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Ankylosing spondylitis (AS) is a chronic autoimmune disorder that primarily
affects young people. Although genetic and environmental factors have been
implicated in the pathogenesis of AS, the etiology of this condition remains
unclear. Observations indicate that individuals possessing the human leukocyte
antigen (HLA)-B27 allele exhibit elevated risk factors, as any mutation within this
gene could potentially result in the development of AS in the future. However, it is
interesting to note that many AS patients do not carry this gene, inferring the
involvement of other genetic and nongenetic factors in the development of
the disease. As the exact mechanisms remain unknown, no target-specific
treatments exist to cure AS. Nonetheless, some treatment regimens have been
devised to alleviate AS symptoms. This review thoroughly examines the
molecular mechanisms implicated in AS, encompassing insights into the
significance of pivotal biomarkers, such as extracellular matrix metabolites,
immune cell dynamics, gut microbiota interactions, the Wnt signaling pathway,
and its inhibitors. Furthermore, a thorough evaluation of the different mouse
models used in AS research has been reviewed, which is crucial for
understanding disease pathways and assessing treatment methods. In addition,
significant progress in developing effective treatment strategies for AS, along with
drugs available for treatment and ongoing clinical trials, has been summarized. A
comprehensive understanding of experimental mouse models, along with
insights into molecular mechanisms and biomarkers for AS, could aid
researchers and physicians in discovering new treatment strategies for this
challenging condition.
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1 Introduction

A group of inflammatory rheumatological conditions known as
spondyloarthritis (SpA) impacts the spine, joints, and other organ
systems. Axial spondyloarthritis (axSpA) and peripheral
spondyloarthritis are the two primary categories into which SpA
is often divided. The axial skeleton, which includes the spine, chest,
and sacroiliac joints—the joints that connect the sacrum to the
pelvis—is the main target of axial spondyloarthritis (1). On the
other hand, peripheral spondyloarthritis primarily affects the knees,
fingers, and toes, causing discomfort, stiffness, and swelling in these
joints (2). Chronic inflammatory back pain and structural
alterations to the sacroiliac joints are hallmarks of ankylosing
spondylitis (AS), a more severe or advanced form of axial
spondyloarthritis (3). Traditionally, X-ray imaging was used
extensively for diagnosis since it could identify sacroiliitis, an
inflammation of the sacroiliac joints. Two subcategories have
been established to describe the progression of the disease using
this imaging-based method: radiographic axial spondyloarthritis (r-
axSpA) and non-radiographic axial spondyloarthritis (nr-axSpA).
The r-axSpA subtype is often used interchangeably with ankylosing
spondylitis (AS) and is characterized by structural changes that are
visible on X-rays. People who exhibit the clinical and symptomatic
characteristics of axSpA but do not exhibit any discernible
alterations on radiographic imaging are said to have non-
radiographic axial spondyloarthritis (nr-axSpA) (4). Early
identification and tailored treatment plans for individuals with
SpA require an understanding of the differences between r-axSpA
and nr-axSpA.

The Assessment of SpondyloArthritis International Society
(ASAS) criteria for axSpA encompass both non-radiographic and
radiographic forms, hence possessing the capability to supplement
the modified New York criteria for AS (5-10). The ASAS
categorizes patients into two groups based on imaging
characteristics (11). In contrast to non-radiographic axial
spondyloarthritis (nr-axSpA), AS adheres to the modified New
York criteria, including radiographic sacroiliitis assessment (12).
Each axSpA subtype exhibits axial, peripheral, and extra-articular
manifestations. Back pain, peripheral arthritis, and enthesitis
manifest equally throughout the axSpA subtypes; however, uveitis
is more prevalent in AS (13). In nr-axSpA patients, 4.9-11.6%
develop radiographic sacroiliitis within two years (14, 15), and 19%
do so after 10 years of follow-up (16). The hallmark symptom of
axSpA is chronic inflammatory low back pain, which typically
improves with physical activity and is often accompanied by
morning stiffness. Musculoskeletal features may include arthritis,
enthesitis, and dactylitis. Interestingly, reports of peripheral
manifestations, particularly enthesitis and arthritis, are more
prevalent in Latin America compared to Europe or the United
States (17, 18).

AxSpA most commonly affects men in early adulthood, though
both sexes can be impacted (1, 2). The disease involves complex
immunological and biomechanical factors. For instance, intestinal
inflammation and mechano-inflammatory stimuli contribute to

bone marrow involvement, which is closely linked to enthesitis—
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inflammation at the sites where tendons or ligaments attach to bone
(3). Several immune and stromal cell types are implicated in these
inflammatory pathways, including mesenchymal stem cells, innate
lymphoid cells, and y5-T cells. Key molecular mediators include
toll-like receptors and pro-inflammatory cytokines such as tumor
necrosis factor (TNF), interleukin (IL)-17A, IL-22, IL-23,
granulocyte-macrophage colony-stimulating factor (GM-CSF),
and transforming growth factor-beta (TGF-f) (3). These immune
interactions play a critical role in driving the pathogenesis and
chronicity of axSpA.

Inflammation and osteoproliferation in the axial skeleton are
key pathogenic events contributing to the clinical burden of AS (2).
Human leukocyte antigen-B27 (HLA-B27) genetic variables are
responsible for a significant amount of the estimated over 90%
heritability of AS (6). Patients with AS may also have extra-articular
symptoms such as psoriasis, uveitis, and ulcerative colitis in
addition to axial and peripheral joint involvement (3). Notably,
higher disease activity has been associated with the presence of
HLA-B27 (4). The pathogenic role of intestinal inflammation in AS
has been investigated using HLA-B27 transgenic (HLA-B27-Tg) rat
models, which express human 32-microglobulin (hf2m) and HLA-
B27. These models exhibit intestinal inflammation resembling
features seen in human AS. One proposed mechanism involves
endoplasmic reticulum (ER) stress, which triggers the production of
interleukin-23 (IL-23), a cytokine implicated in SpA pathogenesis.
Interestingly, deletion of CHOP (C/EBP homologous protein;
Ddit3")—a transcription factor involved in ER stress signaling—
was shown to affect this inflammatory pathway. In HLA-B27-Tg
rats lacking CHOP, intestinal inflammation was not alleviated, but
rather exacerbated, suggesting that CHOP may play a protective
role against HLA-B27-induced gut inflammation (6). This finding
indicates that CHOP may serve as a modulator of ER stress-
mediated inflammatory responses in murine models of AS.

In North America and Europe, estimates of the prevalence of AS
in adult populations typically fall between 0.20 and 0.25 percent.
However, prevalence rates are greater in some populations, such as
0.29% among mainland Chinese military personnel and 0.35%
among Northern Arctic tribes, which have the highest prevalence
of HLA-B27 worldwide (19-21). In contrast, indigenous people in
southern Africa, where HLA-B27 is essentially nonexistent, have
extremely low rates of AS (19, 20). The prevalence of AS and HLA-
B27 is strongly correlated across populations, according to these
findings. The prevalence of HLA-B27 is likewise favorably
correlated with the mean yearly incidence of AS (19, 22).
However, variations in prevalence and incidence estimates across
studies may be influenced by differences in methodological design,
geographic region, case definitions, and demographic
characteristics of the populations studied (18, 23). Further
epidemiological insight is provided by data from Mexico, where
patients with r-axSpA were predominantly male, had a higher
prevalence of HLA-B27, presented at a younger age, and
exhibited greater axial enthesopathy and disease activity than
those with nr-axSpA. Additionally, r-axSpA patients had a higher
incidence of uveitis and fewer cases of dactylitis (24). The HLA-B27
allele is absent in a significant percentage of patients with axSpA,
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including 40% of women and 37.5% of black patients (25-27). In
addition, nr-axSpA, a subtype of axSpA with a lower incidence of
HLA-B27, is diagnosed more often in women (28-30). About 25%
of patients with axSpA are HLA-B27 negative, according to pooled
data from a Canadian cohort and three other local, national, and
worldwide cohorts (1, 31). Up to 40% of patients with nr-axSpA
may be HLA-B27 negative, according to other investigations (32).
Furthermore, only around 20% of the total heredity of axSpA is
thought to be due to HLA-B27 (33-36).

AS is a highly heritable autoimmune disease (18, 23, 24, 37, 38).
The transition from inflammation to bone production in AS is one
of its most debilitating characteristics. An unidentified process
initiates inflammation at the junctions of tendons and ligaments
with bone, resulting in enthesitis, followed by the development of
bony projections (syndesmophytes) that fuse and cause ankylosis
(39). As a result of the release of pro-inflammatory cytokines during
the inflammatory phase, joint damage is caused by osteoclast
activity, similar to other inflammatory arthropathies, such as
rheumatoid arthritis (RA) (5). Patients with AS are susceptible to
pathological fractures resulting from osteopenia or osteoporosis in
both the axial and peripheral skeletons (40).

Numerous studies have sought to elucidate the relationship between
inflammation and osteoproliferation, explicitly investigating whether
inflammation directly induces osteoproliferation, subsides before bone
formation, or whether the inflammatory and osteoproliferative phases
are completely distinct (41). It has been observed that multiple
mechanisms, including intramembranous, endochondral, and
chondroidal ossification, may mediate osteoproliferation in AS (42,
43). The sites of initial inflammation are the intervertebral discs (IVDs)
or sites where the annulus fibrosus (AF), outer fibers of the spinal, and
sacroiliac ligaments attach. This inflammation leads to
osteoproliferation, vertebral squaring, and the development of
syndesmophytes at the vertebral corners, potentially leading to
bridging and ankylosis. However, the cause of the initiation of
inflammation and its development into bone growth and ankyloses
remains unknown (44). Thus, in this article, we have tried to understand
and discuss various molecular mechanisms of AS and updated the list of
promising therapeutic targets and therapeutics for treating AS.

2 Known mechanisms of AS disease
progression

Two distinguishing features of AS include syndesmophyte
development and inflammation. Tseng et al. (2016) shed light on
these issues by thoroughly examining illness progression in the
proteoglycan-induced spondylitis (PGISp) mouse model of AS.
Their findings indicated that osteoproliferation was exclusively
observed at locations with prior inflammation, suggesting that
inflammation and intervertebral disc degradation are critical for
disease advancement and excessive bone formation (45). Tseng
et al. discovered via histological investigation that inflammatory
infiltration began at the periphery of the AF. Although AF was
previously associated with inflammation in this model, it was not
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recognized as the beginning of inflammation in the spine (44, 46).
Additionally, spinal enthesitis in the form of pannus development
outside the AF has been observed in HLA-B27 transgenic rats
(47) and SKG mice that have received curdlan or mannan
treatment (48). They also demonstrated the expansion of ectopic
chondroproliferation and inflammatory infiltration along the
cortical bone surfaces of the nearby vertebrae. Although they do
not offer conclusive evidence of enthesitis in these regions, it is
common knowledge that longitudinal spinal ligaments frequently
attach here (49, 50).

The necessity of inflammation for osteoproliferation in AS was
underscored by the minimal effect of anti-tumor necrosis factor
(anti-TNF) therapies on radiographic progression. Tseng et al.
conducted a comprehensive histological examination revealing
that AS’s early, intermediate, and late stages were marked by
inflammation, hyperplasia, and ectopic chondrocyte formation.
They demonstrated that early mesenchymal development
commenced prior to resolution of inflammation (45).

Examination of individual vertebrae demonstrated that severe
inflammation was never observed in conjunction with severe
excessive tissue formation within the same joint, indicating that these
disease features progressed sequentially rather than parallel.
Nevertheless, the averaging of histology values indicates a
convergence among the disease stages. Consequently, the model
proposed by Tseng et al. forecasts that inflammatory lesions are
expected to decrease in the later stages of the disease, characterized
by the formation of syndesmophytes unless resolved (45) (Figure 1).
This hypothesis is supported by magnetic resonance imaging (MRI)
studies in AS patients, which indicate that (1) new syndesmophytes are
more commonly found in vertebral corners where inflammation has
subsided (51), and (2) 68% of syndesmophytes originated from
vertebral corners are devoid of active inflammation during the two-
year observation period (52). Nonetheless, the sensitivity thresholds of
MRI for identifying mild inflammation must be acknowledged (53).

TNF may play a role in osteoproliferation and inflammation.
Tseng et al. identified elevated TNF expression in the spines of
PGISp mice during the stages of inflammation and excessive tissue
development. The clinical heterogeneity within each vertebra may
also be reflected in these higher levels, and local TNF levels may
impact the regulation of osteoblasts at specific sites (45).

