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Uncovering the core principles
of the gut-lung axis to enhance
innate immunity in the chicken

Vincent Saint-Martin, Pascale Quéré, Sascha Trapp
and Rodrigo Guabiraba*

ISP, INRAE, Université de Tours. 37380, Nouzilly, France
Research in mammals has evidenced that proper colonization of the gut by a

complex commensal microbial community, the gut microbiota (GM), is critical

for animal health and wellbeing. It greatly contributes to the control of

infectious processes through competition in the microbial environment while

supporting proper immune system development and modulating defence

mechanisms at distant organ sites such as the lung: a concept named ‘gut-

lung axis’. While recent studies point to a role of the GM in boosting immunity

and pathogen resilience also in poultry, the mechanisms underlying this role

are largely unknown. In spite of this knowledge gap, GM modulation

approaches are today considered as one of the most promising strategies to

improve animal health and welfare in commercial poultry production, while

coping with the societal demand for responsible, sustainable and profitable

farming systems. The majority of pathogens causing economically important

infectious diseases in poultry are targeting the respiratory and/or

gastrointestinal tract. Therefore, a better understanding of the role of the GM

in the development and function of the mucosal immune system is crucial for

implementing measures to promote animal robustness in commercial poultry

production. The importance of early gut colonization in the chicken has been

overlooked or neglected in industrial poultry production systems, where chicks

are hampered from acquiring a complex GM from the hen. Here we discuss the

concept of strengthening mucosal immunity in the chicken through GM

modulation approaches favouring immune system development and

functioning along the gut-lung axis, which could be put into practice

through improved farming systems, early-life GM transfer, feeding strategies

and pre-/probiotics. We also provide original data from experiments with

germ-free and conventional chickens demonstrating that the gut-lung axis

appears to be functional in chickens. These key principles of mucosal immunity

are likely to be relevant for a variety of avian diseases and are thus of far-

reaching importance for the poultry sector worldwide.
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Introduction

State of the art: The holobiont and the
host immune system

The concept of the mammalian holobiont - the co-

evolutionary assemblage of eukaryotic and prokaryotic elements

of an organism - has emerged from the current revolution in our

understanding of host–microbial interactions (1). It is today well

established that the gut microbiota (GM) - the ensemble of

microorganisms inhabiting the gastrointestinal tract - plays a

key role in immune system development and homeostasis (2).

Dysbiotic conditions (i.e. diminished GM complexity or an

imbalanced GM composition), which can be caused by genetic

disposition or exogenous factors such as specific diets and

antibiotic use, are linked to a decreased ability to develop local

and systemic immune responses (3). In mice, the absence of a gut

microbiota is reflected by increased levels of arginine and proline

metabolism (urea cycle), oligopeptides, carbohydrates and energy

metabolism, secondary metabolites (flavonoids, phenolic acids,

and terpenes), and decreased levels of bile acids, acylcarnitines,

fatty amides, aromatic amino acids, lysine and polyamine

metabolites, thus highlighting the broad significance of the GM

to different host physiological systems (4). As for the immune

system, the GM has an important impact on the growth and

function of myeloid cells in many organs and at different stages of

cellular development. Myeloid cell growth in the bone marrow is

diminished in the absence of the GM, resulting in a delay in the

clearance of systemic bacterial infection (5). The complexity of the

GM also influences the level of myelopoiesis, which is modified in

accordance with the presence of GM-derived Toll-like receptors

(TLRs) ligands in the blood (6). Short-chain fatty acids (SCFA),

the main metabolites produced by bacterial fermentation of

dietary fibre in the gastrointestinal tract, may also promote

myelopoiesis in the bone marrow (7). Moreover, even before

birth, the microbiome has a significant impact on myelopoiesis.

The offspring of antibiotic-treated mice has less circulating

neutrophils (and their bone-marrow precursors), while prenatal

colonization with commensal microbes increases the amount of

intestinal mononuclear cells in new-born mice (8). Effector

mechanisms of myeloid cells such as the formation of

neutrophil extracellular traps are also influenced by the lack of a

GM (9). Therefore, the central position of the GM in the holobiont

is crucial to the ontogeny of the immune system, and in particular

the innate immune system, with functions extending far beyond

the gastrointestinal tract.

Emerging evidence in humans and mice suggests that the

immunoregulatory function of the GM also pertains to distal

organ sites including the airways and the brain (10, 11). Recent

studies have highlighted the influence of the GM on lung

immunity, referred to as the ‘gut-lung axis’, though the

underlying causalities and mechanisms are still being
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investigated (12), including the effects of various diets on lung

health and disease (13, 14). Consistent with this, adverse changes

in the composition of the GM (dysbiosis) are linked to increased

susceptibility to respiratory diseases and infections. Inflammatory

disorders in the airways, such as asthma and chronic obstructive

pulmonary disease (COPD), have been related to gut dysbiosis in

humans (15, 16). In asthma, the abundance of the gut commensals

Akkermansia muciniphila and Faecalibacterium prausnitzii is

significantly reduced in allergic patients compared to healthy

controls (17). Caloric restriction diet and supplementation with

prebiotics (e.g. fructo-oligosaccharides, inulin type fructans,

raffinose) have positively regulated the abundance of these

commensals in mouse and human studies (18). In COPD, low

fibre consumption was linked to lower lung function scores and a

higher incidence of persons with airway obstruction (13).

Moreover, human epidemiological studies indicate that

microbial dysbiosis can have long-term consequences, which is

supported by data from mouse models pointing to an increased

predisposition to allergic inflammation following early life

antibiotic usage (19, 20). Even if the mechanisms bridging gut

microbiota with the alterations of respiratory disease outcome are

still poorly understood in domestic animals, a growing body of

research in poultry and swine supports a crosstalk between the gut

and airways microbiome (21). The increase in the prevalence of

respiratory disorders in farm and companion animals have

reached epidemic statistical levels in wealthy countries that

generate a greater need to monitor and control their impact on

morbidity and mortality.

Altogether, it becomes increasingly clear that microbial gut

colonisation and immunocompetence are interrelated and

impact each other in homeostasis and/or disease. Dysbiosis

and subsequent dysregulation of microbiota-related

immunological processes affect the onset of the disease, its

clinical characteristics, and responses to treatment. Finally,

considerable attention has and continues to be paid to early-

life changes to the GM and their influence on the immune

system resilience to pathogens in both the gastrointestinal and

respiratory mucosa. Although research on these aspects are well

advanced in humans and mice, relatively little was done to

interrogate these relationships in poultry, the most important

segment of the livestock industry. The poultry sector, which has

an extremely important place in terms of food safety and

nutrition, is the fastest growing agricultural sub-sector,

especially in developing countries. Some of these topics are

discussed in detail in the sections below.

