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Abstract

Porcine epidemic diarrhea virus (PEDV) is the causative agent of porcine epidemic diarrhea, which can cause death in suckling
piglets. Vaccines confer only partial protection against new mutant strains, whereas antibodies targeting virus-encoded proteins may
be effective prophylactics. In this study, we constructed a recombinant single chain variable fragment (scFv) library from the spleens
of two pigs immunized with a recombinant PEDV nucleocapsid (N) protein. Among the positive clones directed against PEDV N
protein isolated from the library, four scFvs that showed higher affinity for N were functionally analyzed. These scFvs specifically
bound to the PEDV N protein, but not to the transmissible gastroenteritis virus (TGEV) N protein. Their framework regions were
highly conserved, whereas their complementarity-determining regions displayed clear diversity. An immunofluorescence assay
showed the co-localization of the four scFvs with PEDV N protein in cells. They significantly suppressed PEDV replication, detected
with reverse transcription (RT)-quantitative PCR (QPCR; P <0.01). Two of them significantly reduced the viral titer at 48 hpi and
72 hpi (P <0.05). In addition, they observably suppressed the production of viral protein at 72 hpi. The expression of interferons,
interferon regulatory factor 3 (IRF3), and IRF7 was assessed with RT-qPCR, which indicated that PEDV dramatically suppressed
the transcription of interferon-A1 and IRF7 and that the scFvs significantly upregulated their expression (P <0.05). These findings
facilitated the investigation of the mechanism by which PEDV evaded the host immune response and suggested that these porcine
scFvs were potential candidate agents for the prevention and treatment of porcine diarrhea caused by PEDV.

Key points

e Four scFvs targeting PEDV N protein were generated from porcine spleens

e These scFvs co-localized with PEDV N protein and suppressed PEDV replication
e These scFvs significantly upregulated IFN-11 expression

Keywords Porcine epidemic diarrhea virus - Nucleocapsid protein - Single chain variable fragment (scFv) - Replication -
Interferon-Al

Introduction

Porcine epidemic diarrhea (PED), caused by Porcine epi-
demic diarrhea virus (PEDV), is a highly contagious enteric
disease in pigs, which is characterized by anorexia, vom-
iting, watery diarrhea, dehydration, weight loss, and high
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mortality in suckling pigs, leading to significant economic
losses in the global swine industry (Li et al. 2012; Pensaert
and de Bouck 1978; Stevenson et al. 2013).

In recent years, vaccines have been developed to prevent
PEDV infection. However, because the virus mutates rapidly
to form new variant strains, vaccines frequently show poor
efficacy (Sun et al. 2012). Recent studies have demonstrated
that the binding specificity and potent neutralizing capacity of
antibodies make antibody therapy a promising strategy for the
control of PEDV infection (Fu et al. 2017; Gong et al. 2018).

Single chain variable fragments (scFvs) are a kind of
genetically engineered antibody, consisting of the variable
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domains of the heavy (VH) and light (VL) chains of an
intact immunoglobulin molecule, linked by a flexible pep-
tide (Bird et al. 1988). Not only does an scFv retain the
specific antigen-binding affinity of the antibody, it has better
tissue penetration and lower immunogenicity than the intact
immunoglobulin because it is smaller (Holliger and Hudson
2005). It is also easy to produce. ScFvs play an important
role in the diagnosis and treatment of diseases (Wang et al.
2016b). They can be used as powerful tools that directly tar-
get specific antigens to exert strong antitumoral effects and
can also be used to visualize tumor masses in vivo (Duranti
et al. 2018; Yang et al. 2016). Therefore, passive immuniza-
tion with scFvs directed against PEDV may be an effective
strategy for controlling PEDV infection.

PEDV is an enveloped virus with a single-stranded posi-
tive-sense RNA genome of 28 kb, which mainly infects por-
cine small-intestinal epithelial cells. The genome encodes four
structural proteins: the spike (S), envelope (E), membrane
(M), and nucleocapsid (N) proteins. As the most abundant
viral protein expressed in infected cells (Laude and Masters
1995), N protein binds to the genomic RNA (gRNA) and is
involved in several biological activities of the virus (de Haan
and Rottier 2005). The interaction between the N and M pro-
teins facilitates the incorporation of the N protein-gRNA ribo-
nucleoprotein complex into the forming viral particle (Kuo
et al. 2016). The N protein is also responsible for inducing
endoplasmic reticulum (ER) stress, the prolongation of S
phase, and the upregulation of interleukin 8 expression; it
promotes the recovery of PEDV from infectious clones; and
it increases the production of PEDV RNA and virions (Liwna-
ree et al. 2019; Sungsuwan et al. 2020; Xu et al. 2013).

The innate immune response plays a significant role as the
first line of defense against viral infections. During viral infec-
tion, pattern recognition receptors in the host cells recognize
pathogen-associated molecular patterns, triggering a cascade
of signals and the subsequent interferon (IFN) response,
which regulates the expression of downstream genes, thus
exerting a powerful antiviral effect (Rathinam and Fitzgerald
2011). The IFNs are divided into three different types, type
I (IFN-a and IFN-), type II (IFN-y), and type III (IFN-}).
Recent studies have shown that the type I and type III IFNs
were central to the host’s resistance to viral infection (Mesev
et al. 2019) and that IFN-A1 was more effective against PEDV
infection of IPEC-J2 cells than IFN-a (Zhao et al. 2020).

