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Abstract

There is growing interest in the role of the gut microbiome in immune development and
homeostasis during childhood. Increasing evidence suggests that early alterations in
microbial composition might influence susceptibility to both respiratory and rheumatic
diseases through interconnected pathways. While the gut-lung and gut—joint axes have
been investigated separately, their integration into a biologically specific and testable
model remains largely unexplored. In this narrative review, the literature was searched in
PubMed /MEDLINE and Scopus for evidence syntheses published from 2020 to 2026; 37 eli-
gible evidence syntheses were included, comprising 26 addressing the gut-lung/respiratory
domain and 11 addressing the gut—joint/rheumatic domain. We examine current knowl-
edge of microbiome-mediated interactions linking the gut, lungs, and joints in childhood.
We discuss the development of the paediatric microbiome and the influence of early-life
factors, including mode of delivery, breastfeeding, infections, antibiotic exposure, and
environmental determinants, on immune programming. We then summarise evidence
supporting the gut-lung axis in paediatric respiratory diseases and the gut—joint axis in
juvenile idiopathic arthritis (JIA), highlighting recurrent but non-specific findings such as
dysbiosis, impaired epithelial barrier integrity, altered microbial metabolite production,
and immune dysregulation. Recent paediatric epidemiological evidence also showed that
JIA was more prevalent among children with asthma than among those without asthma
(0.81% vs. 0.23%), with asthma associated with approximately twofold higher odds of JIA
after propensity-score weighting (OR 2.10, 95% CI 1.56-2.81), although this association
does not establish microbiome-mediated causality. We finally critically examine whether
more specific mechanisms, including gut-primed immune-cell trafficking, antigen-specific
amplification, and metabolite-receptor convergence, could provide testable links between
pulmonary and articular inflammation. On this basis, we propose the gut-lung—joint axis
as a conceptual, hypothesis-generating model. Future research integrating microbiome
profiling, immune-cell clonality, immunophenotyping, and metabolomics will be required
to test its predictions and clarify its clinical relevance.
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1. Introduction

The human body hosts a complex and dynamic community of microorganisms collec-
tively known as the microbiome, which plays a fundamental role in maintaining physio-
logical homeostasis and regulating immune function [1,2]. Among the various microbial
ecosystems, the intestinal microbiota represents the largest and most metabolically active
reservoir, exerting profound effects on host metabolism, epithelial barrier integrity, and im-
mune maturation [2,3]. During childhood, the microbiome undergoes rapid development
and remains particularly susceptible to environmental influences, making early life a critical
period for immune programming and long-term disease susceptibility [4]. Over the past
decade, increasing evidence has demonstrated that the effects of the gut microbiota extend
far beyond the gastrointestinal tract. Through microbial metabolites, immune-cell traffick-
ing, and systemic inflammatory mediators, intestinal microorganisms can influence distant
organs and contribute to the regulation of immune responses throughout the body [1,2].
This concept has led to the emergence of the gut-lung axis, a bidirectional communication
network linking intestinal and respiratory health. Alterations in gut microbial composition
have been associated with impaired immune tolerance, chronic airway inflammation, and
increased susceptibility to respiratory diseases, particularly asthma [4].

The clinical relevance of this field is underscored by the substantial burden of child-
hood asthma. A recent meta-analysis including 164 studies and 1,547,404 children estimated
an overall childhood asthma prevalence of 10.2% (95% CI 9.5-11.0) [5].

Similarly, growing interest has focused on the role of the microbiome in rheumatic
diseases. Paediatric rheumatic disorders are characterised by complex interactions among
genetic susceptibility, environmental exposures, and immune dysregulation. In recent
years, intestinal dysbiosis has been increasingly implicated in the pathogenesis of juvenile
idiopathic arthritis (JIA) and other inflammatory joint disorders through mechanisms
involving epithelial barrier dysfunction, altered microbial metabolites, and dysregulated
T-cell responses, although no causal relation has been established [6,7].

JIA represents the most common chronic inflammatory rheumatic disease of childhood
although epidemiological estimates vary substantially across populations and methodolo-
gies [8].

Although the gut-lung and gut—joint axes have traditionally been investigated as dis-
tinct biological entities, convergent microbiome-mediated mechanisms have been reported
separately in respiratory and rheumatic diseases [6,7,9,10]. Shared mechanisms, including
disruption of mucosal barriers, altered production of short-chain fatty acids (SCFAs), T
helper 17 /regulatory T-cell imbalance, trained immunity, and systemic dissemination of
inflammatory mediators, suggest that the gut may influence immune processes relevant to
both organ systems. However, the occurrence of similar microbiome-associated abnormali-
ties in respiratory and rheumatic diseases does not itself demonstrate biological crosstalk
between the lung and joint. The possibility of a broader gut-lung—joint axis has received
limited attention, particularly in paediatric populations.

Although similar microbiome-mediated mechanisms have also been described in other
inflammatory and immune-mediated diseases [4,11], respiratory and rheumatic disorders
were selected because they represent two clinically distinct paediatric disease domains in
which gut-organ crosstalk has been independently investigated. Their comparison is not
intended to imply that general dysbiosis and associated mechanisms are specific to the lung
or to the joint, but rather to determine whether evidence exists for more biologically specific
processes capable of linking these compartments. In particular, gut-primed immune-
cell trafficking, antigen-specific amplification, and metabolite-receptor convergence may
provide candidate mechanisms through which independently described gut-lung and
gut—joint relationships could be integrated into an experimentally testable framework.
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Despite increasing evidence supporting the gut-lung and gut—joint axes independently,
whether these relationships can be integrated through biologically specific mechanisms
into a testable paediatric gut-lung—joint framework remains unresolved. To address this
knowledge gap, this narrative review aims to (i) synthesise contemporary evidence on
microbiome-mediated gut-lung and gut-joint interactions in childhood; (ii) distinguish
shared, non-specific features of microbiome-associated dysregulation from mechanisms
capable of supporting more specific interorgan crosstalk; and (iii) develop a conceptual,
hypothesis-generating gut-lung—joint model based on clinical, epidemiological, exper-
imental, and translational evidence. The proposed framework is intended to generate
experimentally testable predictions.

