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Abstract Coccidiosis is one of the most important protozoan
diseases and inflicts severe economic losses on the poultry
industry. The aim of this study was to evaluate the capacity of
Bacillus Calmette–Guerin (BCG) to deliver apical membrane
antigen1 (AMA1) of Eimeria maxima to stimulate specific
cellular and humoral immune responses in chickens. Day-old
birds were immunized twice with rBCG/pMV261-AMA1,
rBCG/pMV361-AMA1, or BCG via oral, intranasal, and sub-
cutaneous routes and then orally challenged with homologous
E. maxima sporulated oocysts. Gain of body weight, fecal
oocyst output, lesion scores, serum antibody responses, num-
bers of splenocyte CD4+ and CD8+ T cells, and gut cytokine
transcript levels were assessed as measures of protective im-
munity. Challenge experiments demonstrated that rBCG vac-
cination via intranasal or subcutaneous routes could increase
weight gain, decrease intestinal lesions, and reduce fecal
oocyst shedding, and the subcutaneous and intranasal routes
were superior to the oral route based on the immune effects.
Furthermore, intranasal rBCG immunization could also lead
to a significant increase in serum antibody, the percentage of
CD4+ and CD8+ T lymphocyte cells, and the levels of IL-1β,

IFN-γ, IL-15, and IL-10 mRNAs compared with the control
group. These results suggested that intranasal rBCG immuni-
zation could induce a strong humoral and cellular response
directed against homologous E. maxima infection. This study
provides data for the use of rBCG to develop a prophylactic
vaccine against coccidiosis.

Introduction

Chicken coccidiosis, one of the most important poultry enteric
diseases caused by members of the genus Eimeria , has an
enormous impact on worldwide poultry production because of
the morbidity, mortality, and reduced bodyweight gain caused
by infection (Beattie et al. 2001; Xu et al. 2008; Shirley et al.
2004; Del Cacho et al. 2012). The current control strategy
against coccidiosis in poultry is dominated by prophylactic
application of anticoccidial drugs, and, to a certain extent, live
vaccines (Dalloul and Lillehoj 2005). However, increasing
government regulations and bans on the use of coccidiostats,
the appearance of multidrug-resistant strains of Eimeria , con-
cerns over drug residues in poultry products, the lack of new
pipeline products, and disadvantages of live vaccines includ-
ing the potential reversion to virulence, an early reduction in
weight gain, and variable efficacy between batches suggest
that new approaches are required (Blake et al. 2011; Basak
et al. 2006; Jang et al. 2013; Lee et al. 2010a; Ding et al.
2008). Although several attempts have been made to develop
subunit vaccines or DNA vaccines, there is no available vac-
cine against coccidiosis (Li et al. 2012; Liu et al. 2013; Song
et al. 2010). A recent approach using live bacteria as carriers to
deliver and express Eimeria antigens with the long-term aim
of controlling avian coccidiosis shows great potential for
large-scale control of infectious diseases in the livestock in-
dustry (McDonald and Shirley 2009; Yang et al. 2010).

The mechanism of protective immunity against Eimeria
infection is largely dependent on cell-mediated immunity
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(Rose and Hesketh 1982; Dalloul and Lillehoj 2005; Lillehoj
1998; Ma et al. 2011), indicating that vaccines should prefer-
entially elicit cellular immune responses. Compared with
subunit vaccines, viable bacterial carriers such as Bacillus
Calmette–Guerin (BCG) elicit potent Th1-mediated immune
responses and require no additional adjuvant component in
their formulation to evoke protective immunity, as demon-
strated in several animal models of infectious disease
(Santangelo et al. 2007). Mycobacterium bovis BCG, an
attenuated M. bovis strain, is particularly attractive for the
delivery of heterologous antigens based on its remarkable
safety record and intrinsic adjuvant properties (Santangelo
et al. 2007; Supply et al. 1999; Stover et al. 1991; Dietrich
et al. 2003; Bastos et al. 2009). Since bothM. bovis BCG and
Eimeria spp. are intracellular microorganisms, we rational-
ized that recombinant BCG would be appropriate for the
development of a vaccine against coccidiosis (Supply et al.
1999).

