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Abstract

Necrotic enteritis, caused by avian-specific NetB toxin-producing strains of
Clostridium perfringens type A, has gained worldwide concerns due to
increased production losses and mortality in broilers, increased veterinarian
costs, and the chance of getting contamination in products for human
consumption. Prevention strategies include supplementing diet or drinking
water with conventional therapeutic antibiotic growth promoters and
anti-coccidial drugs.. There are various strategies to prevent the disease,
including antibiotic growth promoters. Antibiotic growth promoters are
antimicrobial agent that used for control of diseases such as necrotic
enteritis. Other factor for prevention, anti-coccidial drugs that are taken
orally. However, vaccination against toxin-producing C. perfringens type A via
nano, toxoid, genetically modified, or other clostridial vaccines is a effective
preventive against necrotic enteritis. This comprehensive review describes the
recent advances in the development of NetB vaccines, other strategies to
enhance immunization, their delivery systems in poultry against necrotic
enteritis, and their pathogenesis. This review also exlains future immunization
strategies like breeder hen vaccination, in ovo vaccination, and live (attenuated)
vectors to be used in feed additives and other predisposing factors applicable in
the field. All the vaccines discussed in the manuscript have shown their
effectiveness against necrotic enteritis in poultry.

Introduction

environment and forms spores that produce a variety

With the increasing demand due to the increasing
number of humans, the poultry industry has
undergone many changes over time (Adams, 2004).
One of the concerns in this regard is poultry diseases,
especially gastrointestinal diseases, which can have
an impact on overall productivity in terms of reduced
body weight gain and increased mortality rate
(Cooper et al., 2013). One of the most important
poultry diseases is necrotic enteritis (NE), caused by
anaerobic toxin-producing gram-positive Clostridium
perfringens type A.

A high incidence of necrotic enteritis based on a
protein-rich diet results in the proliferation of C.
perfringens in the bird intestine (Riddell & Kong,
1992). C. perfringens is widespread in the

of toxins, like necrotic enteritis beta (NetB) toxin
(Keyburn et al., 2010; Li et al., 2013). The role of
NetB was subsequently identified by genetic studies,
biophysical-biochemical analysis, strain typing, and
immunization studies and therefore has been
demonstrated to be an important virulence factor for
the pathogenicity of necrotic enteritis. However,
mutation of the NetB gene results in an avirulent
strain. In contrast, the NetB gene that gets returned
correctly into the mutant strain will no longer be able
to cause necrotic enteritis in the chicken models
(Keyburn et al., 2008). Recent studies and initial
analysis of NetB toxin describes its potential role in
pathogenesis and the next generation of necrotic
enteritis vaccines.
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Structural analysis of the NetB toxin

NetB toxin was first identified in an Australian strain
of C. perfringens isolated from necrotic enteritis-
infected chicken (Keyburn et al., 2008). Due to its
similarity with the B-toxin of C. perfringens, it was
known as necrotic enteritis toxin, B-like (NetB), a
pore-forming toxin secreted in the late exponential
growth phase and is encoded on a large plasmid in the
C. perfringens type A strains. Bioinformatic analysis
revealed that NetB encoded 323 amino acids
composed of a signal peptide of 26 amino acids.
Then, a 30-amino-acid sequence cleaved, resulting in
an active toxin (mature B-toxin protein) with a
molecular weight of 33 kDa (Keyburn et al., 2008).

The molecular structure of the toxin monomer is
composed of 16 B-strands and a single a-helix which
form the p-sandwich, latch, rim, and pre-stem
segments. The B-sandwich region consists of five-
stranded and six anti-parallel B-sheet. The rim domain
consists of four antiparallel B-sheet strands and a loop
compromises residue from 205 to 242. The rim
domain consists of aromatic groups attached to the
lipid membrane. The pre-stem domain forms an
antiparallel beta-sheet with three strands, including
residue from 140-186, which orients against a five
antiparallel stranded beta-sheet (Yan et al., 2013).
The schematic structure of the netB toxin is shown in
Figure 1.

Figure 1. Pictorial representation of the overall fold of NetB: The B-sandwich, latch, rim, and pre-stem domains
are shown in green, yellow, red, and blue, respectively (Yan et al., 2013).

