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ABSTRACT Intestinal mucosa injury and loss of
weight gain are unavoidable while using live vaccine
strain to prevent chicken coccidiosis. In this study, recom-
binant Lactococcus lactis NZ3900/pNZ8149-11-4-1L-2,
expressing the fusion protein of chicken IL-4 and ITL-2,
was constructed using food-grade NICE expression sys-
tem, trying to develop a possible oral immune adjuvant
to enhance the immune effect of the live vaccine against
chicken coccidiosis and minimize its adverse effects.
Chickens were given different doses of recombinant L.
lactis together with the live vaccine, then experimently
attacked with coccidia virulent strains. Results showed
that weight gains of co-immunization groups, given both
1 x 10° or 1 x 10" CFU recombinant L. lactis and the
live vaccine, were significantly higher than the vaccine-
only group (P<0.05), while intestinal lesion scores of

duodenum, jejunum, and cecum were significantly lower
than the vaccine-only group (P<0.05), so was the oocyst
shedding. The anticoccidial indexes (ACI) of the co-
immunized groups given 1 x 10° and 1 x 10'° CFU
recombinant L. lactis were 187.85 and 193.33, respec-
tively, higher than 174.61 of the vaccine-only group. In
addition, chickens in co-immunization groups gained
more body weight than the vaccine-only group before
being challenged with the virulent strains (P<0.05). All
the results indicated that the constructed recombinant L.
lactis NZ3900/ pNZ8149-1L-4-IL-2 exhibited an immune
synergistic function to coccidiosis live vaccine, and could
alleviate its adverse effect affecting weight gain. The
application of the recombinant L. lactis showed the
potency to lift the anticoccidial efficiency of the live vac-
cine from a medium level to a high level.

Key words: recombinant L. lactis NZ3900/pNZ8149-1L-4-11.-2, coccidiosis live vaccine, immune adjuvant, immune
synergism

INTRODUCTION

Coccidiosis is an extremely serious intracellular
protozoan parasitic disease caused by FEimeria para-
sitized on chicken intestine. The global economic
losses caused by coccidia infection (chicken death,
reduced productivity, and drug costs) reached 10.4
billion pounds every yr (Blake et al., 2020). In recent
years, the use of Fimeria precocious attenuated
strains as a live vaccine to inoculate chickens instead
of chemical drugs to prevent and control coccidiosis
has attracted extensive attention (Chapman and
Jeffers, 2014; Price et al., 2015; Fatoba and Ade-
leke, 2018). Coccidia attenuated vaccine can not only
avoid the drug resistance caused by repeated drug
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use, but also solve the problems of drug residues in
chicken products. However, based on its good
immune effect, it also caused slight damage to intesti-
nal mucosa and delayed weight gain of infected chick-
ens. Therefore, it is necessary to develop a new
immune adjuvant that is effective, stable, inexpen-
sive, available in large quantities, and free of drug
resistance to improve the immune efficacy of Fimeria
vaccines and reduce the adverse effect of limiting
weight gain.

Cytokine adjuvants can strengthen the body’s
response to antigens by regulating cellular and humoral
immunity (Decker and Safdar, 2011). In the immune
regulation of Fimeria infection, cytokines are one of the
most important effector and messenger molecules, and
recombinant cytokines can be used to relieve intestinal
lesions caused by Eimeria. Both cytokines interleukin-2
(IL-2) and interleukin-4 (IL-4) are major mediators of
adaptive immune responses (Wen et al., 2016), and have
been used as vaccine adjuvants to stimulate the cell-
mediated immune response (T-helper type 1 cells, Thl)
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and drive a favorable humoral response (T-helper type 2
cells, Th2; Kopf et al., 1993; Song et al.,, 2013;
Ranasinghe et al., 2014).

