent and not mediated by a
rotein receptor (Langedijk, 2002). Erns induces immune responses
s a minor neutralizing antigen during infection (Weiland et al.,
992). Erns has endonuclease activity and contains two  of the
niversal active domains of the RNase T2 family (CSFV: 38SLHGI-
PG45 and 75EWNKHGWC82) (Irie and Ohgi, 2001; Krey et al.,

012) and tends to cleave the linkage of NpU (Hausmann et al.,
004). Erns can regulate the synthesis of RNA in host cells, inhibit
rotein synthesis, induce apoptosis of lymphocytes and inhibit
arly-stage immunization of the host (Bruschke et al., 1997; Hulst
t al., 1998). Erns has no transmembrane domain, and can be
ecreted out of the host cells after maturation (Rümenapf et al.,
993). Studies on Erns in BVDV have shown that Erns can be trans-
orted to other parts of the body through the circulatory system and

nhibit the activation of the Toll-like Receptor (TLR) by degrading
xtracellular virus ssRNA or dsRNA that can inhibit the production
f type I interferons and assist in the coexistence of the virus and
ts host (Mätzener et al., 2009; Magkouras et al., 2008). It is possible
hat the Erns protein in CSFV functions in the same pathways, but
his remains to be tested.

The E1 gene codes for a 33 kDa protein consisting of 195 amino
cids. E1 is a type I transmembrane protein (Weiland et al., 1990).
he N terminal of E1 is an ectodomain and the C terminal is a
ydrophobic anchor that attaches E1 to the envelope of the virus
Thiel et al., 1991). E1 and E2 form heterodimers located on the
nvelope and mediate virus attachment and invasion (El Omari
t al., 2013; Wang et al., 2004).

The E2-P7 gene codes for a 443 amino acid non-structural pro-
ein, which is the outcome of low efficient cleavage in the division
ite between the E2 and P7 proteins (Elbers et al., 1996). BVDV
tudies have shown that introducing mutations in the cleavage site
auses the failure of E2 and P7 protein formation with normal RNA
eplication and flunked formation of infectious particle. This can be
eversed by furnishing P7 and E2 in trans. The insertion of a stop
odon in the signal peptide coding sequence and IRES between E2
nd P7 brings about failed formation of the E2-P7 protein, yet infec-
ious virions can still survive (Harada et al., 2000). These studies
emonstrate that E2-P7 is not essential for the generation of infec-
ious virions. The protein may  have other functions, but further
esearch is needed to discover these functions.

The E2 gene codes a 55 kDa structural protein that consists of
73 amino acids and has glycosylation on the surface and func-
ions as a primary neutralizing antigen. Incision between E1 and
2 is executed by the host signal peptidase located in the ER lumen
Bintintan and Meyers, 2010). E2 is a type I transmembrane pro-
ein with a transmembrane domain in its C terminal that can
nchor in the viral envelope (Li et al., 2013c; Risatti et al., 2007a).
he N terminal is an extracellular motif containing four antigen
omains: A, B, C, and D (Van Rijn et al., 1994) and the A domain
as three subdomains: A1, A2, and A3 (Van Rijn et al., 1993).

2 can form E2–E2 homodimers (100 kD) or E1–E2 heterodimers
75 kD) with a disulfide bond (Weiland et al., 1990; Wensvoort
t al., 1990). E2 (186–261AA, 262–341AA) can interact with �-actin
95–188AA) and influence viral replication and CSFV invasion, but
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glycosylation has no influence on these interactions (Fig. 5) (He
et al., 2013). In addition, Gladue’s study of a yeast two-hybrid sys-
tem found that proteins from swine cells could interact with CSFV
E2 proteins (Gladue et al., 2014b). This provides candidates of CSFV
receptors, but further investigation is needed.

P7 is a 70 kDa two-transmembrane protein that consists of 70
amino acids (Elbers et al., 1996). The P7 protein forms an ionic chan-
nel that consists of two hydrophobic domains (TM1 and TM2) and
a cytosolic loop linking the two domains, and both the N terminal
and C terminal domains of P7 are positioned toward the ER lumen
(Guo et al., 2013a). Cleavage sites between E2/P7 and P7/NS2 are
located in the N terminal of N7 and NS2 and can be cleaved by
host signal peptidase (Bintintan and Meyers, 2010; Elbers et al.,
1996; Harada et al., 2000). These cleavage sites rely on microsomal
membranes, suggesting that the late stage process of polyprotein
formation occurs in the ER (Elbers et al., 1996; Guo et al., 2013a).
At an early stage of viral replication, P7 attaches to the ER mem-
brane by co-translation and the polarity sequence RDEPIKK that is
positioned in the cytosolic region may  initiate budding process and
mediate virus packaging (Elbers et al., 1996). P7 can influence CSFV
replication and the formation of infectious virions (Gladue et al.,
2012; Harada et al., 2000). Furthermore, p7 protein is a short-lived
protein degraded by the proteasome that induces the proinflam-
matory cytokine IL-1� secretion, which is one of the fundamental
reactions of the innate immune response to viral infection (Lin et al.,
2014).

