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ABSTRACT Ankylosing spondylitis (AS) is a chronic inflammatory disease with
complex pathogenesis influenced by genetic, immunological and environmental
factors. Recent evidence suggests that gut microbiota significantly contributes to
AS etiopathogenesis. Dysbiosis and altered immune responses in the gut potenti-
ally trigger or exacerbate the disease through intestinal barrier disruption, altera-
tion of the IL-23/17 axis and metabolite production. This review explores the gro-
wing role of gut microbiota in AS and its potential to reshape targeted treatment
strategies and facilitate development of adjunct therapies to address disease on-
set and progression. AS is a multifactorial disease in which gut dysbiosis plays a
significant role influencing immune regulation notably through the IL-23/17 pa-
thway. Alterations in gut microbiota composition and its metabolites contribute to
systemic inflammation, reinforcing a self-perpetuating feedback loop between gut
and spinal inflammation that drives disease progression. Emerging evidence has
linked microbial mechanisms to HLA-B27 misfolding promoting endoplasmic reti-
culum stress and triggering molecular mimicry through gut microbial-associated
molecular patterns further contributing to AS pathogenesis. Given the crucial role
of gut microbiota in AS, targeting microbiota imbalances presents a promising
avenue for novel therapeutic strategies. Although it remains unclear whether gut
inflammation and microbial changes precedes AS onset, current evidence suggests
an ongoing cycle of autoimmune inflammation involving both the gut and joints.
Further research, particularly longitudinal studies, are needed to better under-
stand the gut-joint axis and its potential therapeutic implications in AS manage-
ment.
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steroidal anti-inflammatory drugs; SCFA -
short chain fatty acid; SpA -
spondyloarthritis; TJ — tight junction; TNFi —
tumor necrosis factor a inhibitors; UC -
ulcerative colitis; UPR - unfolded protein
response.

INTRODUCTION

Ankylosing spondylitis (AS) is a chronic, immune-mediated in-
flammatory disorder that is part of a group of conditions, termed
spondyloarthritis (SpA), which primarily affect the axial skeleton
[1]. AS is characterized by inflammation of the sacroiliac joints,
spine and their adjacent soft tissues, including tendons and liga-
ments [2]. This disease is clinically characterized by inflammatory
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back pain, enthesitis (inflammation at tendon and ligament at-
tachment sites), and progressive structural damage [3]. Over time,
the inflammation can lead to fibrosis, calcification, and ankylosis,
particularly in the spine, causing significantly reduced mobility, a
characteristic "bamboo spine" radiological appearance in ad-
vanced stages and decreased quality of life [4]. Recent population
estimates suggest that AS affects approximately 0.2-0.5% of the
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population in the United States. Globally, the age- and sex-
adjusted incidence of AS ranges from 0.4 to 14 cases per 100,000
person-years [5]. The condition is more prevalent in men than
women, with a ratio of 3:1 [6]. The progression tends to be more
severe in men, often characterized by axial involvement, while in
women, peripheral joint involvement is more typical and generally
milder [7]. The onset of AS typically peaks in the second and third
decades of life, with approximately 80% of patients experiencing
their first symptoms before the age of 30. Diagnosis after the age
of 45 is uncommon, occurring in fewer than 5% of cases [8, 9]. The
mean prevalence of AS per 10,000 people, based on data from 36
studies, varies geographically and is estimated at 23.8 in Europe,
16.7 in Asia, 31.9 in North America, 10.2 in Latin America, and 7.4
in Africa [10].

As a chronic condition, AS requires continuous monitoring of
patients over time to assess disease progression and treatment
response [11]. Several standardized scoring systems have been
developed to evaluate disease activity and functional status and
mobility. The Assessment of Spondyloarthritis International Socie-
ty (ASAS) criteria are widely used for clinical evaluation. To meas-
ure disease activity, tools like the Bath Ankylosing Spondylitis
Disease Activity Index (BASDAI) or Ankylosing Spondylitis Disease
Activity Score (ASDAS) are commonly applied. Functional capacity
and mobility over time are assessed using indices such as the Bath
Ankylosing Spondylitis Functional Index (BASFI) or the Bath Anky-
losing Spondylitis Measure Index (BASMI). These tools enable
accurate tracking of disease dynamics and facilitate personalized
management plans to optimize patient outcomes [12]. Regular
use of these measures allows for timely adjustments to treatment
based on diseases activity and functional status. Managing AS
involves controlling symptoms, preserving mobility, and prevent-
ing damage through pharmacological, and non-pharmacological
therapies. Since inflammation is a primary driver of this disease,
non-steroidal anti-inflammatory drugs (NSAIDs) are the first-line
treatment for reducing inflammation and pain. For peripheral
arthritis, conventional synthetic disease-modifying antirheumatic
drugs (csDMARDs) are recommended while biologic agents such
as tumor necrosis factor a inhibitors (TNFi) and IL-17 inhibitors are
reserved for cases where NSAIDs or csDMARDs prove insufficient
[7,12].

In addition to chronic inflammation of the spine, sacroiliac
joints, entheses, and peripheral joints, AS is frequently associated
with extra-articular manifestations, most notably anterior uveitis
and microscopic intestinal inflammation [13]. AS shares several
clinical, pathogenetic, and immunological features with inflamma-
tory bowel diseases (IBD), such as Crohn's disease (CD) and ulcer-
ative colitis (UC), and has a notable genetic predisposition, partic-
ularly involving the human leukocyte antigen (HLA)-B27 allele [14,
15]. Other non-HLA, genetic loci, shared between AS and IBD,
have also been identified including interleukin-23 receptor (IL23R)
and genes involved in the interleukin-17 (IL17)/interleukin-23
(IL23) pathway [16]. Both diseases are characterized by dysregula-
tion of the innate and adaptive immune system involving over-
production of proinflammatory cytokines and T helper cell ab-
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normalities [17]. Studies show that nearly 50% of AS patients
exhibit subclinical intestinal inflammation, and approximately 5—
10% eventually develop clinical IBD [18-21].

Given the established link between AS and intestinal inflam-
mation, numerous studies have sought to uncover the mecha-
nisms that connect the pathogenesis and progression of these
two conditions. Gut microbiota is an important factor in maintain-
ing immune homeostasis with emerging evidence suggesting a
link between gut microbiota dysbiosis and AS [22, 23]. For exam-
ple, gut microbial dysbiosis such as the decrease of anti-
inflammatory bacterial genera like Faecalibacterium [24] and
accumulation of pro-inflammatory bacteria such as Klebsiella
pneumoniae, may be associated with AS pathogenesis [25]. Fur-
ther, gut microbiota dysbiosis can trigger alterations in gut barrier
integrity, augment immune activation, and promote metabolite
imbalance that contribute to systemic inflammation [26]. Addi-
tionally, microbiota have been implicated in molecular mimicry,
with certain bacterial antigens cross-reacting with host antigens
to induce autoimmune inflammation [27]. As such, there is grow-
ing interest in the potential role of adjunct therapies such as pro-
biotics, prebiotics, and dietary modifications aimed at restoring
microbial balance and reducing systemic inflammation in auto-
immune diseases including SpA. However, specific patterns of gut
microbial dysbiosis directly correlated with AS have yet to be fully
scientifically validated. Consequently, treatments involving probi-
otics or other microbiome-targeted interventions remain in the
exploratory phase and are not currently recognized as established
therapeutic options for AS. Therefore, by synthesizing and review-
ing the current evidence regarding the role and mechanisms by
which gut microbial dysbiosis influences the development and
progression of AS, this review aims to inspire more comprehen-
sive and robust studies to identify the exact microbiota alterations
associated with AS. Such research could pave the way for incorpo-
rating targeted microbiome therapies into clinical treatment pro-
tocols. While these approaches are still theoretical, they hold
significant promise in complementing existing management strat-
egies for AS and improve patient outcomes.

ETIOPATHOGENESIS OF AS

The etiology and pathogenesis of AS is not completely understood
but current evidence suggests that the disease results from a
complex interplay of genetic, microbial, environmental, and im-
munological factors. Genetic predisposition, particularly the
strong association with the HLA-B27 gene, is a significant contrib-
utor to disease susceptibility, although non-HLA genetic loci have
been described as playing a significant role in disease mechanisms
[28]. Environmental triggers, including infections and alterations
in the gut microbiome, are also recognized as important factors in
disease onset and progression. These triggers interact with genet-
ic susceptibility to perpetuate immune dysregulation, driving
systemic inflammation and, autoimmune responses impacting the
axial skeleton, entheses, and peripheral joints, leading to charac-
teristic structural damage seen in AS [13]. Additionally, disturb-
ances in bone metabolism, such as excessive bone formation and
erosion, further drive disease progression [29, 30]. The conver-
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gence of these factors highlights the interconnected pathways
underlying AS, emphasizing the importance of continued research
into its pathogenesis to better understand and manage the dis-
ease and will be explored in the following subsections.

Genetic theories, factors and loci in AS

HLA-B27 gene role in AS

The role of genetic factors in AS has been recognized since 1961,
leading to the discovery of the HLA-B27 gene in 1973. HLA-B27
belongs to the Major Histocompatibility Complex (MHC)-I surface
protein encoded by the MHC B gene on chromosome 6 [13]. Stud-
ies have shown that 90-95% of individuals with AS carry the HLA-
B27 gene. While the general risk of developing AS among HLA-B27
carriers is approximately 1-2%, this risk increases to 15-20% for
those with a first-degree relative diagnosed with AS. The relative
risk reaches 94% for first-degree relatives, 25% for second-degree
relatives and 4% for third-degree relatives [13, 29].

