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A B S T R A C T

To evaluate the efficiency of preventing pathogenic avian influenza by vaccination with recombinant
Lactobacillus plantarum (L. plantarum) that expresses conserved antigens, the mucosal and systemic immune
responses in animals vaccinated with recombinant L. plantarum NC8-409-1 (NC8-pSIP409-pgsA'-HA2) and NC8-
409-2 (NC8-pSIP409-pgsA'-3M2e-HA2) were evaluated. Our results showed that recombinant L. plantarum NC8-
409-1 and NC8-409-2 could substantially stimulate the specific IgA titer in the intestine and the specific IgG
antibody titer in the serum. We also found that recombinant L. plantarum induced increases in the number of
B220+ IgA+ cells in Peyer’s patches (PPs), in lymphocyte proliferation and in the number of IFN-γ+ producing
CD8+ T cells after immunization in mice. Most importantly, the mice that were vaccinated with recombinant L.
plantarum NC8-409-2 and NC8-409-1 were to some extent protected against infection challenge with the H9N2
and H1N1 viruses. In particular, NC8-409-2 provided up to 80% protection against the H9N2 virus, and NC8-
409-1 provided up to 60% protection. Lung tissue pathology was also reduced. Therefore, recombinant L.
plantarum NC8-409-2 and NC8-409-1 may be candidate oral vaccines against bird flu.

1. Introduction

Avian influenza virus (AIV) is a threat not only to the global poultry
industry, where it has caused serious economic losses, but also to public
health and safety as a zoonotic agent due to viral contamination in
avian-derived food sand the risk of spread (Davis et al., 2015). So far,
vaccines are the most effective means of controlling avian flu and have
played an important role in decreasing morbidity and mortality in
poultry (Yang et al., 2016). With the passage of time, each gene in the
virus is likely to mutate, and some of the various influenza virus frag-
ments are altered; therefore, the prevention and control of avian in-
fluenza is a very difficult task (Kim et al., 2013). Accordingly, many
researchers are examining more effective and inexpensive possibilities
for the development of new vaccine candidates, such as live vector
vaccines using L. plantarum NC8 or baculovirus (Garcia-Crespo et al.,
2013). At present, most avian influenza vaccines in use are inactivated

vaccines, whose safety is guaranteed but whose immune effect is not
ideal. In addition, with the antigen drift and conversion of avian in-
fluenza virus, increasing numbers of new subtypes of avian flu present
the possibility of outbreaks (Kawase et al., 2010). Therefore, it is im-
portant to develop universal vaccines that can induce a wide range of
heterologous immune protective effects against different subtypes of
AIV (Lee et al., 2013). Avian influenza virus is an important pathogen
that causes respiratory diseases, mainly infecting the body through the
mucosal pathways, and the mucosal immune system therefore plays a
key role in the control of avian influenza infection (Park et al., 2014).
Accordingly, developing mucosal vaccine candidates based on these
considerations is a reasonable approach (Stoner et al., 2012). At the
same time, compared with the traditional vaccination route, mucosal
vaccines can not only reduce the host gastrointestinal irritation but also
the inflammatory response and can in addition induce the body to
produce an effective mucosal immune response (Yang et al., 2017b).
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Since the surface proteins of the avian influenza virus are suscep-
tible to mutations, vaccines against surface proteins of avian influenza
viruses must be constantly updated to match the epidemic strains to
provide effective protection (Smee et al., 2012). In contrast, vaccines
targeting conserved antigens are able to provide effective protection. At
present, HA2, located in the C-terminal stem of hemagglutinin (HA) in
avian influenza virus, and the extracellular region M2e of the surface
transmembrane protein2 (M2) are highly conserved and can induce not
only the cellular immune response but also the cytotoxic lymphocyte
(CTL) response (Gao et al., 2013).

