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Abstract Porcine epidemic diarrhea virus (PEDV) is a
pathogen of swine that causes severe diarrhea and dehy-
dration resulting in substantial morbidity and mortality in
newborn piglets. Phage display is a technique with wide
application, in particular, the identification of key antigen
epitopes for the development of therapeutic and diagnostic
reagents and vaccines. To identify antigen epitopes with
specificity for PEDV, a monoclonal antibody (MAb-5E12)
against the immunodominant region of the PEDV Spike
protein (S1) was used as the target for biopanning a 12-mer
phage display, random peptide library. After multiple
rounds of biopanning and stringent washing, three phage-
displayed peptides, designated L, W and H, were identified
that recognize MAb-5SE12. Sequence analysis showed that
the one or more of the peptides exhibited partial sequence
similarity to the native S1 sequence ‘MQYVYTPTYYML’
(designated peptide M) at position 201-212. In
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combination with software analysis for the prediction of B
cell epitopes, aa 201-212 exhibited characteristics of a
linear epitope on the PEDV Sl protein. In contrast to
peptide M, a consensus motif ‘PxxY’ was identified on
both peptides L and W, and on the S1 protein, but not on
peptide H. Peptide M and the MADb-5E12-recognizing
peptides L and W significantly inhibited the adsorption of
PEDV on the cell surface as monitored through plaque-
reduction assays. Furthermore, data from real-time PCR
and indirect immunofluorescence assays were consistent
with the ability of peptides M, L and W to block viral
protein expression and thereby function as antiviral agents
for PEDV.
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Introduction

Porcine epidemic diarrhea virus (PEDV) is a primary
pathogen of the genus Alphacoronavirus of Coronaviridae
family and Nidovirales order, that causes persistent diar-
rhea in swine [1]. The virus has been discovered in many
countries of Europe, Asia, and South America [2-4], sug-
gesting that it indeed is a cosmopolitan disease among
swine producing countries. Although in recent years pro-
gress has been made in the development of vaccines to
control and prevent disease, outbreaks continue to rise and
pose problems to the swine industry and international trade.

PEDV is an enveloped, single-stranded, RNA virus
approximately 28 kb in size, and encodes four structural
proteins; the spike (S) protein, nucleocapsid (N) protein,
membrane (M) protein and small envelope (E) protein [5].
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Like other coronavirus, PEDV infects susceptible cells via
interactions between the S protein and specific cellular
receptors [6, 7]. The S protein is also the dominant viral
antigen and induces neutralizing host antibodies and pro-
tective immunity [2, 8]. The PEDV S protein was subdi-
vided into the S1 (aa 1-789) and S2 (aa 790-1383)
domains. The globular part of S protein is formed by the S1
domain. It contains the major neutralizing and cellular
receptor-binding residues, and plays an important role in
mediating virus invasion of host cells [8, 9].

Phage display is a technique used to identify putative
antigenic epitopes or other macromolecule-binding ligands
by probing a random phage library expressing peptide
ligands on the phage surface, with specific target molecules
i.e., cell-surface receptors, enzymes, or viral or bacte-
rial proteins. Reports have shown that small peptides
derived from phage display libraries exhibit excellent
prospects as therapeutic agents against these diseases [10,
11]. Using hybridoma technology, we developed a mono-
clonal antibody to the PEDV S1 protein (designed MAb-
5E12), which binds to the recombinant PEDV S1 protein
(PEDV rS1) and recognizes the native PEDV [12]. In this
study, MAb-5E12 was used as the immobilized target to
biopan a 12-mer phage display random peptide library. Ten
positive phage clones that specifically bind to MAb-5E12
were identified and constitute three distinct peptide
sequences. Upon alignment with the native S1 protein,
results indicated high sequence similarity to a region of the
PEDV S1 protein. Using bioinformatics to assess B cell
epitopes on the PEDV S1 protein indicated that the motif
2IMQYVYTPTYYML?'? was a putative linear, antigenic
epitope. Among the sequences identified, two phage-
derived peptides were synthesized and found to inhibit
PEDV adsorption in a dose-dependent manner and in so
doing exhibited anti-viral activity.

