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Lactobacillus plantarum displaying conserved M2e and HA2 fusion
antigens induces protection against influenza virus challenge
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Abstract
Avian influenza virus (AIV) can infect poultry, mammals, and other hosts and causes enormous economic losses to the global
poultry industry. In this study, to develop a novel and potent oral vaccine based on Lactobacillus plantarum (L. plantarum) for
controlling the spread of AIV in the poultry industry, we constructed a recombinant L. plantarum strain displaying the 3M2e-
HA2 protein of the influenza virus and determined the effect of N/pgsA′-3M2e-HA2 against AIV in chicks. We first confirmed
that the 3M2e-HA2 fusion protein was expressed on the surface of L. plantarum via flow cytometry and immunofluorescence
experiments. Our experimental results demonstrated that chicks immunized with N/pgsA′-3M2e-HA2 could induce specific
humoral, mucosal, and T cell-mediated immune responses, eliciting the host body to protect itself against AIV. Additionally,
compared to oral administration, the intranasal immunization of chicks with N/pgsA′-3M2e-HA2 provided a stronger immune
response, resulting in a potent protective effect that hindered the loss of body weight, decreasing pulmonary virus titers and
reducing lung and throat pathological damages. Thus, our results indicate that our novel approach is an effective method of
vaccine design to promote mucosal immunity.
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Introduction

Avian influenza (AI) is an acute and highly infectious disease
that is widespread worldwide (Barriga et al. 2016). In the past
decades, avian influenza virus (AIV) has become an important
public health issue that not only causes significant economic
losses to the poultry industry in China but also threatens hu-
man health (Bi et al. 2015; Pan et al. 2016). The glycoprotein
covering AIV is classified into 18 hemagglutinin (HA) sub-
types and 11 neuraminidase (NA) subtypes (Wu et al. 2014).
At present, vaccination is still the most effective strategy to
combat AI (Li et al. 2014). Nevertheless, AI prevention and
control have become increasingly difficult because the

commercialized inactivated vaccine can only generate anti-
bodies to neutralize specific strains of AIV (Lee et al. 2016;
Pu et al. 2015). Thus, cross-protection of various subtypes of
AIV cannot be achieved. Therefore, it is of great importance
that intensive research be performed to develop a universal
vaccine that provides widespread protection to combat various
subtypes of AIV.

Matrix protein (M) is encoded in the seventh ribonucleic
acid (RNA) segment of the AIV genome, constituting the
largest portion of the AIV genome, and includes M1, M2,
and M42 (Matusevich et al. 2015). M2 is a 97 amino acid
transmembrane matrix protein that is present on the surface
of infected cells in the form of tetramers. The N-terminus
consists of 23M2 extracellular domains (M2e), which is made
up of conserved amino acids (Pendzialek et al. 2017). M2 has
not obviously changed from the 1918 (Spanish flu), 1957
(Asian flu), 1968 (Hong Kong flu), and 2009 (swine origin
flu) pandemics and is widely spread throughout the world
(Davis et al. 2015; Rappazzo et al. 2016). Currently, despite
the low immunogenicity of the M2e polypeptide, it can medi-
ate a heterogeneous subtype immune response. Thus, it plays
an important role in studies of a universal vaccine against the
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influenza virus (Dabaghian et al. 2015; Tao et al. 2017; Yang
et al. 2017c). It has been observed that the resistance against
AI via M2e primarily depends on the M2e antibody and the
M2e protein, which combine and are present on surfaces of
cells in infected hosts (Dabaghian et al. 2014). The comple-
ment system is a major component of innate immunity that
interacts to sense and respond to invading viruses. In addition,
a vaccine based on M2e can induce the reaction of cytotoxic
lymphocytes (CTLs) (Pendzialek et al. 2017). HA penetrates
the receptor cell, and molecules, such as sialic acid of the host
cells, and mediate virus adsorption and infection so that it can
escape the immune surveillance of the host. The hemaggluti-
nin polypeptide 2 (HA2) sequences encoding the C-terminus
of the HA protein in various AIV subtypes are highly con-
served (Yang et al. 2017a). HA2 consists of a stem structure
that anchors inside the virus membrane, carrying out the func-
tion of causing the conjunction between virus membrane and
cell membrane, as well as the release of the virus particle
nucleocapsid (Schneemann et al. 2012). It has been shown
in many studies that the antibody cross-reacting to HA2 can
functionally enhance vaccines, despite the fact that its struc-
ture is not a neutralizing antibody of HA (Krammer 2016;
Mallajosyula et al. 2014).