Lactobacillus plantarum, a lactic acid bacterium, acts as a probiotic;
first, it is normally present in human and animal intestines and does not
cause any harm to the body (Schwarzer et al., 2016). Second, lactic acid
bacteria can provide the body with a certain amount of nutrients and
can inhibit the breeding of harmful bacteria to maintain the balance of
the gastrointestinal tract, thereby improving gastrointestinal function
(Jie, 2016). Finally, lactic acid bacteria can promote dendritic cell
differentiation in the body, which has a certain impact on antigen
presentation. In addition, upon the entry of external harmful substances
into the intestine, lactic acid bacteria can help to activate macrophages,
thereby promoting intestinal macrophage phagocytosis and enhancing
the body's natural active immune response (Gao et al., 2017). Thus,
lactic acid bacteria can simultaneously enhance the body’s specific re-
sponse and its non-specific reactions, so the use of lactic acid bacteria as
a foreign protein delivery carrier is a very wise choice (Varela et al.,
2017). Lactobacillus have been shown to have strong acceptance in
healthy individuals and compatibility with various health problems
(Martino et al., 2016). It has been known that certain L. plantarum
strains have a probiotic effect on animal and human health (Khan and
Kang, 2016).

Because the HA2 gene is highly conserved in various avian influenza
viruses, it is suitable for the preparation of vaccine targets (Xiang-Jin
Meng et al., 1999); meanwhile, although the M2e polypeptide itself has
low immunogenicity, it can mediate heterologous antigenic immunity
(Park et al., 2016). We previously expressed 3M2e-HA2 using L. plan-
tarum fusion, and this fusion protein can be expressed on the surface of
L. plantarum. Oral immunization of chicks with this recombinant lactic
acid bacterium induced a strong immune response that provided good
protection for H9N2 AIV-infected chicks (Accepted). To further eval-
uate the protective effect of recombinant lactic acid bacteria against
different subtypes of influenza virus, in this study, we vaccinated mice
with recombinant strains of L. plantarum NC8 expressing viral 3M2e-
HA2. In addition, we then tested the immune indicators of the mice,
challenged them with different subtypes of influenza virus, and tested
the protective effect on the mice being challenged.

2. Materials and methods

2.1. Construction of recombinant lactic acid bacteria

In order to construct recombinant lactic acid bacteria, the HA2
(GenBank accession number MF620131) of A/Anthropoidesvirgo/
Baicheng/219/2013 (H9N2) and 3M2e (GenBank accession number

LC120394) of A/Puerto Rico/8/1934 (H1N1) were synthesized by
Shanghai Generay Biotech Co., Ltd. (Shanghai, China). Then we di-
gested by Xba I and Hind III and cloned HA2 and HA-3M2e into the
pSIP-409-pgsA'-3M2e-HA2 vector, respectively. The positive plasmid
was transformed into Lactobacillus plantarum strain NC8 (CCUG 61730).
Sequencing and firm execution by Shanghai Generay Biotech Co., Ltd.
(Shanghai, China).

2.2. Strains of bacteria and viruses

The recombinant L. plantarum NC8-pSIP409-pgsA', NC8-409-2, and
NC8-409-1, the mouse-adapted H9N2 (A/duck/Xuzhou/07/2003)
avian influenza virus and the H1N1 (A/PR/8/34) influenza virus were
preserved in the Jilin Provincial Engineering Research Center of Animal
Probiotics, Jilin Agricultural University.

2.3. Animals and ethics statement

The animals used in this experiment were purchased from Beijing
HFK Biological Science Co., Ltd., and were 6-week-old to 8-week-old,
pathogen-free female BALB/c mice. Feed and water were given ran-
domly. The entire animal experiment meets the requirements of the
Animal Management and Ethics Committee of Jilin Agricultural
University.

2.4. Immunization

To evaluate the immunogenicity of the recombinant L. plantarum
NC8-pSIP409-pgsA', NC8-409-2, and NC8-409-1, sixty-five BALB/c
mice were divided into five groups. The groups of mice were orally
immunized with NC8-409-1, NC8-409-2, and NC8-pSIP409-pgsA' sus-
pensions at 2×108 colony-forming units (2× 108 CFU in 200 μl
saline) by gavage, and the control groups were administered 0.9%
saline (200 μl) by the same method, except for the inactivated H9N2
inactivated vaccine mice, which received intramuscular injections
(Fig. 1). The mice were first immunized on days 1, 2, and 3. During the
second week, the mice received booster immunizationson days 12, 13,
and 14.