The nisin-controlled expression system (NICE) is a
multifunctional and tightly controlled gene expression
system based on the automatic regulation mechanism of
nisin, it is also the most effective food grade inducible
expression system at present. The L. lactis NZ3900/
pNZ8149 expression system is an important and widely
studied NICE as a live carrier for the delivery of heterol-
ogous proteins, which can induce mucosal and systemic
immune  responses after oral administration
(Berlec et al., 2018). Plasmid pNZ8149 uses the Lac F
gene rather than a resistance gene as a selectable
marker, L. lactis NZ3900 lacks the lac F gene. Once the
plasmid pNZ8149 containing lac F gene was transformed
into NZ3900, it acquired the ability to grow with lactose,
thus positive clones can be screened out. The inducer is
nisin, nontoxic and harmless, the whole NZ3900/
pNZ8149 expression system does not involve any antibi-
otics and be of biological safety (Wang et al., 2020).

In this study, a recombinant L. lactis NZ3900/
PNZ8149-11-4-11.-2 was constructed to express and
secrete chicken IL-4 and IL-2 fusion proteins as cytokine
adjuvant. The effect of the expressed IL-4-IL-2 fusion
protein on the in vitro proliferation of spleen lympho-
cytes was evaluated by MTT assay. Chickens were
orally administrated with recombinant L. lactis
NZ3900/PNZ8149-1L-4-IL-2 adjuvant and coccidiosis
vaccine, the synergistic effect of the recombinant L. lac-
tis adjuvant on coccidiosis vaccine was evaluated by
measuring the weight gain, intestinal lesions, bloody
stool, and oocyst output of chickens. The aim is to pro-
vide a scientific basis for the development of a safe and
oral live carrier adjuvant to improve the immune effi-
cacy of live Eimeria vaccine, so as to find an economic,
effective, and safe way to prevent and control chicken
coccidiosis.

MATERIALS AND METHODS

Coccidial Vaccine Strains and Challenge
Strains

The trivalent live vaccine with 4 precocious strains (E.
tenella, E. acervulina and 2 strains of E. maxima) and
the counterpart challenge virulent strains used in the
current study were provided by the Laboratory of Veter-
inary Pathology (Shanxi Agricultural University,
Shanxi, China).

Animals

Ninety 4-day-old specific pathogen-free (SPF) chicks
were provided by Beijing Meri Avigon Laboratory Ani-
mal Technology Co., Ltd. (Beijing, China). The chicks
were raised under strict pathogen-free conditions. The
study was approved by the Animal Experiment Com-
mittee of Shanxi Agricultural University (the ethics

number that allows animal experimentation: SXAU-
EAW-2021C.ZD.01101401).

Bacterial Strain, Plasmid, and Growth
Conditions

The L. lactis NZ3900 and plasmid pNZ8149 were from
NIZO Food Research in the Netherlands. L. lactis were
cultured in M17 medium (Solarbio, Beijing) supple-
mented with 5 g / L glucose (GM17) at 30°C.

Construction of Recombinant L. Lactis

The gene sequences AJ621249.1 and AF00631 encod-
ing chicken IL-4 and IL-2 were obtained in the GenBank
database, the codons were then optimized according to
the codons preference of L. lactis. In the downstream of
the gene sequences, the termination codon TGA of
chicken IL-4 gene and TAA of IL-2 gene were removed,
and a linker peptide was added between the 2 gene
sequences, forming the IL-4-linker-IL-2 fusion gene. The
signal peptide usp45 was added to the 5 ‘end of the
fusion gene sequence. The restriction site Nco [
(CCATGG) was introduced into the N-terminal of the
sequence, the 6 x His tag sequence (CATCATCAT-
CATCATCAT) and restriction site Sac I (GAGCTC)
were introduced into the C-terminal of the sequence in
turn (Figure 1). Sangon Biotech (Shanghai) Co., Ltd.
was entrusted to synthesize the above fusion sequence,
which were then inserted into the plasmid pNZ8149 and
a new plasmid pNZ8149-11-4-1L-2 was constructed.

