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ABSTRACT

Classical swine fever virus (CSFV) is the causative pathogen of classical swine fever (CSF), a highly con-
tagious disease of swine. Mx proteins are interferon-induced dynamin-like GTPases present in all verte-
brates with a wide range of antiviral activities. Although Zhao et al. (2011) have reported that human
MxA can inhibit CSFV replication, whether porcine Mx1 (poMx1) has anti-CSFV activity remains
unknown. In this study, we generated a cell line designated PK-15/EGFP-poMx1 which expressed porcine
Mx1 protein constitutively, and we observed that the proliferation of progeny virus in this cell line was
significantly inhibited as measured by virus titration, indirect immune fluorescence assay, Q-PCR and
Western blot. Furthermore, when PTD-poMx1 fusion protein expressed in Escherichia coli (Zhang et al.,
2013) was used to treat CSFV-infected PK-15 cells, the results showed that PTD-poMx1 inhibited CSFV
replication in a dose-dependent manner. Additionally, the proliferation of progeny virus was inhibited
as measured by virus titration and Q-PCR. Overall, the results demonstrated that poMx1 effectively inhib-
ited CSFV replication, suggesting that poMx1 may be a valuable therapeutic agent against CSFV infection.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Classical swine fever virus (CSFV), a member of the genus Pesti-
virus within the family Flaviviridae, is a small enveloped positive-
strand RNA virus (Meyers et al., 1989; Wengler, 1991). Classical
swine fever (CSF) caused by CSFV is an acute and highly contagious
disease of swine. Although conventional vaccines, including the
attenuated lapinized Chinese strain (C strain), provide complete
protection to control CSF (Graham et al., 2012), they do not adhere
to the principle of differentiating infected from vaccinated animals
(DIVA) and consequently they are not often used in areas where
CSF has been eradicated. However, DIVA-adherent vaccines,
including subunit vaccines, provide incomplete protection com-
pared with conventional vaccines (Ahrens et al., 2000). Vaccination
for CSF control is a complicated issue (Newcomer and Givens,
2013). It is, therefore, necessary to develop novel antiviral treat-
ments against CSFV infection.

Type I interferon (IFN) is produced abundantly in the virus-in-
fected cells soon after infection. Mx proteins are interferon-in-
duced dynamin-like GTPases that are present in all vertebrates,
such as mammals, birds and fish (Chaleston and Stewart, 1993;
Hailer and Kochs, 2002; Haller et al., 2007), and have a broad range
of antiviral activities (Mitchell et al., 2013). Murine Mx1 is a nucle-
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ar protein with specific activity against Orthomyxoviruses, whereas
human MxA is a cytoplasmic protein and has a broad antiviral
spectrum against many RNA viruses, including Orthomyxoviridae,
Rhabdoviridae and Bunyaviridae (Haller et al., 2007). Porcine Mx
was firstly isolated from German Landrace breed and the existence
of two Mx genes, Mx1and Mx2, was reported (Miiller et al., 1992).
The porcine Mx1 (poMx1) gene was mapped on chromosome 13
(Rettenberger et al.,, 1996) and the full-length poMx1 gene is
1992 bp. Previous studies have shown that poMx1 can confer resis-
tance to vesicular stomatitis virus (VSV) (Asano et al., 2002; Zhang
et al., 2013) and influenza virus (Nakajima et al., 2007; Palm et al.,
2010), suggesting that poMx1 is an important mediator of the IFN-
induced antiviral state. Endogenous Mx genes are not expressed
without IFN (Haller et al., 1998). Previous studies have demon-
strated that the lack of IFN-a/B in CSFV-infected cells leads to the
absence of expression of dozens of genes responsible for executing
antiviral effects, including the porcine endogenous Mx1 (Seago
et al., 2007; Durand et al., 2009; Xia et al., 2005). Therefore, we
strengthened the expression of Mx1 in CSFV-infected cells to
investigate whether exogenous Mx1 harbors an antiviral activity
against CSFV. In this study, under G418 selection, a mammalian
cell line PK-15 stably expressing EGFP-poMx1 fusion protein was
developed and the anti-CSFV activity of EGFP-poMx1 was deter-
mined by means of a series of assays. Moreover, PTD-poMx1 fusion
protein expressed previously was used to treat the CSFV-infected
PK-15 cells in order to confirm the anti-CSFV ability of poMx1.
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The results provided a support that poMx1 could inhibit CSFV rep-
lication and be a novel antiviral therapeutic agent against CSFV
infection.