To resist the antiviral effects of IFN and the IFN-induced
immune response, many viruses have evolved sophisticated
mechanisms to antagonize IFN (Clementz et al. 2010; Liu
et al. 2020; Mitra et al. 2019; Totura and Baric 2012). Sev-
eral PEDV-encoded proteins have been identified as antago-
nists of the innate immune response: papain-like protease
2 (PLP2), N, endoribonuclease (EndoU), E, nonstructural
protein 1 (nspl), and nsp16 (Deng et al. 2019; Ding et al.
2014; Shi et al. 2019; Xing et al. 2013; Zhang et al. 2016;

@ Springer

Zheng et al. 2021). PEDV N protein antagonizes IFN-f§ and
IFN-A production by targeting various proteins involved
in signal transduction (Ding et al. 2014; Shan et al. 2018).
Using antibodies to inhibit the function of the target protein
is considered to be an effective strategy for the treatment of
diseases. However, there have been insufficient studies of
the functional effects of antibodies that specifically target
the PEDV N protein.

To investigate the effect of scFvs against PEDV N pro-
tein during infection, we constructed a porcine recombinant
scFv library and selected and identified the scFvs directed
against PEDV N protein in this study. The characteristics of
the scFvs that bound specifically to PEDV N protein were
evaluated. We also examined the effects of the scFvs on
PEDV replication in Vero E6 cells and on the expression of
IFNs in IPEC-J2 cells. In this study, we demonstrated that
scFvs directed against the PEDV N protein may be effective
tools for controlling PEDV infection and could allow the
development of scFv-based therapeutic agents for the pre-
vention and treatment of porcine diarrhea caused by PEDV.

Materials and methods
Cells and viruses

African green monkey kidney cells (Vero E6) were cultured
in Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
Carlsbad, CA, USA) supplemented with antibiotics (100
units/mL penicillin and 100 pg/mL streptomycin; Gibco)
and 10% fetal bovine serum (FBS; Gibco). The intestinal
porcine epithelial cell line J2 (IPEC-J2) was kindly pro-
vided by Prof. Jianxiong Xu (Shanghai Jiao Tong University,
Shanghai, China) and maintained in DMEM/F12 supple-
mented with antibiotics (100 units/mL penicillin and 100 pg/
mL streptomycin) and 10% FBS. PEDV strain HLIBY was
maintained in our laboratory and was passaged in Vero E6
cells.

Construction of recombinant plasmid pCold
I-PEDV-N, expression of PEDV N protein,
and immunization of pigs

The RNA of PEDV HLIBY was extracted with the E.Z.N.A.
Viral RNA Kit (Omega Bio-tek, Norcross, GA, USA). The
complementary DNA (cDNA) was synthesized with Prime-
Script™ RT Reagent Kit with gDNA Eraser (Perfect Real
Time) (Takara Bio, Shiga, Japan). The N gene of PEDV
strain HLJBY (GenBank accession number: KP403802)
was amplified with an upstream primer containing the Xhol
restriction site (underlined) (5'-GTACCACTCGAGATG
GCTTCTGTCAGCTTTCAGGA-3") and a downstream
primer containing the HindIII restriction site (underlined)
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(5'-CGAGGCAAGCTTTT AATTTCCTGTATCGAAGA
TCTCGT-3").

PCR thermal cycling was performed with initial denatura-
tion at 95 °C for 5 min, followed by 32 cycles of denatura-
tion at 95 °C for 30 s, annealing at 62 °C for 30 s, and exten-
sion at 72 °C for 1 min, with a final extension at 72 °C for
5 min. The PCR products were purified and cloned into the
pCold™ I plasmid (Takara Bio). The recombinant plasmid
was used to transform Escherichia coli strain BL21(DE3)
(TransGen, Beijing, China). The recombinant colonies were
cultured in Luria—Bertani (LB) medium containing 100 pg/
mL ampicillin until the optical density reached 0.6-0.8.
Recombinant protein expression was induced with 1 mM
isopropyl p-p-thiogalactoside (IPTG; Sigma-Aldrich, St.
Louis, MO, USA) at 16 °C for 30 h. The cells were har-
vested by centrifugation, resuspended in Ni-Native-0 buffer
(50 mM NaH,PO,, 300 mM NaCl, pH 8.0), and disrupted by
sonication. After centrifugation at 12,000 X g for 20 min at
4 °C, supernatant was collected. The 6 X His-tagged recom-
binant protein was purified with Ni-NTA His-Bind® Resin
(Merck-Novagen, Darmstadt, Germany), according to the
manufacturer’s instructions, concentrated with an Amicon®
Ultra-15 Centrifugal Filter (Merck), and analyzed with
sodium dodecyl sulfate—polyacrylamide gel electrophore-
sis (SDS-PAGE) and western blotting, as described below.
Imidazole was the competitive agent for the 6 X His-tagged
recombinant protein. The protein concentrations were meas-
ured with the TaKaRa BCA Protein Assay Kit (Takara Bio).

Two pigs (30—40-days-old) were immunized with the
recombinant PEDV N protein (0.5 mg/kg). The protein was
homogeneously mixed with Freund’s complete adjuvant and
injected intramuscularly into the pigs. Three weeks later, the
pigs were immunized twice with the recombinant PEDV
N protein homogeneously mixed with Freund’s incomplete
adjuvant, with an interval of 3 weeks. Blood was collected
and centrifuged to isolate the polyclonal antiserum. After
an enzyme-linked immunosorbent assay (ELISA) was per-
formed to measure the antibody titer, the pigs were killed,
and their spleens excised, quickly immersed in liquid nitro-
gen, and stored at— 80 °C.

Construction of the porcine recombinant scFv
library

Total RNA was extracted from the porcine spleens with
TRIzol™ Reagent (Invitrogen, Carlsbad, CA, USA), and
the cDNA was synthesized with PrimeScript™ RT Reagent
Kit with gDNA Eraser (Perfect Real Time). The VH and VL
genes were amplified with specific primers (Table 1) (Li and
Aitken 2004). A linker fragment encoding a short (Gly,Ser);
peptide was added to the VL genes to generate Linker—VL.
Intact scFv genes flanked by the Ncol restriction site and the
Notl restriction site were then generated by combining the

VH genes with Linker-VL. After the plasmids were digested
with the Ncol and NofI restriction enzymes (Thermo Fisher
Scientific, Waltham, MA, USA), the scFv genes were ligated
into the pOPE101-XP plasmid. Escherichia coli IM109
Chemically Competent Cells (TransGen) were transformed
with the recombinant plasmids and incubated on LB-A
plates (100 pg/mL ampicillin) at 37 °C for 12 h. Hundreds
of transformations were performed to generate the porcine
recombinant scFv library. The library size was determined
by counting the colonies grown on the LB-A plates. To ana-
lyze the diversity of the library, the BstNI restriction enzyme
was used to digest randomly selected scFvs at 37 °C for 2 h.

