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Porcine epidemic diarrhea virus (PEDV) is a causative agent of a highly infectious disease

with a high mortality rate, especially in newborn piglets in Asian countries resulting in

serious economic loss. The development of a rapid, safe, effective and cost-efficient

vaccine is crucial to protect pigs against PEDV infection. The COE antigen is regarded

to be a major target for subunit vaccine development against PEDV infection. The

naturally assembled COE protein forms a homotrimeric structure. In the present study,

we successfully produced a trimeric COE protein as a native structure by fusion with

the C-terminal isoleucine zipper trimerization (GCN4pII) motif in Nicotiana benthamiana,

with a high expression level shown via semi-quantified Western blots. Trimeric COE

protein was purified via immobilized metal affinity chromatography (IMAC), and its trimeric

structure was successfully demonstrated by a cross-linking reaction, and a native PAGE

gel. A crude extract containing the COE trimer was used for evaluating immunogenicity

in mice. After 1 and 2 booster immunizations, the crude extract containing trimeric

COE elicited elevated PEDV-specific humoral responses, as demonstrated by ELISA

and Western blot analyses. Notably, a virus-neutralizing antibody assay indicated that

the neutralization activities of sera of mice vaccinated with the crude extract containing

COE-GCN4pII were similar to those of mice vaccinated with a commercial vaccine. These

results suggest that crude extract containing trimeric COE is a promising plant-based

subunit vaccine candidate for PEDV prevention.

Keywords: trimeric COE, PEDV, neutralizing antibody, plant-based vaccine, recombinant protein

INTRODUCTION

Porcine epidemic diarrhea (PED) is a highly infectious disease identified by dehydration, acute
watery diarrhea, and a high mortality rate, especially in newborn piglets (1–3). PEDV, the disease
causative agent of PED, spreads to several countries in the world, and resulting in serious economic
loss to the swineproduction (4–6). The PEDV genome comprises five open reading frames (ORFs)
encoding four structural proteins [the spike (S), envelope, membrane and nucleocapsid proteins]
and three non-structural proteins [the replicases ORF1a and 1b, and ORF3; (7, 8)]. Among the
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structural proteins, the S protein locating on the surface of
PEDV virion, plays a key role in the attachment of PEDV to
host cell receptors (9–11). In addition, the S protein is a target
for neutralizing antibody induction because it harbors virus-
neutralizing epitopes and is the principle antigenic determinant
(8). The S protein is naturally assembled in homotrimeric form
with a number of predicted glycosylation sites (12).

The CO-26K-equivalent epitope (COE epitope) is one of the
various neutralizing epitopes on the S protein of PEDV which
have been recognized (10). COE is the antigen epitope motif
that was identified by the monoclonal antibody 2C10 at the C-
terminal end of the S protein (13) and the S1D domain (14). The
COE protein is regarded as a critical target for the subunit vaccine
development against PEDV infection (15). The neutralizing
epitope region of COE contains 139 amino acids within the S1
domain extending from amino acid 499–638 (10, 15). COE has
been expressed as monomer or pentamer structures in various
plants including tobacco, rice, and lettuce (15–19). Mice fed
transgenic plants or immunized transgenic rice calli protein
extracts containing the monomeric COE protein were found to
have both systemic and mucosal immune responses against the
COE antigen (15, 16). The immunogenictity tests of pentameric
COE have not been tested. To date, the expression of trimeric
COE as a native COE structure in plants and immunogenicity of
trimeric COE in animals have not been reported.

GCN4, known as the GCN4 leucine zipper, is a yeast
transcription factor that is responsible for the reductive reaction
of amino acid deficiency (20). GCN4 can be switched from native
dimer form to multimeric states by mutations in the a- and d-
positions (21). GCN4pII is generated by a core that was formed
entirely of beta branched residues. GCN4pII has been used for the
successful production of trimeric HA proteins of H5N1 viruses
(22, 23), and trimeric S protein of PEDV (12). In which, the
GCN4pII was used to trigger trimerization of the proteins of
interest, and increase protein stability and solubility.

The development of a rapid, valid, safe, and cost-effective
vaccination strategy to protect swine against PEDV is urgently
needed, especially in developing Asian countries producing pigs.