Materials and methods
Cell, virus and reagents

An African green monkey kidney cell line (VeroE6) was
cultured in Dulbecco’s Modified Eagle medium (DMEM)
supplemented with 8 % fetal bovine serum (FBS, US) at
37 °C, 5 % CO,. PEDV strain CV777 was kept in our
laboratory, and propagated in VeroE6 cells in serum-free
DMEM containing 2.5 pg/ml of trypsin. A monoclonal
antibody 5E12 to the S1 protein of PEDV, and anti-PEDV
rabbit polyclonal antibodies were previously generated in
our laboratory [12]. A phage display peptide library kit
(Ph.D.-12) was purchased from New England BioLabs
(Hitchin, Hertfordshire, UK). Fluorescein isothiocyanate
(FITC)-conjugated goat anti-rabbit IgG, horseradish
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peroxidase (HRP)-conjugated goat anti-rabbit and anti-
mouse IgG were purchased from the Zhongshan Company
(Beijing, China).

Biopanning

To obtain high amount of the MAb-5E12, adult female
BALB/c mice were injected with 10° hybridoma cells in
0.5 ml of DMEM. The ascites were produced within
1-2 weeks. The ascites were centrifuged at 12,000 rpm for
10 min, and the supernatant was purified by the caprylic
acid—ammonium sulfate method as previously described
[13]. Biopanning with a 12-mer phage display peptide
library was done according to the manufacturer’s instruc-
tions with minor modifications [14]. During first to third
rounds of panning, the purified MAb-5E12 was incubated
with the crude phage library or with eluted phage
(1.5 x 10! pfu). In order to remove non-specific, anti-
body-binding molecules, in the fourth round of biopanning,
an unrelated MADb kept in our laboratory was incubated
with the third round-eluted phage. The unbound phage was
subjected to a fifth round of panning at a concentration of
1.5 x 10" pfu. The concentration of MAb-5E12 was
reduced with each successive round of biopanning at 20,
15, 10 and 5 pg/well, respectively. The concentration of
the unrelated MADb (Negative control, which against a
recombinant VP7 protein of Porcine rotavirus, a normal
mouse MAD, and has not cross-reactions with MAb-5E12)
(round four) was 10 pg/well. Thirteen individual phage
clones were picked after the last round of biopanning.

Binding affinity analyzed by direct and competitive
ELISA

For direct ELISA, the plates were coated with 2.5 pg/well
of MADb-5E12 or unrelated MAD in 0.1 M NaHCO; (pH
8.6) at 4 °C overnight. The plates were blocked with 1 %
bovine serum albumin (BSA) in TBS-0.1 % Tween
(50 mM Tris buffered saline containing 0.1 % Tween,
TBST) at 37 °C for 1 h, then subsequently incubated with
the selected phage clone and wild-type MI13 phage
(1.5 x 10" pfu/well). After four rounds of washing in
TBST, the M13 polyclonal antibody (dilution 1:1000 in
TBST; Abcam) was added, and the mix incubated for 1 h at
37 °C, then washed 4x and incubated with HRP-conju-
gated anti-rabbit IgG antibody (diluted 1:5000 in TBST).
The plates were washed again, and developed using o-
phenylenediamine for 10 min at room temperature. The
reactions were stopped using 2 M H,SO, and the ODg9
values were determined. Competitive ELISA was per-
formed under similar conditions with the following modi-
fications: individual phage (1.5 x 10"' pfu) were mixed
with MAb-5E12 (2.5 pg) prior to adding to the PEDV rS1



Virus Genes (2015) 51:217-224

219

protein-coated plates (2.5 pg/well), and then incubated
with the HRP-conjugated anti-mouse IgG antibody. The
inhibition rate (%) was calculated as follows: {[OD4qq
MAD-5E12 (no phage) — OD499 MADb-5E12 (with phage)]/
ODy99 MAD-5E12 (no phage)} x 100.

Sequence alignment of phage-displayed peptides

The DNA from 10 selected phage clones was extracted and
purified using iodide buffer (pH 8.0) and ethanol precipi-
tation according to manufacturer’s instructions. The phage
dodecapeptide-gIIl fusion gene was amplified from the
purified DNA template using sense (5-GTATGG-
GATTTTGCTAAACAAC) and antisense (5-CCCTCA-
TAGTTAGCGTAACG) primers. The PCR products were
sequenced, and the deduced amino acid sequences were
aligned with the PEDV S1 protein (NCBI accession number
AF353511.1) using Lasergene DNAStar Megalign™ 9.0.

Prediction of B cell epitopes in the PEDV S1 protein

Bioinformatics predicted antigenic peptides (BPAP) (http://
imed.med.ucm.es/Tools/antigenic.pl) was used to assess
putative B cell epitopes within the PEDV S1 protein. This
system is straightforward and predicts antigenic determi-
nants with 75 % accuracy [15].