NetB Toxin and Necrotic Enteritis Pathogenicity

NetB gene is encoded on plasmids approximately 82
kilobases a within pathogenicity locus (NELoc-1),
which is closely linked to two plasmids that carry 70
kb B2-toxin and 49 kb tetracycline resistance plasmid
(Lepp et al., 2010; Rood et al., 2016). The Vir-SR
two-component signal transduction system regulates
NetB gene expression and includes several subunits.
The VirS/VirR is compromised by both the virR
response regulator gene and the virS histidine kinase
sensor gene. The VirS domain is composed of a
hydrophobic N-terminal with 6 trans-membrane
regions, and autophosphorylation occurs between 4 to
5 N-terminal trans-membrane regions. The VirR N-
terminal region contains a preserved domain, which

requires a phosphate group from the histidine kinase
sensor located in the C-terminal domain (Ohtani &
Shimizu, 2016). Seven residues of Net B monomers
lead to the formation of the active form of
heptavalent toxin, which results in channels
formation within the phospholipid membrane which
leads to cation input, cell rounding, and lysis
(Timbermont et al., 2011; Yan et al., 2013). Normal
and healthy intestinal tissue prevents bacterial
adherence to cells (Paap & Additives, 2015). Factors
such as intestinal damage caused by Eimeria
(ECMMs), NetB toxin, and collagenolytic enzymes
result in the binding of C. perfringens strains to the
intestinal tissue. By destroying the epithelial cells,
Eimeria parasites induce leakage of plasma proteins
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and enhance the production of mucus in the intestinal
cell. Above two factors provide an increased nutrient
availability, allowing the growth of C. perfringens in

C. perfringens strain. Finally, the NetB toxin leads to
channel formation which results in cell rounding and
lysis (Timbermont et al., 2011; Yan et al., 2013). A

an appropriate environment. Other Clostridia strains diagram of intestinal pathogenicity in necrotic
are also inhibited by the production of bacteriocins by enteritis is shown in Figure 2.
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Figure 2. Pictorial representation of intestinal pathogenicity in necrotic enteritis (Paap & Additives, 2015). A:
Leakage of plasma proteins, B: Mucogenesis, C: Production of host and bacteria collagenolytic enzymes, D:
Production of bacteriocins, E: Release of NetB toxin, F: NetB attachment to ECMM

Clinical features of Necrotic enteritis

Several predisposing factors for necrotic enteritis in
poultry, such as coccidiosis co-infection, nutritional
stress and protein-rich diet are pre-dominant
(Elwinger et al.,, 1992; Paap & Additives, 2015;
Riddell & Kong, 1992; Williams, 2005). Coccidiosis
in broilers often develops before or concurrently with
outbreaks of necrotic enteritis. Although both
diseases have different pathology, they act
synergistically, and good husbandry practices will
help to reduce their transmission risk.

Avian necrotic enteritis is identified by necrotic
lesions in the small intestinal mucosa and has two
manifestations, clinical (acute or severe) and
subclinical (sub-acute) (Islam et al., 2009). The
clinical signs of acute necrotic enteritis include severe
depression, dehydration, apathy or ataxia, diarrhea,
ruffled feathers, decreased appetite, and acute death
can occur within hours (Cooper et al., 2013).
However, the sub-acute form of NE leads to reduced
digestion, absorption, and a decrease in feed
consumption, weight loss, and reluctance to move
(Kaldhusdal et al., 2001). In subclinical infections,
the Clostridium strains can reach the bile duct and
blood circulation, and colonization of the liver occurs
which results in cholangiopathy and the infected liver
expands to become pale in appearance with red or
white spots (Sasaki et al., 2000). The subclinical
manifestation is more important than the clinical one
because of the asymptomatic cases (Kaldhusdal et al.,

2001), but their diagnosis is based on gross necrotic
lesions in the small intestinal mucosa (Cooper et al.,
2013). Understanding the pathology and predisposing
factors of necrotic enteritis is very helpful for
developing an effective control strategy.

