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ABSTRACT Necrotic enteritis (NE) is a significant
enteric disease in commercial poultry with considerable
economic effect on profitability manifested by an esti-
mated $6 billion in annual losses to the global industry.
NE presents a unique challenge, being a complex enteric
disease that often leads to either clinical (acute) or sub-
clinical (chronic) form. The latter typically results in
poor performance (reduced feed intake, weight gain and
eventually higher feed conversion ratio [FCR]) with low
mortality rates, and represents the greatest economic
impact on poultry production. The use of antibiotic
growth promoters (AGPs) has been an effective tool in
protecting birds from enteric diseases by maintaining
enteric health and modifying gut microbiota, thus
improving broilers’ production efficiency and overall
health. The removal of AGPs presented the poultry
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industry with several challenges, including reduced bird
health and immunity as well as questioning the safety of
poultry products. Consequently, research on antibiotic
alternatives that can support gut health was intensified.
Probiotics, prebiotics, essential oils, and organic acids
were among various additives that have been tested for
their efficacy against NE with some being effective but
not to the level of AGPs. The focus of this review is on
the relationship between NE pathogenesis, microbiome,
and host immune responses, along with references to
recent reviews addressing production aspects of NE.
With a comprehensive understanding of these dynamic
changes, new and programmed strategies could be devel-
oped to make use of the current products more effec-
tively or build a stepping stone toward the development
of a new generation of supplements.
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INTRODUCTION

Necrotic enteritis (NE) was first reported in chickens
60 yr ago (Parish, 1961) and despite years of research,
the reemergence of NE continues to present a major
challenge in commercial poultry production (Stanley
et al., 2014). Caused by the Gram-positive bacteria
Clostridium perfringens, NE is a significant enteric dis-
ease in poultry with considerable economic effect on
profitability represented by estimated annual losses of ~
$6 billion worldwide (Wade and Keyburn, 2015).

The use of antibiotic growth promoters (AGPs) has
been an effective tool in maintaining gut health and
modifying its resident microbiota, thus improving pro-
duction efficiency and improving enteric health of
broilers (Cervantes, 2015). Over the past few years, sev-
eral countries across the world, including the European
Union and United States, have eliminated the use of
antibiotics as growth promoters in poultry feed due to
grave concerns for antibiotic resistance (Dibner and
Richards, 2005; Castanon, 2007; Martin et al., 2015).
This policy has created an urgent need for nonantibiotic
alternatives in order to prevent the spread of foodborne
illnesses and preserve the poultry industry’s ability to
meet demand (Cox and Dalloul, 2010). The removal of
AGPs faced the poultry industry with several chal-
lenges, including reduced bird health and immunity and
the safety of poultry products (Cervantes, 2015). Conse-
quently, research on antibiotic alternatives that can sup-
port gut health has recently intensified (Lee et al., 2011;
Cox and Dalloul, 2015). Probiotics, prebiotics, essential
oils and organic acids were among various additives that
have been tested for their efficacy against NE with some
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being effective but not to the level of AGPs (M'Sadeq
et al., 2015).

The lack of reliable alternative strategies to control
NE is mainly due to limited insight into the relationship
between NE pathogenesis, microbiome, and host
responses (Wang et al., 2019). Therefore, key to over-
coming NE is to define the cellular and molecular mecha-
nisms that are involved in the development of the
disease, especially with regard to mucosal immune
responses and dynamics of the gut microbiome. Also,
assessing the impact of these changes on intestinal cell
metabolism and function is of great importance. This
review aims to provide an update on the recent advances
in NE research and the interactions of C. perfringens
with the host. Collectively, this review could be a valu-
able guide to the poultry community regarding our
knowledge of the disease to provide an insight into pre-
venting the onset or alleviating the negative consequen-
ces of NE on the health and performance of poultry.
Etiology of Necrotic Enteritis

C. perfringens is the pathogen responsible for NE
(Parish, 1961). This organism is a Gram-positive, rod-
shaped, spore-forming, anaerobic bacterium (Shojadoost
et al., 2012; To et al., 2017). C. perfringens strains are
classified into 7 toxinogenic types (A, B, C, D, E, F, G),
which differ based on their ability to produce various
types of toxins: a, b, e, i, NetB, and enterotoxins
(Table 1) (Rood et al., 2018). In broiler chickens, NE
commonly occurs around 2 to 6 wk of age, but also
affects 12 to 16 wk old cage-reared replacement pullets
as well as layers at 3 to 6 mo of age (Broussard et al.,
1986; Frame and Bickford, 1986; Dhillon et al., 2004;
Cooper et al., 2013; To et al., 2017). NE is caused mostly
by NetB-positive C. perfringens type G strains in broiler
chickens; yet, some researchers were able to induce NE
with NetB-negative strains or C. perfringens type A,
indicative of the possibility of other toxins being
involved (Keyburn et al., 2008, Rood et al., 2018;
Goossens et al., 2020; Shini et al., 2020). In a healthy
bird, C. perfringens population is ~102−104 CFU/g
digesta; however, at the time of disease this number will
rise to ~107−109 CFU/g digesta (Kondo, 1988). There is
a greater prevalence of netB gene carriage in C. perfrin-
gens isolates from diseased poultry compared to healthy
Table 1. C. perfringens typing.