The plasmid pNZ8149-1L-4-IL-2 was transformed into
the competent cells of L. lactis NZ3900 by electropora-
tion, and the recombinant positive colonies were
screened through Eliker selective solid medium, colony
PCR and sequencing technique according to the hand-
book from MoBiTec company (Germany). BGI Tech
Solutions Co., Ltd. (Shenzhen, China) was entrusted to
sequence the target genes in the positive clones, the tar-
get gene sequence must be identical to the designed gene
sequence. The positive clones were cultured and induced
with nisin at a final concentration of 30 ng/mL for 5 h to
express IL-4-IL-2 fusion protein, the supernatant was
collected and identified by Western blotting. The target
protein in the supernatant reacted with mouse anti-
6 x His-tag antibody diluted at 1:5,000 and goat-anti-
mouse IgG secondary antibody diluted at 1:5,000. The
positive L. lactis that can express and secrete 1L-4-11-2
fusion protein was named recombinant L. lactis
NZ3900,/pNZ8149-I1-4-11.-2. The Chicken Interleukin 4
(IL-4) ELISA Kit (Shanghai Jianglai Industrial Limited
by Share Ltd., China) and Chicken Interleukin 2 (IL-2)
ELISA Kit were used to detect the protein content of
IL-4 and IL-2 in three batches of supernatants.

| Neor | usp4%>{ ChiL-4 | Linker | ChIL-2 [6xHis tag| Sact |

Figure 1. Recombinant plasmid pNZ8149-IL-4-IL-2 model.
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Activity of the Expressed Products

Chicken splenic lymphocytes were isolated with
chicken spleen lymphocyte isolation solution kit (Solar-
bio, Beijing, China) and cultured in RPMI1640 medium
(Hyclone, Taigu, Jinzhong, China), co-cultured with
Con A at a final concentration of 20 ug/mL or LPS at a
final concentration of 5 pug/mL for 24 h. Cells were col-
lected by centrifugation (1,000 r/min, 5 min) and
diluted to 5.0 x 10° cells /mL with RPMI1640 medium,
and co-cultured with NZ3900/pNZ8149-1L-4-1L-2 cul-
ture supernatant. The proliferative activity of the
expressed products by NZ3900/pNZ8149-1L-4-11.-2 on
chicken spleen lymphocytes was detected by MTT color-
imetry after co-cultivation for 48 h.

Immuno Synergistic of the Recombinant L.
Lactis on Coccidiosis Live Vaccine

Ninety 4-day-old SPF chicks with similar body
weight were randomly divided into 9 groups of 10
chicks each: the blank control group (C1), the vac-
cine-only group (C2), the challenge-only group (C3),
5 co-immune groups of NZ3900/pNZ8149-1L-4-1L-
2 + vaccine (T1, T2, T3, T4, T5) and the co-immune
group of no-load NZ3900/pNZ8149 + vaccine (T6).
Chicks were weighed and orally inoculated with coc-
cidiosis vaccine and different doses of recombinant L.
lactis at 4 and 14 days old, respectively. All chicks
were weighed again and given Fimeria virulent
strains orally at 28 days old. Chicken feces and sur-
vivals were observed continuously, and blood stool
scores were recorded on the 5th day after the chal-
lenge of the virulent strains. The feces were collected
to observe the oocyst shedding, chicks were weighed
on an empty stomach, and the lesion scores of duode-
num, jejunum, and cecum were recorded while
autopsy on the 7th day after the challenge of the vir-
ulent strains. The survival rate, oocyst output, aver-
age weight gain, relative weight gain rate average
intestinal lesion score, and the anticoccidial index
were calculated. The strains and doses of vaccine and
the adjuvant in each group were shown in Table 1.

Table 1. Groups and treatment.

Changes of Weight Gain

Average weight gain = (total final weight of chickens
in each group - total initial weight of chickens in each
group) / number of chickens per group.

Relative weight gain (RWG) = (average weight gain
of immunized or infected chickens/average weight gain
of blank control chickens) x 100%.

