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Abstract

Objective Development of an effective mucosal
vaccine to induce specific immune responses against
Foot-and-mouth disease virus (FMDV).

Results For this purpose, the FMDV VPl gene
(SPVP1) was optimized and synthesized based on the
codon bias of Lactococcus lactis (L. lactis), and then
incorporated in the plasmid pNZ8148. L. lactis
NZ9000 containing the pNZ8148-SPVP1 recombi-
nant plasmid was used as an oral delivery vehicle to
induce anti-FMDV mucosal and systemic immune
responses in mice. After confirmation that the SPVP1
protein was expressed successfully in the recombinant
L. latic, the mice were orally challenged with NZ9000-
pNZ8148, NZ9000-pNZ8148-SPVP1, phosphate-buf-
fered saline as a mock infection group, or with
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inactivated vaccine as a positive group. Mice immu-
nized with NZ9000-pNZ8148-SPVP1 produced high
levels of mucosal secretory IgA (sIgA), antigen-
specific serum IgG, IgA, and neutralizing antibodies,
and developed stronger cell-mediated immune reac-
tions and significant T spleen lymphocyte prolifera-
tion. Furthermore, the recombinant group generated
much higher levels of IFN-vy, IL-2, IL-4, IL-5, and IL-
10 than the other groups.

Conclusions Potent immune responses were suc-
cessfully elicited in mice with FMDV VP1 delivered
through L. lactis.

Keywords Lactococcus lactis - Oral vaccine -
Mucosal immunity - Foot-and-mouth disease virus -
VP1I protein

Introduction

Foot-and-mouth disease (FMD) is highly contagious
and results in severe financial losses to the farming of
cloven-hoofed animals. FMD virus (FMDV), grouped
into the genus Aphthovirus of the family Picornaviri-
dae, has seven different serologically distinct sero-
types (O, A, C, Asia 1, SATI1, SAT2, and SAT3) with
many antigenic variants of each. No cross-protective
antibodies (Abs) can be detected in animals following
infection or vaccination with other FMDV serotypes
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or subtypes, which has adversely affected the vacci-
nation programs for the prevention of FMD (Jamal and
Belsham 2013).

FMDV is small non-enveloped virus with an
icosahedral capsid symmetry including 60 copies,
and each capsomer has four structural viral proteins
consisting of VP1, VP2, VP3, and VP4. Notably, the
VP1 protein contains the major immunogenic epitopes
including a G-H loop and a C-terminus which are
responsible for neutralizing protective Abs (Fox et al.
1989). In addition, the cell attachment site on FMDV
contains an conserved the RGD (arginine-glycine-
aspartic acid) motif (DiMarchi et al. 1986). Therefore,
vaccination is still an effective method for the control
of FMD.

Lactococcus lactis (L. lactis) is generally regarded
as safe with potent effects and conveys important
immunostimulant properties to both human and ani-
mals, which makes it an interesting and effective
mucosal vaccination strategy. The Nisin Controlled
gene Expression (NICE) system of L. lactis, developed
25 years ago, is a potent and strictly regulated protein
production system depending on the auto-regulation
mechanism of the bactericin nisin. Currently, this gene
expression system has been widely used to express
exogenous proteins in Gram-positive bacteria (Mierau
and Kleerebezem 2005). Far beyond the original role
in food preservation and production, L. lactis in
combination with the easy-to-operate and tightly
regulated NICE system has various applications,
especially the expression of pathogenic antigens
(Ags) for safe immunization through mucosal surfaces
and production of cytokines pharmaceutical products
for medical treatments. Parenteral vaccination can
stimulate an effective immune response, but generally
cannot effectively activate mucosal responses and
fails to protect the host from pathogens invading via
the mucosa. However, mucosal vaccines especially
lactococci vaccines, are capable of inducing both
potent mucosal immunity and systemic responses to
protect against mucosal invasion. FMDV infection
takes place mainly through mucosal membranes and,
thus, can be blocked by mucosal immunity with
vaccines designed to induce specific mucosal
responses at mucosal membranes to disrupt the virion
transmission (Ogra et al. 2001). Therefore, in this
study, a new recombinant L. lactis strain (NZ9000)
was made to express the VP1 gene from a FMDV A
strain with a signal peptide sequence (SPusp45)
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(Dieye et al. 2001). The aims of this research were
to investigate the immunological impact of the
plasmid pNZ8148 encoding FMDV-SPVPI1 capsid
protein through oral vaccination in a mouse model.