Some strains of some species of Lactic acid bacteria
(LAB) are probiotics that can reside in the intestines and
are widespread in nature (Mao et al. 2016). LAB can carry
out probiotic functions, such as maintaining the strains of
bacteria present in the intestines, adhering to deleterious
substances, degrading nutrients, increasing the utilization
rate of nutrients, and adjusting the immune function of or-
ganisms (Arena et al. 2017; Kaur et al. 2017; Riaz Rajoka
et al. 2017). LAB are able to regulate the immune cells as
well as improve the deglutition of phagocytes so that the
cellular immunity level of an organism can be increased
(van Baarlen et al. 2009). During the last two decades, a
number of reports on LAB as foreign carriers to resist path-
ogenic infections have indicated that L. plantarum has an
important role in LAB-related candidate vaccines (Kechaou
et al. 2013; Sorvig et al. 2005). Recently, several studies
showed that L. plantarum performs well as alive vector. For
instance, L. plantarum has been used to express a CC che-
mokine ligand 3 (CCL3) in combination with human im-
munodeficiency virus type 1 (HIV-1) Gag-derived antigen
(Kuczkowska et al. 2015), structural protein (VP2) gene of
goose parvovirus (Liu et al. 2017), hemagglutinin of AIVs
(Shi et al. 2016), Mycobacterium tuberculosis antigens
(Kuczkowska et al. 2017), the G antigen of spring viremia
of carp virus (SVCV) fused with an open reading frame
(ORF) antigen (ORF81) of koi herpesvirus (KHV) (Cui
et al. 2015), and the S1 antigen of porcine epidemic diar-
rhea virus fused with Lactobacillus-expressed nucleocapsid
(N) protein (Liu et al. 2012). However, the duration of im-
munological protection can extend in many instances

because there are no contraindications to the use of these
vaccines; an additional booster can be given later.
Moreover, the duration of immunological protection can
be extended in the future studies.

In our previous study, we used recombinant L. plantarum
expressing HA2 antigens to vaccinate chicks, which was
shown to induce an immune response against AIV infection
(Yang et al. 2017d). In this study, to further improve HA2
immunogenicity, we used L. plantarum to express the 3M2e
and HA2 fusion protein and evaluated the immune response
and protective efficacy of the recombinant 3M2e-HA2 fusion
protein in chickens.

Materials and methods

V i r u s e s , p u r i f i e d an t i g e n s , a nd v a c c i n e The
A/Anthropoidesvirgo/Baicheng/219/2013(H9N2) (GenBank
accession numbers KM245331-KM245338) and A/duck/
Xuzhou/07/2003(H9N2) virus strains were provided by Jilin
Agricultural University. Purified M2 and HA2 antigens from
Escherichia coli (DE3) were provided by Liang Zhao. The
H9N2-inactivated vaccine was commercially purchased
(Weike Biotechnology).

Construction of recombinant L. plantarum To construct the
pSIP-409-pgsA′-3M2e-HA2 plasmid (Fig. 1a), the 3M2e
(GenBank accession number LC120394) of A/Puerto
Rico/8/1934(H1N1) and HA2 (GenBank accession number
MF620131) of A/Anthropoidesvirgo/Baicheng/219/
2013(H9N2) were synthesized by Shanghai Generay
Biotech Co., Ltd. (Shanghai, China), and the plasmid was
named pGH-3M2e-HA2. The fusion gene 3M2e-HA2 was
then cloned into the pSIP-409-pgsA′ vector by digestion with
the restriction enzymes Xba I and Hind III to construct the
pSIP-409-pgsA′-3M2e-HA2 plasmid. The positive plasmid
was transformed into L. plantarum strain NC8 (CCUG
61730) and identified and sequenced by Shanghai Generay
Biotech Co., Ltd. (Shanghai, China), after which the positive
strain was named N/pgsA′-3M2e-HA2.

