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Abstract
Senecavirus A (SVA) is an emerging picornavirus that has been associatedwith vesicular disease and neonatal mortality in swine.
The construction of SVA virus carrying foreign reporter gene provides a powerful tool in virus research. However, it is often
fraught with rescuing a recombinant picornavirus harboring a foreign gene or maintaining the stability of foreign gene in the virus
genome. Here, we successfully generated recombinant SVA GD05/2017 viruses (V-GD05-clone) expressing the green fluores-
cent protein (iLOV), red fluorescent protein (RFP), or NanoLuc luciferase (Nluc). These recombinant viruses have comparable
growth kinetics to the parental virus. Genetic stability analysis indicated that V-GD05-iLOVwas highly stable in retaining iLOV
gene for more than 10 passages, while V-GD05-RFP and V-GD05-Nluc lost the foreign genes in five passages. In addition, high-
intensity fluorescent signals were found in the V-GD05-RFP- and V-GD05-iLOV-infected cells by fluorescence observation and
flow cytometry analysis, and the luciferase activity assay could quantitatively monitor the replication of V-GD05-Nluc. In order
to identify the porcine cell receptor for SVA, anthrax toxin receptor 1 (ANTXR1) was knocked out or overexpressed in the ST-R
cells. The ANTXR1 knock-out cells lost the ability for SVA infection, while overexpression of ANTXR1 significantly increased
the cell permissivity. These results confirmed that ANTXR1 was the receptor for SVA to invade porcine cells as reported in the
human cells. Overall, this study suggests that these SVA reporter viruses will be useful tools in elucidating virus pathogenesis and
developing control measures.

Key points
• We successfully generated SVA viruses expressing the iLOV, RFP, or Nluc.
• The iLOV was genetically stable in the V-GD05-iLOV genome over ten passages.
• ANTXR1 was the receptor for SVA to invade porcine cells.
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Introduction

Senecavirus A (SVA) is the only species in the genus
Senecavirus of family Picornaviridae (Adams et al. 2015;
Chen et al. 2019). Like all picornaviruses, SVA is a non-
enveloped viruses approximately in size 25–30 nm with ico-
sahedral symmetry (Adams et al. 2015; Venkataraman et al.
2008a; Wang et al. 2020a, 2020b). SVA has a single-stranded,
positive-sense RNA genome with approximately 7300 nucle-
otides (nt) in length, which comprises 5’ and 3’ untranslated
region (UTR) and encodes a single open reading frame (ORF)
that is subsequently processed to 12 polypeptides in the stan-
dard picornavirus L-4-3-4 layout: leader protein (Lpro); the
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four structural proteins VP4 (1A), VP2 (1B), VP3 (1C), and
VP1 (1D); the remaining seven non-structural proteins (nsp)
2A, 2B, 2C, 3A, 3B, 3Cpro, and 3Dpol (Chen et al. 2016; Hales
et al. 2008). During translation of the SVA polyprotein, pri-
mary cleavage is mediated by the 3C protease, except that
ribosomal “skipping” event happens at the C terminus of
2A, which results in separation of capsid proteins (P1) region
from the non-structural protein coding region (Donnelly et al.
2001; Liu et al. 2019; Venkataraman et al. 2008b).