Microbiota-derived short-chain fatty
acids are broad immunomodulatory
metabolites

The GM ferments the dietary fibre that reaches the colon in

an anaerobic environment, producing short-chain fatty acids
frontiersin.org

https://doi.org/10.3389/fimmu.2022.956670
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Saint-Martin et al. 10.3389/fimmu.2022.956670
(SCFA) as metabolic by-products. SCFA play a major role in

intestinal homeostasis, explaining why changes in the

microbiota can contribute to the pathophysiology of human

gastrointestinal diseases (22). SCFA are the most studied

microbiota metabolites, possessing regulatory properties on

various aspects of host physiology, including the immune

system (23) and the cardiovascular system (24). The

pleiotropic functions of SCFA in mice range from maintaining

and reinforcing intestinal-epithelial integrity and cardiovascular

homeostasis, to dampening inflammation in the gut and

respiratory tract, demonstrating their importance in the local

and peripheral milieu (2, 7, 10, 25). How commensal-derived

SCFA participate in the crosstalk between the gut and the lungs

is only starting to be unveiled (26). However, their participation

is clearly complex and multifaceted, since SCFA are able to

influence, directly or indirectly, the function of various cells

including epithelial cells and innate and adaptive immune cells.

Their biological activity is regulated by their relative availability

and affinity for G-protein coupled receptors (GPCR) of the free

fatty acid receptors (FFAR) family, transporter molecules, and

downstream effector molecules in different cell types (27, 28).

SCFA produced by the GM in the cecum and the colon can

be found in hepatic, portal, and peripheral blood. These SCFA

affect the lipid, glucose, and cholesterol metabolism in various

tissues, indicating that SCFA are transported from the intestinal

lumen into the bloodstream and are taken up by organs where

they act as substrates or signal molecules (29). The transporters

for the uptake of SCFA from the blood into the tissues remain

largely unknown. Overall, the concentration gradient for SCFA

decreases from the terminal gut lumen (where they are

abundant) to the periphery, with preferential uptake of

butyrate by the intestinal epithelium, propionate by the liver

and acetate by various peripheral organs (30, 31). In humans, the

total SCFA concentration in the lumen of the colon decreases

progressively from the proximal to the distal end from 70-

140 mmol/l to 20-70 mmol/l respectively (32) with the

abundance ratio of acetate, propionate and butyrate in the

colon being 60:25:15 (33). Exogenous acetate formed by

colonic bacterial fermentation enters the blood compartment

and is mixed with endogenous acetate released by tissues and

organs. Up to 70% of the acetate is taken up by the liver. To

prevent high SCFA concentrations in the bloodstream, the liver

also clears the major part of propionate and butyrate from the

portal circulation. The major part of butyrate is used as fuel for

colonocytes, the remainder is oxidized by hepatocytes within the

cell or by secretion into the plasma within triglyceride-rich very

low density l ipoproteins, thereby preventing toxic

systemic concentrations.

The main SCFA from the GM, namely acetate, propionate

and butyrate, act through the activation of specific GPCR:

FFAR3/GPR41, FFAR2/GPR43, GPR109A/HCAR2 and

OR51E2/Olfr78 (34). FFAR2 may interact with FFAR3 to form

a FFAR2-FFAR3 receptor heteromer with signalling that is
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distinct from the parent homomers. OR51E2 is the human

orthologue of mouse Olfr78. Both FFAR2 and FFAR3 are

selectively activated by SCFA from one to six carbon chain

length, thus responding to both acetate, butyrate and propionate

(35). GPR109A/HCAR2, the receptor for niacin/vitamin B3,

recognizes mostly butyrate while OR51E2/Olfr78, the receptor

for the odorant beta-ionone, recognizes mostly propionate.

Signalling through FFAR receptors entails different effects

depending on cell type specific receptor expression and

binding of different subunits of FFAR receptors or b-arrestins.
For example, butyrate can inhibit reactive oxygen species (ROS)

production in neutrophils in a pertussis toxin (PTX)-sensitive

manner, while acetate increases ROS production in macrophages

in a PTX-insensitive manner (33). As for the mechanisms of

action, SCFA play a crucial role in the regulation of

inflammation and mucosal immunity by stimulating or

dampening the production of cytokines (mostly via NFkB-
dependent pathways), as well as inhibiting or facilitating the

recruitment of immune cells. The relative order of potency for

the suppression of NF-kB activity by SCFA was determined as

butyrate>propionate>acetate in different mammalian in vitro

systems (e.g. macrophages and endothelial cells). SCFA such as

butyrate also function as histone deacetylase (HDAC) inhibitors,

which can act on the epigenome through chromatin remodelling

changes. The importance of butyrate’s effect on HDAC was

highlighted by the demonstration that trichostatin A (TSA), a

specific HDAC inhibitor, mimics many of the regulatory actions

of butyrate, spanning from the expression of interleukin 8 (IL-8)

and urokinase receptor to cell proliferation, apoptosis, and

epithelial barrier functions (e.g. paracellular permeability and

cell migration) (36, 37). SCFA also maintain mucosal

homeostasis by promoting B-cell IgA production and

regulating T-cell differentiation. However, SCFA receptors are

not expressed in lymphocytes at significant levels, although

distinctively expressed by epithelial cells, myeloid cells and

endothelial cells, thus highlighting their complexity in

regulating innate immunity functioning along mucosal

sites (34).

There are limited reports of SCFA being detected in the

mammalian lung and the lung microbiota is not known to

produce SCFA, possibly due to the absence of specific

substrates or fermentation in healthy individuals (10, 38, 39).

It is also unknown whether the lung microbiota produces

sufficient amounts of bacterial molecular motifs, such as TLRs

ligands, to directly impact host airway immunity (40). A direct

role for SCFA in the airways is plausible, but likely to be

negligible compared to its more systemic roles. Rather, the

priming effects of SCFA on immune cel l s should

predominantly occur in the periphery, notably in the bone

marrow, with a subsequent recruitment to the lungs that

would ultimately contribute to lung homeostasis and

immunity. Indeed, acetate and propionate have been shown as

the main SCFA involved in the priming of myeloid cells that will
frontiersin.org
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later find a niche in the respiratory mucosa of mammals (2, 10,

25). Mechanistic actions through which GM-derived SCFA elicit

their protective mechanisms against allergic airway diseases and

respiratory infection were recently uncovered (7). Circulating

acetate or propionate are able to modulate dendritic cell (DC)

hematopoiesis and functioning in the bone marrow during Th2

cell-mediated allergic airway inflammation. Both metabolites

enhance the generation of macrophage and DC progenitors,

and the more differentiated, common DC progenitors in the

bone marrow (7, 12, 41). These DC precursors will subsequently

populate the lungs where they mature into CD11b+ DC that

possess impaired allergen presentation capacity and

consequently activate few Th2 effector cells (42, 43). Thus,

allergic airway inflammation is dampened and goes into

resolution processes. During influenza infection, SCFA only

influenced the expansion of macrophage and DC progenitors

subsets, while other hematopoietic progenitors were unaffected

(44). Macrophage and DC progenitors differentiate into either

common DC progenitors or monocytes, with Ly6C (also known

as Gr-1) expression distinguishing two subsets of monocytes

(45).. In inflammatory conditions, Ly6C+ monocytes can give

rise to inflammatory macrophages or DCs that can cause

immunopathology (45, 46). By contrast, Ly6C− monocytes can

differentiate into alternatively activated macrophages (AAMs) in

the lungs, which possess anti-inflammatory and tissue repair

capacities (47, 48). Butyrate or propionate enhanced

macrophage and DC progenitors and their differentiation into

Ly6C− monocytes without affecting the Ly6C+ subset in a

FFAR3-dependent manner during influenza infection. In the

lungs, these Ly6C−monocytes adopted an AAM phenotype that

had limited capacity to express the neutrophil chemoattractant

CXCL1 (44, 49). Thus, AAMs limited the influx of neutrophils

into the airways and resolved neutrophil-associated

immunopathology during pulmonary viral infections (10,

44, 50).

