
PROTOZOOLOGY - REVIEW

A review of Eimeria antigen identification for the development
of novel anticoccidial vaccines

J. Venkatas1 & M. A. Adeleke1

Received: 23 October 2018 /Accepted: 24 April 2019 /Published online: 8 May 2019
# Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
Coccidiosis is a major poultry disease which compromises animal welfare and costs the global chicken industry a huge economic
loss. As a result, research entailing coccidial control measures is crucial. Coccidiosis is caused by Eimeria parasites that are
highly immunogenic. Consequently, a low dosage of the Eimeria parasite supplied by a vaccine will enable the host organism to
develop an innate immune response towards the pathogen. The production of traditional live anticoccidial vaccines is limited by
their low reproductive index and high production costs, among other factors. Recombinant vaccines overcome these limitations
by eliciting undesired contaminants and prevent the reversal of toxoids back to their original toxigenic form. Recombinant
vaccines are produced using defined Eimeria antigens and harmless adjuvants. Thus, studies regarding the identification of
potent novel Eimeria antigens which stimulate both cell-mediated and humoral immune responses in chickens are essential.
Although the prevalence and risk posed by Eimeria have been well established, there is a dearth of information on genetic and
antigenic diversity within the field. Therefore, this paper discusses the potential and efficiency of recombinant vaccines as an
anticoccidial control measure. Novel protective Eimeria antigens and their antigenic diversity for the production of cheap, easily
accessible recombinant vaccines are also reviewed.
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Introduction

Coccidiosis is one of the major infectious poultry diseases
worldwide. The disease is caused by an obligate intracellular
protozoan known as Eimeria (Brown-Jordan et al. 2018).
Guven et al. (2013) reported the prevalence of coccidiosis
infection to vary between 10% and 90% in industrial chicken
farms worldwide. Chickens are economically significant poul-
try species due to their high protein content, short generation
interval, and global acceptability (Blevin et al. 2018; Qi et al.
2018). However, the subclinical and clinical effects of coccid-
iosis result in malabsorption, reduced feed conversion rate and
weight gain, and an increase in mortality and susceptibility to
secondary disease in infected chickens (Prakashbabu et al.

2017). Consequently, the livestock industry suffers a global
loss exceeding $3 billion dollars, making precautions to con-
trol the disease fundamental (Cheng et al. 2018).

Previously, coccidiosis control was administered in the
form of anticoccidial drugs, i.e., therapeutic compounds that
interrupted the asexual and sexual stages of the parasite
(Odden et al. 2018). However, the genetic diversity of
Eimeria species enables the parasite to readily develop
anticoccidial resistance. In turn, severely limiting their ability
to effectively prevent the disease long term (Tan et al. 2017).
This leads to the search and discovery of live anticoccidial
vaccines which have efficiently treated coccidiosis for more
than five decades (Marugan-Hernandez et al. 2016). However,
since live vaccines are produced within the chicken itself, it
has a low reproductive index of attenuated vaccine pathogens.
This increases production costs and limits the production ca-
pacity of the vaccine (Blake 2015).

Recent studies have elucidated the potential of recombinant
vaccines as an anticoccidial control measure (Clark et al.
2016; Kundu et al. 2017; Lin et al. 2017; Tian et al. 2017).
Recombinant vaccines utilize defined antigens cloned from
Eimeria species in the presence of an adjuvant or harmless
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plasmid vector to stimulate immune responses (Suprihati and
Yunus 2018). Therefore, various studies are directed at the
identification of several novel immune protective genes that
could be used to produce recombinant vaccines (Song et al.
2010; Blake et al. 2015; Kundu et al. 2017; Yang et al. 2017;
Rafiqi et al. 2018; Suprihati and Yunus 2018). To overcome
the naturally occurring genetic diversity of Eimeria, alterna-
tive antigens are to be included in the vaccine formulation
(Tang et al. 2018a). Current anticoccidial research is targeted
at the search and identification of novel protective Eimeria
antigens (Yang et al. 2016; Kundu et al. 2017). Therefore, this
paper addresses the potential and efficiency of recombinant
vaccines as an anticoccidial control measure and identifies
novel protective Eimeria antigens, together with their antigen-
ic diversity for the production of cheap, easily accessible re-
combinant anticoccidial vaccines.