SVAwas first discovered from a PER.C6 cell culture in the
USA in 2002 (Venkataraman et al. 2008b). Since then, the
virus has been developed as an oncolytic agent due to its
selective tropism for human tumor cells. Thereafter, SVA
has been associated with sporadic cases of vesicular disease
in pigs in the USA and Canada (Corner 2012; Pasma et al.
2008). After 2014–2015, outbreaks of SVA-associated vesic-
ular disease (SAVD) have been reported in a number of
swine-producing countries around the world (Canning et al.
2016; Guo et al. 2016; Hause et al. 2016; Leme et al. 2016;
Montiel et al. 2016; Saporiti et al. 2017; Vannucci et al. 2015;
Wu et al. 2016). So far, many aspects of knowledge such as
SVA transmission and pathogenesis remain highly lacking.
Reverse genetics is a powerful tool to address the issues with
developing recombinant reporter virus. Formerly, full-length
cDNA infectious clones of SVV-001 (Poirier et al. 2012) and
KS15-01 (Chen et al. 2016) harboring the coding sequence of
green fluorescent protein (GFP) were constructed, respective-
ly. Unfortunately, foreign genes were unstable in the virus
genome through a few passages. Moreover, GFP-tagged
SVA was not well suitable for accurate quantification in mon-
itoring the virus replication. Therefore, we initiated the devel-
opment of novel SVA reporter viruses to deeply characterize
the virus life cycle. In the study, we aimed to construct recom-
binant SVA carrying green fluorescent protein (iLOV), red
fluorescent protein (RFP), or Nanoluciferase (Nluc) genes
inserted at the junction site between 2A and 2B. To retain
the native coding sequences of virus proteins surrounding
the foreign gene, we inserted the porcine teschovirus 2A-like
(T2A), a stop-restart translational element, at the side of the
2B product within the SVA polyprotein. This study will pro-
vide insight into the stability of foreign genes of different sizes
in the SVA genome by characterizing these novel reporter
viruses and exploit one of their potentials in identifying the
cell receptor for SVA infection of porcine cells.

Materials and methods

Cells and viruses

BHK-21, HEK293T cells, ST-R cells (IFN-α/β receptor-
knockout ST cell line), and ST-R ANTXR1 KO cells
(ANTXR1-knockout ST-R cell line) were cultured in the

DMEM (Gibco, Carlsbad, CA) supplemented with 10% fetal
bovine serum (Sigma-Aldrich, St. Louis, MO) at 37 °C and
5% CO2. The wild-type SVA GD05/2017 (GenBank
MH316116) strain was isolated and kept at our laboratory
(Wang et al. 2019).

Antibodies and reagents

The SVA-VP3 and -3C mAbs were made by our laboratory.
The Myc and GAPDH mAbs were purchased from Sigma
(Sigma-Aldrich, St. Louis, MO). The Dylight 488-labeled
goat anti-mouse IgG, Dylight 549-labeled goat anti-rabbit
IgG, HRP-labeled goat Anti-mouse IgG, and HRP-labeled
goat anti-rabbit IgG were purchased from Abbkine (Wuhan,
China). Lipofectamine® 3000 was purchased from Invitrogen
(Shanghai, China). ANTXR1 mAb was purchased from Bioss
(Beijing, China).

Construction of SVA full-length cDNA clones

The full-length SVA cDNA clones were constructed as de-
scribed previously (Wang et al. 2020a, 2020b). Four separate
fragments (named A to D) were amplified from the SVA
GD05/2017 cDNA and assembled into pEGFP-C3 as
shown in the Fig. 1a. The resulting full-length cDNA
clone was designated as pC3-SVA-GD05. To construct
recombinant SVA expressing reporter proteins, the
iLOV, RFP, and Nluc genes were amplified from the
pUC57-Nluc, pTag-RFP, and pUC57-iLOV. The foreign
genes fused with a T2A at its C terminus were inserted
between the 2A and 2B of pC3-SVA-GD05.These re-
combinant plasmids were sequenced and designated as
pC3-SVA-GD05-Nluc-T2A, pC3-SVA-GD05-iLOV-
T2A, and pC3-SVA-GD05-RFP-T2A (Fig. 1b). Primers
were designed based on the conserved genomic regions
of multiple SVA strains (Tables S1 and S2).

Recovery of recombinant viruses

BHK-21 cells were seeded in the 6-well plates and transfected
with pC3-SVA-GD05 and its recombinants. Transfection
was conducted using Lipofectamine® 3000 following
the manufacturer’s instructions. At 72-h post-transfec-
tion, cell culture supernatants from the BHK-21 cells
were transferred to the ST-R cells. Cytopathic effect
(CPE) was monitored daily after infection. The recom-
binant virus recovered from pC3-SVA-GD05 was desig-
nated as V-GD05-clone. The same method was used to
rescue the iLOV, RFP, and Nluc-reporter viruses (V-
GD05-iLOV, V-GD05-RFP, and V-GD05-Nluc). The vi-
ral protein expression in the recombinant virus-infected
cells was detected by fluorescence observation, western
blot, luciferase activity assay, and flow cytometry.
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Genetic stability of reporter viruses in the ST-R cells

Reporter viruses had been serially cultured from the first pas-
sage (P1) to the tenth passage (P10) in the ST-R cells. The
viral RNAs of P3, P5, and P10 virus stocks were extracted and
reverse transcribed into cDNA. The foreign gene regions were
examined by PCR and sequence analysis.