Bloody Stool Score

It was measured within 24 h after the occurrence of
bloody stool, around the 5th day after giving the viru-
lent strains. The score ranged from 0 to 4. A score of 0
indicated normal feces without hemorrhage; 1 indicated
1 to 25% hemorrhage in the feces; the score of 2 indi-
cated 26 to 50% hemorrhage in the feces; 3 indicated 51
to 75% hemorrhage in the feces; and a score of 4 indi-
cated 76 to 100% hemorrhage in the feces (Youn and
Noh, 2001).

Scoring Criteria for Intestinal Lesions

The lesions of duodenum, jejunum and cecum were
scored according to the method reported by Johnson &
Reid on the 7th day after the virulent strains challenged
(Johnson and Reid, 1970).

Lesion index = (average lesion score in
duodenum + average lesion score in jejunum + average
lesion score in cecum) / 3 x 10.

Oocyst Output

Chicken feces of each group were collected on the 6th
and 7th days after challenged by virulent strains, and
the oocysts were counted by McMaster method and
blood cell count method. The oocysts index ranged from
0 to 40: A score of 0 indicated the oocyst counts (oocysts
per gram of feces) were 0-0.1 x 10°% a score of 1 indicated
the oocyst counts were 0.11 x 10°-1 x 10°% a score of 10
indicated the oocyst counts were 1.1 x 10° -5 x 10% a
score of 20 indicated the oocyst counts were 5.1 x 10°

Primary immunization at 4 days old

Secondary immunization at 14 days old Challenge

Vaccine Adjuvant Adjuant dose Vaccine Adjuant Virulent strains
Group  (dosage) L.lactis (CFU) (dosage) Adjuvant L.lactis dose (CFU) (dosage)
T1 1 NZ3900/pNZ8149-IL-4-11-2 1 x 107 2 NZ3900/pNZ8149-I1L-4-1L-2 1 x 107 1
T2 1 1x10° 2 1x10°% 1
T3 1 1 x10° 2 1x10° 1
T4 1 1x 10" 2 1x 10" 1
T5 1 1x 10" 2 1x 10" 1
T6 1 No-load NZ3900,/pNZ8149 1 x 10" 2 No-load NZ3900/pNZ8149 1 x 10M 1
C1 0 PBS 0 0 PBS 0 0
Cc2 1 PBS 0 2 PBS 0 1
C3 0 PBS 0 0 PBS 0 0

Note: The number of oocysts per dosage of vaccine was 1,000 oocysts of E. tenella precocious strain, 400 oocysts of E. acervulina precocious strain, and
100 oocysts of E. mazima Shanxi precocious strain and Shandong precocious strain respectively.

The number of cocysts per dosage of Eimeria virulent strains for challenge was 4.00 x 10% oocysts of E. tenella virulent strain, 20.00 x 10* oocysts of E.
acervulina virulent strain, and 15.00 x 10* oocysts of E. mazima Shanxi virulent strain and Shandong virulent strain respectively.
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-10 x 10% a score of 40 indicated the oocyst counts were
more than 10.1 x 10° (Hodgson, 1970).

Reduction rate of oocyst = (oocysts output in the chal-
lenge group - oocysts output in the immune group) /
oocysts output in the challenge group x 100%.

The standard of Vaccine Immunity Effect and
Virulence of Virulent Strains

For chickens challenged with FEimeria virulent strains
only, the mortality rate should be 40 to 60%, the lesion
scores of duodenum and cecum should be > 3, and the
lesion scores of jejunum should be > 2 in at least 9 chick-
ens.

The immune efficacy standard of vaccine only or vac-
cine and adjuvant co-immunization strategy for effective
resistance to coccidiosis is—the mortality rate of chick-
ens should be < 10.0%, and the lesion scores of duode-
num, jejunum, and cecum should be < 1 in at least 8
chickens.

Anticoccidial Index

The anticoccidiosis index (ACI) = (survival
rate + relative weight gain) - (lesion index -+ oocyst
index)

ACI >180 was considered the coccidia vaccine and
adjuvant has a high efficiency; 160< ACI <180 was con-
sidered a medium efficiency; ACI <160 was considered
that it does mnot possess anticoccidiosis effects
(De Pablos et al., 2010; Song et al., 2020).