Anticoccidial vaccine potential

Vaccines provide host organisms with a low dose of a parasite.
This, in turn, enables the host organism to develop an innate
immunity against subsequent infections of the parasite (Blake
and Tomley 2014). Eimeria parasites are highly immunogen-
ic; therefore, a primary infection can effectively stimulate im-
munity towards subsequent challenges (Muthamilselvan et al.
2016). Hence, in the event of a coccidiosis outbreak in the
future, a vaccinated host would display resistance or reduced
susceptibility to the disease (Blake and Tomley 2014). In the
late 1960s, scientists discovered the potential of using live
anticoccidial vaccines to treat coccidiosis (Gadelhaq et al.
2015). The vaccine efficiently treated coccidiosis for over
50 years (Marugan-Hernandez et al. 2016).

Live vaccines are produced from a mixture of non-
attenuated and attenuated Eimeria parasites (Hoelzer et al.
2018). Price et al. (2016), Ritzi et al. (2016), and Jenkins
et al. (2017) demonstrated the effectiveness and potential of
live anticoccidial vaccines in alleviating Eimeria oocyst out-
put in broiler chickens. However, live vaccines are required to
be propagated within the chicken itself resulting in a low re-
productive index of attenuated vaccine pathogens. This, in
turn, increases production costs and limits the efficacy of the
vaccine (Tan et al. 2017). Therefore, the need for DNA and
recombinant vaccines has become imperative (Pastor-
Fernández et al. 2018).

DNA vaccines stimulate cell-mediated immunity by intro-
ducing a segment of DNA from the perspective parasite to the
host cells. Plasmid vectors introduce naked nucleotide se-
quences encoding the antigenic portion of the parasite to the
host cell, where it is taken up, translated, and the desired
protein is expressed (Xu et al. 2008). Xu et al. (2013) reported
a 53.7% reduction in oocyst shedding rate coupled with satis-
factory immunogenicity and immune protection effects in
yellow feathered broilers, treated with a pcDNA3.1 vectored

DNA vaccine encoding for the E. maxima Gam56 protein.
Panebra and Lillehoj (2019) put forth a similar study
displaying effective humoral antibody response, weight gain,
and a reduction in broiler chickens challenged with
E. acervulina, when treated with an EF-1α-Montanide Gel
01 sequence DNA vaccine. Although, DNA vaccines induce
strong long-term cellular immune responses, the vaccine is
limited to protein immunogen and risks the possibility of af-
fecting genes which control cell growth (Patra et al. 2017).

Advances in genetic engineering, genomics, molecular bi-
ology, and biochemistry provide scientists with novel tools to
create potent cost-effective vaccines. Recombinant vaccines
overcome the limitations of live and DNA anticoccidial vac-
cines by eliciting insertional mutagenesis and undesired con-
taminants and preventing the reversal of toxoids back to their
original toxigenic form (Xu et al. 2008; Clark et al. 2017;
Sundar et al. 2017; Patra et al. 2017; Barta et al. 2018).
Recombinant vaccines work by injecting an immunogenic
protein or glycoprotein subunit created in a lab using recom-
binant DNA technology into the host organism. The vaccine
relies on the expression of the proteins as opposed to the DNA
itself (Rafiqi et al. 2019; Panebra and Lillehoj 2019). Subunit
recombinant vaccines, an essencial category of recombinant
vaccines, have drawn much promise over the last few decades
(Pastor-Fernández et al. 2018). Subunit vaccines utilize de-
fined antigens cloned from Eimeria species in the presence
of an adjuvant or harmless plasmid vector to stimulate both
cell-mediated and humoral immune responses (Suprihati and
Yunus 2018).