2. Search Strategy

This study was conducted as a narrative review of evidence syntheses aimed at ex-
amining current knowledge on microbiome-mediated interactions between the gut, lungs,
and joints in childhood. A literature search was performed in PubMed /MEDLINE for
evidence syntheses published from 1 January 2020 to 18 June 2026. To broaden database
coverage and update the evidence base, a supplementary targeted search was conducted
in Scopus on 12 September 2026. Selected primary studies used separately for hypoth-
esis development in Section 6 were not included in this count. No PRISMA workflow,
protocol registration, or formal risk-of-bias or quality assessment was performed. Search
concepts included combinations of keywords related to paediatric populations (“chil-

v v 77

dren”, “pediatric”, “paediatric”), the microbiome (“gut microbiota”, “gut microbiome”,

v v

“intestinal microbiota”, “respiratory microbiota”, “airway microbiota”, “lung microbiota”),

”ou

microbiome-mediated interorgan communication (“gut-lung axis”, “gut—joint axis”), res-
piratory diseases (“asthma”, “wheezing”, “respiratory tract infection”, “bronchiolitis”),
rheumatic diseases (“juvenile idiopathic arthritis”, “JIA”, “juvenile spondyloarthritis”,

v

“spondyloarthritis”, “joint inflammation”), and evidence synthesis methodologies (“sys-
tematic review”, “narrative review”, “review” and “meta-analysis”). Search syntax was
adapted to the requirements of each database. Only peer-reviewed articles published in
English were considered.

The 2020 publication cutoff was applied to the evidence syntheses included in the
formal literature selection to provide a contemporary overview of a rapidly evolving field
and to focus the review on the current paediatric evidence base.

This restriction applied to the evidence syntheses included in the formal literature
selection but not to seminal or mechanistically informative primary studies, which were
eligible irrespective of publication year when required to establish biological plausibility or
support the conceptual framework developed in Section 6.

Articles were eligible when they addressed at least one of the following topics: (i) gut—
lung interactions or integrated gut and respiratory microbiota in children; (ii) microbiome
alterations associated with paediatric respiratory or inflammatory joint diseases; (iii) early-
life microbiome development and subsequent risk of respiratory or rheumatic disorders;
(iv) microbiome-related mechanisms involved in immune regulation and joint inflam-
mation, including JIA and juvenile spondyloarthritis (jSpA); or (v) microbiota-targeted
interventions and their potential effects on respiratory or rheumatic diseases.

Articles were excluded when microbiota-related aspects represented only a marginal
component of the article. Conference abstracts, study protocols, non-peer-reviewed publi-
cations, and articles not published in English were also excluded.

Selected primary clinical, epidemiological, experimental, and translational studies
were considered separately from the formal evidence synthesis. Candidate studies were
selected for Section 6 when they provided direct evidence relevant to: (i) gut-primed
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immune-cell generation, egress, or tissue recruitment; (ii) antigen-specific recognition or
molecular mimicry; (iii) metabolite-receptor signalling relevant to pulmonary and articular
inflammation; or (iv) intercompartmental T-cell clonality. These studies were used to
establish biological plausibility and generate experimentally testable predictions rather
than to provide a systematic or exhaustive synthesis of the primary literature.

Overall, 37 eligible evidence syntheses were included in the formal narrative synthe-
sis, comprising 26 addressing the gut-lung/respiratory domain and 11 addressing the
gut—joint/rheumatic domain. Their main characteristics are reported in Supplementary
Tables S1 and S2. Selected primary studies used separately for hypothesis development in
Section 6 were not included in this count.

3. Early-Life Determinants of Microbiome Development and
Immune Programming

The establishment of the gut microbiome begins at birth and continues throughout the
first years of life, representing a critical period for immune maturation and long-term health
outcomes [4]. During this developmental window, microbial communities progressively
evolve toward a more stable and diverse ecosystem dominated by the bacterial phyla
Bacteroidetes and Firmicutes, alongside smaller proportions of Actinobacteria, Proteobacte-
ria, and other taxa [2,4]. Beyond their metabolic functions, these microorganisms play an
essential role in shaping mucosal and systemic immunity, promoting immune tolerance,
maintaining epithelial barrier integrity, and regulating inflammatory responses [1,2].

Early microbial colonisation is influenced by multiple prenatal, perinatal, and envi-
ronmental factors. Maternal conditions such as obesity, gestational diabetes, and dietary
habits can alter maternal microbial communities and affect microbial transmission to the
offspring [12-14]. Increasing evidence suggests that maternal microbial products and
signals may influence fetal immune development before birth, supporting the concept that
immune-microbial interactions may begin during prenatal life [15,16].

Mode of delivery represents one of the strongest determinants of neonatal micro-
biome composition. Vaginally delivered infants acquire microbial communities resembling
maternal vaginal and intestinal microbiota, whereas cesarean-delivered infants are more
frequently colonised by skin- and environment-associated microorganisms, resulting in
delayed establishment of beneficial taxa such as Bacteroides and Bifidobacterium [3,17,18].
Similarly, prenatal, peripartum, and neonatal antibiotic exposure can disrupt microbial
diversity and alter early immune programming, with potential long-term consequences for
immune-mediated diseases, including asthma and allergic disorders [12,19,20].

Prematurity and prolonged neonatal hospitalisation further influence microbial de-
velopment through reduced maternal microbial exposure, frequent antibiotic use, and
intensive care-related environmental pressures [12,21]. These factors may contribute to
persistent alterations in microbial composition and immune regulation during a particularly
vulnerable stage of development.

Following birth, infant feeding and environmental exposures continue to shape micro-
biome maturation. Breastfeeding promotes the growth of beneficial microorganisms and
provides bioactive compounds that support immune development [22]. The relevance of
these early-life determinants is supported by longitudinal paediatric evidence. In a cohort
of 440 children, 1453 faecal samples collected at 5, 13, 21, and 31 weeks and again at school
age allowed characterisation of gut microbiota maturation from infancy to 6-11 years. Birth
mode showed its strongest association with microbial composition during early infancy,
with vaginal delivery associated with enrichment of Bacteroides, whereas from 13 weeks
onward, diet—particularly breastfeeding cessation—became the principal determinant
of microbial community structure. After adjustment for potential confounding factors,
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microbiota composition was also associated with the subsequent development of atopic
dermatitis, allergic sensitization, and asthma, while members of the Lachnospiraceae family
and the genera Faecalibacterium and Dialister were associated with a reduced risk of atopy.
These findings might provide longitudinal support for a link between early-life exposures,
microbiome maturation, and later immune-mediated outcomes [18]. Consistent with these
observations, dietary patterns rich in fibre and plant-derived nutrients enhance microbial
diversity and favour the production of SCFAs, including acetate, propionate, and butyrate,
which exert anti-inflammatory effects, strengthen epithelial barrier function, and promote
regulatory T-cell differentiation [2,23-25]. In contrast, microbial perturbations induced by
antibiotics, dietary changes, urbanised lifestyles, or other environmental pressures may lead
to dysbiosis, characterised by reduced microbial diversity and impaired host-microbiome
homeostasis [1,2,4].

