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Abstract
Chicken coccidiosis is a protozoan parasitic disease that leads to considerable economic losses in the poultry industry. In this
study, we used invasive Lactobacillus plantarum (L.P) expressing the FnBPA protein as a novel bacterial carrier for DNA
delivery into epithelial cells to develop a live oral DNA vaccine. A fusion DNA vaccine co-expressing EtMIC2 and chicken IL-
18 (chIL-18) was constructed and then delivered to the host by invasive L.P. Its efficacy against Eimeria tenella challenge was
evaluated in chickens by examining the relative weight gain rate; caecal lesion score; OPG; anti-coccidial index (ACI); levels of
EtMIC2 antibody, FnBPA, IL-4, IL-18, IFN-γ and SIgA; and proliferation ability and percentages of CD4+ and CD8+

splenocytes. The experimental results showed that chickens immunized with invasive L.P carrying the eukaryotic expression
vector pValac-EtMIC2 (pValac-EtMIC2/pSIP409-FnBPA) had markedly improved immune protection against challenge com-
pared with that of chickens immunized with non-invasive L.P (pValac-EtMIC2/pSIP409). However, invasive L.P co-expressing
EtMIC2 with the chIL-18 vector exhibited the highest protection efficiency against E. tenella. These results indicate that invasive
Lactobacillus-expressing FnBPA improved humoural and cellular immunity and enhanced resistance to E. tenella. The DNA
vaccine delivered by invasive Lactobacillus provides a new concept and method for the prevention of E. tenella.
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Introduction

Eimeria tenella is a parasitic protozoan and the most pathogenic
of the seven species of coccidia that infect chickens, causing
significant economic losses in the avian industry worldwide.
The primary control measures for coccidiosis are the widespread
use of anti-coccidial drugs and live oocyst vaccines (Shirley et al.

2005). Nevertheless, anti-coccidial drugs have long been used to
prevent coccidial infections, resulting in the emergence of drug-
resistant Eimeria strains (Liu et al. 2011). Moreover, the live
oocyst vaccine has a number of disadvantages, including revers-
ibility of coccidial virulence, pathogenicity and high production
costs (Vermeulen 1998; Sharman et al. 2010).

Immunization against chicken coccidiosis is greatly depen-
dent on cellular immunity (Rose and Hesketh 1982). The
strategy of using live bacterial cells as vehicles to deliver
recombinant eukaryotic vectors that carry antigens has
emerged over the past two decades as an interesting alternative
for the development of new vaccines. Lactobacillus
plantarum (L.P) is considered a generally recognized as safe
(GRAS), non-invasive lactic acid bacterium (LAB); LABs
are probiotics that have immunomodulatory functions and
are widely used in health care and industrial fermentation
(Isolauri et al. 2001; Karczewski et al. 2010; Kotzamanidis
et al. 2010; Gunal et al. 2006). L.P can be used as an improved
vector to carry plasmids expressing foreign proteins into hosts
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and to induce an intestinal mucosal immune response against
coccidiosis if its adhesion and invasiveness in the intestine are
enhanced.

Fibronectin-binding protein A (FnBPA) produced by
Staphylococcus aureus is an invasive protein that mediates
adhesion (Innocentin et al. 2009). Its expression on the surface
of recombinant LABs can improve the efficiency of plasmid
delivery (Almeida et al. 2014). In our laboratory, FnBPA was
ligated into the pSIP409 vector to generate recombinant L.P
capable of expressing the FnBPA protein with an invasive
function. On this basis, we transformed the eukaryotic plasmid
pValac, which is a new plasmid vector for DNA delivery, to
carry the antigen gene to form a microecological preparation
containing a double expression plasmid.

