The relationship among avian influenza, gut microbiota and chicken immunity:
an updated overview
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ABSTRACT The alimentary tract in chickens plays
a crucial role in immune cell formation and immune
challenges, which regulate intestinal flora and sustain
extra-intestinal immunity. The interaction between
pathogenic microorganisms and the host commensal
microbiota as well as the variety and integrity of gut
microbiota play a vital role in health and disease con-
ditions. Thus, several studies have highlighted the
importance of gut microbiota in developing immunity
against viral infections in chickens. The gut micro-
biota (such as different species of Lactobacillus, Blau-
tia Bifidobacterium, Faecalibacterium, Clostridium
X1Va, and members of firmicutes) encounters differ-
ent pathogens through different mechanisms. The
digestive tract is a highly reactive environment, and
infectious microorganisms can disturb its homeostasis,
resulting in dysbiosis and mucosal infections. Avian
influenza viruses (AIV) are highly infectious zoonotic

viruses that lead to severe economic losses and pose a
threat to the poultry industry worldwide. AIV is a
challenging virus that affects gut integrity, disrupts
microbial homeostasis and induces inflammatory
damage in the intestinal mucosa. HIN2 AIV infection
elevates the expression of proinflammatory cytokines,
such as interferon (IFN-y and IFN«) and interleukins
(IL-17A and IL-22), and increases the proliferation of
members of proteobacteria, particularly FEscherichia
coli. On the contrary, it decreases the proliferation of
certain beneficial bacteria, such as FEnterococcus,
Lactobacillus and other probiotic microorganisms. In
addition, HIN2 AIV decreases the expression of pri-
mary gel-forming mucin, endogenous trefoil factor
family peptides and tight junction proteins (ZO-1,
claudin 3, and occludin), resulting in severe intestinal
damage. This review highlights the relationship
among AIV, gut microbiota and immunity in chicken.
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INTRODUCTION

The microbiome is a vast collection of various micro-
organisms that are attached to host mucosal surfaces
and it plays an essential role in host homeostasis (Das
and Nair, 2019; Meijerink et al., 2021). Similar to the
mammalian gut microbiome, the chicken gut
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microbiome is structurally diverse, with communities
comprising different bacteria, methanogenic archaea,
fungi and viruses (Meijerink et al., 2021). The normal
gastrointestinal (GIT) microbiome is essential for the
growth and development of an organism, resulting in
energy-rich short-chain fatty acid generation, intestinal
villus and crypt shape development, nutrient uptake,
host metabolism, immune system modulation and devel-
opment, and infection resistance (Hooper et al., 2012;
Yeoman et al., 2012; Swelum et al., 2020; Meijerink
et al., 2021). Microbiota can be found throughout the
alimentary tract with great diversity and abundance in
the ceca (10'°—10"" cells/g of cecal content), where a
longer transit period of the digestive fluid allows more
extensive microbial fermentation (Yeoman et al., 2012).

Compared to mammalian GIT, the chicken GIT is
proportionally shorter in length and exhibits a shorter
transit time. Yet, chickens are highly efficient in con-
verting consumed feed into meat (Tolkamp et al., 2010).
The extraction of energy and nutrients from food does
not solely depend on host physiology but is also attrib-
uted to the symbiotic interactions with microorganisms
that reside in the GIT. The chicken GIT is a complex
ecological niche colonized by millions of microorganisms
(O’Hara and Shanahan, 2006). This complex microbial
community, known as the gut microbiota, comprises
commensal, symbiotic, and pathogenic microorganisms
that co-exist in close association with the host, and its
importance in vital functions is such that it can be con-
sidered an additional organ (O’Hara and Shanahan,
2006).

In the gut microbiota, the three domains of life,
including archaea, eubacteria, and eukarya, as well as
viruses co-exist in close interaction with the host, with
bacteria being a predominant member. At an estimated
density of 10" to 10'! bacteria/g of digesta, the gut bac-
terial density is considered one of the highest cell densi-
ties for any ecosystem (Apajalahti et al., 2004).
Furthermore, the collective gut microbial genome enco-
des proteins involved in several metabolic pathways,
with a potential that surpasses the capacity of the host
genome. Thus far, extensive studies have been con-
ducted on chicken microbiota focusing primarily on the
bacterial population in the gut (Apajalahti et al., 2004).

Egg-laying chickens (layers) exhibit age-dependent
growth of the alimentary microbiome. In the first week
of life in these chickens, approximately 20% to 50% of
the gut microbiome is predominated by the phylum pro-
teobacteria, primarily including the family enterobacter-
iaceae and genus Fscherichia, whereas the remainder of
the gut microbiome comprises the family lachnospira-
ceae of the phylum firmicutes (Videnska et al., 2014D).
From the second to the fourth week of life, the abun-
dance of proteobacteria decreases to <10%, while firmi-
cutes, mainly the families lachnospiraceae and
ruminococcaceae, comprise the remaining 90% of the
overall gut microbiome (Videnska et al., 2014b).

At the age of 2 to 6 mo, the phylum bacteroidetes
replaces firmicutes, where the families rikenellaceae,
porphyromonadaceae and bacteroidaceae are

predominantly found, whereas at the age of >7 mo, the
phyla firmicutes and bacteroidetes exhibit equal abun-
dance. By the age of 34 mo, bacteria belonging to the
phylum proteobacteria return and constitutes 5% of the
total microbiome, with Desulfovibrio and Succinivibrio
represents the predominant genera (Videnska et al.,
2014b).