Plant-based subunit vaccines have been reported with several
advantages including low manufacturing cost, effortlessness of
scaling, high stability and long shelf life [for a review, see
(24)]. In addition, low profit margins in the industrial vaccine
development are provided from plants with beneficial and
economical platforms (25). Agro-infiltration methods can offer
various advantages in production of substantial amounts of
recombinant proteins in short times (a few days) after completing
vector construction process, and therefore, this system generally
exhibits as a very fast and efficient method to produce subunit
vaccines (26).

In this study, we generated a plant vector containing a
DNA sequence encoding the COE protein of the PEDV DR13
strain fused GCN4pII as a vector model to investigate the
immunogenicity of a plant-based COE antigen in mice compared
to that of a commercial vaccine. Interestingly, the neutralization
activities of sera of mice vaccinated with the crude extract
containing COE trimer were similar to those of mice vaccinated
with the commercial vaccine. Our first successful initial results

are expected to provide an alternative strategy to generate a plant-
based trimeric COE vaccine against PEDV infection for national
rapid response.

MATERIALS AND METHODS

Production and Characterization of
Plant-Based Recombinant Protein
The COE nucleotide sequence encoding for amino acid 499–
638 of the COE in the S protein of the attenuated PEDV DR13
strain (NCBI accession number JQ023161.1) was synthesized,
codon optimized commercially in tobacco (Genebank accenssion
number BankIt2361779 Optimized MT761690), and then
inserted in a pEZ cloning vector (POCH, Life Science Missouri
City, Texas 77489). The COE gene was amplified from the
vector, and replaced for the H5 sequence present in pRTRA-
CaMV35S-H5-GCN4pII-cmyc-his-KDEL (22) to via the BamHI
and Bsp120I sites. The resulting expression cassette (Figure 1A)
was inserted into the expression vector pCB301-Kan (27) via
HindIII cleavage, then transformed into the Agrobacterium
tumefaciens [pGV2260 in C58C1; (28)] strain via electroporation
at 2.5 kV, 25 µF capacitance, and 400 Ohm resistance.

To express the recombinant protein in planta, the agro-
infiltration protocol was performed as described by Pham et al.
(29), with some modifications. Briefly, bacteria containing the
expression vector pCB301-COE-GCN4pII-cmyc-his-KDEL and
plant vector including HcPro (23), that was used as a gene
silencing suppressor for enhancing the expression levels of
targeting proteins in plants (30, 31), were mixed and diluted in an
infiltration buffer [10mM 2-(N-morpholino) ethanesulfonic acid
(MES), 10mMMgSO4, pH 5.6]. N. benthamiana plants (5 weeks
old) were completely infiltrated in an Agrobacterium solution,
and maintained in a greenhouse. Six days after agro-infiltration,
plant leaf samples were collected and stored at−80◦C.

Recombinant COE-GCN4pII protein was purified via
immobilizedmetal affinity chromatography (IMAC) as described
by Pham et al. (29). The oligomeric form of purified COE-
GCN4pII protein was determined by a cross-linking reaction
that was described by Weldon et al. (32) and a native PAGE.

Measurement of the COE-GCN4pII
Expression Level by SDS-Page and
Western Blot
Leaf samples were ground in liquid nitrogen, mixed with
PBS buffer (137mM NaCl, 2.7mM KCl, 10mM Na2HPO4,
1.8mM KH2PO4, pH 7.4). The crude extract was clarified by
centrifugation twice at 13,000 rpm for 30min at 4◦C. The COE-
GCN4pII protein in leaf crude extract and a number of known
concentrations of anti-TNFα-nanobody-ELP standard protein
[100, 200, 400, 800 ng, (33)] were separated in a 4–12% SDS-
PAGE gel and transferred to a PVDF membrane (Millipore). The
protein expression was determined via Western blot that was
performed as described by Pham et al. (29) using monoclonal
anti-c-myc antibody. The COE-GCN4pII protein expression
level in the leaf crude extract was semi-quantified via Western
blotting by comparison of the Western blot signal intensities and
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FIGURE 1 | Determination of the expression level and purification of COE-GCN4pII protein in plants. (A) The COE sequence encoding the COE protein of PEDV was

fused with the C-terminal trimeric motif (GCN4pII) for generating trimeric COE protein. The recombinant protein was fused to a c-myc tag and his-tag for downstream

detection by Western blot and protein purification by IMAC, respectively. The legumine B4 signal peptide and the KDEL motif were used to target protein retention in