T

Type a (plc or cpa) b (cpb) e (etx)

A + − −
B + + +
C + + −
D + − +
E + − −
F + − −
G + − −

a“+” indicates production of that toxin, while “−” indicates lack of toxin p
(Rood et al., 2018).
birds. NetB is known to be encoded exclusively on conju-
gative plasmids, indicating that horizontal gene transfer
may play a role in the dissemination to NetB-negative
strains (Rood et al., 2016). Therefore, it is now accepted
that NE is a complex enteric disease with C. perfringens
as the causal agent, but predisposing factors are requi-
site to make the gastrointestinal tract environment suit-
able for these bacteria to replicate and produce toxins
(Van Immerseel et al., 2004).
NE occurs in a clinical (acute) or subclinical (chronic)

form (Wu et al., 2010; To et al., 2017). In severe clinical
forms, mortality is high and associated symptoms
include ruffled feathers, depression, diarrhea, huddling,
anorexia, sternal recumbency, and a sudden rise in flock
mortality (To et al., 2017). In certain cases, sudden rise
in flock mortality is the first and only sign with no other
premonitory symptoms. Pathologically, clinical forms
show necrotic foci in the small intestine, which in the
most severe cases appear as broad necrosis of the muco-
sal lining (Van Immerseel et al., 2009). In subclinical
NE, chronic damage to the small intestinal mucosa leads
to poor performance manifested by decreased feed intake
and weight gain, and eventually increased FCR, without
significant mortality. Interestingly, the subclinical forms
of NE are responsible for the greatest economic impact
on poultry production (Van Immerseel et al., 2009;
Shojadoost et al., 2012).
C. perfringens Virulence Factors

Pathogenic strains of C. perfringens have developed
several virulence factors that contribute to the progres-
sion of NE in chickens. These virulence factors are very
important for bacterial attachment to the mucosa
(adhesins) and for providing nutrients for their rapid
proliferation (degradative enzymes), as well as for toxin
production. A positive association of virulence genes
including netB, pfoA, cpb2, tpeL, and cna variants is
linked to NE-inducing C. perfringens isolates (Kiu et al.,
2019).
Several C. perfringens proteins, including collagen

adhesion protein (CNA), have been proposed to func-
tion as adhesins during disease (Martin and
Smyth, 2010). Adherence of C. perfringens strains to
extracellular matrix proteins is important in NE patho-
genesis and is correlated strongly with their virulence
oxin productiona

i (iap and ibp) CPE (cpe) NetB (netB)

− − −
− − −
− −
− −
+ −
− + −
− − +

roduction.The names of toxin structural genes are shown in parentheses
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(Prescott et al., 2016; Wade et al., 2016). Presence of
adhesin-encoding gene cnaA, which is found in the VR-
10B chromosomal locus, is critical for binding of the
pathogen to collagen types IV and V and gelatin
(Wade et al., 2015, 2016). C. perfringens also produces
an adhesive pilus required for adhering to the intestine
and is consisted of 3 subunits (CnaA, FimA, and FimB)
encoded within the VR-10B chromosomal locus
(Lepp et al., 2021). Fibronectin, an extracellular matrix
protein, is the target for C. perfringens fibrinogen-bind-
ing proteins FbpA and FbpB to facilitate host cell con-
tact and further colonization (Katayama et al., 2009;
Mehdizadeh Gohari et al., 2021).

Sialic acid (N-acetyl neuraminic acid) is a component
of the mucus glycoproteins and there is evidence of a
linear relationship between alpha toxin antibody levels
and sialic acid concentrations in the ileal digesta
(Fernando et al., 2011). Some pathogens including influ-
enza viruses, Vibrio cholerae, Streptococcus pneumoniae
and C. perfringens produce sialidase enzymes, which by
releasing sialic acid could provide nutrients for these
microbes (Juge et al., 2016). C. perfringens produces
various sialidases including NanH, NanI, and NanJ that
increase its adherence to intestinal tissues and break the
sialic acid linkages at different points to generate
nutrients for its growth (Li et al., 2016; Mehdizadeh
Gohari et al., 2021). At the time of C. perfringens intes-
tinal infections, toxins are produced, absorbed to reach
other organs such as the liver and brain, and eventually
cause enterotoxaemia (Li et al., 2016). In addition, intes-
tinal damage by bacterial toxins stimulates goblet cells
to produce more mucus, which in turn may lead to
higher proliferation of pathogenic organisms (Fernando
et al., 2011). Other virulence factors are zinc metallopro-
teases (mucinases) encoded by the zmpA and zmpB
genes. The zmpB gene is located on a chromosome while
zmpA is located within a plasmid-encoded region called
NELoc-1, which encodes NetB as well (Lepp et al., 2010;
Wade et al., 2020). The proteins (proteases) are usually
secreted and are generally produced by bacteria that
reside on or in the mucosal surfaces and degrade mucin
(the primary constituent glycoprotein of mucosa); thus,
enhance pathogen colonization (Wade et al., 2016). It is
hypothesized that both proteases are involved in the
same virulence-enhancing catabolic process, and loss of
either protease is sufficient to halt the process resulting
in the reduction in virulence (Wade et al., 2020).
Predisposing Factors