The structure of the broiler chicken microbiome varies
from that of the layer microbiome. The GIT microbiome
of broilers is mainly dominated by the phyla firmicutes
and proteobacteria, representing 76% and 14% of the
microbiome, respectively. In contrast, bacteroidetes and
actinobacteria together represent only 6.5% of the
microbiome (Videnska et al., 2014a). In addition to their
nutritional role mediated via the production of enzymes
and catabolism of feed polysaccharides (Beckmann
et al., 2006), species complexity and microbiome diver-
sity are closely linked to infection tolerance (Yeoman
et al., 2012). Various ecological factors, including age,
breed, hygiene, feeding, temperature and housing, may
affect the microbiome of chickens (Clavijo and Florez,
2018; Ocejo et al., 2019).

Dysbacteriosis; avian gut microbiome is dynamic but
plastic, meaning that it can recover its community struc-
ture despite rapid changes in the alimentary tract envi-
ronment (Abd El—Hack et al., 2021a). Nevertheless,
prolonged disturbance of microbial diversity, also known
as dysbiosis or dysbacteriosis, can increase an organism’s
susceptibility to various diseases due to the overgrowth
of potentially harmful microorganisms and subsequent
infections (Abd El-Hack et al., 2021b). This condition
leads to significant loss of overall host health, productive
performance, and animal well-being as well as subse-
quent economic loss. It also poses a threat to food safety
in case of zoonotic pathogens (El-Saadony et al., 2021a,
2021b, 2021c¢).

The gut microbiota plays a crucial role in the regulation
and stimulation of host reactions to various respiratory
infections (Schuijt et al., 2016; El-Naggar et al., 2022)
caused by viruses (Oh et al., 2014; Setta et al., 2018), bac-
teria (Abd El Hamid et al., 2019; Marouf et al., 2022), par-
asites (Salem et al., 2022a, 2022b), and fungi (McAleer
et al., 2016). The role of the alimentary tract microbiome
in chickens in combating bacterial pathogens, such as
Clostridium perfringens and Salmonella spp., has been dis-
cussed extensively (Videnska et al., 2013; Varmuzova
et al., 2016). In a previous study where chickens were
injected with Campylobacter jejuni, both antibiotic-
treated and specific pathogen-free (SPF) chickens exhib-
ited a considerably higher colony count (colony-forming
units of C. jejuni) in their cecal load associated with ali-
mentary tract injuries than conventional birds supplied
with the exact count (Han et al., 2017).

The alimentary microbiome can control the antiviral
immune response (Budden et al., 2017). However, the
current knowledge about alimentary microbiome func-
tion in the tolerance or susceptibility to viral pathogens
in chickens remains insufficient. Recent studies have
reported that commensal microbiota may have a protec-
tive influence on the influenza virus infection (Abt et al.,
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2012). In chickens, many viruses can disrupt the gut
microbiota, such as Marek’s disease virus (Perumbakkam
et al., 2014, 2016), infectious bursal disease virus (Li et al.,
2018) and avian influenza viruses (AIV, Li et al., 2018).
Thus, viruses possibly influence the homeostatic relation-
ship between the alimentary tract microbiome and the
host. Furthermore, the GIT microbiome has also been
noted to play a critical role in the immune response to vac-
cination (Abt et al., 2012; Oh et al., 2014).

In this current review, we shed light on the interaction
between the GIT microbiome and AIV and their effect
on immune modulation in chickens.

Functions of Gut Microbiota

Within the GIT, continuous interactions occur among
host cells, gut microbiota and digesta, and these interac-
tions highlight the exceptionally essential role of gut
microbiota in the host health (Waite and Taylor, 2014).
For example, gut microbiota has been proven to confer
protection against pathogenic microbes, promote benefi-
cial effects in the development of the intestinal morphol-
ogy and immunology, facilitate feed digestion and
absorption of otherwise indigestible nutrients by the
host, breaks down toxic compounds and provide benefi-
cial metabolic products (Waite and Taylor, 2014).

A balanced gut microbial community provides a pro-
tective mechanism that might prevent the overgrowth
of pathogenic bacteria by competitive exclusion, mean-
ing, gut microbiota that settle first in the epithelium
compete for space and nutrients with potential patho-
gens, which might contribute to create an unsuitable
environmental atmosphere for potential pathogens or
even inhibit their growth through the production of anti-
microbial compounds such as bacteriocins (Garcia
Gutierrez et al., 2019). Several studies have demon-
strated the efficacy of competitive exclusion in confer-
ring protection against enteric pathogens in young
chicks as previously reported by Mead (2000).

The gut microbiota influences the maturation and
functioning of the intestinal epithelium by promoting
cell proliferation and differentiation, triggering enzyme
and hormone secretions, and stimulating the mainte-
nance of the intestinal barrier integrity. For example,
Bacteroides thetaiotaomicron stimulates the secretion of
a protein essential for the maintenance of desmosomes in
the epithelial villus, and the bacterial peptidoglycan
favors the reinforcement of the tight junctions of the epi-
thelial barrier by activating Toll-like receptor 2 signal-
ing (Lutgendorff et al., 2008). Studies on germ-free
chicks showed reduced intestinal movement and body
temperature and poor immunity compared with normal
chicken; however, their overall health status improved
after the administration of normal microbiome (Niba
et al., 2009).