Materials and methods
Animal use

Female BALB/C mice, weighing 18-20 g with no
maternal Abs to FMDV, were obtained from Lanzhou
Veterinary Research Institute, Chinese Academy of
Agricultural Sciences (LVRI, CAAS) and housed
under pathogen-free conditions at 23-25 °C and
relative humidity of 45-50% with free access to water
and pathogen-free food. Fresh vegetables and fruits
were available daily to meet the nutrient demands of
the experimental animals. All the animal protocols
were approved by the Institutional Animal Use and
Care Committee of LVRI, CAAS guidelines on the
ethical use of animals.

Bacteria, plasmids, viruses, and cell lines

All plasmids and bacterial strains applied in this
research are listed in Table 1. E. coli cells were grown
in Luria-Bertani (LB) broth at 37 °C with shaking and
L. lactis was cultured in GM17 medium (M17 medium
with a final concentration 0.5% glucose) at 30 °C
without shaking. Solid media were made by adding
1.5% (w/v) agar to the broth. When appropriate,
chloramphenicol was added at 100 pg/mL for E. coli
and 10 pg/mL for L. lactis.

A DNA sequence encoding VP1 gene was obtained
from FMDV/A/HB/WHHP/13 stored in our lab. A
new VP1 (SPVPI1), which was codon optimized with
L. lactis, was synthesized by Nanjing GenScript Co.
Ltd and then incorporated into pUCS57 at the Ncol
restriction site and contained a secretory Usp45 signal
peptide (SPusp45) at the N terminus of the VP1 gene
and the Hindlll restriction site at the C terminus. The
SPVP1 gene (760 bp) was digested out and then
incorporated at corresponding sites of pNZ8148
(MoBiTec GmbH, Géttingen, Germany). Baby ham-
ster kidney (BHK) cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco, Carlsbad,
ca., USA) supplemented with 10% (v/v) fetal bovine
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Table 1 Bacterial strains and plasmids

Plasmids or bacterial Relevant characteristics

strains

Source or
reference

pUC57-SPVP1

Vector harboring synthetic VP1 gene with a signal peptide sequence (SPusp45) at N This work

end; Amp"
pNZ8148 Expression vector; Cm" MoBiTec
E.coli Topl0 Cloning strains of pNZ8148-SPVP1; Cm" Takara
L. lactis NZ9000 Host strain; plasmid-free MoBiTec

"Stands for the antibiotic resistance

serum (FBS; Gibco), 100 IU/mL of penicillin and 100
pg/mL of streptomycin at 37 °C under 5% CO,.

Electro-transformation

L. lactis were electro-transformed in accordance with
the following protocol. L. lactis were cultured in
G-SGM17 broth (M17 medium with 0.5M sucrose,
0.5% glucose and 2.5% glycerin) at 30 °C without
shaking overnight and then inoculated (1/8 inoculum)
(v/v) in G-SGM17 medium until reaching an optical
density at 600 nm (ODgg) of 0.3 (around 3 h).
Afterward, the cells were washed with ice-cold buffer
I (0.5 M sucrose, 10% glycerin), buffer II [0.5 M
sucrose, 10% glycerin, 0.05 M ethylenediaminete-
traacetic acid (EDTA), pH 7.5], and then resuspended
in buffer I. 2 pg of the plasmid was added and mixed
with 100 pL of ice-cold competent cells, kept on ice
for 3 min, and then transferred into a prechilled cuvette
(inter-electrode distance of 0.1 cm; Bio-Rad Labora-
tories, Hercules, ca., USA). A single electrical pulse at
2000 V/ecm and 2.5 pF was delivered via Gene
Pluster™ (Bio-Rad Laboratories). The suspension
was immediately placed on ice for 5 min and then
mixed with 890 pLL of LM17 broth (M 17 broth without
antibiotics containing 20 mM MgCl, and 2 mM
CaCl,). Following incubation at 30 °C for 3 h without
agitation, the recombinant strains were plated and
selected on LM17 agar medium containing 10 pg/mL
of chloramphenicol.

