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ARTICLE INFO ABSTRACT

Keywords: Spondyloarthritis (SpA) represents a spectrum of chronic inflammatory rheumatic disorders with similar artic-
Spondyloarthritis ular and extra-articular features and a complex pathogenesis stemming from the interplay between genetics,
Organoids

environmental triggers, and immune system dysregulation. The significant prevalence of SpA and its onset in the
working age population place a considerable burden on healthcare systems. Furthermore, many patients fail to
achieve optimal treatment outcomes and present physical and psychological distress, underscoring the need for
improved therapeutic approaches. The emerging concept of the gut-joint axis suggests that disturbances at the
intestinal mucosal interface and microbiota level may initiate or amplify inflammatory responses, contributing to
the clinical expression of SpA. Unfortunately, traditional pre-clinical in vitro and animal models have intrinsic
limitations in replicating the intricate human intestinal mucosa anatomo-functional network, thus constraining
translational research. Bioengineered tissue models (BTMs), including organoids, organs-on-a-chip (OoCs), and
co-culture systems integrating human-derived cells, offer novel platforms that better mimic human tissue ar-
chitecture and physiological responses. These advanced models hold promise in elucidating multifactorial dis-
ease mechanisms and expediting drug development, potentially facilitating personalized and more effective
therapies. This article presents a narrative review of current knowledge about perturbations at the level of human
intestinal mucosa during SpA and aims to critically synthesize the conceptual and experimental advances in the
emerging field of BTMs to support future translational research in this field.

Organs-on-a-chip
Intestinal microbiota
Gut-joint axis
Co-cultures
Translational research

1. Introduction psoriatic arthritis (PsA), reactive arthritis (ReA), and enteropathic

arthritis (EnA) that mostly manifest with peripheral synovitis, enthesitis,

Spondyloarthritis (SpA) is a family of chronic inflammatory rheu-
matic diseases best classified by the predominant pattern of involvement
into axial (axSpA) and peripheral spondyloarthritis (pSpA). AxSpA in-
cludes both radiographic (formerly ankylosing spondylitis) and non-
radiographic forms — based on the presence or not of structural dam-
age to the sacroiliac joints on X-ray — while pSpA encompasses forms of
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and dactylitis.

Other than sharing several musculoskeletal clinical features, these
conditions exhibit extra-articular manifestations, such as uveitis, skin
and nail psoriasis, and gut inflammation to overt inflammatory bowel
disease (IBD), underscoring their systemic nature [1-3].

SpA is the second most prevalent inflammatory rheumatic disease
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Table 1

Summary of evidence levels for key intestinal mucosa alterations in SpA.
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In vitro / ex vivo evidence

Animal evidence

Overall interpretation used in
this review

Anatomo- Human SpA evidence Human IBD / related

functional immune-inflammatory

element diseases evidence

Intestinal Moderate: multiple cross- Supportive/indirect: related
microbiota sectional studies support human intestinal

and dysbiosis

altered microbial
composition and links with
disease phenotype/
activity, but temporality
remains unresolved
[22,28-34]

inflammatory literature
provides contextual support
for dysbiosis as a disease-
modifying factor [35]

Crosstalk Limited: in SpA, evidence Moderate: human IBD
between the mainly concerns receptor- literature supports epithelial
intestinal related pathways and TLR/NLR dysregulation and

epithelium and
gut microbiota

inflammasome-associated
findings, while direct
evidence in IECs remains
scarce [40-47]

inflammatory receptor
signaling [48,49]

Metabolite- Limited to moderate: Supportive/indirect: broader
mediated altered tryptophan/indole human IMID literature
interactions balance and selected SCFA supports metabolite-
between host changes have been mediated regulation of
and gut reported in AS/axSpA mucosal and immune
microbiota cohorts, but patient-level homeostasis [53,54,58]

Intestinal barrier

data remain sparse [53-59]
Moderate: in SpA, barrier-

Strong: IBD and related

modifications related alterations are human intestinal
supported by biopsy-based inflammatory diseases
and histologic provide the main framework
observations, including for understanding barrier
epithelial and gut-vascular organization and
junctional changes, dysfunction, including tight-
permeability-associated junction remodeling, mucus
markers, goblet-cell/mucin impairment, and
alterations, and Paneth- antimicrobial peptide
cell-related antimicrobial dysregulation [65-67,69-76]
abnormalities
[35,65,66,67,68]

Intestinal Limited: in SpA, evidenceis =~ Moderate: IBD literature
motility and its ~ currently indirect and supports dysmotility and ENS
connection based mainly on increased remodeling in intestinal
with the prevalence of IBS/IBS-like inflammation [98,99,100]
intestinal symptoms rather than
microbiota direct motility

measurements [96,97]

Gut mucosa Moderate: human SpA data  Strong: human IBD literature
immune support mucosal type-3 provides extensive support
system and immunity and altered IL- for Th17-rich mucosal

immune cells
priming and
recirculation

23/IL-22 signaling, but
direct evidence on
priming/recirculation
mechanisms remains
limited [110-119]

inflammation and
epithelial-immune crosstalk
[116-118]

Limited: current systems
mainly model downstream
consequences of dysbiosis
rather than its emergence

Moderate: organoid and
epithelial systems support
mechanistic study of TLR-
and inflammasome-
dependent host-microbe
interactions [50-52]

Moderate: in vitro and BTM-
oriented studies support
functional effects on
epithelial responses, bacterial
growth, and barrier-related
pathways [60,61,59,62-64]

Moderate to strong: epithelial
monolayers, organoids, and
gut-on-a-chip systems enable
functional study of
permeability, junctional
organization, mucus
properties, and antimicrobial
epithelial programs
[77,78,79-94,95]

Moderate: gut-on-a-chip and
ENS-containing organoid
systems provide functional
platforms to test peristalsis-,
neuroepithelial-, and
microbiota-related effects
[101,102-108]

Moderate: immuno-
organoids and immune-
competent gut
microphysiological systems
provide functional support
for modeling
epithelial-immune
interaction modules
[120-125]

Strong: experimental SpA
models support a causal
contribution of microbiota
to disease expression
[36-39]

NA

Moderate: animal studies
support
immunomodulatory and
arthritis-relevant effects of
microbial metabolites [57]

NA

Limited to moderate:
animal studies support
links between
inflammation, adaptive
immunity, and motility
changes [109]

NA

In humans, dysbiosis is best
interpreted as a robust
association with biologic
plausibility, whereas causality
remains better supported in
animal models than in patient
studies.

The relevance of
epithelial-microbial crosstalk
to SpA is biologically plausible
and partially supported, but
much of the mechanistic
framework is extrapolated
from non-SpA human and in
vitro studies.

In SpA, microbial metabolite
alterations should currently be
viewed primarily as human
associations with mechanistic
plausibility, rather than
disease-specific causal
pathways.

Intestinal barrier dysfunction
is one of the most relevant and
biologically coherent domains
in SpA, with direct human
support at the descriptive
level, but much of its
functional and mechanistic
interpretation still relies on
IBD literature and
experimental model systems.

For SpA, the motility axis
should currently be regarded
as a testable and biologically
plausible interface, not as a
well-established disease
mechanism.

Immune priming at the gut
mucosa is central to the SpA
hypothesis, but the specific
sequence linking local
activation to systemic
recirculation remains
incompletely demonstrated in
human SpA.

NA Not addressed in the present Review.

after rheumatoid arthritis [4], typically affecting individuals in their
early adulthood and leading to long-term functional impairment and
major socioeconomic burden [5-9].

The dependence of diagnosis on the clinical evaluation of nonspecific
symptoms with insidious onset (e.g., low-back pain), in the absence of
reliable and specific biomolecular markers, accounts for the diagnostic
delay, averaging 5 to 10 years in axSpA [10].

Despite therapeutic advances, including the introduction of thera-
pies against key molecular targets such as tumor necrosis factor (TNF)-a,
interleukin (IL)-17, IL-23, and janus kinase (JAK), primary non-response
and loss of efficacy over time are frequent [11,12]. Furthermore, the
absence of predictive biomarkers and reliable stratification tools ham-
pers personalized treatment strategies, and clinical decisions —
including allocation to targeted therapies — remain largely empirical.

The disease's origin is rooted in a complex interplay between

genetics, with the human leukocyte antigen (HLA)-B27 allele of the
major histocompatibility complex (MHC)-class I molecule-coding gene
being a distinctive feature, and environmental factors such as infections
and mechanical stress [13-15]. Inmune-mediated responses involving
both innate and adaptive mechanisms are characteristic of SpA, under-
pinning its clinical manifestations [16,17].

The multifaceted pathogenesis of SpA remains far from being fully
understood. As recently highlighted, uncovering the deep complexity of
axial SpA requires framing the disease well beyond classical inflamma-
tion to include bioenvironmental contributors like gut involvement and
local tissue responses [18].

The unmet clinical needs associated with the disease, including
diagnostic delay, therapeutic failure, and the lack of individualized
approaches, underscore the necessity for novel, human-relevant models
to improve our understanding of disease mechanisms and to guide
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precision medicine.

A promising avenue in the quest to better understand SpA genesis is
the exploration of the gut-joint axis. This model postulates a functional
connection between the gut mucosa and joint compartment mediated by
the immune system [19].

A growing body of evidence supports this model, highlighting both
microbial triggers and intestinal barrier dysfunction (“leaky gut™) as
contributors to SpA onset, along with the high prevalence of clinical and
subclinical intestinal inflammation in these patients [20,21], frequently
overlapping with features of IBD — which co-occurs in up to 10% of
cases — and sharing pathophysiological traits with SpA [22-24]. In
particular, it has been suggested that modifications in the gut microbiota
composition may influence the immune responses that trigger inflam-
mation in patients.

As the gut-joint axis emerges as a central focus in translational SpA
research, the intestinal mucosa takes on a critical role as a complex
anatomo-functional interface that combines different players of interest
in the pathogenesis of the disease. However, it becomes increasingly
clear that accurately reproducing SpA intestinal mucosa-associated
features — from host-microbiota interactions at the mucosal barrier to
downstream immuno-inflammatory activation — presents unprece-
dented challenges due to the inherent limitations of traditional pre-
clinical models.

Newly developed bioengineered tissue models (BTMs), namely
organoids, organs-on-a-chip (OoCs), and multiple co-culture systems
integrating human-derived cells, promise exceptional support in this
regard thanks to their superior physio-anatomical accuracy, patient
relevance, and mechanistic informativeness [25-27], but their applica-
tion in SpA translational research has been largely neglected until now.

This article presents a narrative review of current knowledge about
changes at the level of human intestinal mucosa during SpA and aims to
critically synthesize the conceptual and experimental advances in the
growing field of BTMs to support future translational research in SpA.

2. Anatomo-functional elements of intestinal mucosa relevant to
SpA

In the following sections, the conceptual framework of intestinal
involvement in SpA is discussed by integrating evidence from direct
human SpA studies, related human immune-mediated intestinal dis-
eases, selected in vitro systems, and, only where functionally informa-
tive to the narrative and not yet replaceable by human data, animal
models. Accordingly, unless otherwise specified, the relevance of the
processes described to SpA should be interpreted in light of this hier-
archy of evidence rather than assumed to reflect equivalent disease-
specific validation [TABLE 1].

2.1. Intestinal microbiota and dysbiosis

It has been widely demonstrated that the gut microbiota on the
luminal side of intestinal mucosa is a determinant of gut homeostasis
and a player in several diseases [23,126].

While it is now well established that intestinal bacterial colonization
is essential in triggering the inflammatory response in animal models of
inflammatory SpA, including the HLA-B27-positive rat [36,37] and the
SKG mouse [38,39], the same contribution in human pathology is
currently only hypothetical.

At the present stage, both 16S ribosomal RNA gene and shotgun
sequencing studies showed that the gut microbiota of SpA patients has a
peculiar composition compared with similar healthy controls and that
the microbial signature varies in relation to the clinical and genetic
phenotype of the disease [28-31]. The overrepresentation of some taxa
across multiple SpA cohorts suggests a dysbiosis characterized by the
emergence of specific strains [22]. For instance, in a recent study by
Berland et al., a Bacteroides genus-dominated enterotype was shown to
be more prevalent in patients with high disease activity and associated
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with low-diversity microbiota characterized by decreased abundance of
Clostridiales [32]. Moreover, Ruminococcus gnavus was confirmed to be
one of the top differentiating species in SpA patients compared to
healthy controls and correlated with disease activity in patients with
more pronounced gut inflammation due to concomitant history of IBD
[30]. However, there is currently no evidence to determine whether
dysbiosis precedes disease manifestations or results from changes in the
intraluminal and mucosal environment caused by inflammatory
processes.

Growing evidence indicates that the genetic background associated
with SpA, specifically the presence of the HLA-B27 allele, may influence
microbiota composition. Asquith et al. firstly compared the contents of
the microbiota from stool and biopsy samples from 6 intestinal sites of
HLA-B27-positive versus negative healthy adults undergoing ileocolo-
noscopy, showing substantial and consistent differences at multiple
habitats within the gut, including decreased Blautia among the HLA-
B27-positive subjects and associations between HLA-B27 genotype and
a distinct overall microbiota composition in the SpA group [33]. In the
Berland study, including 11 sibling trios (each consisting of an HLA-B27-
positive SpA patient matched with an HLA-B27 positive healthy control
and an HLA-B27-negative healthy control), HLA-B27 genotype was
associated with microbiota changes even in the healthy siblings of SpA
patients. Strikingly, microbiota characteristics of SpA patients and HLA-
B27-positive healthy controls showed a certain degree of overlap, which
was absent in the comparison between SpA patients and HLA-B27-
negative healthy controls [32]. These data provide a further possible
interpretation of how HLA-B27 may determine the disease, based on the
concept of the interaction of the genetic background with the micro-
biota. However, another study comparing microbiota of HLA-B27-
positive versus HLA-B27-negative offspring of AS patients and that of
the former group of healthy subjects versus HLA-B27-positive pediatric
SpA patients was not able to strongly support the concept of an associ-
ation between genetic status and specific microbiota signature [34],
with the limitation of different ages between groups. Ultimately, there is
currently no mechanistic evidence linking HLA-B27, dysbiosis, and SpA
onset due to the cross-sectional nature of the studies.

Resolving this “chicken-and-egg” dilemma — whether dysbiosis acts
as a primary etiologic trigger or develops as a secondary consequence of
early mucosal inflammation — strictly requires future research
employing prospective, longitudinal study designs in incident SpA co-
horts or high-risk individuals.

2.2. Crosstalk between the intestinal epithelium and gut microbiota

Crosstalk between intestinal luminal microorganisms and intestinal
epithelial cells (IECs) represents the first layer of microbiota-host
interaction. Direct influence of bacterial structures on IECs via recep-
tor mechanisms and modification of mucosal layer homeostasis via the
intraluminal metabolic profile have been advocated. In contrast, IECs
can modulate the intestinal microenvironment by producing hormones,
mucins, and antimicrobial peptides (AMPs) [127].

The receptor-like interaction between IECs and microbiota is medi-
ated by several receptors with pattern recognition function for bacteria
and microbes, among which the best characterized are Toll-like re-
ceptors (TLRs) and nucleotide-binding oligomerization domain (NOD)-
like receptors (NLRs) [128], and the intracellular machinery mediating
the connection between receptors and biological effectors, including the
inflammasome [129]. Engagement of these receptors under conditions
of altered mucosal homeostasis (as in infection or autoimmunity) is
responsible for triggering a proinflammatory condition [130].

A possible role of TLRs in the pathogenesis of SpA has been hy-
pothesized since the acquisition of evidence that certain Gram-negative
bacteria can act as a trigger for ReA, a form of infectious disease-related
arthropathy with a clinical phenotype falling within the spectrum of
SpA. To date, there is some evidence regarding the relationship between
polymorphisms in TLR2 and TLR9 and increased susceptibility to
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developing SpA, independent of the presence of HLA-B27, and the
demonstration of upregulation of TLR2, TLR4, and TLR5 in antigen-
presenting cells in PsA and AS patients [40]. For that matter, the pos-
sibility of systemically modulating TLR-4 to mitigate joint inflammation
is being scrutinized [41,42]. Still, evidence on the role of these receptors
in IECs in SpA is scarce.

Narrowly correlated pattern recognition systems of the NLRs family
and the inflammasome have also been the subject of interest in AS. A
generic upregulation of the components of these signaling pathways, in
particular NLRP3, has been reported during PsA and AS, noting a cor-
relation with the activation levels of the IL-17 and IL-23 pathways [43],
while the significance of NOD2- and NLRP3-related genetic variants on
AS susceptibility is still ambiguous [44-46].

Recently, the activation pattern of the inflammasome was studied in
AS patients in relation to intestinal dysbiosis [47]. Several inflamma-
some components, including NLRP3, NLRC4, and AIM2, were found to
be upregulated in the inflamed gut of AS patients, correlating with the
amount of adherent bacteria previously associated with AS dysbiosis.
Interestingly, inflammasome inhibition could abolish IL-23 production
otherwise induced by LPS exposure of human AS-derived monocytes.

2.3. Metabolite-mediated interactions between host and gut microbiota

The production and modulation of metabolites play a key role in
mutualism between the host and gut microbiota. Strikingly, it has been
estimated that 10% of all human metabolites have a microbial deriva-
tion [60]. At the same time, microbiota-induced effects on the immune
system can be mediated by bioactive metabolites in addition to direct
host-microorganisms interactions [61]. Thus, the study of the metab-
olome represents a pivotal aspect in the ecological characterization of a
microbiota in specific conditions.

Exploration of the metabolome at the level of the different com-
partments affected by SpA is a field that has recently aroused interest
[131,132]. However, the intestinal metabolome has been marginally
explored during SpA.

In general, metabolomic analysis in humans of fecal samples or in-
testinal biopsies by various methods has been able to identify a differ-
ential metabolic profile between patients with SpA and healthy controls
[53,54]. Of particular interest, because of the role of tryptophan in
orchestrating intestinal homeostasis and modulation of inflammation
and pain, was the finding of an altered balance of this amino acid and
increased expression of its derivatives on the indole pathway dis-
tinguishing axSpA and Crohn's disease (CD)-associated axSpA patients,
compared with HCs and patients with CD, and correlating with func-
tional signature of the microbiota [55].

Shao et al., who also described the differential expression of several
metabolite classes between AS and HC patients, including tryptophan,
showed that fecal metabolic profiling was able to discriminate AS and
RA patients from healthy controls but not RA patients from those with
AS [56]. These data suggest the presence of a gut metabolic profile
closely linked to the development of inflammatory joint disease, as
otherwise demonstrated in mouse models [57].

One class of compounds particularly studied in the context of
microbiota-host crosstalk, due to their preponderance as a product of
bacterial metabolism, is short-chain fatty acids (SFCAs), a group of
carboxylic acids derived from the anaerobic fermentation of dietary fi-
bers that classically includes acetate, propionate, and butyrate. The
potential role of SCFAs in immune-mediated diseases is interesting due
to their ability to interact at various levels with cells of the immune
system, and it is specifically the case in SpA, considering their ability to
modulate the activity of T cells, including Treg cells and Th17 cells,
promoting an anti-inflammatory balance [58]. At present, little has been
studied in the intestines of patients with SpA, noting in one study a
decrease in butyrate and propionate in fecal samples from patients with
AS [56].

In addition, Lai et al. conducted a detailed characterization of the
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fecal microbiota and metabolome in a cohort of patients with AS [59],
demonstrating a distinct metabolic profile compared with healthy con-
trols and identifying some differentially expressed compounds, such as
oxypurinol and biotin, capable of modulating in vitro the proliferation of
bacterial strains relevant to the intestinal microenvironment of SpA,
including R. gnavus.

2.4. Intestinal barrier modifications

The extent of molecules and microorganisms' translocation from the
luminal compartment to the systemic circulation largely depends on the
intestinal barrier function. In brief, mucosal integrity and permeability
are the result of a nonlinear interaction between a chemical barrier,
mainly carried out in the small intestine by AMPs produced by Paneth
cells, and a physical barrier consisting of cell junctions between IECs and
endothelial cells, glycocalyx on the microvilli of enterocytes, and the
mucus layer provided by the goblet cells [35,65].

In the SpA gut-joint axis model, the intestinal barrier plays a dynamic
role with an anatomo-functional impairment that allegedly varies with
the progression and activity of inflammatory pathology [19].

2.4.1. Antimicrobial peptides

AMPs are a diverse group of molecules produced by specialized IECs
called Paneth cells (PCs), as well as by immune cells in the gastroin-
testinal tract. These peptides are essential for sustaining host tolerance
to the gut microbiota and innate immune defenses against intestinal
pathogens [69].

The production and release of AMPs are tightly modulated in
response to microbial presence, predominantly through Pattern Recog-
nition Receptors (PRRs) activation. Defensins and cathelicidins repre-
sent the principal AMP families produced in the gastrointestinal tract,
although IECs also release larger peptide variants with similar antimi-
crobial efficacy. AMPs strengthen IECs' capability to prevent bacterial
translocation, and increasing evidence indicates that defensins modulate
mucosal immune responses by recruiting monocytes, T cells, and
immature dendritic cells to sites of inflammation [70].

Alterations in PCs and AMP production have been widely reported in
ongoing IBD inflammation [71]. Data on SpA are more limited. Notably,
Ciccia et al. first demonstrated that PCs are a major source of IL-23 in AS
patients' homeostatic and inflamed intestinal mucosa. The same group,
through the analysis of ileal samples from patients and controls,
demonstrated that overexpression of AMPs by Paneth cells (particularly
alpha-defensin 5 and lysozyme) is a feature of the early stages of
inflammation in the intestines of SpA and CD patients and that the
reduction of defensins in CD is mediated by the loss of Paneth cells in
severe intestinal inflammation with mucosal disruption [66].

2.4.2. Intestinal tight junctions

Tight junctions (TJs) are specialized protein complexes located at the
apical end of IECs and between gut endothelial cells, meant to seal the
space between adjacent cells, regulating paracellular permeability.
These complexes include transmembrane proteins such as claudins,
occludin, junctional adhesion molecules (JAMs), endothelial cell-
selective adhesion molecules, and cytoplasmic zonula occludens (ZO)
proteins.