Apical membrane antigen1 (AMA1), secreted by
micronemes, was first identified as a conserved antigenic
protein in the malaria parasite Plasmodium knowlesi and has
been widely proposed as an anti-apicomplexan vaccine can-
didate (Richie and Saul 2002; Zhang et al. 2007; Zhang et al.
2010; Remarque et al. 2008). AMA1 from Plasmodium
falciparum induced protective immunity against parasite chal-
lenge in animal models (Yoshida et al. 2010), and Neospora
caninum AMA1, encapsulated in liposomes, induced a
parasite-specific Th1 immune response in pregnant mice and
decreased offspring mortality (Zhang et al. 2010).
Immunization using E. maxima AMA1 as a DNA vaccine in
the eukaryotic expression vector pcDNA3.1(+) or as a bacte-
rially expressed recombinant protein induced significant im-
mune protection against subsequent challenge by E. maxima
(Blake et al. 2011). Here, we constructed two recombinant
(r)BCG strains (pMV261-AMA1 and pMV361-AMA1) ex-
pressing AMA1 gene of E. maxima and evaluated their pro-
tective efficacy for resistance to homologous challenge.

Materials and methods

Bacteria, chickens, and parasites

M. bovis BCG were cultured in Middlebrook 7H9 (Difco
Laboratories, Detroit, MI, USA) liquid medium supplemented
with 0.5 % glycerol, 0.05 % Tween-80, and 10 % ADC (same
as OADC) or on solid Middlebrook 7H10 medium
supplemented with OADC enrichment. One-day-old specific
pathogen-free chickens were obtained from the Center of
Laboratory Animals in Jilin Province, reared in a coccidian-
free environment in cages, and provided with feed and water
ad libitum. All experimental procedures were approved by the
ethics committee on the use and care of animals, Jilin

University (Changchun, China). The wild-type strain of
E. maxima , kindly provided by Dr Jianping Tao, College of
Veterinary Medicine, Yangzhou University, China, was
maintained in our laboratory (Fig. S1). Sporulated oocysts
were purified from feces and enumerated using the
McMaster method before experimental infection (Ding et al.
2004).

Construction of pMV261-AMA1 and pMV361-AMA1
plasmid

AMA1 coding nucleotides 70–1,338 were amplified from
E. maxima sporozoite cDNA by PCR with primers 261 F/R
and 361 F/R (Table 1) and cloned into the expression vector
pMV261 and pMV361 (Stover et al. 1991) using BamHI/
HindIII and Mun I/HindIII restriction sites, respectively. The
plasmids pMV261-AMA1 and pMV361-AMA1 were
transformed into BCG by electroporation and selected by
kanamycin (Sigma-Aldrich, USA).

Expression of recombinant AMA1 protein in BCG

Cultivation and induced expression of rBCG were performed
as described previously (Miyaji et al. 2001; Wang et al. 2007;
Wang et al. 2009). Briefly, after transformation, 800 μl of 7H9
liquid medium containing 10 % OADC was added to the
mixture followed by incubation at 37 °C for 3 h. The bacteria
were then plated in 7H10 solid medium supplemented with
10 % OADC and 20 μg/ml of kanamycin. After 3–4 weeks,
individual colonies were transferred to liquid medium for
verification of the viral protein expression. M. bovis BCG
was harvested at mid-log phase by centrifugation at 5000×g
for 10 min. For expression analysis, rBCG cells were inducted
at 45 °C for 2 h, and disrupted on ice with ultrasound sonica-
tion. Total cellular lysate was electrophoresed in a 12 % SDS-
polyacrylamide gel. Subsequently, the proteins were transferred
to nitrocellulose filters and probed with mouse anti-E. maxima
polyclonal antibody (1:1,000) and goat–anti-mouse IgG HRP
conjugated antibody(1:2,000; Dingguo Changsheng Biotech
Co., Ltd., Beijing).