2. Materials and methods
2.1. Cells, virus and plasmid

PK-15 cells were purchased from ATCC (CCL-33), and propa-
gated in DMEM supplemented with 10% fetal bovine serum,
100 pig/ml streptomycin and 100 IU/ml penicillin (GIBCO, Invitro-
gen). Virulent CSFV Shimen strain was obtained from the National
Institute of Veterinary Drug Control (Beijing, China; GenBank
accession number: AF092448). Plasmid pT-poMx1 which contains
porcine Mx1 gene was reported previously (Zhang et al., 2013).

To construct poMx1-expressing plasmid, the 1992 bp of
poMx1 gene was amplified using a pair of primers (P1: 5'-
AGGGCTCGAGCTGTTTATTCCAGCTGTG-3';

P2: 5'-AGGGATCCGCCTGGGAACTTG-3') according to a protocol
described previously (Zhang et al., 2013), PCR products were
cloned in-frame with EGFP into the vector pEGFP-C1 at Xho I and
BamH 1 sites. The resulting plasmid was confirmed by DNA
sequencing.

2.2. Development of stable cell line

PK-15 cells with 80% confluence in a 24-well plate were trans-
fected with pEGFP-poMx1 using Lipofectamine 2000 (Invitrogen,
USA) according to the manufacture’s instructions. Twenty-four
hours after transfection, fresh DMEM containing 700 pg/ml G418
was added to cells, the medium was changed every 3-5 days until
G418-resistant cell foci appeared. The antibiotic-resistant cell foci
were pooled and expanded in DMEM containing 350 pg/ml G418.
The cell line stably expressing poMx1 was designated as PK-15/
EGFP-poMx1. Expression of EGFP-poMx1 fusion protein was con-
firmed by fluorescence microscopy and Western blot.

2.3. Reverse transcription (RT)-PCR

RT-PCR was carried out to further confirm the poMx1 gene con-
tained in the developed cells. Briefly, total RNA was isolated from
cracked PK-15/EGFP-poMx1 cells using TRIzol (Invitrogen, CA,
USA). The RNA was treated with DNase, and transcription of the
EGFP-poMx1 gene from the cell line was detected by RT-PCR. The
poMx1 gene was detected by a pair of primers P1 and P2 as de-
scribed above, the EGFP gene was detected using a pair of primers
P3 and P4 as follows: P3:5-CATGGTGAGCAAGGGCGAGG-3'; P4: 5'-
GCTTTACTTGTACAGCTCGT-3'. Amplification of EGFP gene con-
sisted of 94 °C for 5 min for pre-denaturing, then 35 cycles of
94 °C, 1 min for denaturing, annealing at 55 °C for 1 min, extension
at 72 °C for 1 min, and a final extension at 72 °C for 10 min. PCR
products were analyzed by electrophoresing 5 pL aliqutos through
1% agarose gel in 1 x TAE buffer.

2.4. Western blot analysis

Protein concentration of the cell lysates was determined by the
Coomassie blue dye-binding assay (Bio-Rad, CA, USA). Equal
amounts of lysates were boiled in SDS sample buffer for 5 min
and the proteins were separated on 12% SDS-polyacrylamide gels
followed with being transferred onto nitrocellulose membrane
(Millipore, MA, USA) by a semi-dry transfer method (Maniatis
et al., 1989). In this study, three Western blot analyses were carried
out as follows: (i) The expression of poMx1 in PK-15/EGFP-poMx1
was confirmed. The membranes were blocked with TBST buffer

containing 5% skim milk overnight at 4 °C, and incubated with
anti-poMx1 mAb (Abcam, USA) (diluted 1:1000 in PBS plus 2%
BSA) at room temperature for 2 h. The bound antibody was de-
tected by being incubated with goat anti-mouse IgG conjugated
with horseradish peroxidase (HRP) (Santa Cruz, USA) and visual-
ized with enhanced chemiluminescence (ECL, GE Healthcare Life
Science) (Pang et al., 2013). (ii) The lack of poMx1 in CSFV-infected
PK-15 cells was confirmed. PK-15 cells were seeded into a 6 well
plate. When 90% confluence, the cells were infected with 200
50% tissue culture infectious dose (TCIDso) CSFV Shimen strain
and further cultured in 2% DMEM for 24 h. Alternatively, the cells
were stimulated with IFN-o (1000 U/ml) and further cultured in
2% DMEM for 24 and 48 h. Then, the lysates of cells were trans-
ferred onto a nitrocellulose membrane. The IFN-o-induced poMx1
protein was probed by anti-poMx1 mAb according to the above
procedure. (iii) As for CSFV-infected PK-15/EGFP-poMx1 and PK-
15 cells, the total lysates were separated on 12% SDS-polyacryl-
amide gels and transferred onto nitrocellulose membrane as de-
scribed above. The membrane was then probed with anti-CSFV-
E2 mAb (WH303), and the anti-B-actin antibody (Santa Cruz) was
used as a loading control. Bound antibodies were visualized using
ECL as described above.