TJs are critical in preventing harmful pathogens, toxins, and antigens
from directly entering the bloodstream. Importantly, tight junctions are
dynamic structures that cytokines can modulate during inflammation
and by microbial metabolites [72]. Zonulin, a family of structurally and
functionally related proteins, is a major regulator of TJs competency and
is known to increase intestinal permeability, particularly in the context
of intestinal dysbiosis [73].

Notably, a significant downregulation of TJs components, including
claudin-1 and -4, occludin, and ZO-1 for the epithelial side and JAM-A
for the gut vascular barrier, was observed in the gut of patients with
AS and gut inflammation compared with controls. In the same patients,
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Box 1
Evidence and open questions on permeability in SpA.
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Evidence for altered intestinal permeability in SpA is biologically plausible, but it remains methodologically heterogeneous and should be discussed by separating at least three partially

overlapping barrier compartments:

Epithelial tight junction barrier. The strongest direct human evidence comes from biopsy-based studies in AS with histologic gut inflammation, in which altered expression/

localization of epithelial junctional proteins was observed together with increased permeability-associated circulating markers [67]. However, earlier functional studies yielded
partly discordant results depending on the assay used: °'Cr-EDTA studies suggested increased small-intestinal permeability in AS, whereas a lactulose-mannitol study did not
demonstrate a consistent difference from controls [133-135]. Accordingly, replication in contemporary, independently phenotyped axSpA and pSpA cohorts remains limited.

Gut-vascular barrier. The gut-vascular barrier should not be equated with epithelial tight junctions. In AS, reduced JAM-A/VE-cadherin-related endothelial barrier features,

increased PV1, and elevated LPS, LBP, and iFABP have been reported, together with in vitro evidence that recombinant zonulin can alter endothelial junctional proteins [67].
Nevertheless, this vascular compartment has not yet been systematically replicated across independent SpA cohorts, and it remains unclear to what extent vascular leakage is
secondary to epithelial injury, microbial products, or mucosal inflammation rather than a distinct primary pathogenic event [138,139].

Mucus barrier. Mucus should be considered a third barrier layer rather than a passive by-product of epithelial damage. In SpA, the currently available evidence is largely indirect

and histologic, including goblet-cell hyperplasia and increased mucin production in inflamed mucosa [140]. Whether these changes are compensatory, maladaptive, or insufficient
to prevent bacterial encroachment remains unresolved. Direct functional assessments — such as mucus thickness, penetrability, bilayer organization, mucin glycosylation, and
microbial localization relative to the epithelial surface — have not yet been systematically studied in independent SpA patient cohorts [141,142].

Methodological caution and preferred readouts. Circulating zonulin should be interpreted cautiously because widely used commercial ELISAs may detect proteins other than pre-
haptoglobin-2 itself [136,137]. Future SpA studies should therefore avoid relying on a single surrogate marker and instead combine orthogonal readouts tailored to the compartment
of interest. For epithelial permeability, these may include lactulose-mannitol or multi-sugar urinary tests, ex vivo or BTM-based transepithelial electrical resistance and tracer-flux
assays, and confocal laser endomicroscopy where feasible [143,144]. For bacterial translocation and epithelial injury, LPS/LBP, sCD14, and iFABP can provide complementary — but
still indirect — information; notably, in a recent longitudinal cohort of radiographic axSpA, LBP and calprotectin, but not zonulin, tracked with disease activity and treatment
response [145]. For the mucus compartment, future studies should incorporate direct functional readouts, including mucus thickness, penetrability, goblet-cell differentiation, and

mucin composition.”

zonulin appeared to be upregulated and correlated with markers of
increased gut permeability in vivo, including levels of LPS. A series of in
vitro experiments showed that bacteria isolated from AS patients were
able to significantly upregulate zonulin in human IECs [67]. However,
these findings should be interpreted cautiously, because the perme-
ability literature in SpA remains methodologically heterogeneous:
earlier studies using >!Cr-EDTA suggested increased small-intestinal
permeability [133,134], whereas a lactulose-mannitol study did not
confirm a consistent difference from controls [135], and the analytical
specificity of widely used commercial zonulin ELISAs is debated
[136,137]. For this reason, the currently available evidence is better
viewed as supportive of barrier perturbation than as definitive proof of a
single zonulin-driven causal pathway [Box 1].

2.4.3. Mucus layer

The intestinal mucus layer, primarily composed of mucin glycopro-
teins like mucins, serves as a significant barrier, physically and chemi-
cally preventing luminal microbes from accessing the intestinal
epithelium and maintaining immune homeostasis. Recent findings sug-
gest that the major mucus protein, MUC2, possesses bioactive proper-
ties, influencing tolerogenic responses in IECs and dendritic cells [74].

However, the intestinal mucosal layer is a highly complex and finely
regulated system, for which over 20 mucins and a plethora of other
molecules with active roles have been described.

While the depletion and structural failure of the mucus barrier are
well-documented hallmarks of IBD — making it a potential therapeutic
target in that context [75,76] — primary human data regarding mucus
biology in SpA remains comparatively limited and suggests a distinct
phenotype. Unlike the classical mucin depletion often seen in severe
IBD, primary histological analyses of the intestinal mucosa in patients
with SpA have demonstrated that local inflammation is instead associ-
ated with goblet cell hyperplasia and increased mucin production [140].
This suggests an early adaptive response aimed at maintaining mucosal
integrity under inflammatory conditions. However, it is hypothesized
that persistent inflammation may eventually compromise this barrier,
facilitating microbial translocation and systemic immune activation.SpA
dysbiosis itself may adversely affect the mucus layer's integrity, as
certain commensal bacteria are involved in maintaining and regulating
mucin production. Notably, certain strains of Ruminococcus gnavus, a
species whose abundance in the microbiota of patients with SpA has
been shown to correlate positively with disease activity, possess unique
intramolecular  trans-sialidase-based = mechanisms for mucin

degradation, which may impact the integrity of the intestinal mucus
barrier and influence inflammatory processes in the gut [30,68]. It is
crucial to recognize that mucolytic capacity exhibits significant strain-
level heterogeneity. Given the lack of temporal proof, it remains unde-
termined whether — during inflammatory intestinal disease — the
expansion of such specific mucolytic strains actively initiates barrier
disruption or if they merely flourish in a pre-existing, inflammation-
altered mucosal niche.

2.5. Intestinal motility and its connection with the intestinal microbiota

Intestinal motility is a major prerequisite in human intestinal phys-
iology and is enabled by a complex neuromuscular anatomical system. It
is virtually altered in all clinically relevant gastrointestinal tract dis-
eases. For example, motility disorders are highly prevalent in IBD pa-
tients and characterize the subset of patients who have persistent
gastrointestinal symptoms despite quiescent disease [98]. The mecha-
nisms underlying dysmotility in inflammatory disease remain unclear.
Still, the possible direct contribution of the local proinflammatory
milieu and the immune system in influencing the function of the enteric
neuromuscular complex has been highlighted [99,109].

Structural alterations with depletion and remodeling of enteric
neurons and enteric glial cells have been documented in IBD mediated
by the response of nerve endings located in close correspondence to the
mucosal surface of the absorptive epithelium to various chemical stim-
uli, including TLR signaling and 5-hydroxytryptamine and SCFAs
exposure [146,100].

These observations connect to growing evidence supporting the
bidirectional relationship between intestinal dysmotility and dysbiosis,
with a tendency for reciprocal amplification between the two conditions
[147,148].

Notably, a high prevalence of irritable bowel syndrome (IBS) and
IBS-like symptoms has been described in patients with SpA [96,97].
Therefore, it can be speculated that a certain degree of dysmotility is
present in SpA patients with intestinal inflammation. However, rigorous
studies using quantifiable instrumental methods of dysmotility or
structural involvement of the enteric neuromuscular complex in SpA are
needed. Accordingly, the enteric neuromuscular axis should presently be
regarded less as an established SpA mechanism than as a biologically
plausible and testable interface linking inflammation, epithelial stress,
microbial ecology, and gut symptoms.
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2.6. Gut mucosa immune system and immune cells priming and
recirculation

The immunopathogenesis of SpA is highly complex and seems to vary
substantially with clinical phenotype. Virtually all components of both
innate and adaptive immunity have been implicated in disease onset and
maintenance, but most of the mechanisms linking immune activation
and clinical manifestations due to inflammation in the target tissue are
still poorly understood [16,17].

In brief, T cells appear to play a central role in both SpA, primarily
due to their ability to integrate signals from both immune arms. Notably,
the pathogenic contribution of type-3 immunity with Thl7 cell-
mediated humoral and cellular responses is supported by the clinical
efficacy of anti-cytokine therapies targeting this axis, at least for artic-
ular and spinal involvement in SpA and skin psoriasis. Potential alter-
ation of regulatory T cells has also been described [110,111].

Although B cell involvement and the associated humoral response
are generally regarded as secondary in SpA, multiple studies have
identified abnormalities in B cell compartments. However, the clinical
significance of these findings remains unclear [112,113].

While a comprehensive review of immune mechanisms involved in
the pathogenesis of SpA is beyond the scope of this work, the potential of
BTMs in assessing immune system priming at the level of gut mucosa
should be emphasized.

The gut-associated lymphoid tissue (GALT), including intraepithelial
and lamina propria cells working in close contact with specialized
epithelial microfold cells, represents a critical component of the mucosal
immune system and is the primary site for the initiation and regulation
of immune responses to antigens encountered in the GI tract. In this
regard, GALT serves both as a sophisticated immunological network
dedicated to maintaining intestinal homeostasis after continuous expo-
sure to diverse dietary and microbial antigens, and as a fence defending
the host against pathogenic microorganisms [114].

Few studies have assessed GALT components in SpA patients. In
general, type-3 immunity, including Th17 cells as main effectors, is
prevalent in the intestinal mucosa, where these cells play a key role in
maintaining tissue homeostasis and defending against pathogens [115].
However, Th17 cells are also abundant in the inflamed gut tissue of
patients with IBD, where their frequency and expression of Th17-
associated cytokines have been positively correlated with disease ac-
tivity, endoscopic and histological severity, and levels of inflammatory
markers [116].

This duality of Th17 cells in the gut is thought to arise from distinct
upstream signals. IL-23-independent IL-17 production by innate and
innate-like lymphocytes promotes mucosal protection by enhancing
epithelial barrier integrity, stimulating antimicrobial peptide secretion,
and supporting mucus production by goblet cells. In contrast, IL-23-
dependent IL-17 production by Th17 cells has been implicated in
determining a pro-inflammatory status [117,118].

In the terminal ileum of patients with axSpA, elevated levels of IL-23
and IL-22, but not IL-17, have been observed, differing from the serum
profile, where both IL-23 and IL-17 are raised. This suggests a tissue- and
disease-specific regulation and function of the IL-17 axis [119].

Notably, dysbiosis-driven expansion of intestinal IL-17 and IL-22-
producing innate lymphoid cells (ILCs), a distinct family of immune
cells that lack antigen-specific receptors and lineage markers, has been
described in SpA [149]. Regner et al. reported a reduced number of
intraepithelial lymphocytes (IELs) in patients with axSpA compared
with controls. Furthermore, IELs from patients with CD and axSpA
produced increased levels of TNFa, but only IELs from patients with CD
produced more IL-17 than controls [150]. An older study suggested that
the ileal immune infiltrate in patients with IBD and AS is mainly sus-
tained by ap cells, rather than y3 cells, a T-cell subset with a homeostatic
role, gaining interest for their capacity to produce significant amounts of
IL-17 [151].

The growing body of published studies demonstrating the presence
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in circulation and localization in joint and periarticular tissues of cells
closely associated with the gut mucosa, including mucosa-associated
invariant T (MAIT) cells responsible for recognizing and responding to
microbial metabolites at barrier surfaces, represents one of the most
important pieces of evidence supporting a mechanistic link between the
intestine and the joint, even if rigorously demonstrating recirculation of
human immune cells from the gut to the joint is technically challenging
[152,153].

3. Current cellular and animal SpA pre-clinical models and their
limitations

Most pre-clinical and translational research in SpA relies on primary
or immortalized human cell lines — mainly of hematopoietic or
epithelial lineage — cultivated according to standard methods and an-
imal disease models. These experimental models have been well char-
acterized and tested over the years, allowing for the collection of
valuable information to clarify some of the mechanisms underlying SpA
[154,155]. In addition, these models are currently used in various stages
of preclinical testing of candidate therapeutic molecules. However, they
do present intrinsic limitations [156].

The use of patients' and controls-derived cells has been mainly aimed
at characterizing the phenotype and activation patterns of immune cells
of SpA. Classical workflows include collecting and isolating peripheral
blood mononuclear cells or cells in specific niches, such as those asso-
ciated with the intestinal mucosa, their stimulation, and subsequent
phenotyping [157-159].

The main limitation of this approach is the reduced availability and
viability of primary cells with traditional cell culture techniques and the
low physio-anatomical representation of these in vitro settings.
Furthermore, the need for large cell quantities often necessitates inva-
sive sampling of hematopoietic tissues or solid organs, limiting access to
relevant human material.

Immortalized cell lines, predominantly of monocyte-macrophage
lineage and seldom of lymphoid derivation, have been used to vali-
date the observations derived from primary cells. Their main advantage
lies in their wide availability, allowing also genetic manipulation. For
example, the induced expression of HLA-B27 has been used to verify this
allele's pathogenetic contribution [160-164]. However, the relevance of
this in vitro model in the study of disease and patient-specific mecha-
nisms is controversial due to the lack of sophistication and strong biases
related to the particular genetic background of these lines and their
harnessing [165].

In general, current approaches largely neglect the use of human cells
to model tissue and organ-level structures outside the immune
compartment — despite their relevance for accurately representing the
gut-joint axis.

Animal models are the preferred alternative to study disease patho-
genic SpA processes in a complex in vivo setting and access all tissue
compartments affected by the disease, including synovium, tendons,
bone, intestine, hematopoietic system, and skin. Several animal models
have been used over the years for SpA [155,166]. Those considered most
relevant are rats transgenic for HLA-B27 and human beta-2-
microglobulin, which spontaneously develop a phenotype mimicking
the human disease [167]. Still, interspecies biological differences
remain a major transversal limitation of animal models. At the same
time, their cost and limited availability due to the need for dedicated
facilities, and growing ethical concerns limit their use [168]. In the
specific context of gut-joint axis modeling, the inability to precisely
control the intestinal microbiota in laboratory animals hinders the
implementation of reductionist strategies aimed at dissecting specific
host-microbe interactions [169].

In brief, current in vitro cell cultures and animal models fall short of
accurately representing the complex interactions in human pathophys-
iology implied in the SpA gut-joint axis. They either oversimplify the
disease processes, overlook inter-individual variability, or fail to
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Fig. 1. Comparison of Bioengineered Tissue Models with other main types of preclinical models. Platforms such as organoids and organ-on-a-chip offer an ideal
balance between physiological complexity and scalability compared to traditional models (i.e., standard cell cultures and animal models) but with greater relevance
for translation into human medicine (patient-derived tissue). Created with BioRender.com

replicate the human gut and joint microenvironments. The nature of
these models can limit the efficiency of the translational process from
bench to bedside and pre-clinical testing, increasing the time and costs
of research and drug development. [Fig. 1].

4. General characteristics and opportunities of bioengineered
tissue models

Organoids are 3D structures grown from stem cells (SCs) meant to
mimic the complexity of the tissues from which they are derived. OoCs,
on the other hand, incorporate living cells into microfabricated devices
that replicate key aspects of organ structure [25]. Both models offer
unprecedented opportunities to emulate human physiology and disease
processes more accurately. Importantly, they have the potential to
provide complementary insights, with organoids excelling in mimicking
tissue- and organ-level morphological organization, and OoCs enabling
the study of organ interactions and responses to different stimuli under
mechanical forces and chemical gradients.

One of the basic principles of BTMs is the exploitation of the po-
tential of human SCs. BTMs of many tissues and organs, particularly
those of the epithelial type, can be derived from stem cells found in
specialized tissue niches, such as the epithelial crypts of the digestive
tract. These cells, called adult stem cells (ASCs), have multipotency
characteristics. Their main advantage is that they can give rise to
organoids quickly and robustly under the right tissue-specific culture
conditions [170,171]. They are ideal for generating patient-derived
organoids (PDOs) with a stable karyotype [172,173]. Their prolifera-
tive nature makes them suitable for applying high-throughput work-
flows and possible genetic manipulation (i.e., gene disruption, knock-in,
or controlled transgene expression) [174].

One of their main disadvantages is their reduced versatility in tissue
generation, typically limited to the lineage of the original stem cell
niche. Pluripotent stem cells can be equally used for the generation of
BTMs. The classical source of pluripotent stem cells is embryonic stem
cells. Human embryonic stem cells have been successfully used to
generate different types of organoids [175-177]. However, blastocyst-
derived cells have limited application because of their scarcity and
ethical concerns. Therefore, induced pluripotent stem cells (PSCs) are
commonly adopted. These cells can be generated by reprogramming

somatic cells from a given individual, providing a highly versatile
platform for modeling human biology [178,179]. Directed differentia-
tion protocols enable the formation of complex organoids comprising
multiple cell lineages, including those originating from different germ
layers. Importantly, induced PSCs-derived organoids retain the donor's
genetic background, although they may exhibit lower genomic stability
than adult stem cell (ASC)-derived models. Despite their potential for
disease modeling and personalized medicine, the increased technical
complexity and cost of induced PSCs limit their use in standard exper-
imental settings.

Another key element in the development of BTMs, necessary for
achieving a higher level of morpho-functional sophistication, is the
establishment of an extracellular environment that can provide
adequate structural support and biochemical signaling. The basic
approach is the cultivation of stem cells in an extracellular matrix sur-
rogate [180]. Stem cells placed in this substrate tend to develop three-
dimensional structures with reproducible polarization. When spatial
regulation of cell proliferation is needed, advanced bioprinting tech-
niques employing synthetic hydrogels can be used to engineer custom-
izable extracellular matrix scaffolds [181].

Tissue-specific organoid growth relies on a tailored combination of
biochemical signals, delivered via culture media enriched with selected
growth factors and small-molecule modulators. By manipulating them,
it is possible to control growth conditions, for example, by favoring a
program of proliferation rather than tissue differentiation, to fit specific
experimental needs [182,77].

Finally, the use of bioengineered “On-a-chip” systems allows the
integration of cell cultures, structural support substrates, and culture
media with micro-physiological modules, further expanding the flexi-
bility and experimental potential of BTMs [183]. Common components
include nano- or micro-porous membranes, microfluidic modules, and
mechanical strain units. These systems enable multi-compartmental
interactions between stem cells and niche factors - such as chemical
gradients - and can replicate physical stimuli encountered in vivo,
including peristalsis, compression, traction, stretching, and shear stress.
In particular, microfluidic gut-on-a-chip systems that combine luminal
flow with cyclic mechanical strain are necessary to induce a true three-
dimensional epithelial architecture - complete with crypt-villus folding
and polarized barrier function - critical for modeling host-microbiota
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Fig. 2. Main features of BTMs. Different types of BTMs (illustrated in the figure
by organoids and organ-on-a-chip devices) offer varying levels of sophisticat-
ion, including different biotechnological features. ASC Adult stem cell; PSC
Pluripotent stem cell; OoC Organ-on-a-chip. Created with BioRender.com

interactions [101,184]. In addition, OoCs allow, via microfluidic chan-
nels, the connection of different chips, allowing the study of remote
effects of controlled variations within a chip (multi-organ-on-a-chip).
[Fig. 2].

For pragmatic SpA-oriented applications, several technical points
deserve explicit consideration. PDOs should preferably be established
from endoscopic biopsies or surgical specimens, expanded under stan-
dardized stem-cell conditions, cryobanked, and used within a predefined
passage window, because passage history can materially influence dif-
ferentiation state and assay variability [185-187]. Epithelial fidelity
should then be verified by structured quality-control workflows, ideally
integrating single-cell RNA sequencing benchmarked against reference
intestinal atlases or, more pragmatically, orthogonal marker panels
covering stem/progenitor cells (e.g., LGR5, OLFM4), absorptive enter-
ocytes (ALPI/VIL1), goblet cells (MUC2), enteroendocrine cells (CHGA),
Paneth/secretory lineages (LYZ/DEFAS5), and junctional/polarity
markers such as ZO-1 and E-cadherin [188,189]. When organoids are
adapted to 2D monolayers or microfluidic chips, apical-basolateral po-
larity should be demonstrated rather than assumed, using structural and
functional readouts such as ZO-1 localization, brush-border organiza-
tion, transepithelial electrical resistance, permeability assays, or
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differential apical/basolateral transport [190,191]. Likewise, for
microbiota-facing platforms — especially those incorporating strict an-
aerobes — oxygen gradients should be directly measured with inte-
grated sensors or equivalent validation approaches, because the ability
to maintain a low-oxygen luminal compartment is a key determinant of
both microbial viability and epithelial behavior [192]. Finally, future
SpA studies should explicitly account for batch effects and inter-donor
variability by harmonizing matrix/media lots and passage number,
randomizing experiments across runs, incorporating technical replicates
within donor and independent biological replication across donors, and
prespecifying donor numbers according to the primary endpoint and
expected between-donor variance [186,187].

5. Preclinical modeling of intestinal mucosa through
bioengineered tissue models

Despite the growing technological maturity of BTMs, their applica-
tion remains conspicuously underexplored in SpA, with no disease-
specific validated organoids and organ-on-a-chip platforms for intesti-
nal modeling. Furthermore, as highlighted in the prebvious evidence-
mapping section, human SpA intestinal data remain conspicuously
observational in several critical areas (e.g. the mucosal metabolome and
the intestinal motility). In contrast, looking at the closely related field of
IBDs, intestinal organoids and microfluidic gut-on-a-chip systems have
seen thorough development and characterization in several research
settings. This robust preclinical groundwork underscores a critical op-
portunity — indeed, a need — to extend and adapt these sophisticated
models to unravel the intestinal mucosa contributions to SpA patho-
genesis, starting from the relevant anatomo-functional elements.