Protein expression detection

To analyze the SPVPI1 expression in NZ9000, the
recombinant strains were cultured in GM17 broth
supplemented with 10 pg/mL of chloramphenicol at
30 °C for 12 h without shaking. The overnight cultures

were inoculated (1/50 inoculum) (v/v) in GM17 broth
and induced by adding 10 ng/mL of nisin at ODgq 0.3
(around 3 h). Bacterial cells were harvested at ODg
1.0 by centrifugation at 6000 rpm at 4 °C and then
washed three times with sterile, ice-cold phosphate-
buffered saline (PBS, pH 7.4) at 4 °C. The pelleted
cells were resuspended in PBS and recombinant
proteins were prepared after ultrasonic decomposition
for analysis through 15% sodium dodecyl sulphate-
polyacrylamide gel -electrophoresis (SDS-PAGE).
Protein extracts were electro-transferred onto a PVDF
membrane for western blot analysis using guinea pig
anti-FMDYV Abs (dilution, 1:1000; prepared in our lab)
at 1:1000 dilution and horseradish-peroxidase (HRP)-
conjugated goat anti-guinea pigs IgG Ab (dilution,
1:2000; Abbkine Scientific Co., Ltd., Wuhan, Hubei,
China) and then visualized with chemiluminescent
substrate reagent using Gel Doc™ XR + system
(BioRad).

Immunization procedures

Bacterial cells (NZ9000-pNZ8148-SPVP1 and
NZ9000-pNZ8148) cultured in GM17 broth supple-
mented with 10 pg/mL of chloramphenicol, induced at
ODgqg 0.4—-0.6 with nisin at a final concentration of 10
ng/mL at 30 °C and collected at ODgyo 1.0, were
washed with PBS. The mice were randomly divided
into four groups (n = 25 each) as described in Table 2.
Infection-free mice in the NZ9000(pNZ8148-SPVP1)
and NZ9000(pNZ8148) groups were orally dosed with
the L. lactis strains every 7 days with 100 pL of 10°
colony forming units (CFU) in 100 pL of PBS for three
consecutive days (i.e., days 1-3, 11-13, and 21-23),
using inactivated FMDYV vaccine as a positive control
(intramuscular injection once on day 1) and PBS as a
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Table 2 Immunization schedule

Groups Number Immunizing dose Vaccines Immunizing methods
A 25 0.1 mL (10° CFU/mL) NZ9000(pNZ8148-SPVP1) + PBS Oral vaccination

B 25 0.1 mL (10° CFU/mL) NZ9000(pNZ8148) + PBS Oral vaccination

C 25 0.1 mL (10° CFU/mL) Inactivated FMDV vaccine Intramuscular injection
D 25 0.1 mL(100 pg/mL) PBS Oral vaccination

CFU colony forming unit

blank group (same immunization schedule as the
experimental groups).

Preparation of blood, serum, intestinal mucus,
and lung fluid samples

The mice were anaesthetized with ether before
sacrifice. On days 0, 10, 20, 30, 37, 44, and 51, 100
pL of anticoagulated whole blood and 200 pL of blood
for serum testing were collected by orbital puncture.
Intestinal mucus samples in 300 pL of sterile PBS and
lung liquid samples in 200 pL of sterile PBS (3 mice in
each group per time) were collected by cotton swabs
into tubes containing 0.01 M/L EDTA-Na,, and rinsed
repeatedly.