Western blotting The fusion protein 3M2e-HA2 from recom-
binant L. plantarum was synthesized and identified using our
previously described methods (Yang et al. 2016). The 3M2e-
HA2 antigens were separated by SDS-PAGE (12% acrylam-
ide) and transferred to nylon membranes. The 3M2e-HA2
protein was identified using an anti-M2 protein monoclonal
antibody (Abcam 14C2, USA) and a polyclonal mouse anti-
HA antibody. The samples were then incubated with affinity-
purified horseradish peroxidase (HRP)-conjugated goat anti-
mouse antibody (Sigma, USA). Subsequently, the samples
were developed using a chemiluminescence (ECL) Plus de-
tection kit (Thermo Scientific, USA).
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Flow cytometry assay and immunofluorescence detection
The 3M2e-HA2 fusion protein displayed on the surface of
N/pgsA′-3M2e-HA2 was detected by flow cytometry anal-
ysis and an immunofluorescence assay. Briefly, 106 cells of
recombinant bacteria were stained with monoclonal mouse
anti-M2 or anti-HA antibodies at 4 °C for 1 h. Next, cells
were stained with FITC-conjugated goat anti-mouse IgG at
4 °C for 1 h. After washing with PBST, recombinant bac-
teria cells were assessed using flow cytometry (BD
LSRFortessa™, USA) and a fluorescence microscope
(Leica Microsystems, German).

Experimental animals Specific pathogen-free (SPF) white leg-
horn layer chickens (3 weeks of age) were obtained from the
Beijing Merial Vital Laboratory Animal Technology Co.,
Ltd., China. All animal experiments were approved and su-
pervised by the Animal Care and Ethics Committees of Jilin
Agriculture University.

Chicken vaccination and challenge N/pgsA′-3M2e-HA2 was
cultured as previously described (Shi et al. 2014). The birds
were randomly divided into 5 groups, each containing 20
birds, as follows: PBS-challenge group, oral N/pgsA′ group,

N/pgsA' N/pgsA'-3M2e-HAd

Anti-HA Ab

Anti-M2 Ab

a b

Anti-HA Ab

Anti-M2 Ab

c

Anti-HA Ab                Anti-M2 Ab

N/pgsA'
N/pgsA'-3M2e-HA2

Fig. 1 Plasmid generation and
protein expression. a The
pSIP409-pgsA′-3M2e-HA2
plasmid was constructed using
methods described in a previously
published protocol. b Western
blot analyses of 3M2e-HA2
expression. Lane 1: N/pgsA′;
Lane 2 and 3: N/pgsA′-3M2e-
HA2. c Flow cytometry assay
(left picture represented Anti-HA
Ab, right picture represented anti-
M2 Ab). d Immunofluorescence
detection was performed to detect
the 3M2e-HA2 fusion protein
expressed on the surface of
L. plantarum
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oral N/pgsA′-3M2e-HA2 group, intranasal N/pgsA′-3M2e-
HA2, and positive group (AIV-inactivated vaccine).
Chickens from three groups were orally gavaged with PBS
(300 μl), N/pgsA′ (2 × 109 CFU/300 μl), and N/pgsA′-
3M2e-HA2 (2 × 109 CFU/300 μl), and one group was intra-
nasally vaccinated with N/pgsA′-3M2e-HA2 (2 × 109 CFU/
300 μl) at 1, 2, and 3 days. The booster vaccinations of
chickens were performed at 15, 16, and 17 days after the
primer dosing. One group was intramuscularly injected with
a commercial vaccine (200 μl/chicken). All groups of birds
were challenged intranasally with 106.5 EID50 of
A/Anthropoidesvirgo/Baicheng/219/2013(H9N2) and
A/duck/Xuzhou/07/2003(H9N2) as previously described
(Yang et al. 2017b) 14 days after immunization. The weights
and survival rates of chickens were monitored for 10 days
after challenge. For assessing virus titers in the lungs, the
samples were obtained from the lungs of chickens after the
AIV challenge, and the virus was titrated in SPF embryonated
chicken eggs.