At present, direct intestinal BTM data in bona fide SpA contexts
remain limited to a small number of proof-of-concept studies, most
notably the SpA microbiota triple co-culture model [78]. By contrast,
most organoid, gut-on-chip, and immune-co-culture studies discussed
below were developed in IBD, infection biology, cancer research, or
general mucosal immunology and are cited here primarily as enabling
methodological frameworks that can be adapted to SpA-oriented ques-
tions, rather than as already validated SpA models. Accordingly, unless
explicitly stated as SpA-derived or SpA-specific, the following examples
should be interpreted as translationally informative and hypothesis-
generating, but still inferential with respect to SpA.

5.1. Intestinal microbiota and dysbiosis

The first common approach to translating patient-derived gut
microbiota within a preclinical model can be integrative. In this case, the
entire bacterial consortium from a specific biological niche is used, in an
effort to preserve its complexity and composition [193,194]. Beterams
et al. first described a method for placing a fecal isolate obtained from
patients with SpA or healthy controls into a multiple immune-epithelial
cell culture system. Using this setup, a differential epithelial response
was shown in response to the microbiota of a patient dominated by
Prevotella spp, while not specifically addressing the problem of main-
taining an anaerobic environment [78]. Through the use of a refined
gut-on-a-chip system, Jalili-Firoozinezhad et al. provided the proof-of-
concept that patient-derived gut microbiota can be maintained in a
controlled anaerobic microenvironment, characterized by a reproduc-
ible oxygen gradient, in order to best represent the physiological con-
ditions of interaction between microbiota and intestinal mucosa [195].
Importantly, the epithelial cells used in this primary gut-on-a-chip
model were isolated directly from patients using resected intestinal
tissue as the source and expanded through organoid culture, thus
providing an important framework for the use of patient-derived cells,
which is of central importance in modeling a disease with a strong ge-
netic background with potential effect on the microbiota, such as SpA.
An alternative method of co-culturing IECs and human microbiota ob-
tained by processing a fecal sample was also described by Shin et al.,
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demonstrating the ability of bacteria isolated from feces to recolonize
the epithelium with a clearly identifiable morphological organization in
a microfluidic system equipped with an anoxic compartment [196].

This inclusive approach is particularly appealing for studying the
global effect of a well-characterized microbiota but may render it
difficult to isolate the biological effect of a distinct strain. Thus, in the
specific context of SpA, it is worth considering also a reductionist
approach for modeling the gut microbiota, implementing bacterial
consortia composed of the strains deemed of interest, or studying spe-
cific individual strains selected by culturomics techniques [197-199].
Some of these strains may be particularly sensitive to oxygen, making
them particularly difficult to study under normal culture conditions.

This reductionist approach becomes particularly useful when using
source material other than feces (e.g., intestinal biopsies), to select the
mucosa-associated microbiota. Indeed, the luminal and mucosa-
associated microbiota have been shown to have well-separated com-
positions, especially for proximal luminal sites [200-202]. Moreover,
the mucosa-associated microbiota may play a particularly important
role in SpA, since in the gut of ankylosing spondylitis (AS) patients, the
proportion of adherent and invasive bacteria correlates with the histo-
logic degree of inflammation [67].

It should be emphasized that, when translating these microbial sig-
natures into functional inputs for BTMs, researchers must critically
address sampling biases. The composition of the luminal microbiota,
typically assessed via easily accessible fecal samples, diverges signifi-
cantly from the mucosa-associated microbiota that directly adheres to
the epithelium. Because the most critical immune-priming and barrier-
disrupting events in SpA likely occur directly at this epithelial inter-
face, prioritizing mucosa-associated microbial consortia (obtained via
intestinal biopsies) over fecal isolates could be paramount for accurately
capturing the localized, disease-relevant crosstalk in bioengineered in
vitro platforms.

Shah et al. demonstrated, in their gastrointestinal human-microbe
interface microfluidic system, how a gut-on-a-chip type model is capable
of capturing different transcriptional, metabolic, and immunological
responses following co-culture with different isolated commensal strains
[203]. Furthermore, Zhang et al. demonstrated through a micro-
physiological system how it is possible to successfully establish co-
culture over an extended period (spanning weeks) of super oxygen-
sensitive bacteria such as Faecalibacterium prausnitzii [204]. This is
particularly interesting, as one of the top differentiating species
confirmed to be most highly expressed in SpA is R. gnavus, a bacterium
belonging to the phylum Firmicutes that cannot unfold at atmospheric
amounts of oxygen [205].

Remarkably, the ability to maintain a more or less stringent anaer-
obic condition segregated to the apical compartment of an intestinal
epithelium co-culture model represents one of the major technical ad-
vantages achieved by microfluidic OoCs systems in modeling
microbiota-host interaction.

5.2. Crosstalk between the intestinal epithelium and microbiota

Epithelial organoids are known to be competent in TLR-related
expression and signaling [206]. In addition, they are effective in rep-
resenting the expression profile of TLRs compared across different
gastro-enteric tract localizations [207]. As demonstrated by Neal et al.
using intestinal organoid models, TLR4 appears to play an important
role in determining the rate of proliferation and apoptosis in the stem
cells in crypts in a p53-dependent manner [208]. Investigating these
aspects in a patient-derived model for SpA, may be of particular interest,
considering that IECs-associated TLRs seem to have a specific activation
profile during IBDs [48,49] and that the stem cell niche seems extremely
susceptible to pro-inflammatory changes determined by immune cells
[209] or metabolic conditions [210]. Not surprisingly, TLR-4 targeting
has been hypothesized as a strategy to alleviate the manifestations of gut
inflammation [211].
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Samuel et al. specifically examined TLR expression in organoids
derived from human colon, finding a level of transcript for all TLRs 1 to 6
comparable to that of native tissue. Strikingly, they reported a large
difference in the functionality of each of the TLR forms, finding a sig-
nificant biological response, in terms of pro-inflammatory cytokine
production, only after TLR-5 challenge with flagellin, but not after
challenge with a selective TLR-2 and 4 agonist [50].

Inflammasome-induced cell death triggered by invasive bacteria is
an innate response meant to restrict bacterial loads within the epithe-
lium, confine barrier disruption, and prevent further detrimental in-
flammatory tissue damage. Pathogen restriction is mediated via the
specific extrusion of dying IECs and membrane permeabilization. These
mechanisms can be studied in real-time in intestinal epithelial BTMs
with a high temporal and spatial resolution [51].

Using human intestinal organoids and organoid-derived epithelial
monolayers, Ventayol et al. demonstrated how the epithelial response to
invasion by flagellated bacteria is characterized by a rapid protective
contraction of the epithelium coordinated by the NAIP/NLRC4 inflam-
masome in the sublithic phase [52]. Interestingly, this kind of response
occurs in the absence of other mucosal cell types and relies directly on
epithelial actomyosin contractions but may result in early destruction of
barrier integrity in the case of a functional Caspase-1 or Gasdermin D
deficiency. Since disruption of the epithelial barrier is considered a
feature of the inflamed mucosa in SpA and IBD, BTMs could be used to
study this aspect in relation to inflammasome activation in these
conditions.

Crucially, it is important to distinguish the specialized role of this
epithelial NAIP/NLRC4 inflammasome — which primarily orchestrates
localized pathogen restriction and cell extrusion — from the activity of
myeloid-derived inflammasomes (such as NLRP3 in lamina propria
macrophages), which predominantly drive classic pro-inflammatory
cytokine cascades (e.g., IL-1f, IL-18) and subsequent immune cell
recruitment [212,213]. Advanced BTMs, particularly dual-channel
microfluidic organ-on-a-chip platforms, offer the unique capability to
compartmentalize these distinct responses by physically separating the
epithelial barrier from the underlying immune compartment, thereby
enabling precise, cell-type-specific dissection of inflammasome
signaling triggers and kinetics [214].

5.3. Metabolite-mediated interactions between host and gut microbiota

In consideration of their inherent characteristics, BTMs are flexible
and realistic models that allow the expansion of the characterization of
metabolic processes at the level of the intestinal mucosa. Beyond the
translation of mass spectrometry-based metabolomics for in-depth
mapping of the biological effect of various compounds and molecules
on an advanced human in vitro cell model [215,216], the morpho-
structural sophistication of organoids makes it possible to apply
advanced imaging methods for bioenergetic characterization of cell
function with spatial resolution [217].

Both the metabolic control of the intestinal stem cell compartment
and the interaction between metabolites, microbiota, and host are as-
pects of interest in the field of intestinal inflammation in SpA and IBD,
but they are largely unexplored. The use of BTMs has important po-
tential in this respect. For example, Rodriguez-Colman et al. utilized
small intestinal organoids to demonstrate metabolic compartmentali-
zation within the intestinal epithelium, finding that Lgr5+ stem cells
exhibit high mitochondrial activity. In contrast, neighboring Paneth
cells show increased glycolytic metabolism. Their research revealed a
lactate-based metabolic symbiosis between these cell types, with Paneth
cells producing lactate as a respiratory substrate to support oxidative
metabolism in stem cells [218].

Additionally, the role of mitochondrial pyruvate import in the stem
cell compartment was confirmed in human intestinal organoids through
a pharmacological inhibition approach [219]. Schilderink et al. showed
that the butyrate-induced enzymatic profile in human intestinal
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organoids contributed to the maintenance of gut homeostasis through
the modulation of retinoic acid production [220], while Bellono et al.
were able to use intestinal organoids to demonstrate the role of seroto-
ninergic enterochromaffin cells as chemosensors in the gut epithelium to
detect and transduce environmental, metabolic, and homeostatic signals
from the intestinal mucosa to the nervous system [221].

The use of gut-on-a-chip type platforms has further expanded the
modeling possibilities, considering that the use of microfluidics for
physiological-mimicking nutritional supplementation can have a major
impact on cellular metabolism and function. Donkers et al. used an
innovative microfluidic platform based on intestinal on-a-chip implan-
tation to provide proof-of-concept of the dynamic interaction between
prebiotics, bacteria, and indices of barrier function and epithelial
inflammation [62]. At the same time, another study carried out on an
integrated colon-on-a-chip platform (Emulate) showed, with a multio-
mics approach, how the susceptibility of human intestinal epithelium to
pathogens such as enterohemorrhagic Escherichia coli is enabled by
metabolic factors specific to the human intestine [63].

Notably, organoids have recently been validated as a human-derived
model for the transport and metabolism of nutrients and drugs [64].

Because patient-level evidence in SpA remains limited and is
currently based mainly on metabolomic association studies, the imme-
diate value of BTMs in this field will be to test whether the altered
tryptophan/indole balance reported in intestinal tissue from axSpA and
CD-associated axSpA [55] and the reduced fecal levels of selected SCFAs
described in AS [56], within the broader context of microbial metabolite
dysregulation in SpA [53,54,58], are functionally active at the epithelial
level rather than merely associative. In practical terms, defined SCFAs or
indole-pathway metabolites should be tested in patient-derived orga-
noids, organoid-derived monolayers, and, when host-microbiota co-
metabolism is central to the hypothesis, gut-on-chip systems
[217,63,64]. For barrier-centered hypotheses, a supportive effect should
be defined prospectively by increased transepithelial electrical resis-
tance, reduced FITC-dextran or analogous tracer flux, restoration of
junctional organization, and attenuation of epithelial cytokine release
after inflammatory or microbial challenge [62,79,84,88]. For cell-state
and lineage-centered hypotheses, the same perturbations should be
assessed for their ability to shift epithelial programs toward less in-
flammatory and more homeostatic states, including indole-responsive
epithelial signaling, to preserve mitochondrial fitness in the LGR5+
crypt compartment, and to maintain Paneth-cell antimicrobial programs
under challenge conditions [217-219,81-83]. In this setting, a
convincing mechanistic effect should be considered one that is repro-
ducible across independent donor-derived lines and concordant across
at least one functional endpoint and one molecular endpoint, rather than
inferred from metabolite exposure alone. Importantly, these effects
should not be assumed to be uniformly protective: acetate has shown
barrier-protective and anti-inflammatory effects in patient-derived
epithelial monolayers, whereas butyrate responses can diverge accord-
ing to inflammatory context and epithelial state, underscoring the need
for dose titration, donor stratification, and matched healthy-control
benchmarks [222-224].

5.4. Intestinal barrier modifications

Modeling the lumen-capillary tissue interface requires the incorpo-
ration of the core chemical and physical elements of the intestinal
epithelial barrier to replicate an organ-level, tissue-specific milieu of the
human live gut. BTMs are ideal systems for integrating and dynamically
manipulating them to dissect the contribution of individual elements to
the pathophysiological processes of interest, such as intestinal mucosa
inflammation and crosstalk with the immune system [79].

A comprehensive approach has been proposed for modeling the in-
testinal barrier by integrating BTMs with a high level of sophistication
that can implement assays of permeability, morphology, and integrity,
including transepithelial electrical resistance [80].
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However, it is also worth considering the specific determinants of
barrier function of interest in SpA and how BTMs are leveraged to
explore them.

5.4.1. Antimicrobial peptides

The refinement of intestinal organoid culture conditions has enabled
preclinical models of patient-derived epithelium that can effectively
represent even specialized subtypes of IECs, including Paneth cells, Tuft
cells, and enteroendocrine cells [77]. This possibility makes intestinal
organoids a valuable preclinical model for studying the role of AMPs.
Notably, the use of these models has provided developmental insights
into Paneth cells, including their close dependence on IL-22 signaling
[81] and the close dependence of their density on intestinal crypt
morphology [82], while the introduction of anatomical sophistication
through a villi-crypts biomimetic surface has demonstrated to enhance
antimicrobial capacities of patient-derived epithelium against patho-
gens [83].

5.4.2. Intestinal tight junctions

Research using human intestinal organoids offers the potential to
gain insights into the regulation of intestinal permeability and the
stimuli that can increase it. Compared to traditional epithelial models
based (i.e., Caco2 monolayers), human intestinal organoids have shown
greater granularity in their ability to demonstrate the hierarchical
sequence of changes leading to the loss of barrier function, including the
redistribution of junctional proteins from the cell border [84]. Different
studies have extensively demonstrated that exposure of intestinal
organoids to pro-inflammatory cytokines — including IL-1p, IL-6, and
TNF-a — significantly decreased the expression of tight junction pro-
teins such as ZO-1 and occludin. Clinically used treatments such as
glucocorticoids and anti-TNF-o agents partially restored barrier func-
tion, although not all parameters were normalized [85-87].

Notably, Nwako et al. suggested that modification of tight junctions
is not the sole determinant of inflammatory impairment of the intestinal
barrier. Using monolayers derived from human intestinal enteroids
engineered to lack enteroendocrine cells (EECs), they first showed that
EECs are essential for maintaining barrier integrity in the differentiated
intestinal epithelium. They then identified two EEC-derived hormones
— peptide YY peptide tyrosine-tyrosine and somatostatin — that restore
barrier function following pro-inflammatory stimulation with TNF-a.
Importantly, this hormone-induced rescue of barrier function arose not
from increased expression of junctional proteins (ZO-1, occludin,
claudin-2) but from qualitative changes in their epithelial localization,
highlighting the underexplored role of EECs in maintaining barrier
integrity [88].

5.4.3. Mucus layer

Intestinal organoids, derived from human pluripotent stem cells or
adult intestinal stem cells, can be cultured to form a functional mucus
layer, facilitating studies on mucus dynamics and barrier function [89].
However, traditional organoid cultures often encapsulate mucus within
their luminal space, limiting accessibility for experimental manipulation
and requiring labor-intensive micro-injection techniques.

Notably, Beterams et al. described a triple co-culture system (bac-
teria, and immortalized mucus-producing epithelial and monocyte lines)
with static Transwell-based BTMs to test the effect on the intestinal
mucosa of microbiota derived from patients with SpA [78]. In this sys-
tem, the effect on the mucosal layer was measured as its thickness by
immunofluorescence, highlighting a reduced thickness and greater
variability of the mucosal layer by the epithelium exposed to the fecal
slurries of SpA patients compared to healthy controls. However, the
authors could not assess the effect on epithelial cells derived from the
patient or the contribution of dynamic physiological elements such as
peristalsis and flow.

To overcome previous limitations, integrating patient-derived with
microfluidic OoC systems has been shown to enhance the physiological
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relevance of in vitro models of the human intestinal barrier [90,91]. A
refined human colon-on-a-chip device has been developed that supports
the spontaneous differentiation of goblet cells and the formation of a
mucus bilayer with structural and functional properties akin to the
native human colon. This platform enables real-time analysis of mucus
accumulation and responses to inflammatory stimuli, providing insights
into barrier integrity under various conditions [92]. A similar system has
been proposed to assess mucus secretion in the small intestine under
physiological conditions [93], but could be potentially adapted to spe-
cific modeling of inflammatory conditions.

Finally, a fluidic system has been developed to accurately study the
diffusion dynamics of bacterial compounds (specifically endotoxins)
through the intestinal mucosal layer [94]. The implementation of such a
system is of major interest for studying the pathogenicity properties of
individual bacterial species of interest in SpA or complex microbiota
obtained directly from patients.

5.5. Intestinal motility and its connection with the intestinal microbiota

In the preclinical setting, it has been shown that the implementation
of peristaltic modules in gut-on-a-chip models can significantly modify
the outcome of epithelial differentiation, the quality of co-culture with
pathogenic or symbiotic microorganisms [102], and ultimately the in-
testinal barrier function and immune-inflammatory response [103,104].
A prime example of this is the work by Grassart et al., who elegantly
demonstrated how the invasive properties of Shigella flexneri are strongly
influenced not only by epithelial morphology (presence of crypts) but
also by physiological stimuli present in the intestine, such as peristalsis
and shear stress [101]. Notably, this kind of system can be implemented
with an endothelial cell layer to mimic the gastrointestinal microvas-
cular compartment and increase physiological relevance for specific
applications [105].

Since dysmotility in the gut often arises not merely from impaired
muscular contraction but from dysfunction of the enteric nervous system
(ENS), models that integrate neuronal components are particularly
attractive for future SpA-oriented applications. A step-wise differentia-
tion process for PSCs has been used to generate innervated intestinal
organoids containing epithelium, neurons, and glial cells within a sup-
porting mesenchyme [106-108], whereas gut-on-chip platforms can
incorporate peristaltic-like mechanical deformation, flow, and—when
needed—an endothelial compartment [101,102-105]. In the context of
a future SpA-derived gut-on-a-chip strategy, these elements could be
combined in a modular manner by coupling patient-derived intestinal
epithelium to enteric neuronal/glial components and then challenging
the system with defined microbial communities, candidate pathobionts,
inflammatory cytokines, or metabolite perturbations.

In such a framework, the key objective would not be to assume a pre-
existing neuromuscular lesion in SpA, but to test whether neuromus-
cular inputs materially modify epithelial and host-microbiota pheno-
types relevant to the disease. Informative readouts would include
neuronal or neuroepithelial calcium imaging to quantify activation
states, peristaltic strain-dependent changes in epithelial differentiation
and microbial behavior, barrier function measures such as TEER or
tracer flux, and epithelial inflammatory outputs. In addition, the
enterochromaffin-cell/serotonin axis is especially attractive as a trans-
lational interface, because intestinal epithelial enterochromaffin cells
can act as chemosensory transducers linking luminal signals to neural
pathways [221]; accordingly, future integrated models could assess se-
rotonin release, epithelial enteroendocrine states, and downstream
neuronal activation together with conventional barrier and cytokine
readouts. This type of module would make the neuromuscular dimen-
sion of the SpA-on-chip vision more experimentally actionable while
appropriately reflecting the still limited disease-specific evidence base.
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5.6. Gut mucosa immune system and immune cells priming and
recirculation

PDOs are increasingly used in immunology research to study how the
intestinal immune system interacts with the IECs, both in healthy and
disease states. Different strategies have been proposed to implement
epithelial and immune cells in the same experimental setup [120,121].

Recently, Recaldin et al. elegantly demonstrated the establishment of
human intestinal immuno-organoids based on the self-organization of
human epithelial organoids and autologous tissue-resident memory T
cells. In their model, T cells are integrated within the epithelium, and,
implementing transcriptomic studies, the authors were able to study the
functional aspects of immune cells (including migration and adherence)
and their interaction with epithelial cells [122]. Notably, monitoring of
the fate of these resident T cells, the emergence of a subtype of immune
cells (in this case intraepithelial CD8" with cytotoxic capabilities) was
identified as a major determinant of intestinal inflammation, and the
Rho pathway was identified as an effective therapeutic target in vitro for
immuno-modulation. This study provides an important framework for
BTMs in studying immune responses in various settings, potentially
including the priming mechanisms of SpA-relevant Th17 cells associated
with the intestinal mucosa.

Of interest, Zhang et al. were able to incorporate patient-derived
epithelium, immune cells (including antigen-presenting cells and
CD4" naive circulating T cells), and oxygen-sensitive commensal bac-
terium Faecalibacterium in a long-term co-culture system [123]. This
type of setup allowed the authors to appreciate the contribution of each
individual cross-talking element within the system on the inflammatory
response measured in terms of cytokine secretion and transcriptional
changes in the intestinal epithelium.

The implementation of sophisticated microfluidic systems has been
successfully used to allow the continuous recirculation of T cells and
other immune cells to study their dynamics of penetration and interac-
tion with tumor tissues [124,125]. This concept is of particular interest
because it could potentially be successfully applied in the gut-joint
model to study the recirculation and homing of immune cells between
tissues where the immune cells are usually primed such as intestinal
mucosa or other epithelial interfaces of interest, such as the epidermis in
PsA - and peripheral tissues targeted by inflammation, including the
synovium, tendons, and entheses, and the ocular vascular compartment.