Detection of Abs

Specific immunoglobulin (Ig) G in serum was tested
using an indirect enzyme-linked immunosorbent assay
(ELISA) and a capture ELISA was used to detect the
level of IgA and sIgA, as described previously (Wang
et al. 2015). For the indirect ELISA for detection of
IgG, the wells of a 96-well microplate (Costar;
Corning Incorporated, Corning, NY, USA) were
coated with FMDV-A Ag (prepared in our lab
previously) overnight at 4 °C and the working
concentration of FMDV-A Ag is 1 pg/mL in 0.05M
bicarbonate buffer. After washing five times with
PBS + Tween 20 (0.1%) (PBST), the wells were
blocked at 37 °C with PBST containing 5% skim milk
for 2 h and then washed five times with PBST.
Afterward, serum (from 1:4 dilution) with a double
ratio dilution method was reacted with the coated
wells for 1 h at 37 °C. After washing five times, HRP-
conjugated goat anti-mouse IgG Ab (dilution, 1:2,000)
was added to the plates for an additional hour at 37 °C.
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After washing five times, o-phenylenediamine (OPD)
was added for color development, and 15 min later, the
enzymatic reaction was blocked by the addition of stop
buffer. Then, the optical absorbance of each well was
tested on a spectrophotometer at 492 nm.

A capture ELISA was used to detect IgA in serum
and sIgA in intestinal and lung fluids. The wells of
96-well plates were coated at 22 °C with rabbit anti-
FMDV serum (dilution, 1:1,000) overnight and
washed five times with PBST. Then the plates were
incubated with FMDV-A Ag (1:6 dilution) at 37 °C for
1 h, followed by five washes with PBST. The test
samples were added with a double ratio dilution
method (serum from 1:10 dilution, intestinal mucus
from 1:2 dilution, and lung fluid from 1:1 dilution) and
incubated at 37 °C for 1 h. Following five washes, the
samples were incubated with HRP-conjugated goat
anti-mouse IgA Ab (dilution, 1:2,000) for an addi-
tional hour at 37 °C to detect bound Abs. After
washing five times, color development was conducted
with OPD as the substrate for 15 min. After the
addition of the stop buffer, optical absorbance was
measured with a spectrophotometer at 492 nm.

Detection of neutralizing Abs

Serum samples (inactivated at 56 °C for 30 min)
collected on days 10, 20, 30, 37, 44 and 51 were
analyzed for neutralizing Ab titers with BHK-21 cells.
Briefly, 50-puL aliquots of sera samples from each
group were added to the wells of a 96-well plate by the
double ratio dilution. Free anti-FMDYV serum was used
as a negative control (dilution from 1:2 to 1:4), anti-
FMDV serum as a positive control (both serum were
prepared previously in our lab), and DMEM with 2%
FBS as a blank control. Then, 50 pL of FMDV,
adjusted to 200 median tissue culture infectious dose
(TCID50)/100 pL, were added to the plates containing
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serially diluted serum. The mixtures were incubated at
37 °C for 1 h, and then 100 pL. of BHK cells (106 cells/
mL) were plated to the wells followed by incubation at
37 °C for 5 days under 5% CO,. Finally, the cytopathic
effect (CPE) of each serum dilution was measured by
microscopy. The supernatant was removed followed
by addition of 50 pL of stationary liquid (10%
formaldehyde). After incubation for 30 min, the plates
were stained with 10% formaldehyde containing
0.05% methylene blue solution for 30 min. The
neutralizing Ab titers were calculated in this study,
based on the Reed and Muench method, as the log,, of
the reciprocal of the final serum dilution that neutral-
ized 100 TCIDs of virus in 50% of the wells.

Carboxyfluorescein diacetate succinimidyl ester
(CFSE) proliferation assay

Three mice from each group were dissected under
aseptic conditions and lymphocyte suspensions were
prepared from the spleen on day 30. Lymphocytes
were labeled with CFSE. After washing three times
with PBS containing 3% FBS, CFSE-labeled cells
were resuspended in RPMI containing 10% FBS, 15
mM HEPES, and 0.05 mM B-mercaptoethanol. Then,
single cell suspensions at 2.0 x 10° cells/mL were
added to each well of a 24-well plate. The cells were
split into three groups: the first group was stimulated
with 10 pg/mL of inactivated FMDV Ags (specific Ag
stimulation), the second group was stimulated with 10
pg/mL of concanavalin A (con A) as a positive
control, and the third with culture medium as a
negative control. Three parallel repetitions for each
group were incubated at 37 °C for 3 days under 5%
CO,. Afterward, the lymphocytes were collected and
washed three times with PBS and then resuspended in
300 pL of PBS. Subsequently, T cell proliferation was
measured using a FACSAria flow cytometer (BD
Immunocytometry Systems, San Jose, ca., USA).