The growth curve of recombinant viruses

ST-R cells were infected with P3 recombinant viruses at an
MOI of 0.1. The culture supernatants were collected at 6, 12,
24, 36, 48, and 60 hpi, respectively. Virus titer was determined
by CPE observation, and quantified as 50% tissue culture
infective dose (TCID50) mL-1 according to the Reed-
Muench method (Reed and Muench 1938).

Immunofluorescence assay

The ST-R cell monolayers were fixed with 4% paraformalde-
hyde in PBS (pH 7.4) for 10 min and then permeabilized with
0.1% TritonX-100 and 2% BSA in PBS for 30 min at room
temperature. After 1-h incubation with primary antibodies,
cell monolayers were washed with PBS for three times and
further incubated for 1 h with Dylight 488 anti-rabbit IgG. The
cell nuclei were stained with 4, 6-diamidino-2-phenylindole-
dihydrochloride (DAPI) performed as suggested by the man-
ufacturer (Molecular Probes). After three times washing by
PBS, cells were analyzed under a fluorescent microscope,

and pictures were taken with Leica Cell Imaging System
(Leica, Germany).

Western blot analysis

The ST-R cells were treated with lysis buffer (Beyotime
Biotech, Shanghai, China). The cell lysate supernatant was
mixed with 5×loading buffer conta in ing 5% β -
mercaptoethanol and denatured at 100 °C for 10 min.
Proteins were separated on a 12% SDS-PAGE gel and
blotted onto nitrocellulose membrane. The membranes
were blocked with 5% skim milk in the Tris-buffered
saline (TBS) containing Tween 20 at room temperature
for 2 h. The membranes were incubated with primary
antibodies at 4 °C overnight. After three times washing
with TBST, the membranes were incubated by HRP-
conjugated secondary antibodies. At last, the target pro-
teins were visualized using the chemiluminescence im-
aging system (Tanon, Shanghai, China).

Flow cytometry analysis

The SVA-infected ST-R cells were harvested by treatment of
0.25% trypsin and then washed twice with PBS at 1000 rpm
for 5 min, following by suspending cells in the PBS. The
specific fluorescence of iLOV and RFP was measured upon
excitation at 488 and 561 nm, respectively. iLOV fluores-
cence was analyzed through FL1 channel and RFP fluores-
cence was analyzed through FL2 channel. Data from 10,000

Fig. 1 The schematic diagram for the construction of SVA. a Schematic
diagram of the full-length SVA GD05/2017 genome and construction of
the full-length cDNA clone. b Schematic presentation of the insertion of

iLOV, Nluc, and RFP into GD05/2017 genome. Cleavage of polypeptide
by 3C was indicated by arrowhead, while ribosome skipping was indi-
cated by diamond head
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events were recorded, and the data was analyzed using
CytExpert Software 2.3 (Beckman Coulter, USA).

Luciferase activity assay

ST-R cells in the 6-well plates were infected with V-GD05-
Nluc at an MOI of 0.1. At 12 h, 18 h, and 24 h post infection,
Nano-Glo® Luciferase Assay System (Promega, USA) was
used to detect the Nluc activity according to the manufac-
turer’s instructions.