The gut microbiota is thought to stimulate immuno-
logical responses by activating base levels of inflamma-
tion and influence the development of the cellular and
humoral immune systems during early life (Cebra,

1999). Experimental organisms lacking gut microbiota
are more prone to disease development and generally
exhibit deficiencies in their immunological mechanisms,
such as slower development of lymphoid cells or poorer
development of secondary lymphoid tissues, compared
with their wild-type counterparts (Hooper, 2004).

The gut microbiota exhibits remarkable metabolic
activity, playing an important role in the host metabo-
lism. By metabolizing nutrient substrates, the gut
microbiota produces large amounts of metabolites that
aid the host in fulfilling its energy requirements (Jézefiak
et al., 2008). For example, in carbohydrate fermenta-
tion, certain groups of bacteria are responsible for break-
ing down complex substrates such as nonstarch
polysaccharides, which requires specialized hydrolytic
enzymes (Jozefiak et al., 2008). The resulting metabo-
lites then become available to other members of the
microbiota to produce amino acids and short-chain fatty
acids (SCFA; primarily acetate, propionate, and buty-
rate) through subsequent fermentation. These com-
pounds then become readily accessible to the host.
These SCFAs are an essential energy source for epithe-
lial cells and have anti-inflammatory and anti-oxidative
effects (Jozefiak et al., 2008).

Certain vitamins that cannot be synthesized by the
host, such as vitamins K and B, can be provided by mem-
bers of the gut microbiota, and vitamin K and B deficien-
cies have been reported in animal models lacking gut
microbiota (Montalto et al., 2009). By contributing to the
breakdown of nutrients that are not digestible by the host
and thereby providing the available nutrients, the GIT
microbiome influences the growth rate and performance of
the host (Montalto et al., 2009). The gut microbiota can
also exert certain negative effects, such as competition for
substrates or the production of potentially harmful metab-
olites. For example, proteolytic fermentation by gut
microbiota may result in the formation of potentially
harmful substances, such as ammonia, indoles and phe-
nols. Moreover, the ability of certain groups of microor-
ganisms to metabolize drugs can compromise the efficacy
of these drugs (Swanson, 2015).

ENTERO-TROPISM OF AIV

Avian influenza is a worldwide zoonotic disease and is
usually accompanied by significant disruption of the
poultry industry as well as epidemics and pandemics
(Adlhoch et al., 2021; Hu et al., 2021). It is well known
that the poultry entero-tropism of low pathogenic avian
influenza (LPAI) is higher than that of highly patho-
genic avian influenza (HPAI), which is more linked to
the respiratory epithelium (Post et al., 2012). However,
effects of the infection caused by HPAI H5N1 on the gut
microbiota or fecal bacterial communities of migrating
Whooper swans resulted in the disruption of the GIT
microbiome structure mediated by a modification in the
dominance of bacterial genera such as Lactobacillus and
Aeromonas (Zhao et al., 2018). This compositional and
characteristic shift of the fecal microbiome may result
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from the hazardous effect of gut-linked infection aggra-
vating disease transmission (Zhao et al., 2018). In addi-
tion, the HPAI 2016 H5NS virus exhibited a degree of
attachment to the wild duck gut epithelia comparable to
that of LPAI H4N5 virus. More than that of 2005 H5N1
virus for two of the four duck spp., and chicken tested,
indicating that 2016 H5N8 may have gained a parallel
entero-tropism to LPAI viruses without losing the
respirotropism of older HPAI viruses of the Goose/
Guangdong lineage. The elevated entero-tropism of
2016 H5NS implies that this virus remained in the wild
waterfowl hosts for a prolonged period (Caliendo et al.,
2020).

Moreover, HIN2 is a significant menace to public
health because it may multiply in mammalian cells with
no previous acclimatization (Lin et al., 2000; Wan et al.,
2008; Zhang et al., 2013), and in humans, HPAT viruses
were shown to possess endogenous genes from avian
HIN2 viruses (Guan et al., 2015). The LPAT HIN2 sub-
type has attained a panzootic proportion, causing infec-
tions in turkeys, chickens, domestic ducks, ostriches and
pheasants (Umar et al., 2016; Adlhoch et al., 2021).
Thus, to enhance avian productivity and health, the
reduction and control of HIN2 outbreaks can have key
advantages in decreasing the exposition of mammals to
the virus.

CLASSIFICATION, MORPHOLOGY, AND
COMPOSITION OF AIV

AlIVs belong to the family orthomyxoviridae, which
are single-stranded eight-segmented negative-sense
RNA (—ssRNA) viruses that encode at least ten viral
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proteins (Capua and Alexander, 2004). The family is
classified into three main genera of influenza types A, B,
and C and two other unknown genera, isavirus, and tho-
gotovirus (Suarez, 2008). Among other influenza viruses,
AIVs belonging to the genus influenza A spread most
widely, with members infecting avian and mammalian
species (Capua and Alexander, 2004). AIVs are morpho-
logically variable, and this variability is controlled by
the matrix protein M1 (Suarez, 2008).