NS2–3 is a gene that codes for a 120 kDa protein consisting of
1140 amino acids. NS2–3 recruits NS4A to form an NS2–3–4A com-
plex used to produce infectious virions (Lamp et al., 2013; Moulin
et al., 2007). Studies of BVDV indicate that the insertion of ubiquitin
or IRES between NS2 and NS3 can inhibit formation of the NS2–3
complex. This has no effect on RNA replication, but halts the pro-
duction of infectious virions. Virion production can be regained by
co-expressing NS2–3 (Agapov et al., 2004). NS2–3 recruits NS4A
and together they recruit NS4B, NS5A and NS5B (Moulin et al.,
2007). At this point, NS2 binds to JIV with a cis-cleavage release of
NS2, and then an RNA replication complex is formed by NS3, NS4A,
NS4B, NS5A and NS5B (Lackner et al., 2006; Moulin et al., 2007). If
NS2–3 succeeds in separating, then RNA replication will occur. If
NS2–3 fails to separate, then formation of infectious particles will
be mediated by interactions with NS4A (Moulin et al., 2007).

NS2 contains 457 amino acids and exhibits auto-protease activ-
ity (Lackner et al., 2006). NS2 can be released from NS2–3 by
cis-cleavage and is fixed to the ER by highly hydrophobic domains
in the N terminal (Tang et al., 2010). NS2 can accelerate the protea-
somal degradation of Cyclin A, but also increase the transcriptional
levels of Cyclin A (Tang et al., 2010). When this occurs, the host cell
suspends growth in the S phase and creates a good environment
for virus RNA replication (Tang et al., 2010). This phenomenon has
also been found in HCV (Yang et al., 2006), herpes virus (Kudoh
et al., 2003) and human T-lymphotrophic virus type I (Liang et al.,
2002) infected host cells. In vitro experiments indicated that NS2 is
not essential to RNA replication, but could prolong the half-time of
replication in transfected cells (Moser et al., 1999). NS2 expression
can result in an ER-stress response (Tang et al., 2010) and the acti-
vation of NF-�B, which can lead to the up-regulation of IL-8 (Tang
et al., 2011), which can antagonize type I IFN response (David and
Knipe, 2013a). The anti-apoptosis factor Bcl-2 can be up-regulated
to inhibit MG132-induced apoptosis by the NS2 protein (Tang et al.,
2011). In addition, phosphorylation of short-lived NS2 by the pro-
tein kinase CKII can promote the degradation of NS2 (a reaction
that is otherwise inhibited by MG132) (Guo et al., 2013b).
NS3 codes for a 80 kDa protein consisting of 683 amino acids
(Lamp et al., 2013). This is a multi-functional protein that exhibits
serine protease, RNA helicase, and NTPase activities and plays an
important role in transcription and translation (Sheng et al., 2007).
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Fig. 5. Interaction pathways between CSFV and host cells. (I) Npro plays an important role in the process of escaping dsRNA-induced apoptosis through an interaction with
HAX1,  which inhibits Bax-induced apoptosis and then promotes cell survival by inhibiting the activation of caspase9. Npro can decrease the content of IRF3 and IRF7 through
the  ubiquitin proteasome pathway that ultimately results in inhibiting the production of type I interferon and then interfering with anti-virus reactions in the cells. (II) Core
proteins  play a role in the SUMOylation pathway via interaction with SUMO-1 and UBC9 in order to mediate virus proliferation and evasion. (III) Erns may be transported
to  other cells by the blood and inhibit the activation of Toll-like Receptors (TLR) by degrading the extracellular virus ssRNA or dsRNA, that leads to the inhibition of type I
interferon production and allows the virus and host to coexist (Mätzener et al., 2009; Magkouras et al., 2008). (IV) E2 can interact with �-actin. (V) NS2 protein can up-regulate
the  expression of the anti-apoptosis factor Bcl-2 to inhibit the MG132 induced apoptosis and this allows CSFV to coexist with the host cell. Phosphorylation of NS2 by protein
kinase CK II can promote the degradation of NS2 that can be inhibited by MG132. NS2 expression leads to the activation of NF-�B and can up-regulate the expression of IL-8.
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VI)  BPIP can suspend the replication and diffusion of CSFV via NS5B and may prov
nhibit the replication of CSFV.