Cytotoxicity of synthesized peptides

Peptides were synthesized by the China Peptides Co., Ltd.
(Shanghai, China), and the purity confirmed to be >95 %.
The cytotoxicity of the peptides was determined using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay [16]. Briefly, cells (2 x 10* cells/well)
were seeded onto 96-well plates for 24 h, treated with
serially-diluted peptides (100-3.125 pg/ml), and then
incubated for an additional 48 h. Afterwards, the plates
were supplemented with 10 pl of MTT solution (0.5 mg/
ml, Invitrogen, US), and incubated for an additional 4 h.
The media was discarded and 100 pl of dimethyl sulfoxide
(DMSO) was added to solubilize the formazan crystals.
After 15 min, the OD490 was read and cell viability was
calculated as follows: (OD490 treatment)/(OD490 con-
trol) x 100. The concentration of peptide that inhibited
cell proliferation to 50 % was defined as the 50 % cyto-
toxic concentration (CC50).

Plaque-reduction assay

Anti-PEDV activity of the peptides was evaluated by pla-
que-reduction assays as described previously [17]. In this
test, PEDV was diluted to MOI = 0.05, to which was
added dilutions of peptides (3.125, 6.25, 12.5, 25 and

50 pg/ml) not to exceed the CC50. Two different approa-
ches were used to treat the cells: [1] PEDV was first
incubated with cells for 1 h and then removed; the cells
were washed extensively with phosphate-buffered saline
(PBS) and then incubated with peptides at 37 °C for
another 1 h; [2] dilutions of peptide were incubated with
the cells for 1 h prior to the addition of PEDV; the cells
were washed extensively with PBS, then incubated with
PEDV for 1 h; and then removed virus and washed with
PBS, subsequently supplemented with 1 % methylcellulose
in serum-free DMEM at 37 °C for 72 h. All cells were
fixed in 4 % formaldehyde for 1 h at room temperature,
and then stained with 1 % crystal violet solution for
20 min. The cells were washed several times until the
plaques were visible for counting. The inhibition rate was
calculated as follows: [l — (plaques in treated well-
s/plaques in control wells)] x 100.

Real-time RT-PCR

In 24-well plates, confluent VeroE6 cells (2 x 10° cells/
well) were treated with different dilutions of peptide (3.125—
50 pg/ml) and PEDV (MOI = 0.05) for 1 h. The medium
was replaced with serum-free DMEM and incubated for an
additional 24 h. Total RNA was extracted using TriQuick
reagent (Beijing Solarbio Science & Technology Co., Ltd.,
Beijing, China) according to the manufacturer’s instruc-
tions. cDNA was synthesized using murine leukemia virus
reverse transcriptase (GBI Labs/Golden Bridge Interna-
tional, Inc., Mukilteo, WA, USA) with oligo dT (HaiGene
Technology, Harbin, China). The cDNA was then subjected
to real-time PCR with primer pairs specific for PEDV N and
B-actin [17]. PEDV N specific primers were 5'-
CACTGGTTGGGCTTTCTATGTC and 5-TGTTAGTG
GGTACAGCGTTGTT, while B-actin primers were 5'-
GGCTCAGAGCAAGAGAGGTATCC and 5'-GGTCTCA
AACATGATCTGAGTCATCT, respectively. The relative
transcription of PEDV N was calculated by the 224G
method [18].

Indirect immunofluorescence assay (IFA)

VeroE6 cells were seeded onto 96-well plates at a density
of 2 x 10* cells/well and grown for 24 h. An equal volume
of peptide (50 pg/ml) and PEDV (MOI = 0.05) was added
to each well and incubated at 37 °C for 1 h. PEDV-infected
or mock-infected cells were used as controls. The media
was replaced with the serum-free media and the incubation
continued for 24 h after which the cells were washed 3 x
with ice-cold PBS, fixed with 4 % formaldehyde for
30 min and then quenched with 0.1 M glycine for 5 min.
The cells were again washed 3x in PBS, permeabilized
with 0.1 % Triton X-100 for 10 min and then incubated at
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37 °C for 1 h with rabbit anti-PEDV polyclonal antibody
(1:500 in PBS). After washing, the cells were incubated
with FITC-conjugated goat anti-rabbit IgG antibody at
37 °C for 30 min and visualized by fluorescence micro-
scopy (Leica, Wetzlar, Germany).