Finally, while less relevant for the purpose of the study of intestinal
mucosa, the development of immune-specialized BTMs for translational
purposes, including modeling of the adaptive immune system and
lymphoid organs biology, is under development [225-227].

6. Conclusions and future perspectives

The conceptualization of the gut-joint axis, emphasizing the role of
the intestinal mucosa as a potentially central site that may contribute to
or trigger the pathogenesis of SpA, represents a major breakthrough in
rheumatology research with a potentially high impact in the clinical and
therapeutic fields. Embracing this axis requires acknowledging the
profound multifactorial pathogenesis of the disease. As recently
conceptualized, accurately deciphering SpA necessitates integrating its
distinct inflammatory, structural, and bioenvironmental components —
most notably, the complex involvement of the intestinal interface [18].
It is precisely this multidimensional biology that traditional, reduc-
tionist preclinical models fail to adequately capture. Consequently, the
overarching rationale for transitioning to advanced, human-based BTMs
lies in their unique, scalable capacity to simultaneously incorporate and
cross-examine these diverse pathogenic elements within a highly
controlled, patient-specific platform. Organoids, OoCs, and hybrid co-
culture systems integrating human-derived cells are rapidly evolving
preclinical models for translational science and have reached a sufficient
degree of maturity for use in several pipelines. Implementation of these
models in immuno-rheumatology studies and specifically in the SpA
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Table 2

Comparative overview of the main BTMs applicable to intestinal modeling in SpA.
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BTM class

Main strengths

Main limitations

Typical informative readouts

Highest-value applications in SpA

3D adult stem cell-
derived intestinal
organoids/patient-
derived organoids

Organoid-derived 2D
monolayers

Gut-on-a-chip
systems

Hybrid co-culture
systems (static or
microfluidic;
epithelium +
immune cells and/
or microbiota)

Advanced integrative
platforms
(immuno-
organoids,
innervated

Preserve donor genetic and epigenetic
context; support multilineage epithelial
differentiation; expandable and biobankable;
amenable to perturbation studies and gene
editing

Direct apical-basolateral access; compatible
with TEER and permeability assays; easier
microbial or immune challenge; suitable for
microscopy and medium-throughput
screening

Reproduce flow, shear stress, cyclic strain,
compartmentalization, and controlled
oxygenation; allow endothelial integration;
enable prolonged co-culture with anaerobes
and dynamic sampling

Modular and reductionist; flexible
experimental design; facilitates causal
dissection of epithelial-immune-microbial
crosstalk

Incorporate tissue-resident immunity, ENS,
or inter-organ communication; closest
approximation to the gut-joint axis concept

Enclosed lumen limits direct
apical access; lack native
immune, vascular, neural, and
flow-related inputs unless
further engineered; donor- and
batch-dependent variability
requires standardization
Reduced 3D architecture and
stromal context; limited
mechanical cues; shorter-term
modeling of complex tissue
organization

Higher cost and technical
complexity; lower throughput;
greater need for engineering
expertise; platform-to-platform
standardization remains
incomplete

Often simplified architecture;
may rely on immortalized cell
lines; limited duration and
physiological complexity
compared with chips

Highest complexity; limited
standardization; lower
scalability and accessibility

Cell-type composition, bulk
or single-cell transcriptomics,
secretome, antimicrobial
peptide production, innate
epithelial signaling, drug
response

TEER, FITC-dextran or tracer
permeability, junctional
protein localization,
directional cytokine release,
transport assays

Real-time barrier monitoring,
oxygen gradients, cytokine
fluxes, live imaging,
microbial viability/
composition, metabolomics,
multi-omics

Cytokine secretion, immune-
cell activation, bacterial
adherence/invasion, mucus
thickness, epithelial cell
death, targeted pathway
perturbation

Immune-cell localization and
phenotype, neuronal
activity/motility-related
outputs, cross-tissue
mediator exchange,

Epithelial-intrinsic abnormalities;
patient-specific barrier programs;
Paneth/goblet/tuft/
enteroendocrine biology;
genotype-phenotype studies;
biomarker discovery

Tight-junction dysfunction;
polarized host-microbe
interactions; rapid screening of
barrier-restoring interventions;
mechanistic studies of epithelial
polarity and transport

Dysbiosis modeling; mucosa-
associated microbiota; mucus
dynamics; epithelial-vascular
interface; anaerobe-dependent
host-microbe studies; dynamic
pharmacology

Candidate pathobiont testing;
immune priming studies;
mechanistic validation of specific
pathways before deployment in
more complex BTMs

Th17/Tissue resident immune cells-
associated priming; motility-linked
dysbiosis; future gut-joint/gut-skin-
joint modeling; ex vivo precision
medicine workflows

organoids, multi-
organ-on-a-chip)

integrated multi-omics

Note: Representative intestinal BTMs discussed in this review span complementary levels of complexity, including 3D intestinal organoids / PDOs [77,81-89],
organoid-derived 2D monolayer or Transwell-type barrier systems [84-88], static or semi-dynamic hybrid co-culture models integrating epithelial, microbial, and/or
immune components [78,122], microfluidic gut-on-a-chip platforms for host-microbiota and barrier studies [101,195,203,204,79,91,105], mucus-specialized chip
systems [92-94], and advanced integrative platforms incorporating immune or neuro-enteric elements, such as immune-competent gut microphysiological systems
[123,214] and ENS-containing intestinal tissues/organoids [106-108]. Unless explicitly labeled as SpA-derived, the platform examples and model selections in this
table should be interpreted as fit-for-purpose frameworks for SpA-oriented studies rather than as already validated SpA-specific models.

field is still limited, and specific models are lacking. Consequently, much
of the current rationale for applying BTMs to SpA should be viewed as a
structured translational extrapolation from IBD, infection biology, can-
cer, and broader mucosal immunology, rather than as a field already
supported by extensive disease-specific validation. Here, we showed
that these models are promising in modeling the intestinal mucosa in
SpA, underlining how relevant setups have been exploited for each key
physioanatomical and functional aspect [Fig. 3].

As part of a comprehensive modeling of the anatomical and func-
tional network of the intestinal mucosa in SpA, different types of BTMs
should ideally be integrated depending on the specific research ques-
tion. As a general framework, organoids could be used primarily as a
source of patient-derived cellular material, retaining genetic and
epigenetic information while enabling expansion, biobanking, and
epithelial-focused modeling; OoCs could serve as advanced systems for
reproducing physiologically relevant environmental cues and support-
ing complex co-culture with intestinal microbiota and immune cells; and
targeted static or microfluidic co-culture systems could provide com-
plementary reductionist settings for mechanistic dissection [Tables 2
and 3].

While BTMs now exhibit remarkable fidelity in replicating key as-
pects of mucosal physiology, they still face challenges that provide
important avenues for refinement. Beyond biological complexity, prac-
tical aspects such as cost, scalability, availability, and standardization
also shape the current landscape of BTMs technologies. Generating and
maintaining some of these systems often requires specialized infra-
structure, expensive reagents, and technical expertise, which can limit
widespread accessibility and curb their adoption outside specialized
centers. Variability in culture conditions and biomaterials can affect
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reproducibility, underscoring the need for harmonized protocols and
shared reference standards. Moreover, the push for industrialization and
broader market penetration is in early stages, with regulatory policies
and commercial leveraging still evolving [229].

Encouragingly, many of these challenges are now being addressed.
Guidelines for laboratory procedures, biobanking workflows, and
quality control are under development (e.g., via ISO/TC 276), with
institutional roadmaps addressing device materials, interfaces, flow
conditions, terminology, and performance benchmarks crucial for
interoperability and regulatory acceptance [230,231]. Standalone
modular chip platforms that are more cost-effective and user-friendly
are now available from several suppliers [232]. Biobanking initiatives
and automation tools are enhancing throughput and cross-institutional
sharing of organoids [233], including pioneering work embedding
patient-centered decentralized biobanking, which could significantly
democratize participation and equity in BTMs research is ongoing as
well [234]. Thus, while economic and logistical barriers remain, the
innovation trajectory strongly suggests that BTMs are transitioning from
niche, resource-intensive tools toward standardized and widely
deployable platforms for translational research.

Besides the specific focus of this review, there are some additional
elements worth mentioning in support of the prompt use of BTMs and
their future development in the SpA field.

As anticipated, genetics is central in determining the onset and
expression of SpA. HLA-B27 is the major determinant and is supposed to
have a direct pathogenic role through misfolding or immunologic
mechanisms. Other genetic candidates, such as single-nucleotide poly-
morphisms in ERAP1, could also be important [235]. The most evident
advantage of using these ex vivo models is the possibility of retaining the
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Table 3
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Harmonized roadmap for selecting and validating BTMs for intestinal modeling in SpA.

SpA-relevant
biological question

Best-fit model (and main
references)

Recommended inputs

Core readouts

Validation against human
specimens

Provisional decision rule for
escalation / drug triage

Does the overall
patient-derived
microbiota drive
epithelial
dysfunction or
inflammatory
activation?

Is a specific strain or
defined bacterial
consortium
causally
pathogenic?

Is there an
epithelial-
intrinsic barrier
defect in SpA?

Are mucus barrier
defects
biologically
relevant in SpA?

Do SCFAs or
tryptophan/
indole
metabolites
restore
homeostasis?

How are Paneth-cell
or epithelial
antimicrobial-
defense programs
altered?

How does the
mucosal immune
compartment
contribute to
pathogenic
priming?

Does the gut-
vascular interface
contribute to
systemic
inflammatory
propagation?

Do motility and
ENS-related cues
reshape
host-microbe
interactions?

Anaerobic gut-on-a-chip
with PDO-derived
epithelium; optional
endothelial compartment
[195,204,105]

Reductionist co-culture
[78] or gut-on-a-chip for
oxygen-sensitive
organisms
[101,203,204]

Organoid-derived 2D
monolayers / Transwells
[84-88]; chip if dynamic
flow is needed [79,91]

Mucus-competent gut-
on-a-chip [92-94] or
goblet-supporting
organoid/co-culture
system [78,89]

Monolayers for barrier
assays [84,88]; PDOs for
lineage/cell-state
analysis [218,219,64];
gut-on-a-chip for
dynamic host-microbe
metabolism [62,63]
Differentiated small-
intestinal PDOs /
enteroids [77,81-83]

Immuno-organoids
[122] or immune-
competent gut-on-a-chip
[123]

Vascularized gut-on-a-
chip or advanced multi-
compartment chip
[105,107,228]

Peristaltic gut-on-a-chip
[101,102-105] or ENS-
containing organoids
[106-108]

Patient ileal/colonic
PDOs; paired fecal and,
where feasible, mucosa-
associated microbiota
from SpA and matched
controls; optional
autologous myeloid cells

PDO-derived monolayers
or chip epithelium; single
strain or defined
consortium selected from
SpA datasets/
culturomics; optional
innate immune cells

SpA and control PDOs,
with or without TNF-« /
IL-17 A / IFN-y challenge;
microbial supernatants or
metabolites as secondary
perturbations
PDO-derived epithelium
enriched for goblet
differentiation; patient
microbiota or defined
strains; optional
inflammatory cytokine
challenge

Defined SCFAs or indoles;
metabolite-conditioned
microbial supernatants;
SpA and control PDOs;
inflammatory challenge
where relevant

SpA and control small-
intestinal PDOs; cytokine
or microbial challenge;
optional IL-22 or
metabolite perturbation
PDOs plus autologous
tissue-resident or
circulating immune
subsets (e.g., CD4+ T
cells, APCs, Tissue
resident immune cells),
with or without defined
bacteria

PDO-derived epithelium
plus endothelial layer;
microbial products or
bacteria; optional
immune-cell flow-
through

Mechanical strain and
flow, with or without
PSC-derived ENS
components; defined
microbiota or metabolites

Oxygen-gradient
verification, microbial
viability/composition,
TEER, FITC-dextran flux,
epithelial cytokines, bulk/
scRNA-seq

Adherence/invasion,
epithelial cell extrusion,
inflammasome/TLR
activation, cytokines,
metabolite production

TEER, tracer flux, ZO-1/
OCLN/CLDN localization,
polarity markers, apical/
basolateral cytokine release

Mucus thickness,
penetrability, bilayer
organization, goblet-cell
differentiation, bacterial
localization relative to
epithelium

TEER, tracer flux, cytokines,
scRNA-seq cell states,
mitochondrial readouts in
LGR5-rich compartments,
Paneth-cell AMP programs

DEFAS, LYZ, REG-family
AMP programs, Paneth-cell
abundance/function,
epithelial stress signatures

Immune-cell migration/
adherence, cytokines,
epithelial-immune crosstalk,
scRNA-seq / spatial
phenotyping

Endothelial permeability,
PV1/JAM-A/VE-cadherin-
related readouts,
translocation, immune-cell
adhesion/migration

Calcium imaging, serotonin/
EC-cell coupling, TEER,
tracer flux, epithelial
cytokines, microbial spatial
behavior, differentiation
state under peristaltic strain

Concordance with stool/
biopsy microbiome profiles,
biopsy histology, fecal
calprotectin, LBP/iFABP,
mucosal inflammatory
signatures

Presence/abundance of the
same strain(s) in patient
stool/biopsy datasets; biopsy
evidence of bacterial
encroachment or
inflammation

Biopsy TJ protein
expression/localization;
permeability-associated
blood markers; endoscopic/
histologic inflammation

Mucin/goblet-cell histology
from biopsies; microbial
encroachment patterns;
inflammatory phenotype of
matched tissue

Stool/serum metabolomics;
biopsy expression of AhR/IL-
10R1, AMP, and
inflammatory signatures

Biopsy AMP expression and
crypt histology; associations
with mucosal inflammation
and microbiota composition

Biopsy immune infiltrates,
mucosal cytokine profiles,
paired blood
immunophenotyping

Biopsy vascular-barrier
markers; circulating LPS/
LBP, sCD14, iFABP; systemic
inflammatory markers

Where available, biopsy ENS
markers and clinical
dysmotility correlates;
indirect association with
microbiota signatures

Escalate or prioritize
interventions only if barrier/
inflammatory phenotypes are
reproducible across
independent donors and
rescued by the candidate
intervention without collapse of
microbial viability

Advance only if the phenotype
is reproducible, directionally
consistent with patient data,
and attenuated by bacterial
inactivation, depletion, or
pathway blockade

Prioritize compounds only
when both functional and
structural barrier rescue are
observed in donor-level
replication, ideally with an
orthogonal second assay
Escalate if the platform detects
reproducible mucus defects that
can be restored without
worsening epithelial
inflammation or viability

Advance candidate metabolites
or microbiota-modifying drugs
only if protection is dose-
responsive, donor-reproducible,
and reflected in both barrier and
molecular endpoints

Prioritize interventions that
restore antimicrobial-defense
programs without inducing
nonspecific epithelial stress or
loss of stem-cell fitness
Advance immunomodulatory
candidates only if they suppress
pathogenic epithelial-immune
programs while preserving
basic tissue viability and barrier
function

Escalate to more complex
platforms only when epithelial
findings suggest a dissemination
mechanism that cannot be
resolved in epithelial-only
systems

Use as a second-line
mechanistic platform when the
hypothesis specifically depends
on physical or neuro-epithelial
regulation rather than routine
first-pass screening

Note: Across all rows, minimum harmonization elements should include anatomical sampling metadata, predefined organoid passage windows, matrix/media lot
tracking, lineage and polarity QC, oxygen verification when anaerobes are used, donor-level biological replication, and prespecified alignment of ex vivo endpoints
with human reference biomarkers. Unless explicitly labeled as SpA-derived, the platform examples and model selections in this table should be interpreted as fit-for-
purpose frameworks for SpA-oriented studies rather than as already validated SpA-specific models.

disease- and patient-specific genetic background. Furthermore, BTMs
provide a powerful backbone for the use of genetic manipulation tools,
including the CRISPR-Cas system, transposon mutagenesis, and siRNAs
that could be used to research the effect of known genetic variants
identified by Genome-wide association studies and determine valuable
disease targets [174]. Epigenetic factors are also increasingly recognized
as determinants in the disease onset and expression and can be assessed
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in BTMs models through specific assays [236,237].

Importantly, given its multifaceted nature, SpA should be considered
a systemic disease. Optimal human preclinical modeling of the disease
thus requires creating and functionally coupling valid models for each of
the systems and tissues primarily involved in the immuno-inflammatory
process. This is an attainable goal due to the current technological
evolution of BTMs [228], allowing unparalleled flexibility and control
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over traditional models. Therefore, future development in this field
should aim at developing a comprehensive “SpA-on-a-chip” platform
based on the pivotal premise of the gut-joint axis. Consequently, the
possibility of having a faithful in vitro “replica” of the patient available
to test an array of molecules with potential therapeutic effects represents
an appealing, albeit currently theoretical, iteration of the concept of
personalized therapy [238] [Fig. 4].

While this review focuses specifically on the intestinal mucosa, a
detailed examination of BTMs for the downstream musculoskeletal
targets of SpA — such as the synovium, cartilage, and particularly the
enthesis — falls outside its current scope. However, realizing a func-
tionally relevant “SpA-on-a-chip” will necessitate a carefully staged,
modular approach. The first stage requires the independent develop-
ment and robust validation of the individual tissue modules (e.g., the gut
barrier and the entheseal interface). The second stage will involve the
microfluidic coupling of these platforms into a multi-organ system. This
multi-organ integration is critical, as it will finally allow researchers to
directly track the dynamic, systemic crosstalk hypothesized in the gut-
joint axis, enabling the observation of how gut-primed immune cells,
microbial metabolites, or pro-inflammatory cytokines migrate through a
simulated vascular network to trigger inflammatory or osteoprolifer-
ative responses in the joint module.

Finally, it must be emphasized that failure in the shift from pre-
clinical to clinical phase, with the dropout of numerous molecules,
represents a major challenge in drug development. The immuno-
rheumatology field makes no exception, while heterogeneity of clin-
ical phenotype of individual systemic diseases is an additional obstacle
and may result in failure of late-stage trials [239]. In the specific context
of SpA, the use of BTMs for patient stratification and ex vivo prediction
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of therapeutic responses remains largely speculative. Before these bio-
engineered platforms can be reliably translated to inform clinical
decision-making or de-risk late-stage trials, they face significant chal-
lenges. They necessitate rigorous, large-scale validation using SpA-
specific experimental settings to definitively prove that in vitro re-
sponses accurately mirror in vivo clinical outcomes for individual pa-
tients. The ultimate goal of preclinical development remains to provide
therapeutic approaches transferable to clinical practice. In this regard,
BTMs offer tangible opportunities to enhance disease modeling and drug
discovery, and ultimately increase the chance to offer patients individ-
ualized and effective medical care.

7. Search strategy and selection criteria

To provide a comprehensive overview of the current landscape, we
conducted a literature search using PubMed/MEDLINE, Embase, and
Scopus databases for articles published up to August 2025. The search
strategy employed combinations of keywords and their variations
(including MeSH terms where applicable) to capture broad concepts.
Key terms included:

o Disease: “Spondyloarthritis” (OR “Ankylosing Spondylitis”, “Psori-
atic Arthritis”, “Spondyloarthropathy”, “Reactive Arthritis”, “Enter-
opathic Arthritis™);

e Physiopathology: “Gut-joint axis”, “Intestinal Mucosa” (OR “Gut
barrier”, “Intestinal epithelium”, “Leaky gut”), “Microbiota” (OR
“Microbiome”, “Dysbiosis™);

e Models: Organoids“ (OR “Enteroids”, “Colonoids™), “Organs-on-a-
chip”, “Gut-on-chip”, “Microphysiological systems”).
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We utilized truncation to include all grammatical variations. Given
the review's focus on translational validity, we applied a strict prefer-
ence for human-derived data and in vitro models utilizing human cells.
Animal studies were referenced mainly to provide historical context or
to illustrate specific limitations in replicating human mucosal physi-
ology. We prioritized English-language articles published within the last
15 years to ensure coverage of recent technological breakthroughs,
while manually screening reference lists of eligible articles to identify
seminal works outside this window.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

All data are available in the published articles included in this
review.

References

[1

—

[2

—

[3]

[4

=

[5

—

[6

—

[7

—

[8]

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Taurog JD, Chhabra A, Colbert RA. Ankylosing spondylitis and axial
Spondyloarthritis. N Engl J Med 2016;374:2563-74. https://doi.org/10.1056/
nejmral406182.

Sieper J, Poddubnyy D. Axial spondyloarthritis. The Lancet 2017;390:73-84.
https://doi.org/10.1016/50140-6736(16)31591-4.

Gladman DD. Editorial: what is peripheral Spondyloarthritis? Arthritis
Rheumatol 2015;67:865-8. https://doi.org/10.1002/art.39014.

Stolwijk C, Boonen A, Van Tubergen A, Reveille JD. Epidemiology of
Spondyloarthritis. Rheum Dis Clin North Am 2012;38:441-76. https://doi.org/
10.1016/j.rdc.2012.09.003.

Stolwijk C, van Onna M, Boonen A, van Tubergen A. Global prevalence of
Spondyloarthritis: a systematic review and Meta-regression analysis. Arthritis
Care Res 2016;68:1320-31. https://doi.org/10.1002/acr.22831.

Poddubnyy D, Sieper J. Current unmet needs in Spondyloarthritis. Curr
Rheumatol Rep 2019;21:43. https://doi.org/10.1007/511926-019-0844-7.
Harvard S, Guh D, Bansback N, Richette P, Dougados M, Anis A, et al. Costs of
early spondyloarthritis: estimates from the first 3 years of the DESIR cohort. RMD
Open 2016;2:€000230. https://doi.org/10.1136/rmdopen-2015-000230.

Merino M, Brage O, Gonzalez-Dominguez A, Hidalgo-Vega A, Garrido-
Cumbrera M, Gratacds J. Social economic costs of ankylosing spondylitis in
Spain. Clin Exp Rheumatol 2021;39:357-64. https://doi.org/10.55563/
clinexprheumatol/lycdc8.

Siebert S, Raj S, Tsoukas A. The impact and cost of axial spondyloarthritis1.
Oxford University Press; 2016. https://doi.org/10.1093/med/
9780198755296.003.0010.