It has been demonstrated that hypertrophic chondrocytes can
undergo direct differentiation into osteoblasts and osteocytes (54).
The principal mechanism of excessive tissue growth in the PGISp
model may be the direct transformation or ossification of
chondrocytes, as exemplified by chondroidal ossification (43, 55).
In the early stages, mature syndesmophytes are uncommon;
however, they become more common as the disease progresses.
This finding indicates that the transformation of cartilage to bone
transpires gradually in PGISp mice, mirroring the prolonged
duration between disease onset and radiographic alterations in AS
patients (56). This indicates that, even with the inflammatory
process being managed or decelerated, more osteoproliferation in
that area will persist if inflammation is not addressed promptly to
avert irreversible structural damage (45).
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FIGURE 1

Recently identified biomarkers of nr-axSpA and AS. Inflammation to bone formation is a slow, sequential, but not parallel process. When there is VD
destruction, inflammation increases, causing an “early” stage of AS. Over time, the inflammation decreases, and bone tissue formation slowly starts.
This is the intermediate stage of the AS. As the disease progresses, it causes ectopic chondroproliferation known as “syndesmophyte”. At the “later”
stage of the disease, a bony bridge forms adjacent to the cortical bone surface called "ankylosis,” developing AS (45). (Created by Biorender.com).

One recently identified mechanism that could be implicated
in SpA is the tissue renin-angiotensin system (RAS). Angiotensin
1-7 may be a significant factor influencing the differentiation of
bone cells. Atypical bone alterations in spondyloarthritis (SpA),
angiotensin II receptor blockers (ARBs), and angiotensin-
converting enzyme inhibitors (ACEis) exhibit distinct effects.
RAS is necessary for osteoblast and osteoclast differentiation.
Additionally, targeting RAS may be used to treat SpA (57).

3 Experimental mouse models for AS
research

Radiography and MRI analysis have been used in several
insightful investigations to characterize disease development (51,
58), although these modalities can only reveal noticeable structural
abnormalities. Tissue samples from affected areas are essential for
clarifying the cellular and molecular changes that influence the
progression of the disease. Nonetheless, the availability of valuable
clinical samples is restricted because of the difficulties associated
with acquiring biopsies from axial skeletal sites (44).

A few investigations have been conducted on zygapophyseal
joints after spinal procedures and sacroiliac joint biopsies from
patients undergoing hip replacements (43, 59-62). Such
investigations, while instructive, are constrained by sample size,
anatomical location, and the fact that most patients were in the
latexstages of the disease, at which point the inflammation-
osteoproliferative shift had already occurred. Thus, the only
practical method to understand the processes underlying disease
progression in the axial skeleton is to use disease-relevant animal
models. A robust approach for biologically mapping the complete
trajectory of AS involves conducting time-course studies on spinal
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samples from animal models, particularly to examine the molecular
interplay between inflammation and osteoproliferation (45).

No mouse model has been demonstrated to be appropriate
for investigating the progression from inflammation to ankylosis
in the axial skeleton, despite several animal models displaying
characteristics similar to those observed in human diseases.
Ankylosis was exclusively noted in transgenic rats exhibiting
elevated 2-microglobulin expression, which was associated with
decreased gastrointestinal disease and attenuated unfolded protein
response (63). Transgenic rats that overexpress HLA-B27 and
human PB2-microglobulin exhibit spontaneous gastrointestinal
illness and peripheral and axial inflammatory arthritis (47).

Two mice models that overexpress TNF, either through
transgenic methods (hTNFtg) (64) or by enhancing TNF mRNA
stability through the removal of the 3' ARE regulatory elements
(TNFAARE) (65), display systemic inflammation, gastrointestinal
disorders, and sacroiliitis, yet do not independently develop
ankylosis. C57BL/10 (66) and DBA/1 (67) mice are two murine
models that spontaneously manifest ankylosing enthesopathy
(ANKENT), albeit only in their peripheral joints. In SKG mice
treated with curdlan or mannan, enthesitis, and osteoproliferation
have also been observed (48). However, the correlations between
these processes have not been clearly defined. In this model,
entheseal proliferation and inflammatory infiltration were limited;
glucocorticoid treatment (68) reduced inflammation, whereas
etanercept treatment (69) did not affect ankylosis.

Notably, chondroproliferation and consequent activation of
relevant bone morphogenetic protein signaling were exclusively
prevented by early intervention, even though inhibiting TNF
signaling prior to or after the onset of arthritis either cured or
mitigated the condition (70). In the SKG mouse model, bone
growth and erosion were shown to correlate with inflammation;
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however, the precise relationship between these factors over time
remains unclear owing to the absence of comprehensive
longitudinal research (48).

Due to the equivocal results from other animal models, Tseng
et al’s comprehensive investigation of the PGISp mice strongly
indicates a direct path from inflammation to cartilage-bone
development (45). This is the only inducible murine model that
exhibits axial ankylosis and a significant immunological
component. Injectable illness caused by PG extract from human
cartilage mimics axial inflammation and ankylosis due to early
inflammatory activation in symptoms and signs (46, 71).
Inflammation of the entheses around the sacral and spinal joints
is the first sign of axial illness in PGISp mice. The IVD erodes when
inflammatory cells invade the intervertebral joint region, producing
an invasive pannus. Mesenchymal cell growth and development of a
collagen- and PG-rich matrix follow, with the latter having the
potential to mineralize and cause ankylosis. These data demonstrate
that the PGISp model is ideally suited for studying the etiology of
AS because it is the typical clinical course of AS (72). Further
characterization of axial disease pathology and the associated
genetic abnormalities in the Wnt signaling system validate PGISp
mice as a reliable model for bone formation due to AS-typical joint
inflammation (44).

Pepelyayeva et al. (2018) found that mice deficient in the
universal endoplasmic reticulum aminopeptidase 1 (ERAP1) gene
eventually develop systemic osteoporosis, spinal cord inflammation,
and spontaneous axial ankylosis (73). Additionally, similar to AS
patients who show an increased vulnerability to inflammatory
bowel disease (IBD) (74) and dysbiosis in the terminal ileum (75),
ERAP1™"" mice exhibited intestinal characteristics that appeared to
make them more susceptible to chemically induced colitis and
spontaneous gut dysbiosis. The aggregated findings suggest that
the aforementioned mice models provide a significant and viable
animal model for examining the pathogenesis of the predominant
skeletal (40, 75-77) and intestinal symptoms seen in AS patients
(75, 78). Potential therapeutic compounds targeting AS’s skeletal,
immunological, and digestive symptoms of AS can also be tested in
ERAP1™" mice. ERAP17™ mice represent a distinctive animal
model for investigating interactions within the gut-bone-immune
axis (73).

Recent research has demonstrated that bone pathology in aged
CD4-Cre knockout (CD4-CKO) mice closely resembles that of AS.
This is the first animal model of AS that can offer a significant
platform for investigating new pathological bone formation in AS
(79). The mechanistic delay in growth plate fusion was caused by
the CD4-Cre-induced SHP2 deficit in proliferating chondrocytes,
which subsequently differentiated into pre-hypertrophic and
hypertrophic chondrocytes. A portion of the osteoproliferation
and ectopic new bone formation was brought about by the active
chondrogenesis that occurred in the growth plate and the enthesis
that occurred through the BMP6/Smad1/5 signaling pathway. Joint
stiffness and possibly lifelong impairment result from the formation
of osteophytes bridging the joint cavity. In CD4-CKO mice,
sonidegib, an SMO inhibitor, eliminated disorganized
chondrogenesis and markedly reduced problematic new bone
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formation. The results indicate that focusing on chondrocytes in
disorders is a possible way to stop the radiographic advancement of
AS. This means that blocking chondrogenesis with sonidegib could
be a functional medication-repurposing approach for treating
AS (79).

Pathological osteogenesis was shown to occur as a result of the
rapid osteogenic differentiation of mesenchymal stem cells (MSCs)
from patients with AS (AS-MSC), and it was found that during this
enhanced differentiation, AS-MSC induced TNF-o-mediated local
inflammation (80, 81). The etiology of AS has been supported by
observations demonstrating that high concentrations of TNF-o
promote the initiation of increased directional migration of AS-
derived mesenchymal stem cells (MSCs) in both in vitro and in vivo
models (82). ELMO1 expression in AS-MSC was increased by TNF-
o in a spondyloarthritis model, with higher expression in vivo in AS
patients. Inhibiting ELMO1/DOCK Racl GEF activity with a small-
molecule DOCK inhibitor called CPYPP demonstrated a
remarkable anti-inflammatory therapeutic effects in SKG mice,
which spontaneously develop chronic arthritis (82, 83).

4 Clinical biomarkers of AS
4.1 Extracellular metabolites

It is now common practice to measure inflammation using C-
reactive protein (CRP), which is usually elevated in patients with AS
compared to patients with nr-axSpA (1, 15, 84). An increase in CRP
levels can be caused by a variety of pathogenic events, including the
common cold or ongoing inflammation. Therefore, the localized
pathogen-related inflammation present in diseased joints may not
be detected by CRP. The intercellular spaces are filled with a
network of molecules and fibrils called the extracellular matrix
(ECM). During inflammation, the extracellular matrix (ECM) goes
through significant changes and reflects pathogenic events, such as
the influx of inflammatory cells, by reflecting these changes (85).

Local production of MMP-degraded ECM metabolites occurs
during inflammation. ECM tissue turnover may be identified by
serum biomarkers, which would represent regional pathogenic
processes (86). Serum levels of MMP-3, MMP-8, and MMP-9 are
elevated in patients with AS, particularly in those with higher
disease activity and increased structural progression (87, 88).

Not surprisingly, nr-axSpA was more common than AS in
several respects, including a higher frequency in females, a more
rapid disease progression, less severe radiographic status, and
reduced CRP levels (85). In contrast, the nr-axSpA subgroup had
a higher prevalence of peripheral arthritis than the AS subgroup
(13). Recently, de Winter et al. posited that 50 percent of patients
with axSpA had axial and peripheral symptoms; nevertheless, no
difference was observed between these patients and those with axial
symptoms concerning radiographic sacroiliitis (89).

An increase in ECM turnover indicates the involvement of
numerous processes in the immune-musculoskeletal
pathophysiology of axSpA. Numerous joint tissues, such as
articular and hyaline cartilage, bone, connective tissue, tendons,
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and type I, IL, ITI, and IV collagens are expressed in the ECM. These
collagens are susceptible to degradation by proteases. Bone,
tendons, and ligaments contain collagen types I and III, whereas
the basement membrane contains collagen type IV. The two
primary tissues that produce collagen type II are the cartilage and
entheses. Several metalloproteinases (MMPs) prominently
produced during inflammation naturally degrade these collagens.
Osteogenesis-inducing alterations and activation of other matrix
metalloproteinases (MMPs) are facilitated by MMP-3, which is
expressed locally in inflammatory tissues (90). Disease activity and
progression are indicated by the serum levels of MMP-1, -2, -3, -8,
and -9 (87, 88, 91) (Figure 2).

Immune cells, macrophages, and fibroblasts may be sources of
MMPs. Husakova et al. conducted a study wherein they discovered
that the serum levels of ECM metabolites (C1M, C3M, and C4M2)
exhibited a higher rate of ECM turnover in soft tissue and joint

10.3389/fimmu.2025.1633318

structures (85). All three indicators exhibited a robust connection
with CRP and showed greater significance in AS patients than in nr-
axSpA patients, perhaps indicating differing degrees of
inflammation between the two disorders. In both nr-axSpA and
AS patients, Husakova et al. found elevated levels of C2M.
Furthermore, neither the CRP levels nor the radiographic scores
were correlated with the C2M biomarker, which was comparable in
both groups (85). C1M is a metabolite connected to rapid structural
advancement in RA (92), and C3M and CIM have recently been
linked to disease activity in psoriatic arthritis (93). Decreased
resistance to mechanical stress in an SpA model sustained
entheseal inflammation, stimulating the production of new bone
(94) (Figure 2).

Increased breakdown of type I, type II, and type IV collagens
(C1M, C2M, and C4M2) may lead to inadequate development,
contributing to biomechanical inadequacy in the surrounding

Extracellular matrix (ECM) of joint
tissues
(Articular and hyaline cartilage,

| Other molecules

tendons, bone, and connective Proteoglycans
tissue)
Coll \
— ollagens
f
| | | |
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AS, RA nr-axSpA Liver fibrosis gind

FIGURE 2

Recently identified biomarkers of axSpA and AS. The ECM of joint tissues comprises collagens, glycosaminoglycans, fibrils, and other molecules.
Collagens are categorized into four types based on tissue expression. Bone and ligaments express type | and type Ill collagens. Type Il and type IV
collagens are expressed in cartilage, entheses, and basement membranes. MMPs, producing different metabolites, degrade the ECM. C1IM, C3M, and
C4M2 are metabolites of soft tissue destruction, whereas C2M is a metabolite of cartilage destruction. Therefore, the elevation of C1IM, C3M, and
C4M2 indicates axSpA, while the C2M increase indicates nr-axSpA, and all directly specify the development of AS (85). (Created by Biorender.com).
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structures, including joints and entheses. Even though AS patients
had higher mean ECM metabolite levels than nr-axSpA patients,
there was too much overlap (significant variation) in metabolite
levels to effectively distinguish between the axSpA groups based
solely on metabolite levels. The correlation between AS and nr-
axSpA may be associated with disease activity, as individuals with
elevated biomarker levels may show rapid progression, whereas
those with diminished levels may demonstrate more stability (85).