The HLA-B27 gene is highly polymorphic, with approximately
223 subtypes identified as of 2020 [30]. Its prevalence varies
across different ethnic groups, with, for example, Inuit and native
Alaskan populations exhibiting the highest rates of HLA-B27 and
the highest global prevalence of AS [29, 30]. The influence of this
single gene is one of the most significant genetic associations
identified for any complex genetic disease, vastly outweighing the
contributions of other known risk genes. The development of the
transgenic HLA-B27 rat model provided compelling experimental
evidence of HLA-B27's role in AS pathogenesis. These transgenic
rats, which co-express human B2-microglobulin (2M) as a bind-
ing partner for MHC class I, spontaneously develop inflammatory
conditions that mirror many features of human SpA. This includes
a tendency for male predominance, IBD, nail dystrophy, and both
peripheral and axial arthritis [31]. The precise pathogenetic role of
HLA-B27 in AS remains unclear. However, several leading theories
have been proposed to explain its involvement in disease devel-
opment. These include the arthritogenic peptide hypothesis, the
misfolded protein hypothesis, and the cell-surface HLA-B27 ho-
modimer hypothesis, each offering unique insights into how HLA-
B27 may contribute to AS pathogenesis [13, 30]. In addition, the
hypothesis of ERAP (endoplasmic reticulum aminopeptidase)
dysfunction and the hypothesis focusing on alterations in the gut
microbiome have been considered [10].

MHC class | molecules typically display eight to ten amino acid
peptides from inside the cell to CD8+ T cells, helping detect intra-
cellular pathogens. The specific peptide displayed is determined
by the structure of the MHC binding groove. In HLA-B27, the pep-
tide repertoire differs from non-disease-associated MHC subtypes.
This provides the basis for one of the earlier pathogenic theories,
namely the arthritogenic peptide theory, which suggests that HLA-
B27 may present self-peptides that mimic pathogen-derived pep-
tides, triggering autoimmunity and cross reactivity. Specifically,
this theory represents molecular mimicry and cross-reaction
mechanisms [32] and suggests that the presentation of either
bacterial peptides by HLA-B27 or self-mimicking HLA-B27-binding
peptides from certain bacteria could initiate a cell-mediated im-
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mune response leading to chronic inflammation and AS [19]. Re-
search has also revealed unique features of HLA-B27, such as
flexible peptide binding, but no definitive “arthritogenic peptide”
has been found. Additionally, removing CD8+ T cells in HLA-B27
transgenic rats did not prevent disease, indicating other roles for
HLA-B27 beyond antigen presentation [31].

The second hypothesis, known as the unfolded protein re-
sponse (UPR), proposes that HLA-B27 has a tendency to fold slow-
ly and is prone to misfolding within the endoplasmic reticulum
(ER) [30]. The ER, responsible for protein and lipid synthesis, initi-
ates the UPR as an adaptive stress mechanism when its protein-
handling capacity is overwhelmed by excessive or misfolded pro-
teins, including HLA-B27 [33]. This stress response activates UPR-
related genes, which in turn drive the production of pro-
inflammatory cytokines such as IL-17, IL-23, and interferon-
gamma (IFN-y) [34]. The UPR can be triggered by various external
factors like hypoxia, nutrient deprivation, low pH, or oxidized
lipids, as well as internal factors such as cellular differentiation or
metabolic imbalances. Three key ER-resident stress sensors or-
chestrate this response: inositol-requiring kinase 1, activating
transcription factor 6, and protein kinase RNA-like ER kinase.
These pathways work to restore cellular balance by reducing pro-
tein load, enhancing folding capacity, or, if stress persists, initiat-
ing apoptosis [33]. Further, the UPR drives inflammation through
multiple pathways, suggesting that ER stress could increase sus-
ceptibility to arthritis by amplifying inflammatory responses to
infections. This generalized effect may not pose a significant
drawback, since a mouse model with systemically elevated IL-23,
introduced via genetic mini-circles, successfully mimicked key
features of SpA. These included enthesitis, arthritis with new bone
growth, and inflammation of the aortic root and skin [35]. In addi-
tion to its pro-inflammatory effects, the UPR includes mechanisms
that reduce stress and inflammation, such as ER-associated deg-
radation (a cellular quality control mechanism within the ER that
ensures the proper folding and function of protein) and autopha-
gy (an intracellular catabolic process, important for recycling pro-
teins and larger substrates like aggregates, apoptotic cell rem-
nants, or long-lived and excess organelles, which could otherwise
harm cells) [31]. The hallmark of autophagy is the formation of
double-membrane, cup-shaped structures that engulf cytoplasmic
material that deliver it to lysosomes for degradation. Beyond
maintaining cellular homeostasis, autophagy eliminates intracellu-
lar pathogens and contributes to both innate and adaptive im-
mune responses [36].

A third theory aimed at explaining the role of HLA-B27 in the
pathogenesis of AS is the homodimer formation hypothesis. Un-
like the typical heterodimeric form of HLA-B27, which includes a
B2-microglobulin light chain, the homodimeric form is structurally
abnormal and interacts inappropriately with immune cells. Specif-
ically, HLA-B27 heavy chains can form homodimers on the cell
surface, which act as pro-inflammatory ligands. These homodi-
mers bind to killer cell immunoglobulin-like receptors (KIRs) ex-
pressed on natural killer (NK) cells and T cells, including CD4+ T
cells. This binding process triggers abnormal immune activation,
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leading to the release of pro-inflammatory cytokines, that drive
disease progression [19, 30, 37].

Other HLA-B, non-HLA genes connected to AS

Other HLA-B genes such as HLA-B730, HLA-B16, HLA-B35, HLA-B31,
HLA-B32, HLA-B38, and HLA-B39 have also been implicated in the
development of AS. These genes are associated with HLA-B27-
negative AS, although the underlying mechanisms remain unclear
[29]. In addition, several other genes have been identified as con-
tributors to the pathogenesis of AS, including ERAP1 (endoplasmic
reticulum aminopeptidase 1), ERAP2 (endoplasmic reticulum ami-
nopeptidase 2), and NPEPPS (puromycin-sensitive aminopepti-
dase). These aminopeptidases are critical for the peptide trim-
ming and folding processes of HLA-B27 within the ER. Dysregula-
tion of these aminopeptidases underpins the ERAP dysfunction
hypothesis, which posits that improper peptide processing con-
tributes to AS pathogenesis [29]. Of these, ERAP1 has been recog-
nized as the second strongest genetic association with AS after
HLA-B27. Its primary function is to trim peptides to the optimal
length for presentation by HLA-B27. However, loss-of-function
variants in ERAP1 can disrupt this process, leading to abnormal
HLA-B27 peptide presentation and intracellular accumulation of
free heavy chains. This dysregulation in peptide processing may
drive inflammation and autoimmune responses associated with
AS [30]. Another gene locus linked to AS is IL23R, which encodes
the interleukin-23 receptor. A specific single nucleotide polymor-
phism (SNP) in IL23R has been linked to an increased risk of AS
and other immune-mediated conditions, including IBD and psoria-
sis, disorders that frequently co-occur with AS [38].

In addition, the association between toll-like receptor 4 (TLR4)
genetic variants and its expression levels suggests that innate
immunity contributes to the pathogenesis of AS. TLR4 is a key
protein receptor that is activated by endotoxin production, par-
ticularly lipopolysaccharides (LPS), secreted from the outer mem-
brane of Gram-negative bacteria, which are characteristically
elevated in dysbiosis, a state often observed in AS [39]. This asso-
ciation between TLR4 and AS is further evidenced by elevated LPS
levels in AS, which correlate with disease activity. This under-
scores the involvement of TLR4 in driving innate immune and
autoinflammatory mechanisms in the disease's pathogenetic pro-
cess [40]. In addition to TLR4, polymorphisms in fucosyltransfer-
ase 3 (FUT3) have been closely linked to AS susceptibility, with the
rs28362459-G variant, Lewis- negative status, and Le(a-b-) sero-
type potentially correlating with several aggravated disease indi-
ces. In contrast, FUT2 indirectly influences AS pathogenesis by
modulating gut microbiota composition and associated inflamma-
tory pathways. While FUT3 has a more specific role through anti-
gen-mediated mechanisms, FUT2 contributes more broadly by
shaping microbiota-dependent immune responses [41]. Over time,
more genes have been associated with AS that include IL12B,
RUNX3, EOMES, TBX21, TYK2, CARDY, IL1R1, IL1R2, IL6R, IL7R,
1L27, NKX2, and PTGER4 [40].
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Immunological factors linking gut inflammation with AS

Among the majority of inflammatory cytokines involved in the
development of AS, the most studied pathway is the IL-17/23 axis
(Figure 1) [29]. This axis has been involved in creating the inflam-
matory milieu in the gut, which is often observed in AS patients,
many of whom report gastrointestinal symptoms and are diag-
nosed with IBD. IL-23 stimulates the release of pro-inflammatory
cytokines and plays a pivotal role in the disruption of the intesti-
nal mucosal barrier, leading to an increased permeability, allowing
microbial antigens to penetrate and activate immune responses
[42]. Further, dendritic cells (DCs) exhibit dysregulated signaling
pathways that promote an inflammatory Th17 response. Altered
populations of DCs and T cells in AS patients imply a pathogenic
role for the IL-23 axis, particularly in fostering intestinal inflamma-
tion [43].