Screening for scFvs directed against PEDV N protein
with an ELISA

Recombinant clones randomly selected from the porcine
scFv library (n=768) were cultured in LB medium. The
periplasmic expression of the scFv antibody genes in E. coli
was induced with 1 mM IPTG at 25 °C for 24 h. The recom-
binant PEDV N protein (10 pg/mL, 100 puL) was coated onto
a 96-well plate and incubated overnight at 4 °C. The plate
was washed with phosphate-buffered saline (PBS) contain-
ing 0.05% Tween 20 (PBST), blocked at 37 °C for 2 h with
4% bovine serum albumin (BSA) diluted in PBST, and then
washed three times with PBST. A periplasmic scFv antibody
was added to each well and incubated at 37 °C for 2 h, and
the plate was then washed three times with PBST. A mouse
monoclonal anti-Myc antibody (diluted 1:3,000) (CMCTAG,
Milwaukee, WI, USA) was added to each well and incubated
at 37 °C for 2 h, after which the plate was washed four times
with PBST. A horseradish peroxidase (HRP)-conjugated
Affinipure goat anti-mouse IgG (H+ L) antibody (diluted
1:10,000) (Jackson ImmunoResearch, West Grove, PA,
USA) was added to each well and incubated at 37 °C for
1 h, after which the plate was washed five times with PBST.
3,3",5,5'-Tetramethylbenzidine substrate was then added
and incubated at room temperature for 10—15 min. Finally,
H,SO, was added to terminate the reaction, and the optical
density at a wavelength of 450 nm (OD,5,) was measured
with a Multiskan™ FC Microplate Photometer (Thermo
Fisher Scientific).

The N gene of TGEV (GenBank accession number:
AF298213) was amplified with an upstream primer con-
taining the Xhol restriction site (underlined) (5'-TACCCTC
GAGATGGCCAACCAGGGACAACGTGT-3") and a down-
stream primer containing the Sall restriction site (under-
lined) (5'-GCAGGTCGACTTAGTTCGTTACCTCATC
AAT-3") and cloned into the pCold™ I plasmid. The TGEV
N protein was expressed and purified to compare its binding
properties to the scFvs with those of the PEDV N protein
with an ELISA. The periplasmic expression of the scFvs was
detected with western blotting, as described below.
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Table 1 Primers used in the construction of the porcine recombinant scFv library

Primer Sequence (5'-3")*

VH-B GAGGWGAAGCTGGTGGAGTCYGG

VH-F ACGACGACTTCAACGCCTGG

VLk-B1 GCCATYGTGCTGACCCAGASTCC

VLk-B2 GAGCTCGTSATGACCCAGTCTCC

VLk-B3 GAGCTGCGTGATACACAGTCTCC

VLK-F TTTGAKYTCCAGCTTGGTCCC

VLA-B GATTCTCAGACTGTGATCCAGGAG

VLA-F GAGGACGGTCAGATGGGTCC

Overlap-B1 CCAGGCGTTGAAGTCGTCGTCGGTGGCGGTGGCTCGGGCGGTGGTGGATCCGGTGGCGGCGGATCTGCC
ATYGTGCTGACCCAGASTCC

Overlap-F1 GGASTCTGGGTCAGCACRATGGCAGATCCGCCGCCACCGGATCCACCACCGCCCGAGCCACCGCCACCGAC
GACGACTTCAACGCCTGG

Overlap-B2 CCAGGCGTTGAAGTCGTCGTCGGTGGCGGTGGCTCGGGCGGTGGTGGATCCGGTGGCGGCGGATCTGAG
CTCGTSATGACCCAGTCTCC

Overlap-F2 GGAGACTGGGTCATSACGAGCTCAGATCCGCCGCCACCGGATCCACCACCGCCCGAGCCACCGCCACCGAC
GACGACTTCAACGCCTGG

Overlap-B3 CCAGGCGTTGAAGTCGTCGTCGGTGGCGGTGGCTCGGGCGGTGGTGGATCCGGTGGCGGCGGATCTGAG
CTGCGTGATACACAGTCTCC

Overlap-F3 GGAGACTGTGTATCACGCAGCTCAGATCCGCCGCCACCGGATCCACCACCGCCCGAGCCACCGCCACCGAC
GACGACTTCAACGCCTGG

Overlap-A-B CCAGGCGTTGAAGTCGTCGTCGGTGGCGGTGGCTCGGGCGGTGGTGGATCCGGTGGCGGCGGATCTGAT
TCTCAGACTGTGATCCAGGAG

Overlap-A-F CTCCTGGATCACAGTCTGAGAATCAGATCCGCCGCCACCGGATCCACCACCGCCCGAGCCACCGCCACCGAC

GACGACTTCAACGCCTGG
Overlap-Bprimer CCAGGCGTTGAAGTCGTCGTC
VH-B-Ncol
VLk-F-Notl
VLA-F-Notl

TCGATCCATGGCTGAGGWGAAGCTGGTGGAGTCYGG
GAACTGCGGCCGCTTTGAKYTCCAGCTTGGTCCC
TAACTGCGGCCGCGAGGACGGTCAGATGGGTCC

*The linker sequence is shown in bold. The restriction sites for Ncol and NofI are underlined

Construction of the pCMV-HA-scFv recombinant
plasmid and transient expression of scFvs directed
against PEDV N protein

Each complete scFv fragment was amplified with an
upstream primer containing the Xhol restriction site and
a downstream primer containing the Notl restriction site
(Table 2), and then cloned into the pCMV-HA plasmid
(Takara Bio). Vero E6 and IPEC-J2 cells were cultured in
6-well plates until 80% confluence. The cells were then
transfected with 2.5 pg of pCMV-HA-scFv or pCMV-HA.
At 36 h posttransfection (hpt), the cells were harvested and
the expression of scFv detected with western blotting, as
described below.