Collectively, these early-life determinants contribute to the establishment of micro-
biome configurations that may influence susceptibility to chronic inflammatory diseases
later in life. The growing recognition that microbial signals can modulate immune responses
beyond the intestinal tract might provide the biological foundation for the interconnected
gut-lung and gut—joint pathways discussed in the following sections. The main early-life
determinants and their potential consequences are summarised in Figure 1.
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Figure 1. Early-life determinants of gut microbiome development and immune programming
in childhood. Prenatal, perinatal, and postnatal exposures shape microbial maturation. Balanced
microbiome development supports epithelial barrier integrity and immune tolerance, whereas micro-
biome disruption may promote dysbiosis and contribute to susceptibility to paediatric respiratory
and rheumatic diseases. Created by the authors using FigureLabs, version: Starter-251225, 2026,
Basel, Switzerland.

4. The Gut-Lung Axis in Paediatric Respiratory Diseases
4.1. Biological Basis of the Gut-Lung Axis

The gut-lung axis describes a bidirectional communication network through which
intestinal microorganisms influence respiratory immunity and, conversely, pulmonary
inflammation may affect intestinal homeostasis. This interaction is mediated by microbial
metabolites, immune-cell trafficking, microbe-associated molecular patterns, and systemic
inflammatory mediators that link mucosal sites across different organ systems [9,26].
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Among these mechanisms, SCFAs, particularly acetate, propionate, and butyrate,
represent the most extensively studied microbial mediators. Produced through bacterial
fermentation of dietary fibres, SCFAs contribute to immune homeostasis by interacting
with G-protein-coupled receptors, including GPR41/FFAR3 and GPR43/FFAR?2, and by
modulating gene expression through histone deacetylase inhibition [9]. Although present
at relatively low concentrations within the respiratory tract, SCFAs produced in the gut
can enter the systemic circulation and influence immune responses at distant sites, in-
cluding the lungs. Experimental evidence suggests that propionate may regulate bone
marrow haematopoiesis, dendritic-cell maturation, and allergic airway inflammation, sup-
porting a mechanistic link between intestinal microbial activity and respiratory immune
regulation [27].

Beyond microbial metabolites, the gut microbiota contributes to the development
and maturation of both innate and adaptive immunity from the perinatal period onward.
Increasing evidence indicates that early microbial colonisation shapes immune tolerance,
influences T-cell differentiation, and contributes to the establishment of balanced inflamma-
tory responses throughout life [10,28]. These mechanisms are increasingly recognised as
central components of the gut-lung axis, particularly during early life, when microbiota-
driven immune maturation may influence susceptibility to respiratory diseases [28-31].

Collectively, available evidence suggests that respiratory health is determined not only
by the composition of the airway microbiota itself but also by the continuous interaction
between intestinal microbial communities and systemic immune networks. Alterations in
this finely regulated ecosystem may contribute to impaired immune tolerance, exaggerated
inflammatory responses, and increased susceptibility to respiratory infections, recurrent
wheezing, and asthma.

4.2. Early-Life Microbiome and Respiratory Disease Risk

Early life represents a critical window during which microbial colonisation, immune
maturation, and exposure to respiratory pathogens occur simultaneously. Increasing
evidence suggests that perturbations affecting the gut microbiota during this period may
have long-term consequences for respiratory health and contribute to the development of
recurrent wheezing and asthma [10,15,28,31,32].

Several longitudinal birth cohorts have demonstrated associations between early-
life microbial composition and subsequent respiratory outcomes. Altered gut microbial
profiles during infancy have been associated with an increased risk of recurrent wheezing
and childhood asthma, particularly in genetically susceptible children. Differences in the
abundance of genera such as Bifidobacterium, Veillonella, Ruminococcus, and members of
the Lachnospiraceae family have been repeatedly reported in children who subsequently
developed respiratory diseases [10]. Consistent with these findings, previous evidence
syntheses have highlighted early-life dysbiosis, reduced microbial diversity, and impaired
microbial maturation as potential contributors to asthma susceptibility [20,28,29,33].

The relationship between microbiota development and respiratory disease is likely
influenced by multiple prenatal and postnatal factors, including maternal health, infectious
exposures during pregnancy, mode of delivery, breastfeeding, antibiotic exposure, and
environmental microbial contacts. Vaginal delivery and breastfeeding generally promote
colonisation by beneficial microorganisms such as Lactobacillus and Bifidobacterium, whereas
cesarean delivery and early antibiotic exposure have been associated with delayed microbial
maturation and altered immune programming [2,10,28].

Maternal infections may represent an additional determinant of respiratory health
trajectories in offspring. Evidence from a population-based prospective birth cohort demon-
strated that maternal Chlamydia trachomatis infection during pregnancy was associated with
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an increased risk of wheezing and asthma, as well as impaired lung function in children
up to 10 years of age [34]. Although the underlying mechanisms remain incompletely
understood, maternal microbial and inflammatory exposures may influence fetal immune
development and contribute to long-term susceptibility to respiratory diseases. Together
with evidence linking maternal diet, antibiotic exposure, and mode of delivery to micro-
biome programming, these findings support the concept that respiratory disease risk may
originate during early developmental stages, even before the establishment of a mature
infant microbiome.

Respiratory viral infections represent an additional component of this complex in-
teraction. Approximately one-third of children experiencing viral lower respiratory tract
infections during infancy subsequently develop recurrent wheezing, and a proportion of
these children later receive a diagnosis of asthma [29]. Respiratory syncytial virus (RSV)
and rhinovirus infections have been most consistently associated with these outcomes,
particularly among children with a personal or family history of atopy [35].

Emerging evidence suggests that the association between viral infections and later
respiratory disease may be influenced in part by the microbiome. Infants who subsequently
develop severe respiratory infections, recurrent wheezing, or asthma frequently exhibit
distinct gut microbial profiles characterised by reduced abundance of potentially beneficial
taxa, including Bifidobacterium, Faecalibacterium, Roseburia, and Ruminococcus, together
with lower microbial diversity [27,29,33]. These findings support the hypothesis that
microbial dysbiosis may influence antiviral immune responses and modify susceptibility to
respiratory diseases.

The interaction between microbiota and respiratory infections appears to be bidirec-
tional. On the one hand, pre-existing microbial communities may influence host immune
responses and susceptibility to viral infections. On the other hand, respiratory viruses can
induce changes in both airway and intestinal microbial ecosystems, potentially contributing
to persistent immune dysregulation [27,35,36]. However, despite the consistency of these
observations across multiple reports, current evidence remains largely observational, and
direct causal relationships have yet to be conclusively demonstrated.

Collectively, available evidence indicates that respiratory disease risk is shaped by
a complex interplay between early-life microbial colonisation, prenatal and postnatal
environmental exposures, host immune development, and respiratory infections. These
findings may support the concept of a gut-lung axis operating from the earliest stages of
life and influencing susceptibility to respiratory diseases throughout childhood.