Zhao SS, Pittam B, Harrison NL, Ahmed AE, Goodson NJ, Hughes DM. Diagnostic
delay in axial spondyloarthritis: a systematic review and meta-analysis.
Rheumatology 2021;60:1620-8. https://doi.org/10.1093/rheumatology/
keaa807.

Juanola X, Ramos MJM, Belzunegui JM, Fernandez-Carballido C, Gratacds J.
Treatment failure in axial Spondyloarthritis: insights for a standardized
definition. Adv Ther 2022;39:1490-501. https://doi.org/10.1007/s12325-022-
02064-x.

Poddubnyy D, Navarro-Compan V, Torgutalp M, Arends S, Aydin SZ, Battista S,
et al. The assessment of SpondyloArthritis international society (ASAS)
consensus-based expert definition of difficult-to-manage, including treatment-
refractory, axial spondyloarthritis. Ann Rheum Dis 2025;84:538-46. https://doi.
org/10.1016/j.ard.2025.01.035.

Braun J, Sieper J. Fifty years after the discovery of the association of HLA B27
with ankylosing spondylitis. RMD Open 2023;9:e003102. https://doi.org/
10.1136/rmdopen-2023-003102.

Jacques P, McGonagle D. The role of mechanical stress in the pathogenesis of
spondyloarthritis and how to combat it. Best Pract Res Clin Rheumatol 2014;28:
703-10. https://doi.org/10.1016/j.berh.2014.10.009.

Sharip A, Kunz J. Understanding the pathogenesis of spondyloarthritis.
Biomolecules 2020;10:1461. https://doi.org/10.3390/biom10101461.

Mauro D, Simone D, Bucci L, Ciccia F. Novel immune cell phenotypes in
spondyloarthritis pathogenesis. Semin Immunopathol 2021;43:265-77. https://
doi.org/10.1007/s00281-021-00837-0.

Stoll ML. Interactions of the innate and adaptive arms of the immune system in
the pathogenesis of spondyloarthritis. Clin Exp Rheumatol 2011;29:322-30.

Del Vescovo S, Venerito V, Iannone C, Lopalco G. Uncovering the underworld of
axial Spondyloarthritis. Int J Mol Sci 2023;24(7):6463. https://doi.org/10.3390/
1jms24076463. PMID: 37047435; PMCID: PMC10095023.

Gracey E, Vereecke L, McGovern D, Frohling M, Schett G, Danese S, et al.
Revisiting the gut-joint axis: links between gut inflammation and

16

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Autoimmunity Reviews 25 (2026) 104038

spondyloarthritis. Nat Rev Rheumatol 2020;16:415-33. https://doi.org/
10.1038/541584-020-0454-9.

Rizzo A, Ferrante A, Guggino G, Ciccia F. Gut inflammation in spondyloarthritis.
Best Pract Res Clin Rheumatol 2017;31(6):863-76. https://doi.org/10.1016/j.
berh.2018.08.012. Epub 2018 Sep 27. PMID: 30509445.

Akiyama M, Alshehri W, Suzuki K, Shimanuki K, Saito K, Kaneko Y. Clinical
features, pathogenesis, and treatment of inflammatory bowel disease-associated
spondyloarthritis. Autoimmun Rev 2025;24(9):103853. https://doi.org/
10.1016/j.autrev.2025.103853 [Epub 2025 Jun 15. PMID: 40527403].

Wang L, Wang Y, Zhang P, Song C, Pan F, Li G, et al. Gut microbiota changes in
patients with spondyloarthritis: a systematic review. Semin Arthritis Rheum
2022;52:151925. https://doi.org/10.1016/j.semarthrit.2021.11.002.

Breban M, Beaufrere M, Glatigny S. The microbiome in spondyloarthritis. Best Pr
Res Clin Rheumatol 2019;33:101495. https://doi.org/10.1016/j.
berh.2020.101495.

So J, Tam L-S. Gut microbiome and its interaction with immune system in
Spondyloarthritis. Microorganisms 2020;8:1727. https://doi.org/10.3390/
microorganisms8111727.

Zhao Z, Chen X, Dowbaj AM, Sljukic A, Bratlie K, Lin L, et al. Organoids. Nat Rev
Methods Primers 2022;2:1-21. https://doi.org/10.1038/543586-022-00174-y.
Low LA, Mummery C, Berridge BR, Austin CP, Tagle DA. Organs-on-chips: into
the next decade. Nat Rev Drug Discov 2021;20:345-61. https://doi.org/10.1038/
s41573-020-0079-3.

Kim J, Koo B-K, Knoblich JA. Human organoids: model systems for human
biology and medicine. Nat Rev Mol Cell Biol 2020;21:571-84. https://doi.org/
10.1038/541580-020-0259-3.

Costello M, Ciccia F, Willner D, Warrington N, Robinson PC, Gardiner B, et al.
Brief report: intestinal dysbiosis in ankylosing spondylitis. Arthritis Rheumatol
2015;67:686-91. https://doi.org/10.1002/art.38967.

Tito RY, Cypers H, Joossens M, Varkas G, Van Praet L, Glorieus E, et al. Brief
report: Dialister as a microbial marker of disease activity in Spondyloarthritis.
Arthritis Rheumatol 2017;69:114-21. https://doi.org/10.1002/art.39802.
Breban M, Tap J, Leboime A, Said-Nahal R, Langella P, Chiocchia G, et al. Faecal
microbiota study reveals specific dysbiosis in spondyloarthritis. Ann Rheum Dis
2017;76:1614-22. https://doi.org/10.1136/annrheumdis-2016-211064.

Yin J, Sternes PR, Wang M, Song J, Morrison M, Li T, et al. Shotgun metagenomics
reveals an enrichment of potentially cross-reactive bacterial epitopes in
ankylosing spondylitis patients, as well as the effects of TNFi therapy upon
microbiome composition. Ann Rheum Dis 2020;79:132-40. https://doi.org/
10.1136/annrheumdis-2019-215763.

Berland M, Meslier V, Berreira Ibraim S, Le Chatelier E, Pons N, Maziers N, et al.
Both disease activity and HLA-B27 status are associated with gut microbiome
Dysbiosis in Spondyloarthritis patients. Arthritis Rheumatol 2023;75:41-52.
https://doi.org/10.1002/art.42289.

Asquith M, Sternes PR, Costello M-E, Karstens L, Diamond S, Martin TM, et al.
HLA alleles associated with risk of ankylosing spondylitis and rheumatoid
arthritis influence the gut microbiome. Arthritis Rheumatol 2019;71:1642-50.
https://doi.org/10.1002/art.40917.

Stoll M, DeQuattro K, Li Z, Sawhney H, Weiss P, Nigrovic P, et al. Impact of HLA-
B27 and disease status on the gut microbiome of the offspring of ankylosing
spondylitis patients. Children 2022;9:569. https://doi.org/10.3390/
children9040569.

Bragazzi MC, Pianigiani F, Venere R, Ridola L. Dysbiosis in inflammatory bowel
disease and Spondyloarthritis: still a Long way to go? J Clin Med 2024;13:2237.
https://doi.org/10.3390/jcm13082237.

Taurog JD, Richardson JA, Croft JT, Simmons WA, Zhou M, Fernandez-Sueiro JL,
et al. The germfree state prevents development of gut and joint inflammatory
disease in HLA-B27 transgenic rats. J Exp Med 1994;180:2359-64. https://doi.
org/10.1084/jem.180.6.2359.

Rath HC, Herfarth HH, Ikeda JS, Grenther WB, Hamm TE, Balish E, et al. Normal
luminal bacteria, especially Bacteroides species, mediate chronic colitis, gastritis,
and arthritis in HLA-B27/human beta2 microglobulin transgenic rats. J Clin
Invest 1996;98:945-53. https://doi.org/10.1172/JCI118878.

Rahman MA, Thomas R. The SKG model of spondyloarthritis. Best Pract Res Clin
Rheumatol 2017;31:895-909. https://doi.org/10.1016/j.berh.2018.07.004.
Jeong H, Bae E-K, Kim H, Lim DH, Chung T-Y, Lee J, et al. Spondyloarthritis
features in zymosan-induced SKG mice. Joint Bone Spine 2018;85:583-91.
https://doi.org/10.1016/j.jbspin.2017.11.008.

Santos-Sierra S. Targeting toll-like receptor (TLR) pathways in inflammatory
arthritis: two better than one? Biomolecules 2021;11:1291. https://doi.org/
10.3390/biom11091291.

Monnet E, Lapeyre G, Poelgeest EV, Jacqmin P, Graaf KD, Reijers J, et al.
Evidence of NI-0101 pharmacological activity, an anti-TLR4 antibody, in a
randomized phase I dose escalation study in healthy volunteers receiving LPS.
Clin Pharmacol Ther 2017;101:200-8. https://doi.org/10.1002/cpt.522.

Bartels YL, Van Lent PLEM, Van Der Kraan PM, Blom AB, Bonger KM, Van Den
Bosch MHJ. Inhibition of TLR4 signalling to dampen joint inflammation in
osteoarthritis. Rheumatology 2024;63:608-18. https://doi.org/10.1093/
rheumatology/kead493.

Madahar SS, Gideon A, Abdul-Sater AA. Nod-like receptors in inflammatory
arthritis. Biom J 2024;47:100655. https://doi.org/10.1016/].bj.2023.100655.
Crane AM, Bradbury L, Van Heel DA, McGovern DPB, Brophy S, Rubin L, et al.
Role of NOD2 variants in spondylarthritis. Arthritis Rheum 2002;46:1629-33.
https://doi.org/10.1002/art.10329.

Kastbom A, Klingberg E, Verma D, Carlsten H, Forsblad-d’Elia H, Wesamaa J,
et al. Genetic variants in CARD8 but not in NLRP3 are associated with ankylosing


https://doi.org/10.1056/nejmra1406182
https://doi.org/10.1056/nejmra1406182
https://doi.org/10.1016/S0140-6736(16)31591-4
https://doi.org/10.1002/art.39014
https://doi.org/10.1016/j.rdc.2012.09.003
https://doi.org/10.1016/j.rdc.2012.09.003
https://doi.org/10.1002/acr.22831
https://doi.org/10.1007/s11926-019-0844-7
https://doi.org/10.1136/rmdopen-2015-000230
https://doi.org/10.55563/clinexprheumatol/lycdc8
https://doi.org/10.55563/clinexprheumatol/lycdc8
https://doi.org/10.1093/med/9780198755296.003.0010
https://doi.org/10.1093/med/9780198755296.003.0010
https://doi.org/10.1093/rheumatology/keaa807
https://doi.org/10.1093/rheumatology/keaa807
https://doi.org/10.1007/s12325-022-02064-x
https://doi.org/10.1007/s12325-022-02064-x
https://doi.org/10.1016/j.ard.2025.01.035
https://doi.org/10.1016/j.ard.2025.01.035
https://doi.org/10.1136/rmdopen-2023-003102
https://doi.org/10.1136/rmdopen-2023-003102
https://doi.org/10.1016/j.berh.2014.10.009
https://doi.org/10.3390/biom10101461
https://doi.org/10.1007/s00281-021-00837-0
https://doi.org/10.1007/s00281-021-00837-0
http://refhub.elsevier.com/S1568-9972(26)00052-2/rf0085
http://refhub.elsevier.com/S1568-9972(26)00052-2/rf0085
https://doi.org/10.3390/ijms24076463
https://doi.org/10.3390/ijms24076463
https://doi.org/10.1038/s41584-020-0454-9
https://doi.org/10.1038/s41584-020-0454-9
https://doi.org/10.1016/j.berh.2018.08.012
https://doi.org/10.1016/j.berh.2018.08.012
https://doi.org/10.1016/j.autrev.2025.103853
https://doi.org/10.1016/j.autrev.2025.103853
https://doi.org/10.1016/j.semarthrit.2021.11.002
https://doi.org/10.1016/j.berh.2020.101495
https://doi.org/10.1016/j.berh.2020.101495
https://doi.org/10.3390/microorganisms8111727
https://doi.org/10.3390/microorganisms8111727
https://doi.org/10.1038/s43586-022-00174-y
https://doi.org/10.1038/s41573-020-0079-3
https://doi.org/10.1038/s41573-020-0079-3
https://doi.org/10.1038/s41580-020-0259-3
https://doi.org/10.1038/s41580-020-0259-3
https://doi.org/10.1002/art.38967
https://doi.org/10.1002/art.39802
https://doi.org/10.1136/annrheumdis-2016-211064
https://doi.org/10.1136/annrheumdis-2019-215763
https://doi.org/10.1136/annrheumdis-2019-215763
https://doi.org/10.1002/art.42289
https://doi.org/10.1002/art.40917
https://doi.org/10.3390/children9040569
https://doi.org/10.3390/children9040569
https://doi.org/10.3390/jcm13082237
https://doi.org/10.1084/jem.180.6.2359
https://doi.org/10.1084/jem.180.6.2359
https://doi.org/10.1172/JCI118878
https://doi.org/10.1016/j.berh.2018.07.004
https://doi.org/10.1016/j.jbspin.2017.11.008
https://doi.org/10.3390/biom11091291
https://doi.org/10.3390/biom11091291
https://doi.org/10.1002/cpt.522
https://doi.org/10.1093/rheumatology/kead493
https://doi.org/10.1093/rheumatology/kead493
https://doi.org/10.1016/j.bj.2023.100655
https://doi.org/10.1002/art.10329

G. Natalello et al.

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

spondylitis. Scand J Rheumatol 2013;42:465-8. https://doi.org/10.3109/
03009742.2013.779020.

Zhao S, Chen H, Wu G, Zhao C. The association of NLRP3 and TNFRSF1A
polymorphisms with risk of ankylosing spondylitis and treatment efficacy of
etanercept. J Clin Lab Anal 2017;31:e22138. https://doi.org/10.1002/
jcla.22138.

Guggino G, Mauro D, Rizzo A, Alessandro R, Raimondo S, Bergot A-S, et al.
Inflammasome activation in ankylosing spondylitis is associated with gut
Dysbiosis. Arthritis Rheumatol 2021;73:1189-99. https://doi.org/10.1002/
art.41644.

LuY, Li X, Liu S, Zhang Y, Zhang D. Toll-like receptors and inflammatory bowel
disease. Front Immunol 2018;9:72. https://doi.org/10.3389/fimmu.2018.00072.
Cario E, Podolsky DK. Differential alteration in intestinal epithelial cell
expression of toll-like receptor 3 (TLR3) and TLR4 in inflammatory bowel disease.
Infect Immun 2000;68:7010-7. https://doi.org/10.1128/1A1.68.12.7010-
7017.2000.

Samuel G, Gadeock S, Schultz M, Butt G. The differential response of human
epithelial derived colonic organoids to TLR agonists. FASEB J 2017;31. https://
doi.org/10.1096/fasebj.31.1_supplement.1049.6.

Geiser P, Van Rijn JM, Sellin ME. Time-lapse imaging of Inflammasome-
dependent cell death and extrusion in Enteroid-derived intestinal epithelial
monolayers. In: Fink SL, editor. Pyroptosis. 2641. New York, NY: Springer US;
2023. p. 203-21. https://doi.org/10.1007/978-1-0716-3040-2_17.

Samperio Ventayol P, Geiser P, Di Martino ML, Florbrant A, Fattinger SA,
Walder N, et al. Bacterial detection by NAIP/NLRC4 elicits prompt contractions of
intestinal epithelial cell layers. Proc Natl Acad Sci USA 2021;118:e2013963118.
https://doi.org/10.1073/pnas.2013963118.

Scalise G, Ciancio A, Mauro D, Ciccia F. Intestinal microbial metabolites in
ankylosing spondylitis. J Clin Med 2021;10:3354. https://doi.org/10.3390/
jem10153354.

Song Z-Y, Yuan D, Zhang S-X. Role of the microbiome and its metabolites in
ankylosing spondylitis. Front Immunol 2022;13:1010572. https://doi.org/
10.3389/fimmu.2022.1010572.

Berlinberg AJ, Regner EH, Stahly A, Brar A, Reisz JA, Gerich ME, et al. Multi
‘omics analysis of intestinal tissue in ankylosing spondylitis identifies alterations
in the tryptophan metabolism pathway. Front Immunol 2021;12:587119. https://
doi.org/10.3389/fimmu.2021.587119.

Shao T, He Z, Xie Z, Li H, Wang M, Wen C. Characterization of ankylosing
spondylitis and rheumatoid arthritis using 1H NMR-based metabolomics of
human fecal extracts. Metabolomics 2016;12:70. https://doi.org/10.1007/
511306-016-1000-2.

Seymour BJ, Trent B, Allen BE, Berlinberg AJ, Tangchittsumran J, Jubair WK,
et al. Microbiota-dependent indole production stimulates the development of
collagen-induced arthritis in mice. J Clin Invest 2024;134:e167671. https://doi.
org/10.1172/JCI167671.

Yang KL, Lejeune A, Chang G, Scher JU, Koralov SB. Microbial-derived antigens
and metabolites in spondyloarthritis. Semin Immunopathol 2021;43:163-72.
https://doi.org/10.1007/500281-021-00844-1.

Lai Y, Tang W, Luo X, Zheng H, Zhang Y, Wang M, et al. Gut microbiome and
metabolome to discover pathogenic bacteria and probiotics in ankylosing
spondylitis. Front Immunol 2024;15:1369116. https://doi.org/10.3389/
fimmu.2024.1369116.

Wikoff WR, Anfora AT, Liu J, Schultz PG, Lesley SA, Peters EC, et al.
Metabolomics analysis reveals large effects of gut microflora on mammalian
blood metabolites. Proc Natl Acad Sci 2009;106:3698-703. https://doi.org/
10.1073/pnas.0812874106.

Rooks MG, Garrett WS. Gut microbiota, metabolites and host immunity. Nat Rev
Immunol 2016;16:341-52. https://doi.org/10.1038/nri.2016.42.

Donkers JM, Wiese M, Van Den Broek TJ, Wierenga E, Agamennone V, Schuren F,
et al. A host-microbial metabolite interaction gut-on-a-chip model of the adult
human intestine demonstrates beneficial effects upon inulin treatment of gut
microbiome. Microbiome Res Rep 2024;3. https://doi.org/10.20517/
mrr.2023.79.

Tovaglieri A, Sontheimer-Phelps A, Geirnaert A, Prantil-Baun R, Camacho DM,
Chou DB, et al. Species-specific enhancement of enterohemorrhagic E. Coli
pathogenesis mediated by microbiome metabolites. Microbiome 2019;7:43.
https://doi.org/10.1186/540168-019-0650-5.

Zietek T, Giesbertz P, Ewers M, Reichart F, Weinmiiller M, Urbauer E, et al.
Organoids to study intestinal nutrient transport, drug uptake and metabolism —
update to the human model and expansion of applications. Front Bioeng
Biotechnol 2020;8:577656. https://doi.org/10.3389/fbioe.2020.577656.
Okumura R, Takeda K. Maintenance of intestinal homeostasis by mucosal
barriers. Inflamm Regen 2018;38:5. https://doi.org/10.1186/541232-018-0063-
Z.

Ciccia F, Bombardieri M, Rizzo A, Principato A, Giardina AR, Raiata F, et al. Over-
expression of paneth cell-derived anti-microbial peptides in the gut of patients
with ankylosing spondylitis and subclinical intestinal inflammation.
Rheumatology 2010;49:2076-83. https://doi.org/10.1093/rheumatology/
keq239.

Ciccia F, Guggino G, Rizzo A, Alessandro R, Luchetti MM, Milling S, et al.
Dysbiosis and zonulin upregulation alter gut epithelial and vascular barriers in
patients with ankylosing spondylitis. Ann Rheum Dis 2017;76:1123-32. https://
doi.org/10.1136/annrheumdis-2016-210000.

Crost EH, Tailford LE, Monestier M, Swarbreck D, Henrissat B, Crossman LC, et al.
The mucin-degradation strategy of Ruminococcus gnavus: the importance of

17

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

Autoimmunity Reviews 25 (2026) 104038

intramolecular trans-sialidases. Gut Microbes 2016;7:302-12. https://doi.org/
10.1080/19490976.2016.1186334.

Gubatan J, Holman DR, Puntasecca CJ, Polevoi D, Rubin SJ, Rogalla S.
Antimicrobial peptides and the gut microbiome in inflammatory bowel disease.
World J Gastroenterol 2021;27:7402-22. https://doi.org/10.3748/wjg.v27.
143.7402.

Muniz LR, Knosp C, Yeretssian G. Intestinal antimicrobial peptides during
homeostasis, infection, and disease. Front Immunol 2012;3. https://doi.org/
10.3389/fimmu.2012.00310.

Otte J-M, Vordenbdumen S. Role of antimicrobial peptides in inflammatory bowel
disease. Polymers 2011;3:2010-7. https://doi.org/10.3390/polym3042010.
Horowitz A, Chanez-Paredes SD, Haest X, Turner JR. Paracellular permeability
and tight junction regulation in gut health and disease. Nat Rev Gastroenterol
Hepatol 2023;20:417-32. https://doi.org/10.1038/541575-023-00766-3.

Fasano A. Zonulin and its regulation of intestinal barrier function: the biological
door to inflammation, autoimmunity, and cancer. Physiol Rev 2011;91:151-75.
https://doi.org/10.1152/physrev.00003.2008.

Kang Y, Park H, Choe B-H, Kang B. The role and function of mucins and its
relationship to inflammatory bowel disease. Front Med 2022;9:848344. https://
doi.org/10.3389/fmed.2022.848344.

Qiao Y, He C, Xia Y, Ocansey DKW, Mao F. Intestinal mucus barrier: a potential
therapeutic target for IBD. Autoimmun Rev 2025;24:103717. https://doi.org/
10.1016/j.autrev.2024.103717.

Guagliano G, Boeri L, Merli M, Yan H, Briatico Vangosa F, Visai L, et al. The
hidden piece in inflammatory bowel diseases: the significance of intestinal mucus
in mediating the bacteria-cells crosstalk. Mater Today Bio 2025;33:101937.
https://doi.org/10.1016/j.mtbio.2025.101937.