Subcellular localization of scFvs directed
against PEDV N protein

An immunofluorescence assay (IFA) was used to eval-
uate the transfection efficiency and the intracellular
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distribution of the four scFvs. Vero E6 cells were cul-
tured on coverslips placed in the wells of 12-well plates.
The cells were transfected with 1 pg of pPCMV-HA-scFv
or pPCMV-HA. At 24 hpt, the culture supernatants were
removed, and the cells were infected with PEDV strain
HLIJBY (multiplicity of infection [MOI]=0.01). At 36 h
postinfection (hpi), the cells were fixed with 4% para-
formaldehyde for 30 min and permeabilized with 0.1%
Triton-X for 15 min. BSA (5%) was used to block the
cells at 37 °C for 1 h. The cells were then incubated with
a mouse monoclonal anti-HA antibody (CMCTAG) at
37 °C for 2 h and then with a rabbit polyclonal anti-PEDV
N protein antibody at 37 °C for 2 h. A Cy3-conbjugated
Affinipure goat anti-mouse IgG (H+L) secondary anti-
body and fluorescein isothiocyanate (FITC)-conjugated
Affinipure goat anti-rabbit IgG (H + L) secondary anti-
body were added to stain the cells. After the cell nuclei
were stained with 4',6-diamidino-2-phenylindole (DAPI),
the cells were analyzed with a confocal microscope
(Leica, Wetzlar, Germany).
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Table 2 Primers for PCR

: Primer Sequence (5'-3")*

cloning and RT-qPCR
cmv-ZW1-16-B TCGATCTCGAGCTGAGGAGAAGCTGGTGGAGTCCGG
cmv-ZW1-16-F TAACTGCGGCCGCTCAGAGCTCGTCCTTTTTGAGTTCCAGCTTGGTCCC
cmv-ZW3-21-B TCGATCTCGAGCTGAGGTGAAGCTGGTGGAGTCTGG
cmv-ZW3-21-F TAACTGCGGCCGCTCAGAGCTCGTCCTTTTTGATCTCCAGCTTGGTCCC
cmv-ZW1-41-B TCGATCTCGAGCTGAGGAGAAGCTGGTGGAGTCTGG
cmv-ZW1-41-F TAACTGCGGCCGCTCAGAGCTCGTCCTTTTTGAGCTCCAGCTTGGTCCC
cmv-ZW4-16-B TCGATCTCGAGCTGAGGTGAAGCTGGTGGAGTCTGG
cmv-ZW4-16-F TAACTGCGGCCGCTCAGAGCTCGTCCTTGAGGACGGTCAGATGGGTCC
PEDV-M-B GGCGTACAGGTAAGTCAATTGCC
PEDV-M-F AGCTGAGTAGTCGCCGTGTT
IFN-a-B AGTTCTGCACTGGACTGGAT
IFN-a-F CTTCTGCCCTGATGATCTCCCA
IFN-8-B TCCTTGTGGAACTTGATGGGC
IFN-B-F CGGAGGTAATCTGTAAGTCTGTT
IFN-A1-B ACATCCACGTCGAACTTCAGGCTT
IFN-AL-F AGTCTCCACTGGTAACACTTCTCA
IRF3-B ACGCTACACCCTCTGGTTCTG
IRF3-F GCAGGTCCACCGTGTTCTCC
IRF7-B CCACACTACACCATCTACCTG
IRF7-F CTCGTCATAGAGGCTGTTGGA
f-actin-B GTCACCCACACGGTGCCCATCTA
p-actin-F TCCTTGATGTCCCGCACGATCT

%The restriction sites for Xhol and Notl are underlined

Viral infection

Vero E6 cells were seeded in 12-well plates. Transfection
and infection were performed as described above. At 24
hpi, the supernatants were harvested to analyze viral RNA
production with reverse transcription (RT)-quantitative
PCR (qPCR), as described below. The treated cells were
lysed at 36 hpi and 72hpi to measure intracellular PEDV
particle content with western blotting. To assess the viral
titers, the supernatants were analyzed with a median tis-
sue culture infective dose (TCIDs,) assay at 24 hpi, 48
hpi, and 72 hpi.

Effects of scFvs directed against PEDV N protein
on expression of several IFNs, interferon regulatory
factor 3 (IRF3), and IRF7

IPEC-J2 cells were seeded in 24-well plates. The cells were
transfected with 0.5 pg of pPCMV-HA-scFv or pPCMV-HA.
At 24 hpt, the culture supernatants were removed, and the
cells were infected with PEDV strain HLJBY (MOI=0.01).
At 12 hpi, the treated cells were collected to detect the
expression of several IFNs, IRF3, and IRF7 at the mRNA
level with RT-qPCR, as described below. The primers are
listed in Table 2.

TCID;, assay

Monolayers of Vero E6 cells in 96-well plates were washed
twice with PBS. The tenfold serially diluted virus (100 pL)
in DMEM was added into each well (eight wells per dilu-
tion). After 1 h, 100 pL of DMEM supplemented with tosyl
phenylalanyl chloromethyl ketone (TPCK)-treated trypsin
(Worthington, Lakewood, NJ, USA) was added into each
well. At 3-5 days postinfection, the cells were observed
under a microscope. The TCIDsj, titers were calculated with
the Reed—Muench method (Reed and Muench 1938).