A recent study found that in differentiating AS from nr-axSpA
and asymptomatic controls, C3M performed better than C2M17.
C3M also performed well in a study by Husakova et al. When
comparing asymptomatic controls to those with AS or nr-axSpA,
CRP performed worse than CIM, C3M, and C4M2 (Figure 2).
However, these metabolites should be included in a diagnostic panel
for practical purposes to ensure adequate specificity and sensitivity
in diagnosing and identifying disease subgroups. The findings of the
research conducted by Husakova et al. on C3M may suggest the
existence of a novel serological biomarker that is capable of
identifying both axSpA subtypes. Nonetheless, using C3M as a
prospective diagnostic tool for AS and nr-axSpA requires further
comprehensive research. Even though these results are promising, it
is essential to determine if C3M is strong enough to predict the
disease (85).

Patients with nr-axSpA did not have systemic cardiovascular
abnormalities, such as atherosclerotic changes, unlike those with
AS. Nevertheless, patients with nr-axSpA exhibiting extra-articular
manifestations have elevated atherosclerotic plaques (95). In a
sizable postmenopausal female epidemiologic cohort, higher levels
of CIM were identified to be an independent mortality risk factor
for several diseases, including cancer and cardiovascular diseases
(95). According to the research conducted by Husakova et al., the
degradation of type I collagen was found to be more severe in
women who had AS and nr-axSpA (85).

Men with AS are thought to experience cardiovascular issues
more frequently than the general population (96), while both sexes
are believed to have an equally elevated risk of cancer (97). A new
meta-analysis indicates that patients with nr-axSpA and AS
exhibited no differences in extra-articular symptoms (13), a
finding supported by Husakova et al. Notably, patients with a
predominance of extra-articular manifestations exhibited higher
C3M levels than those without extra-articular manifestations in nr-
axSpA. This finding suggests that C3M may originate from the joint
tissues and tissues involved in extra-articular manifestations. Both
CIM and C3M appear to indicate changes in cardiovascular and
fibro-proliferative processes (85).

The expression levels of matrix remodeling factors varied with
the disease stage, indicating the deleterious impact on the early
onset of disease. MMP3 (a stromelysin) and MMP13 (a collagenase)
are two critical extracellular matrix remodeling enzymes that have
been shown to be upregulated in animal models and patients with
AS (88, 98, 99). Important bone matrix constituents, such as
collagen 1 (Coll), bone sialoprotein, osteocalcin (OCN), and
several other extracellular matrix-associated genes, were markedly
upregulated in response to the strong matrix formation response
(44). Further research should clarify the relationship between
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systemic involvement and axSpA-related collagen tissue
turnover (85).

Released by articular chondrocytes, cartilage intermediate layer
protein 1 (CILP-1) is deposited into the cartilage extracellular
matrix. CILP-M is a neo-epitope of CILP-1 produced by matrix
metalloproteinase (MMP). Proteolytic enzymes were used to break
down human articular cartilage, resulting in the production of
CILP-M levels. Recently, CILP-M, a novel neo-epitope biomarker,
was created and validated for human blood samples (100). It
measures a fragment of CILP-1 mediated by MMP-1, MMP-8,
and MMP-12. CILP-M levels were increased in patients with RA
and AS compared to healthy controls, and in patients with AS, these
levels were reduced after TNF-o treatment. Based on these findings,
CILP-M may be helpful in evaluating cartilage remodeling in
degenerative joint disorders.

4.2 ERAP1 and immune cells

The discovery of the genetic link between AS and the HLA-B27
allele was reported about 40 years ago, conclusively linking the
immune system to AS susceptibility (101). On the other hand, AS
only develops in 1-5% of people with the HLA-B27 variant;
therefore, there must be other risk factors (76). The HLA-B27
variant is present in more than 90% of patients with AS. The
presence of ERAP1 polymorphisms and HLA-B27 show strong
epistatic gene-gene interactions (35), even though HLA-B27 is
considered to represent 23% of the genetic risk for AS (73).

As one of ERAP1’s primary functions is to trim peptides before
they are loaded onto major histocompatibility complex (MHC-I)
molecules, epistasis between ERAP1 and HLA alleles supports the
theory that variations in antigen presentation pathways may
contribute to AS pathogenesis (102, 103). Additionally, ERAP1
has been linked to the inhibition of innate and adaptive immune
responses by Pepelyayeva et al. in 2018 (73) and others (104-106).
The etiology of AS is also thought to involve gastrointestinal issues,
which would increase the genetic and immunologic complexity of
the condition (78).

ERAP1™" mice lack overall immune suppressive functions, as
evidenced by their heightened innate and adaptive immune
responses to different stimuli compared to WT mice (104-109).
Although earlier studies showed that Foxp®* Tregs are disturbed in
AS (110, 111), Yuliya et al. failed to find variations in Foxp3+ Treg
number or function in the peripheral tissues of ERAP1™'~ mice (73).
Even though they did not completely eliminate the possibility that
Foxp3+ Treg function could be altered by ERAP1 loss, their
investigation unequivocally demonstrated that the “Trl-like” cells,
which are an essential subset of regulatory T cells, were significantly
reduced in mice lacking ERAPI.

Trl cells are distinguished from other cells by their ability to
suppress responses from peripheral T cells and antigen-presenting
cells (APCs) and their capacity to release substantial amounts of IL-
10 and TGF-P without expressing Foxp3 (112). Researchers also
discovered that ERAP1™" mice had considerably fewer tolerogenic
dendritic cells (tDCs) in their spleens. It is well established that
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ERAP1™~ mice showing interactions of the gut-bone-immune axis. ERAP1™

/—

mice develop rapid and spontaneous onset of spinal ankylosis involving

bone, gut, and immune axes. The bone axis causes calcification of the anterior longitudinal ligament (ALL), sacroiliac (SI) erosions, and systemic
osteoporosis. The gut axis refers to spontaneous dysbiosis and dextran sodium sulfate (DSS)-induced colitis. In the immune axis, Foxp3+, CD3+,
CD4+, Foxp3—, IL-10+, and tDCs are reduced (13). (Created by Biorender.com).

tDCs stimulate the development of Tr1 cells among naive CD4+ T
cells. With regard to the maturation of T cells and differentiation of
Trl cells, it is believed that the expression of HLA-G on T cells and
its interaction with ILT-2 and ILT-4 receptors on naive CD4+ T
cells are both significant determinants (113, 114) (Figure 3).

Using whole-genome expression analysis, Haynes et al. aimed
to understand the molecular alterations underpinning the
progression from inflammation to bone formation (44). Changes
were observed in matrix catabolic and anabolic pathways, as well as
in inflammatory pathways. The levels of components of the TNF-
and IL-1 pathways were both elevated. Genetic studies have linked
both pathways to AS (103, 115). Psoriasis, which often coexists with
AS in patients, has been linked to IL28ra (116). Both cell types
(secreting interleukin-23 receptor-positive gamma/delta T cells)
have been linked to SpA; Statl and Stat3 mediate THI and IL-17-
associated signaling, respectively (117, 118) and are believed to be
involved in the PGISp mice model (119, 120). There is a possibility
that the elevated expression of these genes is related to the increased
THI1 and IL-17-expressing cell activity that was observed in the
experimental animals. Human AS has also been shown to be
associated with STAT3 (121). These molecular patterns provide
further evidence that the PGISp model mimics cellular alterations in
AS, molecular patterns, and inflammation polarization (44).
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4.3 Disc degeneration

ERAP1™"~ mice have been found to have heightened innate and
adaptive immune responses to a variety of stimuli (104, 107, 108).
Additionally, hematoxylin and eosin (H&E) staining revealed severe
lumbosacral intracranial degeneration in ERAP1™~ mice. This
degeneration is characterized by local structure disruption and
mononuclear cellular infiltrations in the nucleus pulposus (NP).
A study using immunohistochemistry on the ERAP1™'~ spines
revealed that the mononuclear infiltrates stained strongly for
TNF-o and IL-23 in the cytoplasm (122). TNF-o is considered a
significant factor in disc degeneration due to its ability to attract
inflammatory cells to the IVD, destroy the extracellular matrix, and
contribute to hyperalgesia and calcification associated with IVD
disease (123) (Figure 3).

AS and diffuse idiopathic skeletal hyperostosis (DISH) were
compared radiologically in a recent study employing whole-spine
computed tomography (CT), including the spine and sacroiliac
joint (SIJ) (124). Patients with AS often have complete SIJ fusion,
whereas patients with DISH often have anterior/posterior bridging.
However, a sizable proportion of patients with DISH have SIJ
fusion. Individuals with AS are more prone to demonstrating
smooth anterior spinal bridging in the lumbar region than those
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with diffuse idiopathic skeletal hyperostosis. Conversely, patients
with DISH often have candle-wax-type bridging, which commonly
occurs in the thoracic spine. Nevertheless, it is intriguing that a
select number of patients with DISH exhibited smooth-type
bridging, whereas a few patients with AS exhibited candle-wax-
type bridging. Moreover, spinal facet fusion was present in a sizable
proportion of patients with DISH. Therefore, these details should be
considered when diagnosing AS or DISH (124).

4.4 Gut microbes

Patients with colitis have a threefold increased risk of developing
clinical AS, and microscopic inflammatory damage to the gut mucosa
is observed in up to 60% of patients with AS (125). Furthermore, it has
been found that AS patients have different microbiota in the terminal
ileum compared to healthy individuals (75). This finding implies that
microbial interactions with the intestinal immune system could play a
role in AS pathogenesis and extra-intestinal immunological disorders
(126-128).

Cytokine production patterns have been shown to have a
significant impact on gut immunity and AS etiology. Short-chain
fatty acids (SCFAs) and ATP, which are metabolites generated from
the gut microbiota, have been demonstrated in recent research to
promote the growth and differentiation of T-helper 17 (Th17) cells
and regulatory T cells (Tregs), respectively (129-131). Chronic
inflammation is thought to be primarily caused by dysregulation
of the interleukin-23 (IL-23)/Th17 signaling axis (132-135). This
route, in short, is the polarization of naive CD4+ T cells toward a
Th17 phenotype, which is defined by a preponderance of IL-17 and
IL-22 production. Transforming growth factor-beta (TGF-f), IL-
23, and IL-6 facilitate this differentiation by triggering the IL-23/
Th17 pathway (136). For instance, Salmonella enteritidis has been
demonstrated to stimulate local Th17 responses in animal models of
reactive arthritis (137), and Chlamydia trachomatis, a recognized
cause of reactive arthritis, can promote IL-23 production (138). By
showing that infiltrating monocytes constitute a significant
contributor to elevated IL-23 expression in AS, Ciccia et al.
identified IL-23 overexpression as a crucial aspect of the disease’s
subclinical gut inflammation (132). It is suggested that the gut-joint
inflammatory axis that underlies AS is significantly influenced by
IL-23, IL-17, and IL-22 taken together (139).

Commensal bacteria are hypothesized to contribute to
inflammatory illnesses such as RA, IBD, and multiple sclerosis
(MS) and the immune system’s development and maintenance of
skeletal and gut homeostasis (126128, 140). Based on the findings
of Yuliya et al.’s study on 16S rRNA fecal phenotyping, ERAP17~
mice naturally increased the diversity of bacteria in their feces,
including several genera and phyla such as Cyanobacteria,
Actinobacteria, Prevotella, Odoribacter, Bacteroides, Lactobacillus
plantarum YS2, Clostridiales, and Parabacteroides (73).

In addition, Lachnospiraceae, Christensenellaceae, and S24.7 genera
were significantly underrepresented in ERAP1”~ mice. Osteoporosis,
similar to that in ERAP1™~ mice (141), is caused by an overgrowth of
Prevotella in HLA-B27 transgenic rats (142). Additionally, it has been
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noted that the terminal ileums of AS patients are enriched in Prevotella
(75). Fecal samples of patients with AS have been found to contain an
increased number of Bacteroides (143). The Lachnospiraceae and
Ruminococcaceae families, as well as the Actinomyces and
Streptococcus genera (75) and Firmicutes phylum (144), were found
to be on the rise in the AS patient’s terminal ileum, but the same
tendencies were not observed in ERAP1™"~ mice. Thus, in the future,
detailed research will be required to broaden our comprehension of the
effects of the human gut microbiota on AS because there is currently a
dearth of information on this topic among individuals with AS. The
connections between skeletal, immunological, and intestinal dysbiosis
were best studied in ERAP1™~ mice as a model system (73).