Although AS has been known as a "seronegative" condition,
indicating the absence of antibodies typically found in autoim-
mune diseases such as rheumatoid arthritis or systemic lupus
erythematosus, emerging evidence points to a role for the adap-
tive immune system. For example, circulating antibodies have
been detected in AS patients with prior Klebsiella infections, sup-
porting the molecular mimicry hypothesis and implicating B cell
activation in the disease process [44]. While innate immunity,
especially through the IL-17/23 axis, is thought to initiate AS, the
involvement of adaptive immune mechanisms, including B cell-
mediated responses, has gained increasing recognition (Fehler!
Verweisquelle konnte nicht gefunden werden.). Innate lymphoid
cells (ILCs), particularly ILC3, produce IL-17 and IL-22, cytokines
known to drive inflammation in AS. One prominent theory posits
that IL-17+ and IL-22+ ILC3 migrate from the gut into the systemic
circulation, where they are recruited to target tissues, such as the
bone marrow, joints, peripheral joints, and entheses. This migra-
tion is mediated by integrin-ligand interactions, facilitating the
movement of these inflammatory cells to sites of tissue damage,
perpetuating chronic inflammation observed in AS [45, 46]. Ele-
vated serum levels of IL-17 and IL-23 have been observed in indi-
viduals with AS compared to healthy controls, with serum IL-17
levels strongly correlating with disease activity and inflammation
severity [47].

The autoimmune, innate, and adaptive responses, when
dysregulated, affect both axial and gut inflammation, providing a
potential link between the pathogenesis of SpA and extra-articular
manifestations such as IBD. Therefore, the fifth theory of AS path-
ogenesis involves the gut microbiota, with dysbiosis and its relat-
ed immune dysregulation in the gut that may act as trigger for
disease onset and progression [48]. The subsequent sections will
delve into the role of gut microbiota in the context of altered
immune response and its impact on the development and pro-
gression of AS.

GUT MICROBIOTA AND AS

Healthy microbiota and immune-related functions

The human body harbors trillions of microorganisms that coexist
in symbiosis with their host, primarily residing in the gastrointes-
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FIGURE 1 @ The IL-23/IL-17 pathogenetical axis in AS. From left to right: Specific triggers can initiate inflammation in the gut, skin, and entheses of individuals
with a genetic predisposition for AS. These triggers activate myeloid cells, such as DCs, macrophages, and intestinal epithelial cells, to secrete IL-23, a hetero-
dimer composed of two subunits, p19 and p40. CD4+ T cells undergo differentiation and activation, influenced by cytokines like IL-1, IL-6, and TGF-B (trans-
forming growth factor-B), to become Th17 cells. IL-23 amplifies and stabilizes Th17 cells, which then produce pro-inflammatory cytokines. Activated Th17 cells
secrete IL-17 (variants A through F) and other cytokines, including GM-CSF (granulocyte-macrophage colony-stimulating factor), IL-6, IL-22, IL-26, IFN-y, and
TNF-a, which act synergistically with IL-17 to enhance inflammatory responses. Other cells, such as MAIT (mucosal-associated invariant T) cells, CD8+ T cells, NK
cells, mast cells, tissue-TRM (resident memory) cells, and Paneth cells, can also produce IL-17. IL-17 promotes the release of chemokines (e.g., CCL2, CCL7,
CXCL1, CXCL2), recruiting inflammatory cells such as neutrophils and T cells to the inflammation site. IL-17 acts on various cell types- fibroblasts, synoviocytes,
DCs, T cells, neutrophils, endothelial cells, and B cells- primarily via IL-17R. This binding induces these cells to secrete additional cytokines, perpetuating the
inflammatory cycle. Despite AS being classified as a seronegative disease, antibodies (K. pneumoniae) secreted by B cells could be involved. Combined with
ongoing inflammation, these immune responses contribute to joint inflammation and the characteristic new bone formation in AS (adapted from [32, 37, 162—
166]).

tinal tract, skin, saliva, oral mucosa, conjunctiva, and vagina. The
intestinal tract alone hosts approximately 103 to 10 microor-
ganisms, including bacteria, archaea, viruses, and fungi. Of these,
bacteria constitute more than 99% of the gut microbiota. Under
normal conditions, these microbes maintain a dynamic balance
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through competitive, synergistic, or symbiotic interactions among
bacteria, fungi, and viruses [49]. The gut microbiota comprises
over 1,000 bacterial species classified into six dominant phyla:
Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, Fuso-
bacteria, and Verrucomicrobia. A review [50] mentions over 2172
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species and twelve phyla, with the six mentioned phyla account-
ing for 93.5% of the total microbiome composition. Of these, Fir-
micutes and Bacteroidetes are the most abundant, making up
approximately 90% of the gut's bacterial population [51] and their
ratio (F/B) have attracted significant attention for their critical role
in maintaining intestinal homeostasis. An imbalance in F/B ratio,
known as dysbiosis, is associated with various disease conditions.
For example, an increased F/B ratio is commonly linked to obesity,
while a decreased ratio is often observed in IBD [52]. In humans,
386 species of bacteria are classified as strictly anaerobic, thriving
in low-oxygen environments such as the gastrointestinal mucosa
and oral cavity, which support their survival and growth [50].

Proteobacteria, a phylum of Gram-negative bacteria contain-
ing LPS in their cell membranes, is overrepresented in the gut in
several conditions characterized by chronic inflammation, includ-
ing AS [14]. Increased abundance of Proteobacteria is associated
with a reduction in Firmicutes and overall microbial diversity, a
pattern commonly observed in IBD. Bacterial species have been
described as anti-inflammatory (Bifidobacterium, Lactobacillus,
Faecalibacterium prausnitzii) and pro-inflammatory (Bacteroides,
Escherichia coli) [2]. Gut homeostasis is also maintained by the
dominance of obligate anaerobes belonging to Firmicutes and
Bifidobacteriaceae while an increased presence of facultative
anaerobes, particularly from the Enterobacteriaceae family, often
signals gut dysbiosis [53].

The gut microbiota in a healthy individual varies across differ-
ent regions of the gastrointestinal tract, with density decreasing
from the distal to the proximal colon, and significantly lower lev-
els in the small intestine. The composition is dynamic, evolving
over time, determined by factors such as aging and environmental
influences like diet, lifestyle, and antibiotic use [51]. Moreover,
microbiota composition differs significantly between individuals,
due to enterotypes, body mass index, and external factors such as
exercise frequency, ethnicity, and dietary and cultural habits. A
key feature of a resilient microbiome is a compensatory mecha-
nism known as “functional redundancy” [54]. This mechanism
ensures that similar roles are maintained despite the variations in
microbial species. Specifically, functional redundancy allows the
microbiota to maintain its overall function and stability even when
some species are lost or altered, as other species compensate for
their role. This redundancy serves as an important characteristic
of a healthy microbiome, contributing to its resilience and ability
to adapt to changes, such as dietary shifts or antibiotic treatments
[55]. In addition to its numerous beneficial roles, the gut microbi-
ota also protects the host against pathogens through the mecha-
nism of competitive exclusion. In this process, nonpathogenic
bacteria compete for attachment sites on enterocytes in the gut
lining, preventing the adhesion and subsequent invasion of path-
ogenic entero-invasive bacteria. Furthermore, beneficial bacteria
produce antimicrobial substances such as bacteriocins which in-
hibit the growth of competing pathogens [55].

Of particular relevance, the gut microbiota significantly influ-
ences immunomodulatory processes that affect the innate and
adaptive immune responses [56]. As such, microbiota maintains
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integrity of the intestinal lining, synthesizes microbial-associated
molecular patterns that are recognized by immune cells, activat-
ing inflammasomes and promote cytokine production [57]. This
complex interplay between microbiota and the innate immune
system helps regulate gut-associated lymphoid tissue (GALT), ILCs,
and phagocytes [58]. Microbiota directly and indirectly influence
the adaptive immune response via antigen presentation by T-cells
and DCs, promotion of T-cell differentiation, B-cell activation,
antibody production and the development of immune tolerance
[59]. Dysregulation of these processes can lead to overactivation
of the immune system and cross-reactivity contributing to onset
of autoimmune disease such as AS, IBD and reactive arthritis [20,
49]. Subsequent subsections will explore the specific microbial
dysbiosis observed in AS and discuss the mechanisms by which
alterations in the microbiota contribute to pathophysiologic
changes and disease progression.

Compositional alterations of microbiota in AS

As previously mentioned, a newer theory regarding the patho-
genesis of AS involves alterations in the gut microbiome. However,
this area of research is challenging due to the natural variability of
microbiota even in healthy individuals, numerous factors affecting
its composition. Among these factors, daily habits such as dietary
patterns, hydration, alcohol consumption and even sleep can
significantly influence the composition of the gut microbiota.
Moreover, both short- or long-term use of medication as well as
dietary supplementation can disrupt microbial balance. Another
critical aspect to consider in microbiome studies in AS is the po-
tential influence of coexisting conditions such as IBD, uveitis, and
less well-differentiated forms of spondylitis. These associated
diseases can independently alter gut microbiota composition and
introduce additional confounding factors.