RT-qPCR

The viral RNA was extracted from supernatant, and cDNA
was synthesized. Virus production was quantified by meas-
uring the expression of the PEDV M gene. The qPCR was
performed with a TB Green® Premix Ex Taq™ II Kit (Tli
RNaseH Plus) (Takara Bio) in a 20 pL reaction mixture con-
taining the primers for PEDV M gene (Table 2) (Wongthida
et al. 2017). The qPCR was performed with initial dena-
turation at 95 °C for 30 s, followed by 40 cycles at 95 °C
for 5's, and 58 °C for 34 s. To calculate the viral copy num-
ber, a recombinant plasmid pMD19-T-PEDV-M containing
a truncated M gene fragment was constructed, and tenfold
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serially diluted pMD19-T-PEDV-M was used to generate a
standard curve.

To analyze the expression of several IFNs, IRF3, and
IRF7, TRIzol™ reagent was added to each well to lyse and
homogenize the treated cells. The total RNA was extracted,
and the cDNA was synthesized. The qPCR was performed
with the TB Green® Premix Ex Taq™ II Kit (Tli RNaseH
Plus) (Takara Bio) in a 20 pL reaction mixture containing
the specific primers (Table 1). The two-step qPCR was
performed as described above. The cellular housekeeping
gene B-actin (ACTB) was used to normalize the individual
samples. The relative quantification of gene expression was
evaluated with the 272" method (Livak and Schmittgen
2001).

Western blotting

The target proteins were separated with SDS-PAGE (12.5%)
and then transferred onto UltraCruz® Nitrocellulose Pure
Transfer Membranes (Santa Cruz Biotechnology, Santa
Cruz, CA, USA). The membranes were blocked for 1 h with
5% skim milk diluted in tris buffered saline with tween-20
(TBST) (Sigma-Aldrich) and incubated with the appropriate
primary antibodies overnight at 4 °C. Mouse monoclonal
anti-His antibody (CMCTAG), mouse monoclonal anti-Myc
antibody (CMCTAG), rabbit monoclonal anti-f-tubulin anti-
body (CMCTAG), mouse monoclonal anti-HA antibody,
and rabbit polyclonal anti-PEDV N protein antibody were
used as the primary antibodies. The membranes were then
incubated with the appropriate HRP-conjugated secondary
antibodies: HRP-conjugated Affinipure goat anti-mouse
IgG (H+L) antibody or HRP-conjugated Affinipure goat
anti-rabbit IgG (H + L) antibody. Finally, Immobilon West-
ern Chemiluminescent HRP Substrate (Merck) was used to
detect the signals.

Statistical analysis

The experimental data were analyzed with Student’s 7 test
in the Origin 8.0 software (OriginLab, Northampton, USA).
Values are presented as the means + standard errors of the
means (mean + SEM) of three independent experiments.
P <0.05 was considered to be statistically significant.
Results

Construction and characterization of scFv library
The DNA sequence (1326 bp) of the coding sequence

(CDS) region of the PEDV N gene was amplified, puri-
fied, and cloned into the pCold™ I plasmid (Fig. 1a). The
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Fig. 1 Expression and purification of the recombinant PEDV N pro-
tein. a RT-PCR amplification of CDS region of the PEDV N gene.
Lane M, 2000-bp DNA ladder; lane 1, PCR product of PEDV N gene.
b SDS-PAGE analysis of proteins extracted from bacterial cell lysate.
Lane M, protein molecular weight marker; lane 1, total cell lysate
of uninduced E. coli containing pCold I; lane 2, total cell lysate of
induced E. coli containing pCold I; lane 3, total cell lysate of unin-
duced E. coli containing pCold I-PEDV-N; lane 4, total cell lysate of
induced E. coli containing pCold I-PEDV-N. ¢ SDS-PAGE analysis
of the purified protein. Lanes 1-4, purified PEDV N proteins eluted
at different imidazole concentration (50 mM, 100 mM, 250 mM, and
500 mM, respectively). d Western blotting analysis of the purified
protein. Lane 1, purified PEDV N protein

PEDV N protein was expressed and purified. A protein
of approximately 58 kDa was identified with SDS-PAGE
and western blotting (Fig. 1b—d).

Two pigs were immunized with the recombinant PEDV
N protein, and the antibody titers were measured with an
ELISA. The total RNA was extracted (Fig. S1) and the
cDNA synthesized with reverse transcription. The porcine
VH and VL genes (VLk1, VLk2, VLk3, and VA) were
amplified. Analysis with gel electrophoresis indicated that
the fragment lengths were approximately 350 bp (VH)
and 330 bp (VL) (Fig. 2a). The scFv genes were cloned
into the plasmid pOPE101-XP (Fig. 2b). A porcine scFv
library containing 1.63 x 107 clones was constructed. The
positivity rate of the library, identified with DNA sequenc-
ing, was 85.4%. The diversity of the library was assessed
with DNA sequencing and BstNI digestion (Fig. 2c). The
digested fragments in the most of the randomly selected
scFvs differed from one another.
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Fig.2 Construction and diver-
sity analysis of porcine scFv
library. a PCR amplification of
VH and VL genes. Lanes 1 and
2, PCR product of VH gene;
lanes 3 and 4, PCR product of
VLkl1 gene; lanes 5 and 6, PCR
product of VLk2 gene; lanes 7
and 8, PCR product of VLk3

gene; lanes 9 and 10, PCR prod- %(5)88 BB
uct of VLA gene. b Construc- 1000 bp
tion of recombinant plasmid 750 bp
pOPE101-XP-scFv. Lane M, 500 b p
5000-bp DNA ladder; lane 1,

PCR product of scFv gene; lane 250 bp
2, linearized plasmid pOPE101-

XP digested with Ncol and Notl 100 bp
restriction enzymes. ¢ Diversity

analysis of porcine scFv library.