the ER. CaMV35S Pro, cauliflower mosaic virus 35S ubiquitous promoter; CaMV 35S Term, cauliflower mosaic virus 35S terminator; asterisk, the molecular weight of

proteins was calculated for unglycosylated monomers. (B) A total of 11.25 µg of total soluble proteins in crude extract containing COE-GCN4pII or wild type crude

extract and a series of known concentrations of the anti-nanobody-ELP standard (100, 200, 400, and 800 ng) were separated in 4–10% gel polyacrylamide. An

anti-cmyc tag antibody was used as a primary antibody. HRP-linked goat anti-mouse IgG was used as a secondary antibody. The COE content in the plant crude

extract was determined by comparing the blot signal intensities and those of the standard protein using ImageJ software. (C) SDS-PAGE analysis of the purification

procedure of COE-GCN4pII from total soluble protein extracts using IMAC; RE, raw extract; FT, flow through; W, wash fraction and P, purified fraction in SDS-PAGE.

(D) Western blot analysis of the purification procedure of COE-GCN4pII from total soluble protein extracts using IMAC. COE-GCNpII was immunologically detected via

an anti-his monoclonal antibody.

those of the anti-TNFα-nanobody-ELP standard protein using
ImageJ software.

Mouse Immunization
The study was approved by the ethical committee of the Institute
of Biotechnology, Academic of Science and Technology Vietnam
(VAST), Hanoi, Vietnam. The crude extracts after 6 days of
the storage were mixed with the Emulsigen R©-D adjuvant (MVP
Technologies, 4805G Street, Omaha, NE 68117, USA) with a
ratio of 4:1 (v/v), respectively. Three groups of 6–8-week-old
female BALB/C mouse (five per group) respectively numbered
G1, G2, G3 were subcutaneously vaccinated at days 0, 14 and 28

with 200 µl of Emulsigen R©-D adjuvant-formulated crude plant
extracts of non-transgenic plants as negative control) or 200µl of
the commercial vaccine against the PEDV DR13 strain (4 × 106

TCID50/dose, CTC Vacc PED, Korea) as positive control or 200
µl of Emulsigen R©-D adjuvant-formulated crude plant extracts
containing 18.76 µg of COE-GCN4pII protein that was semi-
quantified byWestern blotting. The bloods ofmice were collected
at seven days after the second and the third immunization via
the retro-orbital sinus. All mouse sera were collected separately
by centrifugation. To inactivate the non-specific complement, all
mouse sera were incubated at 56

◦
C for 30min before being stored

at−20
◦
C until used.
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Preparation and Purification of PEDV
PEDV propagation and purification were carried out as described
by Hofmann et al. (34), with modifications. The Vero E6 cell
line (ATCC R© CRL-1587TM) was propagated and incubated at
37◦C in Dulbecco’s Modified Eagle Medium (DMEM) including
10% fetal bovine serum (FBS) and antibiotics (100µg/mL
penicillin/streptomycin). The cells were cultured in a 5% CO2 at
37◦C. Then, the PEDV-DR13 strain was propagated in Vero cells
with 10µg/mL trypsin treated- tosyl phenylalanyl chloromethyl
ketone (TPCK) (Worthington, Lakewood, NJ, USA). After 36 h
of cultivation, when all cells showed 100% cytopathogenic effects
with morphological changes using cell morphology evaluation
by inverted light microscopy, the infective culture fluid was
harvested andfreeze-thawed three cycles. Next, cellular debris
was pelleted by centrifugation at 10,000 ×g for 30min. The
clarified supernatant was then enriched by ultracentrifugation at
30,000 ×g. Sucrose density gradient centrifugation (20, 40, 60%)
was then used to purify PEDV.

Detection of PEDV-Specific IgG Antibody
Responses by Western Blot
To detect PEDV-specific IgG mouse antibodies, 1 µg of purified
PEDV DR13 was loaded onto 3-wells of one SDS-PAGE gel. The
virus was separated and transferred to a PVDF membrane. The
membranes were blocked with 5% (w/v) fat-free milk in PBS
buffer (137mM NaCl, 2.7mM KCl, 10mM Na2HPO4, 1.8mM
KH2PO4, pH 7.4) for 2 h. To separate the three lanes, the
membrane was cut. Next, the single lane was incubated with a
mixture of five mouse sera from each group (G1, G2, or G3)
with a dilution of 1:200 at room temperature for 2 h, followed
by the incubation with goat anti-mouse IgG secondary antibody-
conjugated HRP with a dilution of 1:5,000.