Statistical Analysis

All quantitative data were analyzed by ANOVA in a
SPSS 19.0 (SPSS Inc., Chicago, IL) and expressed as
mean £+ SEM. A P-value of < 0.05 was considered as sig-
nificant, a P-value of < 0.05 was considered as insignifi-
cant.

RESULTS

Construction of the Recombinant L. lactis
NZ3900/pNZ8149-IL-4-IL-2

Nco I and Sac I were used to release the target frag-
ment about 993 bp from the constructed plasmid
pNZ8149-11.-4-1L-2. The sequencing result showed it
was exactly the expected sequence. Western blotting
analysis showed that L. lactis NZ3900/pNZ8149-1L-4-
IL-2 induced by nisin secreted the His-tagged product
into the medium, with the expected size of 36 KD of IL-
4-TL-2 fusion protein, indicating that the food-grade L.
lactis NZ3900/pNZ8149-1L-4-11-2, could express and
secrete IL-4-1L-2 fusion protein, was successfully con-
structed (Figure 2). The content of 11.-4 and IL-2 fusion
protein was 50 to 90 pg/mL (n = 3).

B
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Figure 2. Electropherogram of double-digested products of
pNZ8149-IL-4-IL-2 and Western blot of recombinant L. lactis expres-
sion products. (A) Electropherogram of pNZ8149-IL-4-IL-2. (B) Elec-
tropherogram of double-digested products of pNZ8149-1L-4-1L-2. (C)
Western blot of the expression products of recombinant L. lactis
induced by nisin at 3, 5, and 7 h, respectively.

Activity of the Expressed Product to
Promote Lymphocyte Proliferation

The stimulation indexes of the induced product of
NZ3900/pNZ8149-11-4-11-2 to the proliferation of
chicken spleen lymphocytes stimulated by Con A and
LPS were significantly higher than that of blank control
group and no-load L. lactis NZ3900/pNZ8149. This
meant that the fusion protein IL-4-1L-2 expressed by the
constructed recombinant L. lactis NZ3900/pNZ8149-1L-
4-1L-2 had the biological activity of promoting the pro-
liferation of chicken spleen lymphocytes in vitro
(Figure 3).

Promoting Effect of Recombinant L. lactis on
Weight Gain During Immunization

During the immunization period (Aged 4 d—28 d), the
weight gain of vaccine-only group was significantly lower

—1 Blank control
NZ3900/pNZ8149
mmm NZ3900/pNZ8149 - IL-4 - IL-2

*k Kk

1.5+

1.04

0.5+

0.0

Sl of the expressed product
on chicken spleen lymphocytes

Con A LPS

Figure 3. The SI of the expression product of recombinant L. lactis
on chicken spleen lymphocytes.
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Figure 4. The body weight gain in chickens.

than that of blank control group (P < 0.05). The weight
gain of chickens in 1 x 10% 1 x 10°, 1 x 10, and
1 x 10" CFU NZ3900/pNZ8149-IL-4-IL-2 + vaccine
co-immunization groups were significantly higher than
that in vaccine-only group (P < 0.05). The weight gain
in 1 x 10" CFU NZ3900/pNZ8149-IL-4-TL-2 -+ vaccine
co-immunization group was significantly higher than
that of blank control group (P < 0.05), and the weight
gain in no-load NZ3900/pNZ8149 + vaccine co-immuni-
zation group was significantly lower than that of the
blank control group (P < 0.05; Figure 4).