2.5. Flow cytometry

Three mice from each group were euthanized 14 days after the final
immunization in the vaccination period (Huang et al., 2017). The
spleen, mesenteric lymph nodes (MLNs) and Peyer’spatches (PPs) were
removed, and single-cell suspensions were prepared. Flow cytometry
was performed as described previously (Yang et al., 2016). After pre-
paring the single-cell suspensions from the MLNs and PPs, we trans-
ferred 10 μl of B220+ antibodies (BD Biosciences, USA) into a tube
containing 1×106 PPs, mixed well, and stained the cells at 4 °C for
30min in the dark. We added 1mL of phosphate-buffered saline (PBS)
to the collected sample. The cell suspension was centrifuged at
2000 rpm and 4 °C for 5min, and the supernatant was discarded. The
above step was repeated. Then, the cells were fixed and permeabilized,

Fig. 1. The groups of mice were immunized
with NC8-pSIP409-pgsA', NC8-409-1, NC8-
409-2 (2× 108 CFU in 200 μl saline), 0.9%
saline (200 μl) or injected H9N2 inactivated
vaccine. Immunization was performed thrice a
week (days 1, 2, 3). The groups of mice were
boosted thrice during the second week (days
12, 13, 14). The animals were challenged se-
parately with mouse-adapted H9N2 virus and
H1N1 virus. Injected H9N2 inactivated vaccine
was administered by intramuscular injection
on the first day. Survival status was recorded
until the 8th week.
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centrifuged twice, and then stained with 10 μL of IgA antibody (BD
Biosciences, USA) by the same procedure described above at 4 °C for
30min in the dark. The MLN single cells were transferred into 96-well
cell culture plates, and PMA were added to induce cytokines for 4 h,
after which inhibitors were added for 2 h. The cells were centrifuged
twice, and 10 μl of CD3+ and CD4+ antibodies were added (BD Bios-
ciences, USA). Then, the cells were fixed, perforated, centrifuged twice
and combined with 10 μl of IFN-γ antibody (BD Biosciences, USA).The
cells were analyzed using BD fluorescence-activated cell sorting (FACS)
in an LSRFortessa™ cell analyzer (BD Biosciences, USA). All data were
developed using FlowJo 7.6.2 software.

2.6. Antibody assay

Enzyme-linked immune sorbent assay (ELISA) was performed as
described previously (Shi et al., 2014; Jin et al., 2017). In brief, 96-well
immune plates were incubated with purified influenza antigens (100 μl)
overnight at 4 °C, then blocked with 150 μl blocking fluid (PBST con-
taining 10% bovine serum albumin) at 4 °C for 10 h. The plate was
washed thrice with PBST. The serum was diluted 64 times, and the fecal
supernatant was diluted 32 times. The diluted samples were added to
the wells and incubated at 37 °C for 2 h, then washed thrice with PBST.
After 3 washes, 100 μl of secondary antibody was added to each well
and incubated at 37 °C for 1 h, followed by the addition of 50 μl of di-
luted streptavidin-HRP. Next, the wells were washed thrice with PBST.
The chromogenic substrate was then added and the mixture allowed to
stand at 37 °C for 30min. Finally, the termination solution was added to
terminate the reaction. The OD value was measured by a microplate
reader. The endpoint titer was evaluated as the highest dilution yielding
an absorbance two times higher than the background of the sample.

2.7. Lymphocyte proliferation

For this experiment, 2× 105 MLN single cells in 20 μl were added to
96-well cell culture plates; each group consisted of three repetitions.
Then, the 2 μg/ml specific antigen was added to each well, and the
plates were incubated in a cell incubator at 37 °C for 72 h. Next, 10 μl of
MTS was added to each well, and the plates were incubated at 37 °C for
4 h. The absorbance (OD492 nm) was measured using a microplate
reader. Stimulation (SI) was used to assess the murine lymphocyte
proliferation capacity. The formula for calculating the MTT stimulation
index is: SI = (Experimental group OD value - blank group OD value) /
(negative control group OD value - blank group OD value).

2.8. Viral challenge

At the sixth week, all the mice were injected intraperitoneally with
15mg/kg mebubarbital (Avertin, Sigma, USA). The mice were then
challenged with 10 × LD50 of mouse-adapted H9N2 (A/duck/Xuzhou/
07/2003) AIV or 5 × LD50 of H1N1 (A/PR/8/34) influenza virus by the
nasal cavity (Fig. 1).The body weight and survival were evaluated for
two weeks.