Recombinant subunit anticoccidial vaccines

Subunit vaccines utilize safe antigens such as surface proteins
or internal antigens associated with organelles such as
microneme, rhoptry, and refractive proteins of sporozoites or
merozoites (Clark et al. 2016). These vaccines are produced
through the insertion of a gene encoding for an antigen that
stimulates an immune response into a vector. Recombinant
vaccines or vectored antigens work by inducing incomplete
immune protection (Blake and Tomley 2014). This, in turn,
reduces selective genetic mutations, which could potentially
lead to vaccine resistance and restricts the natural effect of
Eimeria recycling. This significantly improves the long-term
efficacy of the vaccine (Lin et al. 2017).

Recombinant and natural Eimeriaantigens have successful-
ly stimulated robust immune responses in birds of poultry by
establ ishing a defined host-parasi te relat ionship
(Shivaramaiah et al. 2014; Blake et al. 2015; Kundu et al.
2017; Rafiqi et al. 2018). Kundu et al. (2017) reported an
increase in IgY and IL-4 sera in chickens vaccinated with a
recombinant Immune Mapped protein-1 (EtIMP-1). The au-
thor illustrated a 79% reduction in parasite replication com-
pared to the control and chickens vaccinated with live Eimeria
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oocysts. Tang et al. (2018a) observed partial protection of
chickens immunized with an EmIMP1 antigen vaccine against
subsequent E. maxima infections. Tian et al. (2017) demon-
strated an increase in chicken weight gain, decrease in oocyst
outputs, alleviation in the enteric lesions, and induction of
moderate anticoccidial index compared to controls in chickens
vaccinated with a glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) antigen. Song et al. (2010) confirmed the effective-
ness of recombinant antigen vaccines using a lactate dehydro-
genase (LDH) antigen that decreased oocyst output, duodenal
lesions, and body weight loss. Similar results were observed
by Rafiqi et al. (2018) with a decrease in caecal lesions when
immunized with an SO7 antigen cloned from Eimeria tenella.

Blake et al. (2015) reported that immune protective anti-
gens displayed low levels of polymorphisms, e.g., the low
levels of variation were observed in the apical membrane
antigen-1 (AMA1) expressed within the E. tenella.
Vaccination using a small subset of antigens from a complex
Eimeria parasite may provide a significant driving force for
immune selection without establishing resistance (Arafat and
Abbas 2018). Therefore, current research is directed at the
identification of several novel immune protective genes that
could be used to produce recombinant vaccines (Song et al.
2010; Blake et al. 2015; Kundu et al. 2017; Yang et al. 2017;
Rafiqi et al. 2018; Suprihati and Yunus 2018).

Identification and application of novel antigens

Many studies have been directed towards the identification of
novel protective Eimeria antigens (Table 1) (Song et al. 2010;
Blake et al. 2015; Kundu et al. 2017; Yang et al. 2017; Rafiqi
et al. 2018; Suprihati and Yunus 2018). The identification of
immunoprotective genes utilizing expression library immuni-
zation has been observed to be an effective tool for novel
vaccine development (Arafat and Abbas 2018). Recent studies
have suggested that defined antigens such as AMA1, IMP-1,
LDH1, and SO7 show potential as successful vaccine candi-
dates (Blake et al. 2015; Lin et al. 2017; Kundu et al. 2017).

Eimeria antigens are identified as potential vaccine candi-
dates based on their host-parasite invasion, interaction, and
replication (Suprihati and Yunus 2018). Most of these proteins
are secreted within the micronemes organelles situated at the
apical tip of the parasite to enable gliding motility attachment
and entry and exit from their respective host (Liu et al. 2018).
Surface antigens, such as a 25 kDa gene covering 17 and
8 kDa polypeptides, TA4, has been characterized in the early
1990s. Brothers et al. (1998) and Xu et al. (2008) demonstrat-
ed the effectiveness of TA4 cloned in a transgenic E. coli
against E. tenella. The antigen-produced products which are
immunoreactive within a host, subsequently protecting the
host against the parasite. Blake et al. (2017) further reviewed
the properties and potential of TA4. Rhomboid proteins which
aid in Eimeria host invasion has also proven to be an excellent