These data illustrate that along the gut–lung axis, although

context-dependent, SCFA are priming myeloid cells in the bone

marrow, which subsequently migrate to the lungs and shape an

anti-inflammatory milieu. Targeting this axis holds great

potential for future therapies, but given the pleiotropic effects

of GM-derived metabolites, and the fundamental implications of

regulating the immune system at the level of both hematopoiesis

and mucosal immunity, further studies are warranted, including

in different biomedical models and species. Most of the work

discussed was performed in mammalian model species,

especially mice. Virtually no mechanistic work has been

performed in detail in the major livestock species, that is

chickens, pigs and cattle.

Poultry, and more specifically the domestic chicken, is the

world’s primary source of animal protein (https://www.fao.org/

poultry-production-products/production/en/). By 2050, the

world population is expected to increase to more than 9
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billion people and the demand for animal protein will at least

double. Providing food for this growing human population while

respecting the balance between animal welfare, quality products,

consumer acceptance and safety, is a major priority in the UN

Sustainable Development Agenda, targeted in its “Zero Hunger”

goal (https://www.un.org/sustainabledevelopment/hunger/).

Attempting to control or influence microbial colonisation

patterns of the young chicken’s gut (including during

embryonic development) to promote health and productivity

has today become a focus in modern poultry production (51, 52).

In order to develop novel solutions to poultry health issues,

including novel vaccines and/or vaccine adjuvants, and the

identification of disease resistance genes which can inform

breeding programmes, it is necessary to gain a more thorough

understanding of the avian immune response and how

pathogens can subvert that response. Likewise, mechanisms at

the interface of the dialogue between the GM and the mucosal

immune system in poultry remain undefined. Birds and

mammals share the same environments, have similar lifespans

and body masses, and confront similar disease threats, yet birds

have a distinct immune system repertoire than mammals, with

different organs, cells, molecules, and genes (53). The immune

system of avian species, such as chickens, is recognized as being

very distinct from those of model mammalian species. For

example, unique features such as caecal tonsils (the largest

lymphoid aggregates in the bird’s gut) and the bursa of

Fabricius (a B-cell powerhouse), both located next to the distal

regions of the gastrointestinal tract, makes the avian gut-

associated immune system a very particular anatomical and

immunolog ica l landscape compared to mammals .

Extrapolation from mammalian systems that has not been well

tested cannot give the level of information needed to

comprehend microbiota-host-pathogen relationships.

Therefore, we are still some way from a clear understanding of

the interactions between the GM and immune system

components, and the specific interventions that would

promote chicken health and productive performance in

environmental responsible livestock farming. Understanding

gut health has been a primary focus of the poultry industry

worldwide as a means of increasing production of meat and eggs,

reducing the use of antibiotics, and enhancing animal welfare.

The poultry industry has been at the forefront of advances in the

development of pre- and probiotics, nutritional antioxidants,

essential oils, anti-nutritional enzymes, and immune modulators

for the regulation of gut health and functionality (54).
Microbiota acquisition in poultry

The gastrointestinal compartment of chickens are densely

populated with a complex GM that are dominated by bacteria

(55, 56), as observed for most vertebrate species. The
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interactions between the host and the chicken GM have been

extensively studied (57–61) and are now established as playing

important roles in bird nutrition, physiology and gut

development (62, 63). Furthermore, the immediate rearing

environment profoundly influences the development of the

chicken GM (64). Chicks acquire their GM under natural

rearing conditions from the eggshell and/or by ingesting faecal

bacteria from adult hens (‘maternal flora’). However, in modern

poultry hatcheries (with egg surface disinfection and absence of

chick-hen contacts) this GM transfer is hampered, with

potentially negative consequences for animal health and

welfare. Colonisation of commercially hatched chicks is

therefore exclusively dependent on environmental sources,

during which the animals’ caeca are first colonised by

Enterobacteriaceae (phylum Proteobacteria), which become

replaced by Lachnospiraceae and Ruminococcaceae (phylum

Firmicutes) during the second week of life (64). At around

four weeks of life, Firmicutes are joined by bacterial isolates

belonging to the phylum Bacteroidetes (65). This gradual GM

development during the first weeks of life may render chicks

highly susceptible to pathogens targeting the gastrointestinal

tract, such as Salmonella (66, 67). In turn, it is well established

that inoculation of chicks with the GM from adult hens can

increase their resistance to Salmonella (66, 68, 69). Despite the

importance of these observations, studies focused on strategies

to promote GM transfer between hens and chicks - or the early

life implantation of a complex commensal microbiome - in

commercial poultry are scarce.

It is unclear if all GMmembers or just a small subset of them

are successfully passed from hens to chicks. It is also unclear how

fast GM transmission between hens and chicks occurs, or

whether contact between the hen and the chicks must

continue for days or weeks. Nevertheless, GM transfer is

supposed to be quick, since 24 hours-long contact between a

donor hen and its chicks appeared to be enough for successful

transfer (64). Bacteroidetes, Actinobacteria, Selenomonadales

and Faecalibacterium are all efficiently transferred from donor

hens to chicks. However, the transfer of Lactobacilli or

Clostridiales is often not observed (64). These observations

should be considered when designing the next generation of

probiot i cs or when performing faeca l microbiota

transplantations as tested earlier (64, 65). Although

Lactobacilli or Clostridiales may have an influence on the

development of the gastrointestinal tract just by passing

through it, the beneficial effect of probiotics on gut health will

most likely prevail when probiotic bacteria are able to implant

and colonize the gut successfully.

Given its biological and economic implications, it is

surprising that GM transfer between hens and chicks has not

been studied in more depth, especially given the recent advances

in next-generation sequencing which now allows past technical

challenges to be readily addressed. The 16S rRNA gene is
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commonly used to identify and compare bacteria present in a

given sample (70). Accessible bacterial databases, such as

Greengenes (71) and Silva (72), in addition to well-developed

bioinformatics pipelines are available to facilitate these analyses

(73–75). Therefore, the knowledge gained can be utilized not

only to identify bacterial species that are efficiently transferred

from hens to chicks but also to isolate them in pure culture. Pure

cultures of such isolates or combinations thereof should thus

imitate the natural transmission from hens to chicks, improving

gut health in the chicks from the first days of life. This would also

allow a thorough scrutinisation of the individual contribution of

selected pioneer bacteria in the development of key physiological

systems, such as the immune system, thus facilitating the

development of novel and more efficient probiotics. Therefore,

only an evidence-based method relying on the principles of

natural GM transfer between the hen and the chick would allow

the development of improved poultry production practices

aiming to increase poultry performance and robustness in

early life (64). Recently, a study showed that GM transfer in

early life is possible even between different commercial chicken

lines (76), revealing that progress is being made towards a wider

utilization of the GM transfer concept in commercial poultry.