Lanes 1-13, DNA fragments

of scFvs digested with BstNI

restriction enzyme C

M1234567289I10
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Screening and specific binding of scFv directed
against PEDV N protein

Clones (n=768) were randomly selected to produce a
periplasmic scFv antibody for use in identifying positive
clones with an ELISA. When the OD,5, values of the clones
divided by that of the negative control were > 2.1, they were
deemed positive clones. Nine positive clones that showed
a binding signal were obtained. Among these, four scFvs
showed higher affinity binding to PEDV N protein than the
others (Fig. 3a). These four scFvs, designated ZW1-16 (Gen-
Bank accession number: MZ424895), ZW3-21 (GenBank
accession number: MZ424896), ZW1-41 (GenBank acces-
sion number: MZ424897), and ZW4-16 (GenBank accession
number: MZ424898), were selected for further study.

To evaluate whether the four scFvs cross-reacted with the
TGEV N protein, the DNA sequence (1149 bp) encoding
the CDS region of the TGEV N gene was cloned into the

pCold I plasmid, and the TGEV N protein was expressed and
purified (Fig. S2). The results of the ELISA used to examine
the binding of the scFvs to the PEDV N and TGEV N pro-
teins are shown in Fig. 3b. All four scFvs reacted strongly
with the PEDV N protein, but no reaction with the TGEV N
protein was observed. These results indicated that ZW1-16,
ZW3-21, ZW1-41, and ZW4-16 reacted specifically with
the PEDV N protein.

Amino acid sequence analysis and expression
of selected scFvs

The DNA sequences of the selected clones containing the
scFv fragments were determined. An amino acid sequence
analysis of the four scFvs showed that the framework regions
(FRs) were highly conserved, whereas the diversity of the
complementarity-determining regions (CDRs) was clearly
evident, especially CDR3 of VH (Fig. 4a). CDR3 of ZW1-41
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Fig.3 Binding properties of
selected scFvs. a Affinity analy-
sis of selected scFvs for PEDV
N protein. b Specific binding
analysis of selected scFvs with
PEDV N and TGEV N proteins

Fig.4 Characterization of four
selected scFvs. a Amino acid
sequences of ZW1-16, ZW3-
21,ZW1-41, and ZW4-16.
Framework regions (FR) and
complementarity-determining
regions (CDR) of VH and VL in
each scFv and the flexible linker
peptide (Linker) are indicated. b
Western blotting analysis of the
extracted periplasmic proteins.
Lanes 1-4, the extracted pro-
teins ZW1-16, ZW3-21, ZW1-
41, and ZW4-16, respectively;
lane 5, periplasmic protein
extracted from E. coli contain-
ing pOPE101-XP
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was noticeably longer than that of the other three scFvs.
The periplasmic proteins extracted from E. coli expressing
the Myc-tagged scFvs were subjected to western blotting
(Fig. 4b). Prominent bands of approximately 30 kDa were
observed, which corresponded to the theoretical molecular
weights of the expressed scFvs.

ScFvs expressed in Vero E6 cells co-localize
with PEDV N protein

To measure the expression of the four scFvs in cells, Vero
E6 cells were transfected with pCMV-HA-ZW1-16, pCMV-
HA-ZW3-21, pPCMV-HA-ZW1-41, pCMV-HA-ZW4-16, or
pCMV-HA. At 48 hpt, the treated cells were lysed, and the
cell lysates were analyzed with western blotting (Fig. S3).
The sizes of the four scFvs expressed in cells were identical
when expressed in the periplasm of E. coli.

Fig.5 Immunofluorescent stain-
ing and confocal microscopic
analysis of the expression of
four scFvs in cells and the scFv
binding to intracellular PEDV
N protein. Vero E6 cells were
transfected with pCMV-HA-
scFv or pPCMV-HA before
PEDV infection. Untransfected
infected Vero E6 cells were
used as the control. Untrans-
fected uninfected Vero E6 cells
were used as the MOCK con-
trol. All cells were stained with
FITC, CY3, and DAPI. Green
color represents the PEDV N
protein; red color represents
the scFvs; blue color represents
nuclei. Merged images show
the co-localization of ZW1-16,
ZW3-21,ZW1-41, or ZW4-16
with PEDV N protein (orange).
Bar=10 pm for all the figures

ZW1-16 + PEDV

ZW3-21 + PEDV

ZW1-41 + PEDV

ZW4-16 + PEDV

Vector + PEDV

PEDV

MOCK

The ability of the four scFvs to co-localize with the intra-
cellular PEDV N protein was analyzed with confocal micros-
copy. Vero EG6 cells were transfected with pCMV-HA-scFv
or pCMV-HA before their infection with PEDV. The PEDV
N protein was probed with a rabbit anti-PEDV N polyclonal
antibody (primary antibody), followed by a FITC-conjugated
Affinipure goat anti-rabbit IgG (H + L) secondary antibody.
The scFvs were probed with a mouse monoclonal anti-HA
antibody and a Cy3-conjugated Affinipure goat anti-mouse
IgG (H+L) secondary antibody. The nuclei were stained
with DAPI. As shown in Fig. 5, the PEDV N protein and
the scFvs were mainly distributed in the cytoplasm, and the
four scFvs co-localized with the intracellular PEDV N pro-
tein. These results indicated that the four scFvs were suc-
cessfully expressed in cells and co-localized with the wild-
type N protein. These properties of the scFvs suggested that
they affected PEDV growth and that they could be used to

FITC

CY3 DAPI MERGE
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regulate cellular processes in PEDV-infected cells by block-
ing the PEDV N protein.