The E. tenella microneme-2 (EtMIC2) protein is secreted
from the microneme and plays an important role in the early
stage of host cell invasion during infection with coccidia
(Tomley and Soldati 2001). Several studies have confirmed
that the recombinant EtMIC2 protein shows good immunoge-
nicity and might be a good candidate for use in vaccine devel-
opment (Ding et al. 2005; Sathish et al. 2011; Zhang et al.
2014). To enhance its anti-coccidial effect, several cytokines
were inserted into eukaryotic expression plasmids in tandem
with antigen genes to immunize the host (Geriletu et al. 2011;
Song et al. 2013; Song et al. 2015; Song et al. 2016). In recent
years, studies have revealed that the cytokine chIL-18 could
enhance the protective efficacy of immunization and host im-
mune responses (Shi et al. 2014). IL-18 can induce Th2-
mediated humoural immunity and Th1-mediated cellular im-
munity, enhance the activity of CTLs and NK cells and induce
FasL-mediated cytotoxicity in immune cells to achieve a de-
fence response (Wong et al. 2013; Kinoshita et al. 2013). In
this study, a fusion DNA vaccine co-expressing EtMIC2 and
chIL-18 was constructed and then carried into the host by
invasive L.P to prevent coccidiosis.

Materials and methods

Plasmids, bacterial strains, parasites and animals

The plasmids and bacterial strains used in this work are listed
in Table 1. L.P NC8 cells were grown in MRS medium at
30 °C without shaking. Escherichia coli (E. coli) TG1 cells
were grown in Luria-Bertani (LB) medium at 37 °C with
vigorous shaking. Solid media were prepared by adding
1.5% (w/v) agar to broth. Antibiotics were added at the fol-
lowing concentrations as necessary: 200 μg/mL erythromycin
for E. coli, 10 μg/mL erythromycin for L.P and 10 μg/mL
chloramphenicol. HEK-293T cells were preserved at Jilin
Animal Ecological Engineering Research Center. The wild-
type E. tenella strain was stored in our laboratory. Sporulated
oocysts were stored in 2.5% potassium dichromate solution at

4 °C. Newly hatched broiler chickens were raised in a sterile
space under coccidia-free conditions until the end of the ex-
periment. Food and water without anti-coccidia drugs were
available ad libitum. All animal husbandry and experimental
procedures were performed in accordance with the Chinese
Animal Management Ordinance (People’s Republic of China
Ministry of Health, document No. 55, 2001). The protocol for
the animal studies was approved by the Animal Care and
Ethics Committees of Jilin Agriculture University.

Construction of the recombinant plasmids pValac-
EtMIC2 and pValac-EtMIC2-IL18

The sequences of EtMIC2 (FJ807654.1) and IL-18
(AY775781.1) were obtained from GenBank. pUC57-
EtMIC2-IL18 was optimized and routinely synthesized by
GENEWIZ (Suzhou, China). The plasmid pValac was used
as a new eukaryotic expression vector to generate the recom-
binant plasmids. The entire coding region of the EtMIC2 gene
was amplified by PCR from the pUC57-EtMIC2-IL18 plas-
mid using the primers EtMIC2-F (5′-ATAGGTACC
ATGGTGATGCAGCTGACG-3′) and EtMIC2-R (5′-
TGGAAGCTTCTAGAGCACGGGCTTTGTC-3′). The
products of PCR amplification were digested with Kpn I and
Xba I and purified by a DNA Clean-up Kit (CW2301) from
CoWin Biosciences. Then, the purified products of the
EtMIC2 gene were ligated into pValac, which was digested
with the same enzymes that were used to digest the PCR
products, to generate the plasmid pValac-EtMIC2 (Fig. 1a).
The EtMIC2-IL18 gene was amplified by PCR using the
primers EtMIC2-F and IL18-R (5′-ATA TCTAGATC
AGTGGTGGTGGTGGTGG-3′). The pValac-EtMIC2-IL18
plasmid was constructed in the same manner (Fig. 1b). The
results of PCR amplification, double enzyme digestion and
sequencing confirmed successful plasmid construction.

Expression analysis of the recombinant plasmids
in vitro

Western blotting and indirect immunofluorescence analysis
(IFA) were used to detect whether the recombinant plasmid
expressed the antigen proteins.