anticoccidial vaccine antigen (Barta et al. 2018). Liu et al.
(2013) reported an increase in body weight gain, CD4(+),
CD8(+), interleukin-2, and interferon-γ levels, coupled with
a decrease in oocyst excretion and cecal lesions in E. tenella
challenged chicken broilers when treated with a pVAX1-Rho
anticoccidial vaccine. Li et al. (2012) reported similar results
brought about by a rhomboid-like gene ETRHO1.

Microneme organelle proteins (MICs) are crucial for para-
site host invasion and motility (Barta et al. 2018). MICs are
secreted in the early stages of invasion and aid in the attach-
ment of the parasite to the host cells and subsequent formation
of the parasite actinomyosin system creating a platform for the
invasion (Huang et al. 2018a). Nine MICs have been reported
to date, MICs 1–7 and apical membrane antigens (AMA) 1
and 2 (Barta et al. 2018). Huang et al. (2018b) demonstrated a
rapid increase in microneme secretion upon host-parasite con-
tact, subsequently blocking host invasion. The authors report-
ed the effective protection against E. mitis induced by
EmiMIC3. E. tenella microneme 3 (EtMIC3) and E. tenella
microneme 5 (EtMIC5), is due to the antigen binding to sialic
acid molecules within the epithelial cell, allowing for cell
invasion (Pastor-Fernández et al. 2018). Huang et al.
(2018b) identified MIC2, MIC3, and MIC7 of E. maxima;
however, the author stated the need for further investigation
into their role in host cell attachment. AMA1 proteins, which
were primarily extracted from E. maxima and E. tenella, de-
creased the oocyst output by 66% and 48%, respectively
(Blake et al. 2015). Pastor-Fernández et al. (2018) further
described the host invasion role of the protein and potential
use of the protein isolated from E. tenella to confer a cross-
protective vaccine.

Antigen IMP1 induced immune responses against
E. maxima in chickens. The antigen contains palmitoylation
and myristoylation sites, which confer membrane association
proteins (Kundu et al. 2017; Jenkins et al. 2018). Song et al.
(2010) illustrated the efficiency of the LDH antigen in
chickens infected with coccidiosis. The LDH vaccine stimu-
lated the co-expression of IL-2 and IFN-γ chicken sera. SO7 is
a highly immunogenic refractile protein, which is involved in
the initial infectious stages of Eimeria. Rafiqi et al. (2018)
demonstrated a significant increase in lymphocyte prolifera-
tion and levels of IFN-γ and IgY sera in chickens immunized
with an E. tenella SO7 (rEtSO7) protein. Hence, illustrating
the ability to provide chickens with significant protection
against coccidiosis.

Profilin or Eimeria 3-1E is a conserved surface antigen of
both merozoites and sporozoites of E. acervulina, E. tenella,
and E. maxima. Profilin encodes a 170 aa open reading frame
which are expressed in the invasive, sporozoitic, and
merozoitic stages of Eimeria (Zhang et al. 2012; Lillehoj
et al. 2017). The recombinant protein has successfully induced
cell-mediated immunity against live Eimeria species, as illus-
trated by Tang et al. (2018b) who reported an enhanced
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protective immunity against E. tenella in birds immunized
with Et-EmPro expressing profilin cloned from E. maxima
compared to the wild type. Lillehoj et al. (2017) reported
similar results with a significant increase in weight gain ratios
and decrease in lesion scores in coccidial infected chicken
treated with proflin antigens expressed by E. coli compare to
the control.