Immunization and parasite-challenge infection

The experimental design is summarized in Table 1 and Fig. 1.
At 7 days of age, birds were randomly divided into 11 groups
(25 birds/group) and orally, intranasally, or subcutaneously
immunized with rBCG pMV261-AMA1 (groups 6–8), rBCG
pMV361-AMA1 (groups 9–11), or BCG (groups 3–5).
Control birds were orally immunized with phosphate-buffered
saline (PBS) (groups 1–2). At 7 days post-immunization,
animals were given a booster immunization identical to the
primary immunization. At 7 days post-secondary immuniza-
tion, all birds except the unchallenged control group were
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challenged orally with 5×104 E. maxima sporulated oocysts.
Unchallenged control chickens were administered PBS orally.

Body weight gain, fecal oocyst shedding, and lesion scores

Body weight gain in each group was assessed between 0 and
10 days post-challenge infection with or without E. maxima
oocysts. For determination of fecal parasite shedding, fecal
samples were collected daily between 5 and 10 days
postinfection, and oocysts were individually enumerated
using a McMaster counting chamber as previously described
(Ding et al. 2004). Lesion scores were observed and recorded
at 6 days postinfection on a scale of 0 (none) to 4 (high) in a
blinded fashion by two independent observers as previously
described (Johnson and Reid 1970).

Serum antibody levels

Blood was collected from the wing vein of birds (five/group)
of groups immunized intranasally with rBCG, BCG, or PBS
(Table 1) at 0, 1, 2, 3, and 4 weeks after primary immuniza-
tion. Sera were collected by low-speed centrifugation and anti-

AMA1 antibodies were measured by ELISA in sera, as de-
scribed previously (Lillehoj et al. 2005). Briefly, microtiter
plates were coated with E. maxima antigen (10 mg/ml) over-
night at 4–8 °C, washed with PBS containing 0.05 % Tween-
20, and blocked with 10 % nonfat dry milk in PBS. Serial
dilutions of sera were added, incubated with continuous shak-
ing, the plates were washed, and bound antibody detectedwith
peroxidase-conjugated rabbit anti-chicken IgG (Sigma-
Aldrich, USA) and peroxidase-specific substrate. After color
development, the reaction was stopped by addition of 2 M
sulfuric acid, and optical density values at 450 nm (OD450)
were determined by ELISA microplate reader (Bio-Rad,
USA).

Flow cytometric analysis

The evaluation of cellular immunity was analyzed as previ-
ously described (Wang et al. 2009; Liu et al. 2013). Birds
(five/group) in groups immunized intranasally with rBCG,
BCG, or PBS were euthanized randomly at 7 days post-
secondary immunization and their spleens removed aseptical-
ly. Single splenocyte suspensions (1×106 cells/ml) were

Table 1 Effect of rBCG/pMV261-AMA1 and pMV361-AMA1 vaccination on body weight gain, fecal oocyst shedding, and lesion scores following
oral challenge infection with E. maxima

Group Immunization Delivery routee Dose (CFU /bird) Challenge Body weight gain (g) Oocyst (×106/bird) Lesion score