A series of plasmids, pValac-gfp, pValac-EtMIC2 and
pValac-EtMIC2-IL18, were transferred to HEK-293T cells
with Lipofectamine 3000 reagent (Invitrogen, USA) accord-
ing to the manufacturer’s instructions and cultured in 6- and
48-well plates. Forty-eight hours after transfection, the cells
were gently washed with PBS three times, the pre-cooled ex-
traction reagent was added to the 6-well plate and the cells
were fully lysed. The lysate was transferred to a centrifuge
tube, and the cells were fully lysed in an ice bath for 20 min
and centrifuged at 12,000 rpm for 5 min at 4 °C. The cell
proteins in the supernatant were separated by 8% SDS-
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PAGE and then transferred to a polyvinylidene fluoride
(PVDF) membrane (Millipore, USA) at 90 mA for 2 h.
Then, the PVDF membrane was blocked with 5% skim milk
powder overnight and incubated with anti-Flag Tag (1:1000)
and anti-His Tag (1:1000) monoclonal antibodies, excluding
the pValac-gfp group (negative control), at room temperature
for 1 h. After washing three times with TBST, the PVDF
membranes were incubated with HRP-labelled goat anti-
mouse IgG (1:500) for 1 h. After washing the membranes with
TBST, ECL substrates (Thermo Scientific Pierce) were used
for chemiluminescence development.

Cells in 48-well plates were washed three times with PBS
and incubated with anti-Flag tag (1:1000) and anti-His tag
(1:1000) monoclonal antibodies at 37 °C for 1 h, excluding
the pValac-gfp group (positive control). Then, the plates were
washed three times with PBST and incubated with FITC-
labelled goat anti-mouse IgG (1:500) at 37 °C for 1 h. After
washing the plates in the same manner, the cells were

incubated with dihydrochloride (DAPI) (1:2000). Finally,
fluorescence was detected via confocal microscopy.

Construction of invasive L.P NC8 harbouring plasmids

The recombinant plasmids were added to invasive or non-
invasive L.P NC8 competent cells, gently mixed and then
transferred to a pre-cooled 0.2-cm electrocuvette. After resting
in an ice bath for 5 min, the plasmids were placed into an
electric transformation instrument (2.5 kV, 6 ms) for electro-
poration, producing non-invasive NC8 (pValac-EtMIC2/
pSIP409 and pValac-EtMIC2-IL18/pSIP409) and invasive
NC8 (pValac-EtMIC2/pSIP409-FnBPA and pValac-
EtMIC2-IL18/pSIP409-FnBPA). The four strains were then
inoculated into MRS liquid culture medium at a ratio of
1:100 and cultured anaerobically at 37 °C for 24 h. The
OD600 nm value was measured every 2 h, and the growth curve
of each strain was obtained.
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Fig. 1 Vectors and Western blot. The genes encoding EtMIC2 and
EtMIC2-IL18 were inserted into the vector pValac, yielding pValac-
EtMIC2 (a) and pValac-EtMIC2-IL18 (b), respectively. The expression
of EtMIC2 and EtMIC2-IL18 was confirmed by Western blotting using
anti-Flag tag (c) and anti-His tag monoclonal antibodies (d) as primary

antibodies and HRP-conjugated goat anti-mouse IgG as the secondary
antibody. Lane 1, protein marker; Lane 2, pValac without EtMIC2 and
IL18 production; Lane 3 and Lane 4, EtMIC2 and IL-18 proteins
expressed in 293T cells transfected with pValac-EtMIC2 and pValac-
EtMIC2-IL18, respectively

Table 1 Bacterial strains,
plasmids and primers used in this
work

Strains Characteristics and plasmids Reference

Non-invasive L. plantarum NC8 Em, pSIP409 Lab source

Invasive L. plantarum NC8 Em, pSIP409-FnBPA Lab source

E. coli TG1 Cm, pValac TaKaRa Corporation, Japan

pValac/pSIP409 Em, Cm, double plasmids This work

pValac-EtMIC2/pSIP409 Em, Cm, double plasmids This work

pValac-EtMIC2/pSIP409-FnBPA Em, Cm, double plasmids This work

pValac-EtMIC2-IL18/pSIP409 Em, Cm, double plasmids This work

pValac-EtMIC2-IL18/pSIP409-FnBPA Em, Cm, double plasmids This work
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Assays of bacterial invasion into CEF cells