The relationships between early hen-chick contact and GM

complexity in the development of the gut mucosal barrier is

illustrated in Figure 1.

As for the lung microbiome, research in poultry species is

still in its infancy. Recent studies attempting to characterize the

respiratory microbiome of poultry have focused primarily on

bacteria, as there are well established and rapid methods of

sequencing and analyzing this component in the lungs of

livestock species (77–82). Glendinning and colleagues

performed 16S rRNA gene sequencing to characterize the

nasal and lung microbiota of chickens (80), showing that

members of the genus Lactobacillus are by far the most

common bacteria identified in swab samples. Utilizing similar

methods, Shabbir et al. determined that the lower respiratory

tract of healthy chicken flocks from different farms in Pakistan

exhibited high levels of diversity in their microbiota (82). More

recently, Johnson et al. presented a comprehensive analysis of

the core bacterial microbiota in the broiler gastrointestinal and

respiratory tracts and barn environments (81). Although

Lactobacillaceae were the most common bacteria in the

trachea and in the ileum, the leading Lactobacillus species in

these tissues had different relative abundances. Despite the fact

that the bacterial component gives useful information on the

respiratory microbiome, a complete analysis of the avian

respiratory microbiota has yet to be published, and it is still

underappreciated when compared to research addressing the

complexity of the GM (83). Correlations between lung

microbiota and immunity, including the potential contribution

of GM transfer between hens and chicks, are therefore largely

inexistent. The mechanisms underlying those potential
frontiersin.org

https://doi.org/10.3389/fimmu.2022.956670
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Saint-Martin et al. 10.3389/fimmu.2022.956670
interactions are virtually impossible to be predicted at present.

Broilers and layer hens are subjected to rigorous vaccination

programs, with the most common vaccine methods being spray

or eye/nose drop applications, thus highlighting the central role

of mucosal surfaces in poultry vaccination. Vaccines

administered by spray or aerosol are licensed worldwide for

utilization against several poultry diseases such as infectious

bronchitis, Mycoplasma gallisepticum infection, Newcastle

disease, avian rhinotracheitis (pneumovirus) and coccidiosis

(droplets are ingested rather than inhaled). Changes in the

composition of the respiratory microbiota in mammals have

been shown to be correlated with various respiratory diseases

and to vaccination against specific respiratory pathogens (84,

85). Therefore, further studies in this area are warranted in

chickens and other commercial poultry.
Frontiers in Immunology 06
Short chain fatty acids in poultry and
their regulatory functions

As in mammals, SCFA are very abundant in the chicken

gastrointestinal tract, where their concentrations (in the

millimolar range) vary depending on the diet, host genetics,

breed conditions and notably GM composition (86–88). The pH

values, as well as the concentration and proportion of SCFA and

lactate, change along the chicken gastrointestinal tract due to the

sites of fermentation and in an age-dependent manner, and are

therefore often regarded as good parameters to follow an

adequate development of the gut. The caeca contain the

highest amount of SCFA and lactate at the first 6 weeks of age.

In 2 weeks-old old birds, the percentages of lactate: acetate:

propionate: butyrate in the caeca is 49: 37: 11: 3. However, it
FIGURE 1

Chick-hen contact influences microbiota acquisition and diversity in early life. The gut microbiota (GM) is usually transmitted vertically from
mothers to newborns, where pioneer colonizers (i.e. the first bacteria reaching the neonatal gut) greatly influence the development of a
complex microbiome. However, the current commercial poultry production systems, with its high-standard hygiene procedures, has eliminated
any contact between hens and chicks. Therefore, chicks are colonized by microbes present in the environment, feed and transferred by human
contact, which often hampers the establishment of a diverse and well-balanced GM in early life. This may lead to negative consequences to gut
physiology and homeostasis, such as altered short-chain fatty acids (SCFA) and metabolites production, dysfunctional gut mucosal barrier,
reduced immune system performance and increased susceptibility to pathogens. These alterations are probably not restricted to the gut
environment and could impact remote mucosal sites such as the lungs (the gut-lung axis).
frontiersin.org

https://doi.org/10.3389/fimmu.2022.956670
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Saint-Martin et al. 10.3389/fimmu.2022.956670
changes to 12: 73: 5: 11 from 4 weeks onwards. The caeca,

probably due to their larger and diverse microbial population

and longer transit time of the digesta (89) had higher SCFA

concentrations compared with the small intestine (e.g. ileum).

Previous studies on pigs (90) and chickens (91) already reported

elevated concentrations of acetate, propionate and butyrate in

the distal parts of the gastrointestinal tract. Rehman and

colleagues hypothesized that the lower amounts of SCFA in

the proximal parts of the GIT might be due to the lower bacterial

metabolic activity and short transit digesta time in this part

compared with the caeca (91). Therefore, the concentrations of

SCFA in chickens are overall similar to those observed in

humans and mice, suggesting that their regulatory actions at

the gut epithelia are probably similarly in place, and that they

could eventually leave the gut and act at distant organ sites.

However, to our knowledge, their presence outside the gut of

chickens or other poultry species was not yet evaluated.

The addition of the SCFA butyrate in the form of sodium

butyrate has been seen as an alternative to promote the chicken’s

gastrointestinal development and overall zootechnical

performances (92, 93). This compound is solid, stable and is

associated with the improvement of body weight, feed

conversion ratio and the development of the gut mucosa by

increasing villus height and crypt depth ratio in the duodenum

and the jejunum (94–96). Regarding gut intestinal microbiota,

butyrate is associated with increased beneficial bacterial

populations, such as Lactobacilli and Bifidobacteria while

colonization with potentially pathogenic species is reduced

(96). Indigestible non-starch polysaccharides (NSP) in the feed

serve as substrates for bacterial fermentation, greatly

contributing to the production of SCFA. NSP represent a

major part of the dietary fibre component in plant-based feed

ingredients, accounting for approximately 10% of the nutrients

in the average poultry diet. However, NSP are generally not

considered during formulation of commercial broiler diets.

Borda-Molina and colleagues recently indicated that the

composition of the diet is the main factor affecting the overall

structure of broilers’ GM and consequently SCFA production,

where the source of NSP as a substrate for bacterial fermentation

had a stronger stimulus on bacterial communities than crude

protein content or direct supplementation of sodium

butyrate (97).