Determination of T lymphocyte subsets

Mice blood samples collected on day 30 into tubes
containing the anticoagulation agent EDTA were
stained with RPE-conjugated rat anti-mouse CD4 Ab
and FITC-conjugated rat anti-mouse CD8 Ab at 37 °C
for 30 min in the dark. The blood samples stained with
RPE-conjugated rat IgG2a and FITC-conjugated rat
IgG2b Abs are negative controls. FACS lysing

solution (BD FACS™) was added to lyse the blood
cells at 37 °C for 15 min. After three washes with PBS,
the T lymphocyte subsets were detected using a
FACSAria flow cytometer.

Determination of cytokines in serum

The cytokine concentrations of mouse serum samples
collected on days 37 and 51 were determined. The
concentrations of 20 cytokines were quantified using
the Quantibody Mouse Cytokine Array 1 (RayBio-
tech, Inc., Norcross, GA, USA) according to the
manufacturer’s instructions, which included inter-
feron (IFN)-v, interleukin (IL)-1a, IL-1b, IL-2, IL-3,
IL-4, IL-5, IL-6, IL-9, IL-10, IL-12p70, IL-13, IL-17,
keratinocyte  chemoattractant (KC), monocyte
chemoattractant protein 1, macrophage colony-stimu-
lating factor, RANTES (Regulated upon Activation,
Normal T cell Expressed, and Secreted), tumor
necrosis factor-o, and vascular endothelial growth
factor.

Statistical analysis

Data analysis and graphic representation were per-
formed using GraphPad Prism 6.0 software (GraphPad
Software, Inc., La Jolla, ca., USA). The results are
expressed as the mean + standard deviation (SD).
The one-tailed ¢ test was used for comparison. A
probability (p) value of < 0.05 was considered statis-
tically significant.

Results
Expression of SPVP1 by L. lactis NZ9000

The strain cultures were harvested and subjected to
SDS-PAGE followed by immunoblotting. As
expected, the recombinant protein SPVP1 (~ 27
kDa) was expressed in L. lactis NZ9000 containing
the recombinant plasmid after induction with nisin
(Fig. 1), whereas no bands were evident in the non-
nisin induced NZ9000 strains or in the nisin-induced
NZ9000 strain carrying the plasmid pNZ8148 (nega-
tive control lanes).
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Fig.1 Recombinant plasmid structure of pNZ8148-SPVP1 and
the detection of SPVP1 protein expressed by N900O by western
blot analysis. a The pNZ8148-SPVP1 plasmid was made as
described in the article. The yellow arrow indicates optimized
VPI and the green arrow indicated the signal peptide. b The
SPVP1 proteins expressed in NZ9000 were detected by western
blot analysis. Lane 1: NZ9000/ pNZ8148-SPVP1 without an

Ab responses

The mucosal immune responses were investigated by
testing the level of anti-FMDV-SPVP1 IgA in serum.
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pNZ8148-SPVP1

SP-VP1

Hind 111

27 kDa

inducer; M: Protein marker; Lane 2: NZ9000/ pNZ8148-SPVP1
with nisin for 2 h; Lane 3: NZ9000/ pNZ8148-SPVP1 with nisin
for 3 h; Lane 4: NZ9000/ pNZ8148-SPVP1 with nisin for 4 h;
Lane 5: NZ9000/ pNZ8148 with nisin as a control. Pnis nisin-
inducible promotor; repA and repC replication elements;
T transcriptional terminator; Cm chloramphenicol-resistance
marker; MCS multiple cloning site