Nine-day-old SPF chicken embryos were selected, and the head,
neck and internal organs were removed. The embryos were then
cut into pieces and washed three times with PBS until the tissues
were whitish, and 5% trypsin digestion was performed at 37 °C
for 10 min in a 5% CO2 atmosphere. The digestion was stopped
with DMEM, and the samples were allowed to stand for approx-
imately 10 min. The supernatant was then discarded, and the cell
pellet was resuspended to generate a homogeneous solution. The
cells were filtered, and the filtrate was placed at 37 °C for 24 h in a
5% CO2 atmosphere.

The experimental strains carrying plasmids were inoculat-
ed into MRS (Em) medium at a ratio of 1:100 and cultured at
30 °C until OD600 = 0.3. The inducer pheromone SppIP
(50 ng/mL) was then added, and the bacteria were incubated
anaerobically until OD = 1. The four strains constructed above
were added to CEF cells in a 24-well plate at a final multiplic-
ity of infection (MOI) of approximately 103 (bacteria/cell).
After 3 h of stimulation, the cells were treated for 2 h with
gentamicin (20 mg/ml) to kill extracellular bacteria. After
multiple washes, the cells were plated on solid MRS (Em,
Cm), and the number of colonies was counted at 24 h.

Immunization and E. tenella challenge

Chickens were divided into 6 groups randomly, with 20 birds
in each group. At 1, 3, 5, 12, 14 and 16 days of age, the
chickens in each group were orally immunized with the ex-
perimental strains and challenged according to the experimen-
tal design, as described in Table 2. All chickens except those
in the unchallenged group (group I) were challenged orally
with 5.0 × 104 sporulated oocysts of E. tenella at 30 days. The
animals were euthanized 8 days post-challenge.

Evaluation of immune protection

Blood samples were collected from five chickens in each group
on days 30 and 38, and the serum was collected from the blood
by centrifugation and stored at − 80 °C until use. The levels of
the specific anti-EtMIC2 antibody and SIgA, IL-4, IL-18 and
IFN-γ were examined by enzyme-linked immunosorbent assay

(ELISA). Single-cell suspensions were prepared from spleens
and peripheral blood leukocytes (PBLs) as described previously
(Helmby et al. 2000; Nolte et al. 2015). The proliferation ability
of cells in the PBLs was evaluated, and the percentages of CD4+

and CD8+ splenocytes were evaluated by fluorescence-activated
cell sorting (FACS).

After challenge with E. tenella, the body weight was recorded
every day, and changes were observed. Faecal samples were ran-
domly collected on the 6th, 7th and 8th days according to the five-
point method, and 2-g samples from each group were stirred in a
clean beaker containing 58 mL of saturated salt water. Then,
10 μL of the suspension was extracted and added to a counter
chamber under the coverslip, which was observed and counted
under the microscope after several minutes. Finally, on the 8th
day, the chickens were dissected, and the caecum was collected
for observation. Then, the protective efficacy of each experimental
groupwas evaluated on the basis of the bodyweight gain, relative
growth rate, decrease in the oocyst shedding ratio, caecal lesion
score and anti-coccidial index (ACI). The caecal lesion score of
the chickens from each group was recorded on a numerical scale
from 0 (normal) to 4 (severe) according the previously described
method of Johnson and Reid (Johnson et al. 1970). To visualize
the degree of damage in caecum lesions, the caecum tissues were
fixed, dehydrated, cleared, waxed, embedded and dried, patholog-
ical sections were made, and H&E staining was conducted to
observe the pathological results under the microscope.

Statistical analysis

The data were statistically analysed using GraphPad Prism 5.0
(GraphPad Software). A paired t test was used for differential
analysis. P < 0.05 was considered statistically significant. All
data are expressed as the mean ± SEM.