Major risk factors for NE include 1) Eimeria infection;
2) removal of coccidiostats or AGPs; 3) environmental
and management conditions; 4) physiological stress and
immunosuppression; and 5) nature and form of the diets
(Dahiya et al., 2006). In recent years, several factors
including Eimeria, fish meal, Fusarium mycotoxins and
certain grains with high content of nonstarch polysac-
charides have been identified as stress factors (Figure 1)
that could stimulate the onset of NE (Annett et al.,
2002; Wu et al., 2014; Antonissen et al., 2016;
Moore, 2016). These factors predispose birds to NE by
affecting the gastrointestinal tract in different ways
such as altering the microbial profile in favor of C. per-
fringens proliferation (e.g., high levels of crude protein),
changing the digesta viscosity thus increasing the pro-
duction rate of mucins (e.g., mucinogenic effect of
wheat), damaging the epithelial layer (e.g., biogenic
amines in fish meal; mycotoxins), and acting as a source
of C. perfringens contamination (e.g., fish meal)
(Annett et al., 2002; Drew et al., 2004; Antonissen et al.,
2014; Wu et al., 2014). Wheat and other grains with
high amount of soluble nonstarch polysaccharides are
mucogenic compounds and regarded as predisposing fac-
tors for NE (Moore, 2016). Furthermore, damage to the
epithelium induced by Eimeria would release serum
compounds and other nutrients, or causes mucogenesis
that promotes the proliferation of Clostridium. Fish
meal is a source of biogenic amines and clostridial con-
tamination (Moore, 2016). The ceca are the site of fer-
mentation, and protein products that bypass the ileum
and reach this site will be used by putrefactive bacteria.
Fermentation and putrefaction produce compounds
such as amines, indoles, phenols, cresol and ammonia,
which in high concentrations can adversely affect the
gut and cell health and have a negative impact on per-
formance of broilers (Apajalahti and Vienola, 2016).
Mycotoxins (deoxynivalenol and fumonisins) inflict
damage to intestinal epithelial cells resulting in
decreased absorption of dietary proteins, which in turn
could lead to proliferation of bacteria such as C. perfrin-
gens (Antonissen et al., 2014). Additionally, mycotoxins
(fumonisins) predispose broiler chickens to NE by affect-
ing the intestinal microbial homeostasis and reducing
abundance of Candidatus Savagella and Lactobacillus
spp. (Antonissen et al., 2015).
The Role of Intestinal Microbiota

The cecum is the main site of C. perfringens replica-
tion; however, NE lesions are more prominent in the
small intestine than the ceca (Van Immerseel et al.,
2004; Stanley et al., 2012; Cooper et al., 2013). Shifts in
microbial diversity and population could make the gut
environment suitable for proliferation or pathogenesis of
bacteria such as C. perfringens by providing a desirable
ecological environment or nutrients (Shojadoost et al.,
2012; Antonissen et al., 2016). Shifts in microbial diver-
sity and population during NE have been vastly studied.
However, contradicting results have been reported in
certain cases possibly due to differences in challenge
models, age of the birds at challenge, health status of the
birds, breed, sex, disease status (clinical vs. subclinical),
and site (ileum vs. cecum) and type (mucosal scrapings
vs. digesta) of the samples collected. Therefore, in this
section the goal is to summarize shifts in bacterial taxa
with direct relevance to NE.
Prevotellaceae is among the bacterial taxa associated

with NE (Latorre et al., 2018; Emami et al., 2020).



Figure 1. Summary of predisposing factors for necrotic enteritis development in chickens. Predisposing factors and the major effects of these fac-
tors are shown in ovals. Important factors that may drive the influence of the predisposing factors are shown in the small rectangular boxes. Abbrevi-
ations: CIA, chicken infectious anemia; Cp, Clostridium perfringens; IBD, infectious bursal disease; MD, Marek’s disease; NSPs, nonstarch
polysaccharides (Moore, 2016).
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Prevotellaceae can degrade mucus oligosaccharides
resulting in the disruption of intestinal mucosal barrier,
thus causing intestinal inflammation (Rho et al., 2005).
Ileal microbial profiling showed increased abundance of
Prevotella in NE-challenged compared to nonchallenged
birds (Latorre et al., 2018). Supplementation of a probi-
otic (B. licheniformis) or a multicomponent feed addi-
tive (probiotics/prebiotics/essential oils) reduced
relative abundance of Prevotellaceae in the ileal mucosa
microbiome compared to control (no additive) during a
naturally occurring subclinical NE. Greater relative
abundance of Prevotellaceae in the control (basal broiler
diet) group likely led to the disruption of the mucosal
barrier rendering it prone to bacterial pathogens, which
coincided with higher FCR and lesion scores in the con-
trol birds (Emami et al., 2020).

There is positive correlation between the relative
abundance of Escherichia-Shigella with NE occurrence
in broiler chickens (Du et al., 2015). C. perfringens infec-
tion increased the relative abundance of Escherichia-
Shigella in the ileum of broiler chickens (Li et al., 2017).
This genus pair is mainly composed of opportunistic
pathogens and higher presence might be an indicator of
disrupted gut integrity that allows the overgrowth of
such pathogens. C. perfringens and its coinfection with
Eimeria increased relative abundance of Escherichia-
Shigella in the jejunum of broiler chickens (Yang et al.,
2019). A L. acidophilus-based probiotic improved intes-
tinal health by decreasing the relative abundance of
Escherichia-Shigella populations in the ileum (Li et al.,
2017). The probiotic bacteria B. subtilis DSM 32315
decreased the abundance Escherichia-Shigella and
improved the growth performance and intestinal struc-
ture of broilers (Ma et al., 2018).
Studies mostly support decrease in the number of Lac-

tobacillus and overgrowth of Clostridium sensu stricto 1
associated with NE (Antonissen et al., 2016; Fasina et al.,
2016; Li et al., 2017). Mixed C. perfringens and Eimeria
challenge significantly increased Clostridium sensu stricto
1 and reduced Lactobacillus abundance with the concur-
rent increase in NE lesions (Yang et al., 2019). Similarly,
NE challenge decreased cecal Lactobacillus andBifidobac-
terium spp. counts while increasing C. perfringens counts,
and these changes were reversed by the dietary addition
of a prebiotic to broiler feed (Ahiwe et al., 2019). L. aci-
dophilus supplementation in the diet increased Lactoba-
cillus abundance in the ileum and cecum, and decreased
Escherichia abundance in the ileum of male Arbor Acres
broilers at d 21, and these shifts were associated with bet-
ter performance and improved gut morphology (Li et al.,
2018). Supplementation of a probiotic (B. licheniformis)
or a multicomponent feed additive (probiotics/prebiot-
ics/essential oils) increased relative abundance of Lacto-
bacillus in the ileal microbiota and improved intestinal
health compared to control during NE (Emami et al.,
2020). The abundance of Lactobacillaceae and Clostridia-
ceae families was significantly increased in the cecal
digesta of probiotic-fed birds subjected to NE challenge
(Whelan et al., 2019). However, there are reports on the
higher abundance of Lactobacillus in the ileal digesta of
NE-challenged broilers compared to nonchallenged birds
(Latorre et al., 2018).
Reports on the shifts in the relative abundance of taxa