he serine protease domain is situated in the first third of the N
erminal sequence and the RNA helicase and NTPase domains are
ocated in the C terminal (Xu et al., 1997). It has been shown that the
hree domains rely on each other for proper functioning (Voigt et al.,
007). NS3 contains a nucleotide binding domain (NBM) found in
ll helicases and most NTPases (Gorbalenya and Koonin, 1989a;
alker et al., 1982). The NS3 helicase relies on NTP and a bivalent

ation (especially ATP and Mn2+) and utilizes the 3′ unpaired RNA
s a template (Wen  et al., 2007). NS3 serine protease can cis-cleave
S3–4A to release NS3 and can trans-cleave NS4A, NS4B, NS5A and
S5B, relying on a 64 amino acid cofactor in NS4A (Lamp et al.,
013; Moulin et al., 2007; Tautz et al., 1997; Tautz et al., 2000; Xu
t al., 1997). NS3 serine protease can increase helicase activity, but
as no influence on NTPase (Wen  et al., 2009). The helicase activity
f NS3 can promote the translation activity mediated by IRES (Zhu
t al., 2010). A bioinformatic analysis showed that the RNA helicase
n NS3 has a classic DEYH motif found in superfamily II helicases
nd mutations in the DEYH motif influences RNA replication (Sheng
t al., 2010). NS3 helicase can promote IRES-mediated translation
nd cell-mediated translation (Xiao et al., 2008). The accumulation
f NS3 in cells can result in cytopathy (Aoki et al., 2004).

NS4A consists of 64 amino acids and is a cofactor of NS3 serine
rotease. This protein influences RNA replication and the forma-
ion of infectious virion (Moulin et al., 2007). NS4B consists of
47 amino acids and exhibits NTPase activity. There are two  con-
erved domains: WalkerA (209–216AA) and WalkerB (335–342AA)
Gladue et al., 2011b). In vitro expression of both wild type and

utant NS4B indicates that WalkerA is the key site for NTPase
ctivity and is essential for RNA replication (Gladue et al., 2011b).

The NS5A protein consists of 497 amino acids. NS5A can stim-
late the assembling of polyproteins and inhibit transcription and
ranslation (Sheng et al., 2010; Xiao et al., 2009). The conserved
omain (C2717–C2740–C2742–C2767) forming the zinc-binding
otif is of vital importance to RNA replication and virus growth

Sheng et al., 2010). Studies of CSFV, HCV and BVDV found that

xpression of NS5A in trans can rescue RNA replication after NS5A
eletion or mutation (Appel et al., 2005; Grassmann et al., 2001;
heng et al., 2010), indicating that NS5A is a trans factor during
eplication. However, NS3 and NS5B deletions could not be rescued
ew target for anti-virus studies. (VII) IFN-� may up-regulate expression of MX1  to

by supplementation, suggesting that NS3 and NS5B are cis-acting
elements (Sheng et al., 2010). RNA replication that is influenced by
NS5A deletions cannot be rescued by supplementation if there is a
mutation in the N terminal amphipathic alpha-helix (Brass et al.,
2002). NS5A can induce the autophagy pathway of host cells, which
can enhance viral replication and the time until maturity of CSFV
(Pei et al., 2013) and is a common effect in other viruses, such as the
herpes simplex virus type 1 (Orvedahl et al., 2007), human immun-
odeficiency virus type 1 (Alirezaei et al., 2008; Kyei et al., 2009),
coxsackie virus (Wong et al., 2008), dengue virus (Lee et al., 2008),
influenza A virus (Zhou et al., 2009), and hepatitis C virus (Dreux
et al., 2009). Mutation studies indicate that NS5B inevitably bound
to 137–172 and 224–268 amino acids and could bind to 390–414
amino acids of NS5A (Chen et al., 2012). When NS5A is present at
low concentrations, it prefers to bind to NS5B and promotes RNA
replication. Oversaturated NS5A (137–172AA and 224–268AA) will
bind to the 3′ UTR to inhibit RNA replication (Chen et al., 2012).
Oversaturated NS5A can inhibit translation because the 390–414AA
in the C terminal of NS5A can interact with IRES 60–130 nt and
234–393 nt to competitively inhibit the interaction of NS3 and IRES
(Chen et al., 2012; Xiao et al., 2009; Zhu et al., 2010). NS5A can also
inhibit translation due to the interactions between NS5A and NS3
(Lai et al., 2008). Altogether, NS5A can influence both RNA replica-
tion and translation. Furthermore, NS5A can induce the autophagy
of host cells, which can enhance viral replication and maturity of
CSFV in host cells, and may  be related to immune evasion (Pei et al.,
2013).