1 Unchallenged control O PBS PBS 27.55±1.17a – –

2 Challenged control O PBS 5×104 E. maxima 12.93±0.91b 7.86±0.09a 2.80±0.20a

3 BCG O 107 CFU 5×104 E. maxima 15.27±0.86b 7.20±0.65ac 2.60±0.25a

4 IN 107 CFU 5×104 E. maxima 15.09±0.96b 7.29±0.09ac 2.50±0.29a

5 SC 107 CFU 5×104 E. maxima 14.97±1.99b 7.00±0.33ac 2.60±0.33a

6 rBCG/pMV261-AMA O 107 CFU 5×104 E. maxima 14.49±0.60b 6.06±0.04ac 2.20±0.20ab

7 IN 107 CFU 5×104 E. maxima 19.91±1.61c 5.22±0.03b 1.80±0.20b

8 SC 107 CFU 5×104 E. maxima 21.46±1.01c 4.54 ±0.40b 1.75±0.25b

9 rBCG/pMV361-AMA O 107 CFU 5×104 E. maxima 16.57±1.21d 6.51±0.85ac 2.25±0.25ab

10 IN 107 CFU 5×104 E. maxima 20.98±1.59c 5.77±0.17b 1.75±0.28b

11 SC 107 CFU 5×104 E. maxima 22.57±1.60c 5.51±0.30b 2.00±0.10ab

Birds were orally, intranasally, or subcutaneously immunized with rBCG, BCG, or PBS at 7 and 14 days post-hatch by the indicated delivery routes. One
week post-secondary immunization, the birds were challenged with or without 5.0×104E. maxima . Oocysts and body weight gain, fecal oocyst
shedding, and intestinal lesion scores were determined. Within each graph, bars with different letters are significantly different according to Duncan's
multiple range test (p<0.05). O , oral, IN intranasal, and SC subcutaneous

Fig. 1 Schematic outline of the
experimental design
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dually stained with R-phycoerythrin-conjugated mouse anti-
chicken CD4 antibody (0.1 mg/ml) and fluorescein-
conjugated mouse anti-chicken CD8α antibody (0.5 mg/ml;
Southern Biotech Associates, Inc.) for 30 min at room tem-
perature in the dark. The percentages of splenocyte CD4+ and
CD8+ cells, resuspended in a fluorescence preservative fluid,
were analyzed by flow cytometry (BD Biosciences, USA).

Quantification of cytokine mRNA levels

Intestinal tissues from birds (three/group) in groups immu-
nized intranasally with rBCG, BCG, or PBS were collected
between the jejunum and the ileum at 7 days post-secondary
immunization, cut longitudinally, and washed three times with
ice-cold Hank's balanced salt solution. Total RNA was
extracted from the intestinal tissues using Trizol™ reagent
(Invitrogen, USA). After DNase I treatment, RNAs were
reverse-transcribed using PrimeScript™ RT-PCR kit
(Takara, China) according to the manufacturer's instructions.
Quantitative RT-PCR oligonucleotide primers for chicken
interleukin (IL)-1β, IL-15, IL-10, interferon (IFN)-γ, and
GAPDH control (Table 2) were designed as described (Hong
et al. 2006). PCR amplification and detection were performed
using equivalent amounts of total RNA using the ABI7500
system and SYBR premix EX Taq™ (Takara, China). Each
analysis was performed in triplicate. Relative expression
levels for each target gene were determined by the compara-
tive cycle threshold (CT) method (using the formula 2_ΔΔCT,
ΔΔCT = (CT.Target − CT.GAPDH)Treatment − (CT.Target −
CT.GAPDH)Control) (Pfaffl 2001).

Statistical analysis

Statistical analysis was performed by SPSS 15.0 software.
Data were expressed as mean ± standard error, and Duncan's

multiple range test was used to analyze differences between
the mean values. Differences between groups were considered
statistically significant when p values were less than 0.05.

Results

Expression of AMA1 in BCG

The plasmids, pMV261-AMA1 and pMV361-AMA1, were
verified by restriction enzyme digestion and PCR and were
then electrotransfected into BCG. The individual colonies of
M. bovis BCG on the solid medium were typical (Fig. S2).
rBCG expressing AMA1 were subjected to Western blotting
and probed with polyclonal mouse antibodies. Specific im-
munoreactive proteins were detected in the cell lysates of
rBCG/pMV261-AMA1 and rBCG/pMV361-AMA1, where-
as they were absent in BCG (Fig. 2). Thus, the AMA1 protein
was successfully expressed in rBCG/pMV261-AMA1 and
rBCG/pMV361-AMA1.