4.3. Microbiome Dysbiosis and Asthma Endotypes

Beyond influencing susceptibility to respiratory infections, the gut microbiota may
also contribute to the development and maintenance of chronic airway inflammation.
Increasing evidence suggests that asthma is associated with alterations in both intestinal
and airway microbial communities, although the direction and causality of this relationship
remain incompletely understood [10,37,38].

Several studies have reported reduced microbial diversity and compositional changes
in children with asthma, including depletion of beneficial commensal bacteria and relative
enrichment of potentially pro-inflammatory taxa. In particular, decreases in Bacteroides and
SCFA-producing bacteria, together with increased abundance of Proteobacteria, have been
associated with microbial profiles linked to airway inflammation and impaired immune
regulation [37]. Similar observations have been reported in previous evidence syntheses
examining the role of the gut microbiome in paediatric asthma [10,27,28,30,39].

Current concepts of asthma pathogenesis increasingly recognise the existence of dis-
tinct inflammatory endotypes. The most extensively studied is T2-high asthma, char-
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acterised by eosinophilic inflammation and increased expression of cytokines such as
interleukin (IL)-4, IL-5, and IL-13.

T2-high asthma involves not only adaptive T helper 2 (Th2) responses but also innate
type 2 immune pathways, particularly the activation of group 2 innate lymphoid cells
(ILC2s), which contribute to the production of IL-5 and IL-13 [10]. Early-life microbial
exposure may influence the maturation of the T helper 1 (Th1)/Th2 balance and, more
broadly, type 2 immune programming [16]. Inadequate microbial stimulation during critical
developmental windows may favour Th2-skewed adaptive responses, whereas appropriate
microbial-immune interactions may support maturation toward a more balanced Th1/Th2
profile [30].

This endotypic distinction is also clinically relevant because current biologic therapies
for severe paediatric asthma primarily target type 2 inflammatory pathways [40].

Recent research has reported associations between altered microbial profiles, reduced
abundance of SCFA-producing bacteria, and asthma-related inflammatory phenotypes,
although these findings remain predominantly observational [10,30]. Experimental evi-
dence provides complementary mechanistic support for the ability of SCFAs to influence
regulatory immune pathways and type 2 airway inflammation [10].

Through their effects on regulatory T cells, dendritic cells, and epithelial barrier
function, microbial metabolites may contribute to maintaining immune tolerance and
limiting allergic airway inflammation.

In contrast, non-T2 asthma may be characterised by neutrophilic inflammation and
activation of innate immune pathways involving macrophages, neutrophils, and other
innate immune cells. Although its relationship with the microbiome remains less clearly
defined, emerging evidence suggests that dysbiosis may also influence these inflammatory
pathways through altered microbial signalling, immune-cell activation, and persistent
low-grade systemic inflammation [10,37,41].

Additional complexity arises from interactions between the microbiome and host
genetic factors. Recent studies have suggested that host genetic variants may influence the
relationship between microbial communities and asthma susceptibility [42]. For example,
associations between the gut virome and childhood asthma appear to be modified by poly-
morphisms in genes involved in innate immune recognition, including Toll-like receptor
9 (TLRY) [42]. These observations support the concept that asthma results from dynamic
interactions among microbial, immunological, and genetic factors rather than from isolated
pathogenic mechanisms.

In summary, available evidence indicates that microbiome alterations may contribute
not only to asthma susceptibility but also to disease heterogeneity. By influencing immune
maturation, inflammatory pathways, and host-microbe interactions, the gut microbiota
may participate in shaping different asthma endotypes and clinical phenotypes. However,
most available evidence remains observational, and further longitudinal and mechanistic
studies are needed to clarify causal relationships and identify microbiome-based biomarkers
of disease risk and progression. The main microbiome-mediated mechanisms linking gut
dysbiosis to paediatric respiratory outcomes are summarised in Figure 2.
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Figure 2. Paediatric gut-lung axis in health and disease. Gut-derived microbial metabolites
contribute to respiratory immune homeostasis by supporting epithelial barrier integrity and immune
tolerance. In contrast, gut dysbiosis and reduced SCFA availability may promote systemic and airway
inflammation, increasing susceptibility to asthma, wheezing, and respiratory infections. Created by
the authors using FigureLabs, version: Starter-251225, 2026, Basel, Switzerland. Abbreviation: SCFA,
short-chain fatty acid.

5. The Gut-Joint Axis in Paediatric Rheumatic Diseases
5.1. Biological Basis of the Gut—Joint Axis

In recent years, increasing attention has focused on the potential role of intestinal
microbiota in the pathogenesis of paediatric rheumatic diseases. Similar to the gut-lung
axis, the gut—joint axis describes a bidirectional interaction between intestinal microbial
communities and immune pathways involved in joint inflammation. Although the precise
mechanisms remain incompletely understood, accumulating evidence suggests that alter-
ations in gut microbial composition may contribute to the initiation and perpetuation of
chronic inflammatory responses affecting the musculoskeletal system [6,43-48].

JIA, the most common chronic rheumatic disease in childhood, is currently regarded as
a multifactorial disorder resulting from complex interactions among genetic susceptibility,
environmental exposures, and immune dysregulation [43,44]. While infectious agents,
dietary factors, and other environmental triggers have been investigated as potential
contributors to disease onset, increasing evidence points to the intestinal microbiota as an
important regulator of immune tolerance and inflammatory homeostasis [6,46,49].

The intestinal microbiota plays a central role in maintaining immune equilibrium
through continuous interactions with epithelial cells, antigen-presenting cells, and lympho-
cyte populations [50]. Under physiological conditions, these interactions promote mucosal
tolerance and limit excessive inflammatory responses. Conversely, disruption of microbial
homeostasis may impair epithelial barrier integrity, alter microbial metabolite production,
and facilitate systemic exposure to microbial products capable of activating both innate
and adaptive immune pathways [6,51].

Several mechanisms have been proposed to explain how intestinal dysbiosis may
influence joint inflammation. These include increased intestinal permeability, altered
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production of SCFAs, activation of innate immune receptors, molecular mimicry between
microbial and host antigens, and dysregulation of T-cell responses, particularly involving
the balance between regulatory T cells (Tregs) and pro-inflammatory T helper 17 (Th17)
cells [7,48,51,52]. Notably, many of these pathways overlap with those previously described
in the gut-lung axis, suggesting the existence of shared microbiome-mediated mechanisms
across distinct organ systems.

Particular attention has been devoted to the IL-23/Th17 pathway, which is considered
one of the most relevant immunological links between intestinal dysbiosis and chronic
inflammatory diseases. Altered microbial communities may promote Th17-cell expansion
and increased production of pro-inflammatory cytokines, including IL-17, IL-22, tumor
necrosis factor (TNF)-o, and interferon (IFN)-y, thereby contributing to synovial inflamma-
tion and tissue damage [7,48,51]. In parallel, reductions in SCFA-producing bacteria may
impair regulatory immune pathways and further amplify inflammatory responses.