Construction and analysis of ST-R ANTXR1 KO cell line

The sgRNA was designed based on the gene of porcine
ANTXR1 through http://crispor.tefor.net/. The sequences of
sgRNAs targeting the first exon of ANTXR1 were #1F: 5’-
CACCGCTCATCTGCGCCGGGCAAG-3’; #1R: 5’-
AAACCTTGCCCGGCGCAGATGAGC-3’; #2F: 5’-
CACCGCAGGTCAAATCCCCCGTAGC-3’; #2R: 5’-
AAACGCTACGGGGGATTTGACCTGC-3’. To generate
lentivirus expressing sgRNA, HEK293T cells were co-

Fig. 2 Recovery and identification of recombinant virus V-GD05-clone.
a ST-R cells were infected with V-GD05/2017 and V-GD05-clone. After
24 h, CPEwas observed under microscopy. bCells were fixed and treated
with VP3 mAb followed by addition of Dylight 488 anti-rabbit IgG as

secondary antibody. The bar = 200 μm. c V-GD05/2017 and V-GD05-
clone infected cells at an MOI of 0.1 were analyzed by western blot with
the VP3 mAb. d V-GD05/2017 and V-GD05-clone infected cells at an
MOI of 0.1 were analyzed by western blot with 3C mAb
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transfected with Lenti-ANTXR1-sgRNA, packaging vector
psPAX2, and envelop vector pMD2.G using Lipofectamine®
3000. Culture supernatants containing lentiviruseswere harvest-
ed at 24 h and 48 h post-transfection and then passed through a
0.45 μM-pore-size filter. ST-R cells were infected by filtered
lentiviruses expressing ANTXR1-sgRNAs to develop ST-R
ANTXR1 KO stable cell line. The knockout of ANTXR1 gene
was identified by DNA sequencing and western blot.

Overexpression of ANTXR1 in the ST-R cells

Porcine ANTXR1 gene was amplified from the cDNA of ST-
R cells and inserted into pCAGGS-Myc vector. ST-R cells
were seeded in the 6-well plates and transfected with
pCAGGS-Myc-pig-ANTXR1 (2.5 μg/well). At 24 h, 36 h,
and 48 h post-transfection, the cells were infected with V-
GD05-RFP, V-GD05-iLOV, and V-GD05-Nluc at an MOI

Fig. 3 Characterization of SVA reporter viruses. BHK-21 cells were
transfected by pC3-SVA-GD05-iLOV-T2A, pC3-SVA-GD05-RFP-
T2A. At 3 dpi, cell culture supernatant from the transfected cells was
passaged onto ST-R cells. a and b The fluorescence were observed in
the V-GD05-iLOV- or V-GD05-RFP-infected cells at 36 hpi. The bar =
200 μm. c The luciferase activities were detected in the V-GD05-Nluc-

infected ST-R cells at 12-24 hpi. d Cell lysates from the reporter viruses
infected ST-R cells infected with V-GD05-iLOV, V-GD05-RFP, V-
GD05-Nluc, or mock-infected cells were harvested at 36 hpi. The expres-
sion of reporter and viral proteins were analyzed by western blot using
myc, VP3, and 3C mAbs
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of 0.1 for 24 h. The expression of porcine ANTXR1 was
detected by western blot.

Identification of ANTXR1 as cell receptor using SVA
reporter viruses

ST-R ANTXR1 KO stable cell lines and porcine ANTXR1-
overexpressed ST-R cells were used to identify the cell recep-
tor for SVA infection. The ST-R ANTXR1 KO cells were
infected with V-GD05-iLOV, V-GD05-RFP, or V-GD05-
Nluc (MOI=0.1). At 36 hpi, the fluorescence in the V-
GD05-iLOV and V-GD05-RFP infected cells was observed
by fluorescence microscope. The luciferase activity of V-
GD05-Nluc infected cells was measured at 18 hpi by Nano-
Glo® Luciferase Assay. Additionally, after 24, 36, and 48 h
post-transfection, porcine ANTXR1 overexpressed ST-R cells
were infected with V-GD05-RFP, V-GD05-iLOV, or V-

GD05-Nluc (MOI=0.1). At 24 hpi, fluorescence and lucifer-
ase activities of the infected cells were detected.

Statistical analysis

Statistical analyses were performed by using one-way analysis
of variance (ANOVA) using GraphPad InStat Prism software
(version5.0). Statistical significance was expressed as a P val-
ue less than 0.05 or 0.01.