Results
Phage display mimotope of MAb-SE12

To identify the epitope within PEDV recognized by MAb-
SE12, purified MAb-5E12 was used as the immobilized
target to biopan a random, 12-mer phage peptide library.
After five rounds of biopanning including one round to
remove non-specific binding to IgG molecules, 13 indi-
vidual phage clones (designated ph1-13) were identified by
direct ELISA. The results showed that 10 phages specifi-
cally recognized MAb-5E12 (ODy49g > 1.2), but did not
bind to unrelated MAb or BSA (Fig. 1a). Competitive
ELISA was used to assess the binding efficiency of these
10 phage clones to MAb-5E12. As shown in Fig. 1b, the
phage inhibited binding of MAb-5E12 to the PEDV Sl
protein ranging from 34 to 68 % relative to controls (no

phage).
Alignment of the peptide sequences

DNA sequencing revealed that 10 phage clones pre-
sented three distinct peptide sequences (Table 1). The
deduced amino acid sequences were LMQINPTYYQIM,
WSFNPSTYTIAG and HDFVADMYQLAQ, designated
peptides L, W and H, respectively. As shown in Fig. 2,
multiple sequence alignment revealed that the one or
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Fig. 1 Binding analysis of the phage display peptides to MAb-5E12
by direct and competitive ELISA. a Selected phages named ph-1 to
ph-13 and wild-type M13 phage (ph-wt) were incubated with MAb-
SE12, an unrelated MAb, and BSA in ELISA plates to assess their
binding affinities. The ODy4qy values are proportional to binding
affinities of each phage. b Ten positive individual phage and MAb-
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Table 1 Deduced amino acid sequences of phage clones

Phage clones Amino acid sequence

ph-(2, 3, 8,9, 10, 11, 12, 13) LMQINPTYYQIM (L)
ph-1 WSFNPSTYTIAG (W)
ph-6 HDFVADMYQLAQ (H)

After five rounds of biopanning, 10 individual clones were charac-
terized by DNA sequencing. The deduced amino acid sequences are
displayed. Three unique peptide sequences were identified and have
been designated as peptides L, W and H (in parenthesis)

more of the peptides exhibited partial sequence similarity
to the native S1 sequence at position 180-220. We found
that peptide L has a similarity index of 50 % to the
sequence ‘MQYVYTPTYYML’ (designated peptide M)
at position of 201-212. Further, both peptides L and W
had a consensus motif ‘PxxY’ that is present within the
PEDV S1 protein sequence. The data suggest that the
motif 2'MQYVYTPTYYML?'? is the putative epitope
of the PEDV S1 protein recognized by MAb-5E12.

Prediction of B cell epitopes in the PEDV S1 protein

The method of Kolaskar and Tongaonkar has been used to
predict B cell epitopes. This same method identified 30
antigenic determinants in the PEDV S1 protein (Table 2)
with an average antigenic propensity of 1.0469. Among the
30 antigenic determinants, we found B cell epitopes loca-
ted in the 198-214 region which encompasses the putative
binding site of MAb-5E12. Previous reports [8, 19-22]
demonstrated that functional epitopes within the PEDV S
protein, include aa 499-638, 636-789, 744-759, 756771,
748-755, 764-771, and 1368-1374. Studies presented

80+

=

70+ 1 - +

60+
By

50+ ‘I‘

40-

30-

20

R i
0 T

‘3'&\’\\1\’5«
NV 9V 9 9

Inhibition Rate (%)

o ?\"LQ\\ o® 9“ Q“ \\092

SE12 were added to PEDV rS1 protein-coated plates; ph-wt and no
phage were used as negative controls. The inhibition rates {[OD49q
MADB-5E12 (no phage) — OD499 MAD-5E12 (with phage)]/OD49q
MADB-5E12 (no phage)} x 100 of the positive individual phage are
shown. The experiment was performed in triplicate
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180 190 200 210 220
PEDV S1 FYLKNDWSRVATRCYNRRSCAMQYVYTPTYYMLNVTSAGED
Peptide L LMQ—-INPTYYQIM
Peptide W WS————————— FNPSTYTIAG
Peptide H HD FVADMYQLAQ

Fig. 2 Alignment of deduced phage display amino acid sequences
and the PEDV S1 protein. Peptides L, W and H displayed one or more
amino acids with similarity to PEDV S1 protein in aa 180-220 (NCBI
accession number AF353511.1, 1-789 aa)

herein are consistent with aa 201-212 representing a new
linear epitope on the S1 protein of PEDV.