Detection of PEDV-Specific IgG, IgA, IgM
Antibody Responses by Indirect ELISA
The indirect ELISA was performed as described by Pham et al.
(29), with some modifications. Hundred microliter of purified
PEDV DR13 (5 ng/µl) in PBS (100mMNaCl, 32mMNa2HPO4,
17mM Na2HPO4, pH 7.2) were added in a microtiter plate
(ImmunoPlate Maxisorp, Nalgen Nunc International, Roskilde,
Denmark) that was then incubated overnight. The plate was
blocked, and incubated with 100µl of each serially diluted mouse
serum in 1% (w/v) BSA in PBST at ratios of 1:100, 1:200, 1:400,
1:800, 1:1,600, 1:3,200, 1:6,400, 1:12,800, 1:125,600, 1:51,200,
1:102,400 with three replications, followed by the addition of 100
µl of a 1:10 000 dilution of goat anti-mouse IgG-conjugated HRP
(Invitrogen) or 1:2,000 dilution of goat anti-mouse IgA cross-
adsorbed secondary antibody-conjugated HRP (Invitrogen) or
1:1,000 dilution of goat anti-mouse IgM secondary antibody-
conjugated HRP (Invitrogen) in 1% (w/v) BSA in PBST. An
internal control was generated by mixing 5 µl of each serum of
all mouse groups, and put in all plates. OD450 signals of internal
control were used to normalize the ELISA data. The cut-off value
of ELISA was determined as (MEAN + 3.848 × SD) of negative
control (35). BSA background was subtracted.

Virus Neutralization Assay
Two-fold serial dilutions of serum samples after the 2nd
immunization were prepared in α-Minimum Essential
Medium (MEM) including 1% antibiotic-anti-mycotic solution
(Invitrogen, USA). Then, 103 TCID50/0.1ml of PEDV DR13
was added with an equal volume of diluted serum, and the
virus-serum mixture was maintained at 37◦C for 1 h. Next,
100 µl of each virus-serum mixture was introduced onto Vero
cell monolayers in 96-well plates. The virus-serum mixture
was removed after adsorption at 37◦C for 1 h. The plates were
then washed for 10min with PBS. Finally, 200 µl of serum-free
α-MEM medium containing trypsin were placed into each well
and maintained at 37◦C for 6 days. For controlling this assay,
the virus control, positive serum control, negative serum control
and blank control were used. The serum neutralization titres (SN
titres) were defined as the highest serum dilution and consequent
on inhibition of the cytopathic effect.

Statistical Analysis
Statistical analyses for the ELISA test and virus neutralization
assay were carried out in Sigma Plot software using a t-test.
The difference between sample data mean was compared and is
showed as the X ± standard deviation (SD). P-values that were
<0.05 were determined to be significantly different.

RESULTS

Expression, Purification, and
Characterization of the COE-GCN4pII
Protein in Plants
The expression of the COE-GCN4pII protein in planta was
successful demonstrated via separation of SDS-PAGE under
reducing conditions, blotted and detected by Western blot using
an anti-c-myc monoclonal antibody (Figure 1B).

The apparent band shown in Figure 1B with COE molecular
weight was larger than the expected COE size predicted from
the COE polypeptide sequence (26 kDa). One of the possible
reasons for the increase in the molecular weight of COE protein
is that the N-glycosylation sites located within the COE-S
protein of PEDV at amino acids 511 and 533 may influence the
electrophoretic behavior during the PAGE separation (16, 17). No
COE protein was detected in wild type crude extract. The COE-
GCN4pII protein expression level in leaf crude extract was semi-
quantified by Western blotting. The COE-GCN4pII protein was
quantified with a high expression level of∼4% of the total soluble
protein. The amount of plant-produced COE-GCN4pII protein
was found to be 234 mg/kg wet weight. Several publications
have reported the accumulation of COE in transgenic plants
(15, 17, 19); however, the expression level was still lower than
that in our report. We demonstrated that the accumulation of
COE in tobacco leaves could be significantly improved by codon
optimization for plant expression by using a strong expression
system, such as agro-infiltration.