Before oral immunization, there was no difference in
mucosal IgA levels among the four groups (p > 0.05)
(Fig. 2). During the three immunizations (from day 0
to day 30), IgA Ab in the NZ9000/pNZ8148-SPVP1
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Fig.2 Levels of SPVP1-specific Abs and neutralizing Ab titers
between the experimental and control groups. a IgA Ab in serum
was mesaured by capture ELISA on days 0, 10, 20, 30, 37, 44,
and 51. b sIgA Ab in the intestinal tract was mesaured by capture
ELISA on days 0, 10, 20, 30, 37, 44, and 51. ¢ sIgA Ab in lungs
was mesaured by capture ELISA on days 0, 10, 20, 30, 37, 44,
and 51. d IgG Ab in serum was detected by indirect ELISA on

group increased continuously and reached the highest
level on day 30, but decreased gradually afterwards,
while there was no obvious increase in IgA Ab among
the other three groups, with the exception of a minimal
increase in the inactivated vaccine group on day 20
(p > 0.05). Similar results for sIgA Ab were observed
for intestinal fluid samples in the immunized mice
(Fig. 2a, b). In lung fluid, the level of sIgA Ab in the
NZ9000/pNZ8148-SPVP1 group increased slightly on
day 30. The systemic immune responses of mice were
investigated by testing IgG levels in serum. As shown
in Fig. 2d, there was no dramatic difference in the level
of IgG among the four groups on day 0 (p > 0.05). On
day 10 (7 days after the first immunization), IgG levels
were high in the inactivated vaccine group (p < 0.05)
and reached the highest level on day 30, which was
maintained afterward (p < 0.05). As in the recombi-
nant strain group, IgG also gradually increased from
day 0 to day 30 and maintained a high concentration
until day 50, but remained lower than IgG in the
inactivated vaccine group. No significant elicitation of
IgG Abs was observed in the PBS and NZ9000/
pNZ8148 groups (p > 0.05). These data indicate that
oral administration of NZ9000/pNZ8148-SPVP1 was

days 0, 10, 20, 30, 37, 44, and 51. e Titers of neutralizing Abs.
The neutralizing Ab titers in serum were determined against 200
TCIDsq per 0.1 ml. Data are expressed as the mean of optical
density (OD) & SD (n = 03). *p < 0.05 vs. the PBS control
group; **p < 0.01 vs. the PBS control group. /g immunoglob-
ulin; SD standard deviations

capable of eliciting both mucosal and systemic Ab
responses. Furthermore, the mucosal immune
responses induced by the recombinant L. lactis were
stronger than the responses induced by the inactivated
vaccine.

Determination of T lymphocyte subsets

To examine cellular immune responses following
immunization, CD4" and CD8" T cells in blood
samples obtained on day 30 were assayed by flow
cytometry. As shown in Fig. 3, the CD4™ T cells in the
NZ9000/pNZ8148-SPVP1, NZ9000/pNZ8148, and
inactivated vaccine groups rose to high levels with
the former group reaching the highest level. While
CD8™" cells in the recombinant strain group rose
slightly, there was no obvious increase in the other
three groups. Above all, the cellular responses of L.
lactis NZ9000 were the same as the inactivated
vaccines. Furthermore, the recombinant strains
induced both cellular and humoral immune responses,
with the former type being predominant.
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Fig.3 Serum levels of cytokines, detection of CD4" and CD8*
T cells, and T-lymphocyte proliferation. Expression levels of
allL-2,bIL-4,cIL-5,dIL-10, e and IFN-y. f The percentages of

T cell proliferative responses

The lymphocyte suspensions were stimulated with con
A as a positive control, which showed evident
proliferation, and by medium as a negative control,
with evident dormancy as expected. T cell prolifera-
tion was notably increased in both the recombinant L.
lactis and inactivated vaccine groups when stimulated
by specific FMDV Ag in Fig. 3f, while no significant
proliferation shown in the control groups. Taken
together, these results suggest that the L. lactis
expressing FMDV VPI1 protein could induce Ag-
specific T cell immune responses.