To overcome this challenge and improve the reliability of mi-
crobiome studies in AS, future research should incorporate strat-
egies such as stratification or subgroup analyses, exclusion of
patients with significant comorbidities (where appropriate), and
thorough adjustment for these variables in statistical models.
Additionally, standardized protocols for stool collection (e.g.,
timing, fasting status) and careful documentation of medications,
including antibiotics, NSAIDs, corticosteroids, csDMARDs such as
methotrexate and sulfasalazine, and biologic therapies like TNFi
(e.g., infliximab, adalimumab) or IL-17 inhibitors (e.g., secuki-
numab), are essential to reduce variability. Addressing these con-
founders is crucial to accurately disentangle disease-specific mi-
crobiome signatures in AS and to avoid misleading associations
that may otherwise arise from the presence of other inflammato-
ry conditions or from the microbiota-modifying effects of these
medications.

Nevertheless, important, and generalized trends have been
elucidated in the relationship between AS and gut microbial com-
position. A recent meta-analysis has shown that individuals with
AS exhibit decreased microbial richness and evenness as evi-
denced via the Shannon Index and Simpson Index, respectively
[23]. Interestingly, those individuals on anti-rheumatic combina-
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tion treatments demonstrated significant reduction in o-diversity
as well, a marker of species diversity within a local area or micro-
bial ecosystem [23]. Further, gut dysbiosis is associated with in-
creased disease activity in axial spondyloarthritis (axSpA) [60, 61].
In a study comparing patients with AS to healthy controls, gut
dysbiosis was present in 36% of AS patients versus 17% of controls.
This imbalance correlated with higher disease activity scores,
including ASDAS and BASDAI, as well as impaired physical function
and increased pain levels [60].

Several studies have shown alterations in microbial composi-
tion in AS patients. For example, when comparing AS patients
with healthy controls (HCs) both groups were dominated by Fir-
micutes and Bacteroidetes [62]. However, significant differences
in their relative abundances have been observed with a significant
decrease in Bacteroidetes in AS patients compared to HCs, while
the levels of Firmicutes and Verrucomicrobia were notably elevat-
ed [63]. The dominant bacterial taxa in both AS patients and HCs
includes Bacteroidetes, Firmicutes, Proteobacteria, Fusobacteria,
and Actinobacteria. At the phylum level, AS patients have an in-
creased abundance of Proteobacteria and a decreased abundance
of Bacteroidetes compared to HCs. While increased Firmicutes and
Actinobacteria and decreased Fusobacteria were observed in AS
patients, it is important to note that these differences were not
statistically significant [64]. A study involving 97 patients with AS
compared to HCs showed elevations in Actinobacteria [65]. This
increased Actinobacteria influence the ubiquitination of IkB-a
(nuclear factor-kappa B inhibitor alpha), which could activate NF-
KB (nuclear factor kappa B) signaling leading to an increase in
proinflammatory factors associated with AS [65]. Proteobacteria
was third in relative abundance, exceeding 15% of all microbiota
while Tenericutes and Synergistetes were decreased in AS [21, 62].
At the family level, significant differences in the composition of
gut microbiota were observed in AS patients compared to HCs,
including species belonging to Lachnospiraceae, Veillonellaceae,
Prevotellaceae, Porphyromonadaceae, and Bacteroidaceae fami-
lies [20]. Similarly, there were increased levels of Lachnospiraceae,
Ruminococcus, Rikenellaceae, Porphyromonadaceae, and Bac-
teroidaceae in the terminal ileum of AS patients, while Veillonel-
laceae and Prevotellaceae were decreased [20].

At the genus level, AS patients showed an increased abun-
dance of certain Firmicutes, along with a reduced presence of
Prevotella strain 9 (Bacteroidetes), Megamonas (Firmicutes), and
Fusobacterium (Fusobacteria) [64]. Also an increase in the abun-
dance of the Blautia genus and a decreased in Ruminococcus was
observed [62]. Furthermore, Blautia producta, a Blautia species
which is increased in AS, was associated with the HLA-B27-
positive subgroup. The AS group showed a dominance of Rosebur-
ia, a finding consistent with the study of Costello et al. [7]. Among
these changes, Dialister emerged as the genus with the most
significant effect size in AS patients. Similarly, Tito et al. reported
an increased presence of Dialister in the microbiota of inflamed
intestinal tissue from biopsies of AS patients [66]. A meta-analysis
further identified Dialister as the most consistently reported gen-
era in axSpA with a positive correlation to ASDAS and a higher
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prevalence in individuals with radiographic sacroiliitis [67]. A
study examining the microbiota of AS patients before and after six
months of treatment with adalimumab, observed a depletion of
Dialister in patients prior to treatment. However, after therapy,
Dialister levels were restored to levels similar to those of HCs,
along with restoration to normal abundances of the phyla, Bac-
teroidetes and Firmicutes [68]. In a different study involving a
cohort of AS patients and HCs, eight genera were associated to AS
including increased prevalence of Prevotella and Dialister along-
side a reduction in Bacteroides. Additionally, a lower proportion
of Ruminococcus gnavus was observed in individuals with AS [69].
Furthermore, a case-control study involving 60 participants (28
with AS and 32 HCs) found a significant reduction in Clostridium
leptum and an increase in E. coli levels in the AS group. No signifi-
cant differences were observed in other microbial populations
between the AS and control groups. However, the AS group exhib-
ited lower microbial diversity, though this difference did not reach
statistical significance [2] consistent with other studies [62].

As previously mentioned, K. pneumoniae, an opportunistic
pathogen found within the human gut, has been suggested to
exacerbate the autoimmune disease process. However, the rela-
tionship between the fecal microbiome load, particularly K.
pneumoniae, and AS activity remains controversial. Some re-
searchers propose that K. pneumoniae may influence AS devel-
opment indirectly by interacting with HLA-B27, which will be fur-
ther discussed in the following sections. Additionally, gut microbi-
ota dysregulations may be linked to a relative deficiency of im-
mune components, resulting in more intense and prolonged im-
mune responses [70].

When analyzing fecal microbiota composition of 150 AS pa-
tients, 18 UC patients, and 17 HCs using the GA-map™ Dysbiosis
Test to assess for similarities and differences [71], there were
notable differences in microbial composition across the groups.
Compared to HCs, the fecal microbiota of AS patients displayed a
higher abundance of Proteobacteria, Enterobacteriaceae, Bacilli,
Streptococcus species, and Actinobacteria, coupled with a lower
abundance of Bacteroides and Lachnospiraceae. However, when
comparing gut microbiota of IBD and AS, AS patients exhibited a
higher abundance of the phylum Proteobacteria, particularly the
family Enterobacteriaceae and the genera Shigella and Escherichia,
compared to HCs. However, it should be noted that the study
found no clear association between the overall fecal microbiota
composition and factors such as HLA-B27 status, disease activity,
physical function, medication, or smoking [71]. Consistent with
previous studies, Enterobacteriaceae, were enriched in individuals
with UC and CD [72]. Adherent-invasive E. coli (AIEC), a strain
within Enterobacteriaceae that can persist and replicate within
epithelial cells and macrophages, is increased in the ileal mucosa
of CD patients [73]. Similarly, the presence of AIEC and Prevotella,
has been reported in AS, correlating with gut inflammation and
intestinal barrier dysfunction [74].

Li et al. [64] explored both bacterial and fungal alterations in
the gut microbiota of AS patients, uncovering novel insights into
interkingdom interactions. Their study revealed disease-specific
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changes in the bacterial-fungal network, suggesting that fungi or
bacterial-fungal interactions may play a role in AS development.
Notably, the study found that fungal dysbiosis was more pro-
nounced than bacterial dysbiosis, with a significant reduction in
fungal diversity in AS patients. Furthermore, the abundances of
Ascomycota and Basidiomycota were negatively correlated and
served as key discriminative features between the AS mycobiota
and that of HCs. Although the study lacked sufficient statistical
power, these findings highlight a new area of research, emphasiz-
ing the need to further investigate interkingdom dynamics [64].
Further supporting the role of gut microbiota in AS, studies using
germ-free, HLA-B27/B2-microglobulin-transgenic rats have shown
that these animals do not develop AS symptoms. However, when
commensal intestinal bacteria are introduced into the sterile envi-
ronment, both intestinal and joint inflammation developed, indi-
cating that gut microbiota plays a role in triggering the disease. In
the rat model, there was evidence of impaired mucosal immunity,
along with a distinct intestinal dysbiosis [75]. Such dysbiosis was
characterized by a reduction in Rikenellaceae species and an in-
crease in Prevotella species [76]. Despite these findings, microbi-
ome research in AS remains in its early stages largely due to the
need for large patient cohorts and appropriate procedures includ-
ing sample collection and bacterial DNA sequencing.

Additionally, findings by Yang et al. challenge the assumption
of a direct causal link between AS and gut microbiota. Their study
found no genetic-level causal link between the phylum Proteobac-
teria, the family Lachnospiraceae, or the genera Bacteroides and
Streptococcus and AS [77]. However, the absence of a genetic
association does not necessarily rule out the influence of these
microbiota in the development and progression of AS, as gut bac-
teria likely promote disease pathogenesis through immune regu-
lation within the host. While some studies present contradictory
findings, integrating these results remains crucial to developing a
comprehensive understanding of the microbial trends within the
gastrointestinal tract of AS patients. Changes in the composition
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profile of gut microbiota in AS are depicted in Figure 2.