Nevertheless, data available for the beneficial effects of

sodium butyrate on chicken performance and health are not

always consistent. Firstly, butyric acid can be administered either

in its free form, associated with a salt, and/or protected in a

glyceride matrix. Secondly, it may be supplemented at different

doses and/or under different experimental conditions (e.g.

chicken breed, trial duration, presence or absence of specific

challenges and stress conditions). Differences among studies

may be also related to the hygiene status of the environment

to which chickens are exposed. Several authors have already

reported that there is no growth-promoting response to fat-
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coated butyric acid (or its mono- and diglycerides) when

chickens are reared in an specific pathogen-free (SPF)

environment or where the overall health status is good (94,

98), although the physiological mechanisms underlying these

observations were not detailed. In summary, under good health

conditions, the current consensus is that sodium butyrate would

have no major effects on poultry performance and gut

morphology at different ages, at least for broiler chickens (99).

The studies on butyrate underscore that extensive research of

SCFA metabolism, biological functions and stability metabolism

are needed to provide a solid rationale for the utilization of

SCFA in commercial poultry farming.

The ability of SCFA to modulate inflammation and promote

homeostasis was also assessed in livestock species, with butyrate

being by far the most studied SCFA. In poultry, supplementation

of butyrate in the feed benefits immune responses in the chicken,

including by limiting the concentrations of pro-inflammatory

cytokines and corticosterone, the latter being abundant during

stress conditions (87, 94, 95). At the cellular level, a study

showed that SCFA play distinct roles in the activation of

intestinal regulatory T cells (Tregs) (100), although, avian

regulatory T cell research is still poorly standardized (101).

Another study by Sunkara and colleagues suggested that

butyrate induces the expression of antimicrobial peptides in

chicken macrophages (102). The same authors also revealed that

acetate, propionate, and butyrate exert a strong synergy in

augmenting antimicrobial peptides gene expression in chicken

primary macrophages and a macrophage cell line (103). Butyrate

has also been shown to reduce Salmonella Enteritidis

colonization and shedding in chickens, as well as limiting the

appearance of necrotic lesions induced by C. perfringens in the

small intestine (104, 105). Nevertheless, mechanistic data on the

immunoregulatory functions of SCFA other than butyrate are

scarce in poultry, although a broader understanding of their

biological functions in the chicken gut has seen some progress in

recent years (106).

Several receptors for butyrate have been identified in human

and mice, including FFAR3, FFAR2, and GPR109a (107). As

discussed earlier, FFAR2 is capable of recognizing not only

butyrate but also acetate and propionate (108). However, data

on the presence and function of these receptors in chicken

tissues or cells are very limited. For example, it is well

established in mammals that the activation of FFAR2 by SCFA

promotes the number and function of IL-10+ Foxp3+ regulatory

T cells (Tregs), where propionate can directly increase Foxp3

expression and IL-10 production by Tregs (109). In addition,

both butyrate and propionate are known to induce the

differentiation of Foxp3+ Tregs. In the chicken, however, only

acetate, but not propionate or butyrate, is able to promote the

expansion of CD4+CD8−CD25+ and CD4+CD8+CD25+ Tregs

in caecal tonsils (the largest lymphoid aggregates of the avian

gut-associated lymphoid tissue) (100). Moreover, FFAR2 was

shown to be highly expressed in CD4+CD8−CD25+ Tregs. How
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CD4+CD8−CD25+ T cells were affected by acetate is not clear,

as the role of FFAR2 expression in the regulatory function of T

cells has been controversial (25, 109), especially in less studied

species such as chickens. Importantly, genes encoding GPR109A

and FFAR3, other key SCFA receptors, are not found in the

chicken genome (110, 111). Therefore, the physiology and

pharmacology of GPCR receptors regulating SCFA functions

in chicken immune cells remain largely undefined.

It was previously demonstrated that more than 20 genes

encoding FFAR2 paralogs exist in the chicken genome (111).

Although all FFAR2 paralogs seem to encode full-length

proteins, the functionality of those genes remains unknown.

Moreover, this expansion among FFAR2 genes seems to be

chicken-specific, as it was not found in other galliform birds

such as turkeys and quails. Interestingly, the same authors

highlight that massive duplication of FFAR2 can be found in

an ancestral chicken line from Thailand, therefore dating this

gene expansion event between 30 Ma (estimated divergence

between chicken and turkey) and 8,000 years ago (chicken

domestication). Since chickens in modern poultry production

systems are usually fed cereal-based diets without major sources

of fibres, the physiological significance of this large FFAR2

duplication remains unresolved. In humans, specific

duplications of amylase gene were described, and copy

number of this gene was shown to be positively correlated

with salivary amylase protein level (112). Moreover,

individuals from populations with high-starch diets have more

copies than those with traditionally low-starch diets. Therefore,

an adaptation to diet in domesticated poultry is the most

reasonable hypothesis to explain numerous FFAR2 gene

duplications. In humans and mice, FFAR2 has been shown to

mediate the beneficial effects of high soluble fibre diets in

limiting the pathological manifestations of obesity and

dyslipidemia (113). Activation of FFAR2 by SCFA also leads

to the inhibition of lipolysis and the decrease of free fatty acids

levels in the serum (114), a phenomenon that could be amplified

by the presence of these numerous FFAR2 paralogs in the

chicken, although not yet experimentally tested.

Overall, the striking FFAR2 gene expansion and the

potential complexity of SCFA signalling in the chicken stresses

the need for further assessing the intricate dialogue between the

GM and its regulatory metabolites within the epithelial and

myeloid landscape along the gut-lung axis.
Microbiota, immunity and infection in
poultry: The gut-lung axis revealed

Modern selection programs implemented by industrial

chicken breeders favour high performance traits, such as rapid

broiler growth, prolific egg production and efficient feed

conversion. However, selection for a single trait may also affect

other traits, with potentially negative effects on the GM and
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immune system development, as already reviewed or reported

elsewhere (52, 115, 116). These so-called indirect effects of

“selection for performance” in poultry physiology are

continuously being investigated by the poultry research

community worldwide. Moreover, as discussed above, GM

development in commercial poultry is minimized by the

absence of contact between chicks and hens. Disruption of the

GM composition and balance in modern poultry is often

recognized as a consequence of the aforementioned poultry

production practices in conjunction with subclinical

pathologies commonly observed in poultry flocks (116).

Today, dysbiosis is scarcely used as a read-out parameter for

assessing animal health and hygiene status in poultry flocks –

although it can severely impair gastrointestinal and immune

system development and functioning in young birds (52),

thereby favouring the occurrence and/or severity of

infections/superinfections.

Viruses are among the leading causes of animal and

production losses in both commercial flocks and backyard

chickens. Contrary to bacteria, which can be treated with

antibiotics, there is no drug therapy available for poultry to

treat viruses. Supportive measures are applied as part of the

treatment. Vaccination (when available), biosecurity measures,

or even culling of the whole flock are used to prevent and/or

control the disease. Antibiotics may help to mitigate the severity

of an outbreak if a bacterial superinfection is present, such as

Avian Colibacillosis (117), which often occurs in respiratory

in fec t ions such as Newcas t l e Disease , In f ec t ious

Laryngotracheitis or Avian Influenza. Therefore, the relevance

of supporting a robust GM and immune system development

along the gut-lung axis in early life is still one of the best

strategies to promote health, welfare and to limit economical

losses due to viral infections in poultry flocks.