Results

Construction and expression analysis of recombinant
plasmids

The recombinant plasmids pValac-EtMIC2 and pValac-
EtMIC2-IL18 were constructed as described in ‘Materials

Table 2 Experimental groups of chickens in immunization and challenge experiment

Groups Strains Immunization (dose) Challenge(dose)

I / Normal saline/0.2 mL /

II / Normal saline/0.2 mL 5.0 × 104/0.5 mL

III pValac/pSIP409 1.0 × 109 CFU/0.2 mL 5.0 × 104/0.5 mL

IV pValac-EtMIC2/pSIP409 1.0 × 109 CFU/0.2 mL 5.0 × 104/0.5 mL

V pValac-EtMIC2/pSIP409-FnBPA 1.0 × 109 CFU/0.2 mL 5.0 × 104/0.5 mL

VI pValac-EtMIC2-IL18/pSIP409-FnBPA 1.0 × 109 CFU/0.2 mL 5.0 × 104/0.5 mL
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and methods’ (Fig. 1 a and b). The Western blot results
showed that 293T cells transfected with the recombinant plas-
mid expressed the EtMIC2 and chIL-18 proteins with sizes of
40 kD and 22 kD, respectively, which were very close to the
anticipated sizes (Fig. 1 c and d). The IFA results also con-
firmed that the proteins were expressed in 293T cells (Fig. 2).

Calculation of the invasion rate of the bacterial strains

The recombinant plasmids were serially electroporated into
L.P carrying the empty vector pSIP409 without the FnBPA
gene as the control group and the pSIP409 vector containing
the FnBPA gene (as ‘Construction of invasive L.P NC8
harbouring plasmids’), and the four strains were finally con-
structed. The growth curve is shown in Fig. 3a. By stimulating
the CEFs isolated from chicken embryos and counting the
number of intracellular bacteria, the cell invasion rates were

calculated. The results indicated that the strains expressing the
FnBPA protein on the surface were able to enter the cells more
frequently and had a higher invasion rate than the cells in
control group, and the difference was significant (P < 0.001)
(Fig. 3b). Thus, FnBPA plays a crucial role in invasion.

Detection of antibody levels by ELISA

Both serum antibody and mucosal SIgA were detected to eval-
uate the immune response to stimulation by the experimental
strains. The specific anti-EtMIC2 antibody level was detected
in serum from chickens in all the groups, and the results indi-
cated that the levels in the immunized chickens (groups IV, V
andVI) weremarkedly higher than those in the controls (groups
I, II and III) (Fig. 4a). The results showed that recombinant L.P
carrying antigens could induce the host to produce more IFN-γ,
and the content of IFN-γ in group VI was the highest,

DAPI          FITC        MERGE

a

b

d

c

e

Fig. 2 Indirect
immunofluorescence. IFA
detection of the EtMIC2 and IL-
18 proteins expressed in 293T
cells transfected with recombinant
plasmids. a pValac without
EtMIC2- and IL18-producing
transfected cells was used as the
negative control. b pValac with
EGFP-producing transfected cells
as the positive control. c pValac-
EtMIC2-transfected cells were
stained with DAPI, an anti-Flag
tag monoclonal antibody and
FITC-conjugated goat anti-mouse
IgG. d pValac-EtMIC2-IL18-
transfected cells were stained with
DAPI, an anti-Flag tag monoclo-
nal antibody and FITC-
conjugated goat anti-mouse IgG.
e pValac-EtMIC2-IL18-
transfected cells were stained with
DAPI, an anti-His tagmonoclonal
antibody and FITC-conjugated
goat anti-mouse IgG. Arrows in-
dicate the expression of the target
protein in 293T cells
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significantly higher than that in group III (P < 0.01) (Fig. 4b).
The IL-18 expression levels were significantly different among
all groups (Fig. 4d). The results showed that the IL18 protein
was successfully expressed in group VI in vivo. Group VI had

the highest expression level of IL-4 (Fig. 4c). This result
showed that the immunization group including IL-18 adjuvant
could induce the host to produce more IFN-γ and promote the
production of IL-4. The results showed that the SIgA content in