Recent research by Yulia et al. and others has shown that ERAP1
influences both the activity of antigen-specific T cells and the selection
of immunodominant T cell epitopes (73, 107-109, 145). Due to
decreased immunological tolerance that allowed abnormal microbial
communities to populate the intestines of ERAP1™~ mice, dysbiosis of
the intestine in ERAP17~ mice may be potentially caused by ERAP1’s
involvement in immunodominance. Cross-fostered ERAP1™~ mice
failed to minimize the severity of ankylosis or osteoporosis or to
alleviate spinal inflammation, which minimizes the contribution of
the gut microbiota to these phenotypes. However, it must be noted that
because the levels of the genera Christensenellaceae, Parabacteroides,
and Bacteroides were not adjusted in the cross-fostered ERAP1” mice,
these commensal microorganisms are likely responsible for the skeletal
abnormalities that have been observed in these mice. Although there
has been evidence of an association between communities of microbes
(such as Bacteroides fragilis (146) and Clostridium species (128)) and
the growth and function of Treg, their research also raises the
possibility that Trl cells and dysbiosis might be related (Figure 3).
However, more detailed studies are required to elucidate the link
between Trl cells and dysbiosis (73).

4.5 Wnt signaling pathway and its
inhibitors

The biological molecules causing these tissue changes are also of
interest, especially from the perspective of potential therapeutics, as
they reflect the gene expression changes found in the joint tissue.
The Wingless (Wnt) signaling pathway has been shown to be a
crucial regulatory pathway for bone-forming cells (osteoblasts)
(147). The main critical antagonists of the Wnt pathway include
sclerostin (SOST), secreted Fzd-related proteins, and Dickkopf-1
(DKK-1),which are unique to or substantially enriched in
osteoblast-lineage cells.

Recent research has shown that DKK-1, a potent Wnt pathway
inhibitor, is a crucial regulator in experimental models of joint
injury and arthritis (148). Bone resorption has been linked to
elevated DKK-1 levels, while new bone growth has been linked to
decreased levels (149, 150). DKK-1’s function in pathological
ossification was highlighted by the notable fusion of the sacroiliac
(SI) joints that occurred when it was blocked in an animal model of
arthritis (151). In contrast to individuals with rheumatoid arthritis
(RA), who had high Dkk-1 levels, AS patients showed significantly
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lower Dkk-1 levels. A dynamic link between inflammatory signals
and Wnt pathway regulation is also shown by the significant
decrease in DKK-1 expression seen in RA patients after anti-
TNFa treatment (148). Lower levels of DKK-1 (148) and SOST
(152) have been observed in patients with AS. Ankylosis has also
been shown to result from DKK-1 inhibition in a mouse model of
spondylitis with high TNF expression (151) (Figure 4).

The first proof of enhanced Wnt signaling in a mouse model of
SpA or AS was provided by Haynes et al. in 2012, who corroborated
this hypothesis by exhibiting notably reduced amounts of DKK1 and
SOST, two Wnt inhibitors (44). Recent studies, including both human
patients and rodent models, have established a connection between the
Wnt pathway, which is crucial for bone formation and homeostasis,
and AS (45).

Numerous studies have documented that the Wnt/B-Catenin
and TGF-P signaling pathways are crucial in the molecular
pathophysiology of AS. The overexpression of programmed cell
death 10 (PDCD10) in synovial cells revealed a transcriptome that
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may link this gene to these two signaling pathways (153). According
to additional research, PDCD10 has been shown to control [-
Catenin expression favorably. Synovial cell calcification can be
facilitated by PDCD10, whose expression was found to be
elevated in AS patients. There was a positive correlation between
PDCDI10 and the Bath Ankylosing Spondylitis Disease Activity
Index (BASDAI) and the modified Stoke Ankylosing Spondylitis
Spinal Score (mSASSS). As a biomarker for diagnosing and treating
AS, PDCD10’s ROC analysis indicates that it may be utilized as a
biomarker for diagnosing and treating AS (153).

4.6 Factors of bone metabolism
Receptor activator of nuclear factor kappa-B (RANK)/receptor
activator of nuclear factor kappa-B ligand (RANKL) and other bone

metabolism-related substances, including SOST, Dickkopf-1, bone
alkaline phosphatase (ALP), and bone morphologic protein, have
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Wnt signaling pathway and its inhibitors. During canonical Wnt signaling in bone, soluble Wnts bind to their Frizzled (Fzd) receptors and LRP4/5/6
co-receptors in a ternary complex at the cell surface. This inhibits GSK-3 and allows B-catenin (B-cat) to accumulate. Upon entering the nucleus, an
accumulation of B-cat is responsible for initiating the transcription of the gene of interest. When Wnt signaling is not active, GSK-3 predominantly
phosphorylates the protein -cat, which causes ubiquitination and proteasome-mediated destruction of the protein. Key Wnt pathway inhibitors in
bone include secreted Fzd-related proteins, Dickkopf-1 (DKK-1), and sclerostin (SOST). These proteins bind to LRP4/5/6 to prevent them from
interacting with the Wnt-Fzd complex or with Wnts to prevent them from participating in the process (180). (Created by Biorender.com).
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been proposed as possible biomarkers for AS (154). An indicator of
the overall impact of bone turnover is probably bone-specific ALP
among these. Placental, intestinal, and germ cell ALP and tissue
non-specific alkaline phosphatase (TNAP) are the four different
isoenzymes that comprise the homodimeric enzymes known as
ALPs, which are crucial for catalytic activity.

Concerning the function of ALP, TNAP was found to be linked
to bone mineralization and may be a therapeutic target for
developing new bone in AS patients. Additional evidence suggests
that bone-specific TNAP may serve as a predictive biomarker for
radiographic progression in patients with AS, as derived from the
study’s finding of a significant correlation between the two variables
across two cohorts and radiographic progression. The modified
Stoke Ankylosing Spondylitis Spinal Score (mSASSS) measurement
from five years and three months ago revealed the highest
beta coefficient. In the linear mixed model, the serum ALP level
was significantly correlated with the mSASSS at 5 years and 3
months before radiographic changes. Several lab experiments
have confirmed that new bone growth in AS occurs without
inflammation. Moreover, neither systemic nor local inflammation
affected the expression of osteoprotegerin, RANKL or RANK in the
peripheral synovitis of spondyloarthritis (154).

5 Current treatment strategies for AS

The lack of knowledge about the molecular pathways causing
disease progression is a significant contributor to the inadequate
therapeutic options for severe AS (45). Within the context of
spondylitis and its radiographic progression, the benefits of early
intervention are widely recognized and appreciated despite the
availability of a variety of treatments. After 16 weeks of treatment
with Infliximab (a monoclonal antibody against TNFa), 61% of
patients with a short duration of disease (13.4 months) showed a
40% improvement from baseline. Only 47% of patients with an
extended disease duration (7.7 years) achieved the same outcome
after 24 weeks of treatment (155). A higher rate of radiographic
progression was associated with delaying TNFo intervention
therapy when compared to individuals who started treatment
within 10 years after the disease started (156). Non-steroidal anti-
inflammatory drug (NSAID) therapies and early intervention were
both beneficial in the treatment of AS. Following prolonged high-
dose NSAID therapy, the radiographic progression of AS patients
with a short disease duration of five years was found to be lower
(157) compared to those with a long disease duration of eleven and
a half years (158). Early AS/spondyloarthritis patients achieve better
clinical outcomes with anti-inflammatory therapy than individuals
with more advanced disease (45).

With a mean retention duration of 59 months in axSpA,
a recent study found that TNF inhibitor golimumab (GOL)
had a significantly higher retention rate when compared with
adalimumab (ADA), etanercept (ETN), and certolizumab-pegol
(CZP). For this case, things like being male, not having any
peripheral diseases, and starting the treatment early were linked
to better SC-TNFi retention in axSpA (159). Anti-TNF medication
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has a high success rate in reducing inflammation, but ankylosis may
still progress (160-163). According to recent studies, long-term
TNF inhibition may help halt the progression of AS (156, 158, 162-
166). However, to date, the radiographic progression of AS has not
been stopped or reversed by any treatment.

Interleukin-17 (IL-17) is a pro-inflammatory cytokine that is
associated with matrix damage, tissue inflammation, and
autoimmune. As a result, IL-17 became an essential therapeutic
target for immune system disorders. Most of the recent decade’s
research has concentrated on IL17A inhibitors. These small
molecules have the potential to improve clinical symptoms in AS
patients drastically. Furthermore, no notable adverse effects or
infections have been reported in patients after consuming IL-17A
inhibitors, and they can be used as a complementary and alternative
treatment to TNF inhibitors. As a result, IL-17 has become the
primary focus of AS research (167).

While IL-23 blockers were beneficial for psoriasis, they have
been found ineffective even for patients with AS (168, 169). A
monoclonal antibody generated in humans called utekinumab
specifically targets the p40 component of IL-12 and IL-23.
However, AS clinical studies were abruptly halted since they
could not show any improvement in symptoms (170). While an
IL-23 blocker did not affect inflammation, it did successfully
prevent the onset of disease symptoms in rats (171). Furthermore,
there are other factors affecting IL-17A production besides the IL-
23/IL-17A axis. As a result, inhibiting IL-23 might not be sufficient
to stop the inflammation that is caused by IL-17 (170). Clinical trials
were conducted on the anti-IL12/23 inhibitors, IL-6 receptor
inhibitors, IL-1 receptor antagonists, T cell co-stimulation
inhibitors, phosphodiesterase-4 inhibitors, and anti-CD20
antibodies; however, none of these drugs demonstrated adequate
efficacy in treating axial AS disorder (172).

JAK inhibitors have been approved by the US Food and Drug
Administration for the treatment of AS. In a phase 3 trial,
upadacitinib, a selective JAK1 inhibitor, administered at a dose of
15 mg once daily, demonstrated good response in AS refractory to a
prior history of biologic disease-modifying antirheumatic
medications, with ASAS 40 at 45% at 14 weeks (173).

Cytokine, granulocyte-macrophage colony-stimulating factor
(GM-CSF), improved RA signs and symptoms in a phase II trial
and may cause joint injury by increasing osteoclasts and matrix
metalloproteinases (174). Namilumab, a monoclonal antibody that
targets GM-CSF, is presently being evaluated in a phase Ila study,
with the primary endpoint of ASAS 20 at week 12 (170).

SOST selectively inhibits Wnt signaling in skeletal tissue by
being expressed in osteocytes and chondrocytes (179). As observed
in animal models and human disease, inactivating mutations in
SOST enhance Wnt signaling and increase bone mass and strength
(180). SOST is a promising therapeutic target in bone disease due to
its tissue-specific expression (Figure 4). The only abnormalities
manifest in individuals with SOST-inactivating mutations are
directly related to excessive bone mass (179). In patients with
osteoporosis, antibody treatments targeting SOST have shown
increased bone density and decreased bone turnover markers
(181, 182). However, daily administration of human recombinant
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(rSOST) had no impact on the axial skeleton or peripheral joint
disease development or severity in PGISp mice, according to a study
by Haynes et al. in 2015 (39).

The study conducted by Haynes et al. found that rSOST was
ineffective at inhibiting excess tissue formation. This could be due to
several factors, including its low stability, inability to reach joints, or
inadequate dosage (39). A transgenic mouse for human SOST, in
which a BAC encoding the human SOST gene was inserted, is
osteopenic (179). Human SOST has previously been shown to be
active in a mouse system. In this model, overexpressing human
SOST significantly blocked Wnt signaling, reducing osteoblast
activity and bone formation. It’s probable that extra bloodstream
proteins bonded to rSOST and prevented it from functioning at the
joint (39).

SOST is still a promising treatment option for AS, even though
it failed to significantly impact bone growth when injected in the
mice in the above-discussed study. A number of studies, both on
mouse models and on human patients, strongly suggest that the
regulation of SOST is an essential component in the process of bone
growth in AS. Serum and biopsies collected from individuals with
AS significantly decrease SOST expression (152, 183). The
expression of SOST has significantly diminished in serum and
biopsies obtained from individuals with AS (184). Spondylitis
develops in mice treated with DKKI-neutralizing antibodies,
albeit this also lowers SOST levels (185).

Furthermore, PGISp mice exhibit downregulated SOST
expression in the intervertebral joints (44). SOST might require
further stabilization or bone-specific targeting to be more effective
as a treatment. The specific expression of SOST in osteoblasts and
osteocytes, rather than inherent bone-targeting abilities, is
responsible for SOST’s ability to target bone in non-pathological
situations. SOST can be complexed with a drug that targets bone,

TABLE 1 Current therapeutics available or under trial for AS.
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like bisphosphonate, to deliver SOST effectively to bone. A mouse
model of metastatic breast cancer has previously shown success
with this strategy of coupling a treatment to a bisphosphonate for
targeting bone (186).