The viruses are pleomorphic, roughly filamentous and
several microns in length or spherical with a size of 80 to
120 nm (Figure 1) (Causey and Edwards, 2008). The
virion in any morphological form is encapsulated with a
lipid envelope derived from the host cell with globular
spikes or projections of membrane proteins (Figure 1)
(Suarez, 2008). Despite its small genomic size, the ATV
has evolved various molecular methods to express sev-
eral viral proteins from a single gene segment. Until
2001, the eight RNA segments of AIV were supposed to
encode ten proteins (Kang et al., 2021).

Nevertheless, in 2001, an eleventh protein called
PB1-F2, which is translated using an alternative
open reading frame within PB1, was identified, and
six additional viral proteins were discovered after
2009 (Vasin et al., 2014). Influenza A viruses are fur-
ther categorized based on strains or subtypes accord-
ing to their envelope proteins, neuraminidase (NA)
and hemagglutinin (HA). Currently, nine (N1-N9)
and 16 subtypes (H1—H16) of NA and HA, respec-
tively, are known (Capua and Alexander, 2004). Both
HA and NA can elicit subtype-specific immune
responses that protect against infections caused by
the same subtype and partially protect against infec-
tion caused by different subtypes (Swayne, 2008).

(B)

27 PB2

L PB1

12 PA
g -

.l
m
21
il -

60 NP 120
187 NA 157
7 PR

J 35 NS

35

(A) The virion structure and (B) genome organization of IAV.
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PATHOGENICITY AND VIRULENCE OF AIV

The HA surface protein is the major antigenic deter-
minant resulting in clinical signs and immune responses
(Perdue, 2008; Hu et al., 2021). HA is a polyprotein with
a rounded head cleaved into two subunits (HA-2 and
HA-1). The virus attaches to the host cell through the
globular head of HA. Hence, antibodies are directed
against the globular head, thus preventing the binding
of the viral receptor site to the host cell. The globular
head also changes rapidly because of mutation, known
as antigenic drift, to evade host cell antibodies (Perdue,
2008).

The fusion of the host cell with the virus particle to
release the virion to begin viral replication in the host
cell is also mediated by the fusion peptide on the HA.
Uncleaved HA polyprotein is termed HAO, which
must be cleaved into HA-1 and HA-2 at the point of
their disulfide linkage (the proteolytic cleavage site)
before the virus can infect a cell. The basic amino
acid sequence of the proteolytic cleavage site on the
HAO determines the pathogenicity of AIVs (Perdue,
2008; Kang et al., 2021). Based on pathogenicity in
chickens and turkeys, these viruses are categorized
into LPAI, which causes mild respiratory disease or a
drop in egg production, and HPAI, which causes
severe systemic disease and exhibits a mortality rate
of up to 100% (Figure 2) (OIE, 2006).

Proteases localized in respiratory and ‘
intestinal organs

’v Ubiquitous proteases ]

LPAI

At the clinical level, the virulence of AIV varies signif-
icantly with host species and age, environmental factors,
other pathogens’ presence, and immunity (Kang et al.,
2021). In wildfowl, these viruses are completely accom-
modated and produce no symptoms of infection. Thus,
these birds are considered the natural host of AIV (Web-
ster et al., 1992). Therefore, wild birds are considered to
be the primary source or maintenance host for all influ-
enza viruses that infect mammals (Webster et al., 1992).
Conversely, domestic birds such as turkeys, chickens,
ostriches, and quail are sensitive to AIV outbreaks
(Perez et al., 2003). Clinical manifestations of AIV infec-
tion in poultry range from asymptomatic to a broad
spectrum of symptoms such as severe respiratory illness,
production loss, and acute fatal infection with elevated
morbidity and mortality (Suarez and Schultz-Cherry,
2000). According to the World Organisation for Animal
Health, formerly known as the Office International des
Epizooties (OIE), AIV is classified into two pathotypes,
LPAI and HPAL

At least 75% of the total cases of mortality in 4 to 8-
wk-old chickens are mainly due to HPAI wviruses,
whereas LPAI viruses are generally considerably less vir-
ulent (Lee and Saif, 2009). Nevertheless, significant
symptoms occur in chickens as a result of LPAT infec-
tion, which usually causes infection when the birds are
subjected to environmental stressors or coinfected with
other pathogens (Nili and Asasi, 2003). Although LPAT

%

Intestinal tractis primary site of
viral replication

‘ Shedding p;imarilyfrom the cloaca ‘

¥

Respiratory tractis primary site of
viral replication

{ Shedding primarily from the trachea

Figure 2. Localization of systemic highly pathogenic avian influenza (HP AI) infection versus low pathogenic avian influenza (LPAI) infection in
chicken and duck. In chickens, proteases in gut and respiratory systems enable LPAT and HPAI replication while in ducks, their gut is the primary
organ for LPAI replication and shedding and respiratory tract is the main site for HP AT replication and shedding.
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viruses can exhibit any HA antigen type (H1—-H18), all
HPAI were detected with only H5 or H7 antigens
(Swayne, 2008). The segmented nature of the AIV
genome elevates the possibility of reasserting viral gene
segments from a mixed illness with two or more virus
subtypes, leading to the formation of pandemic viruses
(de Silva et al., 2012). Globally, LPAI viruses such as
the HIN2 subtype have become more dominant since
the early 1990s and are associated with elevated morbid-
ity and mortality and a significant decrease in egg curve
(Alexander, 2007). However, data regarding the disease
symptoms in birds experimentally challenged with LPAI
viruses remain limited.