2.5. Immunofluorescence assay

Transfected cells that had been passaged more than 15 times
and mock-transfected cells were collected on coverslips, fixed with
4% paraformaldehyde in PBS, and permeabilized with 0.2% Triton
X-100. Cell nuclei were visualized with 4’,6-diamidino-2-phenylin-
dole (DAPI). Green fluorescent spots of poMx1 were directly ob-
served with fluorescence microscope. Images were recorded with
a confocal microscope (Leica Sp5 AOBS confocal system) with a
63 x HCX PL Apo 1.4 oil immersion objective (Zhang et al., 2013).

To examine whether poMx1 interfered with viral protein in
CSFV-infected cells, we performed immunofluorescence staining
as described previously (Zhou et al., 2010). Briefly, PK-15/EGFP-
poMx1 cells grown on glass coverslips were infected with 200
TCIDsog CSFV Shimen strain. At 24 h post-infection (hpi), the cells
were washed with PBS, fixed with 4% paraformaldehyde in PBS,
and permeabilized with 0.2% Triton X-100. Anti-CSFV-E2 mAb
(WH303) was diluted 1:100 and reacted with the permeabilized
cells. After thorough washing, the coverslips were reacted with
goat anti-mouse immunoglobulin G (IgG) conjugated to TRITC (Cell
Signaling Tech, USA). After washing, the cells were visualized using
a confocal microscope (Leica Sp5 AOBS confocal system) with a
63 x HCX PL Apo 1.4 oil immersion objective.

2.6. GTPase activity of EGFP-poMx1 fusion protein

The Mx1-associated GTPase activity of EGFP-poMx1 fusion pro-
tein expressing in PK-15/EGFP-poMx1 cell line was performed
using QuantiChrom™ ATPase/GTPase Assay Kit (BioAssay Systems,
USA) according to a protocol described previously (Zhang et al.,
2013). Briefly, PK-15/EGFP-poMx1 and PK-15 cells were washed
three times with ddH,0, the cell pellet was re-suspended in ddH,0
and lysed by sonication on ice for 1 min with 2-s intervals. The ly-
sates were centrifuged at 10,000xg for 15 min, and the GTPase
activity of the supernatant was examined. Cell lysates from PK-
15 cells were used as a negative control.

2.7. MTT assay

Cell viability was determined by MTT assay (in triplicate) (Yoo
et al., 2009). First, the different generations of PK-15/EGFP-poMx1
cells were seeded into a 96-well plate and then maintained in
DMEM containing 10% FBS for 5 days, and PK-15 cells were used
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as the control. Thereafter, 50 pul of MTT (Sigma-Aldrich) solution
(2 mg/ml) was added to the culture medium and plates were incu-
bated for 4 h at 37 °C. Formazan crystals were dissolved in 500 pl
dimethyl sulfoxide (Sigma-Aldrich), and the values of ODsgo were
detected by ELx800 (Bio-TEK). The results were expressed relative
to the optical density of wells containing untreated control cells,
defined as 100% viability. Second, PK-15 cells seeded into a 96-well
plate were incubated with different concentrations of PTD-poMx1
fusion protein (20, 40, 80, 160 and 320 pg/ml) for 72 h. Another
MTT assay was performed according to the above procedure.