As for the relation between viral infections and the GM,

influenza virus infection (flu) has been shown to cause dysbiosis

in mammalian species (via type I interferon-mediated effects on

the GM composition) (118). Avian influenza viruses (AIV) are

highly contagious and highly variable viruses that infect birds in

large numbers. Domesticated poultry and other birds can be

infected, but wild birds in aquatic habitats are thought to be the

natural reservoir hosts, thus posing a threat to chickens under

free-range or organic breeding conditions. Low pathogenic avian

influenza viruses (LPAIV) are viruses that cause only minor

disease in poultry. Certain LPAIV can evolve into highly

pathogenic avian influenza viruses (HPAIV), which are most

commonly found in poultry flocks (119). HPAIV can kill up to

90% of a chicken flock, causing epidemics that can devastate the

poultry industry and lead to trade restrictions. The presence of

LPAIV that can evolve into HPAIV in poultry has the potential

to disrupt international trade. Although virtually invisible

compared to HPAIV, viral infections caused by LPAIV are

relatively prevalent in European poultry flocks (120) and some

strains are known to infect humans (e.g. H7 and H9 subtypes).
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Although LPAIV may favour severe superinfections (bacterial,

fungal), LPAIV itself generally cause mild or subclinical disease

and have limited impact on poultry performance.

In contrast to human influenza viruses, that replicate in the

respiratory tract, AIV also replicate in gut epithelial cells and can

be transmitted via the faecal-oral route (121). The relevance of

infection by avian influenza viruses to the gut-lung axis concept

is therefore of prime relevance. In the gastrointestinal passage,

the virus is exposed to acidic fluids of the chicken’s

gastrointestinal tract that are rich in the proteases pepsin

(gizzard) and chymotrypsin/trypsin (intestine). The latter

enzyme render the virus active in the avian gut through

hemagglutinin (HA) cleavage into HA1 and HA2 subunits.

However, due to a lack of a suitable cell culture system, little is

known about whether epithelial cells of the avian gut release

infectious virus particles and cleave HA with a monobasic and/

or polybasic cleavage site (121). Therefore, AIV-induced

dysbiosis in early life (due to direct, local and/or type-I IFN-

mediated remote effects) could impair proper maturation of the

young chicken immune system. On the other hand, dysbiosis

due to an unbalanced GM composition and altered immune

system development and functioning could favour respiratory

and/or intestinal AIV infection with increased severity and

negative consequences to the poultry production sector. This

two-way dialogue was never addressed in poultry, although

Chrzastek and colleagues confirmed that LPAIV infection

retards caecal microbiota diversification in the chicken (122).

Moreover, Yitbarek and colleagues already suggested that shifts

in the composition of the GM may result in changes in cell- and

antibody-mediated immune responses to vaccination against

avian influenza viruses (123). Therefore, enhancing immunity

along the gut lung-axis via increased GM diversity in early life

are among the best strategies to foster resilience to economically

important poultry viral pathogens, such as AIV. This hypothesis

was tested in parts, with new experimental evidence showing

that chick-hen contact in early life improves microbiota stability

and host response to infection with a H9N2 LPAIV strain (124).

The immune system of birds differs from that of mammals to

a great extent, especially in respect to organs located next to the

terminal portion of the chicken gut, such as caecal tonsils and

the bursa of Fabricius, both greatly involved in the regulation of

B and T-cells ontogeny and function (53). The level of

knowledge for the phenotype and function of epithelial cells

and leukocytes in birds does not yet match the level achieved for

humans and mice. Likewise, to add another layer of complexity

to the rational exploitation of the gut lung-axis in chickens, the

avian parabronchial lung substantially differs morphologically

from the mammalian bronchioalveolar lung, as brilliantly

reviewed by Reese and colleagues (125). The avian lung is a

flow-through system, relying on a set of nine flexible air sacs that

act like bellows to move air through the almost completely rigid

lungs. Air moving through bird lungs is largely fresh air and has
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a higher oxygen content. Gas exchange takes place in the

parabronchial tissue mantle, which is the fundamental

functional part of the bird lung. Organized lymphoid

structures in the chicken lung mucosa were found to be highly

similar to Peyer’s patches and other gut-associated lymphoid

tissues (GALT) and are, in analogy to mammals, designated

bronchus-associated lymphoid tissues (BALT). BALT structures

in adult birds consist of lymphocyte aggregates which are

covered by a distinct layer of epithelial cells harbouring

considerable numbers of lymphocytes. Macrophages, dendritic

cells-like phagocytes and heterophils are distributed throughout

the BALT nodules. More recently, the lymphoid aggregates in

the whole avian lung could be visualised via whole mount

microscopy (126). This was accomplished by the recent

development and use of chickens expressing a reporter gene

(eGFP or mApple) under the control of the CSF1R promoter and

enhancer in cells of the mononuclear phagocyte lineage.

Mononuclear phagocytes are located at strategic check points

where fresh air is distributed into the gas exchange areas,

allowing particles to be phagocytized and removed. In more

recent studies, respiratory mononuclear phagocytes in the

parabronchial mantle have been described as CD11+, MRC1L-

B+ and DEC205+ for cells located in the interstitial tissue of the

primary bronchus wall, and CD11+ and MRC1L-B+ for cells

located in the interatrial septa (125, 126). Nevertheless, in depth

characterization of the functions of these cells is still lacking.

Further developments in the generation of CRISPR/Cas9-edited

and reporter chicken lines (126, 127) for the identification of

novel immune cell markers and the subsequent development of

more specific antibodies will pave the way to a better

understanding of how the mucosal immune system operates in

the chicken respiratory tract, including how resident immune

cells are connected to the periphery, especially in regard to the

bone-marrow and the GM-derived regulatory molecules such as

SCFA. A graphical illustration of our present concept of how the

gut-lung axis could operate in chickens is proposed in

the Figure 2.

In line with such advances in creating original chicken lines

is the wider utilization of germ-free chickens to study the GM

with reduced experimental biases (such as the utilization of

antibiotics). We and others have contributed to the development

of germ-free chicken models, including from the commercial fast

growing broiler line Ross PM3 (128). Originally developed for an

experimental White leghorn line, this protocol has been adapted

not only to the Ross PM3 broiler line but also to quails (129).

Besides the use of this model to investigate host-microbiota

mutual interactions in the poultry gut, it could also be useful for

applied research, for example to assess safety and efficacy of

probiotics or bacterial preparations using chicken gut

commensal microorganisms. More importantly, the

application of the current germ-free hatching and rearing

protocols to raise CRISPR/Cas9-edited and/or reporter
frontiersin.org

https://doi.org/10.3389/fimmu.2022.956670
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Saint-Martin et al. 10.3389/fimmu.2022.956670
chickens lines lacking a GM from hatching will revolutionize our

understanding on the development and functioning of the gut-

lung axis in poultry.
The functional existence of a gut-lung
axis in the chicken: Preliminary evidence

Using the germ-free chicken model, we were already able to

validate, for the first time, the functional existence of a gut-lung
Frontiers in Immunology 10
axis in an inbred White leghorn chicken line (Figure 3).