such as Ruminococcaceae during NE are inconsistent.
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Relative frequency of Ruminococcus and Ruminococca-
ceae significantly decreased in the cecal content of
broiler chickens subjected to NE compared to control
(Bortoluzzi et al., 2019). On the contrary, ileal microbial
profiling showed increased abundance of the genera
Ruminococcus in NE-challenged compared to nonchal-
lenged birds (Latorre et al., 2018). Supplementation of a
probiotic or multicomponent feed additive to broiler
diets subjected to a naturally occurring subclinical NE
led to lower relative abundance of Ruminococcaceae
UCG_014 and better performance compared to the con-
trol group (Emami et al., 2020). Relative abundance of
Ruminococcaceae was decreased in the cecal digesta of
NE-challenged broiler chickens fed a diet supplemented
with Bacillus-based probiotic compared to the chal-
lenged control (Whelan et al., 2019). However, dietary
supplementation of a Bacillus-based probiotic increased
the relative frequency of Ruminococcus and unclassified
members of the family Ruminococcaceae in the ileal
digesta of NE-challenged birds, which were associated
with lower severity of NE related lesions and better
FCR (Bortoluzzi et al., 2019). These reports show that
shifts in the microbial community of each segment of the
gastrointestinal tract (e.g., ileum vs. cecum) during the
NE challenge are specific to that section and might sub-
stantially differ from the shifts occurring in other sec-
tions. Meta-analysis of the data generated by various
studies would be valuable in identifying the correlation
between specific bacteria or bacterial communities with
NE. Additionally, it is imperative to further explore how
such changes influence the physiological processes in
birds in order to find innovative practical solutions for
NE control.

Besides changes in taxonomy, few studies delved into
shifts in bacterial function (predicted) during NE. Sup-
plementation of a multicomponent feed additive (probi-
otics/prebiotics/essential oils) enriched the predicted
metabolism of propanoate in the ileal bacteria compared
to control during a subclinical NE challenge (Emami
et al., 2020). Furthermore, supplementation of B. lichen-
iformis enriched the predicted metabolism of butanoate
and propanoate in the ileal bacterial populations com-
pared to control during a subclinical NE challenge
(Emami et al., 2020). Similarly, supplementation of B.
licheniformis enriched butanoate metabolism in the
microbiota of broiler chickens challenged with NE com-
pared to challenged nonsupplemented group (Lin et al.,
2017).

Yeast cell wall extract increased formic acid concen-
tration in cecal contents during NE challenge and
increased butyric acid concentration in unchallenged
birds (Xue et al., 2017). Further, dietary supplementa-
tion of a prebiotic (but not probiotic and symbiotic) to
laying hens enriched cecal microbial genes involved in
butanoate and propanoate metabolism (Pineda-Quiroga
et al., 2019). Optimal butyrate production relies on the
presence of butyrate-producing bacteria and various
others including lactate-producing bacteria that cross-
feed butyrate producers (De Maesschalck et al., 2015;
Hwang et al., 2017). Butyrate could enhance epithelial
regeneration by stimulating villus growth; however, it
does not inhibit C. perfringens (Kien et al., 2007;
Timbermont et al., 2010). Absorption of butyrate and
propionate by chicken cecal mucosa could improve host
energy metabolism and improve performance (Pineda-
Quiroga et al., 2019).
In summary, factors such as Eimeria and fish meal

alter the microbial balance in the gastrointestinal tract,
and predispose birds to enteric diseases such as NE. Nat-
ural feed additives provide an opportunity for rebalanc-
ing the gastrointestinal microbial community to avoid
the proliferation of opportunistic pathogenic bacteria.
Accordingly, manipulation of the gut microbiota during
NE challenge might prevent/alleviate its negative
effects. The effect of each additive is signature-like, and
indicates the tailoring potential of precision feeding of
effective additives to alleviate and/or prevent a specific
enteric disturbance.
Immune Responses