Ab titers in mice serum

The neutralizing Ab titers of immunized mice on day
30 were assessed. As shown in Fig. 2e, the antibody
responses of mice immunized with bothNZ9000-
pNZ8148-SPVP1 and inactivated vaccines showed
higher FMDV-neutralizing activity than that of the
control group, evaluated by CPE inhibition, suggest-
ing that the recombinant L. lactis is able to induce
neutralizing Abs to FMDV.
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T-lymphocyte proliferation on day 30. g The percentages of
CD4% and CD8" T cell on day 30. IL interleukin; PBS
phosphate buffer solution

Expression of cytokines in mice

IL-2, IL-4, IL-10 and IL-12 can affect FMDV
replication by activating dendritic cells and recruiting
NK cell (Natural killer cell dysfunction during acute
infection with footand-mouth disease virus). IFN- y
may affect persistent infection of FMDV, and IL-1,
IL-6, IL-10, TNF- oo and RANTES are responsible for
the control of viral replication and transmission (Dash
et al. 2010; Segundo et al. 2012). Of the 20 cytokines
in serum, five (IFN-y, IL-2, IL-4, IL-5, and IL-10)
were increased in the NZ9000-pNZ8148-SPVP1 and
NZ9000-pNZ8148 groups on day 37, as compared
with the PBS control group. Furthermore, the expres-
sion levels of these five cytokines were significantly
increased in the recombinant strain group, as com-
pared with the other groups. However, the expression
levels of all five cytokines returned to normal with no
differences among the four groups on day 51.

Discussion

Since the early 1990s, FMD has been the primary
sanitary barrier to the profitability of livestock prod-
ucts. Although many types of vaccines have been
designed and applied to prevent FMDYV infection,
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there have been some disadvantages, such as insuffi-
cient stability and reversion to virulence. It is worth
mentioning that many commercial inactivated vacci-
nes are able to induce high levels of neutralizing Abs
providing protection against homologous serotypes,
but yet fail to prevent the virus from infecting the host
via the mucosa. Meanwhile, vaccines designed on
basis of mucosal immunity have been shown to
successfully trigger mucosal immune responses to
prevent viruses from establishing mucosal sites to
continue replication and dissemination (Yigang and
Yijing 2008), and more importantly, they can also
elicit systemic IgG Abs as well as Ag-specific mucosal
sIgA Abs. Consequently, the use of mucosal vaccines
could be a much more promising approach applied in a
similar way as current licensed parenteral vaccines
(Fujkuyama et al. 2012). FMDV generally infects
animals via mucosal surfaces, which offers an attrac-
tive option for mucosal immunization with specific
vaccine Ags for protection against infection. Sufficient
data are now available to support the use of mucosal
immunization to induce both mucosal and systemic
responses to protect animals against FMDV. A
previous study indicated that intranasal delivery of
cationic poly (lactic-co-glycolic acid) (PLGA)
nanoparticles loaded with different FMDV DNA
vaccine formulations encoding IL-6-enhanced protec-
tive immunity prevented infection from aerosolized
FMDV (Wang et al. 2011). Another publication
showed that intranasal delivery of Chi-PLGA-DNA
nanoparticles with FMDV Ags also decreased disease
severity and virus excretion as well as delayed the
onset of clinical symptoms with high levels of
systemic, mucosal and cell-mediated immunity (Pan
et al. 2014).

Many available approaches using L. lactis to
deliver exogenous vaccines Ags have been shown to
efficiently stimulate mucosal responses. Oral admin-
istration of lactococci expressing viral antigens in situ
has a number of advantages, including safety, conve-
nience, fewer proteases, and no endotoxin prompting
adverse reactions (Bermudez-Humaran 2009; Ber-
mudez-Humaran et al. 2011). Besides, L. lactis has
been used to deliver many recombinant Ags, which
can provoke the host mucosal and systemic responses
with better protection. Some food-grade live vaccines
have been developed and found to convey protective
effects to animals under laboratory conditions, thereby
providing a new direction for oral vaccines