The purification process was validated by collecting samples
from each step of the purification procedure to analyse via
SDS-PAGE and Western blot using a monoclonal anti-his
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FIGURE 2 | Characterization of oligomeric state of COE protein on SDS-PAGE via cross-linking reaction and native PAGE. (A) Detection of the oligomeric states of

COE-GCN4pII via a cross-linking reaction; (–) and (+) BS3 indicate the cross-linker BS3 at a 0 and 5mM final concentration, respectively. The resulting products were

separated by SDS-PAGE (4–12% gradient gel) under reducing conditions, blotted and detected by an anti-c-myc monoclonal antibody. (B) The COE protein was

separated on a 4–15% native polyacrylamide gradient gel under native condition. A native gel was stained in Coomassie staining solution, and washed in destaining

solution. M: Amersham high molecular weight calibration kit proteins (GE Healthcare) (C). The native gel was blotted and detected by monoclonal anti-c-myc antibody.

Negative control: PBS.

antibody (Figures 1C,D). These results indicate the enrichment
and successful purification of COE-GCN4pII protein from N.
benthamiana leaves. The oligomeric state of the COE-GCN4pII
protein was successfully determined by a cross-linking reaction
with BS3 and a separation under native condition by native-
PAGE. A band with amolecular weight of approximately 100 kDa
corresponding to molecular weight of trimeric COE form was
detected (Figures 2A–C). These results revealed that the trimeric
COE protein was successfully generated in planta by the fusion of
COE with GCN4pII motif.

Strong Immune Responses Induced by the
Crude Plant Extract Containing
COE-GCN4pII
Since animal vaccine development should minimize downstream
processing in pig immunizations, the crude plant extract was
chosen for testing immunogenicity in mice. Interestingly, after
storing the crude extract containing trimeric COE at 4◦C for six
days, the COE content was still stable, as revealed by Western
blotting (see Supplementary File).

The antibody- mediated humoral immune responses from
vaccinated mice were first examined against the purified PEDV
DR13 strain by Western blot (Figure 3A). Before vaccination,

PEDV-specific IgG antibody responses were not detected inmice.
The Western blots in Figure 3A showed that there was a band
with molecular weight of over 245 kDa detected in mice groups
G2 (vaccinated with the commercial vaccine against PEDV) and
G3 (vaccinated with crude extract containing COE-GCN4pII)
that was larger than the expected size of S protein PEDV (151.38
kDa). The larger band size obtained in Western blot might be
explained that might be due to the influence on electrophoretic
behavior by the 29 potential N-glycosylation sites locating within
the S protein of PEDV during the PAGE separation (36). The
results indicate that PEDV-specific IgG antibody responses were
induced in mice groups G2 and G3 after the 2nd immunization
and the 3rd immunization, and the antibody responses were
strongly increased in both mice groups G2 and G3 after the
3rd immunization. In contrast, no PEDV-specific IgG antibody
response was detected in mice group G1 vaccinated with crude
extracts of non-transgenic plants.

Different levels of PEDV-specific IgG, IgA and IgM antibodies
in each mouse sera group were calculated as the reciprocals of the
geometric mean titer of the five mice of each group. End-point
titer of each mouse sera group was compared by the t-test. The
results showed that after the 2nd immunization, crude extract
containing COE-GCN4pII (G3) elicited elevated levels of IgG,
IgA and IgM antibody responses against PEDV (Figures 3B–D),
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FIGURE 3 | Determination of the levels of PEDV-specific IgG, IgA, and IgM antibody responses via a Western blot and ELISAs. (A) Sera from five mice from each

group immunized with a negative control (wild-type crude extract, G1) or a positive control (commercial vaccine, G2) or the crude extract containing COE-GCN4pII

(G3) were mixed, diluted 200 times and used as a primary antibody for detecting 1 µg of purified PEDV antigen. HRP-linked goat anti-mouse IgG was used as a

secondary antibody. In total, 500 ng of purified PEDV per well was coated on a plate. Each serum was measured in triplicate. The sera were serially diluted and

analyzed via ELISA. Different levels of PEDV-specific IgG (B), IgA (C), and IgM (D) antibodies in each mouse sera group were calculated as the reciprocal of the

geometric mean titer of the five mice of each group vaccinated with the negative control (wild-type crude extract, G1) or the positive control (commercial vaccine, G2)

or the crude extract containing COE-GCN4pII (G3). End-point titer of IgG, IgA, or IgM antibodies against PEDV of each mouse sera group was compared using the

t-test (SigmaPlot), and is presented. *P< 0.05 was defined as a statistically significant difference.