In microbiome research, particularly in diseases such as AS,
the inclusion of large and well-characterized control groups is
essential for drawing valid and reproducible conclusions. Using a
large control group increases statistical power, reduces the impact
of individual outliers, and allows for more robust detection of
disease-associated microbial signatures. Equally important is en-
suring that the control group is as homogeneous as possible in
terms of key confounding variables. Ideally, controls should be
matched to patients by age, sex, body mass index, diet, and geo-
graphic location, and should not have chronic inflammatory or
gastrointestinal diseases, or recent antibiotic or immunosuppres-
sive use. Homogeneity minimizes intra-group variability and en-
hances the contrast between the disease and control microbiota
profiles, making it easier to isolate disease-specific microbial pat-
terns. Without adequately sized and well-matched controls, mi-
crobiome studies risk drawing misleading associations that reflect
population differences rather than true disease effects.

MOLECULAR RELATIONSHIPS BETWEEN MICROBIOTA AND
HOST IMMUNE SYSTEM IN AS

Understanding the complex interplay between key factors in-
volved in the pathophysiology of AS and the gut microbiota is
important for elucidating how they interact to drive disease onset
and progression. Mapping these interactions is essential for un-
covering potential therapeutic targets and developing strategies
aimed at modulating specific pathways for effective disease man-
agement. A comprehensive approach should consider the micro-
biota-HLA-B27 pathway, the interaction between gut microbiota
and immune cells, and the role of bacterial metabolites in the
disease mechanisms, collectively termed the “microbiota-gut-joint
axis”. This axis highlights the connection between gut microbiome
composition and systemic inflammation, underscoring a link be-
tween gut health and the musculoskeletal symptoms characteris-
tic of AS [46]. Interestingly, gut dysbiosis may provide additional
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insights into existing theories of AS pathogenesis and its progres-
sion. The following subsections will explore these mechanisms,
including molecular mimicry, ER stress, intestinal barrier dysfunc-
tion, IL-17/IL-23 pathway, utility of fecal calprotectin and the im-
portance of metabolites such as short chain fatty acids (SCFA).

Microbiota, molecular mimicry and HLA-B27
Multiple studies support the notion that intestinal microbiota may
contribute to the risk of AS through interactions with HLA-B27. As
previously hypothesized, human bacterial flora plays an important
role in the pathogenesis of HLA-B27-associated diseases, including
AS, study evidence reinforce this theory [78]. For example, As-
quith et al. [79] showed that therapies targeting the microbiome
may be effective in preventing or treating the diseases associated
with HLA genes. They showed that the HLA-B27 genotype was
associated with specific changes in the overall gut microbiota
composition, favoring a more pro-inflammatory microbiome [79].
The proposed link between gut microbiota and AS pathogene-
sis through molecular mimicry [30], is based on the observation
that pathogenic antigens derived from overgrowth of unfavorable
bacterial species within the gut share sequence homology with
HLA-B27 [80]. These bacterial antigens are presented by antigen
presenting cells (APC) to the host immune system triggering an
immune response [80]. Therefore, immune responses generated
against pathogenic bacterial species may induce autoimmune-
related inflammation against the joints, spine, and surrounding
tissues [80]. There is significant evidence, both positive and nega-
tive, for polypeptide antigens from K. pneumoniae and to a lesser
extent, other enteric bacteria, characteristically elevated in fecal
samples of AS patients, in mounting an autoimmune, cross-
reactive response against HLA-B27 [70, 81]. Studies from the
1970s and 1980s and reviewed by Zhang et al. first elucidated this
interesting link [70]. Key findings from animal models include anti-
HLA-B27 antibodies in rabbits that exhibited significant immune
responses against enterobacterial pathogens, such as Klebsiella
and Shigella [70]. Similarly, follow-up studies demonstrated that
allogeneic human sera bind more readily to K. pneumoniae, Yer-
sinia enterocolitica and Shigella sonni, with anti-Klebsiella sera
exhibiting lymphotoxic activity against HLA-B27 lymphocytes ob-
tained from patients with AS [82], indicating cross-reactivity be-
tween these bacteria and HLA-B27. Interestingly, the cell wall
protein, K43 on Klebsiella, is susceptible to lysis by HLA-B27 posi-
tive lymphocytes [83]. Further, enzyme immunoassay and radio
binding were also used to investigate cross-reactivity, with HLA-
B27 positive lymphocytes absorbing significantly more anti-
Klebsiella antibodies than B27-negative lymphocytes [84]. In addi-
tion to Gram-negative enteric spp., gram-positive streptococcal,
staphylococcal and clostridial spp. also demonstrated cross-
reactivity in HLA-B27 positive AS patients [85]. Notwithstanding,
study findings by Cameron et al. failed to demonstrate cross-
reactivity as normal rabbit serum was shown to have a greater
binding affinity for peripheral blood mononuclear cells from pa-
tients with AS [86]. Similarly, Singh et al. tested 23 anti-Klebsiella
sera for cytotoxic activity in HLA-B27 positive AS patients and
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HLA-B27 negative healthy patients with no specific activity shown
against peripheral blood lymphocytes in either group [87].

In recent years, based on the results from human studies, this
discussion has been revisited, [88, 89]. For example, a 2022 meta-
analysis study provided support for the presence of increased
serum antibodies against K. pneumoniae in the feces of AS pa-
tients compared to HCs, with notably elevations in IgA and IgG
levels, particularly in those with active AS inflammation [88]. Simi-
larly, disease activity and functional scores were higher on aver-
age in 40 HLA-B27 positive AS patients with elevated fecal K.
pneumoniae levels and serum IgG titers. [89]. Additionally, in 2017,
Puccetti et al. discovered the K. pneumoniae dipeptidase protein
(DPP), which was detected in 190 out of 200 AS patients, which
exhibited sequence homology to fibrocartilaginous sites involved
in the AS inflammatory process [90]. These findings were not seen
in HCs, indicating that approximately 95% of AS patients exhibited
serum IgG antibodies against Klebsiella DPP. Further supporting
this hypothesis, in vitro studies have demonstrated that bacterial
peptides from microbial species enriched in AS patients stimulate
IFN-y-producing cells, mimicking type Il collagen [91]. Moreover,
studies have shown that Klebsiella contain a debranching enzyme
pullulanase A (pulA), which has homogenous sequences with
collagens |, Ill and IV as reviewed in detail by Rashid et al. [92].
Molecular mimicry by pulA has been linked with the development
of IBD, particularly CD [93], further providing evidence of a patho-
genic link between enteric bacteria, autoimmune intestinal and
axial inflammation in AS. Although there has been a resurgence in
studies examining this hypothesis in recent years, more data is
needed to establish causal relationships between specific bacteri-
al species and autoimmune SpA disease, particularly in humans.

Microbiota, ER stress and HLA-B27 misfolding

Another mechanistic link between gut microbiota and HLA-B27
involves the ability of unfavorable microbial metabolites to induce
ER stress by triggering HLA-B27 misfolding [94]. In AS, this misfold-
ing occurs due to formation of aberrant disulfide bonds and pro-
tein aggregation [95]. Theoretically, these effects may be initiated
by bacterial toxins or secreted proteins that directly disrupt ER
homeostasis or indirectly contribute to systemic inflammation
leading to bacterial overgrowth and increase ER stress in immune
and colonic epithelial cells [96]. Specifically, HLA-B27 misfolding is
driven by activation of UPR or autophagic processes, with cyto-
kine dysregulation and activation of IL-17/IL-23 axis being known
activators of the UPR [97].

In the context of autoimmune disease, study have shown that
Salmonella enterica can activate X-box Binding Protein 1 (XBP1)
and AMP-dependent Transcription Factor 6 (ATF6), which are
important transcription factors in UPR [98]. XBP1 activation facili-
tates the synthesis of chaperones that assist with protein folding
while dysregulation of this pathway has been linked to persistent
ER stress and autoimmunity [99]. Similarly, ATF6 induces chaper-
one expression, working synergistically with XBP1 to enhance
protein folding, with similar detrimental effects when dysregulat-
ed [99]. Studies using cell lines showed that Salmonella enhanced
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replication in the presence of HLA-B27 and that the XBP1 pathway
is required for efficient S. enterica growth [98]. This is in line with
other reported studies [100, 101], which note an increased pro-
pensity of HLA-B27 positive patients to exhibit joint inflammatory
symptoms following Salmonella infection, demonstrating an in-
teresting link between gut microbial dysbiosis and autoimmune
inflammation.

Further, autophagic processes on ER stress and UPR have
been linked to gut microbial processes in IBD [102], though no
direct evidence has linked microbiota to autophagy in AS. Im-
portantly, studies have shown that intestinal biopsies from AS
patients exhibited autophagic processes which contributed to HLA
misfolding and ER stress [103], despite the absence of UPR gene
upregulation. A study by Ciccia et al. demonstrated that autopha-
gy was the primary driver of HLA-B27 misfolding and IL-23 expres-
sion in inducing subclinical gut inflammation in AS patients, rather
than UPR [103]. In support of this data, blocking ERAD with pro-
teasome inhibitors in transgenic rodent models, and thereby
hampering autophagy, resulted in increased HLA-B27 folding,
while activation of autophagy eliminated 50% of misfolded HLA-
B27 [104]. Taken together, these findings provide strong evidence
for autophagy as a primary influence in preventing HLA-B27 mis-
folding. In lieu of this, dysbiosis has been associated with microbi-
ota, specifically increases in pathosymbionts belonging to the
Enterobacteriaceae family such as E. coli, have been associated
with dysregulation of autophagic processes in autoimmune dis-
eases [105].