Flow cytometry Single-cell suspensions from spleens were
prepared, and flow cytometry was performed using a pub-
lished protocol (Shi et al. 2016). In brief, spleens were excised
with scissors and filtered through a 70-μm nylon membrane
(BD Biosciences). Next, the erythrocytes were removed using
Ficoll prior to density centrifugation (1000×g for 20 min at
4 °C with low acceleration and no brake). After washing with
FACS buffer (D-PBS, 2%FBS, and 0.1% sodium azide), 1 ×
106 of splenic single-cell suspensions were incubated with
monoclonal anti-chicken CD4 (clone CT4), anti-chicken
CD8 (clone CT8), and anti-chicken CD3 (clone CT3) antibod-
ies. Finally, the samples were detected using a flow cytometry
(BD LSRFortessa™, USA), and the data was analyzed using
FlowJo 7.6.1 software.

T cell stimulatory index Splenic single-cell suspensions were
prepared as described previously in the BMethods^ section. To
perform the proliferation assay, 2 × 105 splenic cells were
seeded in 96-well plates with 4 μg/mL M2 and HA proteins
(final concentration) at 37 °C, 5% CO2 for 72 h. Four hours
before the end of the incubation, 20 μL of (3-(4,5-dimethyl-
th iazol -2-yl ) -5- (3-carboxymethoxyphenyl) -2-(4-
sulfophenyl)-2H-tetrazolium) (MTS) was plated to each well,
and the OD values were determined at 570 nm and performed
to calculate the stimulation index (SI).

Hemagglutination inhibition titer
To test recombinant N/pgsA-3M2e-HA2-specific neutral-

izing antibodies, a previously published hemagglutination in-
hibition (HI) detection assay was used (Shi et al. 2016).

Enzyme-linked immunosorbent assay The presence of anti-
gens that specifically bound to IgG and IgA antibodies in
serum and bronchoalveolar lavage fluid (BALF) was assessed

by Enzyme-linked immunosorbent assay (ELISA) as de-
scribed previously, with some minor alterations (Shi et al.
2014). The wells were coated with M2 and HA2 (5 μg/well,
respectively) and incubated at 4 °C overnight. After three
washes, 150 μL of PBS containing 1% BSA was plated to
each sample well and the plate was treated overnight at
4 °C. Afterwards, the plates were washed as described above.
Using 100 μL/well of serum samples diluted from 1/2 to
1/1024 with PBST, the plate was then statically incubated at
37 °C for 1.5 h after washing, which was performed three
times for 3 min each time. Subsequently, the plates were in-
cubated for an additional 1.5 h at 37 °C with goat anti-chicken
IgG antibodies conjugated with HRP (1:5000) (Invitrogen)
that was added to each well. To develop the reaction,
100 μL of 3,3-,5,5-tetramethylbenzidine (TMB) was then
plated each well. The absorbance was recorded at 492 nm.
For samples in which the absorbance was twofold higher than
the background, the endpoint titers were regarded as produc-
ing a positive result.

Histopathology The lungs and throats of vaccinated chickens
were obtained 5 days after AIV infection. All samples were
fixed with 4% paraformaldehyde in the subsequent steps.
Sections with a thickness of 5 μmwere stained with hematox-
ylin and eosin for examining pathological changes.

Statistical analysis

All statistical analyses in this study were carried out using
GraphPad Prism version 5. The data is represented as the
means ± standard error of the mean (SEM). Two-tailed t tests
and ANOVAwere performed for the statistical analyses, and
P < 0.05 was considered significant.

Results

Synthesis of 3M2e-HA2 on L. plantarum A recombinant
pSIP409-pgsA′-3M2e-HA2 plasmid expressing 3M2e-HA2
from the influenza virus was generated (Fig. 1a). The fusion
proteins were synthesized on L. plantarum and assessed by
western blotting using anti-HA or anti-M2 antibodies. As
shown in Fig. 1b, a positive band was observed in N/pgsA′-
3M2e-HA2 cells using special antibodies, but a band was not
observed in the N/pgsA′ control cells. To determine if the
3M2e-HA2 fusion was expressed on the surface of recombi-
nant L. plantarum, the 3M2e-HA2 fusion antigen displayed
on the surface of recombinant L. plantarum was detected by
flow cytometry analysis and an immunofluorescence assay.
The results showed that N/pgsA′-3M2e-HA2 cells produced
a positive fluorescence signal compared to the negative con-
trol cells (N/pgsA′) (Fig. 1c, d). These results demonstrated
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that the 3M2e-HA2 fusion protein was expressed on the sur-
face of recombinant L. plantarum.