Immune Synergistic Effect of Recombinant
L. lactis on Coccidiosis Live Vaccine

Bloody Stool Score Chickens only challenged with
virulent strains discharged bloody feces, and the bloody
stool score was recorded as 3 on the 5th day after being
challenged. No bloody stool was discharged in other
groups (Figure 5).
Weight Gain During Challenge During the challenge
period (Aged 28 d—35 d), the weight gain of the chickens
in challenge-only group was significantly lower than that
in blank control group and all immunized groups (P <
0.05). The weight gain of chickens in 1 x 10° and
1 x 10" CFU NZ3900/pNZ8149-IL-4-IL-2 + vaccine
co-immunization groups were significantly higher than
that in vaccine-only group (P < 0.05), but significantly
lower than that in blank control group (P < 0.05;
Figure 4).
Intestinal Lesion Score No visible lesions caused by
coccidia were observed in the duodenum, jejunum, and
cecum of blank control group (Figures 5A, 5E, 5I), and
the lesion scores of the above intestines of challenge-only
group were significantly higher than those of blank con-
trol group and all immunized groups 7 days after being
challenged with virulent strains (P < 0.05; Figures 6 and
5B, 5F, 5J).

For the duodenum and the jejunum, the lesion scores
of chickens in 1 x 10,1 x 10", 1 x 10'" CFU NZ3900/
pNZ8149-11-4-11-2 + vaccine co-immunization groups

were significantly lower than that in vaccine-only group
(P < 0.05), but the differences were not significant com-
pared with blank control group, nor were the differences
between these groups (P > 0.05; Figures 6 and 5A, 5C,
5D, 5E, 5G, 5H).

For the cecum, the lesion scores of all recombinant L.
lactis + vaccine co-immunization groups were signifi-
cantly lower than that of vaccine-only group (P < 0.05).
Except 1 x 10" CFU NZ3900/pNZ8149-IL-4-IL-2 + vac-
cine co-immunization group, there was no significant dif-
ference in the lesions scores between all other
recombinant L. lactis + vaccine co-immunization groups
and blank control group (P > 0.05; Figures 6 and 51, 5K,
5L).

Oocyst Output The oocyst output in chicken feces in
challenge-only group was the biggest, followed by vac-
cine-only group, and NZ3900/pNZ8149-1L-4-11.-2 + vac-
cine co-immunization groups decreased with the
increase of the oral dose of recombinant L. lactis. Com-
pared with challenge-only group, the reduction rates of
oocyst outputs of 1 x 10” and 1 x 10'® CFU NZ3900/
pNZ8149-11-4-1L-2 + vaccine co-immunization groups
were 97.21% and 97.00%, respectively. The reduction
rates of oocyst in the co-immunization groups with other
doses of recombinant L. lactis adjuvant and vaccine
ranged from 94.14% to 95.59%, which were higher than
93.39% in the vaccine-only group (Table 2).

The Immunity Effect and ACI The duodenal and cecal
lesion scores of 10 chickens in challenge-only group were
> 3, and the jejunal lesion scores were > 2, four chickens
died, which met the virulence requirements of Eimeria
virulent strains. All chickens in vaccine-only group and
adjuvant + vaccine co immunization groups survived,
and the lesion scores of duodenum, jejunum, and cecum
were < 1, indicating that the immune strategy of recom-
binant L. lactis adjuvant + vaccine used in this study
could effectively resist chicken coccidiosis (Figure 6).

The ACI was calculated from survival rate, relative
weight gain, lesion index, and oocyst index (Table 3).
The ACI of 1 x 10° CFU and 1 x 10" CFU NZ3900/
pNZ8149-1L-4-1L-2 + vaccine co-immunization groups
were 187.85 and 191.33, respectively, and the ACI of
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other co-immunization groups ranged from 174.84 to
179.98. It showed that the co-immunization to chicken
with 1 x 10 CFU or 1 x 10'° CFU recombinant L. lac-
tis adjuvant and vaccine could enhance the anti coccidial
effect of chicken coccidiosis live vaccine from medium
effect to high efficiency (Figure 7).