Results

Construction of SVA infectious clone

As shown in Fig. 1a, a panel of fragments that span the entire
SVA GD05/2017 genome was assembled into pEGFP-C3 to

Fig. 4 Genetic stability and growth curve of SVA reporter viruses. a
Identification of iLOV gene in the V-GD05-iLOV of P3, P5, and P10
virus stocks with the pC3-SVA-GD05 and pC3-SVA-GD05-iLOV-T2A
as controls. b Identification of Nluc gene in the V-GD05-Nluc of P3 and
P5 virus stocks with the pC3-SVA-GD05 and pC3-SVA-GD05-Nluc-
T2A as controls. c Identification of RFP gene in the V-GD05-RFP of

P3 and P5 virus stocks with the pC3-SVA-GD05 and pC3-SVA-GD05-
RFP-T2A as controls. d Sequencing analysis of the V-GD05-RFP and V-
GD05-Nluc deletion variants. e ST-R cells were infected with SVA re-
porter viruses at the MOI of 0.1 and the virus titers in the cell culture
supernatants were analyzed at 6, 12, 24, 36, 48, and 60 hpi
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yield pC3-SVA-GD05. In the virus infectious clone, a CMV
promoter was placed at the 5’ terminus of the virus
genome, while a polyA tail of 22 residues was inserted
at the 3’ end. To construct the reporter-tagged SVA
viruses, the junction site between the 2A and 2B was
selected for insertion of foreign gene. The iLOV, RFP,
and Nluc fused with a T2A peptide were inserted into
pEGFP-C3-GD05 (Fig. 1b), and the resulting plasmids
were named as pC3-SVA-GD05-iLOV-T2A, pC3-SVA-
GD05-RFP-T2A, and pC3-SVA-GD05-Nluc-T2A.
During the translation of virus polypeptide, the ribo-
some skips at TNPG↓P of the SVA 2A sequence and
continues in frame to produce a reporter-T2A fusion
protein and then skips a second time at the T2A
SNPG↓P sequence and continues in frame to translate
the remainder of the GD05/2017 polyprotein. The ad-
vantage of this strategy is capable of retaining the na-
tive N or C-terminuses of virus proteins surrounding the
foreign genes.

The recovery and characterization of recombinant
viruses

To rescue the recombinant viruses, pC3-SVA-GD05, pC3-
SVA-GD05-iLOV-T2A, pC3-SVA-GD05-RFP-T2A, or
pC3-SVA-GD05-Nluc-T2A were transfected into BHK-21
cells. Cell culture supernatants fromBHK21 cells were further
passaged onto ST-R cells to generate V-GD05-clone, V-
GD05-iLOV, V-GD05-RFP, and V-GD05-Nluc. In compari-
son with the parental virus, the V-GD05-clone displayed a
similar cytopathic effect (Fig. 2a), and the expression of
VP3 could be detected by immunofluorescence (Fig. 2b).
Meanwhile, the expression of VP3 and 3C could also be de-
tected by western blot (Fig. 2c and 2d). For characterization of
reporter viruses, the iLOV (green) (Fig. 3a) and RFP (red)
(Fig. 3b) fluorescence signals were observed in the V-
GD05-iLOV- and V-GD05-RFP-infected ST-R cells at 36
hpi, while the Nluc luciferase activities were also detectable
in the V-GD05-Nluc-infected ST-R cells at 12-24 hpi (Fig.

Fig. 5 Detection of SVA reporter virus-infected cells by flow cytometry. ST-R cells were infected with V-GD05-iLOV (a) and V-GD05-RFP (b) at an
MOI of 0.1. After 12 or 18 h, cells were analyzed by flow cytometry
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3c). In the western blot assays (Fig. 3d), the bands of iLOV-
T2A (16 kDa), RFP-T2A (30 kDa), and Nluc-T2A (22 kDa)
were clearly identified, suggesting that the fusion proteins
have been processed as expected. However, a larger band
was always present in each assay, which may be a partially
processed polypeptide containing the reporter proteins. The
finding is not unusual in that 2A peptide-mediated cleavage
efficiency is not 100%.