reaching end-point antibody titres of 1:216 178, 1:45 429, 1:37
801, respectively. The levels of IgG, IgA and IgM antibody
responses in mice group G3 were strongly enhanced after the
3rd immunization, having end-point antibody titres of 1:383
711, 1:195 985, 1:65 198, respectively. Notably, no statistically
significant difference in PEDV-specific IgG antibody responses
was obtained between mice group G3 and those in mice group
G2, with P-values of 0.056 after the third immunization (P <

0.05). Therefore, plant crude extract containing the trimeric
COE protein had the level of IgG antibodies similar to that of
commercial vaccines against the PEDV DR13 strain after the
third injection. However, level of PEDV-specific IgA and IgM
antibody responses in mice group G3 were lower than those in
mice group G2 after the second and the third immunization.

Levels of IgG, IgA and IgM antibody responses against PEDV
found in the sera of negative control mice group G1 were
very poor.

Neutralizing Antibody Responses Were
Induced by the Crude Plant Extract
Containing COE-GCN4pII
The cytopathic effect caused by the wild-type PEDV DR13
virus of all serum samples was determined using a microscope
and a representative cytopathic effect result observed under
microscope of a single dilution of a serum from each group
was presented (Figure 4A). The highest dilutions of sera that
caused cytopathic effect inhibition were defined as the serum

Frontiers in Immunology | www.frontiersin.org 6 September 2020 | Volume 11 | Article 2152

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Ho et al. Plant-Derived Trimeric CO-26K-Equivalent Epitope

FIGURE 4 | Virus neutralization assay. (A) Cytopathic effect caused by wild-type PEDV DR13 virus at the dilution of 1:32 of a single serum from a mouse from the

groups vaccinated with the negative control (wild-type plant extract, G1) or the positive control (commercial vaccine, G2) or the crude extract containing COE-GCN4pII

(G3) was determined by using a microscope. (B) Determination of serum neutralization titer. Serum samples were firstly incubated to inactivate for 30min at 56◦C.

Two-fold serial dilutions (1:2, 1:4, 1:8, 1:16, 1:32, 1:64, 1:128, 1:256) were applied. A PEDV DR13 strain (200 µl 103 TCID50/0.1ml) was mixed with an equal volume

of diluted sera. The virus control, positive serum control, blank control, negative serum control, and were used for controlling the assay. The serum neutralizing titres

(SN titres) were expressed as the highest serum dilution and consequence on the inhibition of cytopathic effect. Statistical analyses were performed using the t-test

(SigmaPlot) and are shown. A single dot indicates the SN value of a single mouse serum. The SD is included on a single dot that corresponds to the SN data variation

of a single mouse serum with three replications. The bars indicate the average value of the test groups. *P < 0.05 was defined as a statistically significant difference.

neutralizing antibody titres. The serum neutralizing antibody
(SN) titer of every single mouse serum was presented in each
dot (Figure 4B). As expected, cytopathic effect inhibition of sera
from the negative control group was observed in a low serum
dilution, which produced neutralizing geometric mean titres of
this group as low as 1. In contrast, sera of mice vaccinated
with the crude extract containing COE-GCN4pII and the
commercial PEDV vaccine (the positive control) had the ability
to neutralize PEDV with high neutralizing geometric mean
titres: 57.6 and 61.86, respectively. These titres were significantly
different from those of the negative control group. Notably, the
serum neutralization titer in the crude extract containing COE-
GCN4pII (G3) was not significantly different compared to that of

sera from mice vaccinated with the commercial vaccine, with a
P-value of 0.187.