Fujii M, Matano M, Toshimitsu K, Takano A, Mikami Y, Nishikori S, et al. Human
intestinal organoids maintain self-renewal capacity and cellular diversity in
niche-inspired culture condition. Cell Stem Cell 2018;23:787-793.e6. https://doi.
org/10.1016/j.stem.2018.11.016.

Beterams A, Calatayud Arroyo M, De Paepe K, De Craemer A-S, Elewaut D,
Venken K, et al. In vitro triple coculture with gut microbiota from
spondyloarthritis patients is characterized by inter-individual differences in
inflammatory responses. Sci Rep 2022;12:10475. https://doi.org/10.1038/
$41598-022-13582-7.

Shin W, Kim HJ. Intestinal barrier dysfunction orchestrates the onset of
inflammatory host-microbiome cross-talk in a human gut inflammation-on-a-
chip. Proc Natl Acad Sci U S A 2018;115. https://doi.org/10.1073/
pnas.1810819115.

Valiei A, Aminian-Dehkordi J, Mofrad MRK. Gut-on-a-chip models for dissecting
the gut microbiology and physiology. APL Bioeng 2023;7:011502. https://doi.
org/10.1063/5.0126541.

He G-W, Lin L, DeMartino J, Zheng X, Staliarova N, Dayton T, et al. Optimized
human intestinal organoid model reveals interleukin-22-dependency of paneth
cell formation. Cell Stem Cell 2022;29:1333-1345.e6. https://doi.org/10.1016/j.
stem.2022.08.002.

Yavitt FM, Khang A, Bera K, McNally DL, Blatchley MR, Gallagher AP, et al.
Engineered epithelial curvature controls Paneth cell localization in intestinal
organoids. Cell Biomater 2025;1:100046. https://doi.org/10.1016/j.
celbio.2025.100046.

Abdollahi S, Zarin B, Vatani M, Vajhadin F, Hassani M, Jalali P, et al. Biomimetic
culture substrates for modelling homeostatic intestinal epithelium in vitro. Nat
Commun 2025;16:4120. https://doi.org/10.1038/s41467-025-59459-x.
Kollmann C, Buerkert H, Meir M, Richter K, Kretzschmar K, Flemming S, et al.
Human organoids are superior to cell culture models for intestinal barrier
research. Front Cell Dev Biol 2023;11:1223032. https://doi.org/10.3389/
fcell.2023.1223032.

d’Aldebert E, Quaranta M, Sebert M, Bonnet D, Kirzin S, Portier G, et al.
Characterization of human colon organoids from inflammatory bowel disease
patients. Front Cell Dev Biol 2020;8:363. https://doi.org/10.3389/
fcell.2020.00363.

Onozato D, Akagawa T, Kida Y, Ogawa I, Hashita T, Iwao T, et al. Application of
human induced pluripotent stem cell-derived intestinal organoids as a model of
epithelial damage and fibrosis in inflammatory bowel disease. Biol Pharm Bull
2020;43:1088-95. https://doi.org/10.1248/bpb.b20-00088.

Kandilogiannakis L, Filidou E, Drygiannakis I, Tarapatzi G, Didaskalou S, Koffa M,
et al. Development of a human intestinal organoid model for in vitro studies on
gut inflammation and fibrosis. Stem Cells Int 2021;2021:1-14. https://doi.org/
10.1155/2021/9929461.

Nwako JG, Patel SD, Roach TJ, Gupte SR, Williams SG, Riedman AM, et al.
Enteroendocrine cells regulate intestinal barrier permeability. Am J Physiol-Cell
Physiol 2025;328:C1501-8. https://doi.org/10.1152/ajpcell.01077.2024.

Son YS, Ki SJ, Thanavel R, Kim JJ, Lee MO, Kim J, et al. Maturation of human
intestinal organoids in vitro facilitates colonization by commensal lactobacilli by
reinforcing the mucus layer. FASEB J 2020;34:9899-910. https://doi.org/
10.1096/£j.202000063R.

Taavitsainen S, Juuti-Uusitalo K, Kurppa K, Lindfors K, Kallio P, Kellomé&ki M.
Gut-on-chip devices as intestinal inflammation models and their future for
studying multifactorial diseases. Front Lab Chip Technol 2024;2:1337945.
https://doi.org/10.3389/frlct.2023.1337945.

Nguyen OTP, Misun PM, Hierlemann A, Lohasz C. A versatile intestine-on-chip
system for deciphering the immunopathogenesis of inflammatory bowel disease.
Adv Healthc Mater 2024;13:2302454. https://doi.org/10.1002/
adhm.202302454.


https://doi.org/10.3109/03009742.2013.779020
https://doi.org/10.3109/03009742.2013.779020
https://doi.org/10.1002/jcla.22138
https://doi.org/10.1002/jcla.22138
https://doi.org/10.1002/art.41644
https://doi.org/10.1002/art.41644
https://doi.org/10.3389/fimmu.2018.00072
https://doi.org/10.1128/IAI.68.12.7010-7017.2000
https://doi.org/10.1128/IAI.68.12.7010-7017.2000
https://doi.org/10.1096/fasebj.31.1_supplement.1049.6
https://doi.org/10.1096/fasebj.31.1_supplement.1049.6
https://doi.org/10.1007/978-1-0716-3040-2_17
https://doi.org/10.1073/pnas.2013963118
https://doi.org/10.3390/jcm10153354
https://doi.org/10.3390/jcm10153354
https://doi.org/10.3389/fimmu.2022.1010572
https://doi.org/10.3389/fimmu.2022.1010572
https://doi.org/10.3389/fimmu.2021.587119
https://doi.org/10.3389/fimmu.2021.587119
https://doi.org/10.1007/s11306-016-1000-2
https://doi.org/10.1007/s11306-016-1000-2
https://doi.org/10.1172/JCI167671
https://doi.org/10.1172/JCI167671
https://doi.org/10.1007/s00281-021-00844-1
https://doi.org/10.3389/fimmu.2024.1369116
https://doi.org/10.3389/fimmu.2024.1369116
https://doi.org/10.1073/pnas.0812874106
https://doi.org/10.1073/pnas.0812874106
https://doi.org/10.1038/nri.2016.42
https://doi.org/10.20517/mrr.2023.79
https://doi.org/10.20517/mrr.2023.79
https://doi.org/10.1186/s40168-019-0650-5
https://doi.org/10.3389/fbioe.2020.577656
https://doi.org/10.1186/s41232-018-0063-z
https://doi.org/10.1186/s41232-018-0063-z
https://doi.org/10.1093/rheumatology/keq239
https://doi.org/10.1093/rheumatology/keq239
https://doi.org/10.1136/annrheumdis-2016-210000
https://doi.org/10.1136/annrheumdis-2016-210000
https://doi.org/10.1080/19490976.2016.1186334
https://doi.org/10.1080/19490976.2016.1186334
https://doi.org/10.3748/wjg.v27.i43.7402
https://doi.org/10.3748/wjg.v27.i43.7402
https://doi.org/10.3389/fimmu.2012.00310
https://doi.org/10.3389/fimmu.2012.00310
https://doi.org/10.3390/polym3042010
https://doi.org/10.1038/s41575-023-00766-3
https://doi.org/10.1152/physrev.00003.2008
https://doi.org/10.3389/fmed.2022.848344
https://doi.org/10.3389/fmed.2022.848344
https://doi.org/10.1016/j.autrev.2024.103717
https://doi.org/10.1016/j.autrev.2024.103717
https://doi.org/10.1016/j.mtbio.2025.101937
https://doi.org/10.1016/j.stem.2018.11.016
https://doi.org/10.1016/j.stem.2018.11.016
https://doi.org/10.1038/s41598-022-13582-7
https://doi.org/10.1038/s41598-022-13582-7
https://doi.org/10.1073/pnas.1810819115
https://doi.org/10.1073/pnas.1810819115
https://doi.org/10.1063/5.0126541
https://doi.org/10.1063/5.0126541
https://doi.org/10.1016/j.stem.2022.08.002
https://doi.org/10.1016/j.stem.2022.08.002
https://doi.org/10.1016/j.celbio.2025.100046
https://doi.org/10.1016/j.celbio.2025.100046
https://doi.org/10.1038/s41467-025-59459-x
https://doi.org/10.3389/fcell.2023.1223032
https://doi.org/10.3389/fcell.2023.1223032
https://doi.org/10.3389/fcell.2020.00363
https://doi.org/10.3389/fcell.2020.00363
https://doi.org/10.1248/bpb.b20-00088
https://doi.org/10.1155/2021/9929461
https://doi.org/10.1155/2021/9929461
https://doi.org/10.1152/ajpcell.01077.2024
https://doi.org/10.1096/fj.202000063R
https://doi.org/10.1096/fj.202000063R
https://doi.org/10.3389/frlct.2023.1337945
https://doi.org/10.1002/adhm.202302454
https://doi.org/10.1002/adhm.202302454

G. Natalello et al.

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

Sontheimer-Phelps A, Chou DB, Tovaglieri A, Ferrante TC, Duckworth T, Fadel C,
et al. Human Colon-on-a-Chip enables continuous in vitro analysis of Colon
mucus layer accumulation and physiology. Cell Mol Gastroenterol Hepatol 2020;
9:507-26. https://doi.org/10.1016/j.jemgh.2019.11.008.

Dash SK, Marques CNH, Mahler GJ. Small intestine on a Chip demonstrates
physiologic mucus secretion in the presence of Lacticaseibacillus rhamnosus
biofilm. Biotechnol Bioeng 2025;122:1816-27. https://doi.org/10.1002/
bit.28989.

Sardelli L, Campanile M, Boeri L, Donnaloja F, Fanizza F, Perottoni S, et al.

A novel on-a-chip system with a 3D-bioinspired gut mucus suitable to investigate
bacterial endotoxins dynamics. Mater Today Bio 2024;24:100898. https://doi.
org/10.1016/j.mtbio.2023.100898.

Son YS, Ki SJ, Thanavel R, Kim J, Lee M, Kim J, et al. Maturation of human
intestinal organoids in vitro facilitates colonization by commensal lactobacilli by
reinforcing the mucus layer. FASEB J 2020;34:9899-910. https://doi.org/
10.1096/£j.202000063R.

Bernard J, Barnetche T, Amory C, Despres J, Vandersmissen M, Landrin J, et al.
Frequency of irritable bowel syndrome in spondyloarthritis: a multicentric cross-
sectional study and meta-analysis. RMD Open 2024;10:e003836. https://doi.org/
10.1136/rmdopen-2023-003836.

Wallman JK, Mogard E, Marsal J, Andréasson K, Joud A, Geijer M, et al. Irritable
bowel syndrome symptoms in axial spondyloarthritis more common than among
healthy controls: is it an overlooked comorbidity? Ann Rheum Dis 2020;79:
159-61. https://doi.org/10.1136/annrheumdis-2019-216134.

Barros LL, Farias AQ, Rezaie A. Gastrointestinal motility and absorptive disorders
in patients with inflammatory bowel diseases: prevalence, diagnosis and
treatment. World J Gastroenterol 2019;25:4414-26. https://doi.org/10.3748/
wjg.v25.i31.4414.

Ozaki H, Hori M, Kinoshita K, Ohama T. Intestinal dysmotility in inflammatory
bowel disease: mechanisms of the reduced activity of smooth muscle contraction.
InflammoPharmacology 2005;13:103-11. https://doi.org/10.1163/
156856005774423773.

Suman S. Enteric nervous system alterations in inflammatory bowel disease:
perspectives and implications. Gastrointest Disord 2024;6:368-79. https://doi.
org/10.3390/gidisord6020025.

Grassart A, Malarde V, Gobaa S, Sartori-Rupp A, Kerns J, Karalis K, et al.
Bioengineered human organ-on-Chip reveals intestinal microenvironment and
mechanical forces impacting Shigella infection. Cell Host Microbe 2019;26:
435-444 e4. https://doi.org/10.1016/j.chom.2019.08.007.

Kim HJ, Li H, Collins JJ, Ingber DE. Contributions of microbiome and mechanical
deformation to intestinal bacterial overgrowth and inflammation in a human gut-
on-a-chip. Proc Natl Acad Sci USA 2016;113:E7-15. https://doi.org/10.1073/
pnas.1522193112.

Ballerini M, Galie S, Tyagi P, Catozzi C, Raji H, Nabinejad A, et al. A gut-on-a-chip
incorporating human faecal samples and peristalsis predicts responses to immune
checkpoint inhibitors for melanoma. Nat Biomed Eng 2025;9:967-84. https://doi.
org/10.1038/541551-024-01318-z.

Han J, Wang Y, Ding J, Chen H, Shi C, Li X, et al. Gut-on-a-chip reveals enhanced
peristalsis reduces nanoplastic-induced inflammation. Small 2025;21:2408208.
https://doi.org/10.1002/smll.202408208.

Kasendra M, Tovaglieri A, Sontheimer-Phelps A, Jalili-Firoozinezhad S, Bein A,
Chalkiadaki A, et al. Development of a primary human small intestine-on-a-Chip
using biopsy-derived organoids. Sci Rep 2018;8:2871. https://doi.org/10.1038/
s41598-018-21201-7.

Workman MJ, Mahe MM, Trisno S, Poling HM, Watson CL, Sundaram N, et al.
Engineered human pluripotent-stem-cell-derived intestinal tissues with a
functional enteric nervous system. Nat Med 2017;23:49-59. https://doi.org/
10.1038/nm.4233.

Childs CJ, Poling HM, Chen K, Tsai Y-H, Wu A, Vallie A, et al. Coordinated
differentiation of human intestinal organoids with functional enteric neurons and
vasculature. Cell Stem Cell 2025;32:640-651.e9. https://doi.org/10.1016/j.
stem.2025.02.007.

Loffet E, Brossard L, Mahe MM. Pluripotent stem cell derived intestinal organoids
with an enteric nervous system. In: Methods Cell Biol. 159. Elsevier; 2020.

p- 175-99. https://doi.org/10.1016/bs.mcb.2020.04.012.

Gomez-Bris R, Rodriguez-Rodriguez P, Ortega-Zapero M, Ruvira S, Castillo-
Gonzélez R, Fernandez-Acenero M-J, et al. Segmental regulation of intestinal
motility by colitis and the adaptive immune system in the mouse ileum and Colon.
Am J Pathol 2025;195:204-20. https://doi.org/10.1016/j.ajpath.2024.10.020.
Rosine N, Fogel O, Koturan S, Rogge L, Bianchi E, Miceli-Richard C. T cells in the
pathogenesis of axial spondyloarthritis. Joint Bone Spine 2023;90:105619.
https://doi.org/10.1016/j.jbspin.2023.105619.

Simone D, Penkava F, Ridley A, Sansom S, Al-Mossawi MH, Bowness P. Single cell
analysis of spondyloarthritis regulatory T cells identifies distinct synovial gene
expression patterns and clonal fates. Commun Biol 2021;4:1395. https://doi.org/
10.1038/542003-021-02931-3.

Wilbrink R, Spoorenberg A, Verstappen GMPJ, Kroese FGM. B cell involvement in
the pathogenesis of ankylosing spondylitis. Int J Mol Sci 2021;22:13325. https://
doi.org/10.3390/ijms222413325.

Liu Y, Liao X, Shi G. Autoantibodies in Spondyloarthritis, focusing on anti-CD74
antibodies. Front Immunol 2019;10:5. https://doi.org/10.3389/
fimmu.2019.00005.

Morbe UM, Jgrgensen PB, Fenton TM, Von Burg N, Riis LB, Spencer J, et al.
Human gut-associated lymphoid tissues (GALT); diversity, structure, and
function. Mucosal Immunol 2021;14:793-802. https://doi.org/10.1038/s41385-
021-00389-4.

18

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

Autoimmunity Reviews 25 (2026) 104038

Fauny M, Moulin D, D’Amico F, Netter P, Petitpain N, Arnone D, et al. Paradoxical
gastrointestinal effects of interleukin-17 blockers. Ann Rheum Dis 2020;79:
1132-8. https://doi.org/10.1136/annrheumdis-2020-217927.

Jiang W, Su J, Zhang X, Cheng X, Zhou J, Shi R, et al. Elevated levels of Th17 cells
and Th17-related cytokines are associated with disease activity in patients with
inflammatory bowel disease. Inflamm Res 2014;63:943-50. https://doi.org/
10.1007/s00011-014-0768-7.

Lee JS, Tato CM, Joyce-Shaikh B, Gulen MF, Cayatte C, Chen Y, et al. Interleukin-
23-independent IL-17 production regulates intestinal epithelial permeability.
Immunity 2015;43:727-38. https://doi.org/10.1016/j.immuni.2015.09.003.
Withers DR, Hepworth MR, Wang X, Mackley EC, Halford EE, Dutton EE, et al.
Transient inhibition of ROR-yt therapeutically limits intestinal inflammation by
reducing TH17 cells and preserving group 3 innate lymphoid cells. Nat Med 2016;
22:319-23. https://doi.org/10.1038/nm.4046.

De Wilde K, Debusschere K, Beeckman S, Jacques P, Elewaut D. Integrating the
pathogenesis of spondyloarthritis: gut and joint united? Curr Opin Rheumatol
2015;27:189-96. https://doi.org/10.1097/BOR.0000000000000144.
Bar-Ephraim YE, Kretzschmar K, Clevers H. Organoids in immunological research.
Nat Rev Immunol 2020;20:279-93. https://doi.org/10.1038/541577-019-0248-y.
Kromann EH, Cearra AP, Neves JF. Organoids as a tool to study homeostatic and
pathological immune-epithelial interactions in the gut. Clin Exp Immunol 2024;
218:28-39. https://doi.org/10.1093/cei/uxad118.

Recaldin T, Steinacher L, Gjeta B, Harter MF, Adam L, Kromer K, et al. Human
organoids with an autologous tissue-resident immune compartment. Nature 2024;
633:165-73. https://doi.org/10.1038/541586-024-07791-5.

Zhang J, Huang Y-J, Trapecar M, Wright C, Schneider K, Kemmitt J, et al. An
immune-competent human gut microphysiological system enables inflammation-
modulation by Faecalibacterium prausnitzii. Npj Biofilms Microbiomes 2024;10:
31. https://doi.org/10.1038/s41522-024-00501-z.

Chi C-W, Lao Y-H, Ahmed AHR, He S, Merghoub T, Leong KW, et al. Enabling
continuous immune cell recirculation on a microfluidic array to study
immunotherapeutic interactions in a recapitulated tumour microenvironment.
Lab Chip 2024;24:396-407. https://doi.org/10.1039/D3LCO0662J.

Chen Y-C, Lee K-Y, Liao H-J, Sun W-L, Huang W-C, Wang Y-S, et al. A tumor on a
chip for studying immune-cell infiltration into tumor under chemo/
immunotherapy treatments. Sens Actuators B Chem 2024;406:135409. https://
doi.org/10.1016/j.snb.2024.135409.

Afzaal M, Saeed F, Shah YA, Hussain M, Rabail R, Socol CT, et al. Human gut
microbiota in health and disease: unveiling the relationship. Front Microbiol
2022;13:999001. https://doi.org/10.3389/fmicb.2022.999001.

Zhou A, Yuan Y, Yang M, Huang Y, Li X, Li S, et al. Crosstalk between the gut
microbiota and epithelial cells under physiological and infectious conditions.
Front Cell Infect Microbiol 2022;12:832672. https://doi.org/10.3389/
fcimb.2022.832672.

Didriksen BJ, Eshleman EM, Alenghat T. Epithelial regulation of microbiota-
immune cell dynamics. Mucosal Immunol 2024;17:303-13. https://doi.org/
10.1016/j.mucimm.2024.02.008.

Shi J, Zhao Y, Wang Y, Gao W, Ding J, Li P, et al. Inflammatory caspases are
innate immune receptors for intracellular LPS. Nature 2014;514:187-92. https://
doi.org/10.1038/nature13683.

Semin I, Ninnemann J, Bondareva M, Gimaev I, Kruglov AA. Interplay between
microbiota, toll-like receptors and cytokines for the maintenance of epithelial
barrier integrity. Front Med 2021;8:644333. https://doi.org/10.3389/
fmed.2021.644333.

Rizzo C, Camarda F, Donzella D, La Barbera L, Guggino G. Metabolomics: an
emerging approach to understand pathogenesis and to assess diagnosis and
response to treatment in Spondyloarthritis. Cells 2022;11:549. https://doi.org/
10.3390/cells11030549.

Huang T, Pu Y, Wang X, Li Y, Yang H, Luo Y, et al. Metabolomic analysis in
spondyloarthritis: a systematic review. Front Microbiol 2022;13:965709. https://
doi.org/10.3389/fmicb.2022.965709.

Morris AJ, Howden CW, Robertson C, Duncan A, Torley H, Sturrock RD, et al.
Increased intestinal permeability in ankylosing spondylitis—primary lesion or drug
effect? Gut 1991;32(12):1470-2. https://doi.org/10.1136/gut.32.12.1470.
PMID: 1773950; PMCID: PMC1379244.

Martinez-Gonzalez O, Cantero-Hinojosa J, Paule-Sastre P, Gomez-Magén JC,
Salvatierra-Rios D. Intestinal permeability in patients with ankylosing spondylitis
and their healthy relatives. Br J Rheumatol 1994;33(7):644-7. https://doi.org/
10.1093/rheumatology/33.7.644 [PMID: 8019793].

Kuiper S, van Pelt J, Verheesen PE, Rentsch HU, Stockbriigger R, van der
Linden SM. Patients with ankylosing spondylitis and healthy relatives do not
show increased small intestinal permeability with the lactulose-mannitol test.
Clin Exp Rheumatol 1993;11(4):413-6 [PMID: 8403588].