Yang et al. (2017) used a cDNA expression library to iden-
tify 6 immune protective genes in chickens. These include
four novel genes; EmJS-1, EMHP-1, EMHP-2, and EMRP.
The function of EmJS-1 remains unknown. However,
EmHP-1 and EmHP-2 code for hypothetical proteins. EmRP
is a protein involved in host invasion. Two known proteins,
including, EmCKRS and EmSAG, code for a surface antigen
glycoprotein that also aids in host invasion (Yang et al. 2017).
The genes are located within the region that contains a high
antigenic index, such as the T cell epitope motifs. The poten-
tial of these genes was demonstrated by the rapid production
of antibodies induced when selected chickens were immu-
nized (Liu et al. 2018).

Liu et al. (2017) identified 44 immunodominant proteins
among E. acervulina E. tenella, and E. maxima, five of which
were identified as common antigens including elongation fac-
tors (EF-1 and EF-2), 14-3-3 protein, ubiquitin-conjugating-
enzyme-domain-con ta in ing pro te in (UCE) , and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). EF-1
and EF-2 proteins mediate the translocation of ribosomes in
the elongation stage of mRNA translation. Lin et al. (2017)
cloned an EF-1α gene from E. tenella, which enabled entry
into the host, to generate a vaccine. The vaccine initiated a
greater production of EF-1α antibody concentrations post
coccidial infection. As a result, cross-protective immunity
was induced, resulting in a decrease in the oocyst levels and
body weight loss of vaccinated chickens. A similar study was
reported by Matsubayashi et al. (2013) who identified the
protein produced by the EF-1α gene using a silver-stained
PAGE immunoblot.

UCE enzymes are highly conserved ubiquitin-conjugating
domains that play a vital role in the biological control of the
cells, aiding in protein function, localization, and degradation
(Tian et al. 2017). Liu et al. (2017) reported the protection of
UCE against E. acervulina, E. tenella, and E. maxima chal-
lenged birds. GAPDH is one of the immunogenic common
antigens among E. maxima, E. acervulina, and E. tenella.
GAPDH vaccinated chickens showed an increase in CD4+
and CD8+ T lymphocytes and IFN-γ, IL-2, IL-4, and IgG
antibody levels compared to controls (Tian et al. 2017).
Recombinant 14-3-3 proteins are conserved regulatory mole-
cules which aid in cell cycle control, protein localization, mi-
togenic signal transduction, and apoptotic cell death (Liu et al.
2017). Liu et al. (2018) reported the potential use of Em14-3-3
as an effective vaccine against E. maxima as it drew out both
cell-based and humoral immune response. EM14-3-3 is anT
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open reading frame (ORF) of E. maxima that are expressed
within the sporozoites and merozoites. The vaccine not only
decreased the oocyst output; it increased the body weight
gained and CD4+ count but also produced an anticoccidial
index that is greater than 165. Liu et al. (2017) further reported
the effectiveness of GAPDH and 14-3-3 protein in conferring
protection against several species of Eimeria.

Gametocyte antigens including Gam56 and Gam82 from
the sexual stages of Eimeria parasites serve as potential vac-
cine targets in inducing transmission-blocking immunity
(Huang et al. 2018b). Sathish et al. (2017) illustrated the abil-
ity of E. maxima cloned gametocytes, Gam82 and Gam56, a
82-kDa and 56-kDa tyrosine-rich glycoprotein, respectively,
to stimulate immunity against the parasite. The protein is re-
sponsible for the oocyst wall formation of E. maxima; hence,
the neutralization of the antigens will disrupt the development
of Eimeria parasite (Huang et al. 2018b).

The Gam82 and Gam56 proteins induce a high-serum an-
tibody response which in return resulted in a significant re-
duction in oocyst output and an increased weight gain in vac-
cinated birds (Sathish et al. 2017). Liu et al. (2014) indicated
the important roles in protection against E. maxima infections
conferred by EmGAM56, EmGAM82, and EmGAM230. The
author further demonstrated the transmission-blocking immu-
nity potential of the recombinant protein EnGAM22.
EnGAM22 is a 22-kDa, His- and Pro-rich, intron-free gene
directly cloned from E. necatrix. Similar to the EtGAM22
protein, EnGAM22 induces protection against E. tenella and
E. maxima-infected chickens (Wiedmer et al. 2017).