2.8. Real-time fluorescence quantitative PCR (Q-PCR)

To quantify CSFV RNA in PK-15 cells and PK-15/EGFP-poMx1
cells, Q-PCR was carried out using a pair of primers for amplifying
the CSFV gene. At 24, 48, and 72 hpi, viral RNA was extracted from
cell culture supernatants and cells by using TRIzol reagent. RNA
pellets were suspended in 20 pl DEPC-treated H,0 and a reverse
transcription (RT) reaction was performed by utilizing an RT reac-
tion kit (Takara, Dalian, China). Two pairs of specific primers were
designed to amplify a 157 bp fragment of CSFV E2 gene (GenBank
Accession AF092448.2) and a 114 bp fragment of PK-15 cell (Gen-
Bank Accession AY550069.1) in the conserved region by utilizing
the DNAMan software, respectively (CSFV-E2-F: 5'-GAG-
GGATTTGACTAGGGTCTGGAAT-3'; CSFV-E2-R:5'-GTACCTGTAATCT
TCCTTGCAGGCT-3'; B-actin 1F: 5'-CTCCATCATGAAGTGCGACGT-3/,
B-actin 2R:5-GTGATCTCCTTCTGCATCCTGTC-3’), Q-PCR was per-
formed by using SYBRGreen PCR master mix (Takara, Dalian,
China), 0.25 mM each primer and 20 pl RT product, following the
manufacturer’s protocols (Applied Biosystems). Samples were
heated for 30 s at 95 °C and a two-step cycle (5s at 95 °C, 31 s at
60 °C) was repeated for 40 cycles. Relative quantification of CSFV
RNA related the PCR signal of the target transcript in a treated
group to that of another sample such as an untreated control.
The results of 2-2#t showed the difference between experimental
group and control group (Livak and Schmittgen, 2001).

AACt = PK-15/EGFP—poMx1 (Ctessy — Ctp_actin)
— control PK-15(Ctesry — Ctpactin)-

2.9. Virus yield reduction assay

PK-15/EGFP-poMx1 or PK-15 cells were infected with 100
TCIDso CSFV Shimen strain for 1 h. At 24, 48 and 72 hpi, the super-
natants were collected and the cells were lysed by three freezing—
thawing cycles. Extracellular virus and intracellular virus yields
were titrated according to a protocol described previously (Shi
et al., 2013). The data were presented as TCIDsy from
quadruplicate.

2.10. Preparation of PTD-poMx1 fusion protein

The expression and purification of the PTD-poMx1 fusion pro-
teins were carried out as described previously (Zhang et al,,
2013). The freshly purified proteins were treated with Detoxi-Gel-
TM Endotoxin Removing Gel (Thermo, USA) to remove endotoxin
derived from bacterial culture in the fusion proteins. The transduc-
tion and GTPase activity of fusion proteins were confirmed as de-
scribed previously (Zhang et al., 2013).

2.11. PTD-poMXx1 fusion protein inhibited CSFV replication
The anti-CSFV activity of PTD-poMx1 was determined as fol-

lows. First, after inoculation of 200 TCIDso, CSFV Shimen strain in
PK-15 cells for 1 h at 37 °C, the cells were washed with PBS and

incubated in DMEM with PTD-poMx1 (5, 10, 20, 40, 80 and
160 pg/ml) for 24 h. Total RNA was extracted from PK-15 cells
using TRIzol reagent, then viral RNA was amplified by Q-PCR
according to the above protocol. Second, PK-15 cells were seeded
to a confluent monolayer in a 96-well plate and then infected with
100 TCIDsq CSFV Shimen strain for 1 h at 37 °C. At the end of
adsorption, the supernatant of each well was removed, and PK-
15 cells were incubated in DMEM with 80 pg/ml PTD-poMxl1.
Virus yield reduction assay was carried out as described above. A
TCIDsq assay was performed to detect the virus in the supernatant
every day after infection. Finally, another Q-PCR reaction was car-
ried out to quantify intracellular CSFV RNA in PTD-poMx1-treated
and untreated PK-15 cells. At 24, 48 and 72 hpi, viral RNA was ex-
tracted using TRIzol reagent and amplified by Q-PCR according to
the above protocol.

2.12. Statistics analysis

All data were presented as means * standard deviation (S.D.)
from multiple experiments. Statistics analysis was performed with
ANOVA (F test) software. A p value <0.05 was considered statisti-
cally significant.

3. Results
3.1. The loss of endogenous poMx1 in CSFV-infected cells

As shown in Fig. 1, under the stimulation of IFN-a, PK-15 cells
could produce the endogenous poMx1 protein (lane 2 and 3), but
no inner poMx1 protein was produced in CSFV-infected PK-15 cells
(lane 4). The results demonstrated that high virulent CSFV Shimen
strain could inhibit the pathway of IFN-a, causing the loss of
endogenous interferon-induced proteins, such as poMx1.