ScFvs significantly suppress PEDV replication

There is evidence that the PEDV N protein contributes to
PEDV virion production (Liwnaree et al. 2019). To exam-
ine whether the scFvs affected virus production, Vero E6
cells transfected with pCMV-HA-scFv or pCMV-HA were
infected with PEDV. At 24 hpi, the cell supernatants were
collected to quantify the viral genome with RT-qPCR. The
results showed that four scFvs significantly reduced the viral
RNA level compared with that in the control group (P <0.01;
Fig. 6a). At 36hpi, the intracellular viral particle content,
measured with western blotting, did not differ significantly
between the scFv groups and the control group (Fig. 6b).
However, based on the results of grayscale analysis, the ratio
of the intracellular viral particle content to f-tubulin of the
scFv groups decreased about three times compared with that
of the control group at 72 hpi (Fig. 6¢). The PEDV titers
determined with a TCIDs, assay at three time points are
shown in Fig. 7. At 24 hpi, there was no significant difference
in the PEDV titers of the scFv groups and the control group.
At 48 hpi, the peak titer in all groups reached or exceeded 10’
TCIDsy/mL. Over time, the viral yields gradually declined.
The negative effects of ZW1-41 and ZW4-16 on the viral
titer were more marked than those of ZW1-16 and ZW3-21,
and they significantly suppressed PEDV production at 48 hpi
and 72 hpi (P <0.05). These results indicated that the scFvs
directed against the PEDV N protein significantly suppressed
PEDV replication in PEDV-infected cells.

Upregulation of IFN-A1 expression by scFvs

It is well-known that Vero E6 cells are defective in IFN pro-
duction. Therefore, IPEC-J2 cells were used as the ideal host
cells for PEDV infection to examine whether these scFvs
affected the expression of IFNs, IRF3, or IRF7 in PEDV-
infected cells. The four scFvs were effectively expressed
in IPEC-J2 cells, as confirmed with western blotting (Fig.
S4). IPEC-J2 cells were transfected with the recombinant
plasmid pCMV-HA-ZW1-16, pPCMV-HA-ZW3-21, pCM V-
HA-ZW1-41, or pCMV-HA-ZW4-16 or the empty vector
pCMV-HA. At 24 hpt, the transfected IPEC-J2 cells were
infected with PEDV. At 12 hpi, the treated cells were col-
lected to analyze the relative gene expression of IFNs and
IFN-responsive genes with RT-qPCR. As shown in Fig. 8,
there was no significant change in the expression of IFN-a,
IFN-p, or IRF3 after PEDV infection, but the expression
of IFN-A1 and IRF7 was significantly reduced. The scFvs
significantly upregulated the expression of IFN-Al and
IRF7 (P <0.05), but they had no significant effect on the
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Fig.6 Effects of the four scFvs on PEDV replication in Vero E6
cells. a Quantification of PEDV production with RT-qPCR. Super-
natants of treated cells were harvested for quantification of the viral
copy number. Values are the means =+ standard errors of the means
(mean +SEM) of three independent experiments. b Western blotting
analysis of viral production at 36hpi. ¢ Western blotting analysis of
viral production at 72hpi. Cell lysates were analyzed with anti-PEDV
N antibody, anti-scFv antibody, and anti-p-tubulin antibody. Values
are the means + SEM of three independent experiments. P <0.01

expression of IFN-a, IFN-f, or IRF3. These results indicated
that these scFvs upregulated the expression of IFN-A1 in
PEDV-infected IPEC-J2 cells by blocking PEDV N protein.

Discussion

PEDV infects pigs of all ages, and the mutant strains that
emerged in China in 2010-2011 cause up to 100% morbid-
ity (mainly within 7 days of age) and 80—100% mortality in
suckling piglets (Sun et al. 2012). At present, vaccines are
considered an effective way to prevent and control PEDV.
However, commercial inactivated vaccines confer only par-
tial protection against the new mutant strains due to the con-
tinuous mutation of the PEDV genome, whereas live attenu-
ated vaccines require a long period of development and are
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IRF7 was detected with RT—
gPCR. The housekeeping gene
B-actin was used to normalize
the individual samples. Values
are the means =+ standard errors
of the means (mean + SEM) of
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not safe (Li et al. 2020; Sun et al. 2012). Therefore, it is
necessary to develop an effective therapy with a short devel-
opment cycle and excellent safety for the control of PEDV.
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Antibodies directed against PEDV N protein have been
used for the early detection of PEDV infections because the
N protein is highly conserved and induces the production
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of large numbers of antibodies in the early stage of PEDV
infection (Li et al. 2013; Wang et al. 2016a; Yang et al.
2019). The subsequent functions of the N protein during
infection make it an ideal target for the prevention and treat-
ment of PEDV infection. The PEDV N protein is one of
the essential components of viral particles and promotes
viral replication, prolongs the S-phase of the cell cycle, and
induces ER stress (Liwnaree et al. 2019; Xu et al. 2013).

The pOPE plasmid derived from the pSEX plasmid was
designed for expressing functional antibody fragments in E.
coli (Dubel et al. 1992). The pOPE101-XP plasmid, one of
the derivatives of the pOPE plasmid, uses the pelB leader
sequence to mediate antibody protein secret into the peri-
plasmic space (Dubel et al. 1992; Schmiedl et al. 2000a,
2000b). Schmiedl et al. have used the pPOPE101 plasmid to
express and purify soluble scFv fragment (Schmied]l et al.
2000b).

In this study, we constructed a recombinant scFv library
from pigs immunized with the PEDV N protein, with a
capacity of 1.63x 10’. Four porcine scFvs that bound
with highest affinity to the PEDV N protein were selected
for further study. Previous studies have indicated that the
epitopes on the N protein contribute to the cross-reactivity
between PEDV and TGEV (Lin et al. 2015; Xie et al. 2019).
In this study, the specific binding of the four selected scFvs
to PEDV N and TGEV N proteins was analyzed with an
ELISA. All the scFvs bound highly specifically to PEDV
N protein, but not to TGEV N protein, demonstrating the
binding specificity of these scFvs. A multiple sequence
alignment of the amino acid sequences of these four scFvs
showed that the CDRs of VH and VL displayed clear vari-
ations. It should be noted that the diversity in the CDR3
region of VH was significantly higher than that in the other
CDRs of VH or VL. The specificity of antigen recognition
is predominantly determined by the highly diverse amino
acid sequences in the CDR3 region of VH (Xu and Davis
2000). Therefore, these scFvs may target different epitopes
on the PEDV N protein, and further studies are required to
identify these epitopes.