DISCUSSION

IL-2 and IL-4 are secreted by T lymphocytes and B
lymphocytes. They are the main cytokines involved in
the adaptive immune response. The protein expression
of IL-2 and IL-4 will increase in chickens when infected
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Table 2. Coccidia oocyst output in chicken feces of each group.
Dosage of adjuvant Number of oocysts per Oocyst output in each Reduction

Group Adjuvant L. lactis L. lactis (CFU) gram of feces group (10%) rate of oocyst (%)
T1 NZ3900/pNZ8149-1L-4-1L-2 1 x 107 80,000 10,816.8 94.14
T2 1x10° 70,000 10,379.6 94.38
T3 1x10° 63,300 8,141.6 95.59
T4 1 x 10% 53,500 5,155.3 97.21
T5 1x 10" 42,720 5,534.4 97.00
T6 No-load NZ3900/pNZ8149 1 x 10" 70,000 10,606.4 94.25
C2 PBS 0 100,000 12,195.0 93.39
C3 PBS 0 1,500,000 184,590.0 -

Table 3. Survival rate, relative weight gain, lesion index, and oocyst index of chickens in each group.

Group Survival rate (%) Relative weight gain (%) Lesion index Oocyst index
T1 100 79.84 5.00 0
T2 100 82.14 3.00 0
T3 100 88.51 0.66 0
T4 100 91.33 0.00 0
T5 100 83.31 3.33 0
T6 100 80.52 3.66 0
C1 100 100.00 0.00 0
C2 100 81.27 6.66 0
C3 60 9.79 33.00 1

with different Eimeria strains (Cornelissen et al., 2009).
IL-2 is a typical T cell growth factor, which induces the
proliferation and differentiation of T cells to maintain
the immune balance between helper T cells and effector
T cells after antigen stimulation (Vazquez et al., 1986).
In addition, high levels of IL-2 promote the proliferation
of natural killer cells and stimulate B cell differentiation
and antibody production (Sharma and Das, 2018). 1L-4
stimulates B cells to proliferate and differentiate into
plasma cells, induces B cells to convert Ig E and produce
MHC-II molecules (Pene et al., 1988). In this study, the
food grade recombinant L. lactis which can express and
secrete IL-4-11-2 fusion protein was constructed to
explore its immune synergistic effect as an immune adju-
vant.

It is difficult for conventional L. lactis expression sys-
tem to secrete exogenous protein to the outside of the
cell. So the signal peptide usp45 was added to the 5" end
of the codon-optimized IL-4-IL-2 gene sequence, which
has a positive N-terminal, a cleavage C-terminal and a
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Figure 7. ACI of vaccine and recombinant L. lactis co-immuniza-
tion.

central hydrophobic region to guide the C-terminal
linked protein across the cell wall. This not only prevents
the target protein from being degraded by intracellular
proteases, but also ensures that the expressed I1L-4-11L-2
fusion protein can be secreted into the medium
(Dong et al., 2015). The L. lactis NZ3900 / pNZ8149
expression system uses lac F' gene instead of antibiotic
gene as screening gene, antibiotics are not used through-
out the whole process, which not only avoids the drift of
resistance genes, but also reduces the risk of antibiotic
residues in eggs and chicken, and reduces the production
of microbecide resistance in chicken (Cao et al., 2020;
Wang et al., 2021). The inducer nisin is a natural anti-
bacterial peptide, which is nontoxic and safe to humans
and animals. It can inhibit the growth of harmful bacte-
ria, parasites, and viruses, promote the proliferation of
beneficial bacteria, enhance the secretion of anti-inflam-
matory factors, inhibit the effect of pro-inflammatory
factors, and promote the growth of broilers
(Kieronczyk et al., 2020). It used as feed additive and
has been licensed for food production in more than 60
countries and regions around the world (Shin et al.,
2016). In this study, the constructed recombinant L. lac-
tis NZ3900 / pNZ8149-IL-4-11.-2 induced by nisin to pro-
duce and secrete IL-4-11-2 fusion protein, which can
promote the proliferation of chicken spleen lymphocytes.
All these make it possible to develope a new microbe
type of food grade, safe, and efficient oral immune adju-
vant against chicken coccidiosis.