Effect of rBCG-AMA1 vaccination on body weight gain,
fecal oocyst shedding, and lesion scores

The challenged control group exhibited significantly reduced
weight gain between 0 and 10 days postinfection compared
with the unchallenged control group indicative of active in-
testinal disease (p <0.05, Table 1). The challenged control
group exhibited significantly reduced weight gain compared
with groups immunized with rBCG (except for the group
vaccinated orally with rBCG/pMV261-AMA1) (p <0.05),
but identical weight gain to groups immunized with BCG
(p >0.05). Birds immunized with rBCG via intranasal or
subcutaneous routes exhibited similar increased body weight
gain, both greater compared with groups immunized with

Table 2 Primer sequences

bp base pairs, IL interleukin, and
IFN interferon

Primer ID Primer sequences PCR product
size (bp)

Accession
no.

261 F 5′-CGGATCCATGATCAAAGATAAAGTTCACCAGG-3′ 1,269 FN813222
261 R 5′-CAAGCTTTTACCCCTTGGGAAAGCCGCCT-3′

361 F 5′-CCAATTGATGATCAAAGATAAAGTTCACCAGGGTC-3′ 1,269
361 R 5′-CAAGCTTTTACCCCTTGGGAAAGCCGCCT-3′

GAPDH F 5′-GGTGGTGCTAAGCGTGTTAT-3′ 264 K01458
GAPDH R 5′-ACCTCTGTCATCTCTCCACA-3′

IL-1β F 5′-TGGGCATCAAGGGCTACA-3′ 244 Y15006
IL-1β R 5′-TCGGGTTGGTTGGTGATG-3′

IFN-γ F 5′-AGCTGACGGTGGACCTATTATT-3′ 259 Y07922
IFN-γ R 5′-GGCTTTGCGCTGGATTC-3′

IL-15 F 5′-TCTGTTCTTCTGTTCTGAGTGATG-3′ 243 AF139097
IL-15 R 5′-AGTGATTTGCTTCTGTCTTTGGTA-3′

IL-10 F 5′-CGGGAGCTGAGGGTGAA-3′ 272 AJ621614
IL-10 R 5′-GTGAAGAAGCGGTGACAGC-3′
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BCG (p <0.05). The weight gain in groups immunized with
rBCG by intranasal or subcutaneous routes were higher than in
groups immunized orally with rBCG. No difference was noted
between rBCG intranasal immunization group and rBCG sub-
cutaneous immunization group (p >0.05).

The oocyst counts of birds in all groups vaccinated with
rBCG were decreased and were significantly lower in groups
vaccinated with rBCG via intranasal or subcutaneous routes
than the challenged control or BCG immunization groups (p <
0.05, Table 1). The lowest fecal oocyst shedding was recorded
in the group vaccinated subcutaneously with rBCG/pMV261-
AMA1. Numbers of fecal oocysts in groups vaccinated with
BCG showed no obvious differences compared with the chal-
lenged control (p >0.05). No differences were observed be-
tween the rBCG intranasal immunization group and rBCG
subcutaneous immunization group.

Although all rBCG formulations decreased intestinal le-
sions, this was only significant in groups vaccinated with
rBCG/pMV261-AMA1 by intranasal or subcutaneous routes
or the group vaccinated with rBCG/pMV361-AMA1 via in-
tranasal route when compared with the challenged control or
BCG immunization groups (p <0.05, Table 1). Surprisingly,
animals vaccinated with rBCG/pMV361-AMA1 via subcuta-
neous route demonstrated little reduction in fecal oocyst
shedding.