Earlier, LPAI viruses were discovered in the secretions
from the respiratory tract and droppings of chickens
inoculated intranasally, orally, or intratracheally. Some
viruses were isolated from the droppings as early as on
postinfection day 2 (Swayne and Beck, 2005). The LPAI
subtype HHN2 was primarily observed in oropharyngeal
samples compared with cloacal swabs during the clinical
phase, but more viruses were observed in the droppings
than in respiratory secretions after host recovery. Earlier
studies have revealed that LPAI viruses are primarily
limited to the respiratory and intestinal tracts as these
sites contain host proteases, such as trypsin-like
enzymes, required for cleavage and HA glycoprotein pro-
duction (Alexander, 2000). Nevertheless, recent studies
have reported a much broader tissue tropism of LPAI
viruses in the brain, spleen, cardiac, hepatic, and renal
tissues (Post et al., 2012, 2013). Stimulating a GIT
immune reaction by the rapid replication of LPAI
viruses is crucial in protecting birds from the lethal
impact of HPAI viruses (Hu et al., 2021).

PATHOGENESIS OF AlV

Infection through the respiratory tract with aerosol-
ized droplets or the GIT via the orofecal route, AIV ini-
tiates infection and replication in the host cell. HPAI
induces systemic disease in humans and animals through
the bloodstream and lymphatics and may attack the
nervous system (Perkins and Swayne, 2003). The HPAT
H5N1 virus isolated from the vascular endothelium,
heart, pancreas, brain, and adrenal glands of chickens
and other gallinaceous birds leads to cardiovascular
damage due to endothelial activation and disruption,
leukocyte activation with systemic cytokine release, car-
diopulmonary failure, and multiorgan damage (Perkins
and Swayne, 2003).

Pathological and clinical findings vary based on sev-
eral determinants, with LPAI infection in chickens and
turkeys often being accompanied by mild respiratory
distress and reduced egg production. Tracheitis, sinusi-
tis, air saculitis, nephritis, ovaritis, and oviduct lesions
with egg peritonitis in layers can be observed sometimes
(Suarez, 2008; Wakawa et al., 2008; Chrzastek et al.,
2021). Clinical signs of HPAT infection may be absent in
the peracute disease form. Respiratory distress, cough-
ing, sneezing, cyanosis of combs and wattle,

hemorrhages on the shank, bleeding from the nares, diar-
rhea, circling, incoordination, and death may also be
noted (Wakawa et al., 2008). Pathological lesions may
include hydropericardium, hemorrhages in the mesen-
tery and pericardial serosa, pulmonary edema, mucus in
the trachea, pinpoint hemorrhages in the proventriculus,
serous exudates in the body cavities, pancreatic necrosis,
and nonsuppurative brain lesions (Perkins and Swayne,
2003; Li and Chen, 2021).

GUT MICROBIOTA AND CHICKEN HEALTH

The host and microbiome are in a stable relationship
where their communication pattern depends on micro-
bial ecology and host immune status (El-Saadony et al.,
2022). Microbiota composition can be affected by vari-
ous dietary factors such as the components of diet, con-
centrations of nutrients (carbohydrates, fats, proteins,
water, minerals, vitamins, and fibers), physical charac-
teristics/structure of feed (grain type and particle size),
or supplementation of feed (Abou-Kassem et al., 2021a).

Various methods have been suggested to maintain the
resistance of the gut mucosa and microbiome to avoid
excessive inflammatory reactions (Meijerink et al.,
2021). Members of particular microbial groups, such as
species of lactobacilli, can stimulate the habituation of
dendritic cells by intraepithelial lymphocytes toward a
tolerogenic phenotype, thus stimulating the differentia-
tion of T cells into regulatory T (Treg) and T helper
(Th) 2 subsets (Zeuthen et al., 2008). Another approach
of initiating tolerance is to decrease the toxic effect of
lipopolysaccharides (LPS), which is available in the
GIT and can cause systemic toxic shock (Sekirov et al.,
2010). LPS reduction can be performed by dephosphory-
lation of the LPS endotoxin via the activity of intestinal
alkaline phosphatase, which was reported to lower
MyD88- and TNF-a-mediated recruitment of neutro-
phils at the gut epithelium, thereby enhancing tolerance
to the gut microbiome and decreasing inflammatory
reaction (Sckirov et al., 2010). Another protective mech-
anism is the gut mucosal barrier, which provides both
physical and chemical protection and helps maintain
host—microbial homeostasis (Li and Chen, 2021).

Chemical barriers, which comprise the regenerating
islet-derived 3 family of proteins, antimicrobial peptides,
lysozyme, and secretory phospholipase A2, help main-
tain the separation of GIT microorganisms from intrae-
pithelial cells (IEC) by killing pathogens that invade
the gut mucosa (Okumura and Takeda, 2018). The gly-
cocalyx provides a physical barrier on the microvilli of
absorptive IEC, and cell junctions connecting the IEC
help in the spatial separation of the GIT microbiome,
thus preventing the penetration of pathogens into the
gut mucosa (Srinivasan, 2010).