Recombinant proteins have been used in very few reports of in
vivo investigations that focus on the skeleton. The 2.5 g dosage is
comparable to that of earlier research. Therefore, an inadequate
dosage may have contributed to the ineffectiveness of rSOST in
changing the progression of the disease in untreated mice. Future
research should examine the effects of greater dosages, considering
safety and toxicity profiles. Using exogenous rSOST in other mice
models may provide insights into the role and importance of Wnt
signaling in pathological bone formation and its potential
therapeutic implications (39). Table 1 summarizes all the available
treatment strategies for AS.

6 Conclusion

The intricate interplay between inflammation and tissue
remodeling in AS highlights the complexities of its pathogenesis,
especially as shown in the PGISp mice model. In contrast to the
better-known endochondral and intramembranous ossification
processes, this model has shown that chondroidal ossification is
the primary driver of excessive tissue formation. According to
recent research, the inflammatory environment in AS may have a
dual role in the degeneration of IVDs and the promotion of
abnormal ossification pathways that result in the formation of
syndesmophytes and, eventually, ankylosis. The ERAP1™'~ mice
model significantly advances our understanding of AS by closely
mimicking the disease’s intestinal, immune, and skeletal
manifestations. This model offers a significant framework for

Treatment .
. Examples Mode of action References
strategies P
Infliximab,
dali b,
adatmuma Small molecules that inhibit TNF, reducing . . .
o etanercept, . L . Rapid symptom relief, improved function, and
TNF inhibitors K pro-inflammatory signaling and modulating . K (167, 168, 175)
golimumab, . enhanced quality of life.
. interferon pathways.
certolizumab
pegol
Secukinumab,
ixekizumab, 0 . . . .
o . Monoclonal antibodies targeting IL-17 Improves symptoms, spinal mobility, and quality of (167, 168,
IL-17 inhibitors netakimab, . . . . . s
L. cytokines to reduce inflammation. life; complementary or alternative to TNF inhibitors. 170, 175)
bimekizumab
brodalumab
Ustekinumab, o . . Clinical trials in AS were halted due to a lack of
. . Monoclonal antibodies targeting p40 subunit . .
IL-12/23 blockers Risankizumab, X . symptom improvement, as they prevented disease (167, 170, 174)
of IL-12 and IL-23 to suppress inflammation . . L .
guselkumab onset in rats without affecting inflammation.
Tofacitinib,
Small molecules block JAK1 signaling,
JAK inhibitors upadacitinib, ma .mo'ecu es block ] '51gn 18 . Reduces inflammation and improves quality of life. (170)
L. reducing inflammatory protein production.
filgotinib
M lonal anti i M-CSF, I A in phase II trials;
GM-CSF inhibitors Namilumab on‘oc onal antibody targeting GM-CSF, a mproved RA symptoms in phase II trials; under (170)
pro-inflammatory agent. study for AS.
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TABLE 1 Continued

10.3389/fimmu.2025.1633318

Treatment ] 3
. Examples Mode of action Efficac References
strategies P y
T cell co- Blocks effector T-cell responses, Clinical trials showed insufficient efficacy in
) i Abatacept . . o (176)
stimulation modulator reducing inflammation. axial disease.
116 receptor inhibitors Sar‘il.umab, Inhibit IL-6 réceptors, re‘ducing acute phase Stljldie(‘i clinically but lacked sufficient efficacy in (174)
tocilizumab response and inflammation. axial disease.
IL-1 . Prevent prostaglandin E2 formation and Clinical trials showed insufficient efficacy in
. Anakinra ST . S 177)
receptor antagonists bone resorption stimulation. axial disease.
I . I h L
. i o nduces direct ce ('ieat or cytotoxicity via Clinical studies showed insufficient efficacy in
Anti-CD20 antibody Rituximab complement or antibody-dependent o (174)
. axial disease.
cellular cytotoxicity.
PDE-4 inhibitor Apremilast 'Sup‘px'"e.sses inﬂammﬁtory responses by Clinicall?r eva‘luate.d but did not show sufficient (178)
inhibiting phosphodiesterase-4. efficacy in axial disease
437 Blocks 0i4P7 integrin t
.OL B i . Vedolizumab ocks (,x B7 in egrln 0 Effective in reducing inflammation (168)
integrin antagonists reduce inflammation.
COX-2 inhibitors Celecoxib Ir'lhibits (':yclooxyge'nase»Z enz?lme, reducing P'rovides pain relief with fewer gastrointestinal 175)
eicosanoid production and pain. side effects
Methotrexate, Inhibit immune responses of monocytes, T Provides symptom relief and slows
DMARDs ) . i (175)
sulfasalazine cells, and B cells. disease progression.
Ibuprofen, Inhibit cycl -2 , reduci . . . .
NSAIDs uproten n.x ! CY,C ooxygem'ise enzymes, reducing Effectively reduce pain and inflammation. (175)
naproxen pain and inflammation.
Human rSOST ~ Selectively inhibits Wnt signaling, reducing No imPact on axial skeleton or peripheral (39)
bone mass. joint disease

N.B, TNF inhibitors, tumor necrosis factor inhibitors; IL-17 inhibitors, interleukin 17 inhibitors; IL-12/23 inhibitors, interleukin 12/23 inhibitors; JAK inhibitors, janus kinase inhibitors; GM-
CSF, granulocyte-macrophage colony stimulating factor; IL-6 receptor inhibitors, interleukin-6 inhibitors; IL-1 receptor antagonist, interleukin-1 antagonist; Anti-CD20 antibody, anti- cluster of
differentiate 20 antibody; PDE-4, phosphodiesterase-4; COX-2 inhibitors, cyclooxygenase-2 inhibitors; DMARDs, disease-modifying anti-rheumatic drugs; NSAIDs, non-steroidal anti-

inflammatory drugs; Human rSOST, human recombinant sclerostin

exploring the fundamental AS processes and evaluating prospective
treatment approaches.

In contrast to controls, individuals with radiographically
confirmed axSpA variations had elevated blood levels of ECM
metabolites such as C1M, C2M, C3M, and C4M2, indicating that
these biomarkers may signify disease activity. The significant
connection between blood levels of MMP-degraded collagen
products and clinical disease activity shows the complex interplay
between tissue turnover and inflammatory processes in AS. In
particular, C3M is a promising biomarker for differentiating AS
from non-radiographic axSpA (nr-axSpA), necessitating additional
research into its clinical applications.

The dysregulation of Wnt signaling pathways in AS models is a
compelling target for therapeutic intervention. Dysregulation of Wnt
signaling in a mouse model of AS increases tissue proliferation,
contributing to syndesmophyte formation and ankylosis. This
imbalance is believed to have a role in osteoproliferation, which
supports the therapeutic targeting of Wnt signaling in AS. The
biological activity of rSOST treatment, which appears to modulate
SOST levels in the joints, paralleling the downregulation of SOST
observed in human AS patients, highlights the potential of therapeutic
agents targeting Wnt signaling. Moreover, the downregulation of SOST
observed in the PGISp mouse model closely resembles the
downregulation of SOST observed in humans, as previously
described. Nonetheless, more dosage-response investigations are
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needed to clarify the mechanisms by which SOST and associated
pathways might be adeptly modified to influence tissue development in
AS (39).

In conclusion, the findings from these models offer a compelling
rationale for early intervention with effective anti-inflammatory
therapies to mitigate damage caused by inflammation and reduce the
incidence of osteoproliferative events and joint fusion in an individual
with AS. As these insights will be essential for developing targeted
therapeutic strategies, future research should concentrate on identifying
essential proteins and molecular pathways that regulate the transition
from inflammation to bone formation. Eventually, learning more about
the molecular basis of AS will help the development of personalized
medicine methods, which will lead to better outcomes for people who
have this debilitating disorder.

Author contributions

AP: Conceptualization, Investigation, Writing - original draft,
Writing - review & editing. AS: Conceptualization, Funding
acquisition, Investigation, Supervision, Writing - original draft,
Writing - review & editing. MAH: Formal analysis, Writing -
review & editing. GS: Data curation, Writing — review & editing.
MS: Formal analysis, Writing - review & editing. ES: Visualization,
Writing - review & editing. MMH: Supervision, Writing — review &

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1633318
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Parvin et al.

editing, Conceptualization. SL: Funding acquisition, Supervision,
Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. This study was supported
by the Hallym University Research Fund and the National Research
Foundation of Korea (NRF) grant funded by the Ministry of Education
(NRF-2020R111A3074575 & NRF-2020R1C1C1008694) and by the
MSIT (RS-2025-00513909 & RS2023-2727438).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

1. Baraliakos X, Braun J. Non-radiographic axial spondyloarthritis and ankylosing
spondylitis: what are the similarities and differences? RMD Open. (2015) 1:¢000053.
doi: 10.1136/rmdopen-2015-000053

2. Benavent D, Navarro-Compan V. Understanding the paradigm of non-
radiographic axial spondyloarthritis. Clin Rheumatol. (2021) 40:501-12. doi: 10.1007/
510067-020-05423-7

3. Taurog JD, Chhabra A, Colbert RA. Ankylosing spondylitis and axial
spondyloarthritis. N Engl ] Med. (2016) 374:2563-74. doi: 10.1056/NEJMral406182

4. Slobodin G, Sagiv M, Khreish T, Croitoru S, Shouval A, Eshed I. Facet joint
disease in patients with axial spondyloarthritis: A retrospective computed tomography
study. Semin Arthritis Rheum. (2022) 55:151991. doi: 10.1016/j.semarthrit.2022.151991

5. Appel H, Loddenkemper C, Miossec P. Rheumatoid arthritis and ankylosing
spondylitis - pathology of acute inflammation. Clin Exp Rheumatol. (2009) 27:515-9.

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

7. Mauro D, Gandolfo S, Tirri E, Schett G, Maksymowych WP, Ciccia F. The bone
marrow side of axial spondyloarthritis. Nat Rev Rheumatol. (2023) 19:519-32.
doi: 10.1038/s41584-023-00986-6

8. Rosenbaum JT, Weisman MH, Hamilton H, Shafer C, Aslanyan E, Howard RA,
et al. Hla-B27 is associated with reduced disease activity in axial spondyloarthritis. Sci
Rep. (2021) 11:12331. doi: 10.1038/s41598-021-91829-5

9. Navid F, Gill T, Fones L, Allbritton-King JD, Zhou K, Shen I, et al. Chop-mediated
il-23 overexpression does not drive colitis in experimental spondyloarthritis. Sci Rep.
(2024) 14:12293. doi: 10.1038/s41598-024-62940-0

10. Poddubnyy D. Classification vs diagnostic criteria: the challenge of diagnosing
axial spondyloarthritis. Rheumatol (Oxford). (2020) 59:iv6-iv17. doi: 10.1093/
rheumatology/keaa250

11. Sieper J, Rudwaleit M, Baraliakos X, Brandt ], Braun ], Burgos-Vargas R, et al.
The assessment of spondyloarthritis international society (Asas) handbook: A guide to
assess spondyloarthritis. Ann Rheum Dis. (2009) 68 Suppl 2:iil-44. doi: 10.1136/
ard.2008.104018

12. van der Linden S, Valkenburg HA, Cats A. Evaluation of diagnostic criteria for
ankylosing spondylitis. A proposal for modification of the new york criteria. Arthritis
Rheum. (1984) 27:361-8. doi: 10.1002/art.1780270401

13. de Winter JJ, van Mens L], van der Heijde D, Landewe R, Baeten DL. Prevalence
of peripheral and extra-articular disease in ankylosing spondylitis versus non-
radiographic axial spondyloarthritis: A meta-analysis. Arthritis Res Ther. (2016)
18:196. doi: 10.1186/s13075-016-1093-z

14. Dougados M, Demattei C, van den Berg R, Vo Hoang V, Thevenin F, Reijnierse
M, et al. Rate and predisposing factors for sacroiliac joint radiographic progression after

a two-year follow-up period in recent-onset spondyloarthritis. Arthritis Rheumatol.
(2016) 68:1904-13. doi: 10.1002/art.39666

Frontiers in Immunology

10.3389/fimmu.2025.1633318

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

15. Poddubnyy D, Rudwaleit M, Haibel H, Listing J, Marker-Hermann E, Zeidler H, et al.
Rates and predictors of radiographic sacroiliitis progression over 2 years in patients with axial
spondyloarthritis. Ann Rheum Dis. (2011) 70:1369-74. doi: 10.1136/ard.2010.145995

16. Wang R, Gabriel SE, Ward MM. Progression of nonradiographic axial
spondyloarthritis to ankylosing spondylitis: A population-based cohort study.
Arthritis Rheumatol. (2016) 68:1415-21. doi: 10.1002/art.39542

17. Lopez-Medina C, Molto A, Sieper J, Duruoz T, Kiltz U, Elzorkany B, et al.
Prevalence and distribution of peripheral musculoskeletal manifestations in
spondyloarthritis including psoriatic arthritis: results of the worldwide, cross-
sectional asas-perspa study. RMD Open. (2021) 7. doi: 10.1136/rmdopen-2020-001450

18. Bautista-Molano W, Fernandez-Avila DG, Brance ML, Avila Pedretti MG,
Burgos-Vargas R, Corbacho I, et al. Pan american league of associations for
rheumatology recommendations for the management of axial spondyloarthritis. Nat
Rev Rheumatol. (2023) 19:724-37. doi: 10.1038/s41584-023-01034-z

19. Khan MA, Akkoc N. Ankylosing Spondylitis—Axial Spondyloarthritis. San Juan,
Puerto Rico: Professional Communications, Inc (2023).