In order to induce NE under experimental conditions,
Eimeria infection is widely used as a predisposing factor
for the proliferation of C. perfringens (Williams, 2005).
This is also the case in the naturally occurring NE model
previously used by our group (Ҫalik et al., 2019a;
Emami et al., 2019, 2020, 2021). Therefore, the immune
responses to coccidia challenge and NE are discussed in
this section. Eimeria spp. are intracellular enteric para-
sites that invade the intestinal mucosa, cause epithelial
damage and induce inflammation (Dalloul and Lille-
hoj, 2005, 2006). A cascade of signaling pathways is trig-
gered upon invasion and proliferation of Eimeria
parasites, eventually inducing mRNA expression of
cytokines such as IFN-g, TGF-b, IL-1b, IL-10, and IL-
17 (Cosmi et al., 2014; Fasina and Lillehoj, 2019).
Higher abundance of IL-21 (a T-helper type 17 [Th17]-
associated cytokine) was reported in the small intestines
of E. maxima- or E. tenella-infected Ross 308 broilers,
while its role was not identified (Bremner, 2018). Abun-
dance of IFN-g and IL-1b was greater in the ileum of
coccidiosis-challenged Cobb 500 male broilers compared
with controls (Ҫalik et al., 2019b). T-helper 1 (Th1)
responses are necessary for dealing with Eimeria infec-
tions and helping to maximize clearance of pathogens,
which may result in additional tissue damage (Couper
et al., 2008; Bremner, 2018). During infection with pro-
tozoa and bacteria, IL-10 acts as an immune regulator
to ameliorate excessive Th1 and CD8+ T cell responses
(Couper et al., 2008; Lee et al., 2018). IL-10 was also
shown to be essential for maintaining the integrity of the
epithelial barrier as reduced production of IL-10 by mac-
rophages compromised the recovery of the small intes-
tine epithelial barrier in mice (Morhardt et al., 2019).
Anti-inflammatory properties of IL-10 are typically nec-
essary to prevent further inflammation that may be det-
rimental to host tissues (Arendt et al., 2016). However,
intracellular parasites such as Eimeria induce IL-10 pro-
duction to exploit its anti-inflammatory effects in order
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to elude host immune responses, allowing the parasite to
complete its life cycle within intestinal epithelial cells
(Hong et al., 2006; Arendt et al., 2016). The effect of
Eimeria species on variability of cytokine responses
should not be ruled out, as spatial regulation of IL-10
has been shown (increased IL-10 in the duodenum and
reduced presence of IL-10 in the jejunum and cecum
after challenging broiler chickens with high dose of a
commercial vaccine containing various Eimeria species)
(Arendt et al., 2019). Broiler chickens less susceptible to
Eimeria had pronounced proinflammatory Th1-skewed
response with increased IFN-y and reduced IL-10 sug-
gesting involvement of IL-10 in susceptibility to Eimeria
(Bremner, 2018). Oral IL-10 neutralizing antibodies
were ineffective at preventing increased Eimeria-
induced intestinal luminal IL-10; however, it improved
body weight compared to the control (no antibodies)
challenged birds (Arendt et al., 2016; Sand et al., 2016).
Results for the concentration of IL-10 in the circulation
after Eimeria challenge are not consistent. The level of
circulating IL-10 was substantially increased around 5 d
following E. tenella challenge compared to nonchal-
lenged birds (Wu et al., 2016). Conversely, serum con-
centration of LPS-induced tumor necrosis factor
(TNF)-alpha factor (LITAF) increased, while concen-
tration of IL-10 decreased in broilers challenged with E.
tenella or E. acervulina (Alcala-Canto et al., 2014). Dis-
crepancies in the reported results might be due to one or
several factors including Eimeria species inoculated,
their pathogenicity, time of sampling post challenge, tis-
sues collected and tested (e.g., blood, luminal digesta,
intestine), as well as age of birds at challenge.

Several studies reported that dietary probiotics could
regulate immune responses. Supplementation of probiot-
ics to Cobb 500 broiler diets increased ileal abundance of
TLR-4 and Muc-2 mRNA, and decreased abundance of
IFN-g, LITAF and IL-4 with no effect on IL-13
(Pender et al., 2017). Both IL-4 and IL-13 are Th2 cyto-
kines that function via inhibiting the production of
proinflammatory modulators. The authors concluded
that supplementation of probiotics reduced colonization
of pathogens, thus dampened the immune response by
lowering the abundance of immune-related genes
(Pender et al., 2017). In contrast, the use of a direct-fed
microbial did not alleviate the impact of coccidia
increased abundance of IL-1b and IFN-g in the ileum of
Cobb 500 male broiler chickens, while improved body
weight gain (Ҫalik et al., 2019b). Three days post E.
acervulina challenge, intestinal IFN-g concentration
was higher in birds fed a diet supplemented with Lacto-
bacillus-based probiotic; however, there was no differ-
ence between treatments on d 6, 9, and 12 postchallenge
(Dalloul et al., 2005).

High-throughput sequencing revealed differentially
expressed cytokines and their receptors in the intestine
and spleen of chicken lines differing in NE-susceptibility,
which could provide insights in host-pathogen interac-
tion and potential biomarkers of NE resistance
(Truong et al., 2015a,b). However, identification of the
most important and relevant genes and their correlation
with performance parameters is yet to be defined and
warrants further research. Therefore, our focus in this
review is on the better identified and reported responses.
To this end, upregulation of IL-1b, IL-10, TNF-a, and
IFN-g in the intestine and spleen of chickens during NE
challenge is a consistent trend.
Proinflammatory cytokines are primarily produced by

lamina propria macrophages upon encountering bacteria
(such as C. perfringens) and could trigger the activation
of T cells and neutrophils (Sartor, 2006). IL-1 and TNF-
a represent the archetypal proinflammatory cytokines
that are rapidly released upon tissue injury or infection
(Lawrence, 2009). Coinfection with Eimeria and C. per-
fringens, induced a complex and dynamic expression of
immune-related genes (Park et al., 2008). mRNA abun-
dance of IFN-g, IL-1b, IL-12, IL-13, and IL-17 were
decreased, while abundance of IL-8, and IL-10 were
increased by E. maxima/C. perfringens coinfection com-
pared with single E. maxima or C. perfringens challenge
(Park et al., 2008). Subclinical NE challenge decreased
abundance of IL-8 and IL-2, increased abundance of
IFN-g, IL-10 and matrix metalloproteinase (MMP)-2,
with no impact on IL-6, IL-17 and LITAF abundance in
the ileum of NE-challenged Cobb 500 male broiler chick-
ens compared to controls (Wang et al., 2017). Abun-
dance of IL-1b, IFN-g, and TNF-a was greater in the
spleen of C. perfringens-challenged broiler chickens;
while in the jejunum only IL-1b abundance increased
(Li et al., 2018). NE-induced inflammatory IFN-g and
LITAF mRNA accumulation in chicken ileal tissues
compared to nonchallenged controls (Wang et al.,
2019). mRNA abundance of IL-1b, IL-10, and MMP-7
increased in NE challenged birds (Eimeria + C. perfrin-
gens) compared to nonchallenged group (Lorenzoni
et al., 2019).
C. perfringens infection could induce an inflammatory