N/pgsA′-3M2e-HA2 induced HI titers in the sera of vaccinated
chicks To detect the specific HI titers in birds after vaccination
with N/pgsA′-3M2e-HA2, the antibody titers were detected
using an HI assay 2 weeks after the final vaccination. As
shown in Fig. 2, a higher HI titer from experimental birds that
had been orally immunized with N/pgsA′-3M2e-HA2 was
observed compared to the PBS and N/pgsA′ groups
(P < 0.001). The results showed a notable difference between
the inactivated H9N2 and the N/pgsA′-3M2e-HA2 orally vac-
cinated groups (P < 0.01) (Fig. 2). Interestingly, a remarkably
higher HI titer was observed in the N/pgsA′-3M2e-HA2 intra-
nasally immunized chickens compared to the orally immu-
nized group (P < 0.05) (Fig. 2).

N/pgsA′-3M2e-HA2 induced specific antibody level of IgG in
serum after immunization To determine whether vaccination
of recombination N/pgsA′-3M2e-HA2 affects the specific lev-
el of IgG antibodies in the serum of chicks after immunization,
all groups were tested after the booster vaccination at week 2.
The results showed that the N/gsA′-3M2e-HA2 orally vacci-
nated group had higher IgG levels than the PBS and N/pgsA′
groups (P < 0.001). However, chicks that were intranasally
vaccinated with N/pgsA′-3M2e-HA2 had no significant dif-
ference of IgG than the orally vaccinated group (P > 0.05)
(Fig. 3).

N/pgsA′-3M2e-HA2 induced specific sIgA production To fur-
ther assess the effect of vaccination of N/pgsA′-3M2e-HA2 on
the specific sIgA secretion in chicks, we used ELISA to detect

the sIgA titer of BALF in each group of chicks 2 weeks after
the booster vaccination. Our data demonstrated that the vac-
cination of N/pgsA′-3M2e-HA2 resulted in a significantly
higher sIgA titer than the other control groups (P < 0.001)
(Fig. 4). As expected, the BALF of chicks that were intrana-
sally vaccinated with N/pgsA′-3M2e-HA2 was notably higher
than that of the oral immunization group (P < 0.05) (Fig. 4).

N/pgsA′-3M2e-HA2 improved the T cell responses in chickens
after immunization To explore the function of N/pgsA′-
3M2e-HA2 on lymphocyte proliferation by oral or intranasal
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Fig. 2 The HI titers elicited by N/pgsA′-3M2e-HA2 2 weeks after
booster vaccination neutralize the H9N2 subtype of avian influenza
(A/Anthropoidesvirgo/Baicheng/219/2013). Serum obtained from
chicks in all groups was investigated by an HI assay. The data are
shown as the means ± S.E.M (n = 3) and were tested using a one-way
ANOVA (*P < 0.05; **P < 0.01; ***P < 0.001)
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Fig. 3 The specific production of IgG antibodies in serum elicited by
recombinant vaccines after immunization. Chicks were booster
immunized with N/pgsA′-3M2e-HA2, and serum samples were
obtained after 14 days. The results are displayed as the means ± S.E.M
(n = 3) and were tested using a one-way ANOVA (***P < 0.001)
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Fig. 4 The specific production of sIgA antibodies in bronchoalveolar
lavage fluids (BALF) stimulated by N/pgsA′-3M2e-HA2. BALF was
taken from all chicks that were booster vaccinated with N/pgsA′-3M2e-
HA2 after 2 weeks. The results are shown as the means ± S.E.M (n = 3)
and were tested using a one-way ANOVA (*P < 0.05; ***P < 0.001)
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administration, lymphocyte proliferation was assessed in
chicks after booster vaccinations at week 2. As the data shows,
the oral N/pgsA′-3M2e-HA2 group had a higher level of lym-
phocyte proliferation than the PBS and N/pgsA′ (P < 0.001)
groups, but intranasal immunization with N/pgsA′-3M2e-
HA2 resulted in a higher level than oral group (P < 0.05)
(Fig. 5).