Conventional or germ-free birds were sacrificed at 3 weeks of

age [when immunocompetence can be reached with the decrease

of maternal antibodies (130)] and lungs were recovered for the

quantification of SCFA and for assessing the expression of selected

innate immune genes (Supplementary Materials) between the two

conditions. Germ-free chickens presented a growth rate similar to

conventional animals raised under the same housing conditions

and same type of diet (Figure 3A). As expected, conventional

animals presented average concentrations of SCFA in their caecal
A

B

C

FIGURE 2

The gut-lung axis and how it may operate in the chicken. The development of the immune system goes hand in hand with the acquisition and
maintenance of a complex gut microbiota (GM). The GM promotes and calibrates multiple aspects of the immune system maturation and
functioning via the release and production of various molecular motifs and metabolites, respectively. These molecules not only modulate local
(gut) immunity, but also exercise remote functions on peripheral organs, including the lungs: a phenomenon referred to as the gut–lung axis. In
chickens, its existence and functioning remains elusive. (A) Large amounts of short-chain fatty acids (SCFA) are produced in the caeca, a
microbiota-enriched portion of the chicken gut where fermentation of dietary polysaccharides takes place. SCFA, the main bioactive end
products of fermentation can then act locally (in the gut), or leave the gastrointestinal tract through the bloodstream. When taken up, a large
part of the SCFA is used as a source of energy. The part of SCFA that is not consumed by the caecal epithelial cells is transported across the
basolateral membrane. To prevent high SCFA concentrations in blood, the liver clears the major part of acetate, propionate and butyrate from
the portal circulation. As a general rule it is believed for humans, rodents and livestock species alike, that SCFA concentrations are regulated
through a preferential uptake of butyrate by the intestinal epithelium, propionate by the liver and acetate by various peripheral organs (B). The
remainder of SCFA that may reach peripheral organs beyond the liver is mostly unknown. However, part of these SCFA could reach the bone
marrow via the bloodstream where they play a role in the development and priming of immune cells. The SCFA reaching the lungs could act in
reinforcing the epithelial mucosa or in the priming of resident immune cells, such as phagocytes. However, the role of SCFA in the spleen, the
main secondary lymphoid organ, is largely unexplored. (C) SCFA exert their biological functions mainly through G-protein coupled receptors
(GPCR), such as FFAR2, FFAR3 and GPR109A. In the chicken, FFAR3 and GPR109A are lacking, and FFAR2 has been shown to possess more than
20 paralogs. To date, the pharmacology of SCFA receptors and their mechanisms of action in the chicken are unresolved.
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contents, as measured by proton nuclear magnetic resonance (1H-

NMR). However, most SCFA are undetectable in the caecal

contents of germ-free animals (Figure 3B). The only exception

is acetate, which is reduced to half of the concentration found in

conventional animals. The presence of acetate is believed to be of

dietary origin since sterility tests revealed the complete absence of
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bacteria in germ-free animals. Interestingly, we identified for the

first time the presence of SCFA in the lung tissue of conventional

chickens (Figure 3C), although in concentrations significantly

lower as compared to those found in caecal contents. These

metabolites are absent (or below detection threshold) in the

lungs of germ-free chickens, therefore validating our hypothesis
A

B C

D

FIGURE 3

Evidences for the existence of a functional gut-lung axis in the chicken. (A) Germ-free and conventional inbred White leghorn chickens raised in
isolators possess no differences in weight gain during the first 3 weeks of life, suggesting no major physiological anomalies. (B) Concentrations
of acetate, propionate and butyrate in the caecal contents of conventional and germ-free chickens at 21 days of age as quantified by 1H-NMR.
Although acetate can still be detected, possibly from the diet, propionate and butyrate are absent from germ-free caecal contents.
(C) Concentrations of acetate, propionate and butyrate in the lungs of conventional and germ-free chickens at 21 days of age as quantified by
1H-NMR. Although residual concentrations of acetate are present, propionate and butyrate are undetectable in the lungs of germ-free chickens.
Concentrations are shown in µM per mg of caecal content or tissue. ND, not detected (or below the threshold). (D) qRT-PCR analysis revealed
changes in the expression of selected immune-related genes in the lungs of germ-free chickens at 21 days of age. Relative normalized
expression was calculated using the 2−DDCt method and data are represented as Log2 fold change as compared to the conventional chickens
group. Values are the median. *P < 0.05. All experimental protocols and primer pairs used for the qRT-PCR analysis are shown in the
Supplementary Material.
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that metabolites from bacterial fermentation, possibly from the

GM (since healthy lungs will harbour no fermentation processes),

may reach peripheral organs. As for the technique employed, 1H-

NMR is a highly automatable and reproducible technique for the

detection of tissue metabolites, making high-throughput large-

scale metabolomics studies much more feasible than with LC-MS

or GC-MS (131). It requires little or no chromatographic

separation, sample treatment, or chemical derivatization,

allowing the routine identification of novel compounds in less

well studied species, such as the chicken.

Finally, we carried out a gene expression analysis in lung

samples from conventional and germ-free animals to test the

hypothesis that the GM and its metabolites may regulate immune

mechanisms at the respiratory mucosa. Targeting selected genes

related to immune cell development and function, as well as

pathogen detection, we observed that different patterns of gene

expression can be observed in the lungs in the absence of a GM

(Figure 3D). Certain genes linked to mononuclear phagocytic cell

functions (MRCL1B – a bona fide marker of avian mononuclear

phagocytes,MAFB- involved in macrophage differentiation, FLT3

- important for the normal development of haematopoietic stem

cells and progenitor cells, CD14 – a macrophage-dominant PRR,

CCR2 - a CC chemokine which specifically mediates monocyte

chemotaxis), bacterial (TLR4 - recognizing lipopolysaccharide

from gram-negative bacteria) and yeast (TLR15 - only identified

in avian and reptilian genomes) molecular pattern recognition are

significantly downregulated in the lungs of germ-free chickens.