Scheffler L, Crane A, Heyne H, Tonjes A, Schleinitz D, Thling CH, et al. Widely
used commercial ELISA does not detect precursor of Haptoglobin2, but recognizes
Properdin as a potential second member of the Zonulin family. Front Endocrinol
(Lausanne) 2018;9:22. https://doi.org/10.3389/fendo.2018.00022. PMID:
29459849; PMCID: PMC5807381.

Ajamian M, Steer D, Rosella G, Gibson PR. Serum zonulin as a marker of intestinal
mucosal barrier function: may not be what it seems. PLoS One 2019;14(1):
€0210728. https://doi.org/10.1371/journal.pone.0210728. PMID: 30640940;
PMCID: PMC6331146.

Spadoni I, Zagato E, Bertocchi A, Paolinelli R, Hot E, Di Sabatino A, et al. A gut-
vascular barrier controls the systemic dissemination of bacteria. Science 2015;350
(6262):830-4. https://doi.org/10.1126/science.aad0135 [PMID: 26564856].


https://doi.org/10.1016/j.jcmgh.2019.11.008
https://doi.org/10.1002/bit.28989
https://doi.org/10.1002/bit.28989
https://doi.org/10.1016/j.mtbio.2023.100898
https://doi.org/10.1016/j.mtbio.2023.100898
https://doi.org/10.1096/fj.202000063R
https://doi.org/10.1096/fj.202000063R
https://doi.org/10.1136/rmdopen-2023-003836
https://doi.org/10.1136/rmdopen-2023-003836
https://doi.org/10.1136/annrheumdis-2019-216134
https://doi.org/10.3748/wjg.v25.i31.4414
https://doi.org/10.3748/wjg.v25.i31.4414
https://doi.org/10.1163/156856005774423773
https://doi.org/10.1163/156856005774423773
https://doi.org/10.3390/gidisord6020025
https://doi.org/10.3390/gidisord6020025
https://doi.org/10.1016/j.chom.2019.08.007
https://doi.org/10.1073/pnas.1522193112
https://doi.org/10.1073/pnas.1522193112
https://doi.org/10.1038/s41551-024-01318-z
https://doi.org/10.1038/s41551-024-01318-z
https://doi.org/10.1002/smll.202408208
https://doi.org/10.1038/s41598-018-21201-7
https://doi.org/10.1038/s41598-018-21201-7
https://doi.org/10.1038/nm.4233
https://doi.org/10.1038/nm.4233
https://doi.org/10.1016/j.stem.2025.02.007
https://doi.org/10.1016/j.stem.2025.02.007
https://doi.org/10.1016/bs.mcb.2020.04.012
https://doi.org/10.1016/j.ajpath.2024.10.020
https://doi.org/10.1016/j.jbspin.2023.105619
https://doi.org/10.1038/s42003-021-02931-3
https://doi.org/10.1038/s42003-021-02931-3
https://doi.org/10.3390/ijms222413325
https://doi.org/10.3390/ijms222413325
https://doi.org/10.3389/fimmu.2019.00005
https://doi.org/10.3389/fimmu.2019.00005
https://doi.org/10.1038/s41385-021-00389-4
https://doi.org/10.1038/s41385-021-00389-4
https://doi.org/10.1136/annrheumdis-2020-217927
https://doi.org/10.1007/s00011-014-0768-7
https://doi.org/10.1007/s00011-014-0768-7
https://doi.org/10.1016/j.immuni.2015.09.003
https://doi.org/10.1038/nm.4046
https://doi.org/10.1097/BOR.0000000000000144
https://doi.org/10.1038/s41577-019-0248-y
https://doi.org/10.1093/cei/uxad118
https://doi.org/10.1038/s41586-024-07791-5
https://doi.org/10.1038/s41522-024-00501-z
https://doi.org/10.1039/D3LC00662J
https://doi.org/10.1016/j.snb.2024.135409
https://doi.org/10.1016/j.snb.2024.135409
https://doi.org/10.3389/fmicb.2022.999001
https://doi.org/10.3389/fcimb.2022.832672
https://doi.org/10.3389/fcimb.2022.832672
https://doi.org/10.1016/j.mucimm.2024.02.008
https://doi.org/10.1016/j.mucimm.2024.02.008
https://doi.org/10.1038/nature13683
https://doi.org/10.1038/nature13683
https://doi.org/10.3389/fmed.2021.644333
https://doi.org/10.3389/fmed.2021.644333
https://doi.org/10.3390/cells11030549
https://doi.org/10.3390/cells11030549
https://doi.org/10.3389/fmicb.2022.965709
https://doi.org/10.3389/fmicb.2022.965709
https://doi.org/10.1136/gut.32.12.1470
https://doi.org/10.1093/rheumatology/33.7.644
https://doi.org/10.1093/rheumatology/33.7.644
http://refhub.elsevier.com/S1568-9972(26)00052-2/rf1135
http://refhub.elsevier.com/S1568-9972(26)00052-2/rf1135
http://refhub.elsevier.com/S1568-9972(26)00052-2/rf1135
http://refhub.elsevier.com/S1568-9972(26)00052-2/rf1135
https://doi.org/10.3389/fendo.2018.00022
https://doi.org/10.1371/journal.pone.0210728
https://doi.org/10.1126/science.aad0135

G. Natalello et al.

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

Di Tommaso N, Santopaolo F, Gasbarrini A, Ponziani FR. The gut-vascular barrier
as a new protagonist in intestinal and Extraintestinal diseases. Int J Mol Sci 2023;
24(2):1470. https://doi.org/10.3390/ijms24021470. PMID: 36674986; PMCID:
PMC9864173.

Ciccia F, Accardo-Palumbo A, Alessandro R, Rizzo A, Principe S, Peralta S, et al.
Interleukin-22 and interleukin-22-producing NKp44+ natural killer cells in
subclinical gut inflammation in ankylosing spondylitis. Arthritis Rheum 2012;64
(6):1869-78. https://doi.org/10.1002/art.34355. Epub 2011 Dec 27. PMID:
22213179.

Paone P, Cani PD. Mucus barrier, mucins and gut microbiota: the expected slimy
partners? Gut 2020;69(12):2232-43. https://doi.org/10.1136/gutjnl-2020-
322260. Epub 2020 Sep 11. Erratum in: Gut. 2023 Nov 24;72(12):e7. doi:
10.1136/gutjnl-2020-322260corrl. PMID: 32917747; PMCID: PMC7677487.
Pelaseyed T, Bergstrom JH, Gustafsson JK, Ermund A, Birchenough GM,
Schiitte A, et al. The mucus and mucins of the goblet cells and enterocytes provide
the first defense line of the gastrointestinal tract and interact with the immune
system. Immunol Rev 2014;260(1):8-20. https://doi.org/10.1111/imr.12182.
PMID: 24942678; PMCID: PMC4281373.

Camilleri M. Leaky gut: mechanisms, measurement and clinical implications in
humans. Gut 2019;68(8):1516-26. https://doi.org/10.1136/gutjnl-2019-318427.
Epub 2019 May 10. PMID: 31076401; PMCID: PMC6790068.

Vanuytsel T, Tack J, Farre R. The role of intestinal permeability in gastrointestinal
disorders and current methods of evaluation. Front Nutr 2021;8:717925. https://
doi.org/10.3389/fnut.2021.717925. PMID: 34513903; PMCID: PMC8427160.
Rademacher J, Torgutalp M, Hempel CM, Proft F, Haibel H, Protopopov M, et al.
Biomarkers reflecting disturbed gut barrier under treatment with TNF inhibitors
in radiographic axial spondyloarthritis. RMD Open 2024;10(4):e004752. https://
doi.org/10.1136/rmdopen-2024-004752. PMID: 39740933; PMCID:
PMC11749320.

Pan R, Wang L, Xu X, Chen Y, Wang H, Wang G, et al. Crosstalk between the gut
microbiome and colonic motility in chronic constipation: potential mechanisms
and microbiota modulation. Nutrients 2022;14:3704. https://doi.org/10.3390/
nul4183704.

Liu Q, Luo Y, Ke X. Interaction between the gut microbiota and intestinal motility.
Evid Based Complement Alternat Med 2022;2022:1-5. https://doi.org/10.1155/
2022/3240573.

Wei L, Singh R, Ro S, Ghoshal UC. Gut microbiota dysbiosis in functional
gastrointestinal disorders: underpinning the symptoms and pathophysiology. JGH
Open 2021;5:976-87. https://doi.org/10.1002/jgh3.12528.

Ciccia F, Guggino G, Rizzo A, Saieva L, Peralta S, Giardina A, et al. Type 3 innate
lymphoid cells producing IL-17 and IL-22 are expanded in the gut, in the
peripheral blood, synovial fluid and bone marrow of patients with ankylosing
spondylitis. Ann Rheum Dis 2015;74:1739-47. https://doi.org/10.1136/
annrheumdis-2014-206323.

Regner EH, Ohri N, Stahly A, Gerich ME, Fennimore BP, Ir D, et al. Functional
intraepithelial lymphocyte changes in inflammatory bowel disease and
spondyloarthritis have disease specific correlations with intestinal microbiota.
Arthritis Res Ther 2018;20:149. https://doi.org/10.1186/513075-018-1639-3.
Cuvelier CA, De Wever N, Mielants H, De Vos M, Veys EM, Roels H. Expression of
T cell receptors ap and y5 in the ileal mucosa of patients with Crohn’s disease and
with spondylarthropathy. Clin Exp Immunol 2008;90:275-9. https://doi.org/
10.1111/j.1365-2249.1992.tb07942.x.

Mauro D, Nakamura A, Haroon N, Ciccia F. The gut-enthesis axis and the
pathogenesis of Spondyloarthritis. Semin Immunol 2021;58:101607. https://doi.
org/10.1016/j.smim.2022.101607.

Qaiyum Z, Lim M, Inman RD. The gut-joint axis in spondyloarthritis:
immunological, microbial, and clinical insights. Semin Immunopathol 2021;43:
173-92. https://doi.org/10.1007/s00281-021-00845-0.

Cherqaoui B, Araujo LM, Glatigny S, Breban M. Axial spondyloarthritis: emerging
drug targets. Expert Opin Ther Targets 2021;25:633-44. https://doi.org/
10.1080/14728222.2021.1973429.

Vieira-Sousa E, Van Duivenvoorde LM, Fonseca JE, Lories RJ, Baeten DL. Review:
animal models as a tool to dissect pivotal pathways driving Spondyloarthritis.
Arthritis Rheumatol 2015;67:2813-27. https://doi.org/10.1002/art.39282.
Khalil AS, Jaenisch R, Mooney DJ. Engineered tissues and strategies to overcome
challenges in drug development. Adv Drug Deliv Rev 2020;158:116-39. https://
doi.org/10.1016/j.addr.2020.09.012.

Wright PB, McEntegart A, McCarey D, McInnes IB, Siebert S, Milling SWF.
Ankylosing spondylitis patients display altered dendritic cell and T cell
populations that implicate pathogenic roles for the IL-23 cytokine axis and
intestinal inflammation. Rheumatology 2016;55:120-32. https://doi.org/
10.1093/rheumatology/kev245.

Talpin A, Costantino F, Bonilla N, Leboime A, Letourneur F, Jacques S, et al.
Monocyte-derived dendritic cells from HLA-B27+ axial spondyloarthritis (SpA)
patients display altered functional capacity and deregulated gene expression.
Arthritis Res Ther 2014;16:417. https://doi.org/10.1186/s13075-014-0417-0.
Mortier C, Quintelier K, De Craemer A, Renson T, Deroo L, Dumas E, et al. Gut
inflammation in axial spondyloarthritis patients is characterized by a marked type
17 skewed mucosal innate-like T cell signature. Arthritis Rheumatol 2023;75:
1969-82. https://doi.org/10.1002/art.42627.

Santos SG, Lynch S, Campbell EC, Antoniou AN, Powis SJ. Induction of HLA-B27
heavy chain homodimer formation after activation in dendritic cells. Arthritis Res
Ther 2008;10:R100. https://doi.org/10.1186/ar2492.

Yang X, Garner LI, Zvyagin IV, Paley MA, Komech EA, Jude KM, et al.
Autoimmunity-associated T cell receptors recognize HLA-B*27-bound peptides.
Nature 2022;612:771-7. https://doi.org/10.1038/541586-022-05501-7.

19

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

Autoimmunity Reviews 25 (2026) 104038

Gui L, Gu J. The study of the effect of HLA-B27 on THP -1 monocytic cells survival
and its mechanism. Int J Rheum Dis 2023;26:1474-84. https://doi.org/10.1111/
1756-185X.14758.

Frauendorf E, Von Goessel H, May E, Marker-Hermann E. HLA-B27-restricted T
cells from patients with ankylosing spondylitis recognize peptides from B*2705
that are similar to bacteria-derived peptides. Clin Exp Immunol 2003;134:351-9.
https://doi.org/10.1046/j.1365-2249.2003.02289.x.

Boyle LH, Goodall JC, Opat SS, Gaston JSH. The recognition of HLA-B27 by
human CD4+ T lymphocytes. J Immunol 2001;167:2619-24. https://doi.org/
10.4049/jimmunol.167.5.2619.

Voloshin N, Tyurin-Kuzmin P, Karagyaur M, Akopyan Z, Kulebyakin K. Practical
use of immortalized cells in medicine: current advances and future perspectives.
Int J Mol Sci 2023;24:12716. https://doi.org/10.3390/ijms241612716.

Taurog JD. Animal models of spondyloarthritis. Adv Exp Med Biol 2009;649:
245-54. https://doi.org/10.1007/978-1-4419-0298-6_18.

Breban M, Glatigny S, Cherqaoui B, Beaufrere M, Lauraine M, Rincheval-
Arnold A, et al. Lessons on SpA pathogenesis from animal models. Semin
Immunopathol 2021;43:207-19. https://doi.org/10.1007/s00281-020-00832-x.
Van Norman GA. Limitations of animal studies for predicting toxicity in clinical
trials. JACC Basic Transl Sci 2020;5:387-97. https://doi.org/10.1016/j.
jacbts.2020.03.010.

Lundberg R. Humanizing the gut microbiota of mice: opportunities and
challenges. Lab Anim 2019;53:244-51. https://doi.org/10.1177/
0023677218787554.

Szabd L, Seubert AC, Kretzschmar K. Modelling adult stem cells and their niche in
health and disease with epithelial organoids. Semin Cell Dev Biol 2023;144:
20-30. https://doi.org/10.1016/j.semcdb.2022.09.006.

Azar J, Bahmad HF, Daher D, Moubarak MM, Hadadeh O, Monzer A, et al. The
use of stem cell-derived organoids in disease modeling: an update. Int J Mol Sci
2021;22:7667. https://doi.org/10.3390/ijms22147667.

Georgakopoulos N, Prior N, Angres B, Mastrogiovanni G, Cagan A, Harrison D,
et al. Long-term expansion, genomic stability and in vivo safety of adult human
pancreas organoids. BMC Dev Biol 2020;20:4. https://doi.org/10.1186/512861-
020-0209-5.

Huch M, Gehart H, van Boxtel R, Hamer K, Blokzijl F, Verstegen MMA, et al. Long-
term culture of genome-stable Bipotent stem cells from adult human liver. Cell
2015;160:299-312. https://doi.org/10.1016/j.cell.2014.11.050.

Menche C, Farin HF. Strategies for genetic manipulation of adult stem cell-
derived organoids. Exp Mol Med 2021;53:1483-94. https://doi.org/10.1038/
512276-021-00609-8.

Chen K, Li Y, Wu X, Tang X, Zhang B, Fan T, et al. Establishment of human
hematopoietic organoids for evaluation of hematopoietic injury and regeneration
effect. Stem Cell Res Ther 2024;15:133. https://doi.org/10.1186/513287-024-
03743-y.

Han L, Zhao S, Yu F, Rong Z, Lin Y, Chen Y. Generation of human embryonic stem
cell-derived lung organoids. STAR Protoc 2022;3:101270. https://doi.org/
10.1016/j.xpro.2022.101270.

Liu H, Hua Z-Q, Jin Z-B. Modeling human retinoblastoma using embryonic stem
cell-derived retinal organoids. STAR Protoc 2021;2:100444. https://doi.org/
10.1016/j.xpro.2021.100444.

Xu Z, Yang J, Xin X, Liu C, Li L, Mei X, et al. Merits and challenges of iPSC-derived
organoids for clinical applications. Front Cell Dev Biol 2023;11:1188905. https://
doi.org/10.3389/fcell.2023.1188905.

Vandana JJ, Manrique C, Lacko LA, Chen S. Human pluripotent-stem-cell-derived
organoids for drug discovery and evaluation. Cell Stem Cell 2023;30:571-91.
https://doi.org/10.1016/j.stem.2023.04.011.

Passaniti A, Kleinman HK, Martin GR. Matrigel: history/background, uses, and
future applications. J Cell Commun Signal 2022;16:621-6. https://doi.org/
10.1007/s12079-021-00643-1.

Wang H, Yu H, Zhou X, Zhang J, Zhou H, Hao H, et al. An overview of
extracellular matrix-based bioinks for 3D bioprinting. Front Bioeng Biotechnol
2022;10:905438. https://doi.org/10.3389/fbioe.2022.905438.

Kretzschmar K, Clevers H. Organoids: modeling development and the stem cell
niche in a dish. Dev Cell 2016;38:590-600. https://doi.org/10.1016/j.
devcel.2016.08.014.

Hofer M, Lutolf MP. Engineering organoids. Nat Rev Mater 2021;6:402-20.
https://doi.org/10.1038/541578-021-00279-y.

Leung CM, De Haan P, Ronaldson-Bouchard K, Kim G-A, Ko J, Rho HS, et al.

A guide to the organ-on-a-chip. Nat Rev Methods Primer 2022;2:33. https://doi.
org/10.1038/s43586-022-00118-6.

Pleguezuelos-Manzano C, Puschhof J, van den Brink S, Geurts V, Beumer J,
Clevers H. Establishment and culture of human intestinal organoids derived from
adult stem cells. Curr Protoc Immunol 2020;130(1):e106. https://doi.org/
10.1002/cpim.106. Erratum in: Curr Protoc. 2025 Mar;5(3):e70132. doi:
10.1002/cpz1.70132. PMID: 32940424; PMCID: PMC9285512.

Mohammadi S, Morell-Perez C, Wright CW, Wyche TP, White CH, Sana TR, et al.
Assessing donor-to-donor variability in human intestinal organoid cultures. Stem
Cell Rep 2021;16(9):2364-78. https://doi.org/10.1016/j.stemer.2021.07.016.
Epub 2021 Aug 26. PMID: 34450035; PMCID: PMC8452536.

Pike CM, Zwarycz B, McQueen BE, Castillo M, Barron C, Morowitz JM, et al.
Characterization and optimization of variability in a human colonic epithelium
culture model. ALTEX 2024;41(3):425-38. https://doi.org/10.14573/
altex.2309221 [Epub 2024 Apr 18. PMID: 38641922; PMCID: PMC12713543].
VanDussen KL, Marinshaw JM, Shaikh N, Miyoshi H, Moon C, Tarr PI, et al.
Development of an enhanced human gastrointestinal epithelial culture system to


https://doi.org/10.3390/ijms24021470
https://doi.org/10.1002/art.34355
https://doi.org/10.1136/gutjnl-2020-322260
https://doi.org/10.1136/gutjnl-2020-322260
https://doi.org/10.1111/imr.12182
https://doi.org/10.1136/gutjnl-2019-318427
https://doi.org/10.3389/fnut.2021.717925
https://doi.org/10.3389/fnut.2021.717925
https://doi.org/10.1136/rmdopen-2024-004752
https://doi.org/10.1136/rmdopen-2024-004752
https://doi.org/10.3390/nu14183704
https://doi.org/10.3390/nu14183704
https://doi.org/10.1155/2022/3240573
https://doi.org/10.1155/2022/3240573
https://doi.org/10.1002/jgh3.12528
https://doi.org/10.1136/annrheumdis-2014-206323
https://doi.org/10.1136/annrheumdis-2014-206323
https://doi.org/10.1186/s13075-018-1639-3
https://doi.org/10.1111/j.1365-2249.1992.tb07942.x
https://doi.org/10.1111/j.1365-2249.1992.tb07942.x
https://doi.org/10.1016/j.smim.2022.101607
https://doi.org/10.1016/j.smim.2022.101607
https://doi.org/10.1007/s00281-021-00845-0
https://doi.org/10.1080/14728222.2021.1973429
https://doi.org/10.1080/14728222.2021.1973429
https://doi.org/10.1002/art.39282
https://doi.org/10.1016/j.addr.2020.09.012
https://doi.org/10.1016/j.addr.2020.09.012
https://doi.org/10.1093/rheumatology/kev245
https://doi.org/10.1093/rheumatology/kev245
https://doi.org/10.1186/s13075-014-0417-0
https://doi.org/10.1002/art.42627
https://doi.org/10.1186/ar2492
https://doi.org/10.1038/s41586-022-05501-7
https://doi.org/10.1111/1756-185X.14758
https://doi.org/10.1111/1756-185X.14758
https://doi.org/10.1046/j.1365-2249.2003.02289.x
https://doi.org/10.4049/jimmunol.167.5.2619
https://doi.org/10.4049/jimmunol.167.5.2619
https://doi.org/10.3390/ijms241612716
https://doi.org/10.1007/978-1-4419-0298-6_18
https://doi.org/10.1007/s00281-020-00832-x
https://doi.org/10.1016/j.jacbts.2020.03.010
https://doi.org/10.1016/j.jacbts.2020.03.010
https://doi.org/10.1177/0023677218787554
https://doi.org/10.1177/0023677218787554
https://doi.org/10.1016/j.semcdb.2022.09.006
https://doi.org/10.3390/ijms22147667
https://doi.org/10.1186/s12861-020-0209-5
https://doi.org/10.1186/s12861-020-0209-5
https://doi.org/10.1016/j.cell.2014.11.050
https://doi.org/10.1038/s12276-021-00609-8
https://doi.org/10.1038/s12276-021-00609-8
https://doi.org/10.1186/s13287-024-03743-y
https://doi.org/10.1186/s13287-024-03743-y
https://doi.org/10.1016/j.xpro.2022.101270
https://doi.org/10.1016/j.xpro.2022.101270
https://doi.org/10.1016/j.xpro.2021.100444
https://doi.org/10.1016/j.xpro.2021.100444
https://doi.org/10.3389/fcell.2023.1188905
https://doi.org/10.3389/fcell.2023.1188905
https://doi.org/10.1016/j.stem.2023.04.011
https://doi.org/10.1007/s12079-021-00643-1
https://doi.org/10.1007/s12079-021-00643-1
https://doi.org/10.3389/fbioe.2022.905438
https://doi.org/10.1016/j.devcel.2016.08.014
https://doi.org/10.1016/j.devcel.2016.08.014
https://doi.org/10.1038/s41578-021-00279-y
https://doi.org/10.1038/s43586-022-00118-6
https://doi.org/10.1038/s43586-022-00118-6
https://doi.org/10.1002/cpim.106
https://doi.org/10.1002/cpim.106
https://doi.org/10.1016/j.stemcr.2021.07.016
https://doi.org/10.14573/altex.2309221
https://doi.org/10.14573/altex.2309221

G. Natalello et al.

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

facilitate patient-based assays. Gut 2015;64(6):911-20. https://doi.org/10.1136/
gutjnl-2013-306651. Epub 2014 Jul 9. PMID: 25007816; PMCID: PMC4305344.
Elmentaite R, Kumasaka N, Roberts K, Fleming A, Dann E, King HW, et al. Cells of
the human intestinal tract mapped across space and time. Nature 2021;597
(7875):250-5. https://doi.org/10.1038/541586-021-03852-1. Epub 2021 Sep 8.
PMID: 34497389; PMCID: PMC8426186.