DISCUSSION

In this study, the immunogenicity in mice group G3 vaccinated
with the COE trimer in crude extract was compared to
those of mice positive control group G2 vaccinated with
commercial PEDV vaccine and mice negative control group
G1 vaccinated with crude extracts from non-transgenic plants.
As expected, Western blot results demonstrated that PEDV-
specific IgG antibodies were presented in mice group G3 and
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mice group G2 after the second and the third immunization.
More interestingly, the ELISA analyses illustrated that crude
extract containing COE-GCN4pII (G3) elicited strong levels
of IgG antibody responses against PEDV, and especially the
level of PEDV-specific IgG antibody responses found in mice
group G3 was similar to that in mice group G2 after the third
immunization. Mucosal immune responses play an important
role in the defense of PEDV, and mucosal IgA antibody
response was found to correlate with the protection against
PEDV infection (37, 38), however IgG antibody-mediated
humoral response is also essential to protect the neonatal pig
against PEDV infection (37, 39). Early publications showed
the important role of IgG in protection of gastrointestinaltract
(40, 41). In this study, trimeric COE antigen (G3) was
vaccinated in mice via subcutaneous route that is a conventional
vaccination route widely used for various human and animal
vaccines to elicit IgG antibody-mediated humoral responses.
Interestingly, beside PEDV-specific IgG, PEDV-specific IgA and
IgM antibodies were presented in mice group G3, however
they were lower as compared to those found in mice group
G2. Our results are comparable to several recent evidence
studies that subcutaneous route can induce both antigen-
specific IgG antibody, and antigen-specific IgA and IgM
antibodies in sera (42–46). Moreover, Su and his co-workers
proposed that under some circumstances (antigen, adjuvant,
delivery vehicle) systemic routes may induce systemic immune
responses and muscosal immune responses against infectious
diseases (46).

In addition, the ability of the neutralizing antibodies induced
in mouse sera to neutralize PEDV via binding to COE epitopes
related to PEDV neutralization was further determined. After
virus neutralization, there was an inhibition generated by
neutralizing antibodies to the virus’s infection cycle, containing
surface binding, fusion, entry, endocytosis, and replication
(47). The assessment of PEDV-neutralizing activity illustrated
that there was no statistically significant difference between
the serum neutralization titres of mice vaccinated with the
crude extract containing trimeric COE (G3) and that of
mice vaccinated with the commercial vaccine (G2), with a
P-value of 0.187. Therefore, we concluded that plant crude
extract containing the trimeric COE protein had a strong
immunogenicity and induced a neutralizing antibody titer
similar to that of the commercial vaccine against the attenuated
PEDV DR13 strain.

The enhancement of neutralizing antibody responses induced
in animals after vaccination is an important requirement for
vaccine development due to the powerful correlation of vaccine
efficacy with neutralizing antibodies for numerous commercial
vaccines (48). The crude extract containing trimeric COE
(G3) showed neutralizing activity, with a geometric mean
titer of 1:57.6. A high neutralizing antibody titer indicated
that mice subcutaneously administered the crude extract
containing trimeric COE possessed a strong ability to neutralize
PEDV. To increase the immune response, especially mucosal
immune responses against PEDV, oral mucosal vaccination
with COE but not subcutaneous administration in animals
has been previously presented to induce anti-PEDV mucosal

immune responses (15, 49). In addition, since PEDV causes
mainly intestinal infections, the COE antigen was fused
with dendritic cell-targeting peptide (DCpep) and M cell-
targeting peptide (Col) for targeting intestinal microfold (M)
cells and dendritic cells (DCs) (15, 49, 50). The neutralizing
activity mouse sera orally provided genetically engineered
Lactobacillus but not plant extracts expressing COE targeting
M cells or DCs or both has been previously reported (49,
50). When compared to the publication of Ma and co-
workers, the neutralizing antibody titres obtained by oral
administration in mice with the recombinant Lactobacillus
casei strains expressing the PEDV COE antigen on the cell
surfaces by fusion with DCpep or Col or both DCpep and
Col were 1:24, 1:24, and 1:36, respectively (49), which were
lower than the neutralizing antibody titres observed in this
study. These results showed that crude extract containing
trimeric COE can be a promising vaccine candidate against
PEDV infections.

In summary, the trimeric COE protein was successfully
produced in plants with high expression levels. Crude
extract containing trimeric COE elicited strong humoral
immune responses and elevated neutralizing antibody titres
against PEDV. In particular, the neutralizing activities of
mice vaccinated with the crude extract containing COE-
GCN4pII were similar to those of mice vaccinated with the
commercial vaccine. These results suggest that crude extract
containing trimeric COE might be a potential subunit vaccine
antigen against PEDV infection. Further studies will focus on
investigating immune efficacy and protection against PEDV
in piglets.
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