To further investigate N/pgsA′-3M2e-HA2-triggered T cell
responses in the spleens of vaccinated chicks, a flow cytome-
try analysis was utilized to detect the frequencies of T cell
subsets (Fig. 6a). A higher frequency of CD3+CD4+ T cells
were observed in the oral vaccination N/pgsA′-3M2e-HA2
group compared to the N/pgsA′ (P < 0.05) and PBS
(P < 0.001) groups. Intranasal vaccination with N/pgsA′-
3M2e-HA2 recombinant bacteria was not different from oral
administration, and the positive group (inactivated vaccine)
showed the highest percentages of CD3+CD4+ T cells in all
groups (Fig. 6b). In addition, the data indicated birds that were
orally immunized with N/pgsA′-3M2e-HA2 had enhanced
percentages of CD3+CD8+ T cells compared with the PBS
groups (P < 0.001) and N/pgsA′ (P < 0.05), but there were
higher percentages of CD3+CD8+ T cells from chickens intra-
nasally vaccinated with N/pgsA′-3M2e-HA2 than was ob-
served in orally administered birds (P < 0.05) (Fig. 6c).

N/pgsA′-3M2e-HA2 induced protection for the chicks
To determine whether N/pgsA′-3M2e-HA2-elicited im-

mune responses could provide protection to an AIV challenge,
groups of experimental birds were booster vaccinated with
N/pgsA′-3M2e-HA2 and challenged 14 days later with
A/Anthropoidesvirgo/Baicheng/219/2013(H9N2) and chang-
es in the body weight of chicks were observed and recorded.

The results showed that the weight loss of chicks in the PBS
and N/pgsA′ groups-exhibited a certain level of decline after
being challenged 1–7 days later (Fig. 7a). In addition, a lower
weight loss in the N/pgsA′-3M2e-HA2 oral administration
group was observed compared to the PBS (P < 0.001) and
N/pgsA′ group (P < 0.001) but was higher than the positive
group (inactivated vaccine) (P < 0.05) at 6 and 7 days post-
infection (Fig. 7b). As expected, the weight loss of chicks in
the N/pgsA′-3M2e-HA2 intranasal administration group was
notably lower than the group that was oral administered
N/pgsA′-3M2e-HA2 at 6 and 7 days post-infection
(P < 0.05) (Fig. 7b). Furthermore, lower lung virus titers were
observed in birds that were orally immunized with the N/pgsA
′-3M2e-HA2 and H9N2 inactivated vaccine compared with
the N/pgsA ′ and PBS groups (P < 0.001) (Fig. 7e).
Importantly, birds in the intranasally administered N/pgsA′-
3M2e-HA2 group showed lower lung virus titers than oral
administration (Fig. 7e). Consistent with these findings, the
degree of lung and throat damage after infection with AIVwas
alleviated in the experimental birds orally vaccinated with
N/pgsA′-3M2e-HA2 compared with that detected in the birds
vaccinated with N/pgsA′ or PBS (Figs. 8 and 9). Furthermore,
our data showed that the degree of lung and throat damage
was reduced in the birds intranasally administered N/pgsA′-
3M2e-HA2 compared with oral administration.

Next, all groups of chicken were challenged with A/duck/
Xuzhou/07/2003(H9N2) (92% amino acid similarity of HA
with A/Anthropoidesvirgo/Baicheng/219/2013) after final im-
munization for 2 weeks. The results revealed that the weight
loss of chicks in the PBS-treated control group and the
N/pgsA′ group exhibited a remarkable decline after challenge,
while the orally and intranasally administered N/pgsA′-3M2e-
HA2 groups and the positive group (H9N2 inactivated vac-
cine) had no change after infection (Fig. 7c). In addition, a
lower weight loss was observed in the group that was orally
administered N/pgsA′-3M2e-HA2 compared to the PBS
(P < 0.001) and N/pgsA′ groups (P < 0.001) but was higher
than the inactivated vaccine group (P < 0.05) at 7 and 8 days
post-infection (Fig. 7d). As expected, the weight loss of chicks
in the N/pgsA′-3M2e-HA2 intranasal administration group
was significantly lower than in the N/pgsA′-3M2e-HA2 oral
administration group at 7 and 8 days post-infection (P < 0.05)
(Fig. 7d). Furthermore, our data showed that significantly
lower virus titers were present in lung homogenates of chicks
that were orally administered N/pgsA′-3M2e-HA2, compared
with the pulmonary virus titers in chicks of the PBS-treated
control group and the N/pgsA′ group (P < 0.001) (Fig. 7f).
Despite the lower virus titers detected in the inactivated vac-
cine group compared with group that was orally administered
N/pgsA′-3M2e-HA2 (P < 0.001), the pulmonary virus titers of
chicks that were intranasally vaccinated with N/pgsA′-3M2e-
HA2was significantly lower than that of the orally immunized
group (P < 0.05) (Fig. 7f).
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Fig. 5 The changes of splenic lymphocyte proliferation in animals treated
with the HA2 antigen. Fourteen days after the birds were immunized with
N/pgsA′-3M2e-HA2, the experiment was performed. The data are shown
as the means ± S.E.M (n = 3) and was tested using a one-way ANOVA
(*P < 0.05; ***P < 0.001)
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Discussion