During the immunization period, the weight gain of
chickens only immunized with trivalent live vaccine of 4
Eimeria precocious strains was significantly lower than
that of chickens not vaccinated (Figure 4). Although the
pathogenicity of Eimeria precocious strains were much
lower than that of their parent strains, they can still do
harm to chicken intestinal mucosa by regulating the
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apoptosis and autophagy of intestinal epithelial cells
(Zhang et al., 2019), thus hindering the digestion and
absorption of nutrients and reducing weight gain. The
weight gains of chickens co-immunized with vaccine and
1 x 10%1 x 10'" CFU NZ3900/pNZ8149-IL-4-IL-2 or
1 x 10" CFU no-load NZ3900,/pNZ8149 were significantly
higher than vaccine-only group. So co-immunizing chick-
ens with recombinant L. lactis could alleviate the reduced
weight gain caused by Eimeria live vaccine.

Immunizing susceptible chickens with attenuated
Eimeria live vaccine could prevent bloody stool and
death caused by Eimeria virulent strains, to some extent
alleviate the weight gain inhibition and intestinal lesions
of infected chickens, and reduce oocyst output. In this
study, the ACI of vaccine-only group was 176.41, the
vaccine only had a medium protective effect on suscepti-
ble chickens. Co-immunization of susceptible chickens
with recombinant L. lactis NZ3900/pNZ8149-I1L-4-1L-2
and live vaccine could further increase the weight gain
of chickens, palliate intestinal lesions, and decrease the
oocyst output, especially at doses of 1 x 10° CFU and
1 x 10" CFU. The weight gains of these 2 dose groups
were significantly higher than that of the vaccine-only
chickens, the intestinal lesion scores were almost the
same as the uninfected healthy chickens, the reduction
rates of oocyst outputs were above 97.0%, and the ACI
reached to 187.85 and 191.33, suggesting highly effective
against coccidiosis.

It has been reported that using recombinant plasmids
pcDNA-IL-4 and pcDNA-IL-2 in combination as an
adjuvant, co-immunizing piglets with the DNA vaccine
pcDNA-ORF5 could significantly increase the level of
specific anti-PRRSV IgG antibodies, promote the prolif-
eration of specific T lymphocytes, increase the propor-
tion of CD4" and CD8" T lymphocytes, and up-
regulate the expression of IFN- y (Tang et al., 2014).
Chen embeded the recombinant plasmid co-expressing
porcine IL-2 and IL-4/6 fusion protein in chitosan mate-
rial as an immune adjuvant, and co-immunized pigs
with porcine circovirus-2 (PCV-2) vaccine, which
could improve the growth and weight gain of piglets,
increase the serum level of IgG2a, CD4" and CD8" T
lymphocytes. At the same time, increase the expres-
sion levels of IL-2, IL-4, IL-6, I1L-15, TLR-2, TLR-7,
Bcl-2, TNF-a, CD45 and STATs (STAT1, STAT2,
STAT3, STAT4) genes (Chen et al., 2018). In earlier
studies, we found that recombinant chicken IL-4-IL-2
gene adjuvant (pCl-chIL-4-chIL-2-EGFP) enhance
the immune effect of coccidiosis live vaccine
(Cui et al., 2022), make it highly effective against
coccidiosis by upregulating the expression of IL-2, IL-
4, TNF-«, and IFN-y, and promoting the activation
of T, B lymphocytes and APC cells in the intestinal
tract and immune organs of chicken. In addition, L.
lactis itself can promote the production of IgA in
chickens to activate mucosal immunity (Ma et al.,
2017; Sha et al., 2020), which further ensures the
immunomodulatory effect of L. lactis NZ3900/
pNZ8149-IL-4-1L-2, and makes the co-immunization
of L. lactis NZ3900/pNZ8149-IL-4-IL-2 and live

vaccine become a reliable strategy to prevent chicken
coccidiosis.

CONCLUSIONS

Recombinant L.lactis NZ3900/ pNZ8149-1L-4-1L-2
exhibited an immune synergistic function to coccidiosis
live vaccine, and could alleviate its adverse effect affect-
ing weight gain. And lift the anticoccidial efficiency of
the live vaccine from a medium level to a high level.
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