Although there are established links between HLA-B27 mis-
folding, autophagy and UPR, studies directly supporting the influ-
ence of intestinal bacteria in these processes in AS remain limited.
A 2025 review has provided additional insights into the role of gut
microbiota in modulating UPR and ER stress [96]. In summary,
exacerbation of intestinal barrier permeability and gut inflamma-
tion by pathogenic bacterial species such as Fusobacterium and
AIEC increase UPR activity to help mitigate ER stress. Conversely,
beneficial SCFA-producing bacterial species such as Lactobacillus,
Bifidobacterium and Lactiplantibacillus help reinforce barrier in-
tegrity via mucin production, limiting XBP1 generation, resulting in
less UPR activation [96]. Given the mechanistic interactions, it is
plausible that reduced XBP1 activation may result in decreased
HLA-B27 misfolding. However, the specific role of these microbio-
ta-driven in autoimmune disease pathogeneses has not yet been
fully elucidated. The extent to which the human gut microbiota
directly contributes to HLA-B27 misfolding, remains unproven and
warrants further investigation.

Microbial dysbiosis, intestinal barrier dysfunction and AS

Gut microbiota dysbiosis leads to increased intestinal permeability,
commonly referred to as leaky gut with implications in autoim-
mune disease [106]. This occurs due to the disruption of tight
junctions (TJ) between epithelial cells, allowing translocation of
endotoxins, impairing mucosal immunity, and promoting the re-
lease of pro-inflammatory cytokines, ultimately leading to system-
ic inflammation [106]. One key marker of TJ dysregulation is zonu-
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lin, a protein that regulates intestinal permeability by modulating
TJ integrity [107]. Elevated zonulin levels have been observed in
the gut epithelium and peripheral blood of AS patients, facilitating
the movement of bacteria-derived peptides such as LPS and im-
mune cells into the bloodstream and triggering systemic inflam-
mation [74]. This is further evidenced in ileal biopsies of AS pa-
tients where adherent and invasive bacteria were noted, accom-
panying increased serum zonulin and LPS levels [74]. Interestingly,
LPS-directed 1gG and IgA antibodies, that may be driven by K.
pneumoniae, are elevated [108]. Similarly, higher concentrations
of LPS-directed IgG antibodies against E. coli and Salmonella typhi
have been detected in AS patients compared to HCs [109], indicat-
ing a potential role of bacterial outer membrane protein in AS
pathogenesis. Notably, these molecular disruptions can occur
even in individuals with histologically normal gut tissue, but are
more pronounced in those with chronic inflammation [110].

Conversely, the presence of TJ proteins such as zonula oc-
cluden-1 (Z01), referring to the TJ itself, and occludin, a trans-
membrane protein that strengthens these TJs, is significantly
reduced in AS patients [111]. Studies indicate that antagonizing
inflammatory bacteria elevates ZO1 and occluding expression,
thereby inhibiting TLR-4 activation by LPS and attenuating expres-
sion of pro-inflammatory cytokines including TNF-a, IL-17A, IL-6
and IFN-y [111]. These changes were accompanied by reduction of
Enterococcus and Escherichia spp. with concomitant elevation of
Lactobacillus and Bifidobacterium [111]. These findings were ini-
tially described in murine models, where proteoglycan-induced AS
mice exhibited increase gut permeability due to lower TJ expres-
sion [112]. However, biologic therapy for four weeks restored ZO1
and occludin levels, with a corresponding reduction in proinflam-
matory TNF-a and IL-17, supporting the therapeutic potential of
gut barrier modulation in AS management.

IL-23 and IL-17 are produced in states of gut inflammation,
both in AS and in IBD. IL-17A alone exerts only a modest proin-
flammatory effect, and is primarily involved in maintaining muco-
sal immunity and barrier integrity [113]. However, when it inter-
acts with other proinflammatory cytokines, it becomes overac-
tivated, and acts as an enhancer of inflammation (Figure 3) [37].
Biologically, it is imperative to maintain the balance between
pathogenic and protective roles of IL-17 signaling. It is believed
that tissue damage or the onset of autoimmune diseases occurs
when this balance is disrupted, allowing pathogenic IL-17 re-
sponses to dominate [114]. In this context, gut dysbiosis may
activate pathogenic immune cells, perpetuating chronic inflamma-
tion, particularly when the intestinal barrier is compromised.

Collectively there is substantial evidence supporting increased
intestinal barrier permeability in SpAs including AS [115]. However,
a key question remains: does intestinal permeability precedes
arthritic inflammation, or is it a consequence of joint inflamma-
tion? A recent murine study provided insights into this question,
suggesting that increased intestinal permeability may precede
inflammatory changes within the joints [116]. In this study, time
course of intestinal inflammation and arthritic changes were as-
sessed at three-time points; preclinical phase (day 4), onset phase
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FIGURE 3 @ Gut dysbiosis and immune activation in AS. Gut microbiota dysbiosis in AS is marked by an increase in pro-inflammatory bacteria (shown in or-
ange, yellow, pink) and a decrease in commensal bacteria (blue). Microbial antigens (LPS, peptidoglycans) compromise gut barrier integrity through the dysreg-
ulation of zonulin, ZO-1, occludin, and claudin, triggering immune activation via TLRs and the NLRP3 inflammasome. This leads to IL-17/IL-23 axis activation,
promoting Th17 differentiation and the recruitment of macrophages, neutrophils, and NK cells that recognize microbial antigens. These processes drive an
increase in pro-inflammatory cytokines (TNF-a, IL-1B, IL-17, IL-18, IFN-y) and a decrease in regulatory cytokines (e.g. IL-10), ultimately contributing to synovial
inflammation, osteoclast differentiation (pathologic bone remodeling, syndesmophyte formation), and synovial fibroblast activation (joint erosion).

(day 11) and acute phase (day 28). In pre-clinical and onset phases,
zonulin levels were increased with transient dysbiosis and in-
creased mRNA expression of IL-8, IL-33 and IL-17. The onset phase
was characterized by increased TNF-a and IL-23. Notably, while
zonulin levels increased at the onset of symptoms, they returned
to baseline during the acute phase despite persistence of auto-
immune joint inflammation [116]. These findings suggest that
while gut dysbiosis and increased intestinal permeability may
precede arthritic changes, the maintenance of intestinal permea-
bility is not necessarily required for sustaining autoimmune joint
inflammation. Overall, this introduces further ambiguity regarding
the direct role of the intestinal barrier in the development of SpA,
precluding definitive conclusions about causation at this time.

OPEN ACCESS | www.microbialcell.com 220

Microbial dysbiosis, IL-17/IL-23 pathway and AS

Pathogenic insights have demonstrated the importance of the IL-
17/IL-23 axis in HLA-B27 SpAs, where IL-23 drives the differentia-
tion of Th17 cells, thereby stimulating IL-17 production [117].
Elevated IL-17 levels have been detected in inflamed joints and
synovial fluids of AS patients, promoting inflammatory cells re-
cruitment, pro-inflammatory mediators, and bone remodeling [42,
117]. Additionally, overactivation of this pathway is a downstream
effect of several pathogenic mechanisms previously discussed in
this review, with Th17 activity and IL-17 production mediating
inflammation, which is characteristic of joint stiffness and pain
associated with AS. Interestingly, IL-17 functions in a dual capacity
depending on its cellular source. IL-23-independent IL-17 produc-
tion by innate and innate-like lymphocytes appears to play a pro-
tective role in maintaining gut homeostasis, whereas IL-23-
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dependent IL-17 secretion from Th17 cells have been linked to
pathogenic effects, contributing to systemic inflammation [110]. It
has also been documented that Th cells may be primed in the gut
and migrate to the joints via shared adhesion molecules found in
both IBD and AS, such as aEf7 and 04f7 integrin and chemokine
gradients, thereby perpetuating inflammation in axial skeleton
[118, 119]. Notably, colonic biopsies of AS patients showed in-
creased expression of these adhesion molecules in gut mucosal T
cell lines, serving as important markers of T-cell trafficking [118].

Given that these processes may originate within the gut, mi-
crobiota are intricately related with the IL-17/IL-23 axis with in-
creasing evidence supporting this theory [32]. Dysbiosis in AS
patients, evidenced by increased levels of phyla Cyanobacteria,
Deinococcota, Patescibacteria, Actinobacteriota and Syngergistota
is associated with increased pro-inflammatory cytokines [120].
More specifically, a recent study using GWAS data and Mendelian
randomization analyses, identified Actinobacteria as a mediator of
IL-23 and IFN-y response in AS patients [121]. Furthermore, ex
vivo research on human T cells has also shown that Candida albi-
cans stimulates Th17 cells to produce IL-17 and IFN-y, but not IL-
10 whereas Staphylococcus aureus-activated Th17 cells generate
IL-10, which dampens immune responses. These differences likely
arise from distinct cytokine environments during the priming
phase [46]. Functional analysis supports IL-17's role in enhancing
epithelial defenses against gram-negative bacteria and fungi. For
example, mice lacking IL-17 receptors are significantly more vul-
nerable to infections by Klebsiella and Candida. Notably, patho-
gens such as Klebsiella, Mycobacterium tuberculosis, and fungi are
potent inducers of Th17 responses [37]. For example, K. pneu-
moniae strains, particularly those that are non-virulent have been
shown to induce activation of IL-17 and IFN-y genes in pre-
activated T helper cells suggesting their role in Th17 differentia-
tion [122].