response in the intestine of broiler chickens, and the
mechanisms of inflammation are probably mediated via
Th2 and Th17 cells (Fasina and Lillehoj, 2019). C. per-
fringens infection induced mRNA abundance of IL-17,
which was significantly reduced following coinfection
with E. maxima and C. perfringens (Park et al., 2008).
During infection and inflammation (e.g., NE), cell prolif-
eration in the intestine commonly occurs in order to
replace damaged enterocytes (Kim et al., 2017). Nona-
vian studies evidenced the role of IL-17 and IL-22, tis-
sue-signaling cytokines that favor protection and
regeneration of cells in barrier organs such as the skin,
lung, and gastrointestinal tract (Eyerich et al., 2017). In
addition, IL-17A is important in inflammatory and anti-
microbial defense against pathogens (extracellular bac-
teria and fungi) at mucosal surfaces and regulates
mucosal immune defenses (Dann et al., 2015; Cai et al.,
2016). Emami and colleagues (2019) showed that sup-
plementation of a multistrain probiotic to broiler diets
during a naturally occurring NE increased mRNA abun-
dance of IL-10 and IL-17 in the jejunum of Cobb 500
male broilers compared to challenged control birds.
These changes were associated with better performance
and lower lesion scores in birds fed multistrain probiotic
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supplemented diet. Supplementation of a probiotic (L.
johnsonii BS15) alleviated the negative impact of sub-
clinical NE on Cobb 50 male broilers and increased the
abundance of IL-8 and NRF-2 (nuclear factor erythroid
2−related factor 2), while decreased IFN-g, IL-10 and
MMP-2 in the ileum with no impact on IL-2
(Wang et al., 2017). L. acidophilus treatment signifi-
cantly decreased the mRNA abundance of IL-1b, IL-8,
and IFN-g in the jejunum of broiler chickens challenged
with NE (Li et al., 2018). Also, the inclusion of deoxy-
cholic acid attenuated NE-induced inflammatory IFN-g
and LITAF mRNA abundance in the ileum of Cobb 500
broiler chickens (Wang et al., 2019). Greater mRNA
abundance of IL-17 and lower abundance of IFN-g were
reported in antibiotic (BMD) fed Cobb 500 male broiler
chickens on d 7 post NE challenge compared to a nonme-
dicated control (Fasina and Lillehoj, 2019). Yeast cell
wall extract suppressed inflammatory response to NE
challenge by reducing serum concentration of IL-1 in
Ross 308 male broilers compared to challenged control;
however, there was no effect on IL-10 levels (Xue et al.,
2017). Supplementation of a probiotic (B. licheniformis)
or a multicomponent feed additive consisted of probiot-
ics, prebiotics, and essential oils reduced mRNA abun-
dance of IFN-g, while increased IL-10 abundance in the
jejunum of broiler chickens subjected to a subclinical
naturally occurring NE (Emami et al., 2020). Discrepan-
cies in the results among several studies could be attrib-
uted to various factors including the use of different
challenge models, severity of infection, type and dose of
the probiotics/additives, time of sampling, sex, breed,
and potentially the different sampling sites (Ҫalik et al.,
2019a; Emami et al., 2019).

To recap, mucosal immune responses to Eimeria and
C. perfringens are specific, and lead to inflammation
and tissue injury that influence birds’ performance. Spe-
cial attention should be paid to identifying the role of
less studied cytokines and other immune-related genes
involved in Eimeria and C. perfringens challenges to
evaluate their function and potential as therapeutic tar-
gets (Broom and Kogut , 2019). Finally, natural feed
additives such as probiotics and multicomponent addi-
tives are capable of modulating mucosal immune
responses in favor of anti-inflammatory/regulatory phe-
notypes, thus alleviating/preventing the negative
impact of NE on performance and health of poultry.
Gut Health for Disease Prevention and
Productivity

Gut integrity, robust immunity, and balanced micro-
bial profiles are pivotal for intestinal health which if
compromised would negatively affect digestion, absorp-
tion and metabolism of nutrients thus leading to poor
performance and onset of enteric disease (Yegani and
Korver, 2008; Ritzi et al., 2014). Tight junctions serve
as regulated barriers that restrict the diffusion of solutes
through the paracellular route in epithelial cell lining, as
such, they maintain a barricade between the apical and
basolateral sides of the cell (internal tissue compart-
ments from external environments; Figure 2)
(Karcher and Applegate, 2008; Saitoh et al., 2015).
Tight junctions, which connect the adjacent epithelial
cells at the apicolateral borders, are of great importance
for the maintenance of gut integrity and are key contrib-
utors to epithelial cell polarization (Tang et al., 2010).
Tight junctions are subject to change and remodel in
response to external stimuli in the gut lumen such as
nutrients, pathogens, and commensal bacteria. There-
fore, these barriers are dynamic and subject to constant
remodeling in response to various enteric stimuli
(Ulluwishewa et al., 2011).
Natural feed additives appear to be effective in NE