Optimal recombinant antigen combinations

A coccidial infection is the result of a combination of several
Eimeria species, each of which may differ significantly in
terms of their morphology and physiology (Brown-Jordan
et al. 2018). Therefore, recent studies have elucidated the need
to combine multiple Eimeria antigens from respective
Eimeria spp. into a single formulation (Blake et al. 2017).
This led to the construction of multivalent epitope DNA vac-
cines which are able to treat a number of species with an
infection (Pastor-Fernández et al. 2018). Multivalent DNA
vaccines are able to induce cellular immunity against a series
of Eimeria species (Meunier et al. 2016). Song et al. (2015)
reported the alleviation of enteric lesions and oocyst output,
coupled with an increase in body weight gain in E. acervuline,
E. tenella, E. maxima, and E. necatrix challenged birds, when
treated with pVAX1-NA4–1-TA4–1-LDH-2-EMCDPK-1-IL-
2 and pVAX1-NA4–1-TA4–1-LDH-2-EMCDPK-1 multiva-
lent DNA vaccines. Tian et al. (2017) reported similar results
on the efficiency of a multivalent pET-32a vectored
anticoccidial vaccines containing EaGAPDH and
EmGAPDH genes in Eimeria challenged birds.

Wang et al. (2014) outlined the successful combination of a
cytokine chicken IL-2 and rhomboid-like gene of E. tenella in
the formation of a Bacille Calmette-Guerin (rBCG) recombi-
nation vaccine. Xu et al. (2008) reported the enhanced in-
duced immunity against Eimeria challenged chickens when
exposed to a TA4 and chIL-2 cocktail vaccine. Transgenic
Eimeria species serve as a powerful tool in the development
of multivalent anticoccidial vaccine by generating parasite
lines which express antigens that target multiple Eimeria spe-
cies (Pastor-Fernández et al. 2018), However, optimal antigen
combination identification depends on the assessment of pre-
existing antigenic diversity within each identified antigen
(Pastor-Fernández et al. 2018).

Diversity of Eimeria antigens

The natural genetic polymorphism and complex life cycle of
Eimeria species make the formulation of recombinant vac-
cines a difficult task (Pastor-Fernández et al. 2018). To com-
pensate for the naturally occurring genetic diversity of
Eimeria, alternative antigens are included in the vaccine for-
mula. This is enabled by each Eimeria species producing be-
tween 6000 and 9000 antigens (Reid et al. 2014). Antigenic
diversity occurs in two forms (Smith et al. 2002). The first
involves antigenic diversity within the parasite; therefore, an
infection in one subpopulation will not induce cross-
protection in another subpopulation challenged with Eimeria
(Suprihati and Yunus 2018). The second type is produced
when variant proteins that are encoded by large polymorphic
gene families are exchanged allowing the parasite to persist in
a single host under an immune system attack (Pastor-
Fernández et al. 2018).

Kundu et al. (2017) reported low nucleotide diversity with-
in the IMP-1 gene in E. tenella across four countries, China,
India, UK, and the USA. The source of the diversity lies
within the contraction and expansion of five substitutions
and a CAG triplet repeat. Blake et al. (2015) showed a low
level of balancing selection within the AMA1 region of
E. tenella. The author attributed the lack of diversity to para-
site interbreeding and absence of migration. However, DNA-
based sequence-led studies of monoclonal Eimeria popula-
tions in Northern and Southern India indicated high levels of
genomic diversity within the AMA1 gene. The diversity result-
ed from allopatric diversification between Southern and
Northern India, in which there were 98% and 87.5% haplo-
types unique in these regions, respectively (Vrba and Pakandl
2014). Eimeria haplotypes have a low occurrence rate in
Northern and Southern India and Nigeria due to reduced
cross-fertilization (Clark et al. 2017). Clark et al. (2016) re-
ported a correlated increase in haplotype diversity and in-
creased distances between the sampling areas.