5.2. Microbiome Alterations in Juvenile Idiopathic Arthritis and Juvenile Spondyloarthritis

A growing body of evidence supports the existence of microbiome alterations in
children with JIA and jSpA, although this second condition is still not clearly defined and
not included in the International League of Associations for Rheumatology classification
criteria [53,54].

Although a unique microbial signature has not yet been identified, multiple studies
have consistently reported reduced microbial diversity, altered taxonomic composition, and
depletion of bacteria involved in the maintenance of intestinal homeostasis [6,7,51,54-57].

Several reports have highlighted differences in gut microbial composition across JIA
categories, suggesting that dysbiosis might contribute to disease heterogeneity [58]. In
particular, reductions in SCFA-producing genera, including Anaerostipes, Dialister, Lach-
nospira, Roseburia, and Faecalibacterium, have been associated with increased disease activity
and inflammatory burden [55]. In a matched cross-sectional study enrolling 40 children
with JIA and 42 healthy controls, Qian et al. found significantly lower Chaol and Shannon-
Wiener diversity indices in JIA and reduced abundance of Anaerostipes, Dialister, Lachnospira,
and Roseburia. A 12-genus random-forest classifier discriminated children with JIA from
healthy controls with an area under the receiver operating characteristic curve of 0.798 [55].
These observations are of particular interest because SCFAs play a key role in maintaining
epithelial barrier integrity and regulating anti-inflammatory immune responses.

Evidence also suggests that intestinal barrier dysfunction might represent a central
component of the gut—joint axis. Increased intestinal permeability has been demonstrated
in children with JIA and may facilitate the translocation of microbial products across the
intestinal barrier [6,7]. This translocation might promote systemic immune activation and
chronic inflammation through sustained exposure to microbial antigens and inflamma-
tory mediators.

Further support for the gut-joint axis derives from the well-recognised relationship
between inflammatory bowel disease (IBD) and rheumatic disorders. Children with JIA
exhibit a higher prevalence of IBD than the general paediatric population, while arthritis
represents the most common extraintestinal manifestation of IBD [6]. These observations
suggest shared pathogenic mechanisms linking intestinal and joint inflammation.

The association appears particularly strong in jSpA and enthesitis-related arthritis
(ERA), conditions in which subclinical intestinal inflammation is frequently observed [59].
Up to 50% of patients with jSpA might exhibit microscopic intestinal inflammation, while a
substantial proportion of patients with IBD develop musculoskeletal manifestations [6,54].
In both adult and paediatric populations, alterations involving Dialister, Ruminococcus
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gnavus, Bacteroides fragilis, and reductions in beneficial SCFA-producing bacteria have been
reported, although findings remain heterogeneous across studies [54].

Clinical studies have reported associations between dysbiosis and inflammatory dis-
ease features in JIA and jSpA, but they do not establish whether microbiome alterations
precede disease onset or arise as a consequence of ongoing inflammation [6,7,51,54]. Ex-
perimental studies provide complementary mechanistic evidence that altered microbial
metabolism, epithelial barrier dysfunction, and pro-inflammatory immune activation may
contribute to joint inflammation [7,51,52].

Nevertheless, considerable interindividual variability persists, and no single microbial
profile has yet demonstrated sufficient consistency to serve as a diagnostic biomarker.

Overall, current evidence might support the presence of significant microbiome alter-
ations in paediatric inflammatory joint diseases and the biological plausibility of a gut—joint
axis. However, the heterogeneity of available studies highlights the need for larger longitu-
dinal investigations capable of clarifying causal relationships and identifying reproducible
microbiome-associated disease signatures.

5.3. Immune Mechanisms Linking Gut Dysbiosis and Joint Inflammation

Although the precise relationship between intestinal dysbiosis and paediatric
rheumatic diseases remains incompletely understood, accumulating evidence might sug-
gest that alterations in microbial composition might contribute to the initiation and per-
petuation of chronic joint inflammation through multiple interconnected immune path-
ways [7,51,52].

One of the most widely investigated mechanisms involves disruption of intestinal
barrier integrity. Under physiological conditions, the intestinal epithelium acts as a selective
barrier that regulates interactions between luminal microorganisms and the host immune
system. Dysbiosis may impair this barrier through alterations in mucosal homeostasis, in-
creased zonulin production, and disruption of tight junction proteins, resulting in increased
intestinal permeability, commonly referred to as a “leaky gut” [6,7,51]. This process might
facilitate the translocation of microbial products, including lipopolysaccharides and other
pathogen-associated molecular patterns, into the systemic circulation, thereby promoting
immune activation beyond the intestinal compartment.

Microbial translocation can stimulate innate immune receptors such as Toll-like recep-
tors (TLRs) and NOD-like receptors (NLRs), leading to the production of pro-inflammatory
cytokines including TNF-«, IL-1p3, IL-6, and IFN-y [7,51]. Sustained activation of these
pathways may contribute to the chronic inflammatory environment characteristic of juve-
nile inflammatory arthritis. In parallel, microbial antigens may induce molecular mimicry,
whereby immune responses directed against bacterial components cross-react with host
tissues, potentially contributing to the loss of self-tolerance [52].

A central role has been attributed to the imbalance between regulatory and pro-
inflammatory T-cell populations [50]. Several studies suggest that dysbiosis may favour
Th17-cell expansion and activation of the IL-23/IL-17 inflammatory axis, while simultane-
ously impairing Treg function [7,51,52]. Increased production of IL-17, IL-22, and TNF-o
promotes recruitment and activation of inflammatory cells within the synovium, contribut-
ing to persistent joint inflammation and tissue damage. Conversely, Tregs play a fundamen-
tal role in maintaining immune tolerance and limiting excessive inflammatory responses.

Microbial metabolites represent another critical link between intestinal microorgan-
isms and systemic immunity. SCFAs, particularly butyrate, acetate, and propionate, exert
anti-inflammatory effects through several mechanisms, including enhancement of ep-
ithelial barrier integrity, modulation of dendritic-cell function, and promotion of Treg
differentiation through G-protein-coupled receptor signalling and histone deacetylase inhi-
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bition [7,52,57]. Reduced abundance of SCFA-producing bacteria, frequently reported in
JIA and jSpA, might therefore contribute to impaired immune regulation and increased
susceptibility to chronic inflammation.

Specific microbial species may further influence immune homeostasis. For example,
Bacteroides fragilis produces polysaccharide A, a molecule capable of promoting IL-10-
producing FOXP3+ regulatory T-cell responses and supporting immune tolerance. In
contrast, enrichment of potentially pro-inflammatory taxa and pathobionts may enhance
innate immune activation and perpetuate systemic inflammation [7,54].