Another interesting link between the gut microbiota, IL-17/IL-
23 pathways and AS is the NLRP3 inflammasome [123]. NLRP3 is a
key regulator of the innate immune response through activating
caspase-1, promoting release of pro-inflammatory cytokines such
as IL-1B [124]. In AS patients, increased mRNA expression of
NLRP3 has been detected in peripheral blood monocytes of pa-
tients with AS, along with caspase-1, IL-1f, IL-17 and IL-23 [125].
Studies using HLA-B27 transgenic rats with AS have shown that
dysbiosis directly correlated with NLRP3 inflammasome activity
[123]. Specifically, NLRP3 expression correlated with induction of
IL-23 and IL-17, both of which were IL-1p dependent. Overactiva-
tion of NLRP3 was also related to increased disease activity as
measured by ASDAS, while NLRP3 blockade prevented iliitis and
delayed arthritis onset [123]. Therefore, NLRP3 expression is sig-
nificantly influenced by gut microbiota, is an important driver of
autoimmune-mediated inflammation of the joints and axial skele-
ton, and may be considered as a potential therapeutic target in AS
treatment.
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Gut microbiota and fecal calprotectin in AS

Distinct fecal microbiome signatures in AS patients have been
linked to gut inflammatory markers such as calprotectin, a protein
that reflects neutrophil-driven inflammation in the gut [14]. Clini-
cally, fecal calprotectin is a well-established marker used to dif-
ferentiate I1BD from irritable bowel syndrome (IBS) and correlates
strongly with clinical, endoscopic, and histological measures of
disease activity in IBD. Recent findings also suggest that calprotec-
tin levels may be a marker associated with decreased diseases
activity in AS as measured by the ASDAS and BASDAI scores [126].
Specifically, following one year of biologic therapy, the initially
elevated calprotectin and LPS binding protein levels significantly
decrease over the course of treatment.

Further, a longitudinal five-year study [127] explored the role
of fecal calprotectin in predicting the IBD development in AS pa-
tients. The study found that fecal calprotectin levels were elevat-
ed in most AS patients and were associated with disease activity
and medication use at both observed time points. Notably, 1.5%
of these patients developed CD, with high fecal calprotectin levels
emerging as the primary predictor of disease onset. Additionally,
studies showed that dysbiosis among AS patients was positively
correlated with fecal calprotectin levels (r=0.303; p<0.001) with
reduction in relative abundances of anti-inflammatory Faecalibac-
terium prausnatzii and Clostridium in those with calprotectin >
200 mg/kg [14]. AS patients with fecal calprotectin levels > 200
mg/kg had an increased abundance of the genus Streptococcus in
their stool samples [14]. Interestingly, an increase in Streptococ-
cus has also been observed in patients with new-onset CD and has
been linked to high recurrence rates of CD. These findings support
a significant link between gut inflammation, gut microbiota, and
musculoskeletal involvement in AS, underscoring the importance
of Streptococcus as a potential microbial contributor. The evi-
dence thus far confirms a strong association between calprotectin
levels and AS, solidifying its role as a marker of intestinal inflam-
mation. The data further suggests that the gut inflammatory sta-
tus is connected to the gut microbiota composition in AS patients,
highlighting the link between gut dysbiosis and systemic inflam-
mation in AS pathogenesis. Moreover, fecal calprotectin may
serve as a valuable biomarker to identify AS patients at risk of
developing IBD [127].

In another study, a meaningful correlation was identified be-
tween fecal calprotectin levels and various clinical, laboratory,
and anthropometric measures, including BASDAI, BASFI, C-
reactive protein (CRP), erythrocyte sedimentation rate (ESR),
chest expansion, hand-to-ground distance, and the Schober test.
Importantly, the cohort of AS patients in this study showed no
gastrointestinal symptoms underscoring the fact that IBD and AS
are chronic inflammatory diseases of their origin has yet to be
fully determined. Despite their distinct clinical presentations,
numerous clinical and genetic findings suggest a shared pathogen-
ic connection between the two conditions and that calprotectin is
a fast, simple and noninvasive method that can be used instead of
the invasive methods like colonoscopy [128]. Taken together, the
evidence shows that fecal calprotectin levels may act as a bi-
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omarker for detecting intestinal dysbiosis in AS patients, even
when gastrointestinal symptoms are not present. Regular moni-
toring of calprotectin levels could help identify specific dysbiosis
patterns in AS patients, potentially aiding in early diagnosis and
guiding more targeted treatment approaches.

Gut microbiota, SCFAs and AS

Patients with AS exhibit gut microbiota dysbiosis, characterized by
a decreased abundance in SCFA-producing bacteria [129]. SCFA
are organic acids generated primarily through bacterial fermenta-
tion of undigested dietary carbohydrates in the intestinal lumen.
The three predominant SCFA, acetate, propionate, and butyrate,
constitute more than 95% of total SCFA content typically found in
the gut at a ratio of 3:1:1 [54, 130]. While acetate is produced by
the majority of gut anaerobes, propionate and butyrate are syn-
thesized by specific bacterial groups through distinct molecular
pathways [50]. Disruptions in the intestinal microbiota, and the
resulting changes in SCFA levels, play a significant role in immuno-
regulation. These metabolites influence intestinal permeability
and the generation of tolerogenic T cells in the gut [131, 132]. In
genetically predisposed individuals alterations in SCFA availability
may contribute to the development of AS [133]. Moreover, SCFA
have been shown to mitigate HLA-B27-associated inflammation as
evidenced in animal models, where propionate significantly re-
duced HLA-B27-driven inflammatory disease [134].

In a healthy gut, various bacterial species contribute to SCFA
production, with Firmicutes phylum playing a key role in butyrate
production in the human colon, while Bacteroidetes primarily
produce acetate and propionate [135, 136]. Disruptions in the gut
microbiota can lead to reduced SCFA production, increasing sus-
ceptibility to diseases, as observed in IBD. Fecal sample studies in
patients with UC and CD have shown a reduction in butyrate-
producing species, accompanied by lower levels of SCFA in the
stool [133]. Once produced by the colonic microbiota, SCFA serve
as a readily accessible energy source for colonocytes. Early re-
search has shown that butyrate oxidation accounts for over 70%
of the oxygen consumed by colonocytes in the ascending and
descending colon [136]. In addition to their role as an energy
source for eukaryotic cells, microbial metabolites, SCFA, trypto-
phan derivatives, vitamin B compounds, and others, play a crucial
role in maintaining the integrity of the intestinal environment.
They enhance barrier function and exhibit anti-inflammatory
properties that support gut health. For instance, virulence factors
commonly associated with Enterobacteriaceae, such as those
produced by Salmonella or Shigella, promote neutrophil migration
across the intestinal epithelium leading SCFA depletion and creat-
ing a negative feedback loop that facilitates pathogen prolifera-
tion [53]. SCFA modulate host immune responses by regulating
the expression of pro-inflammatory cytokines. These regulatory
effects occur through the activation of macrophages and dendritic
cells, influencing both innate and adaptive immunity (Figure 4) [53,
133].

The mechanisms by which SCFA influence AS pathogenesis in-
volves their role on intestinal barrier integrity, influence on im-
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mune responses and even osteoclastogenesis in bones. For exam-
ple, in 33 SpA patients, Faecalibacterium prausnitzii, a known
butyrate producer was reduced compared to controls [137]. Ad-
ministration of F. prausntzii or butyrate to CD4+ cells derived from
SpA patients increased IL-17A differentiation, reduced IL-17 levels
and increased IL-10. Further, microbiome-derived butyrate inocu-
lation also reduced osteoclastogenesis in these cell lines and re-
duced disease activity and inflammation as measured through
decreased TNF-a and IL-1B in murine models [137]. Osteoclasto-
genesis, the differentiation of osteoclasts from progenitor cells, is
a key driver of pathological bone remodeling in AS, contributing to
focal bone proliferation in axial joints, while reducing overall bone
mass [138]. Propionate and butyrate inhibit osteoclast differentia-
tion through down-regulation of essential osteoclast genes, TRAF6
and NFATc1 [139]. Therefore, as potent regulators of osteoclast
metabolism, SCFA have a protective role in bones of patients with
SpA, likely driving the reduced osteoclastogenesis [137].

Biologics, gut microbiota and AS

The emergence of biologic therapy in treatment of AS, has revolu-
tionized the treatment of AS enabling sustained remission by
targeting specific immune pathways [140]. TNFi are generally first
line biologics with great efficacy in reducing axial inflammation,
ethesitis and peripheral arthritis. For patients who fail on TNFi, IL-
17i,such as Secukinumab and Ixekizumab serve as alternative
immunomodulatory treatments [140]. Recent studies highlight
the significant influence of biologic therapy on gut microbial com-
position in AS patients. TNFi therapy has been shown to normalize
microbial imbalances, restoring phylum Proteobacteria and family
Pasteurellaceae, which are elevated in AS patients prior to thera-
py [141]. Importantly, after just one month of TNFi treatment, B-
diversity was comparable to that of healthy controls [142]. Fur-
ther, restoration of SCFA-producing bacteria, such as Megamonsa
and Lachnoclostridium was observed in AS patients undergoing
TNFi therapy, while corelating with decreased disease severity
[129]. At the same time, AS promoting genera such as Bacilli and
Haemophilus were reduced following treatment. Moreover, en-
richment of cross-reactive microbial species, as measured through
shotgun metagenomics, is reduced to normal levels following TNFi
therapy, attenuating potential molecular mimicry from arthrito-
genic bacterial peptides to improve disease outcomes [143]. Stud-
ies shown that therapy with Secukinumab treatment induced
changes in crucial groups including Megamonas, Prevotella, Fae-
calibacterium, Roseburia, Bacteroides and Agathobacter, restoring
gut microbial diversity to levels comparable to healthy individuals
[144].