20. Stolwijk C, van Onna M, Boonen A, van Tubergen A. Global prevalence of
spondyloarthritis: A systematic review and meta-regression analysis. Arthritis Care Res
(Hoboken). (2016) 68:1320-31. doi: 10.1002/acr.22831

21. Bittar M, Yong WC, Magrey M, Khan MA. Worldwide differences in clinical
phenotype of axial spondyloarthritis. Curr Rheumatol Rep. (2021) 23:76. doi: 10.1007/
s11926-021-01043-5

22. Khan MA. An update on the genetic polymorphism of hla-B*27 with 213 alleles
encompassing 160 subtypes (and still counting). Curr Rheumatol Rep. (2017) 19:9.
doi: 10.1007/s11926-017-0640-1

23. Citera G, Bautista-Molano W, Pelaez-Ballestas I, Azevedo VF, Perich RA,
Mendez-Rodriguez JA, et al. Prevalence, demographics, and clinical characteristics of
latin american patients with spondyloarthritis. Adv Rheumatol. (2021) 61:2.
doi: 10.1186/s42358-020-00161-5

24. Londono J, Pacheco-Tena C, Santos AM, Cardiel MH, Rodriguez-Salas G, Rueda I,
et al. Differences between radiographic and non-radiographic axial spondyloarthritis patients
in a mexican cohort. Sci Rep. (2024) 14:10342. doi: 10.1038/s41598-024-61001-w

25. Akassou A, Bakri Y. Does hla-B27 status influence ankylosing spondylitis
phenotype? Clin Med Insights Arthritis Musculoskelet Disord. (2018)
11:1179544117751627. doi: 10.1177/1179544117751627

26. Ortolan A, van Lunteren M, Ramiro S, Ramonda R, Landewe RBM, Dagfinrud
H, et al. Are gender-specific approaches needed in diagnosing early axial

spondyloarthritis? Data from the spondyloarthritis caught early cohort. Arthritis Res
Ther. (2018) 20:218. doi: 10.1186/s13075-018-1705-x

27. Jamalyaria F, Ward MM, Assassi S, Learch TJ, Lee M, Gensler LS, et al. Ethnicity
and disease severity in ankylosing spondylitis a cross-sectional analysis of three ethnic
groups. Clin Rheumatol. (2017) 36:2359-64. doi: 10.1007/s10067-017-3767-6

frontiersin.org


https://doi.org/10.1136/rmdopen-2015-000053
https://doi.org/10.1007/s10067-020-05423-7
https://doi.org/10.1007/s10067-020-05423-7
https://doi.org/10.1056/NEJMra1406182
https://doi.org/10.1016/j.semarthrit.2022.151991
https://doi.org/10.1016/S0140-6736(16)31591-4
https://doi.org/10.1038/s41584-023-00986-6
https://doi.org/10.1038/s41598-021-91829-5
https://doi.org/10.1038/s41598-024-62940-0
https://doi.org/10.1093/rheumatology/keaa250
https://doi.org/10.1093/rheumatology/keaa250
https://doi.org/10.1136/ard.2008.104018
https://doi.org/10.1136/ard.2008.104018
https://doi.org/10.1002/art.1780270401
https://doi.org/10.1186/s13075-016-1093-z
https://doi.org/10.1002/art.39666
https://doi.org/10.1136/ard.2010.145995
https://doi.org/10.1002/art.39542
https://doi.org/10.1136/rmdopen-2020-001450
https://doi.org/10.1038/s41584-023-01034-z
https://doi.org/10.1002/acr.22831
https://doi.org/10.1007/s11926-021-01043-5
https://doi.org/10.1007/s11926-021-01043-5
https://doi.org/10.1007/s11926-017-0640-1
https://doi.org/10.1186/s42358-020-00161-5
https://doi.org/10.1038/s41598-024-61001-w
https://doi.org/10.1177/1179544117751627
https://doi.org/10.1186/s13075-018-1705-x
https://doi.org/10.1007/s10067-017-3767-6
https://doi.org/10.3389/fimmu.2025.1633318
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Parvin et al.

28. Glintborg B, Sorensen IJ, Ostergaard M, Dreyer L, Mohamoud AA, Krogh NS,
et al. Ankylosing spondylitis versus nonradiographic axial spondyloarthritis:
comparison of tumor necrosis factor inhibitor effectiveness and effect of hla-B27
status. An observational cohort study from the nationwide danbio registry. J
Rheumatol. (2017) 44:59-69. doi: 10.3899/jrheum.160958

29. Hong C, Kwan YH, Leung YY, Lui NL, Fong W. Comparison of ankylosing
spondylitis and non-radiographic axial spondyloarthritis in a multi-ethnic asian
population of Singapore. Int ] Rheum Dis. (2019) 22:1506-11. doi: 10.1111/1756-
185X.13603

30. Wright GC, Kaine J, Deodhar A. Understanding differences between men and
women with axial spondyloarthritis. Semin Arthritis Rheum. (2020) 50:687-94.
doi: 10.1016/j.semarthrit.2020.05.005

31. Wallis D, Haroon N, Ayearst R, Carty A, Inman RD. Ankylosing spondylitis and
nonradiographic axial spondyloarthritis: part of a common spectrum or distinct
diseases? ] Rheumatol. (2013) 40:2038-41. doi: 10.3899/jrheum.130588

32. Chung HY, MaChado P, van der Heijde D, D’Agostino MA, Dougados M. Hla-
B27 positive patients differ from hla-B27 negative patients in clinical presentation and
imaging: results from the desir cohort of patients with recent onset axial
spondyloarthritis. Ann Rheum Dis. (2011) 70:1930-6. doi: 10.1136/ard.2011.152975

33. McHugh K, Bowness P. The link between hla-B27 and spa-new ideas on an old
problem. Rheumatol (Oxford). (2012) 51:1529-39. doi: 10.1093/rheumatology/kes061

34. Ellinghaus D, Jostins L, Spain SL, Cortes A, Bethune J, Han B, et al. Analysis of
five chronic inflammatory diseases identifies 27 new associations and highlights
disease-specific patterns at shared loci. Nat Genet. (2016) 48:510-8. doi: 10.1038/
ng.3528

35. Reveille JD. Genetics of spondyloarthritis—beyond the mhc. Nat Rev Rheumatol.
(2012) 8:296-304. doi: 10.1038/nrrheum.2012.41

36. Ranganathan V, Gracey E, Brown MA, Inman RD, Haroon N. Pathogenesis of
ankylosing spondylitis - recent advances and future directions. Nat Rev Rheumatol.
(2017) 13:359-67. doi: 10.1038/nrrheum.2017.56

37. Khan MA, Yong SB, Wei JCC. Ankylosing spondylitis: history, epidemiology,
and hla-B27. Int ] Rheumatic Dis. (2023) 26:413-414. doi: 10.1111/1756-185X.14547

38. Dean LE, Jones GT, MacDonald AG, Downham C, Sturrock RD, Macfarlane GJ.
Global prevalence of ankylosing spondylitis. Rheumatol (Oxford). (2014) 53:650-7.
doi: 10.1093/rheumatology/ket387

39. Haynes KR, Tseng HW, Kneissel M, Glant TT, Brown MA, Thomas GP.
Treatment of a mouse model of ankylosing spondylitis with exogenous sclerostin has
no effect on disease progression. BMC Musculoskelet Disord. (2015) 16:368.
doi: 10.1186/s12891-015-0823-8

40. Klingberg E, Lorentzon M, Mellstrom D, Geijer M, Gothlin J, Hilme E, et al.
Osteoporosis in ankylosing spondylitis - prevalence, risk factors and methods of
assessment. Arthritis Res Ther. (2012) 14:R108. doi: 10.1186/ar3833

41. Maksymowych WP. Disease modification in ankylosing spondylitis. Nat Rev
Rheumatol. (2010) 6:75-81. doi: 10.1038/nrrheum.2009.258

42. Benjamin M, Toumi H, Suzuki D, Hayashi K, McGonagle D. Evidence for a
distinctive pattern of bone formation in enthesophytes. Ann Rheum Dis. (2009)
68:1003-10. doi: 10.1136/ard.2008.091074

43. Francois RJ, Gardner DL, Degrave EJ, Bywaters EG. Histopathologic evidence
that sacroiliitis in ankylosing spondylitis is not merely enthesitis. Arthritis Rheum.
(2000) 43:2011-24. doi: 10.1002/1529-0131(200009)43:9<2011::AID-
ANR12>3.0.CO;2-Y

44. Haynes KR, Pettit AR, Duan R, Tseng HW, Glant TT, Brown MA, et al.
Excessive bone formation in a mouse model of ankylosing spondylitis is associated
with decreases in wnt pathway inhibitors. Arthritis Res Ther. (2012) 14:R253.
doi: 10.1186/ar4096

45. Tseng HW, Pitt ME, Glant TT, McRae AF, Kenna TJ, Brown MA, et al.
Inflammation-driven bone formation in a mouse model of ankylosing spondylitis:
sequential not parallel processes. Arthritis Res Ther. (2016) 18:35. doi: 10.1186/s13075-
015-0805-0

46. Bardos T, Szabo Z, Czipri M, Vermes C, Tunyogi-Csapo M, Urban RM, et al. A
longitudinal study on an autoimmune murine model of ankylosing spondylitis. Ann
Rheum Dis. (2005) 64:981-7. doi: 10.1136/ard.2004.029710

47. Hammer RE, Maika SD, Richardson JA, Tang JP, Taurog JD. Spontaneous
inflammatory disease in transgenic rats expressing hla-B27 and human beta 2m: an
animal model of hla-B27-associated human disorders. Cell. (1990) 63:1099-112.
doi: 10.1016/0092-8674(90)90512-d

48. Ruutu M, Thomas G, Steck R, Degli-Esposti MA, Zinkernagel MS, Alexander K,
et al. Beta-glucan triggers spondylarthritis and crohn’s disease-like ileitis in skg mice.
Arthritis Rheum. (2012) 64:2211-22. doi: 10.1002/art.34423

49. Cai HX, Yayama T, Uchida K, Nakajima H, Sugita D, Guerrero AR, et al. Cyclic
tensile strain facilitates the ossification of ligamentum flavum through beta-catenin
signaling pathway: in vitro analysis. Spine (Phila Pa 1976). (2012) 37:E639-46.
doi: 10.1097/BRS.0b013e318242a132

50. Loughenbury PR, Wadhwani S, Soames RW. The posterior longitudinal
ligament and peridural (Epidural) membrane. Clin Anat. (2006) 19:487-92.
doi: 10.1002/ca.20200

Frontiers in Immunology

15

10.3389/fimmu.2025.1633318

51. Maksymowych WP, Chiowchanwisawakit P, Clare T, Pedersen SJ], Ostergaard
M, Lambert RG. Inflammatory lesions of the spine on magnetic resonance imaging
predict the development of new syndesmophytes in ankylosing spondylitis: evidence of
a relationship between inflammation and new bone formation. Arthritis Rheum. (2009)
60:93-102. doi: 10.1002/art.24132

52. van der Heijde D, MaChado P, Braun J, Hermann KG, Baraliakos X, Hsu B, et al.
Mri inflammation at the vertebral unit only marginally predicts new syndesmophyte
formation: A multilevel analysis in patients with ankylosing spondylitis. Ann Rheum
Dis. (2012) 71:369-73. doi: 10.1136/annrheumdis-2011-200208

53. Appel H, Loddenkemper C, Grozdanovic Z, Ebhardt H, Dreimann M, Hempfing
A, et al. Correlation of histopathological findings and magnetic resonance imaging in
the spine of patients with ankylosing spondylitis. Arthritis Res Ther. (2006) 8:R143.
doi: 10.1186/ar2035

54. Yang L, Tsang KY, Tang HC, Chan D, Cheah KS. Hypertrophic chondrocytes
can become osteoblasts and osteocytes in endochondral bone formation. Proc Natl
Acad Sci U.S.A. (2014) 111:12097-102. doi: 10.1073/pnas.1302703111

55. Bleil J, Maier R, Hempfing A, Schlichting U, Appel H, Sieper J, et al.
Histomorphologic and histomorphometric characteristics of zygapophyseal joint
remodeling in ankylosing spondylitis. Arthritis Rheumatol. (2014) 66:1745-54.
doi: 10.1002/art.38404