Fig. 3 Growth curves and CEF
invasion test. a Growth curves of
the 4 strains and b determination
of the invasion rates of the
recombinant strains in vitro. By
stimulating CEFs and counting
the number of intracellular
bacteria, the cell invasion rates
were calculated. Statistically,
P < 0.001 was statistically
significant and marked as triple
asterisks

Fig. 4 ELISA test. a The specific
antibody EtMIC2 levels of
chickens in six groups at 30 days
and 38 days. b Detection of IFN-
γ levels in the serum of chickens
at 30 days. c Detection of IL-4
levels in the serum of chickens at
30 days. d Detection of IL-18
levels in the serum of chickens at
30 days. e Assay of SIgA in the
intestinal lavage fluid of chickens
at 30 days. f Detection results of
the FnBPA antibody in the serum
at 30 days. (*P < 0.05, **P < 0.01
and ***P < 0.001)
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Fig. 5 Lymphocyte proliferation
and increased rates of CD3+CD4+

and CD3+CD8+ T cells. a Single
cells were prepared from
peripheral blood leukocytes
(PBLs) as described, followed by
stimulation with concanavalin A
(10 μg/mL) for approximately
48 h. Evaluation of cell prolifera-
tion status by the MTT assay. b
The percentage of CD4+
splenocytes was determined at
30 days and 38 days by FACS. c
The percentage of CD8+

splenocytes was determined at
30 days and 38 days by FACS.
(*P < 0.05, **P < 0.01 and
***P < 0.001)
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group VI was the highest, which could lead to a stronger mu-
cosal immune response in the chickens (Fig. 4e).

The levels of the FnBPA antibody in the sera of group V
and group VI chicks were significantly higher than those in
other groups, while there was no significant difference among
the other groups. The results showed that the Lactobacillus
strain expressing the FnBPA protein in vivo could induce the
production of specific antibodies against the FnBPA antigen
in the host after entering the chickens (Fig. 4f).

Lymphocyte proliferation and increased rates of
CD3+CD4+ and CD3+CD8+ T cells

To assess the effects of immunization with different strains on
immune functions, subsets of CD4+ and CD8+ splenocytes
and lymphocyte proliferation were evaluated. The lympho-
cytes from the PBLs were stimulated with concanavalin A
(ConA), and the stimulation index (SI) was calculated by
ELISA (Fig. 5a). The results showed that group VI had a
significantly higher SI than the other groups 8 days after chal-
lenge (38 days) (P < 0.001), and group VI had a stronger pro-
liferative ability than group V (P < 0.01) before challenge
(30 days).

The percentages of CD4+ and CD8+ splenocytes were de-
termined by FACS. Before challenge, the contents of
CD3+CD4+ T lymphocytes in group IV, group V and group
VI were obviously higher than those in normal saline
(P < 0.05), and there was no significant difference from group
III. After challenge, the ratio of CD3+CD4+ T lymphocytes in
group VI was the highest (Fig. 5b). In comparison, the con-
tents of CD3+CD8+ T cells in group VI were significantly
increased on days 30 and 38 (Fig. 5c). On day 38, the percent-
ages of CD3+CD8+ T cells in chickens of both group V and
group VI were obviously higher than those in chickens of
group III (P < 0.001) (Fig. 5c). It was proven that the experi-
mental strain enhanced the cellular immunity of the host to
some extent.