3.2. Stable expression of EGFP-poMx1 fusion protein

The constructed pEGFP-poMx1 plasmid was transfected into
the PK-15 cells, cultured in the presence of G418, and antibiotic-
resistant cells were selected. The resulting cell line designated as
PK-15/EGFP-poxM1 was passaged for 15 generations or more in
the presence of G418, and the cell viability of each passage was
examined by MTT assay. As shown in Fig. 2A, there was no differ-
ence in the cell viability among different passages of PK-15/EGFP-
poMx1 cells. Constitutive expression of EGFP-poMx1 fusion
protein from this cell line was confirmed by the following experi-
ments. (i) Fluorescence microscopy. PK-15/EGFP-poMx1 cells or
non-transfected PK-15 cells were fixed as described in material
and methods and examined with confocal fluorescence micros-
copy. As shown in Fig. 2B, EGFP-poMx1 fusion protein localized
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Fig. 1. CSFV inhibited the production of poMx1 protein. Lane 1: the lysates of PK-15
cells; Lanes 2 and 3: the lysates of PK-15 cells stimulated by IFN-ot (1000 U/ml) for
24 and 48 h, respectively; Lane 4: the lysates of PK-15 cells infected with CSFV
Shimen strain for 24 h.
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Fig. 2. Generation of PK-15/EGFP-poMxT1 cell line stably expressing poMx1. (A)Viability of PK-15/EGFP-pMx1 cells of various passages. The 5", 10", 15 passages of PK-15/
EGFP-poMx1 cells were grown in a 96-well plate for 72 h, and the cell viability was determined by MTT assay. The cell viability of PK-15 was used as control. Data are
expressed as mean (% of control mean)  S.D. from three independent experiments. (B) Fluorescence microscopy examination of PK-15/EGFP-poMx1 cells or PK-15 cells. Cells
grown on glass coverslips were fixed with 4% paraformaldehyde and examined with confocal microscopy. (C) RT-PCR analysis of mRNA in PK-15/EGFP-poMx1 cell line. Lanes
1 and 7: Water as a negative control; lanes 2 and 5: plasmid pEGFP-poMx1 as a positive control; lanes 3 and 6: total RNA extracted from PK-15/EGFP-poMx1 cells; and lane
4: DL 2000 Marker. (D) Western blot analysis of PK-15/EGFP-poMx1 cell lysates with anti-poMx1 mouse monoclonal antibody. Lane1: lysates of PK-15/EGFP-poMx1 cells;
lane 2: lysates of PK-15 cells transfected with pEGFP-C1; lane3: lysates of PK-15 cells; and M: Prestained Protein Ladder. (E) PK-15/EGFP-poMx1 showed GTPase activity. PK-
15/EGFP-poMx1 or PK-15 cells, grown for 12, 24, and 48 h, respectively, were washed with ddH,0, and lyzed in RIPA buffer with sonication. The GTPase activity of the cell
lysates was examined by QuantiChrom™ ATPase/GTPase Assay Kit (BioAssay Systems, USA) according to a protocol.

exclusively in the cytoplasm of PK-15 cells. (ii) RT-PCR. Fig. 2C were amplified from the total RNA of PK-15/EGFP-poMx1 cells,
showed that both poMx1 gene (1992 bp) and EGFP (724 bp) gene but not from that of PK-15 cells. (iii) Western blot. Fig. 2D showed
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that a protein with a molecular weight of approximately 99 kD was no band from the lysates of PK-15/EGFP-C1 and PK-15 cells (lane

detected from the lysates of PK-15/EGFP-poMx1 cells using anti- 2 and 3). Finally, the Mx1-associated GTPase activity in PK-15/
poMx1 monoclonal antibody (Fig. 1D, lane 1), whereas there was EGFP-poMx1 cell was determined by QuantiChrom™ ATPase/
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Fig. 3. Inhibition of CSFV replication in PK-15/EGFP-poMx1 cell line was detected by immunofluorescence assay. (A) PK-15/EGFP-poMx1 cells grown on glass coverslips in a
6-well plate were infected with 200 TCIDs, CSFV Shimen strain. At 24, 48, 72 h post infection (hpi), the cells were fixed with 4% PFA (W/V), reacted with anti-CSFV E2 specific
antibody and visualized with fluorescence microscopy. (B) Immunofluorescence analysis of EGFP-poMx1 (in green) and viral E2 (in red) protein expression in CSFV-infected
cells at 72 hpi. The cell nucleus was counterstained with DAPI (blue). White arrows in the fourth panel pointed to cells with high EGFP-poMx1 expression level and with no or
very low CSFV E2 staining. These results showed that inhibition of CSFV replication by EGFP-poMx1 resulted in the reduction in the viral protein level. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Inhibition of CSFV replication in PK-15/EGFP-poMx1 cell line resulted in a decrease of progeny virus. At 24, 48 and 72 hpi, PK-15/EGFP-poMx1 cell culture
supernatants were collected and cells were lysed by three freezing-thawing cycles. The viral titers in cell culture supernatant (A) and intracellular virus (B) were determined.
Data are expressed as the mean + S.D. of three independent experiments. The results indicated that titers of progeny virus in PK-15/EGFP-poMx1 cells decreased by 3.4~30.2-
fold over the 72 hpi compared with PK-15 cells used as a control (p value <0.05 and p value <0.01 represent significant differences).