56. van Tubergen A, Weber U. Diagnosis and classification in spondyloarthritis:
identifying a chameleon. Nat Rev Rheumatol. (2012) 8:253-61. doi: 10.1038/
nrrheum.2012.33

57. Choi JS, Kim JY, Ahn MJ, Jang H, Song S, Choi SH, et al. Angiotensin receptor
blockers, but not angiotensin-converting enzyme inhibitors, inhibit abnormal bone
changes in spondyloarthritis. Exp Mol Med. (2023) 55:2346-56. doi: 10.1038/512276-
023-01103-z

58. Pedersen SJ, Sorensen IJ, Lambert RG, Hermann KG, Garnero P, Johansen JS,
et al. Radiographic progression is associated with resolution of systemic inflammation
in patients with axial spondylarthritis treated with tumor necrosis factor alpha
inhibitors: A study of radiographic progression, inflammation on magnetic
resonance imaging, and circulating biomarkers of inflammation, angiogenesis, and
cartilage and bone turnover. Arthritis Rheum. (2011) 63:3789-800. doi: 10.1002/
art.30627

59. Appel H, Maier R, Wu P, Scheer R, Hempfing A, Kayser R, et al. Analysis of il-17
(+) cells in facet joints of patients with spondyloarthritis suggests that the innate
immune pathway might be of greater relevance than the th17-mediated adaptive
immune response. Arthritis Res Ther. (2011) 13:R95. doi: 10.1186/ar3370

60. Appel H, Kuhne M, Spiekermann S, Ebhardt H, Grozdanovic Z, Kohler D, et al.
Immunohistologic analysis of zygapophyseal joints in patients with ankylosing
spondylitis. Arthritis Rheum. (2006) 54:2845-51. doi: 10.1002/art.22060

61. Appel H, Kuhne M, Spiekermann S, Kohler D, Zacher ], Stein H, et al.
Immunohistochemical analysis of hip arthritis in ankylosing spondylitis: evaluation
of the bone-cartilage interface and subchondral bone marrow. Arthritis Rheum. (2006)
54:1805-13. doi: 10.1002/art.21907

62. Appel H, Maier R, Bleil ], Hempfing A, Loddenkemper C, Schlichting U, et al. In
situ analysis of interleukin-23- and interleukin-12-positive cells in the spine of patients
with ankylosing spondylitis. Arthritis Rheum. (2013) 65:1522-9. doi: 10.1002/art.37937

63. Tran TM, Dorris ML, Satumtira N, Richardson JA, Hammer RE, Shang J, et al.
Additional human beta2-microglobulin curbs hla-B27 misfolding and promotes
arthritis and spondylitis without colitis in male hla-B27-transgenic rats. Arthritis
Rheum. (2006) 54:1317-27. doi: 10.1002/art.21740

64. Redlich K, Gortz B, Hayer S, Zwerina ], Kollias G, Steiner G, et al.
Overexpression of tumor necrosis factor causes bilateral sacroiliitis. Arthritis Rheum.
(2004) 50:1001-5. doi: 10.1002/art.20194

65. Kontoyiannis D, Pasparakis M, Pizarro TT, Cominelli F, Kollias G. Impaired on/
off regulation of tnf biosynthesis in mice lacking tnf au-rich elements: implications for
joint and gut-associated immunopathologies. Immunity. (1999) 10:387-98.
doi: 10.1016/s1074-7613(00)80038-2

66. Capkova J. Ivanyi P. H-2 influence on ankylosing enthesopathy of the ankle
(Ankent). Folia Biol (Praha). (1992) 38:258-62.

67. Lories RJ, Matthys P, de Vlam K, Derese I, Luyten FP. Ankylosing enthesitis,
dactylitis, and onychoperiostitis in male dba/1 mice: A model of psoriatic arthritis. Ann
Rheum Dis. (2004) 63:595-8. doi: 10.1136/ard.2003.013599

68. Braem K, Deroose CM, Luyten FP, Lories R]. Inhibition of inflammation but not
ankylosis by glucocorticoids in mice: further evidence for the entheseal stress
hypothesis. Arthritis Res Ther. (2012) 14:R59. doi: 10.1186/ar3772

69. Lories RJ, Derese I, de Bari C, Luyten FP. Evidence for uncoupling of
inflammation and joint remodeling in a mouse model of spondylarthritis. Arthritis
Rheum. (2007) 56:489-97. doi: 10.1002/art.22372

70. Milia AF, Ibba-Manneschi L, Manetti M, Benelli G, Generini S, Messerini L, et al.
Evidence for the prevention of enthesitis in hla-B27/hbeta(2)M transgenic rats treated
with a monoclonal antibody against tnf-alpha. J Cell Mol Med. (2011) 15:270-9.
doi: 10.1111/j.1582-4934.2009.00984.x

71. Glant TT, Mikecz K, Arzoumanian A, Poole AR. Proteoglycan-induced arthritis
in balb/C mice. Clinical features and histopathology. Arthritis Rheum. (1987) 30:201-
12. doi: 10.1002/art.1780300211

frontiersin.org


https://doi.org/10.3899/jrheum.160958
https://doi.org/10.1111/1756-185X.13603
https://doi.org/10.1111/1756-185X.13603
https://doi.org/10.1016/j.semarthrit.2020.05.005
https://doi.org/10.3899/jrheum.130588
https://doi.org/10.1136/ard.2011.152975
https://doi.org/10.1093/rheumatology/kes061
https://doi.org/10.1038/ng.3528
https://doi.org/10.1038/ng.3528
https://doi.org/10.1038/nrrheum.2012.41
https://doi.org/10.1038/nrrheum.2017.56
https://doi.org/10.1111/1756-185X.14547
https://doi.org/10.1093/rheumatology/ket387
https://doi.org/10.1186/s12891-015-0823-8
https://doi.org/10.1186/ar3833
https://doi.org/10.1038/nrrheum.2009.258
https://doi.org/10.1136/ard.2008.091074
https://doi.org/10.1002/1529-0131(200009)43:9%3C2011::AID-ANR12%3E3.0.CO;2-Y
https://doi.org/10.1002/1529-0131(200009)43:9%3C2011::AID-ANR12%3E3.0.CO;2-Y
https://doi.org/10.1186/ar4096
https://doi.org/10.1186/s13075-015-0805-0
https://doi.org/10.1186/s13075-015-0805-0
https://doi.org/10.1136/ard.2004.029710
https://doi.org/10.1016/0092-8674(90)90512-d
https://doi.org/10.1002/art.34423
https://doi.org/10.1097/BRS.0b013e318242a132
https://doi.org/10.1002/ca.20200
https://doi.org/10.1002/art.24132
https://doi.org/10.1136/annrheumdis-2011-200208
https://doi.org/10.1186/ar2035
https://doi.org/10.1073/pnas.1302703111
https://doi.org/10.1002/art.38404
https://doi.org/10.1038/nrrheum.2012.33
https://doi.org/10.1038/nrrheum.2012.33
https://doi.org/10.1038/s12276-023-01103-z
https://doi.org/10.1038/s12276-023-01103-z
https://doi.org/10.1002/art.30627
https://doi.org/10.1002/art.30627
https://doi.org/10.1186/ar3370
https://doi.org/10.1002/art.22060
https://doi.org/10.1002/art.21907
https://doi.org/10.1002/art.37937
https://doi.org/10.1002/art.21740
https://doi.org/10.1002/art.20194
https://doi.org/10.1016/s1074-7613(00)80038-2
https://doi.org/10.1136/ard.2003.013599
https://doi.org/10.1186/ar3772
https://doi.org/10.1002/art.22372
https://doi.org/10.1111/j.1582-4934.2009.00984.x
https://doi.org/10.1002/art.1780300211
https://doi.org/10.3389/fimmu.2025.1633318
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Parvin et al.

72. Benjamin M, McGonagle D. The enthesis organ concept and its relevance to the
spondyloarthropathies. Adv Exp Med Biol. (2009) 649:57-70. doi: 10.1007/978-1-4419-
0298-6_4

73. Pepelyayeva Y, Rastall DPW, Aldhamen YA, O’Connell P, Raehtz S, Alyaqoub
FS, et al. Erapl deficient mice have reduced type 1 regulatory T cells and develop
skeletal and intestinal features of ankylosing spondylitis. Sci Rep. (2018) 8:12464.
doi: 10.1038/s41598-018-30159-5

74. El Maghraoui A. Extra-articular manifestations of ankylosing spondylitis:
prevalence, characteristics and therapeutic implications. Eur J Intern Med. (2011)
22:554-60. doi: 10.1016/j.¢jim.2011.06.006

75. Costello ME, 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. doi: 10.1002/art.38967

76. Braun J, Sieper J. Ankylosing spondylitis. Lancet. (2007) 369:1379-90.
doi: 10.1016/S0140-6736(07)60635-7

77. Bron JL, de Vries MK, Snieders MN, van der Horst-Bruinsma IE, van Royen BJ.
Discovertebral (Andersson) lesions of the spine in ankylosing spondylitis revisited. Clin
Rheumatol. (2009) 28:883-92. doi: 10.1007/s10067-009-1151-x

78. Ciccia F, Rizzo A, Triolo G. Subclinical gut inflammation in ankylosing
spondylitis. Curr Opin Rheumatol. (2016) 28:89-96. doi: 10.1097/
BOR.0000000000000239

79. Shao F, Liu Q, Zhu Y, Fan Z, Chen W, Liu S, et al. Targeting chondrocytes for
arresting bony fusion in ankylosing spondylitis. Nat Commun. (2021) 12:6540.
doi: 10.1038/s41467-021-26750-6

80. Xie Z, Wang P, Li Y, Deng W, Zhang X, Su H, et al. Imbalance between bone
morphogenetic protein 2 and noggin induces abnormal osteogenic differentiation of
mesenchymal stem cells in ankylosing spondylitis. Arthritis Rheumatol. (2016) 68:430-
40. doi: 10.1002/art.39433

81. Liu CH, Raj S, Chen CH, Hung KH, Chou CT, Chen IH, et al. Hla-B27-mediated
activation of tnap phosphatase promotes pathogenic syndesmophyte formation in
ankylosing spondylitis. J Clin Invest. (2019) 129:5357-73. doi: 10.1172/JCI125212

82. Xie Z, Yu W, Zheng G, Li ], Cen S, Ye G, et al. Tnf-alpha-mediated M(6)a
modification of elmol triggers directional migration of mesenchymal stem cell in
ankylosing spondylitis. Nat Commun. (2021) 12:5373. doi: 10.1038/541467-021-25710-
4

83. XuX, SuY, WuK, Pan F, Wang A. Dock2 contributes to endotoxemia-induced
acute lung injury in mice by activating proinflammatory macrophages. Biochem
Pharmacol. (2021) 184:114399. doi: 10.1016/j.bcp.2020.114399

84. Maksymowych WP. Biomarkers for diagnosis of axial spondyloarthritis, disease
activity, prognosis, and prediction of response to therapy. Front Immunol. (2019)
10:305. doi: 10.3389/fimmu.2019.00305

85. Husakova M, Bay-Jensen AC, Forejtova S, Zegzulkova K, Tomcik M, Gregova M,
et al. Ii, iii, and iv collagen may serve as markers of disease activity in axial
spondyloarthritis. Sci Rep. (2019) 9:11218. doi: 10.1038/s41598-019-47502-z

86. Kjelgaard-Petersen C, Siebuhr AS, Christiansen T, Ladel C, Karsdal M, Bay-
Jensen AC. Synovitis biomarkers: ex vivo characterization of three biomarkers for
identification of inflammatory osteoarthritis. Biomarkers. (2015) 20:547-56.
doi: 10.3109/1354750X.2015.1105497

87. Mattey DL, Packham JC, Nixon NB, Coates L, Creamer P, Hailwood S, et al.
Association of cytokine and matrix metalloproteinase profiles with disease activity and
function in ankylosing spondylitis. Arthritis Res Ther. (2012) 14:R127. doi: 10.1186/ar3857

88. Maksymowych WP, Landewe R, Conner-Spady B, Dougados M, Mielants H, van
der Tempel H, et al. Serum matrix metalloproteinase 3 is an independent predictor of
structural damage progression in patients with ankylosing spondylitis. Arthritis Rheum.
(2007) 56:1846-53. doi: 10.1002/art.22589

89. de Winter JJ, Paramarta JE, de Jong HM, van de Sande MG, Baeten DL.
Peripheral disease contributes significantly to the level of disease activity in axial
spondyloarthritis. RMD Open. (2019) 5:¢000802. doi: 10.1136/rmdopen-2018-000802

90. Liu KG, He QH, Tan JW, Liao GJ. Expression of tnf-alpha, vegf, and mmp-3
mrnas in synovial tissues and their roles in fibroblast-mediated osteogenesis in
ankylosing spondylitis. Genet Mol Res. (2015) 14:6852-8. doi: 10.4238/2015.June.18.28

91. Sun S, Bay-Jensen AC, Karsdal MA, Siebuhr AS, Zheng Q, Maksymowych WP,
et al. The active form of mmp-3 is a marker of synovial inflammation and cartilage
turnover in inflammatory joint diseases. BMC Musculoskelet Disord. (2014) 15:93.
doi: 10.1186/1471-2474-15-93

92. Gudmann NS, Siebuhr AS, Christensen AF, Ejstrup L, Sorensen GL, Loft AG,
et al. Type I and iii collagen turnover is increased in axial spondyloarthritis and
psoriatic arthritis. Associations with disease activity and diagnostic capacity. Clin Exp
Rheumatol. (2017) 35:653-9.