Vaccines against Necrotic Enteritis

Necrotic enteritis has long been controlled by
administering antimicrobial drugs to water or diet
(Islam et al., 2009). However, this conventional
therapeutic approach conflicts as a result of disease
resistance issues and interest in other novel
preventive approaches, including immunization or
vaccination is increasing. Various commercial and
experimental vaccines are used for poultry
immunization which are mentioned below.

Bacterin-toxoid vaccine

Keyburn et al. (2013b) developed the bacterin NetB
vaccine from bacterial culture which  was
concentrated by centrifugation and ultrafiltration.
Then bacterial cells were resuspended and sonicated
followed by formaldehyde treatment and this
formaldehyde-treated bacterin consisting of sonicated
bacterial cells and culture supernatant (50:50 v/v)
injected into chickens. The experimental finding
showed that the vaccine had the potential to prevent
necrotic enteritis, which varied according to the
amount of challenge.
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Toxoid vaccine

NetB toxoid vaccine has been prepared from the
inactivated toxin of C. perfringens using
formaldehyde and has been studied as vaccine
candidate for the prevention of NE in chickens that
were vaccinated subcutaneously. The result findings
of in-vitro (ELISA) and in-vivo studies have shown
that the toxoid vaccine significantly induces
protective immune responses against NE (da Costa et
al., 2013).

Mutant vaccine

Following structural and functional analysis of the
NetB toxin, mutants with lower cytotoxic activity
have been developed by researchers (Yan et al.,
2013). Single amino acid change in the bonding
surface of the protein membrane (in the rim region),
will significantly reduce its toxicity and result in
complete loss of functional expression of protein,
which involves protomer and protomer interactions in
this region, which are significant for the structural
rearrangements in multimer formation (Song et al.,
1996). An earlier study reported single amino acid
substitutions (including Y191A, R200A, W257A and
W262A) reduced cytotoxicity in LMH cells and
hemolytic activity in red blood cells (RBC) and
therefore was proposed as a potential vaccine
candidate (Savva et al., 2013).

Another study designed mutants based on
conserved sequences (K41, D156, and P155), that are
involved in the structural formation of NetB crystal
heptamer and play a key role in toxicity. However,
some unconserved sequences (K71 and D250) and
amino acids adjacent to the residues have important
functions in Alpha Helix of Streptococcus aureus.
K41H mutant was found significantly less toxic to
human LMH cells and RBC than the NetB wild type
and was not able to form heptameric pores in
liposomes. Thus NetB K41H mutant can be
developed for protection against NE (da Costa et al.,
2014). Other studies have also shown the protective
immunity of mutants NetB vaccine against Necrotic
enteritis ~ when  chickens  were  immunized
subcutaneously to evaluate the efficacy using in-vitro
(ELISA) and in-vivo (oral administration of virulent
strain) studies (da Costa et al., 2013). Furthermore,
the NetB mutant is the first rationally attenuated
strain that has considerable vaccine potential obtained
from NE-causing isolate of C. perfringens.

Subunit vaccine

Duff et al. (2019) was designed mucinase based
vaccine using several conserved peptide sequences of
carbohydrate binding and evaluated the vaccine
potential via in-vivo studies in eight group including
non-vaccinated,  non-inoculated  control,  non-
vaccinated inoculated control using single peptide
and/or in combination of all peptides. The study

outcome showed that combination of all mucinase
peptides was the most significant subunit vaccine
type and has the potential to provide the protection
against NE, so that can be further used as novel
alternative current vaccine.

Recombinant vaccine

The recombinant NetB protein has been cloned,
purified and evaluated in-vivo and in-vitro using
PENTR/SD/D-TOPO and pBAD vectors (Keyburn et
al., 2008; Savva et al., 2013). The result suggested
that the recombinant NetB has protective efficacy as
an immunogenic component and can induce strong
immune response or antibodies against NE (Savva et
al.,, 2013). A study conducted by Keyburn et al.
(2013b) also showed that chicken vaccinated with
recombinant NetB was significantly protected against
mild oral doses of virulent C. perfringens strain.
However, the level of protection against high dose of
vaccination was inadequate (Keyburn et al., 2013b).
Whereas the chicken vaccinated with raw toxoid plus
recombinant NetB produced a significant increase
specific 1gY antibodies in serum samples and egg
yolk (Keyburn et al., 2013a).