Although many antigens were proposed for recombinant
vaccines in order to reduce the severity of the disease, lessen
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replication potential of the parasite, improve feed conversion,
and increase body weight, delivery of protective antigens in a
scalable, effective, and affordable manner remains one of the
biggest challenges in vaccine development (Hoelzer et al.
2018; Pastor-Fernández et al. 2018).

Enhancement of protective antigen activity

Adjuvants are substances which enhance induced immunity
(Li et al. 2018). Montanide IMS 106 and IMS 101 adjuvants
are a dispersion of liquid nanoparticles which enhance im-
mune responses and are compatible with various buffered an-
tigens (Jang et al. 2012). Lillehoj et al. (2017) demonstrated
the potential of recombinant purified profilin and NetB pro-
teins mixed with IMS adjuvants in combating coccidiosis.
Chickens treated with the adjuvants exhibited significantly
increased body weight gains in coccidial-infected group com-
pared to the group treated with profilin only and the controls.
Rafiqi et al. (2018) reported similar results in broiler chickens
immunized with rEtSO7 antigen adjuvant with Montanide
ISA 71 VG. In addition to increased body weight gains, the
adjuvant vaccines showed a reduction in lesion scores and
oocyst outputs compared to the controls. Zhang et al. (2012)
demonstrated enhanced efficiency of recombinant vaccines
with an adjuvant, ginsenosides. Ginsenosides are extracted
from the root of a Ginseng plant and are able to stimulate both
humoral and cellular immune responses against a variety of
infections (Dkhil and Al-Quraishy 2016; Li et al. 2018).
Whereby the profilin-specific antibody level and body weight
gain was significantly higher in groups vaccinatedwith proflin
and ginsome compared to the groups treated solely with pro-
filing and the controls (Zhang et al. 2012).

Delivery of protective antigens

Recombinant vaccine development requires an effective adju-
vant or delivery system which distributes the antigen to the
respective site in adequate quantities to initiate an immune
response (Bottje et al. 2018). Delivery of the epitopes to its
respective targets is the most important consideration in re-
combinant development as the epitope enables locomotion
and the invasion of the vector (Sundar et al. 2017). A number
of vectors have been reported including eukaryotic expression
vectors such as Salmonella strains, pVAX1 vectors, yeasts
such as Saccharomyces cerevisiae, pMV361, with several
showing promise (Song et al. 2010; Sun et al. 2014; Bottje
et al. 2018).

Salmonella strains make suitable vectors as the bacterial
genes may be mutated or attenuated to create bacteria with
low to no pathogenesis to the infected or immunized subject
while maintaining immunogenicity. Salmonella can survive
the gastrointestinal tract of the host and give rise to a
mucosal immune response. Bottje et al. (2018) utilized

Salmonella as a vector to deliver an E. maxima antigen,
EmTFP250, to hens. Song et al. (2010) created an LDH anti-
gen recombinant vaccine using a eukaryotic expression vector
pVAX1 to prevent E. acervulina. Sun et al. (2014) utilized an
S. cerevisiae vector containing an EtMic2 microneme protein
to stimulate an immune response in chickens. This, in turn,
reduced oocyst output and cecal pathology while increasing
body weight gain. The pMV361 vector is used in the produc-
tion of the rBCG pMV361-rho and pMV361-rho-IL2 vac-
cines which effectively protects chicken against E. tenella by
alleviating oocyst output and caecal lesions (Wang et al.
2014). Li et al. (2018) reported similar results generated by
an EtAMA1- Lactococcus lactis recombinant vaccine.