The use of L. plantarum strains as live delivery vectors has
gained increased attention over the last several years as an
option for vaccination. Such an approach is particularly attrac-
tive to prevent the massive spread of disease in animals, such as
avian influenza. The administration of antigens expressed by
L. plantarum to the gut mucosa via the oral route has been
reported to be effectual in activating both local and systemic
immune responses (Liu et al. 2017). It is hypothesized that
mucosally administered vaccines via oral or nasal routes require
adjuvants to draw out specific protective responses. With re-
spect to the need for this aspect of vaccines to be improved,

L. plantarum strains are an attractive antigen-expressing vector,
as they have been revealed to have inherent adjuvant properties
(Cai et al. 2016; Liu et al. 2017; Shi et al. 2014; Yao et al. 2016).
Specifically, for the L. plantarum strain NC8, our recent studies
demonstrated its potential to induce an immune response by the
induction of cytokines and the maturation of dendritic cells in
chickens and mice (Yang et al. 2016; Yang et al. 2017b).

In this study, we assessed the effectiveness of the expres-
sion of 3M2e-HA2 from the influenza virus. In our previous
work, we showed that engineering an L. plantarumNC8 strain
to generate protein of the H9N2 avian influenza virus in
chickens is a promising approach (Shi et al. 2016). In this
study, we further developed this approach. To reduce the
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potential protein toxicity, the expression of 3M2e-HA2 was
carried out using a prokaryotic expression system, because its
regulation allows for stable expression of proteins of various

functions and origin (Sorvig et al. 2005). Western blot assays
revealed the presence of a 37 kDa immunospecific band that
corresponded to 3M2e-HA2. This size is most likely related to
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the protein produced in other studies. Flow cytometry and
immunofluorescence analyses were conducted and confirmed
the expression of this protein on the surface of L. plantarum.
The obtained data confirmed the construction of the 3M2e-
HA2 protein of the avian influenza virus H9N2 in the
L. plantarum strain. The immunogenicity of the recombinant
antigen was assessed using chickens as an animal model.
Using ELISA assays, we observed the specific serum IgG
and sIgA titers of BALF between individual chickens that
were nasally or orally immunized with N/pgsA′-3M2e-HA2.
We observed notably high IgG and sIgA antibody titers in
intranasally inoculated animals compared to orally inoculated
animals. These observations resemble the results of those who
reported that after inoculation of recombinant influenza virus,
IgG and sIgA antibody levels were induced by recombinant
LAB (Li et al. 2015).

In addition, we observed an increase in the infection rate
after a challenge infection with an antigen by nasal oral ad-
ministration of N/pgsA′-3M2e-HA2. The most pronounced
protection was observed for chickens that were intranasally
immunized compared to orally immunized chickens, as the
degree of lung and throat damage was reduced in the former
chickens compared to the latter ones (Figs. 7, 8, and 9).
Intranasal immunizations revealed a difference in the response
levels compared to oral administration, which was likely due
to the immune response after oral administration of an antigen
being weaker than that of intranasal immunization. Variations
in responses between intranasally immunized chickens and
orally immunized chicken reflects the differences in the im-
munological responses resulting from the immunization
routes, and our results were similar to several published stud-
ies (Li et al. 2015; Yang et al. 2017b).

Normal                       PBS            N/pgsA'                   

N/pgsA'-3M2e-HA2             H9N2 inactivated vaccine        N/pgsA'-3M2e-HA2(i.n.) 