2.9. Histopathological examination

To assess the pathological damage to the lungs of mice caused by
influenza virus, we stained paraffin sections of mouse lung tissue with
HE. Fourteen days after the challenge, we euthanized the mice and
removed the lungs. The lungs of the mice were then embedded in
paraffin and sectioned, and the sections were stained with hematoxylin
and eosin and scored. The scoring method was 2 points for in-
flammatory cell infiltration, 1 point for bleeding points, and 1 for al-
veolar incompleteness. It was rated by three people blindly

2.10. Statistical analysis

All data in the experiment were from at least three independent
experiments, expressed as the mean ± SEM. Differences were tested
using Graph-Pad Prism 5.0 software. P values< 0.05 were considered
to represent significant differences. Significance was assessed using
one-way analysis of variance (ANOVA; Tukey's multiple comparison
test).

3. Results

3.1. Recombinant lactobacillus induces specific antibodies in serum

To determine whether the immunogenicity of recombinant L. plan-
tarum could stimulate the body to produce specific antibodies, we
employed ELISA to test IgG in the serum. Mice orally immunized with
NC8-409-2 and NC8-409-1 had clearly higher IgG antibody than the
mice that were orally administered saline and NC8-pSIP409-pgsA'. This
result proved that recombinant L. plantarum can stimulate the body to
produce specific antibodies (Fig. 2a).

Fig. 2. Recombinant L. plantarum stimulates the body to produce specific antibodies. (a) IgG detection by ELISA. (b) sIgA detection by ELISA. The results are
presented as the means ± SEM of triplicate tests (n= 3 mice per group) (*P < 0.05, **P< 0.01).
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3.2. Recombinant lactobacillus induces IgA antibodies in the feces of mice

To investigate whether recombinant L. plantarum can induce body
mucosal immunity, we used ELISA to detect IgA in the feces of mice. We
found which consisted of oral immunization with recombinant L.
plantarum, the sIgA titers were higher than in the mice that received
oral immunization with physiological saline and NC8-pSIP409-pgsA'.
This result proved that recombinant L. plantarum can stimulate the body
to produce a mucosal immune response. However, the process takes
some time (Fig. 2b).

3.3. Immunization-induced mouse B cell response

To assess the effect of recombinant L. plantarum on mouse B cells in
PPs, 2 weeks after the booster immunization, the number of B220+

IgA+ cells in the mouse small intestine PPs was measured. The results
showed that, compared with the group that received saline and NC8-
pSIP409-pgsA, the mice immunized with recombinant L. plantarum
showed a significant increase in the percentage of B220+ IgA+ cells.
However, the group that received the oral administration of re-
combinant L. plantarum NC8-409-2 had the highest percentage (Fig. 3).

3.4. Effect of lymphocyte proliferation

To investigate the effect of oral L. plantarum lymphocyte prolifera-
tion, we detected the SI value of lymphocyte proliferation. The results
shown that, compared with the group that received saline and NC8-
pSIP409-pgsA', the mice that received oral administration of re-
combinant lactic acid bacteria exhibited significantly higher lympho-
cyte proliferation (Fig. 4).

3.5. Expression of specific cytokines in mice after immunization

To detect the IFN-γ in CD8+ T cells, we used flow cytometry to
measure the frequencies of INF-γ-producing CD8+ T cells in mouse
MLNs. Compared with the group that received saline and NC8-pSIP409-
pgsA', the mice that received recombinant L. plantarum exhibited sig-
nificantly increased frequencies of INF-γ-producing CD8+ T cells.
However, the group that received oral administration of recombinant L.

Fig. 3. Four weeks after booster immunization, the number of B220+ IgA+ cells in PPs was detected by flow cytometry. The results are presented as the
means ± SEM of triplicate tests (n= 3 mice per group) (*P < 0.05, **P<0.01).

Fig. 4. Recombinant lactate stimulates lymphocyte proliferation. The results
are presented as the means ± SEM of triplicate tests (n= 3 mice per group)
(*P < 0.05, **P<0.01).
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plantarum NC8-409-1 had the highest percentage (Fig. 5).