The host prevents undesirable responses toward the
beneficial members of the GIT microbiome while exhib-
iting immune response against pathogens; this interspe-
cies balance is known as “Eubiosis.” The normal
microbiome of the GIT stimulates the maturation and
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upkeep of gut immunity and homeostasis (Rakoff-
Nahoum and Medzhitov, 2007). The gut microbiome
also controls the adaptive immune response, with partic-
ular groups boosting the population of regulatory and
effector T-cell such as Thl7 and Treg cells (Hooper
et al., 2012). For instance, segmented filamentous bacte-
ria stimulate robust specific and nonspecific Th17 reac-
tions, exerting detrimental and positive effects on the
host (Hooper et al., 2012).

The gut microbiome also plays a role in preventing
intestinal diseases and protecting against the growth
and colonization of important pathogens through com-
petitive exclusion, including repressive element genera-
tion and nutrient exhaustion (Hooper et al., 2012). A
shift in the relative profusion of the GIT microbiome,
which is called dysbiosis, results in the disturbance of
commensal-mediated propagation tolerance to gut dis-
eases, which is accompanied by different infections
(Spor et al., 2011). Additionally, a change in the compo-
sition of the bacterial community may ease the prolifera-
tion of harmful subgroups of endogenous bacteria, also
known as pathobionts, within the gut (Egan et al.,
2012).

The pathogens’ primary ports of entry are the muco-
sal surfaces with abundant microorganisms, implying
that the beneficial interaction between commensal
microbiota and mucosal surfaces plays a unique role in
host protection. Various interactions among pathogens
and the commensal microbiome have been reported in
the literature. For instance, the gut microbiome pre-
vents the development of bacterial infection by generat-
ing biosurfactants, competing for attachment and
nutrients, secreting metabolites with antimicrobial
activities, and promoting the action of secondary intesti-
nal lymphoid organs, which are the first line of defense
in the gut mucosa (Hooper et al., 2012; Meijerink et al.,
2021; Shi et al., 2021).

Although the lack of knowledge regarding the interre-
lationship between commensal microbiota and viral
pathogens indicates strong evidence assuming that the
normal microbiome can directly or indirectly affect viral
infections to protect the host or control viral multiplica-
tion and transmission. In addition to exerting local
effects, the gut microbiome affects host resistance/infec-
tion at other mucosal surfaces.

THE BENEFICIAL ROLE OF MICROBIOTA
AGAINST VIRAL INFECTIONS

Normal microbiome plays a particular role in the pro-
tection against viruses. The gut flora promotes the prog-
ress of immune cells and boosts the innate antiviral
immunity (Algazlan et al., 2020; Shi et al., 2021). Com-
mensal microorganisms release soluble factors that pro-
tect the intestinal epithelial cells from rotavirus
infection by glycan modification in the epithelial cell
membrane, thereby inhibiting pathogen attachment
(Varyukhina et al., 2012).

These studies highlight the crucial role of the com-
mensal microbiota in protecting the host against AIV
infection. Additionally, these studies suggest the signifi-
cance of the gut microbiome in protection against patho-
gens at other mucosal surfaces, including the respiratory
system (Samy and Naguib, 2018). Mechanisms underly-
ing the control of AIV infection by the gut microbiome
are summarized in Figure 3.

AlV, GUT MICROBIOTA AND CHICKEN
IMMUNE RESPONSE

Successful invasion of the mucous layer, AIV primar-
ily targets the respiratory and intestinal epithelia,
resulting in the rapid killing of infected cells (Kaufmann
et al., 2001; Huang et al., 2021). The viral RNA is identi-
fied by different pattern recognition receptors (PRR) of
the innate immune system, leading to the production of
proinflammatory cytokines such as type-I interferons
(IFN), chemokines, and eicosanoids (Iwasaki and Pillai,
2014). If the innate immune system fails to detect AIV,
resulting in infection, the adaptive immune response
combats the infection.

At least three categories of PRR recognize pathogen-
associated molecular patterns (PAMP) of AIV that are
either found on the virus or generated during infection.
These receptors are retinoic acid-inducible gene I (RIG-
I), TLR, and nucleotide oligomerization domain
(NOD)-like receptors (NLR) (Pulendran and Maddur,
2012). In the case of ssRNA recognition by TLR7, viral
replication is unnecessary because the receptor can rec-
ognize genomic ssRNA, resulting in myeloid differentia-
tion  primary  response-88  (MyD88)-mediated
activation of the transcription factor nuclear factor-xB
(NF-kB) or interferon regulatory factor 7; this activa-
tion leads to the expression of proinflammatory cyto-
kines and type-I IFN (Lund et al., 2004). In addition,
TLR7 promotes B-cell-mediated antibody responses
against AIV infection (Iwasaki and Pillai, 2014). Cur-
rently, the significance of TLRS8 in AIV infection is
unknown (Iwasaki and Pillai, 2014; Huang et al., 2021).