Protection against parasite challenge

No chickens died from E. tenella challenge in any group. The
protective efficacy of L.P against the challenge was evaluated
in chickens by examining the relative weight gain rate
(RWG), caecal lesions, OPG and ACI. Both the RWG and
ACI of group VI were the highest, except for group I (Fig. 6a;
Table 3). The group of chickens immunized with pValav-
EtMIC2-IL18/pSIP409-FnBPA exhibited ACI values greater
than 174.75. The ACI value of the pValav-EtMIC2/pSIP409-
FnBPA group (group V) was slightly lower (approximately
167.66) (Table 3). The OPG levels of group IV, group V and
group VI were significantly lower than those of group III
(P < 0.001) (Fig. 6c). The LSs of group V and group VI were
obviously lower than those of group III (P < 0.05) (Fig. 6b).
The caecum autopsy (data not shown) and histopathologic
analysis showed that the caecum lesions were the most serious
in group II. In contrast, group VI had the least serious lesions.
Pathological sections of the caecum were observed to deter-
mine the extent of lesions in each group. The caecal wall of the
group II chicks was obviously thickened, the intestinal villi
were broken, the glandular structure was fuzzy and there were
a large number of thrombi. The intestinal wall of the group V
and group VI chickens was not significantly thickened, and
the intestinal villi were relatively intact, with some inflamma-
tory cells; the degree of damage in the lesions in group V and
group VI was lower than that in the other groups (Fig. 6d).
Therefore, all of the results confirmed the protective efficacy
of pValac-EtMIC2-IL18/pSIP409-FnBPA.

Discussion

With the obvious advantages of safety and stability, the DNA
vaccine is a new method to prevent and treat coccidiosis, and
cytokines are usually used as adjuvants for the DNA vaccine

Fig. 6 Protection against E. tenella challenge by all recombinant L.P
strains. a The chicken RWG values were measured 8 days post-
challenge. b The LS values were recorded until 8 days post-challenge

and calculated. c Statistics of OPG values. d The caeca were collected and
evaluated by histopathologic analysis. (*P < 0.05, **P < 0.01 and
***P < 0.001)
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to co-immunize the host and ultimately achieve the goal of
enhancing the immune effects of the vaccine.

In recent years, progress has been made in the study of
Lactobacillus preparations to protect against coccidiosis.
Due to the colonization abilities of LABs, their role in medi-
ating the mucosal immune response and their function in in-
ducing T and B lymphocyte activation and cytokine produc-
tion, LABs provide a new avenue for anti-coccidiosis re-
search. Tierney et al. studied the relationship between
Lactobacillus and E. tenella in chickens. By analysing three
strains of Lactobacillus isolated from different intestinal seg-
ments in chickens, the effect of Lactobacillus on E. tenella
invading MDBK cells was observed in vitro. The anti-
coccidiosis effect produced by the supernatant of the
Lactobacillus culture solution indicates that substances secret-
ed by LABs inhibit the invasion of coccidia (Tierney et al.
2004). Therefore, Lactobacillus, an ideal vector for the
coccidial DNA vaccine, delivers plasmids to intestinal

epithelial cells to fully express exogenous proteins, thus trig-
gering local mucosal immunity and even systemic immunity.
Although LABs can be used as living carriers to deliver plas-
mids expressing foreign proteins to the host, they are not very
efficient (Cao et al. 2014). By increasing the invasiveness and
adhesion of lactic acid bacteria, bacterial colonization in the
intestine is stronger and persists longer, and therefore, foreign
proteins can be fully expressed in intestinal epithelial cells.
Our experimental results showed that the invading
Lactobacillus showed higher invasion of CEFs than did the
control strain, and the FnBPA protein could dramatically im-
prove the invasion ability of Lactobacillus.