challenged birds by maintaining the integrity of the epi-
thelial barrier and improving FCR (Emami et al., 2019;
2020; Shini et al., 2020). Nutrient absorption is facili-
tated through active or passive transport. Active trans-
port is facilitated by nutrient transporters at the apical
membrane of the small intestine that are important in
moving nutrients into the enterocytes. Damage to the
epithelial cells due to NE or higher viscosity of digesta
due to addition of grains (with high content of soluble
fiber) to the diet decreases the absorption capacity of
nutrients thus negatively affects bird performance
(Jha and Mishra, 2021). Sodium glucose cotransporter 1
(SGLT1) and peptide transporter 1 (PepT1) mediate
absorption of carbohydrates (glucose and galactose) and
di- and tri-peptides, respectively (Gilbert et al., 2007;
Shimizu et al., 2018). Therefore, these transporters are
critical for maintaining the energy and amino acid sup-
plies. SGLT1 is a cotransporter of glucose and sodium;
concurrent absorption of glucose and sodium establishes
a gradient that facilitates the movement of sodium and
water through the paracellular space (Nighot and
Nighot, 2018). This might be helpful in reducing diar-
rhea, which is a common symptom during enteric dis-
eases, subsequently alleviating its negative impact on
the bird (Emami et al., 2019). Dietary supplementation
of epidermal growth factor upregulates mRNA abun-
dance of nutrient transporters in birds challenged with
Eimeria compared to control challenged birds
(Kim et al., 2017). Addition of xylanase to the diet of
broiler chickens challenged with subclinical NE led to
greater abundance of SGLT1 and PepT1 in the jejunum
compared to the control challenged birds (Hosseini
et al., 2017). A recent study showed that supplementa-
tion of a multistrain probiotic to the diet increased
mRNA abundance of SGLT1 and AMP-activated pro-
tein kinase (AMPK)-a1 in the jejunum of broiler chick-
ens challenged with NE compared to control challenged
birds. In addition, multistrain probiotic increased
mRNA abundance of PepT1 in the jejunum compared
to birds fed virginiamycin-supplemented diet. Higher
abundance of SGLT1 and PepT1 was accompanied by
lower NE lesion scores in the small intestine of probiotic
fed birds (Emami et al., 2019). These findings indicate
that improving gut health during a disease challenge
might be beneficial in increasing the absorptive capacity
of the gastrointestinal tract, thus improving



Figure 2. Components of an individual tight junction. Tight junctions are protein complexes composed of 3 subcomponents: 1) transmembrane
proteins (such as claudin family of proteins), 2) cytoskeletal elements (such as actin and myosin filaments), and 3) scaffolding proteins called zonula
occludens (Zihni et al., 2016).
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performance. Supplementation of toxin binders to the
diet could decrease the effect of NE challenge in broiler
chickens through alleviating the impact of mycotoxins
on gut health, microbiota, and immune responses
(Cravens et al., 2015; Liew and Mohd-Redzwan, 2018).

The mucosal barrier and epithelial lining play a piv-
otal role in separating the internal body environment
from the intestinal lumen and are the first lines of
defense against invading microbial pathogens (Oshima
and Miwa, 2016; Pender et al., 2016). The immune sys-
tem and an intact epithelial cell layer (gastrointestinal
mucosal barrier) are the 2 defense mechanisms that act
at the epithelial lining to prevent pathogens from gain-
ing access to the host (Tang et al., 2010). However,
selective paracellular diffusion is critical for the regula-
tion of homeostasis in tissues (Zihni et al., 2016). A small
portion of antigens that exist in the gastrointestinal
tract may cross the mucosal barrier as intact proteins
through microfold (M) cells or the paracellular pathway
(Fasano, 2008). Interestingly, a close relationship exists
between tight junctions and the gut-associated lym-
phoid tissues; thus, proper immune function is critical
for the integrity of the tight junctions and vice versa.

In recent years, research on non-avian model species has
outlined the role of chemokines and cytokines in the regula-
tion and maintenance of the intestinal barrier. Treatment
of Caco-2 cells and primary human intestinal epithelium
with IL-22 increased paracellular permeability for ions
through upregulating claudin-2, a cation−channel-forming
tight junction protein. Upregulated claudin-2 protein was
also shown in colonic epithelial cells of mice as a result of
treatment with IL-22 (Tsai et al., 2017). Downregulation
of proinflammatory cytokines alleviated intestinal muco-
sal disruption in pigs (Tan et al., 2014). In addition, intes-
tinal barrier function is greatly under the influence of the
intestinal microbiota and its interaction with the bird’s
immune status. Proinflammatory cytokines, such as IL-1,
TNF-a and IFN-g, are primarily produced by lamina
propria macrophages upon encounters with bacteria and
could trigger the activation of T cells and neutrophils
(Sartor, 2006). Proinflammatory cytokines, including
IFN-g, could affect the structure of tight junctions
through suppressing AMPK abundance, and are thus eti-
ological factors in intestinal barrier dysfunction
(Aznar et al., 2016; Sun and Zhu, 2017). IL-10 can also be
involved in the restoration of the epithelial barrier as a
lack of or reduced production of IL-10 by macrophages
compromised the recovery of the small intestine epithelial
barrier in mice (Morhardt et al., 2019). Therefore,
changes in microbial composition could lead to hyper
immune stimulation, epithelial dysfunction, and
enhanced mucosal permeability. Conversely, manipula-
tion of microbial composition in favor of beneficial bacte-
ria could positively affect and modulate the host immune
responses and eventually lead to the improvement of gut
barrier function (Zou et al., 2016).
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Tight junctions are key signaling platforms that
transmit/receive signals to/from the cell interior, thus
regulate the cytoskeleton, morphogenesis, gene abun-
dance, cell polarity, proliferation and differentiation
during various cellular processes (Schneeberger and
Lynch, 2004; Zihni et al., 2016). Lymphocytes could
accentuate the assembly of tight junctions in epithelial
MDCK cells as mediated by AMPK (Tang et al., 2010).
AMPK is the master regulator of energy metabolism
homeostasis in eukaryotic cells and this kinase will be
activated in response to high AMP/ATP ratio in the
cell. AMPK activation shifts the metabolism from anab-
olism to catabolism by turning off ATP-consuming pro-
cesses and activating ATP-producing pathways (Zhang
et al., 2006). However, ATP-independent activation of
AMPK by a proinflammatory cytokine such as TNF-a
has been previously reported (Tang et al., 2010). Addi-
tionally, cytokines could affect the structure of tight
junctions through AMPK (Aznar et al., 2016) highlight-
ing the regulatory role of AMPK in their assembly and
disassembly (Zhang et al., 2006; Zheng and Cant-
ley, 2007; Zihni et al., 2016). During a pathologic
response to bacteria, AMPK supports maintenance of
cell-cell junctions in different tissues including the intes-
tine (Seo-Mayer et al., 2011; Spruss et al., 2012). How-
ever, such effects as well as the impact of changes in
tight junction proteins on cell energy metabolism have
yet to be studied in birds. In a recent study, supplemen-
tation of a multistrain probiotic to the diet of broiler
chickens during a naturally occurring NE increased
mRNA abundance of AMPK-a1 and claudin-3 in the
jejunum of broilers (Emami et al., 2019). In another
study, supplementation of a multicomponent feed addi-
tive (probiotic/prebiotic/essential oils) increased
mRNA abundance of claudin-3, PGC-1a and mTOR in
the jejunum of broilers subjected to subclinical NE; how-
ever, it did not have any effect on AMPK-a1 abundance
(Emami et al., 2020).