Marugan-Hernandez et al. (2016) demonstrated the poten-
tial of using Eimeria parasites as vectors for various other
pathogenic poultry infections. The large size of Eimeria ge-
nomes, together with their ability to induce a range of immune
responses in hosts, makes the parasites an attractive vector in
the development of multivalent recombinant vaccines. Tang
et al. (2018a) described transgenic E. tenella as a vector,
which expressed the EmIMP1 antigen of E. maxima. Clark
et al. (2012) reported the use of an E. tenella vaccine, which
expressed the Campylobacter jejuni antigen (CjaA). Upon
immunization, the incidence of campylobacteriosis was 90%
lower in test subjects compared to controls. Liu et al. (2018)
indicated the generation of antibiotics against viral proteins.
For example, transgenic strains of Eimeria were able to ex-
press the Matrix-2 (M2) protein that is expressed by an avian
influenza virus. The expressed antigen was able to initiate an
immune response.

Marugan-Hernandez et al. (2016) utilized transgenic spo-
rozoites of E. tenella to express antigens capable of inducing
protection against two economically significant poultry dis-
eases, the infectious bursal disease virus (IBDV) and the
infectious laryngotracheitis virus (ILTV). Two sets of anti-
gens, gI, and vvVP2, and ILTV and IBDV, respectively, were
cloned into plasmid constructs containing the mCherry
fluorophore reporter protein. The results demonstrated that
foreign antigens were expressed by E. tenella and were read-
ily available to the host’s immune system. Blake and Tomley
(2014) and Lillehoj et al. (2018) demonstrated the potential
of viral and plasmid vectors in the development of
anticoccidial vaccines, respectively. Blake and Tomley
(2014) demonstrated the effectiveness of the herpes simplex
virus (HSV) and Fowlfox virus (FWPV) as vectors for the
delivery of lactate dehydrogenase and E. acervulina
refractile proteins. Lillehoj et al. (2018) reported protective
immunity in E. tenella challenged chickens immunized with
pET-EF10, an EF-la antigen cloned in a pET32a + plasmid
vector.

Shivaramaiah et al. (2014) proposed the use of plants as an
edible, less intrusive vaccine source against coccidiosis. Plants
can be genetically engineered to express parasitic antigens in
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order to initiate immune responses. Nicotiana tabacum mod-
ified to express EtMIC1 and EtMIC2 of E. tenella as
polyhistidine tagged fusion proteins indicated a reduction in
oocyst output together with a high antibody production in
birds fed with the plant (Jacob et al. 2013). Sathish et al.
(2017) reported a 39% increase in weight gain coupled with
a 69% reduction in oocyst output in birds immunized with a
transgenic Tabaco plant that expressed the Gam82 protein.
Plant-based vaccine technology is relatively cost-effective as
the vaccine enables poultry farmers to dose stable vaccines
with feed that allow for both mucosal and systemic protection
(Aswathi et al. 2014).

Conclusion

Recombinant vaccines use a small subset of Eimeria an-
tigens to provide a significant driving force for immune
selection without establishing resistance. This review
summarized a number of novel antigens that could be
used to generate potent recombinant anticoccidial vac-
cines. These antigens include MICs, IMP1, LDH,
rEtSO7, EmJS-1, EMHP-1, EMHP-2, EMRP, EmCKRS,
EmSAG, EF-1α, GAPDH, Eimeria gametocyte antigens,
TA4 and Em14-3-3. The formulation of recombinant vac-
cines is quite challenging due to the genetic polymor-
phism and complex life cycle of Eimeria species.
Therefore, it is important to consider that haplotype diver-
sity increases with an increase in distance between sam-
pling areas. Notably, haplotype diversity can be reduced
through cross-fertilization. Significant progress has been
made in the delivery of protective antigens to their respec-
tive locations in a scalable, effective, and affordable man-
ner. A number of eukaryotic expression vectors, including
pVAX1 vector, Salmonella strains, and yeasts, together
with the Eimeria parasite itself, have shown the potential
to efficiently deliver antigens to the respective site in ad-
equate quantities to initiate an immune response. Recent
studies have elucidated the use of edible vaccines and
inclusion of adjuvants which hold great promise for the
development of cost-effective efficient anticoccidial vac-
cines. Coccidiosis remains a major infectious disease in
poultry industry globally with a huge economic loss; how-
ever, application of genomics is providing an improve-
ment in diagnosis and control of the disease.
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