Importantly, these immunological alterations are not confined to the intestinal environ-
ment. Activated immune cells, circulating cytokines, and microbially derived metabolites
may reach distant tissues, including the synovium, where they may contribute to inflam-
matory processes. This systemic dissemination of microbiome-mediated immune signals
might provide a plausible biological explanation for the association between intestinal
dysbiosis and paediatric rheumatic diseases.

Collectively, current evidence might be consistent with a model in which intestinal
dysbiosis, epithelial barrier dysfunction, altered microbial metabolite production, and
immune-cell dysregulation interact to promote chronic joint inflammation. Notably, many
of these mechanisms, including epithelial barrier disruption, Th17/Treg imbalance, mi-
crobial metabolite signalling, and systemic immune activation, closely resemble those
described in the gut-lung axis, suggesting the existence of shared microbiome-mediated
pathways linking respiratory and rheumatic diseases. These mechanisms are summarised
in Figure 3.

Immune Activation Propagation to Joint

Dysbiosis Macrophage

- W IL-1B

Synovitis
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Enthesitis-related arthritis
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Figure 3. Gut—joint axis in paediatric rheumatic diseases. Gut dysbiosis and impaired intestinal
barrier integrity may facilitate the systemic translocation of microbial products, activating innate
immune pathways and pro-inflammatory cytokine responses. The resulting Th17/Treg imbalance
and systemic immune activation may contribute to synovial and enthesis inflammation in juvenile
idiopathic arthritis, juvenile spondyloarthritis, and enthesitis-related arthritis. Created by the authors
using FigureLabs, version: Starter-251225, 2026, Basel, Switzerland. Abbreviations: IFN, interferon; IL,
interleukin; LPS, lipopolysaccharide; NLR, NOD-like receptor; PAMP, pathogen-associated molecular
pattern; Th17, T helper 17; TLR, Toll-like receptor; TNF, tumor necrosis factor; Treg, regulatory T cell.

6. From Shared Dysbiosis to an Experimentally Testable
Gut-Lung-Joint Axis

The gut-lung and gut—joint axes share several microbiome-associated alterations, sum-
marised in Table 1. However, these convergent features are not organ-specific and cannot,
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by themselves, establish a distinct gut-lung—joint axis. Throughout this section, evidence
is distinguished according to its source as paediatric human, adult human, experimental
animal, or hypothetical cross-context integration, as indicated in Table 2 and Figure 4.

Table 1. Shared but non-specific gut microbiome features reported in paediatric respiratory and
rheumatic diseases.

Shared
Microbiome Feature

Suggested Evidence in
Paediatric Respiratory

Suggested Evidence in
Paediatric Rheumatic

Potential Shared
Immunological Pathways

Diseases Diseases
Associated with asthma, ) . Reduced microbial
migice)g;(iec(lii\;g;‘tsit wheezing, RTIs [A65;()5(Za5tg]d a:éthsj Iﬁ resilience may impair
Y [20,28,29,33,37] e J°P immune homeostasis

Reduced SCFA-producing

Associated with increased
asthma risk and airway

Associated with increased
inflammatory activity

Reduced SCFAs may
contribute to barrier

bacteria * inflammation dysfunction and reduced
[10,27,28,30,37] [6,7,51,54,55] Treg differentiation
Early-life dysbiosis and Associated with JIA and

Altered Bacteroides spp.

asthma [10,27,30,37]

iSpA [6,7,54,56]

Altered immune tolerance

Increased
pro-inflammatory taxa t

Increased airway
inflammation [10,27,37,38]

Associated with jSpA and
IBD-associated arthritis
[6,7,51,54]

Increased innate activation
may contribute to
systemic inflammation

Abbreviations: SCFAs, short-chain fatty acids; RTIs, respiratory tract infections; JIA, juvenile idio-
pathic arthritis; jSpA, juvenile spondyloarthritis; IBD, inflammatory bowel disease; Treg, regulatory
T cells. * Including Faecalibacterium, Roseburia, Lachnospira, Anaerostipes, and Dialister.  Examples
include Enterobacteriaceae and Ruminococcus gnavus; the specific taxa reported vary according to
disease and study population.

The convergence of microbiome-associated alterations in respiratory and rheumatic
diseases does not, by itself, establish a distinct gut-lung—joint axis. Reduced microbial
diversity, impaired epithelial barrier integrity, altered microbial metabolite production, and
Th17 /Treg imbalance are common features of several immune-mediated and inflammatory
disorders and therefore lack organ specificity. The biological relevance of the proposed
axis must therefore rely on mechanisms capable of linking defined intestinal microbial
signals with pulmonary and articular inflammation in a more specific and experimentally
testable manner.

Importantly, recent paediatric epidemiological evidence might provide direct clinical
support for an association between respiratory and rheumatic diseases. Lee et al. analysed
data from 169,786 children and adolescents aged 0-17 years participating in six cycles of
the U.S. National Survey of Children’s Health (2016-2021). JIA was more prevalent among
children with asthma than among those without asthma (0.81% vs. 0.23%). After propensity-
score weighting for demographic, perinatal, socioeconomic, and environmental covariates,
asthma remained associated with approximately twofold higher odds of JIA (OR 2.10,
95% CI 1.56-2.81), with a similar estimate obtained after additional adjustment for age, sex,
and race/ethnicity (OR 2.06, 95% CI 1.53-2.76). These findings might provide population-
level evidence of a paediatric lung—joint association, although the cross-sectional design
precludes inference regarding temporality or causality and the study did not investigate
microbiome-mediated mechanisms [60].
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Figure 4. Conceptual, hypothesis-generating model of the proposed paediatric gut-lung—joint axis.
Candidate mechanisms extending beyond general dysbiosis include gut priming of Th17/Tfh17-
lineage cells and S1PR1-dependent egress, CCR6—CCL20-associated recruitment to pulmonary and
articular inflammatory environments, antigen-specific amplification through dual-TCR recognition
or molecular mimicry, and metabolite-receptor convergence exemplified by succinate-SUCNR1
signalling. These mechanisms are supported in distinct experimental or clinical contexts but have
not been demonstrated as a unified tri-compartmental pathway. Solid arrows denote individual
relationships supported by experimental or clinical evidence, whereas dashed connectors indicate
hypothetical integration across compartments. Icons indicate the source of supporting evidence: the
microscope denotes experimental animal evidence, the child silhouette denotes paediatric human
evidence, and the adult silhouette denotes adult human evidence. Created by the authors using
FigureLabs, version: Starter-251225, 2026, Basel, Switzerland. Abbreviations: CCL20, C-C motif
chemokine ligand 20; CCR6, C-C chemokine receptor type 6; SIPR1, sphingosine-1-phosphate
receptor 1; SUCNRI, succinate receptor 1; TCR, T-cell receptor; Tfh17, T follicular helper 17; Th17, T
helper 17.