Genetic stability of reporter viruses

Picornaviruses are generally limited by genetic instabil-
ity as an expression vector, and it is therefore necessary
to investigate the genetic stability of reporter genes in
the SVA genome. Following the initial recovery of res-
cued viruses in BHK-21, viruses were serially passaged
10 times in the ST-R cells to yield P1 to P10 virus
stocks. RT-PCR and sequencing analysis of the P3,
P5, and P10 stocks revealed that exogenous RFP and
Nluc genes were relatively stable which were retained
within the SVA genome over five passages (P1 to P5)
(Figs. 4b–d). In comparison, the iLOV gene was con-
sistently intact with no mutations or deletions in the
SVA genome through 10 passages (Fig. 4a). Although
the results showed that SVA tolerated the iLOV, RFP,
and Nluc genes at different degrees, it remained to in-
vestigate whether the insertion of additional genes of

300–700 nt into the genome would affect the efficiency
of virus replication. Accordingly, virus growth compar-
isons were performed among V-GD05-clone, V-GD05-
iLOV, V-GD05-RFP, and V-GD05-Nluc. After infection
with recombinant viruses, the ST-R cell culture super-
natants were collected at 6, 12, 24, 36, 48, and 60 hpi
to measure the virus titer. As shown in Fig. 4e, repli-
cation kinetics of the reporter viruses were similar to
that of the V-GD05-clone, where all of viruses reached
the peak titers at 24 hpi. The above results showed the
virus replications of V-GD05-iLOV, V-GD05-RFP, and
V-GD05-Nluc were not drastically affected in vitro.

The construction of fluorescent or luminescent SVA offers
alternative systems to detect SVA-infected cells in vitro
and in vivo studies. We next explored flow cytometry
by which V-GD05-iLOV and V-GD05-RFP replication
can be detected and quantified in cells. As shown in
Fig. 5, V-GD05-iLOV and V-GD05-RFP-infected ST-R
cells were capable of being detected and quantified
using flow cytometry. The numbers of positive ST-R
cells expressing fluorescent proteins increased from
13.52 to 24.83% (V-GD05-iLOV) and from 18.33 to
27.8% (V-GD05-RFP) a t 12 hpi and 18 hpi .
Moreover, luciferase activities could be detected in the
V-GD05-Nluc-infected ST-R cells as high as close to
213 comparing to 20 in the control cells at 24 hpi
(Fig. 3c).

Fig. 6 Identification of porcine ANTXR1 knocked-out cell lines. a
Sequencing chromatogram of partial ANTXR1 gene in the ST-R cells
and ST-R ANTXR1 KO1 cell line. b Sequencing chromatogram of par-
tial ANTXR1 gene in the ST-R cells and ST-RANTXR1KO2 cell line. c

Sequencing chromatogram of partial ANTXR1 gene in the ST-R cells
and ST-RANTXR1KO3 cell line. d The expression of ANTXR1 protein
in the ST-R and three KO cell lines were detected by western blot using
the ANTXR1-specific mAb
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Fig. 7 Identification of ANTXR1 as cell receptor using SVA reporter
viruses. ST-R and ST-R ANTXR1 KO cells were infected with V-
GD05-iLOV(a) and V-GD05-RFP (b) at an MOI of 0.1, and the fluores-
cence was observed after 36 h infection. Nuclei were stained blue (DAPI).

The bar = 200 μm. c ST-R and ST-R ANTXR1 KO cells were infected
with V-GD05-Nluc at an MOI of 0.1. At 18 hpi, the luciferase activities
were detected
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Using reporter viruses to identify the cell receptor
for SVA infection