Effect of rBCG-AMA1 vaccination on anti-AMA1 antibody
responses

The humoral immune response to AMA1 was monitored by
ELISA at 0, 1, 2, 3, and 4 weeks after primary immunization
(Fig. 3). No obvious antibody response was detected at 0 and
1 week post-primary immunization with rBCG. However, a
significant increase in mean absorbance values was observed
from the second week, in birds immunized with rBCG/
pMV261-AMA1 compared with other groups (p <0.05). The
antibody levels of birds immunized with rBCG /pMV361-
AMA1 increased slower compared with birds immunized
with rBCG/pMV261-AMA1 at 2 weeks post-primary immu-
nization, but there was no significant difference between
rBCG/pMV261-AMA1 and pMV361-AMA1 groups (p <
0.05). The antibody titers of rBCG/pMV261-AMA1 and

rBCG/pMV361-AMA1 groups gradually increased during
weeks 2–4. From 0–4 weeks, no significant differences in
antibody levels were noted between the BCG and control
groups.

Effect of rBCG-AMA1 vaccination on cellular immune
reactions

One week after the secondary immunization, splenocytes
from birds vaccinated with rBCG or BCG and controls were
analyzed for a phenotype. The proportions of splenocyte
subsets in each group are shown in Table 3. Compared with
the control group (CD4+ 14.98 %±0.39 and CD8+ 24.85 %±
0.93), all vaccinated groups (BCG and rBCG) induced signif-
icantly greater percentages of CD4+ and CD8+ cells (p <0.05),
especially in the rBCG/pMV261-AMA1 group.

Fig. 3 Effect of vaccination with rBCG/pMV261-AMA1 and pMV361-
AMA1 on AMA1 antibody levels. Birds were intranasally immunized
with BCG, rBCG/pMV261-AMA1, rBCG/pMV361-AMA1, or PBS
(Table 1), and sera were collected and analyzed by ELISA at 0, 1, 2, 3,
and 4 weeks post-primary immunization. Each bar represents the mean±
SE value (n =5). Bars not sharing the same letters are significantly
different according to Duncan's multiple range test (p <0.05)
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Fig. 2 Western blot detection of AMA1 protein expression in rBCG. A
band of ∼46 kDa was detected, which corresponds to the expected size of
the AMA1 protein in rBCG pMV261-AMA1 (Lane 1 ) and rBCG

pMV361-AMA1 (Lane 2). BCG was used as a control and showed no
immunoreactive band (Lane 3)



Effect of rBCG-AMA1 vaccination on intestinal cytokine
transcript levels

The levels of transcripts encoding proinflammatory (IL-1β),
Th1 (IFN-γ and IL-15), or Th2 (IL-10) cytokines in intestinal
tissues between the jejunum and the ileum were measured
following rBCG immunization in noninfected birds. All four
cytokines showed significantly higher mRNA levels in the
two groups immunized with rBCG compared with the con-
trols (p <0.05). The levels of transcripts encoding IL-1β in the
two rBCG immunization groups were increased more than
threefold compared with other groups (rBCG/pMV261-
AMA1, 4.14±0.55-fold and rBCG/pMV361-AMA1, 4.29±
0.22-fold; p <0.05; Fig. 4a). IFN-γ mRNA transcript levels
were 3.40–4.83-fold increased in the two rBCG immunization
groups (Fig. 4b). IL-15 transcript levels were significantly
upregulated (4.48–5.37-fold) following rBCG immunization
(Fig. 4c). IL-10 mRNA transcripts increased (2.13–2.49-fold)
following rBCG immunization (Fig. 4d).