Other in-vitro ELISA-based studies on the
recombinant vaccine containing NetB, pyruvate,
ferredoxin oxidoreductase, PFO, o-toxin, and
elongation factor (EF-Tu) showed high antibody titers
both in chickens with clinical signs and in a healthy
one. These results suggested that PFO and EF-Tu are
useful antigens for diagnosis (Lee et al., 2011) and
produce antibodies against them can play an
important role in necrotic enteritis and gangrenous
dermatitis (Lee et al., 2012).

Rostami et al. (2016) developed a three folds
recombinant CPA- NetB- TpeL vaccine with a high
level of antibody titer in vaccinated animals,
suggesting its role as a recombinant vaccine that may
be a candidate for preventing clostridial infection.
Other studies also reported the production of a
tetravalent vaccine with four toxins (CPA, CPB,
ETX, and NetB toxin) and recombinant vaccine
composed of NetB, Alpha-toxin, and
metallopeptidase proteins (NAM) and evaluated their
in-vivo and in-vitro efficacy (Katalani et al., 2019;
Zaragoza et al., 2019).

DNA vaccine

DNA vaccines expressing other Clostridial toxins
include C. botulinum neurotoxins; C. difficile toxin A
and toxin B, and tetanus toxoids have also been tested
as vaccine candidates (Gardiner et al., 2009; Jin et
al., 2013; Li et al., 2011; Saikh et al., 1998). But so
far, it has not been done for C. perfringens toxins.

Nano vaccine
In recent years, a chitosan-nanoparticle vaccine was
synthesized using purified native extracellular protein
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and cell wall proteins from C. perfringens to
vaccinate birds. The immunized birds induced an
immune response via the oral route (Ramadan et al.,
2020). Akerele et al. (2020) developed a chitosan-
nanoparticle with native and toxoids of C. perfringens
extracellular proteins tagged with Salmonella flagella
proteins. Their result showed prepared nano vaccine
was safe in birds and stimulated the specific immune
response (Akerele et al., 2020)

Vaccination strategies against Necrotic Enteritis
Several groups have shown that vaccination with a
combination of C. perfringens toxins and various
adjuvants induces a strong immune response against
the development of necrotic enteritis. A study
conducted by Jang et al. (2012) using four vaccines
containing NetB, Pyruvate Ferredoxin
Oxidoreductase (PFO), o-toxin, and Elongation
Factor (EF-Tu) with Montanide™ ISA 71 VG
adjuvant tested subcutaneously over broiler chickens.
Parameters like intestinal damage, body weight gain,
and levels of antibodies against NetB and PFO toxins
were measured, and all vaccinated broilers with
protein plus ISA 71 VG showed fewer intestinal
lesions and more weight gain compared to the ISA 71
VG control group. In addition, higher levels of
specific antibodies were observed in the NetB plus
ISA 71 LV group compared with the other three
groups. So, vaccination with PFO or NetB proteins in
combination with ISA 71 VG adjuvant enhances
immunity against NE (Jang et al., 2012).

In another recent, 18-day chicken embryos were
injected with the Eimeria profilin (EP) with
recombinant NetB and with or without adjuvants
(montanide adjuvant IMS 106 and IMS 101). After
hatching, they were experimentally challenged with
NE, followed by measurement of body weight,
intestinal lesion, serum NetB antibodies, and
transcriptions of proinflammatory chemokines and
cytokines in the intestinal intraepithelial lymphocyte
cells. Chickens vaccinated with EP. recombinant
NetB plus IMS 106 and PE+ recombinant NeB plus
IMS 101 showed increased body weight, decrease in
intestinal lesions, and strong antibody reaction,
respectively, compared to the EP group. Above
findings suggests that injecting montanide adjuvants
with other antigens into chicken embryos improves
chickens” immunity levels against experimental NE
(Lillehoj et al., 2017).

da Costa et al. (2016) vaccinated chickens via the
subcutaneous route in two separate experiments
involving four vaccine groups, including recombinant
NetB+W262A, recombinant CPA, NetB+W262A
plus recombinant CPA, and PBS buffer. Quilt A was
used as an adjuvant for every group. In the first
experiment, all groups were challenged orally, and in
the second experiment, all groups were challenged
fed. Their results proved that the combination of

NetB+W262A and recombinant CPA is the greatest
protection against bacterial challenge (da Costa et al.,
2016).