NS5B is an RNA-dependent RNA polymerase (RdRp) consisting
of 718 amino acids that bind to a homologous sequence of the 3′

UTR to initiate translation (Xiao et al., 2002, 2004, 2006). Replicases
(RdRp) can recognize and bind to the 3′ UTR of the positive strand
RNA and produce negative strand RNA that can be used for the pro-
duction of positive strand RNA (Gong et al., 1996). NS5B prefers
to combine with the negative strand RNA to produce more posi-
tive strand RNA (in the CSFV genome) (Xiao et al., 2004). Almost

all RdRps have a GDD (Gly-Asp-Asp) conserved domain that serves
as the active site for catalysis activity (Wang et al., 2007). A crystal
structure analysis found that RdRps are comprised of five motifs,
A to E (Bressanelli et al., 1999; Choi et al., 2004; Lai et al., 1999).
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he A, B, C, and D motifs are Palm domains and the C motif forms
 �-strand-turn-�-strand structure that contains the GDD con-
erved domain for ion regulation (Lai et al., 1999; Lohmann et al.,
997; Wang et al., 2007). Deletion studies indicate that NS3 is a
erine protease (30–70AA) that can bind to the surface of NS5B
63–99AA, 611–642AA) and activate the RdRp (Wang et al., 2010,
011). NS5B can stimulate NS3 to increase the rate of translation
Xiao et al., 2008). Surprisingly, NS5B can also interact with the pro-
ease domain of NS3 to weaken interactions between NS3 and IRES
Zhu et al., 2010). Based on these contradictory interactions, we
ave hypothesized the following sequence of events in the path-
ay: NS5B binds to the protease (30–70AA) of NS3. The protease

hen activates the helicase domain. The helicase further activates
RES mediated translation. When NS5B constantly binds to NS3, this
ccelerated translation will be inhibited. Furthermore, Xiao et al.
2004) found that NS5B exhibits nucleotidyl transferase activity.

Recent research has provided new and interesting insights into
he functions of CSFV proteins and how they interact with the host
ell at the molecular level, which in turn is offering hope for new
trategies to prevent CSFV infection.

.3. Antivirus

New developments in CSFV research may  result in the discov-
ry of new anti-virus targets. The fusion of CSFV capsid proteins
nd Staphylococcus aureus nuclease can specifically hydrolyze CSFV
ucleotides. This technology is called capsid-targeted viral inacti-
ation (CTVI) and has been developed for HIV-1, HBV, MLV, and
engue virus, and it might also be a valuable therapeutic approach
gainst CSFV infection. Core proteins can activate the human heat
hock protein 70 promoter and also inhibits the SV40 early pro-
oter, suggesting that the core protein functions as a transcription

actor for the regulation of gene expression and is a factor in
he viral maturation process (Liu et al., 1998). RNA interference
specific to the core gene siRNA 253) can de-regulate virus dupli-
ation and viral gene expression (Porntrakulpipat et al., 2010). An
NAi strategy has also been used for other viruses, such as foot-
nd-mouth disease (Chen et al., 2004), influenza (Ge et al., 2003),
orcine reproductive and respiratory syndrome (He et al., 2007)
nd porcine transmissible gastroenteritis (Zhou et al., 2007). The
hage-displayed E2-binding peptides DRATSSNA can inhibit CSFV
eplication in PK-15 cells, which has the potential to be devel-
ped as antivirals for CSF (Yin et al., 2014). Two pore-forming
nhibitors, amantadine and verapamil, were able to reduce the
iter of CSFV, without affecting the viability of the host cell SK6
ccording to an MTT  experiment (Gladue et al., 2012). BPIP (5-[(4-
romophenyl) methyl]-2-phenyl-5H-imidazo[4,5-c]pyridine) was
ble to suspend the replication and diffusion of CSFV via NS5B and
his has provided a new method for the study of anti-virus meth-
ds (Haegeman et al., 2013; Vrancken et al., 2008, 2009a). Human
xA  protein and Porcine Mx1protein can inhibit the replication of

SFV (He et al., 2014; Zhao et al., 2011) and IFN-� may  up-regulate
X1 expression (Magkouras et al., 2008). Antiviruses could poten-

ially target the regulation of Mx1. These ideas for antiviral research
ight transform CSFV treatment, but need more in-depth study.

. Outlook

Despite recent progress in our understanding of CSFV, many
uestions remain. Understanding the mechanism of CSFV entry is a
riority for controlling viral transmission. Though much is known

bout viral replication and translation, our understanding of the
echanism of virus proteins is still in its infancy. What deter-
ines the fate of newly synthesized RNA? What are the steps of

irus assembly? Where does virus assembly occur and how do they
 197 (2015) 35–47 43

release from the cell? Beyond multiple immune escape pathways,
what other virus–host interactions are important for this clever
RNA virus to establish and maintain persistent infection and outwit
the supposedly sophisticated immune system of the host? An effi-
cient commercial DIVA maker vaccine is required to eradicate CSFV.
Antivirus strategies for controlling CSFV are at a preliminary stage
of development and further research should be done to develop
new commercial treatments.
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