It was reported that ANTXR1 was the cellular receptor for
entry of SVV-001 into human cells. To investigate the effect
of porcine ANTXR1 for SVA infection, we initially knocked
out (KO) the ANTXR1 in the ST-R cells and developed three
KO cell lines (ST-R ANTXR1 KO1, KO2, KO3). We se-
quenced the target region of the genomic DNA extracted from
ST-R ANTXR1 KO cell lines to analyze the mutation effect.
The sequencing results showed that there was a deletion of 58
nucleotides in the target region of ST-R ANTXR1 KO1 cells
(Fig. 6a). We also identified the ST-R ANTXR1 KO2 (Fig.
6b) and ANTXR1KO3 cells (Fig. 6c), both of which harbored
frameshift mutations within the first exon of ANTXR1. Then,
the expression of ANTXR1 protein in the ST-RANTXR1KO
cells was investigated. As expected, porcine ANTXR1 in the
ST-R ANTXR1 KO cell lines were unable to detect by west-
ern blot using the ANTXR1-specific mAb (Fig. 6d). The ST-R
ANTXR1 KO cells were infected with reporter viruses at the
MOI of 0.1. After 36 h, there was no fluorescent signal ob-
served in the ST-R ANTXR1 KO cells infected by V-GD05-
iLOV (Fig. 7a) and V-GD05-RFP (Fig. 7b), and luciferase
activities were also undetectable in the V-GD05-Nluc-
infected ST-R ANTXR1 KO cells (Fig. 7c). Furthermore,
the porcine ANTXR1 was overexpressed in the ST-R cells
transfected by pCAGGS-Myc-pig-ANTXR1. As shown in
the Fig. 8d, the expression ofMyc-taggedANTXR1was iden-
tified by western blot. At 24, 36, and 48 h post-transfection,
SVA reporter viruses were then added to infect the ANTXR1-
overexpressed cells. Compared with ST-R cells, RFP (Fig.
8a), iLOV (Fig. 8b) fluorescence signal and Nluc activities
(Fig. 8c) were significantly increased in the ANTXR1-
overexpressed ST-R cells. The above results indicate that
ANTXR1 is the cell receptor for SVA infection of porcine
cells.

Discussion

Reporter-expressing viruses are useful tools in vitro and
in vivo studies, such as quantitative analysis of viral replica-
tion, monitoring virus transport, screening antiviral agents,
and identification of virus cell receptor, which do not require
specific immunostaining of viral proteins (Li et al. 2016). In

this report, we described the development and characterization
of three SVA reporter recombinants encoding Nluc, iLOV,
and RFP. The reporter viruses showed growth kinetics com-
parable to the V-GD05-clone (Fig. 4e). These results indicated
that an efficient reverse genetic system has been established
for rescuing SVA reporter viruses. For construction of reporter
viruses, the foreign genes were inserted between the 2A and
2B genes with the addition of a Teschovirus 2A protease
cleavage site at its C-terminus. Upon the cleavage by SVA
2A and Teschovirus 2A, the reporter proteins (iLOV, RFP,
and Nluc) were released and detected (Fig. 3).

The SVA reporter virus expressing EGFP has been con-
structed using SVV-001 and KS15-01 strains in previous
studies, but it was unstable in continuous three to five pas-
sages. In order to determine the size of exogenous gene that
could be stably inserted into the SVA genome between 2A
and 2B, we constructed three recombinant SVA expressing
reporter proteins of different sizes. The flavoprotein improved
LOV (iLOV) is a novel green fluorescent protein derived from
the blue light receptor phototropin (Chapman et al. 2008). For
certain applications such as fluorescent-tagged recombinant
virus, the iLOV has been used as an alternative to the tradi-
tional GFP (~ 700 nt) for its smaller size (~ 300 nt) (Seago
et al. 2013; van den Wollenberg et al. 2015). Recently, this
method had been applied to screen antivirals in
Rhinovirus-iLOV-infected HeLa cells (Han et al. 2018),
where the number of green fluorescence-positive-infected
cells decreased when they were treated with known flavivirus
inhibitor (such as bafilomycin). As a novel engineered prod-
uct, Nanoluciferase (Nluc) has been developed from a deep-
sea shrimp luciferase by directed evolution. Not only is the
Nluc smaller ( ~500 nt) than either firefly or Renilla luciferase,
it is also more stable to environmental conditions as well as
produces brighter and more sustained luminescence (Hall
et al. 2012). In the cases of Nluc-expressing flaviviruses, the
enzyme activity was quantified in a simple manner or a high-
throughput assay to assess the antiviral activity of potential
inhibitors in vitro (Cao et al. 2018; Pierson et al. 2017). The
brilliantly red fluorescent protein TagRFP (RFP) is derived
from Entacmaea quadricolor with a size of ~ 700 nt compara-
ble to the one of GFP (Subach et al. 2008). It is characterized
with long time fluorescence and high pH resistance, making it
an attractive tag for protein studies. When these fluorescent
and Nluc reporters with distinct properties are tagged into
SVA genome, they offer particular benefits in the virus
research.