Mishra and Smyth (2017) studied non-virulent
NetB with or without TM 01 Gel adjuvant, cholera
toxin (CT), Escherichia coli LT toxin, and mutant E.
coli LT (dmLT) (R192G/ L211A) with multiple
ways. All immunization regimens had serum and
mucosal antibodies to alpha toxin and secretory
proteins. However, in some vaccinated groups, such
as the CT adjuvant group, 55% of vaccinated birds
were found no lesions up to 6 days after bacterial
challenge. The Results of previous studies also
indicated that effective immunogens are required to
increase immunity (da Costa et al., 2013; Keyburn et
al., 2013b; Lanckriet et al., 2010). Several proteins
purified from C. perfringens have been assessed as
appropriate candidates for the NE vaccine. Proteins
such as HP, PFO, elongation factor G (EF-G),
perfringolysine O,  glyceraldehyde-3-phosphate
dehydrogenase and fructose-1-6-bisphosphate
aldolase (FBA) have been effectively used against
virulent C. perfringens strain (Kulkarni et al., 2010;
Kulkarni et al., 2007). Furthermore, both attenuated
and non-virulent bacteria may be considered and used
as effective carriers for vaccines (Rappuoli et al.,
2011). Attenuated Salmonella strains are often
considered effective and safe delivery for oral
vaccines (Hegazy & Hensel, 2012). Recombinant
attenuated Salmonella vaccines have advantages
including being needle-free, low-cost, stimulating
mucosal, systemic, and cellular immune systems
(Kong et al., 2013; Wang et al.,, 2013). Results
findings by Zekarias et al. (2008), showed that oral
immunization by attenuated serotype of Salmonella
enterica with fructose-1-6-aldolase bisphosphate and
C. perfringens alpha toxin (CPA) induced a
protective reaction against NE in chickens (Zekarias
et al., 2008).

Wilde et al. (2019) also found that oral
vaccination by attenuated strains of Salmonella
containing o-toxoid, NetB, and Fba alone or in
combination can induce strong immune responses
against C. perfringens antigens. All three vaccines
provide protection against C. perfringens alone, but
along with Fba can provide the best protection against
NE (Wilde et al., 2019). In addition, vaccination with
the mixture of alpha toxin NetB fusion protein using
an attenuated Salmonella strain was protective against
mild and severe challenges of C. perfringens, but
vaccination with a single protein was not protective
against NE (Jiang et al., 2015). Lactic acid bacteria
may also be vaccine carriers for Clostridium
infections (Robinson et al., 2004; Gangaiah et al.,
2022).

Future immunization and vaccine delivery systems
against Necrotic Enteritis in poultry
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Vaccination in Breeder hens

Breeder hens vaccination is preferred because of low
labor costs and time-saving in the poultry industry
(Schijns et al., 2014). Although immunization of
breeder hen has limitations for necrotic enteritis. For
example, epidemics usually occur at 3 to 4 weeks
when chicken’s immune system is still incomplete
and passive protection has declined by maternal
antibodies (Lovland et al., 2004). Several studies
have been developed on maternal vaccination against
necrotic enteritis using first and new-generation
vaccines (Keyburn et al., 2013a; Lovland et al.,
2004).

Chicken vaccination

Immunization of chickens can be done through vector
vaccines in ovo or post-hatch vaccination. The
advantages of in-ovo over post-hatching vaccination
include early immunity, reduced stress, precise
injection, and lower labor costs (Ricks et al., 1999;
Schijns et al., 2014). So, chicken immunization can
be preferred in in-vivo during the embryonation stage
(Muir et al., 2000). Recombinant viruses such as fowl
pox virus (FPV) and herpesvirus of turkey (HVT) can
be used as vaccine carriers (Schijns et al., 2014) and
bacterium like Salmonella enterica can be
administered orally as a live vaccine. Chicken
immunization can be done by feeding, drinking
water, or spraying the vaccine (Sharma, 1999). Of
course, spraying on chickens can be preferred to oral
vaccination because chickens do not drink water
regularly during the first days of birth. While
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