On the other hand, genes linked to viral molecular pattern

recognition (TLR3 - recognizing double-stranded RNA in

endosomes), key immune transcription factors (AP1 - regulates

gene expression in response to cytokines, growth factors and

infections, IKKA and IKKB – forming a complex that plays an

important role in regulating the NF-kB transcription factor,

STAT1 – key transcription factor downstream interferon

signaling), regulatory cytokines (CSF1 - controlling

hematopoietic stem cells to differentiate into mononuclear

phagocytes, IL10 – an anti-inflammatory cytokine), and the

gene coding for the universal TLR adapter protein MyD88

(MYD88) are significantly upregulated (Figure 3D). These data

indicate that at least cells of the mononuclear phagocyte system

and TLRs in the respiratory mucosa of chickens are likely to be

regulated by molecular signals coming from the GM. Although

the biological significance of these findings remains undefined,

this preliminary gene expression profiling corroborates our

metabolomics data in the sense of supporting the functional

existence of a gut-lung axis in chickens. Further high-

throughput analysis (e.g. RNA-seq, scRNA-seq) coupled to flow

cytometry and immune-histological techniques will help define

the contribution of SCFA to immune cells maturation and

functioning within the chicken respiratory mucosa.
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Concluding remarks

Over the past decade, the field of immunology has been

revolutionized by the growing understanding of the fundamental

role of the GM in the induction, training and function of the

immune system. The highly regulatory tone of the neonate

immune system and the action of early-life gut commensals in

the development and training of this system lead to the

establishment of a durable and homeostatic host/commensal

relationship beyond the gastrointestinal tract, which led to the

discovery of very complex physiological dialogues such as the

gut-lung axis. SCFA, key metabolites involved in the regulatory

functions of the GM within the gut and the peripheral system,

has been show as pivotal signaling molecules in bridging gut

health and resilience to pathogens in both the respiratory and

gastrointestinal tracts. Nevertheless, the importance of early gut

colonization for the chicken was largely neglected despite the

particular situation in modern poultry farming where chicks are

prevented from acquiring a well-balanced and essentially healthy

GM from the hen. Moreover, only recently new technologies and

tools have been developed and used for a better understanding of

the particularities of the chicken mucosal immune system. Thus,

it is becoming increasingly clear that in-depth analyses of the

impact of the GM on immune system development and

resilience to environmental stressors and pathogenic challenge

will generate new knowledge and pave the way for the

development of novel GM modulation strategies (e.g. GM

transfer and tailored feed formulations) to be applied in

poultry farming, thereby mutually benefitting animal health

and welfare and consumer safety. Our data presented here

point to the existence of a functional gut-lung axis in chickens,

which must now be further explored in greater details. In a

nutshell, the gut-lung axis starts to become a fully exploitable

concept in the field of poultry sciences.
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Animale – SA and Microbiologie et Chaine Alimentaire –

MICA), Région Centre-Val-de-Loire, France (“INTEGRITY”

and FEDER “EURO-Féri”) and VetBioNet, EU H2020 (Grant

Agreement N° 731014).
Acknowledgments

We thank Vanaique Guillory (ISP, INRAE), the staff from

the Plate-forme d’Infectiologie Expérimentale (PFIE, INRAE),

and our colleagues from the Centre International de Ressources
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Commensal gut microbiota can modulate adaptive immune responses in
chickens vaccinated with whole inactivated avian influenza virus subtype H9N2.
Vaccine (2019) 37:6640–7. doi: 10.1016/j.vaccine.2019.09.046

124. Li X, Bi R, Xiao K, Roy A, Zhang Z, Chen X, et al. Hen raising helps chicks
establish gut microbiota in their early life and improve microbiota stability after
H9N2 challenge. Microbiome (2022) 10:14. doi: 10.1186/s40168-021-01200-z

125. Reese S, Dalamani G, Kaspers B. The avian lung-associated immune
system: a review. Vet Res (2006) 37:311–24. doi: 10.1051/vetres:2006003

126. Sutton K, Costa T, Alber A, Bryson K, Borowska D, Balic A, et al.
Visualisation and characterisation of mononuclear phagocytes in the chicken
respiratory tract using CSF1R-transgenic chickens. Vet Res (2018) 49:104.
doi: 10.1186/s13567-018-0598-7

127. Rieblinger B, Sid H, Duda D, Bozoglu T, Klinger R, Schlickenrieder A,
et al. Cas9-expressing chickens and pigs as resources for genome editing in
livestock. Proc Natl Acad Sci U.S.A. (2021) 118:e2022562118. doi: 10.1073/
pnas.2022562118

128. Guitton E, Faurie A, Lavillatte S, Chaumeil T, Gaboriaud P, Bussière F,
et al. Production of germ-free fast-growing broilers from a commercial line for
microbiota studies. J Vis Exp (2020), 18(160):61148. doi: 10.3791/61148

129. Kraimi N, Calandreau L, Biesse M, Rabot S, Guitton E, Velge P, et al.
Absence of gut microbiota reduces emotional reactivity in Japanese quails
(Coturnix japonica). Front Physiol (2018) 9:603. doi: 10.3389/fphys.2018.00603

130. Ask B, van der Waaij EH, Glass EJ, Bishop SC. Modeling
immunocompetence development and immunoresponsiveness to challenge in
chicks. Poult Sci (2007) 86:1336–50. doi: 10.1093/ps/86.7.1336

131. Emwas A-H, Roy R, McKay RT, Tenori L, Saccenti E, Gowda GAN, et al.
NMR spectroscopy for metabolomics research. Metabolites (2019) 9:E123.
doi: 10.3390/metabo9070123
frontiersin.org

https://doi.org/10.1126/science.1241165
https://doi.org/10.1371/journal.pcbi.0020054
https://doi.org/10.1093/gbe/evv072
https://doi.org/10.1038/ng2123
https://doi.org/10.1152/ajpendo.00229.2010
https://doi.org/10.1210/en.2008-0059
https://doi.org/10.1371/journal.pone.0135488
https://doi.org/10.1016/j.psj.2021.101612
https://doi.org/10.1016/j.psj.2021.101612
https://doi.org/10.1093/femsle/fnv118
https://doi.org/10.1186/s40168-017-0386-z
https://doi.org/10.3390/v13020212
https://doi.org/10.1371/journal.pone.0173470
https://doi.org/10.1371/journal.pone.0173470
https://doi.org/10.1016/j.vetmic.2019.108462
https://doi.org/10.1186/s42523-021-00128-x
https://doi.org/10.1186/s42523-021-00128-x
https://doi.org/10.1016/j.vaccine.2019.09.046
https://doi.org/10.1186/s40168-021-01200-z
https://doi.org/10.1051/vetres:2006003
https://doi.org/10.1186/s13567-018-0598-7
https://doi.org/10.1073/pnas.2022562118
https://doi.org/10.1073/pnas.2022562118
https://doi.org/10.3791/61148
https://doi.org/10.3389/fphys.2018.00603
https://doi.org/10.1093/ps/86.7.1336
https://doi.org/10.3390/metabo9070123
https://doi.org/10.3389/fimmu.2022.956670
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Uncovering the core principles of the gut-lung axis to enhance innate immunity in the chicken
	Introduction
	State of the art: The holobiont and the host immune system
	Microbiota-derived short-chain fatty acids are broad immunomodulatory metabolites
	Microbiota acquisition in poultry
	Short chain fatty acids in poultry and their regulatory functions
	Microbiota, immunity and infection in poultry: The gut-lung axis revealed
	The functional existence of a gut-lung axis in the chicken: Preliminary evidence

	Concluding remarks
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