Discussion

Despite advances in controlling coccidiosis, it remains one of
the leading causes of morbidity and mortality of poultry
(Zhang et al. 2012; Awad et al. 2013). The development of a
protective vaccine against this disease, although challenging,
is desirable for decreasing its negative economic impact and
for improving the welfare of poultry (Konjufca et al. 2008).
For a successful vaccine, an effective antigen delivery system
is essential. The use of live recombinant BCG as a platform for
vaccine development against parasitic diseases is highly at-
tractive, given its proven ability to induce robust immune
responses to numerous antigens from apicomplexan parasites
(Santangelo et al. 2007; Wang et al. 2009; Supply et al. 1999;
Wang et al. 2007). In the present study, we designed and
transformed BCG using an extrachromosomal vector

pMV261 and an integrated vector pMV361 to evaluate the
immunogenicity of an E. maxima antigen, AMA1, expressed
in rBCG. The results demonstrated that (1) the subcutaneous
and intranasal immunization routes were superior to the oral
route for stimulating protective immunity against experimen-
tal E. maxima infection based on weight gain, fecal oocyst
shedding, and intestinal lesions, and (2) birds in the intrana-
sally rBCG immunized group developed a strong humoral and
cellular response directed against E. maxima infection.

The measured parameters of resistance to avian coccidiosis
were augmented weight gain, reduced fecal oocyst shedding,
and decreased intestinal lesions in coccidia-infected birds.
Weight gain has been shown to be the most useful criterion
for evaluating the efficacy of anticoccidial drugs during the
acute phase of infection (Li et al. 2005). We observed a
significant increase in weight gain, post-challenge, among
birds vaccinated with rBCG via intranasal or subcutaneous
routes compared with the challenged control, BCG immuni-
zation groups, or rBCG oral immunization groups (p <0.05).
The positive effect on body weight gain by subcutaneous or
intranasal immunization with rBCG indicated the mode of
action of rBCG vaccine might include influencing intestinal
physiology, increasing nutrient absorption, and/or preventing
Eimeria cytotoxicity (Lee et al. 2008; Lee et al. 2010b). The
oocyst counts in groups vaccinated subcutaneously or intra-
nasally with rBCG were significantly decreased compared
with the challenge control or BCG controls (p <0.05). Birds
vaccinated with rBCG via the intranasal and subcutaneous
route (except for the rBCG/pMV361-AMA1 subcutaneously
vaccinated group) had decreased intestinal lesions compared
with the challenged control or BCG controls (p <0.05).
According to the three measured parameters, we compared
the immune effects of the three immunization routes and
found that the subcutaneous and intranasal immunization
routes were superior to the oral route. The slight effect of oral
immunization may partly correlate with the small amounts of
rBCG taken up by intestinal cells that could not efficiently
activate immune defense mechanisms against coccidiosis,
possibly due to the effect of gastric acidity and enzymatic
lysis on rBCG. Because the intranasal immunization route
with rBCG elicited disease protection similar to that by sub-
cutaneous vaccination in this study, intranasal immunization
would offer a practical means for large-scale commercial
vaccination efforts (Jang et al. 2011).

In the current study, AMA1-reactive antibodies, numbers
of splenocyte CD4+ and CD8+ T cells, and intestinal cytokine
transcript levels were used as indicators of acquired immunity
following experimental E. maxima infection. T cell immunity
is thought to play a dominant role in protection against
Eimeria infection (Lillehoj and Lillehoj 2000). However,
Eimeria-specific antibodies might neutralize Eimeria during
the extracellular stages of its life cycle (Lillehoj 1987). We
observed that antibody levels of chickens immunized with

Table 3 Percentage of CD4+ and CD8+ T cells in splenocytes from
immunized chickensa

Groups CD4+(% mean±SE,
n=5)

CD8+ (% mean±SE,
n =5)