After continuous passage of SVA reporter viruses, the re-
sults showed that the RFP and Nluc gene fragments were lost
after three to five passages, while the iLOV was genetically
stable over ten passages through cell culture using the same
strategy. Comparing to the previous reports on the EGFP-
tagged SVA, the RFP and Nluc have the similar issue of
unstability in the SVA genome under a few passage. In the

�Fig. 8 Overexpression of ANTXR1 increases the cell permissivity for
SVA infection. ST-R cells were transfected with pCAGGS-Myc-pig-
ANTXR1. At 24 h, 36 h, and 48 h post-transfection, the cells were in-
fected with V-GD05-RFP (a), V-GD05-iLOV (b), and V-GD05-Nluc (c)
at an MOI of 0.1 for 24 h. (d) The expression of myc-tagged porcine
ANTXR1 protein were detected through western blot using the myc-
specific mAb
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FMDV study, a foreign gene of 300–400 nt was considered as
the maximum size for stable insertion into virus genome
(Seago et al. 2013), which coincides with the current finding
that the iLOV of ~ 300 nt was capable of being stably main-
tained in the SVA. The reasons for loss of foreign gene quickly
during viral passage may involve more than one factor, such as
the packaging limit of capsid, genome recombination, codon
usage bias, and RNA structure (Song et al. 2012). Interestingly,
a recent study show that the RNA-dependent RNA polymerase
(RdRp) played a critical role in SVA recombination, where
specific nonsynonymous mutations in the RdRp were capable
of reducing recombination to occur, thereby increasing the sta-
bility of foreign gene in the virus genome (Li et al. 2019). In the
future study, we are interested to investigate if it works on our
SVA reporter viruses.

ANTXR1, also known as tumor endothelial marker 8
(TEM8), was first identified as the cell surface receptor of an-
thrax toxin (Miles et al. 2017). Unlike ANTXR2, another an-
thrax toxin receptor with a wide distribution in the adult tissues,
ANTXR1, is abundant in the tumor cells and the vasculature of
developing embryos (Cao et al. 2018; Chaudhary et al. 2012).
Among 1037 cell lines in the Cancer Cell Line Encyclopedia,
over 63% of cell lines exceed the expression cutoff of
ANTXR1 (Miles et al. 2017). ANTXR1 has recently been
identified as the cellular receptor for entry of SVV-001 into
human cells. Although porcine ANTXR1 and human
ANTXR1 share a close sequence homology of 97%, there were
R88Q andD156Emutations on the porcine ANTXR1. The two
residues on the N terminal of ANTXR1 play an indispensable
role on interacting with SVA VP proteins. Therefore, the ques-
tion remains whether it is the case for porcine SVA infection.
Here, we knocked out or overexpressed the porcine ANTXR1
on the ST-R cells. After SVA reporter virus infection, there was
no specific fluorescence and luciferase activity detectable in the
ST-R ANTXR1 KO cells infected with V-GD05-iLOV, V-
GD05-RFP, and V-GD05-Nluc, while overexpression of por-
cine ANTXR1 could increase the cellular permissivity for SVA
infection. The results confirmed that ANTXR1was the receptor
for SVA GD05/2017 to invade porcine cells.

In summary, we have successfully constructed the iLOV,
RFP, or Nluc tagged-SVA reporter viruses using a Chinese
strain in this study. It was found that the iLOV-tagged SVA
could maintain a high level of stable passage in cells.
Furthermore, we examined the feasibility of SVA reporter
virus as a research tool by fluorescence observation, flow
cytometry, and luciferase activity. Importantly, our studies
on the ANTXR1-knockout or -overexpressed ST-R cell sug-
gested that ANTXR1 was the cellular receptor for SVA inva-
sion of pig-derived cells. We believe that these reporter virus
tools are useful for studying SVA pathogenesis and vaccine
development as well as for screening novel anti-SVA agents.
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