Previous studies have reported that the PEDV N protein
was mainly expressed in the cytoplasm (Shan et al. 2018). In
this study, we investigated the distribution of PEDV N pro-
tein and the four scFvs with IFA. The results indicated that
the four scFvs were uniformly expressed in the cytoplasm
and co-localized with the PEDV N protein in PEDV-infected
cells. Therefore, these scFvs retained their antigen-binding
activity in cells.

Previous studies have shown that the coronavirus N pro-
tein, the nucleocapsid protein that binds the gRNA, was cru-
cial for viral RNA synthesis. The interaction between the N
protein and nsp3, a component of the replicase-transcriptase
complex, plays a key role in the infectivity of the gRNA
(Hurst et al. 2013, 2010). The N protein also acts as a bridge
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involved in the circularization of the coronavirus genome
and RNA synthesis (Lo et al. 2019). The PEDV N protein
improves the viral titer by promoting the synthesis of viral
RNA (Liwnaree et al. 2019). In the present study, the scFvs
examined inhibited viral RNA production and reduced the
viral titer in Vero E6 cells, when analyzed with RT-qPCR
(P <0.01) and TCIDs, assays (P <0.05), respectively. The
production of viral protein, detected with western blotting,
was significantly suppressed of the scFv groups compared
with that of the control group at 72 hpi. As the Vero E6
cells are defective in IFN production, thus we speculated
that these scFvs might reduce the virus titer in Vero E6 cells
by impeding the interaction between N protein and nsp3 or
blocking the interaction between N protein and the gRNA.

Because PEDV mainly infects porcine small-intestinal
epithelial cells and causes severe mucosal atrophy and
congestion, the expression of type III IFN, which plays an
important role in the mucosal antiviral defenses, should be
considered in this context. IFN-A1 and IFN-A3 exert more
powerful antiviral activity than IFN-a against PEDV in
IPEC-J2 cells (Li et al. 2017, 2019; Zhao et al. 2020). To
evade the antiviral effects of IFNSs, viruses have evolved vari-
ous sophisticated mechanisms to regulate IFN expression.
Previous studies have identified the N proteins of severe
acute respiratory syndrome coronavirus (SARS-CoV),
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), Middle East respiratory syndrome coronavirus
(MERS-CoV), mouse hepatitis virus (MHV), porcine del-
tacoronavirus (PDCoV), and PEDV as IFN antagonists
(Chang et al. 2020; Chen et al. 2019, 2020; Ding et al. 2014,
2017; Lu et al. 2011). The MERS-CoV N protein suppresses
IFN-B and IFN-A1 production by impeding RIG-I ubiquit-
ination and activation, and the PEDV N protein antagonizes
IFN-p and IFN-A3 production by blocking the interaction
between IRF3 and TBK1 and blocking the nuclear transloca-
tion of nuclear factor-kB (NF-xB), respectively (Ding et al.
2014; Shan et al. 2018). In the present study, we noted that
the expression of IFN-A1 mRNA was significantly down-
regulated after PEDV infection (P <0.05), whereas it was
significantly upregulated when cells were transfected with
the scFvs before PEDV infection (P <0.05). There was no
significant difference in the expression of IFN-a or IFN-f
mRNAs among any of the treatment groups. Therefore, we
speculated that the scFvs counteracted the antagonistic effect
of the PEDV N protein on IFN-A1 production in PEDV-
infected IPEC-J2 cells by blocking the N protein.

Recent studies have demonstrated that the induction
of IFN-A1 correlated with the activation of IRF3, IRF7,
and NF-xB (Cao et al. 2014; Osterlund et al. 2007). The
nuclear translocation of IRF3, IRF7, or NF-kB activated
the transcription of IFN-A1. However, the detailed mech-
anism by which IRF7 regulates IFN-A1 production in
swine remains unclear. In the present study, no significant
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difference in IRF3 mRNA expression was detected among
any of the treatment groups, whereas IRF7 mRNA expres-
sion was significantly downregulated after PEDV infec-
tion (P <0.01). When cells were transfected with the scFvs
before PEDV infection, the expression of IRF7 was signifi-
cantly upregulated (P <0.05). As the expression changes
of IFN-A1 and IRF3 were unexpected, the effects of scFvs
alone on the expression of IFN-A1 and IRF3 in IPEC-J2
cells were evaluated (Fig. S5). As shown in Figure S5, the
expression of IFN-A1 or IRF3 was not observably changed
by the scFvs. Since different scFvs can recognize different
epitopes, it may be attribute that these scFvs recognized
the epitopes of PEDV N protein which are responsible
for regulating the expression of IFN-A1 and IRF7. Fur-
thermore, the scFvs may eliminate the inhibitory effect of
PEDV on the transcription of IRF7 by blocking the PEDV
N protein, causing increased activation of IRF7 and IFN-
A1 expression in PEDV-infected IPEC-J2 cells.

In conclusion, four scFvs specifically targeting the
PEDV N protein with greatest affinity, but not targeting
the TGEV N protein, were isolated from the spleens of
pigs immunized with a recombinant PEDV N protein. [FA
showed that these scFvs were effectively expressed in the
cytoplasm and co-localized with the wild-type N protein in
PEDV-infected cells. These scFvs significantly suppressed
PEDV replication and positively regulated the transcrip-
tion of the host IFN-A1 and IRF7 genes compared with that
in cells transfected with the empty vector, suggesting that
PEDV circumvented the host immune response through
other mechanisms. Our findings demonstrated the potential
utility of scFvs directed against PEDV N protein as novel
therapeutic agents and should facilitate the development
of scFv-based therapeutic agents for the prevention and
treatment of porcine diarrhea caused by PEDV.
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