(expression of severe acute respiratory syndrome-
related coronavirus nucleocapsid protein, production,
and targeting of the Brucella abortus Ag, while a
mucosal vaccine made from live, recombinant L. lactis
protected mice). However, although lactococci have
many potential advantages as carriers of live vaccines,
no study has yet to investigate oral immunization with
L. lactis for prevention against FMDYV. Over the last
several decades, the VP1 coding sequence has been
partially or completely applied in vaccine design for
the large-scale preparation of recombinant proteins in
different expression systems, including E. coli, yeasts,
baculovirus, plants, and mammalian cells (Chai et al.
2013; Jung et al. 2013; Lentz et al. 2010; Li et al. 2008;
Parida et al. 2006; Shi et al. 2006) and thus FMDV
VP1 was chosen for mucosal vaccine design in this
study. The VP1 protein is the primary Ag inducing
neutralizing Ab responses and plays a vital role in the
assembly of FMDYV particles (Yin et al. 2014). Here,
the sequence of VP1 was optimized according to the
pool and codon used by L. lactis, by decreasing the GC
content from 55.29-35.18%, without altering the
protein sequence and optimizing unfavorable GC
peaks, which could improve translational performance
(Jiang et al. 2014). The signal peptide SPusp45,
located at the N terminus of the VP1 gene, is a secreted
extracellular protein of L. Lactis, and is usually used to
direct extracellular secretion of any protein of interest.
In addition, the NICE system was applied to express
the FMDV-SPVP1 protein and strain NZ9000 was
chosen to carry the pNZ8148 plasmid. Expression of
the VP1 sequence by pNZ8148 without the signal
peptide SPusp45 failed, while the fusion protein was
only successfully expressed by fusing SPusp45 down-
stream of the VP1 sequence. Due to this signal peptide,
both intracellular and extracellular expression of VP1
can be detected with immunoreactive bands.

Under normal conditions, production of the IgA Ab
is earlier than that of the IgG Ab following infection
via the mucosa, reflecting that IgA performs an
important function at the early stage of infection.
Likewise, mucosal vaccines can induce sIgA and IgA
Abs in the adaptive immune defense of mucosa. The
results of the present study also showed that high
levels of specific IgA and sIgA were observed in
serum, lungs, and intestinal tract, indicating the
important roles of IgA and sIgA responses in prevent-
ing FMDV. Although, IgG Ab emerges later that IgA
and sIgA, the levels were much higher and lasted
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longer. These data suggested that mucosal responses
induced by recombinant L. lactis were interactive with
systemic responses. Although the inactivated vaccine
group had the highest serum levels of IgG Ab, there
was a very slight or no increase of IgA and sIgA in the
mucosal samples, as high IgG concentrations occurred
on day 20 after the first vaccination.

The present study is the first to report the effects of
oral immunization of mice using the NICE system
with L. lactis strain NZ9000. The results obviously
showed that oral administration of SPVPI proteins is
able to trigger both mucosal and systemic responses.
Although this mucosal VP1 protein-based vaccine
contributed to a detectable FMDV-specific IgG and
IgA responses, as a result of VP1 gene frequent
mutations, it was not possible to produce a both
stable and effective immune response of the host. At
present, many groups are exploring alternative genes
containing effective immuno-dominant epitopes with
fewer mutations. For instance, VP2 is thought to carry
immuno-dominant epitopes and has essential
immunological characteristics for the design of
FMDV vaccines (Xue et al. 2012). Ongoing studies
by our group are also exploring the immune effects of
other FMDV gene segments, such as P12A3C in
combination IFN-y expressed by lactic acid bacteria
via mucosal routes in mice, guinea pigs, and swine.
However, those studies are still in preliminary stages,
thus further data are needed from different animal
models, especially large animals, and different immu-
nization routes are required to compare and optimize
immunization programs, such as comparisons with the
intranasal and oral immunizations, the co-expression
of larger fragments and cytokines, the optimal dose of
therapeutic protein delivered in situ, and the best
period of life for vaccination.

In this study, a live L. lactis vaccine expressing VP1
was constructed, which was effective as an oral
vaccine in BALB/C mice. The recombinant strain
vaccine induced both humoral and cellular responses
and improved the immune system in comparison with
the control groups. However, further studies are
needed to explore the mechanism of this vaccine to
protect against FMDV and there is still a long way to
study its various effects on different experimental
animals, optimal immunization route, and co-opera-
tion with other fragments and cytokines.
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