Experimental autoimmune arthritis models may provide proof-of-principle that intesti-
nal microbial signals can generate immune-cell populations with systemic consequences.
In the K/BxN autoimmune arthritis model, segmented filamentous bacteria (SFB) promote
intestinal Th17 responses and accelerate autoimmune arthritis. Subsequent studies showed
that SFB-driven immune programming is not restricted to the intestinal compartment: T
follicular helper (Tth) and Tth17 populations arising within Peyer’s patches can reach
systemic lymphoid sites, where they promote germinal-center responses and autoantibody
production. More recently, sphingosine-1-phosphate receptor 1 (S1PR1) was identified as
one mechanism facilitating the egress of gut-derived Tfh17 cells, providing a mechanistic
basis for the systemic dissemination of microbiota-primed lymphocytes [61-63].

Tissue recruitment may represent a second step in this process. Bradley et al. demon-
strated that SFB-induced intestinal Th17 cells were preferentially recruited to the lung
in the K/BxN model, where the inflammatory environment was characterised by high
expression of C-C motif chemokine ligand 20 (CCL20) [64]. Because Th17 cells express their
receptor C-C chemokine receptor type 6 (CCR6), these findings support a model in which
gut-derived immune-cell expansion can be followed by selective recruitment into an in-
flamed pulmonary environment. A potentially convergent mechanism has been identified
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in paediatric arthritis. In children with JIA, Nistala et al. showed that IL-17-producing
CD4+ cells were enriched in inflamed joints, expressed CCR6, and migrated preferentially
toward CCL20 [65]. Thus, although CCR6—-CCL20 is neither lung- nor joint-specific and
identical gut-derived Th17 clones have not been demonstrated in both tissues, this path-
way represents a plausible shared recruitment mechanism. Within the proposed model,
S1PR1-dependent egress from gut-associated lymphoid tissues followed by CCR6-CCL20-
associated tissue recruitment may therefore constitute sequential, experimentally testable
steps linking intestinal immune priming with distant inflammatory sites.

Antigen-specific recognition may provide an additional level of biological selectivity.
In the same experimental model, Bradley et al. showed that SFB preferentially expanded
dual-T-cell receptor (TCR) Th17 cells capable of combining recognition of a commensal
antigen with self-reactivity [64]. This mechanism differs from classical molecular mimicry
and may provide proof-of-principle that exposure to a defined intestinal microbial anti-
gen can selectively amplify an autoreactive T-cell population rather than inducing only
nonspecific systemic inflammation.

A complementary antigen-specific mechanism has been described in human rheuma-
toid arthritis (RA). Pianta et al. identified sequence homology between microbial peptides
derived from intestinal commensals and the synovial autoantigens N-acetylglucosamine-
6-sulfatase (GNS) and filamin A (FLNA). T-cell responses to these self-peptides were
associated with responses to the corresponding microbial peptides, supporting molecular
mimicry as a potential mechanism linking intestinal microbial immunity with joint au-
toimmunity [66]. However, these observations derive from adults with RA, and no gut
microbial antigen has yet been shown to cross-react with autoantigens shared specifically
by the lung and joint. Antigen-specific amplification should therefore be regarded as a bio-
logically plausible component of the proposed axis rather than evidence of an established
cross-reactive mechanism specific to the lung and joint.

Metabolite-receptor signalling offers a third possible route of convergence. Succinate
is particularly informative because the same metabolite-receptor system has independently
been implicated in pulmonary and articular inflammation. Wang et al. demonstrated that
gut microbiota-derived succinate can accumulate in the lung and promote inflammatory
responses through succinate receptor 1 (SUCNR1) on alveolar macrophages [67]. Inde-
pendently, Littlewood-Evans et al. showed that extracellular succinate-SUCNR1/GPR91
signalling amplifies macrophage activation and IL-13 production in experimental arthritis,
while succinate is abundant in synovial fluid from patients with RA [68]. These find-
ings do not indicate that gut-derived succinate selectively targets the lung and joint, nor
has intestinally derived succinate been shown to simultaneously drive inflammation in
both compartments. Rather, they demonstrate that the same metabolite—receptor pair can
become functionally relevant within distinct inflammatory microenvironments. Tissue
convergence may therefore depend on context-dependent metabolite availability, receptor
expression, and activation of resident immune cells rather than on exclusive organ-specific
receptor expression.

Taken together, these observations suggest that the proposed gut-lung—joint axis
may involve three complementary levels of biological specificity: immune-cell trafficking,
through the generation, egress, and tissue recruitment of gut-primed Th17/Tth17-lineage
cells; antigen-specific amplification, through dual-TCR recognition or molecular mimicry;
and metabolite-receptor convergence, exemplified by succinate-SUCNR1 signalling. Im-
portantly, none of these mechanisms currently demonstrates the existence of a unified
gut-lung—joint pathway in humans, and much of the mechanistic evidence derives from
experimental arthritis models or adult inflammatory disease. Their value therefore lies
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primarily in providing biologically grounded mechanisms from which testable predictions
can be generated.

A critical prediction of the proposed axis is that clonally related immune-cell popu-
lations should be identifiable across anatomically distinct compartments within the same
individual. The feasibility of this approach is supported by Venken et al., who identified
identical TCR clonotypes in paired lung and synovial samples from adults with early
anti-citrullinated protein antibody (ACPA)-positive RA, with many of these clonotypes also
detectable in the circulation [69]. Although this study investigated a smoking-associated
lung—joint interaction rather than intestinal immunity, it demonstrates that pulmonary
and articular inflammatory compartments can contain clonally related T-cell populations.
In paediatric disease, Rossetti et al. identified shared Treg clonotypes between periph-
eral blood and synovial fluid in JIA, supporting the feasibility of TCR-based tracking of
tissue-associated lymphocyte populations in children [70].

Future studies should therefore test the proposed axis through longitudinal, multi-
compartment approaches integrating microbiome profiling, TCR sequencing, immunophe-
notyping, chemokine-receptor analysis, antigen-specific functional assays, and metabolomics.
Evidence supporting the model would include temporal precedence of gut microbial and
immune alterations, reproducible clonal relationships among intestinal, circulating, pul-
monary, and synovial T-cell populations, compatible trafficking phenotypes, and coor-
dinated responses to manipulation of candidate pathways. Conversely, the absence of
reproducible intercompartmental clonal relationships, failure to demonstrate temporal
precedence of gut-associated immune alterations, or failure of targeted disruption of the
proposed trafficking, antigen-recognition, or metabolite-receptor pathways to modify
both pulmonary and articular inflammation would argue against a functionally integrated
gut-lung—joint axis.