Tight junctions remodel during intestinal disorders;
therefore, structure and localization of tight junction
proteins have been identified as biomarkers of specific
diseases (Oshima and Miwa, 2016). C. perfringens infec-
tion significantly decreased the mRNA abundance of
occludin; however, the relative mRNA levels of claudin-
1 and ZO-1 in the jejunum were not affected by C. per-
fringens infection or L. acidophilus treatment (Li et al.,
2018). The inclusion of probiotics and multicomponent
additives in poultry feed increased mRNA abundance of
claudin-3 in the jejunum of broilers during a subclinical
naturally occurring NE, while there was no change in
the abundance of claudin-1, occludin, ZO-1, and ZO-2
(Emami et al., 2019, 2020). Higher abundance of clau-
din-3 coincided with lower NE lesion scores in the small
intestine and lower relative abundance of Clostridium
sensu stricto 1 in the jejunum of additive supplemented
groups (Emami et al., 2019, 2020).

To re-emphasize, cytokines and energy status of the
enterocytes could affect tight junctions and therefore
gut integrity. Tight junctions are targets for many
pathogens and their toxins, and growing evidence shows
that beneficial bacteria affect gut integrity via modulat-
ing mucosal immune responses and cell metabolism. Fur-
thermore, evidence shows the effect of feed additives in
the remodeling of tight junction proteins, thus reducing
the negative impact of pathogens on intestinal health
and integrity. However, the detailed mode of action and
mechanisms still are largely unknown, further validating
the need for this type of research. This promising
research area could open the door to the future of disease
control by remodeling the tight junctions through tar-
geted feeding and precision nutrition with more predict-
able host responses.
CONCLUDING REMARKS

Pathogen invasion and penetration of enterocytes
triggers a cascade of signaling events in the intestine
leading to secretion of various cytokines, which subse-
quently influence the integrity and function of the intes-
tinal barrier, nutrient uptake, and epithelial cell energy
metabolism. In a drug-free era, maintaining gut integrity
and balancing the interaction between the gut micro-
biota and its host is critical for sustainable poultry pro-
duction, and improving birds’ health and welfare
through targeted feeding and precision nutrition.
Healthy birds have a specific microbial signature that

is totally different from NE challenged birds. In other
words, it is not just one species or genus of bacteria that
is more abundant, but the whole microbial profile is dif-
ferent in these birds. Thus, considering the microbial
community instead of focusing on one bacterial species
(such as using single-strain probiotic) might be a more
reliable approach when dealing with bacterial diseases in
poultry production. As the findings of recent studies
showed, multicomponent additives containing fructooli-
gosaccharides or mannan oligosaccharides functioned
better than probiotics alone, indicating that “feeding”
the intestinal microbiome, along with the use of benefi-
cial bacteria to promote “immune education” and to
enhance gut integrity, might be more effective and the
most “natural way” compared to using specific bacterial
strains (Emami et al., 2020, 2021). Predicted functional
analysis of microbiome revealed enrichment of func-
tional genes involved in propanoate and butanoate
metabolism in healthier birds (Emami et al., 2020,
2021). Thus, evaluating the synergistic effects of fructoo-
ligosaccharides, fiber and short chain fatty acids in the
diet should be considered in future research.
Employing 16S rDNA sequencing highlighted the lim-

itation of the current approach in facing disease chal-
lenges. As an example, using Virginiamycin (an AGP)
prevented NE outbreak but increased the number of
Escherichia-Shigella in the ileal mucosa (Emami et al.,
2020, 2021). Escherichia-Shigella is among the patho-
genic bacteria in poultry and the causal agents of certain
diseases such as colibacillosis and shigellosis. As there
are several pathogenic bacteria that negatively affect
the birds’ performance in a commercial setting, espe-
cially when raising birds on built-up litter, having a
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more holistic approach to deal with bacterial challenges
and to balance gut microbiome and health is necessary.
Therefore, targeted feeding of the inoculated micro-
biome by adding fiber, fructooligosaccharides and short
chain fatty acids to the diet should be given consider-
ation in upcoming research investigating drug alterna-
tives. This type of research will eventually lead us to
defining a holistic approach in restraining enteric patho-
gens in commercial poultry settings regardless of the
type of bacterial challenges.
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