Fig. 8 The pathological damage
in lungs or animals was reduced
by recombinant N/pgsA′-3M2e-
HA2 after challenge with
A/Anthropoides virgo/Baicheng/
219/2013 (106.0 EID50). Three
days after infection with AIVs,
the samples were taken and
assessed by histopathological
observations. Sample sections
were made using hematoxylin-
eosin (H&E) staining; scale
bar,10 μm (magnification at ×
100)

Normal                       PBS                     N/pgsA'                  

N/pgsA'-3M2e-HA2             H9N2 inactivated vaccine        N/pgsA'-3M2e-HA2(i.n.) 

Fig. 9 The pathological damage
in throats of animals was reduced
by recombinant N/pgsA′-3M2e-
HA2 after challenge with
A/Anthropoides virgo/Baicheng/
219/2013 (106.0 EID50). Three
days after infection with AIVs,
the samples were taken and
assessed by histopathological
observations. Sample sections
were made using hematoxylin-
eosin (H&E) staining; scale bar
10 μm (magnification at × 100)
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The difference in immune responses of L. plantarum
expressed 3M2e-HA2 by intranasal and oral routes of admin-
istration as could account for the differences in the responses
that were observed in other studies during immunization of
chickens (Kuczkowska et al. 2017). Oral immunization was
envisaged as being particularly beneficial for extensive immu-
nizations of farm animals, such as chickens, where the recom-
binant L. plantarum strain could be administered in drinking
water or food (simplicity of administration). This approach
does not require sterile syringes, needles, or trained personnel
compared to intranasal administration. However, in this study,
we showed low responses to immunity production resulting
from oral immunization compared to the intranasal rout,
which we assume results from the orally administered anti-
gens being inactivated by digestive enzymes and gastric acid.

The higher number of chickens with observable sIgA titers
after being intranasally immunized compared to those that
were orally immunized with N/pgsA′-3M2e-HA2 suggests
that, in this form, the antigen is more immunogenic. It is ap-
parent that higher overall specific antibody titers could be
acquired by expressing recombinant LAB, where the 3M2e-
HA2 antigen is attached to L. plantarum. A series of studies
confirmed that chickens exposed to L. plantarum-produced
antigens are produced at higher levels, are more stable, and
elicit stronger immune responses after mucosal vaccination
than their cytoplasmic forms (Kuczkowska et al. 2015; Li
et al. 2015). Our results suggest that recombinant N/pgsA′-
3M2e-HA2 may reduce cell lysis when intranasally adminis-
tered, which is reflected by the higher anti-HA-specific anti-
body titers compared to that obtained by oral administration. It
was assumed that the 3M2e-HA2 antigen was enveloped by
epithelial cells in the intestine and that N/pgsA′-3M2e-HA2
was taken up by mesenteric lymph nodes or another immune
tissue. With this in mind, intranasal inoculation resulted in
greater quantities of IgG in serum and was produced in greater
quantities than that observed by oral administration of N/pgsA
′-3M2e-HA2 or N/pgsA′. In addition, it is assumed that intra-
nasal immunization with N/pgsA′-3M2e-HA2 induces the
production of some cytokines in epithelial cells in the lung
alveoli, increasing the speed of the immune response and an-
tibody production in response to absorbed N/pgsA′-3M2e-
HA2 (Youn et al. 2012).

Consistent with previous studies, the M2e and HA2 anti-
gens, singly or in combination, were able to induce T cell
immune responses in animals and confer cross-protection
against divergent influenza subtypes (Chowdhury et al.
2017; Guo et al. 2017; Lee et al. 2013). In this study, we
provided evidence that N/pgsA′-3M2e-HA2 contributes to
the production of T cells using different immune pathways,
and the T cell-mediated immune response could play an im-
portant role in protecting the host against AIVs (Yang et al.
2016). Thus, the vaccine-induced T cell response is an impor-
tant strategy for the future design of vaccines.

In conclusion, our study clearly shows that it is of signifi-
cant importance to test the effects of potential vaccine formu-
lations using more than one route of immunization. Moreover,
we achieved higher antibody responses, T cell responses, and
effective protection via intranasal rather than oral administra-
tion. Additional amendments of the immunization method are
expected to determine the most effective route of immuniza-
tion by the recombinant bacteria. The bacterium is as safe as
an adjuvant for intranasal vaccination, and N/pgsA′-3M2e-
HA2 may be used in the host to develop new intranasal
vaccine.
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