The principal candidate mechanisms, their supporting evidence, and the correspond-
ing testable and falsifiable predictions are summarised in Table 2.

Table 2. Testable hypotheses derived from the proposed gut-lung—joint axis.

Candidate Mechanism Supporting Evidence/Source Test/Evidence Against

Gut-primed immune-cell

Th17/Tth17 egress; CCR6-CCL20 TCR tracking across compartments;

trafficking [61-65] recruitment (.exp-erlmental no reproducible clonal/ t.rafﬁckmg
animal/paediatric human) pattern argues against
Dual-TCR recognition; microbial-self Antigen-specific T-cell assays; no
Antigen-specific amplification [64,66] cross-reactivity (experimental reproducible cross-reactivity
animal/adult human) argues against

Metabolite-receptor

Succinate-SUCNR1 in lung and Metabolomics/receptor blockade; no

convergence [67,68] arthritis (experimental animal/ coordinated pathway effect
adult human) argues against
Intercompartmental T-cell Lung synovium RA; Multi compartment TCR sequencing;
. blood-synovium JIA clonotypes no reproducible clonal overlap
clonality [69,70] L .
(adult/paediatric human) argues against

Abbreviations: CCL20, C-C motif chemokine ligand 20; CCR6, C-C chemokine receptor type 6; JIA,
juvenile idiopathic arthritis; RA, rheumatoid arthritis; SUCNR1, succinate receptor 1; TCR, T-cell
receptor; Tfh17, T follicular helper 17; Th17, T helper 17.

The proposed gut-lung—joint axis should therefore be regarded as a conceptual,

hypothesis-generating and experimentally testable model, rather than as an established
biological pathway (Figure 4).
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7. Limitations of the Present Review and Available Evidence

Several limitations should be considered when interpreting the findings of this re-
view. The literature search was restricted to English-language publications and was not
conducted according to a formal systematic-review protocol. No formal risk-of-bias or
quality assessment was performed. The non-systematic selection of primary mechanistic
studies may also have introduced selection or confirmation bias, because these studies were
selected for their relevance to the candidate mechanisms rather than through a systematic
search of the primary literature.

Because multiple included articles may synthesise overlapping primary studies, recur-
rence of a finding across articles should not be interpreted as independent replication of
the underlying evidence.

The evidence supporting the proposed gut-lung—joint axis remains largely indirect. Al-
though substantial evidence supports the existence of both the gut-lung and gut—joint axes,
studies simultaneously investigating intestinal, respiratory, and musculoskeletal outcomes
in paediatric populations are currently lacking. Candidate linking mechanisms, includ-
ing gut-primed Th17/Tth17-cell trafficking, CCR6—CCL20-associated tissue recruitment,
antigen-specific amplification, and succinate-SUCNRI signalling, derive from different
experimental models, adult disease contexts, or separate paediatric observations. No study
has yet demonstrated these candidate mechanisms as a coordinated gut-lung—joint path-
way. Although recent paediatric epidemiological evidence supports an association between
asthma and JIA, no paediatric study has yet demonstrated a microbiome-mediated, inte-
grated gut-lung—joint pathway.

The available literature is characterised by considerable heterogeneity in study design,
microbiome assessment methods, patient populations, disease definitions, and analytical
approaches. This variability limits direct comparisons across studies and may contribute to
inconsistencies in the identification of disease-specific microbial signatures.

8. Future Directions and Research Priorities

Despite the growing interest in microbiome-mediated interactions in childhood dis-
eases, several important questions remain unresolved. A major challenge in both the
gut-lung and gut—joint fields is determining whether dysbiosis acts as a primary driver of
disease development, a consequence of ongoing inflammation, or a combination of both.
Most available studies are observational and frequently involve heterogeneous popula-
tions, different sampling strategies, and variable microbiome analysis methods, making
comparisons across studies difficult.

Another important challenge is the lack of standardised microbial signatures con-
sistently associated with paediatric respiratory or rheumatic diseases. Future research
should prioritise large longitudinal paediatric cohorts beginning during pregnancy or early
infancy [49]. Such studies might help clarify the temporal relationship between microbiome
development, immune maturation, and the subsequent onset of respiratory and rheumatic
diseases. Simultaneous assessment of environmental exposures, microbial composition,
immune responses, and clinical outcomes will be essential to identify critical windows of
susceptibility and potential causal pathways.

Particular attention should be devoted to studies capable of investigating respiratory,
intestinal, and musculoskeletal outcomes within the same population. To date, gut-lung
and gut—joint interactions have largely been explored independently. Evaluating these path-
ways within integrated research frameworks may help determine whether they represent
components of a biologically integrated gut-lung—joint axis rather than distinct biological
entities or organ-specific associations.
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At present, the proposed gut-lung—joint framework should be regarded primarily as
a research framework for generating and testing mechanistic hypotheses rather than as a
clinically validated tool for diagnosis, risk stratification, biomarker selection, or therapeutic
decision-making.

Future clinical trials should be able to evaluate, along with clinical outcomes, long-term
microbiome changes. Factors such as age, baseline microbial composition, environmental
exposures, treatment duration, and safety profiles should be carefully considered. While
microbiota-targeted interventions, including dietary approaches, probiotics, prebiotics, and
faecal microbiota transplantation, remain promising, current evidence is insufficient to
support their routine implementation in paediatric respiratory or rheumatic diseases.

9. Conclusions

Growing evidence indicates that the gut microbiome may play a role in shaping im-
mune development and maintaining immune homeostasis throughout childhood. Research
conducted over the last decade has increasingly highlighted communication between the
gut and the lungs, as well as associations between the gut and the joints, mediated by
microbial, metabolic, and immunological pathways.

Although the evidence supporting the gut-lung axis is currently more robust than that
available for the gut-joint axis, both fields share several common biological mechanisms,
including alterations in microbial diversity, impaired epithelial barrier function, dysregu-
lated production of microbial metabolites, and imbalance between pro-inflammatory and
regulatory immune responses. These observations suggest that respiratory and rheumatic
diseases, while remaining clinically distinct entities, may share components of broader
microbiome-mediated immune dysregulation. Therefore, we propose the gut-lung—joint
axis as a conceptual, hypothesis-generating model whose rationale extends beyond shared
mechanisms to include candidate processes with greater biological specificity, including
gut-primed Th17/Tfh17-cell trafficking, antigen-specific amplification, and metabolite—
receptor convergence. However, these mechanisms have not been demonstrated as a
unified pathway in children, and validation will require longitudinal, multi-compartment
paediatric studies.

A deeper understanding of these potentially interconnected pathways may ultimately
inform the future development and evaluation of personalised approaches to the prevention
and management of paediatric respiratory and rheumatic diseases.
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