3.6. Protection of the mice challenged with influenza virus

To prove that NC8-409-2 and NC8-409-1 can provide protection
against the H9N2 virus, we challenged mouse groups with the virus 3
weeks after final immunization (Fig. 1). Then, we recorded the weight
loss for 14 d and the mortality rate. The body weight loss rate of all
mice immunized with recombinant L. plantarum NC8-409-2 and NC8-
409-1 was significantly better than in the groups that received the
empty vector and saline. The results also showed the group of NC8-409-
2 compared with the group that received the H9N2 inactivated vaccine,
their weight loss rate had no significant difference. But it compared
with the group of saline, their weight loss rate had significant difference
(Fig. 6a). We also recorded the survival of the mice. The mice that re-
ceived oral recombinant L. plantarum had survival rates of approxi-
mately 60 % and 80%. In particular, the group of mice that received
oral L. plantarum NC8-409-2 exhibited approximately 80% protection in
terms of survival rate and did not die within 14 days. However, the
survival rates of the groups that received empty vector and saline were
40% and 0%, and the group that received the H9N2 inactivated vaccine
showed similar results to the groups that received NC8-409-2 and NC8-
409-1 (Fig. 6b). In contrast, the mice in the control group that were
administered saline all died within 5 days. Meanwhile, 100% survival
was observed for the group immunized with inactivated vaccine
(Fig. 6b). To test the protective effect of L. plantarum NC8-409-2 and
NC8-409-1 on pathological changes in the lung in mice, we observed
mouse lungs by scoring pathological sections after challenge with the
H9N2 virus. The histopathological score of the group that received L.
plantarum was higher than that of the saline group or the empty vector
group and at was similar to the score of the mice injected with the
vaccine (Fig. 8a.b).

To prove that NC8-409-2 and NC8-409-1 can provide protection

against the H1N1 virus, we challenged mice with the virus at 3 weeks
after final immunization (Fig. 1). Then, we recorded the weight loss for
14 d and the mortality rate. The body weight loss rate of all mice im-
munized with recombinant L. plantarum showed that both the NC8-409-
2 and NC8-409-1 groups had significantly better results than the groups
that received empty vector and saline. The results showed that com-
pared with that of the mice that received the H9N2 inactivated vaccine,
their weight loss rate is basically the same (Fig. 7a). In the same way,
we recorded the survival of the mice, and the mice that received oral
recombinant L. plantarum had a similar survival rate to the mice in-
jected with the vaccine. However, the groups that received the empty
vector and saline had a survival rate of only 0% (Fig. 7b). The survival
percentage results indicated that the mice immunized with recombinant
NC8-409-2 obtained 40% protection and did not die for up to 14 days.
In contrast, the mice in the control group administered saline all died
within 6 days. Meanwhile, 20% survival was observed for the group
immunized with the inactivated vaccine (Fig. 7b). To test the protective
effect of L. plantarum NC8-409-2 and NC8-409-1 against pathological
changes in the lung in mice, we observed the pathological changes in
mouse lungs by making pathological sections after challenge with the
H1N1 virus and scoring them. The histopathological score of the L.
plantarum group was higher than that of the saline group and the empty
vector group and was similar to the score of the mice injected with the
vaccine (Fig. 9a.b).

4. Discussion

In recent years, the livestock and poultry industry has developed
rapidly (Feagins et al., 2008). However, AIV is the most important
challenge for the progress of the livestock sector (Nagy et al., 2016).
Prophylactic vaccination against AIV can help prevent animal diseases,
and different vaccination strategies are often applied to combat AIV
infection (Bavinck et al., 2009).

Fig. 5. Four weeks after the end of immunization, the CD4+ IFN-γ+ content in MLNs was tested by flow cytometry. The results are presented as the means ± SEM of
triplicate tests (n=3 mice per group) (*P < 0.05).
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The immunization of mice with different recombinant L. plantarum
was revealed to confer survival benefits following influenza virus in-
fection (Yang et al., 2016). Accordingly, we proposed that immuniza-
tion with recombinant L. plantarum NC8-409-2 would develop protec-
tive efficacy.