Emerging evidence suggests that the efficacy of biologics used
in SpA is linked to gut permeability and dysbiosis [145]. A study of
48 patients with SpA showed that 21% of those who failed to
respond to biologic therapy had higher zonulin levels, frequent
antibiotic use and comorbid IBD. Since zonulin expression is a key
marker of intestinal permeability, its elevation suggests increased
endotoxin leakage leading to persistent immune activation that
may impact treatment. Additionally, patients with recurrent anti-
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biotic use have an eightfold increase in biological therapy failure,
underscoring the importance of a robust microbial system in
treatment success [145], especially when antibiotherapy is associ-
ated with other drugs, such as cortisone [146]. Further, studies
analyzing 61 SpA patients undergoing TNFi therapy showed that
non-responders to treatment exhibited higher levels of Suturella,
Clostridia [147] and Comamonas [68]. Although the exact mecha-
nisms by which biologics and gut microbiota exert symbiotic bene-
fits are not fully elucidated, certain hypotheses can be postulated
from existing literature. Dysbiosis and inflammation often create a
self-perpetuating cycle where inflammation alters microbial com-
position, and microbiota-driven immune activation exacerbate
inflammation. Biologic therapy may contribute to attenuating
inflammatory damage on the intestinal barrier, healing of gut
lining, thereby reducing gut permeability. However, future studies
are needed to explore these mechanisms and whether concomi-
tant microbial support with prebiotics, probiotics and synbiotics in
conjunction with biologics may improve treatment efficacy in AS.
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METHODOLOGICAL APPROACHES TO GUT MICROBIOTA
PROFILING

Gut microbiota analysis has become a cornerstone of microbiome
research, with various methods, each offering distinct advantages
and limitations. The most commonly employed techniques include
16S rRNA gene sequencing, shotgun metagenomic sequencing,
quantitative PCR (gPCR), and metatranscriptomics, each varying in
resolution, complexity, and suitability for specific research appli-
cations (Table 1).

16S rRNA sequencing
16S rRNA sequencing is a widely used method due to its relatively
low cost and high throughput, making it suitable for large-scale
studies [148]. This technique targets the hypervariable regions of
the 16S rRNA gene, allowing for taxonomic classification of bacte-
ria at the genus or species level [149, 150]. The bioinformatics
pipelines for 16S rRNA data are well-established and widely used,
facilitating reproducibility across studies [148].

However, while 16S rRNA sequencing provides good taxo-
nomic resolution at higher levels (e.g., genus), it often fails to
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TABLE 1 @ Comparative perspective on microbiota sequencing methods.

Method Strengths

Limitations

Cost-effective, high throughput, established pipe-

16S rRNA sequencing . .
lines, targeted profiling

Limited taxonomic resolution, primer bias, no functional
insights

High taxonomic and functional resolution, compre- High cost, complex bioinformatics, lower throughput

Shotgun metagenomics . . .
hensive community profiling

High sensitivity, cost-effective for targeted profiling, Targeted approach, limited functional insights, potential for

gPCR .
rapid results

bias

Functional insights, temporal resolution, comple-

Metatranscriptomics .
mentary to metagenomics

High technical complexity, expensive, limited taxonomic
resolution

distinguish between closely related species due to the conserved
nature of the 16S rRNA gene [151, 152]. Also, primer selection can
introduce amplification bias, as some primers may preferentially
target specific bacterial taxa, potentially leading to incomplete or
skewed representation of microbial community [153]. Further-
more, this method does not provide information on the functional
potential of the microbiota, as it focuses solely on taxonomic
profiling [154].

Shotgun metagenomic sequencing

Shotgun metagenomics provides both taxonomic and functional
insights by sequencing the entire genomic content of microbial
communities. It can identify low-abundance taxa and predict met-
abolic pathways [155]. This method captures a broader range of
microbial diversity, including bacteria, archaea, viruses, and fungi,
making it suitable for studying complex microbial ecosystems
[156]. Also, shotgun sequencing is more effective at detecting rare
taxa compared to 16S rRNA sequencing, especially when sufficient
sequencing depth is achieved [152]. However, shotgun meta-
genomics is more expensive and computationally intensive than
16S rRNA sequencing, which can limit its use in large-scale studies
[155]. Moreover, the analysis of shotgun metagenomic data re-
quires advanced bioinformatics tools, and the accuracy of taxo-
nomic and functional predictions depends heavily on the quality
of reference databases [157]. In terms of throughput, shotgun
metagenomics is less suitable for large-scale studies compared to
16S rRNA sequencing, as it generates significantly larger and more
complex datasets per sample [148].

Quantitative polymerase chain reaction (qPCR)

gPCR is highly sensitive and can detect low-abundance taxa with
precision. It is particularly useful for quantifying specific microbial
targets [158] and, while it may not provide a comprehensive view
of the microbiome, qPCR is cost-effective for targeted profiling of
known taxa or functional genes. qPCR is faster than sequencing-
based methods, making it suitable for clinical diagnostics and
rapid screening applications [159]. qPCR requires prior knowledge
of the target sequences, limiting its ability to detect novel or un-
expected taxa. Like 16S rRNA sequencing, qPCR does not provide
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information on the functional potential of the microbiota unless
combined with other methods [158].

Metatranscriptomics

Metatranscriptomics identifies actively transcribed genes, provid-
ing insights into the functional activity of the microbiota. This
makes it particularly useful for studying microbial metabolism and
host-microbe interactions [160]. It captures the dynamic changes
in microbial activity over time, making it suitable for longitudinal
studies. When combined with metagenomics, metatranscriptom-
ics provides a more complete understanding of both the composi-
tion and function of microbial communities. However, the analysis
of metatranscriptomic data is computationally demanding and
requires specialized expertise and is more expensive than 16S
rRNA sequencing and gPCR due to the need for high-depth se-
quencing and advanced bioinformatics tools. While it provides
functional insights, metatranscriptomics may not offer the same
level of taxonomic resolution as shotgun metagenomics [154].

CONCLUSION AND PERSPECTIVES

AS is a chronic, immune-mediated inflammatory disease primarily
affecting the axial skeleton, leading to structural damage and
significant impairing in quality of life. The pathogenesis of AS is
multifactorial, involving genetic, environmental, and immunologi-
cal factors. In recent years, gut dysbiosis has emerged as a critical
area of investigation, providing novel insights into the disease
progression. The genetic predisposition to AS is strongly associat-
ed with HLA-B27, with additional contributions from ERAP1, which
influences antigen presentation, and IL23R, which modulates
immune responses. The 1L-23/17 axis plays an important role in
linking genetic susceptibility with gut dysbiosis and systemic in-
flammation, sustaining a cytokine cascade that drives both intes-
tinal and spinal inflammation. Microbial antigens and metabolites,
such as LPS, can stimulate IL-23 production in intestinal DCs,
which, in turn, activate Th1l7 cells to secrete pro-inflammatory
cytokines. These cytokines not only fuel gut inflammation but also
drive spinal inflammation, creating a self-perpetuating cycle that
contributes to disease progression.
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Gut dysbiosis in AS is further associated with bacterial trans-
location, a phenomenon exacerbated by increased intestinal per-
meability ("leaky gut"), which facilitates the systemic spread of
inflammatory triggers. Pathogens such as K. pneumoniae have
been identified as potential triggers for gut inflammation, which
then spreads systemically. Elevated fecal calprotectin levels in AS
patients further support the presence of gut inflammation corre-
lating with disease activity. From a microbiome perspective, AS
patients exhibit a distinct dysbiotic profile, characterized by an
increased abundance of Firmicutes, Actinobacteria, and Proteo-
bacteria while Bacteroides, Tenericutes, Synergistetes, and Rumi-
nococcus gnavus are reduced. A key finding across studies is the
reduction in butyrate-producing bacteria, including Faecalibacte-
rium, Megamonas, and Lachnoclostridium, which are essential for
gut barrier integrity and immune regulation. The depletion of
these beneficial bacteria may lead to increased intestinal permea-
bility facilitating microbial translocation, and further driving sys-
temic inflammation. Moreover, butyrate has been implicated in
osteoclastogenesis and Th17 differentiation, suggesting a direct
link between gut dysbiosis and skeletal inflammation in AS.

This review highlights the relation between gut microbiota al-
terations and AS pathogenesis. The bidirectional relation between
gut and spinal inflammation suggests that gut dysbiosis may ei-
ther precede AS onset or develops concurrently with disease pro-
gression. The fact that biologic therapies restore microbial com-
position supports the hypothesis that systemic inflammation
shapes the gut microbiota. Studies using ileocolonoscopy and MRI
imaging have demonstrated a strong correlation between chronic
gut inflammation and disease severity in axial SpA, even in pa-
tients without overt gastrointestinal symptoms. Patients with
chronic gut inflammation exhibit higher levels of bone marrow
edema, further substantiating the gut-spine connection [161].
Additionally, clinical remission of SpA has been associated with
normalized digestive histology, whereas persistent arthritis corre-
lates with chronic intestinal inflammation. These findings suggest
that gut inflammation is not merely a secondary consequence but
may play a primary role in AS pathogenesis. Despite inter-study
variability, a consistent dysbiotic signature in AS patients charac-
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