Influenza infection stimulates RIG-I in macrophages,
respiratory epithelial cells, and mast cells. Hosts with a
nonfunctional variant of RIG-I exhibit a significantly
weak antiviral response, indicating that RIG-I is one of
the main pathways through which the host combats
AIV infection (Pulendran and Maddur, 2012). Chickens
lack RIG-I receptors; nonetheless, MDAS5 in chickens
may recognize the same ligands as RIG-I (Barber et al.,
2010). The NLR are mainly expressed in the cytosol and
react with different PAMP, leading to inflammatory
reactions in mitogen-activated protein kinases, NF-«B,
and MAVS—IRF3-dependent pathways (Pulendran and
Maddur, 2012). Pyrin domain-containing protein 3 or
cryopyrin (NLRP3), NLR family CARD-containing pro-
tein 2 (NLRC2 or NOD2) on NLR responding to influ-
enza virus NLRX1 are the major NLR included. NLRP3
stimulates the production of pro-IL-18 and pro-IL-18,
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Figure 3. Mechanisms underlying the suppression of influenza virus infection by the commensal microbiota.

and both NLRC2 and NLRX1 stimulate the synthesis of
type-I IEN (Huang et al., 2021).

Microbial ligands, such as LPS, released by selective
members of the microbiota stimulate translational and
transcriptional activation of pro-IL-18 and pro-IL-18
(signal 1), often via TLR, IL-1R, or TNF receptor. In
influenza-infected cells, the virus produces signal 2, nec-
essary to form the NLRP3 inflammasome and stimulate
caspase-1, which cleaves pro-IL-18 and pro-IL-18 into
their mature forms (Bauernfeind et al., 2011). Although,
to the best of our knowledge, no specific PAMP that
interact with NLRP3 have been identified yet, ligands of
influenza viruses, such as PB1- F2, M2, and viral RNA,
and those of normal microbiome initiate the activation
of NLRP3 (Pulendran and Maddur, 2012; Chrzasteka
et al., 2021).

Identification of the virus by innate receptors is fol-
lowed by the rapid stimulation of antiviral effector
responses such as the secretion of IL-6, IL-18, and TNF-
a from macrophages and monocytes (Herold et al.,
2006). The innate antiviral response triggers the secre-
tion of type-I IFN from virus-infected cells (Hiscott,
2007). Type-I IFN are antiviral effectors essential for
suppressing viral replication and stimulating cells
involved in innate immunity, particularly dendritic cells,
thereby facilitating the stimulation of adaptive immu-
nity (Pulendran and Maddur, 2012). Receptor—IFN
binding leads to the stimulation of the Janus kinase and
signal transducer and activator of transcription path-
ways, resulting in the stimulation of hundreds of inter-
feron-stimulated genes (ISG) (Yan and Chen, 2012).

ISG, which include myxovirus resistance protein, IFN-
inducible transmembrane protein, ribonuclease L, 2'—5'-
oligoadenylate synthase, and RNA-activated protein
kinase, viperin, and thethrin, play essential roles in the
immune response against AIV (Iwasaki and Pillai,
2014).

IMPLEMENTING CHICKEN MODEL FOR THE
INTERACTION AMONG AIV, GUT
MICROBIOTA AND CHICKEN IMMUNE
RESPONSES

Models have been used to investigate virus—micro-
biome interactions; of them, SPF or antibiotic-treated
organisms have been used most widely. However, SPF
models can be colonized with one or more bacterial
strains to study the interaction between microbiota and
viruses as they provide a microorganism-free controlled
environment (Robinson and Pfeiffer, 2014). Further-
more, SPF chickens experimentally infected with HIN2
AIV exhibited the disruption and damage of intestinal
microbiota as well as the inflammatory destruction of
the intestinal mucosa-associated marked increase in the
genera Fscherichia, particularly E. coli, (P < 0.01) 5 d
after infection and a significant decrease in obligate
anaerobic lactic acid-producing bacteria Lactobacillus,
Enterococcus, Streptococcus, and another probiotic bac-
teria (P < 0.01) (Li et al., 2018; Algazlan et al., 2020; Shi
et al., 2021).
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HI9N2 AIV infection leads to a significant reduction in
the mRNA expression of tight junction proteins (MUC,
ZO-1, claudin 3, and occludin), endogenous trefoil
(TFF2), and primary gel-forming mucin (MUC2). The
mRNA expression of proinflammatory cytokines such as
IFN-y, IL-22, IFN-«, IL-18, IL-6, and IL-17A were ele-
vated (Li et al., 2018; Samy and Naguib, 2018; Abaidul-
lah et al., 2019; Algazlan et al., 2020; Chrzasteka et al.,
2021). Simultaneously, the expression of TFF2 and
MUC2, claudin, occludin, and ZO was significantly
decreased, resulting in substantial damage of the gut
epithelial tight junctions and the destruction of mucin
layer covering the intestinal villi, enabling secondary
infection by various bacteria, particularly pathogenic F.
coli, which results in severe diarrhea that commonly fol-
low HIN2 infection (Barbour et al., 2009; Li et al.,
2018). Intestinal mucosal damage may encourage patho-
gens to induce systemic infection (Chappell et al., 2009).
Similarly, TFF2 can suppress inducible nitric oxide syn-
thase (in monocytes and inflammatory components and
control monocyte nitric oxide -mediated inflammation-
inducing colitis (Giraud et al., 2004).