Roodsant T, Navis M, Aknouch I, Renes IB, van Elburg RM, Pajkrt D, et al.

A human 2D primary organoid-derived epithelial monolayer model to study host-
pathogen interaction in the small intestine. Front Cell Infect Microbiol 2020;10:
272. https://doi.org/10.3389/fcimb.2020.00272. PMID: 32656095; PMCID:
PMC7326037.

Co JY, Margalef-Catala M, Li X, Mah AT, Kuo CJ, Monack DM, et al. Controlling
epithelial polarity: a human enteroid model for host-pathogen interactions. Cell
Rep 2019;26(9):2509-2520.e4. https://doi.org/10.1016/j.celrep.2019.01.108.
PMID: 30811997; PMCID: PMC6391775.

Shin W, Wu A, Massidda MW, Foster C, Thomas N, Lee DW, et al. A robust
longitudinal co-culture of obligate anaerobic gut microbiome with human
intestinal epithelium in an anoxic-Oxic Interface-on-a-Chip. Front Bioeng
Biotechnol 2019;7:13. https://doi.org/10.3389/fbioe.2019.00013. PMID:
30792981; PMCID: PMC6374617.

De Carvalho NM, Oliveira DL, Dib Saleh MA, Pintado M, Madureira AR.
Preservation of human gut microbiota inoculums for in vitro fermentations
studies. Fermentation 2021;7:14. https://doi.org/10.3390/
fermentation7010014.

0’Donnell MM, Rea MC, O’Sullivan O, Flynn C, Jones B, McQuaid A, et al.
Preparation of a standardised faecal slurry for ex-vivo microbiota studies which
reduces inter-individual donor bias. J Microbiol Methods 2016;129:109-16.
https://doi.org/10.1016/j.mimet.2016.08.002.

Jalili-Firoozinezhad S, Gazzaniga FS, Calamari EL, Camacho DM, Fadel CW,
Bein A, et al. A complex human gut microbiome cultured in an anaerobic
intestine-on-a-chip. Nat Biomed Eng 2019;3:520-31. https://doi.org/10.1038/
$41551-019-0397-0.

Shin YC, Shin W, Koh D, Wu A, Ambrosini YM, Min S, et al. Three-dimensional
regeneration of patient-derived intestinal organoid epithelium in a
physiodynamic mucosal interface-on-a-chip. Micromachines 2020;11:663.
https://doi.org/10.3390/mi11070663.

Duncker KE, Holmes ZA, You L. Engineered microbial consortia: strategies and
applications. Microb Cell Fact 2021;20:211. https://doi.org/10.1186/512934-
021-01699-9.

Quaranta G, Ianiro G, De Maio F, Guarnaccia A, Fancello G, Agrillo C, et al.
“Bacterial consortium”: a potential evolution of fecal microbiota transplantation
for the treatment of Clostridioides difficile infection. Biomed Res Int 2022;2022:
5787373. https://doi.org/10.1155/2022/5787373.

Wan X, Yang Q, Wang X, Bai Y, Liu Z. Isolation and cultivation of human gut
microorganisms: a review. Microorganisms 2023;11:1080. https://doi.org/
10.3390/microorganisms11041080.

Nowicki C, Ray L, Engen P, Madrigrano A, Witt T, Lad T, et al. Comparison of gut
microbiome composition in colonic biopsies, endoscopically-collected and at-
home-collected stool samples. Front Microbiol 2023;14:1148097. https://doi.
org/10.3389/fmicb.2023.1148097.

Mukhopadhya I, Martin JC, Shaw S, McKinley AJ, Gratz SW, Scott KP.
Comparison of microbial signatures between paired faecal and rectal biopsy
samples from healthy volunteers using next-generation sequencing and
culturomics. Microbiome 2022;10:171. https://doi.org/10.1186/540168-022-
01354-4.

Vaga S, Lee S, Ji B, Andreasson A, Talley NJ, Agréus L, et al. Compositional and
functional differences of the mucosal microbiota along the intestine of healthy
individuals. Sci Rep 2020;10:14977. https://doi.org/10.1038/541598-020-
71939-2.

Shah P, Fritz JV, Glaab E, Desai MS, Greenhalgh K, Frachet A, et al.

A microfluidics-based in vitro model of the gastrointestinal human-microbe
interface. Nat Commun 2016;7:11535. https://doi.org/10.1038/ncomms11535.
Zhang J, Huang Y-J, Yoon JY, Kemmitt J, Wright C, Schneider K, et al. Primary
human colonic mucosal barrier crosstalk with super oxygen-sensitive
Faecalibacterium prausnitzii in continuous culture. Med 2021;2:74-98.e9.
https://doi.org/10.1016/j.medj.2020.07.001.

Crost EH, Coletto E, Bell A, Juge N. Ruminococcus gnavus : friend or foe for human
health. FEMS Microbiol Rev 2023;47:fuad014. https://doi.org/10.1093/femsre/
fuad014.

Jose SS, De Zuani M, Tidu F, Hortovd Kohoutkova M, Pazzagli L, Forte G, et al.
Comparison of two human organoid models of lung and intestinal inflammation
reveals toll-like receptor signalling activation and monocyte recruitment. Clin
Transl Immunol 2020;9:e1131. https://doi.org/10.1002/cti2.1131.

Kayisoglu O, Weiss F, Niklas C, Pierotti I, Pompaiah M, Wallaschek N, et al.
Location-specific cell identity rather than exposure to GI microbiota defines many
innate immune signalling cascades in the gut epithelium. Gut 2021;70:687-97.
https://doi.org/10.1136/gutjnl-2019-319919.

Neal MD, Sodhi CP, Jia H, Dyer M, Egan CE, Yazji I, et al. Toll-like receptor 4 is
expressed on intestinal stem cells and regulates their proliferation and apoptosis
via the p53 up-regulated modulator of apoptosis. J Biol Chem 2012;287:
37296-308. https://doi.org/10.1074/jbc.M112.375881.

Hou Q, Huang J, Ayansola H, Masatoshi H, Zhang B. Intestinal stem cells and
immune cell relationships: potential therapeutic targets for inflammatory bowel
diseases. Front Immunol 2021;11:623691. https://doi.org/10.3389/
fimmu.2020.623691.

20

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

[231]

[232]

[233]

Autoimmunity Reviews 25 (2026) 104038

Kwon SJ, Khan MS, Kim SG. Intestinal inflammation and
regeneration—interdigitating processes controlled by dietary lipids in
inflammatory bowel disease. Int J Mol Sci 2024;25:1311. https://doi.org/
10.3390/ijms25021311.

Dai W, Long L, Wang X, Li S, Xu H. Phytochemicals targeting toll-like receptors 4
(TLR4) in inflammatory bowel disease. Chin Med 2022;17:53. https://doi.org/
10.1186/5s13020-022-00611-w.

Winsor N, Krustev C, Bruce J, Philpott DJ, Girardin SE. Canonical and
noncanonical inflammasomes in intestinal epithelial cells. Cell Microbiol 2019;21
(11):e13079. https://doi.org/10.1111/cmi.13079. Epub 2019 Jul 22. PMID:
31265745.

Sellin ME, Miiller AA, Felmy B, Dolowschiak T, Diard M, Tardivel A, et al.
Epithelium-intrinsic NAIP/NLRC4 inflammasome drives infected enterocyte
expulsion to restrict Salmonella replication in the intestinal mucosa. Cell Host
Microbe 2014;16(2):237-48. https://doi.org/10.1016/j.chom.2014.07.001
[PMID: 25121751].

Maurer M, Gresnigt MS, Last A, Wollny T, Berlinghof F, Pospich R, et al. A three-
dimensional immunocompetent intestine-on-chip model as in vitro platform for
functional and microbial interaction studies. Biomaterials 2019;220:119396.
https://doi.org/10.1016/j.biomaterials.2019.119396. Epub 2019 Aug 2. PMID:
31398556.

Neef SK, Janssen N, Winter S, Wallisch SK, Hofmann U, Dahlke MH, et al.
Metabolic drug response phenotyping in colorectal cancer organoids by LC-QTOF-
MS. Metabolites 2020;10:494. https://doi.org/10.3390/metabo10120494.
Kogler S, Ksmurcu KS, Olsen C, Shoji J, Skottvoll FS, Krauss S, et al. Organoids,
organ-on-a-chip, separation science and mass spectrometry: an update. TrAC
Trends Anal Chem 2023;161:116996. https://doi.org/10.1016/j.
trac.2023.116996.

Richiardone E, Van Den Bossche V, Corbet C. Metabolic studies in organoids:
current applications, opportunities and challenges. Organoids 2022;1:85-105.
https://doi.org/10.3390/0rganoids1010008.

Rodriguez-Colman MJ, Schewe M, Meerlo M, Stigter E, Gerrits J, Pras-Raves M,
et al. Interplay between metabolic identities in the intestinal crypt supports stem
cell function. Nature 2017;543:424-7. https://doi.org/10.1038/nature21673.
Schell JC, Wisidagama DR, Bensard C, Zhao H, Wei P, Tanner J, et al. Control of
intestinal stem cell function and proliferation by mitochondrial pyruvate
metabolism. Nat Cell Biol 2017;19:1027-36. https://doi.org/10.1038/ncb3593.
Mathewson ND, Jenq R, Mathew AV, Koenigsknecht M, Hanash A, Toubai T, et al.
Gut microbiome-derived metabolites modulate intestinal epithelial cell damage
and mitigate graft-versus-host disease. Nat Immunol 2016;17:505-13. https://
doi.org/10.1038/ni.3400.

Bellono NW, Bayrer JR, Leitch DB, Castro J, Zhang C, O'Donnell TA, et al.
Enterochromaffin cells are gut chemosensors that couple to sensory neural
pathways. Cell 2017;170:185-198.e16. https://doi.org/10.1016/j.
cell.2017.05.034.

Wang RX, Lee JS, Campbell EL, Colgan SP. Microbiota-derived butyrate
dynamically regulates intestinal homeostasis through regulation of actin-
associated protein synaptopodin. Proc Natl Acad Sci U S A 2020;117(21):
11648-57. https://doi.org/10.1073/pnas.1917597117. Epub 2020 May 12.
PMID: 32398370; PMCID: PMC7260972.

Vancamelbeke M, Laeremans T, Vanhove W, Arnauts K, Ramalho AS, Farré R,
et al. Butyrate does not protect against inflammation-induced loss of epithelial
barrier function and cytokine production in primary cell monolayers from
patients with ulcerative colitis. J Crohns Colitis 2019;13(10):1351-61. https://
doi.org/10.1093/ecco-jcc/jjz064. PMID: 30919886, PMCID: PMC6764103.
Deleu S, Arnauts K, Deprez L, Machiels K, Ferrante M, Huys GRB, et al. High
acetate concentration protects intestinal barrier and exerts anti-inflammatory
effects in organoid-derived epithelial monolayer cultures from patients with
ulcerative colitis. Int J Mol Sci 2023;24(1):768. https://doi.org/10.3390/
ijms24010768. PMID: 36614212; PMCID: PMC9821118.

Suhito IR, Sunil C, Tay A. Engineering human immune organoids for translational
immunology. Bioact Mater 2025;44:164-83. https://doi.org/10.1016/j.
bioactmat.2024.10.010.

Morsink M, Willemen N, Leijten J, Bansal R, Shin S. Immune organs and immune
cells on a Chip: an overview of biomedical applications. Micromachines 2020;11:
849. https://doi.org/10.3390/mil11090849.

Hiibscher T, Lorenzo-Martin LF, Barthlott T, Tillard L, Langer JJ, Rouse P, et al.
Thymic epithelial organoids mediate T-cell development. Development 2024;151:
dev202853. https://doi.org/10.1242/dev.202853.

Vogt N. Modeling multi-organ systems on a chip. Nat Methods 2022;19:641.
https://doi.org/10.1038/541592-022-01533-z.

Farhang Doost N, Srivastava SK. A comprehensive review of organ-on-a-Chip
Technology and its applications. Biosensors 2024;14:225. https://doi.org/
10.3390/bios14050225.

Marsee A, Roos FJM, Verstegen MMA, Marsee A, Roos F, Verstegen M, et al.
Building consensus on definition and nomenclature of hepatic, pancreatic, and
biliary organoids. Cell Stem Cell 2021;28:816-32. https://doi.org/10.1016/j.
stem.2021.04.005.

Piergiovanni M, Leite SB, Corvi R, Whelan M. Standardisation needs for organ on
chip devices. Lab Chip 2021;21:2857-68. https://doi.org/10.1039/D1LC00241D.
Busek M, Aizenshtadt A, Amirola-Martinez M, Delon L, Krauss S. Academic user
view: organ-on-a-Chip technology. Biosensors 2022;12:126. https://doi.org/
10.3390/bios12020126.

Yang R, Qi Y, Zhang X, Gao H, Yu Y. Living biobank: standardization of organoid
construction and challenges. Chin Med J (Engl) 2024;137:3050-60. https://doi.
org/10.1097/CM9.0000000000003414.


https://doi.org/10.1136/gutjnl-2013-306651
https://doi.org/10.1136/gutjnl-2013-306651
https://doi.org/10.1038/s41586-021-03852-1
https://doi.org/10.3389/fcimb.2020.00272
https://doi.org/10.1016/j.celrep.2019.01.108
https://doi.org/10.3389/fbioe.2019.00013. PMID: 30792981; PMCID: PMC6374617
https://doi.org/10.3389/fbioe.2019.00013. PMID: 30792981; PMCID: PMC6374617
https://doi.org/10.3390/fermentation7010014
https://doi.org/10.3390/fermentation7010014
https://doi.org/10.1016/j.mimet.2016.08.002
https://doi.org/10.1038/s41551-019-0397-0
https://doi.org/10.1038/s41551-019-0397-0
https://doi.org/10.3390/mi11070663
https://doi.org/10.1186/s12934-021-01699-9
https://doi.org/10.1186/s12934-021-01699-9
https://doi.org/10.1155/2022/5787373
https://doi.org/10.3390/microorganisms11041080
https://doi.org/10.3390/microorganisms11041080
https://doi.org/10.3389/fmicb.2023.1148097
https://doi.org/10.3389/fmicb.2023.1148097
https://doi.org/10.1186/s40168-022-01354-4
https://doi.org/10.1186/s40168-022-01354-4
https://doi.org/10.1038/s41598-020-71939-2
https://doi.org/10.1038/s41598-020-71939-2
https://doi.org/10.1038/ncomms11535
https://doi.org/10.1016/j.medj.2020.07.001
https://doi.org/10.1093/femsre/fuad014
https://doi.org/10.1093/femsre/fuad014
https://doi.org/10.1002/cti2.1131
https://doi.org/10.1136/gutjnl-2019-319919
https://doi.org/10.1074/jbc.M112.375881
https://doi.org/10.3389/fimmu.2020.623691
https://doi.org/10.3389/fimmu.2020.623691
https://doi.org/10.3390/ijms25021311
https://doi.org/10.3390/ijms25021311
https://doi.org/10.1186/s13020-022-00611-w
https://doi.org/10.1186/s13020-022-00611-w
https://doi.org/10.1111/cmi.13079
https://doi.org/10.1016/j.chom.2014.07.001
https://doi.org/10.1016/j.biomaterials.2019.119396
https://doi.org/10.3390/metabo10120494
https://doi.org/10.1016/j.trac.2023.116996
https://doi.org/10.1016/j.trac.2023.116996
https://doi.org/10.3390/organoids1010008
https://doi.org/10.1038/nature21673
https://doi.org/10.1038/ncb3593
https://doi.org/10.1038/ni.3400
https://doi.org/10.1038/ni.3400
https://doi.org/10.1016/j.cell.2017.05.034
https://doi.org/10.1016/j.cell.2017.05.034
https://doi.org/10.1073/pnas.1917597117
https://doi.org/10.1093/ecco-jcc/jjz064
https://doi.org/10.1093/ecco-jcc/jjz064
https://doi.org/10.3390/ijms24010768
https://doi.org/10.3390/ijms24010768
https://doi.org/10.1016/j.bioactmat.2024.10.010
https://doi.org/10.1016/j.bioactmat.2024.10.010
https://doi.org/10.3390/mi11090849
https://doi.org/10.1242/dev.202853
https://doi.org/10.1038/s41592-022-01533-z
https://doi.org/10.3390/bios14050225
https://doi.org/10.3390/bios14050225
https://doi.org/10.1016/j.stem.2021.04.005
https://doi.org/10.1016/j.stem.2021.04.005
https://doi.org/10.1039/D1LC00241D
https://doi.org/10.3390/bios12020126
https://doi.org/10.3390/bios12020126
https://doi.org/10.1097/CM9.0000000000003414
https://doi.org/10.1097/CM9.0000000000003414

G. Natalello et al.

[234]

[235]

[236]

Gross M, Dewan A, Macis M, Budd E, Eifler M, Odeniran O, et al. Decentralized
biobanking platform for organoid research networks. Front Blockchain 2025;8:
1510429. https://doi.org/10.3389/fbloc.2025.1510429.

Costantino F, Breban M, Garchon HJ. Genetics and functional genomics of
Spondyloarthritis. Front Immunol 2018;9:2933. https://doi.org/10.3389/
fimmu.2018.02933.

Zhou Z, Van Der Jeught K, Fang Y, Yu T, Li Y, Ao Z, et al. An organoid-based
screen for epigenetic inhibitors that stimulate antigen presentation and potentiate
T-cell-mediated cytotoxicity. Nat Biomed Eng 2021;5:1320-35. https://doi.org/
10.1038/5s41551-021-00805-x.

21

[237]

[238]

[239]

Autoimmunity Reviews 25 (2026) 104038

Dennison TW, Edgar RD, Payne F, Nayak KM, Ross ADB, Cenier A, et al. Patient-
derived organoid biobank identifies epigenetic dysregulation of intestinal
epithelial MHC-I as a novel mechanism in severe Crohn’s disease. Gut 2024;73:
1464-77. https://doi.org/10.1136/gutjnl-2024-332043.

Esch EW, Bahinski A, Huh D. Organs-on-chips at the frontiers of drug discovery.
Nat Rev Drug Discov 2015;14:248-60. https://doi.org/10.1038/nrd4539.
Pitzalis C, Choy EHS, Buch MH. Transforming clinical trials in rheumatology:
towards patient-centric precision medicine. Nat Rev Rheumatol 2020;16:590-9.
https://doi.org/10.1038/541584-020-0491-4.


https://doi.org/10.3389/fbloc.2025.1510429
https://doi.org/10.3389/fimmu.2018.02933
https://doi.org/10.3389/fimmu.2018.02933
https://doi.org/10.1038/s41551-021-00805-x
https://doi.org/10.1038/s41551-021-00805-x
https://doi.org/10.1136/gutjnl-2024-332043
https://doi.org/10.1038/nrd4539
https://doi.org/10.1038/s41584-020-0491-4

	Contribution of intestinal mucosa to the disease mechanisms of Spondyloarthritis: Unlocking new insights through bioenginee ...
	1 Introduction
	2 Anatomo-functional elements of intestinal mucosa relevant to SpA
	2.1 Intestinal microbiota and dysbiosis
	2.2 Crosstalk between the intestinal epithelium and gut microbiota
	2.3 Metabolite-mediated interactions between host and gut microbiota
	2.4 Intestinal barrier modifications
	2.4.1 Antimicrobial peptides
	2.4.2 Intestinal tight junctions
	2.4.3 Mucus layer

	2.5 Intestinal motility and its connection with the intestinal microbiota
	2.6 Gut mucosa immune system and immune cells priming and recirculation

	3 Current cellular and animal SpA pre-clinical models and their limitations
	4 General characteristics and opportunities of bioengineered tissue models
	5 Preclinical modeling of intestinal mucosa through bioengineered tissue models
	5.1 Intestinal microbiota and dysbiosis
	5.2 Crosstalk between the intestinal epithelium and microbiota
	5.3 Metabolite-mediated interactions between host and gut microbiota
	5.4 Intestinal barrier modifications
	5.4.1 Antimicrobial peptides
	5.4.2 Intestinal tight junctions
	5.4.3 Mucus layer

	5.5 Intestinal motility and its connection with the intestinal microbiota
	5.6 Gut mucosa immune system and immune cells priming and recirculation

	6 Conclusions and future perspectives
	7 Search strategy and selection criteria
	Declaration of competing interest
	datalink4
	References