S. aureus is a pathogenic bacterium that is capable of in-
vading host cells (Sinha and Herrmann 2005). When invading
cells, fibronectin (Fn)-binding proteins (FnBPA and FnBPB)
bind to the α5β1 integrin on the cell surface, enabling the
bacteria to attach to endothelial cells. Studies have found that
Lactococcus lactis (L. lactis) (LL-FnBPA+), which can ex-
press fibronectin-binding protein A in S. aureus, has a higher
internalization rate in vitro in Caco-2 cells than the original
L. lactis strain and can deliver 1% eukaryotic expression plas-
mid expressing green fluorescent protein (GFP) to human
Caco-2 cells (Pontes et al. 2012). Studies have shown that
the use of LL-FnBPA+ can increase the amount of bovine
whey protein (BLG) produced by mice, and thus, the invasive
strain of Lactobacillus has high potential as a DNA delivery
vector in vivo (Pontes et al. 2014). However, the invasion rate
of the new invasive anti-coccidiosis L.P constructed in our
laboratory has not reached 1%, which may be related to the
different shapes (bacilli and cocci) or the plasmids they carry.
L. lactis strains expressing FnBPA were able to boost the
immune response induced by DNA immunization (Pontes
et al. 2014). Another similar result indicated that L. lactis E7
+ FnBPA elicited a proinflammatory and mainly systemic
immune response that can protect against tumour develop-
ment when challenged with TC-1 cells; therefore, FnBPA
plays an adjuvant role (Almeida et al. 2016). Our experimental
results also indicate that FnBPA has a certain adjuvant effect.
It also has the ability to invade cells, potentially increasing the
efficiency of plasmid delivery.

Although EtMIC2 has been previously expressed by several
researchers using HeLa cells, plant cells and E. coli expression
systems (Tomley et al. 1996; Jiang et al. 1999; Sathish et al.
2011), it has not been carried via eukaryotic pValac in invasive
L.P. Our results confirm that EtMIC2 expressed in chickens
had good immunogenicity. Cytokines are involved in inflam-
matory responses and immune responses, mediating mutual
regulation and information exchange between immune cells.
IL-2 and INF-γ are commonly used adjuvants in coccidial
DNA vaccines. Studies have shown the immune effect of
pVAX-SO7-IL-2, a microchimeric DNA vaccine of
E. tenella, and concluded that IL-2 could be used as an adjuvant
to improve the strength of the immune response to the SO7-

GroupIV

GroupIII

GroupV

GroupI

d
50×               200×

GroupII

GroupVI 

Fig. 6 (continued)
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antigenDNAvaccine (SongHY et al. 2013). IL-18, a relatively
new adjuvant, can induce Th1 and NK cells to secrete IFN-γ,
promote the differentiation of Th1 cells and increase the killing
power of NK cells against coccidians; IFN-γ then activates
macrophages to secrete more IL-18. Therefore, the use of IL-
18 as an anti-coccidial DNA vaccine adjuvant has gradually
attracted attention (Chen et al. 2011; Li et al. 2013). The plas-
mids pVAX1-MIC2 and pVAX1-MIC2-IL-18 were developed
as DNA vaccines for the inoculation of chicks by intramuscular
injection, and the protective effects of the DNA vaccines were
then evaluated. The results showed that pVAX1-MIC2-IL-18
exhibited substantially improved immune protection against
challenge, which can significantly decrease caecal damage
and reduce the oocyst shedding rate after coccidial challenge;
the ACI of pVAX1-MIC2-IL-18 reached 171, which was sim-
ilar to the results in our experiment, and the ACI of pValac-
EtMIC2-IL18/pSIP409-FnBPA was 174.75. Consistent with
the results of this study, the strong immunoadjuvant effect of
IL-18 was proven. The ACI of pVAX1-MIC2 was 152, which
was obviously lower than that of group V, which reached 164
(Shi et al. 2014). In contrast, we used invasive L.P as a carrier to
immunize chickens by convenient oral administration rather
than intramuscular injection. Therefore, the invasive L.P strains
that we constructed have a good degree of protective efficacy.

Our results are consistent with our expectations. The inva-
sive ability of invasive L.P was significantly higher than that
of non-invasive L.P (Fig. 3). Additionally, pValac-EtMIC2-
IL18/pSIP409-FnBPA had the best anti-coccidiosis effect, in-
dicating that the effect of invasive L.P was better than that of
non-invasive L.P. Taken together, the results demonstrated
that EtMIC2 was an effective candidate antigen for vaccine
development and that chIL-18, as an immune adjuvant, was
capable of enhancing the effect of the DNA vaccine.
Furthermore, invasive L.P is potentially a novel and efficient
DNA delivery vector. However, the role of this invasiveness
in enhancing vaccine efficacy will be the focus of further
research.
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