Anti-PEDYV activity of peptides in vitro

To determine whether or not peptides M, L, W and H could
inhibit PEDV infection, plaque-reduction, real-time RT-
PCR and IFA assays were performed at or below the
empirically-determined CC50 values for each peptide.
Assays were performed pre-and post-cell treatment with
PEDV to assess the mode of action. Plaque assays
demonstrated that pre-PEDV infection, none of the pep-
tides had a demonstrable effect on virus production (date
not shown). However, peptides M, L and W significantly
blocked the adsorption of virus in a dose-dependent man-
ner (Fig. 3a) when cells were treated prior to the addition
of PEDV; inhibitions of 72, 68 and 51 % were observed,
respectively. This is consistent with inhibition occurring at
the cell surface. In contrast to peptide M, we note that the
motif ‘PxxY’ is present in both peptides L and W which
inhibit the binding of the virus to the cells and is not pre-
sent in peptide H which showed little or no effect on the
binding of PEDV to the cell surface.

Secondarily, we examined the effects of these peptides
on viral mRNA synthesis by real-time PCR. As shown in
Fig. 3b, the level of viral mRNA in cells pretreated with
peptides M, L or W decreased with increasing peptide
concentration (3.125-50 pg/ml); however, no significant
changes were observed in cells pretreated with peptide H or
in peptide-untreated controls.

Finally, we used IFA to confirm the inhibitory activity of
the peptides on the binding and uptake of PEDV. Using the
experimentally-determined CC50 concentrations for each
peptide i.e., 50 pg/ml, we observed significantly lower flu-
orescence intensities in cells treated with peptides M, L or W
relative to peptide-untreated controls; the effects of peptide
H on IFA intensities were unremarkable (Fig. 3c).

Discussion
Phage display has been successfully used to identify epi-

topes of different viruses such as foot-and-mouth disease
virus (FMDYV) [23, 24], classical swine fever virus (CSFV)

[25], Japanese encephalitis virus (JEV) [26], Epstein—Barr
virus (EBV) [27], porcine reproductive and respiratory
syndrome virus (PRRSV) [28] and mouse hepatitis virus
(MHV) [29]. Therefore, one purpose of this study was to
identify potential antigenic epitopes in PEDV S1 protein
using this technique. Antigenic epitopes can be divided into
linear epitopes and conformational epitopes. The linear
epitopes are a few amino acids adjacent to each other on
the primary structure of antigen. The conformational epi-
topes are discontinuous on the primary structure of antigen,
but some amino acid residues near each other on the spatial
structure [30]. Here, under stringent panning conditions,
we identified the peptide sequence that had the binding
ability to MADb-5E12. Three sequences, LMQINP-
TYYQLM, WSFNPSTYTIAG and HDFVADMYQLAQ,
which were identified that displayed on the phages
(Table 1). Our findings suggested the  motif
'MQYVYTPTYYML?'? might be a critical linear epi-
tope in the PEDV S1 protein recognized by MAb-5E12.

PEDV S protein is a glycoprotein located on the surface
of the virion and has two subunits S1 and S2. S1 subunit
makes up the globular part of S protein, which contains the
specific receptor-binding domains (RBD) responsible for
adsorption of virions to the receptor of host cells, while S2
subunit is responsible for mediating fusion [6]. So far,
limited reports [7, 31, 32] showed that porcine aminopep-
tidase N (pAPN) may act as a functional receptor of PEDV,
but the accurate positions of RBD in PEDV S protein
remain unclear. Studies have shown that phage display
peptides which recognize pAPN are able to inhibit TGEV
and PEDV infection of cells [17, 33]. Therefore, it is a
good strategy for inhibition of virus enter into cells by
interfering with the attachment of virus on the cell surface.
Interestingly, in spite of the MAb 5E12 had no neutralizing
activity against PEDV, using plaque-reduction, real-time
PCR and indirect immunofluorescence assays, our data
showed that peptide M and the MAb-5E12-recognizing
peptides L and W significantly inhibited the adsorption of
PEDV on the cell surface and thereby function as antiviral
agents for PEDV. We assumed that it was possibly the
smaller sizes of peptides M, L and W allowing for better
recognition and/or binding to cellular receptors.

Currently, there are no effective prophylactic measures
against PEDV infection. As such, research efforts continue
to search for functional epitopes that can be exploited as
candidates for subunit vaccines [34-36]. Here, two pep-
tides derived from phage display libraries were identified
with sequence homology to a specific region of the PEDV
S1 protein and that affect binding of the PEDV to the cell
surface. Inasmuch as peptides L and W interacted with
MAD-5E12, these may function both as modulators to
enhance host immunity to infection, and as small molecule
therapeutic agents against this disease.
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Fig. 3 Anti-PEDV activity of
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