H9N2 infection results in a marked increase in ileal
butyrate production, which may be considered a self-
regulating mechanism to tolerate this infection (Li
et al., 2018). In a previous study, AIV-infected broiler
chickens showed increased proliferation of patho-
bionts such as Vampirovibrio, Clostridium cluster-
XIVb, and Ruminococcus sp. (Barjesteh et al., 2015).
The proliferation of these pathogens induces the

liberation of proinflammatory cytokines such as IL-6
and IL-1B (Oakley and Kogut, 2016). Mice infected
with HPAT viruses showed similar outcomes with the
elevated synthesis of IFN-y and IL-17A, leading to
gut dysbiosis (Wang et al., 2014). The interaction
among AIV, GIT microbiome, and chicken immune
responses is presented in Figure 4.

ENHANCEMENT OF AVIAN GUT
MICROBIOTA

The chicken meat industry has long relied upon the
use of antibiotic growth promoters (AGP) administered
in chickens through diet to enhance feed conversion
ratios and ensure animal weight gain as well as low mor-
bidity and mortality due to clinical and subclinical infec-
tions (El-Shall et al., 2021; Arif et al., 2022). The
benefits of AGP are, in part, due to the modulation of
the host immune reaction after the reduction of the total
bacterial load in the GIT and the suppression of poten-
tial pathogens (Salem et al., 2021). However, the
increasing spread of antimicrobial resistance (multidrug
resistance against antibiotics) and the associated threats
to public health have prompted governments to limit
the use of AGP on farms (El-Tarabily et al., 2021).

There are many safe, natural substances with proven
efficacy that have been used to promote intestinal health
and boost gut microbiome activities by competing with
various pathogens in chickens; the examples include
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herbal extracts, essential oils, amino acids, prebiotics,
probiotics, synbiotics, exogenous enzymes, organic acids,
and nanoparticles synthesized via green synthesis (Ala-
gawany et al., 2018; Abd El-Ghany et al., 2021; Abd El-
Hack et al., 2022a). These natural substances stimulate
the growth of birds, enhance their productivity and
immunity, facilitate pathogen resistance, and ensure the
production of organic avian products with high nutritive
value; these substances are safe for human consumption
(El-Saadony et al., 2020; Saad et al., 2021a,b; Abd El-
Hack et al., 2022b,c).

Prebiotics are compounds that pass undigested
through the proximal parts of the GIT and can induce
the growth or activity of beneficial microorganisms that
colonize the hindgut, thus improving host physiology.
Most prebiotics belong to the groups of galactooligosac-
charides, fructooligosaccharides, raffinose family oligo-
saccharides, and mannanoligosaccharides and are
indigestible by the host. However, the gut microbiota
can break them down to produce SCFA such as propio-
nate, acetate, and butyrate (Yaqoob et al., 2021). Probi-
otics are viable microorganisms used as a feed additive,
which exert beneficial effects on health when adminis-
tered in sufficient quantities to promote a good balance
among the microbial members present in the GIT (Abd
El-Hack et al., 2020).

Organic acids and their salts have gained popularity
because of their nutritional value and antimicrobial
properties that can elicit positive effects on growth per-
formance; they can be present as simple monocarboxylic
acids (formic, acetic, propionic, and butyric acids), car-
boxylic acids with a hydroxyl group (lactic, malic, tarta-
ric, and citric acids) or short-chain carboxylic acids
containing double bonds (fumaric and sorbic acids);
they are widely distributed in nature as the normal com-
ponents of plants or animal cells (Huyghebaert et al.,
2011). Organic acids are sometimes found as their
sodium, potassium, or calcium salts, which are the forms
of choice in the feed manufacturing process because they
are more stable, odorless, and easier to handle than the
more volatile acid forms (Huyghebaert et al., 2011).

Herbal extracts, nanopreparations, and nanoparticles
synthesized via green synthesis are usually incorporated
into the diet or feed of poultry birds to improve their
performance (Reda et al., 2020, 2021a,b; Abd El-Hack
et al., 2021c¢). The effects of these compounds on enteric
diseases, GIT integrity, nutrient digestibility, immunity,
and productivity have been comprehensively reviewed
in chickens (Alagawany et al., 2015, 2021; Abou-Kassem
et al., 2021b).

CONCLUSIONS

Gut microbiota, including different species of Lacto-
bacillus, Blautia Bifidobacterium, Faecalibacterium,
Clostridium X1Va, and members of firmicutes, play a sig-
nificant role in the prevention and control of ATV and
other infections. During AIV infection, the expression of
proinflammatory cytokines such as IFN-y, IFNe, IL-

17A, and IL-22 is increased significantly. The expression
of TFF2, MUC, ZO-1, claudin 3, and occludin is signifi-
cantly decreased, resulting in decreased mucosal integ-
rity and increased inflammatory response, leading to
severe intestinal damage and dysbiosis. Furthermore,
the pathogens can invade the intestine, causing a sys-
temic reaction. Consequently, using feed supplements
containing probiotics, prebiotics, synbiotics, herbal
extracts, essential oils, essential amino acids, organic
acids, and exogenous enzymes in chicken diet enhances
the local immunity in the intestines, ensuring healthy
intestinal mucosa and reducing the chance of infection
with pathogens such as HON2 AIV.
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