D.-n. He et al./Antiviral Research 104 (2014) 128-135 133

GTPase Assay Kit. As shown in Fig. 2E, the GTPase activity of PK-15/
EGFP-poMx1 cells (solid bar) was significantly greater than that of
PK-15 cells (empty bar), suggesting that intracellular EGFP-poMx1
displayed detectable GTPase activity.

3.3. EGFP-poMx1 fusion protein inhibited CSFV replication

To determine whether EGFP-poMx1 expressed in the PK-15/
EGFP-poMx1 cell line interferes with CSFV replication, we per-
formed various experiments and the results are as follows.PK-15/
EGFP-poMx1 cells and normal PK-15 cells were infected with CSFV
Shimen strain, and then titers of the progeny virus in cell culture
supernatants and cells were determined by IFA, respectively. As
shown in Fig. 3A, the results showed that the numbers of red fluo-
rescent signals on behalf of virus decreased at 24, 48 and 72 hpi,
compared with normal PK-15 cells, suggesting EGFP-poMx1 inhib-
ited CSFV replication in PK-15 cells within 72 h. In addition, as
shown in Fig. 3B, fewer red fluorescent signals on behalf of virus
were observed in poMx1-positive cells (green fluorescent signals
on behalf of EGFP-poMx1). We found that the titers of progeny
virus in PK-15/EGFP-poMx1 cells decreased by 3.4~14.8-fold over
the 72 hpi compared with control PK-15 cells (Fig. 4A). Yields of
infectious virus in culture supernatants of PK-15/EGFP-poMx1
cells decreased by 7.8~30.2-fold compared with controls (Fig. 4B).

The ability of inhibiting CSFV replication in PK-15/EGFP-poMx1
cell line was determined by Q-PCR. Relative quantification was
performed using B-actin as an endogenous control gene. These re-
sults clearly demonstrated significant differences between poMx1-
expressing and control PK-15 cell populations at three different
periods (24, 48 and 72 hpi). At 24, 48, and 72 hpi, the copy num-
bers of viral genome in poMx1-expressing cell culture superna-
tants decreased by 9.2-fold (p value <0.01), 9.9-fold (p value
<0.01), and 3.5-fold (p value <0.05), respectively, compared with
normal PK-15 cells (Fig. 5A). Then, the copy numbers of viral gen-
ome in poMx1-expressing cells decreased by 3.6-fold (p value
<0.05), 3.2-fold (p value <0.05), and 3.9-fold (p value <0.05) com-
pared with normal PK-15 cells, respectively (Fig. 5B). This illus-
trated that the PK-15/EGFP-poMx1 cell line harbored the
antiviral activity in vitro. To further validate the results obtained
from Q-PCR, Western blot analysis was performed as described
above. Viral envelope glycoprotein (E2) level also decreased signif-
icantly at 24, 48 and 72 hpi (Fig. 6) due to the reduction of viral
load. Altogether, these results demonstrated that EGFP-poMx1
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Fig. 6. Levels of CSFV glycoprotein E2 were determined by Western blot analysis.
Cell lysates with anti-CSFV E2 mAb (WH303) were specific to the indicated protein.
An anti-B-actin antibody was used as an internal loading control. The difference of
CSFV E2 protein bands at 24, 48 and 72 hpi could be relatively distinguished,
respectively, suggesting EGFP-poMx1 fusion protein effectively inhibited the
proliferation of CSFV.

fusion protein effectively suppressed CSFV proliferation by
decreasing the levels of both viral RNA and protein.