rBCG pMV261-AMA(IN) 30.56±1.21c 33.16±1.25b

rBCG pMV361-AMA(IN) 28.82±0.79c 32.97±1.54b

BCG(IN) 22.28±1.06b 30.87±1.13b

Control 14.98±0.39a 24.85±0.93a

a Chickens were intranasally vaccinated with 107 CFU rBCG or BCG.
Changes in numbers of CD4+ and CD8+ T cells from spleens were
measured in immunized chickens 1 week after the second immunization.
Values with different letters in the same column differ significantly (p<
0.05)
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rBCG gradually increased after 2 weeks post-primary immu-
nization and were higher than the other groups, similar to that
observed by Wang et al. (2009). Considering that Eimeria
AMA1 was identified in all four different developmental
stages of Eimeria tenella , we suspect that anti-AMA1 anti-
bodies might inhibit cell invasion and replication by binding
to sporozoite, merozoite, and other extracellular stages of
parasites (Jiang et al. 2012). In our study, all vaccinated groups
(BCG and rBCG) induced significantly greater percentages of
CD4+ and CD8+ cells, compared with the control group (p <
0.05). These observations provided strong evidence demon-
strating that rBCG could induce cell-mediated and humoral
immunity in birds.

Gut cytokines synthesized and secreted following Eimeria
infection, including proinflammatory Th1-type, and Th2-type
cytokines, have important regulatory roles in cellular re-
sponses (Hong et al. 2006; Lillehoj et al. 2004). IL-1β is a
proinflammatory cytokine secreted by many different cell
types including macrophages, monocytes, and dendritic cells.
Changes in IL-1β mRNA production observed in this study
are similar to those reported for Salmonella infection

(Withanage et al. 2004). IFN-γ is a dominant cytokine elicited
early during infection with Eimeria parasites, which exerts a
direct inhibitory effect on intracellular parasite development
(Hong et al. 2006). In the current study, IFN-γ gene transcripts
were significantly increased in birds vaccinated with rBCG
compared with controls (p <0.05) and is in agreement with a
previous report indicating the absence of a positive association
between endogenous IFN-γ production in gut epithelia and
improved body weight gain and decreased oocyst shedding in
Eimeria-infected birds (Lillehoj et al. 2005). IL-15 is a struc-
turally homologous Th1 or Th1-related cytokine produced by
mononuclear phagocytes and other cell types in response to
viral or protozoan infection. In the current study, transcription
of IL-15 was upregulated (4.48–5.37-fold) following rBCG
vaccination. Elevated IFN-γ and IL-15 mRNA levels indicate
that host T lymphocyte responses are augmented at earlier
time points following rBCG vaccination. Of note, rBCG
vaccination also increased the transcripts levels of IL-10, a
suppressor cytokine produced by a novel subset of T cells that
inhibits the synthesis of proinflammatory cytokines, which
could prevent tissue damage as a consequence of uncontrolled

Fig. 4 Effect of rBCG/pMV261-
AMA1 and pMV361-AMA1
vaccination on intestinal cytokine
transcript levels. Birds were
immunized intranasally with
BCG, rBCG/pMV261-AMA1,
rBCG /pMV361-AMA1, or PBS
(Table 1). a IL-1β, b IFN-γ, c
IL-15, and d IL-10 mRNA levels
were determined by quantitative
RT-PCR at 7 days post-secondary
immunization. Each bar
represents the mean±SE value
from triplicate samples/bird
(n =3). Bars not sharing the same
letters are significantly different
according to Duncan's multiple
range test (p<0.05)
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intestinal inflammation later in infection (Rothwell et al.
2004). Therefore, elevated transcripts levels of IFN-γ, IL-15,
IL-1β, and IL-10 following rBCG immunization appear to
maintain the natural balance of pro- and antiinflammatory
pathways in the gut that are vital for effective cellular immune
responses against invading parasites, while maintaining tissue
homeostasis (Jang et al. 2013).

In conclusion, this study demonstrated humoral and cellu-
lar immune responses that were elicited by rBCG vaccine
carrying the AMA1 gene and provided encouragement for
continued research into the development of rBCG as a con-
venient and practical method to control coccidiosis. It is worth
noting that in commonwith all other live recombinant vaccine
systems, a number of technical aspects, including optimal
immunization routes, doses, times, underlying immune mech-
anisms, and bio-safety of rBCG, have to be reassessed to
enhance the protective efficacy against infection.
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