This study showed that recombinant L. plantarum had a comparable
antiviral effect against orally administered influenza virus infection,
conferring survival protection and preventing considerable weight loss.
In a previously reported antiviral protection study, mice treated with
the same L. plantarum showed varying degrees of protective efficacy
after viral challenge; therefore, in our study, we have demonstrated
multiple antiviral results of recombinant NC8-409-2 and NC8-409-1,
including the prevention of illness as noted by decreased weight losses
in animals after challenge with influenza viruses as well as 80% survival
protection against H9N2 AIV. However, for the H1N1 virus, the weight
loss rate of the recombinant lactic acid bacteria group was better than
the group of the H9N2 inactivated vaccine. In terms of protection rate,
the protection rate of NC8-409-2 was better than the group of the H9N2
inactivated vaccine. Recombinant NC8-409-2 and NC8-409-1 have been
previously shown to be safe and effective vaccines for influenza (Cai
et al., 2016). In this study, IgG and mucosal SIgA antibody responses
were identified by ELISA and flow cytometry, and the results showed
that recombinant NC8-pSIP409-pgsA can induce a significant level of
systemic IgG and mucosal SIgA antibody responses, indicating a

potential vaccine strategy against AIV infection. Meanwhile, the IgA
response increased rapidly after a booster immunization. Secretory IgA
antibodies are considered to be the most important component pro-
duced in the inherent immune defense of the respiratory mucosa (Jiang
et al., 2017).

Recombinant L. plantarum with only the HA2 protein have been
shown to elicit highly efficient protective immune responses, and re-
combinant L. plantarum containing both the 3M2e and HA2 proteins
has, in some studies, showed the same result in immune responses (Shi
et al., 2016).

In addition, the study by Youn, Kobayashi and their colleagues and
the current study by Shonyela and her colleagues reported that a range
of Lactobacillus species showed different degrees of protective efficacies
and that the dosage and route of administration are important factors in
ensuring flu survival (Yang et al., 2017a). We strongly believe that
weight changes and survival rates are important in the assessment of
infection and of the protective effects of vaccines. The results of this
study indicate that immunization with L. plantarum NC8 can prevent
weight loss and death in mice. As shown by the results of our study,
immunization with recombinant L. plantarum improved the cytokine
IFN-γ results in response to immunization, which was a similar result to
that of the study by (Yang et al., 2017c). Our study shows that L.
plantarum can enhance the activation of cytotoxic CD8+ T cells and
enhance the body's adaptive immunity, thereby enhancing the

Fig. 6. In the 6th week, BALB/c mice were challenged with H9N2 (A/duck/Xuzhou/07/2003) virus (10 × LD50), and the subsequent body weight (a) and survival
(b) were recorded. The results are presented as the means ± SEM of triplicate tests (n= 5 mice per group) (*P < 0.05, **P< 0.01).

Fig. 7. In the 6th week, BALB/c mice were challenged with H1N1 (A/PR/8/34) influenza virus (5 × LD50), and the subsequent body weight (a) and survival (b) were
recorded. The results are presented as the means ± SEM of triplicate tests (n=5 mice per group).
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regulation of the Th1 immune response. Several studies have also
proved that L. plantarum can improve the body's immune function (Lu
et al., 2016). We observed that oral immunization with NC8-409-2 and
NC8-409-1 can significantly elicit IFN-γ production. IFN-γ produced by
Th1 lymphocytes plays an important role in the activation of Th1 re-
sponses to viral infections. This study proved that the IFN-γ levels in the
NC8-409-2 and NC8-409-1 groups were significantly higher than in the
control group, which was consistent with previous studies showing that
most probiotic bacterial strains can induce IFN-γ (Kang et al., 2011).

In summary, L. plantarum have been employed as delivery vehicles
against various foreign microorganisms (Liu et al., 2017). The admin-
istration of recombinant L. plantarum NC8-409-2 offers protection
against infection by influenza viruses, perhaps by enhancing immunity.
The results of flow cytometry showed that NC8-409-2 and NC8-409-1
could induce intensive favorable immunogenic responses to HA2. The
histopathology of the animals used in this study showed that

immunization with recombinant L. plantarum NC8-409-2 helped to
prevent virus-induced lung inflammation. Therefore, immunization
with recombinant L. plantarum NC8-409-2 prior to infection con-
siderably enhanced protection against AIV.
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