3.4. Antiviral activity of PTD-poMx1 fusion protein

To assess whether PTD-poMx1 fusion protein expressed by
Escherichia coli had any effect on CSFV replication, four experi-
ments were performed as described above. First, we assessed the
cytotoxicity of the PTD-poMx1 fusion protein using MTT assay.
PK-15 cells were treated with increasing concentrations of PTD-
poMx1 for 72 h. As shown in Fig. 7A, PTD-poMx1 showed no sig-
nificant cytotoxicity up to a concentration of 80 pg/ml. Cell viabil-
ity, however, decreased by approximately 5% and 13% at the
concentration of 160 and 320 pg/ml, respectively. Second, to deter-
mine if PTD-poMx1 was correlated with inhibition of CSFV replica-
tion, PK-15 cells were incubated with PTD-poMx1 from 5 to
160 pg/ml for 24 h. As shown in Fig. 7B, we found that PTD-poMx1
and inhibition of CSFV replication in a dose-dependent manner. In
fact, CSFV mRNA level of PK-15 cells treated with the highest con-
centration of PTD-poMx1 (160 pg/ml) was reduced about 86.4%
compared with that of untreated PK-15 cells. Third, to determine
the reduction of viral load in vitro, CSFV-infected PK-15 cells were
incubated with 80 pg/ml PTD-poMx1 and were subjected to the
virus yield reduction assay as described above. It shown that virus
titers were reduced in PTD-poMx1-treated cells. As shown in
Fig. 7C, the results showed that the mean of TCIDsq values pro-
duced by PTD-poMx1-treated infected cells was 10%8-fold lower
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Fig. 5. Inhibition of CSFV mRNA expression in PK-15/EGFP-poMx1 cell line was determined by Q-PCR. At 24, 48 and 72 hpi, PK-15/EGFP-poMx1 cell culture supernatants
were collected and cells were lysed by three freezing-thawing cycles. The viral mRNA in cell culture supernatant (A) and intracellular virus (B) were determined by Q-PCR.
Relative quantification was performed using p-actin as endogenous control gene. Q-PCR was performed in triplicate and data are shown as mean * S.D. of three independent
experiments (p value <0.05 and p value <0.01 represent significant differences). These results clearly demonstrated significant changes between poMx1-expressing PK-15 cell

line and control PK-15 cells at three different periods (24, 48 and 72 hpi).
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Fig. 7. The anti-CSFV effect of PTD-poMx1 fusion protein in PK-15 cells. (A) Cytotoxicity of PTD-poMx fusion protein. PK-15 cells in a 96-well plate were treated with various
concentrations of PTD-poMx fusion protein for 72 h. Three independent MTT assays were performed in triplicate. Data are presented as mean (% of control mean) +S.D. of
three independent experiments. (B) Q-PCR assay was performed to assess the antiviral activity of various concentrations of PTD-poMx1 fusion protein, and DMEM-treated
cells were taken as the positive control. The results showed that PTD-poMx1 inhibited CSFV replication in a dose-dependent manner. (C) Effect of PTD-poMx1 on the
proliferation of progeny virus at three different periods. At 24, 48 and 72 hpi, CSFV-infected PK-15 cells treated with 80 pg/ml PTD-poMx1 fusion protein were collected and
cells were lysed by three freezing-thawing cycles. The viral titers of intracellular virus were determined by virus yield assay. Data are expressed as the mean * S.D. of three
independent experiments (p value <0.05 and p value <0.01 represent significant differences). The result showed that inhibition of CSFV replication resulted in a decrease of
progeny virus. (D) Effect of PTD-poMx1 on CSFV mRNA expression at three different periods. At 24, 48 and 72 hpi, CSFV-infected PK-15 cells treated with 80 pg/ml PTD-
poMx1 fusion protein were collected and total RNA was extracted using TRIzol reagent, then viral RNA was amplified by Q-PCR. Relative quantification was performed using
B-actin as an endogenous control gene. Q-PCR was performed in triplicate and data are shown as the mean + S.D. of three independent experiments (p value <0.05 and p value
<0.01 represent significant differences). These results clearly demonstrated significant differences between PTD-poMx1-treated and untreated infected cells at three different

periods (24, 48 and 72 hpi).

than that of untreated infected cells from 24 to 72 hpi (p value
<0.05). Finally, the ability of inhibiting CSFV replication in PTD-
poMx1-treated cells was determined by Q-PCR. PK-15 cells were
treated as described above. Relative quantification was performed
using B-actin as an endogenous control. These results clearly dem-
onstrated significant differences between 80 pig/ml-treated and
untreated cells at 24, 48 and 72 hpi. The copy numbers of viral gen-
ome in PTD-poMx1-treated cells decreased by 2.5-fold (p value
<0.05), 1.9-fold (p value <0.05), and 2.1-fold (p value <0.05),
respectively, compared with that of untreated PK-15 cells
(Fig. 7D). Taken together, these data showed that the expressed
PTD-poMx1 clearly harbored the anti-CSFV activity in vitro.

4. Discussion

This is the first report that poMx1 protein constitutively ex-
pressed in PK-15 cell has antiviral activities against CSFV infection.
Moreover, purified PTD-poMx1 fusion protein can inhibit CSFV
replication in a dose dependent manner. At present, CSF is still
an epidemic disease that could severely threaten the swine indus-
try worldwide. To our knowledge, although the C strain is still con-
sidered one of the best CSFV vaccines, the inability to serologically
differentiate vaccinated from infected pigs has resulted in the ban
of prophylactic vaccination in the European Union (EU). On the
contrary, vaccination with subunit vaccines and chimeric vaccines

does not present these problems, but their incomplete protection
and safety concerns necessitate further study. Therefore, depend-
ing on vaccination alone may not be sufficient to control CSF and
the development of an antiviral strategy may supplement current
control strategies. Capsid-targeted virus inactivation (Zhou et al.,
2010), RNA-hydrolyzing recombinant antibody (Jun et al., 2010),
RNA interference (Li et al, 2011), Imidazo[4,5-c]pyridines
(Vrancken et al., 2008) and uridine derivatives of 2-deoxy sugars
(Krol et al., 2010) have been reported in previous studies as anti-
CSFV therapies, but their clinical effect and practical application
for CSF control need further study and development. In addition,
despite reports that human MxA can inhibit CSFV replication (Zhao
et al,, 2011), little is known about the anti-CSFV activity of poMx1.
In that respect, our findings demonstrating the anti-CSFV activity
of poMx1 provided significant additional information for the po-
tential development of an antiviral therapy.

Given the nature of the PK-15/EGFP-poMx1 cell line, in vivo
administration to CSF-infected pigs may be difficult. Thus, the fu-
sion protein, PTD-poMx1 (poMx1 binding to HIV-1 Tat protein
transduction domain (PTD) expressed in E. coli), was constructed
as an alternative approach and was evaluated in vitro. Results of
the virus yield and viral mRNA reduction assay showed that PTD-
poMx1 was able to significantly inhibit CSFV replication in vitro.
Hence, this approach, by transduction of poMx1 protein in cells
after injection in CSFV-infected pigs, may be a more suited ap-
proach for clinical therapy.
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Previous studies have revealed the antiviral mechanisms of hu-
man MxA and murine Mx1. Interaction with viral nucleoprotein
(NP) is the most likely common pathway for MxA to perform its
antiviral function against RNA viruses, in particular for influenza
A virus (Zimmermann et al., 2011). Whereas, the anti-influenza
mechanism of murine Mx1 protein is blocking primary transcrip-
tion of Orthomyxoviruses via molecular interaction with the PB2
subunit of the viral polymerase (Stranden et al., 1993). Although
the results showed that poMx1 could effectively inhibit CSFV rep-
lication, the mechanistic details of the poMx1-mediated anti-CSFV
effects are unknown to date. In this study, immunofluorescence as-
says demonstrated that poMx1 was localised in the cytoplasm of
PK-15 cells assuming that poMx1 exerts its anti-CSFV activity en-
tirely in the cytoplasm of the host cell. In addition, Palm et al.
(2010) have demonstrated that poMx1 significantly alters binding
of early endosome autoantigen 1 (EEA1) to early endosomes and/or
early endosome size and spatial distribution. EEA1 is primary
endocytic vesicles and early endosomes at the cell periphery. A
similar mechanism may be hypothesized for CSF in EGFP-poMx1
in PK-15/EGFP-poMx1 cells.

In conclusion, we confirmed that these two fusion proteins,
EGFP-poMx1 expressed by the cell line and PTD-poMx1 expressed
by E. coli, both dispaly an anti-CSFV ability in vitro. Although iden-
tifying the anti-CSFV mechanism of poMx1 requires further stud-
ies, the present results have suggested poMx1 as a potential
inhibitor of CSFV replication.
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