93. Siebuhr AS, Bay-Jensen AC, Leeming DJ, Plat A, Byrjalsen I, Christiansen C,
et al. Serological identification of fast progressors of structural damage with rheumatoid
arthritis. Arthritis Res Ther. (2013) 15:R86. doi: 10.1186/ar4266

94. Jacques P, Lambrecht S, Verheugen E, Pauwels E, Kollias G, Armaka M, et al.
Proof of concept: enthesitis and new bone formation in spondyloarthritis are driven by
mechanical strain and stromal cells. Ann Rheum Dis. (2014) 73:437-45. doi: 10.1136/
annrheumdis-2013-203643

Frontiers in Immunology

16

10.3389/fimmu.2025.1633318

95. Rueda-Gotor J, Llorca J, Corrales A, Blanco R, Fuentevilla P, Portilla V, et al.
Subclinical atherosclerosis is not increased in patients with non-radiographic axial
spondyloarthritis. Clin Exp Rheumatol. (2016) 34:159-60.

96. Haroon NN, Paterson JM, Li P, Inman RD, Haroon N. Patients with ankylosing
spondylitis have increased cardiovascular and cerebrovascular mortality: A population-
based study. Ann Intern Med. (2015) 163:409-16. doi: 10.7326/M14-2470

97. Sun LM, Muo CH, Liang JA, Chang SN, Sung FC, Kao CH. Increased risk of
cancer for patients with ankylosing spondylitis: A nationwide population-based
retrospective cohort study. Scand J Rheumatol. (2014) 43:301-6. doi: 10.3109/
03009742.2013.863969

98. Chen CH, Lin KC, Yu DT, Yang C, Huang F, Chen HA, et al. Serum matrix
metalloproteinases and tissue inhibitors of metalloproteinases in ankylosing
spondylitis: mmp-3 is a reproducibly sensitive and specific biomarker of disease
activity. Rheumatol (Oxford). (2006) 45:414-20. doi: 10.1093/rheumatology/kei208

99. Hayer S, Niederreiter B, Nagelreiter I, Smolen J, Redlich K. Interleukin 6 is not a
crucial regulator in an animal model of tumour necrosis factor-mediated bilateral
sacroiliitis. Ann Rheum Dis. (2010) 69:1403-6. doi: 10.1136/ard.2010.129148

100. Port H, Hausgaard CM, He Y, Maksymowych WP, Wichuk S, Sinkeviciute D,
et al. A novel biomarker of mmp-cleaved cartilage intermediate layer protein-1 is
elevated in patients with rheumatoid arthritis, ankylosing spondylitis and
osteoarthritis. Sci Rep. (2023) 13:21717. doi: 10.1038/s41598-023-48787-x

101. Brewerton DA, Hart FD, Nicholls A, Caffrey M, James DC, Sturrock RD.
Ankylosing spondylitis and hl-a 27. Lancet. (1973) 1:904-7. doi: 10.1016/50140-6736
(73)91360-3

102. Cortes A, Pulit SL, Leo PJ, Pointon JJ, Robinson PC, Weisman MH, et al. Major
histocompatibility complex associations of ankylosing spondylitis are complex and
involve further epistasis with erapl. Nat Commun. (2015) 6:7146. doi: 10.1038/
ncomms8146

103. Evans DM, Spencer CC, Pointon JJ, Su Z, Harvey D, Kochan G, et al.
Interaction between erapl and hla-B27 in ankylosing spondylitis implicates peptide
handling in the mechanism for hla-B27 in disease susceptibility. Nat Genet. (2011)
43:761-7. doi: 10.1038/ng.873

104. Aldhamen YA, Pepelyayeva Y, Rastall DP, Seregin SS, Zervoudi E, Koumantou
D, et al. Autoimmune disease-associated variants of extracellular endoplasmic
reticulum aminopeptidase 1 induce altered innate immune responses by human
immune cells. ] Innate Immun. (2015) 7:275-89. doi: 10.1159/000368899

105. Aldhamen YA, Seregin SS, Rastall DP, Aylsworth CF, Pepelyayeva Y, Busuito
CJ, et al. Endoplasmic reticulum aminopeptidase-1 functions regulate key aspects of the
innate immune response. PLoS One. (2013) 8:€69539. doi: 10.1371/
journal.pone.0069539

106. Goto Y, Ogawa K, Hattori A, Tsujimoto M. Secretion of endoplasmic reticulum
aminopeptidase 1 is involved in the activation of macrophages induced by
lipopolysaccharide and interferon-gamma. J Biol Chem. (2011) 286:21906-14.
doi: 10.1074/jbc.M111.239111

107. Rastall DP, Aldhamen YA, Seregin SS, Godbehere S, Amalfitano A. Erapl
functions override the intrinsic selection of specific antigens as immunodominant
peptides, thereby altering the potency of antigen-specific cytolytic and effector memory
T-cell responses. Int Immunol. (2014) 26:685-95. doi: 10.1093/intimm/dxu078

108. Seregin SS, Rastall DP, Evnouchidou I, Aylsworth CF, Quiroga D, Kamal RP,
et al. Endoplasmic reticulum aminopeptidase-1 alleles associated with increased risk of
ankylosing spondylitis reduce hla-B27 mediated presentation of multiple antigens.
Autoimmunity. (2013) 46:497-508. doi: 10.3109/08916934.2013.819855

109. York IA, Brehm MA, Zendzian S, Towne CF, Rock KL. Endoplasmic reticulum
aminopeptidase 1 (Erapl) trims mhc class I-presented peptides in vivo and plays an
important role in immunodominance. Proc Natl Acad Sci U.S.A. (2006) 103:9202-7.
doi: 10.1073/pnas.0603095103

110. Ciccia F, Accardo-Palumbo A, Giardina A, Di Maggio P, Principato A,
Bombardieri M, et al. Expansion of intestinal cd4+Cd25(High) treg cells in patients
with ankylosing spondylitis: A putative role for interleukin-10 in preventing intestinal
th17 response. Arthritis Rheum. (2010) 62:3625-34. doi: 10.1002/art.27699

111. Guo H, Zheng M, Zhang K, Yang F, Zhang X, Han Q, et al. Functional defects
in cd4(+) cd25(High) foxp3(+) regulatory cells in ankylosing spondylitis. Sci Rep.
(2016) 6:37559. doi: 10.1038/srep37559

112. Roncarolo MG, Gregori S, Bacchetta R, Battaglia M. Tr1 cells and the counter-
regulation of immunity: natural mechanisms and therapeutic applications. Curr Top
Microbiol Immunol. (2014) 380:39-68. doi: 10.1007/978-3-662-43492-5_3

113. Gregori S, Magnani CF, Roncarolo MG. Role of human leukocyte antigen-G in
the induction of adaptive type 1 regulatory T cells. Hum Immunol. (2009) 70:966-9.
doi: 10.1016/j.humimm.2009.07.022

114. Gregori S, Tomasoni D, Pacciani V, Scirpoli M, Battaglia M, Magnani CF, et al.
Differentiation of type 1 T regulatory cells (Tr1) by tolerogenic dc-10 requires the il-10-
dependent ilt4/hla-G pathway. Blood. (2010) 116:935-44. doi: 10.1182/blood-2009-07-
234872

115. Sims AM, Timms AE, Bruges-Armas J, Burgos-Vargas R, Chou CT, Doan T,
et al. Prospective meta-analysis of interleukin 1 gene complex polymorphisms confirms
associations with ankylosing spondylitis. Ann Rheum Dis. (2008) 67:1305-9.
doi: 10.1136/ard.2007.081364

frontiersin.org


https://doi.org/10.1007/978-1-4419-0298-6_4
https://doi.org/10.1007/978-1-4419-0298-6_4
https://doi.org/10.1038/s41598-018-30159-5
https://doi.org/10.1016/j.ejim.2011.06.006
https://doi.org/10.1002/art.38967
https://doi.org/10.1016/S0140-6736(07)60635-7
https://doi.org/10.1007/s10067-009-1151-x
https://doi.org/10.1097/BOR.0000000000000239
https://doi.org/10.1097/BOR.0000000000000239
https://doi.org/10.1038/s41467-021-26750-6
https://doi.org/10.1002/art.39433
https://doi.org/10.1172/JCI125212
https://doi.org/10.1038/s41467-021-25710-4
https://doi.org/10.1038/s41467-021-25710-4
https://doi.org/10.1016/j.bcp.2020.114399
https://doi.org/10.3389/fimmu.2019.00305
https://doi.org/10.1038/s41598-019-47502-z
https://doi.org/10.3109/1354750X.2015.1105497
https://doi.org/10.1186/ar3857
https://doi.org/10.1002/art.22589
https://doi.org/10.1136/rmdopen-2018-000802
https://doi.org/10.4238/2015.June.18.28
https://doi.org/10.1186/1471-2474-15-93
https://doi.org/10.1186/ar4266
https://doi.org/10.1136/annrheumdis-2013-203643
https://doi.org/10.1136/annrheumdis-2013-203643
https://doi.org/10.7326/M14-2470
https://doi.org/10.3109/03009742.2013.863969
https://doi.org/10.3109/03009742.2013.863969
https://doi.org/10.1093/rheumatology/kei208
https://doi.org/10.1136/ard.2010.129148
https://doi.org/10.1038/s41598-023-48787-x
https://doi.org/10.1016/s0140-6736(73)91360-3
https://doi.org/10.1016/s0140-6736(73)91360-3
https://doi.org/10.1038/ncomms8146
https://doi.org/10.1038/ncomms8146
https://doi.org/10.1038/ng.873
https://doi.org/10.1159/000368899
https://doi.org/10.1371/journal.pone.0069539
https://doi.org/10.1371/journal.pone.0069539
https://doi.org/10.1074/jbc.M111.239111
https://doi.org/10.1093/intimm/dxu078
https://doi.org/10.3109/08916934.2013.819855
https://doi.org/10.1073/pnas.0603095103
https://doi.org/10.1002/art.27699
https://doi.org/10.1038/srep37559
https://doi.org/10.1007/978-3-662-43492-5_3
https://doi.org/10.1016/j.humimm.2009.07.022
https://doi.org/10.1182/blood-2009-07-234872
https://doi.org/10.1182/blood-2009-07-234872
https://doi.org/10.1136/ard.2007.081364
https://doi.org/10.3389/fimmu.2025.1633318
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Parvin et al.

116. Genetic Analysis of Psoriasis Consortium & the Wellcome Trust Case Control
Consortium 2, Strange A, Capon F, Spencer CC, Knight J, Weale ME, et al. A genome-
wide association study identifies new psoriasis susceptibility loci and an interaction
between hla-C and erapl. Nat Genet. (2010) 42:985-90. doi: 10.1038/ng.694

117. Shen H, Goodall JC, Hill Gaston JS. Frequency and phenotype of peripheral
blood th17 cells in ankylosing spondylitis and rheumatoid arthritis. Arthritis Rheum.
(2009) 60:1647-56. doi: 10.1002/art.24568

118. Kenna TJ, Davidson SI, Duan R, Bradbury LA, McFarlane J, Smith M, et al.
Enrichment of circulating interleukin-17-secreting interleukin-23 receptor-positive
gamma/delta T cells in patients with active ankylosing spondylitis. Arthritis Rheum.
(2012) 64:1420-9. doi: 10.1002/art.33507

119. Doodes PD, Cao Y, Hamel KM, Wang Y, Rodeghero RL, Mikecz K, et al. Ifn-
gamma regulates the requirement for il-17 in proteoglycan-induced arthritis. J
Immunol. (2010) 184:1552-9. doi: 10.4049/jimmunol.0902907

120. Boldizsar F, Tarjanyi O, Nemeth P, Mikecz K, Glant TT. Th1/th17 polarization
and acquisition of an arthritogenic phenotype in arthritis-susceptible balb/C, but not in
mhc-matched, arthritis-resistant dba/2 mice. Int Immunol. (2009) 21:511-22.
doi: 10.1093/intimm/dxp018

121. Davidson SI, Liu Y, Danoy PA, Wu X, Thomas GP, Jiang L, et al. Association of
stat3 and tnfrsfla with ankylosing spondylitis in han chinese. Ann Rheum Dis. (2011)
70:289-92. doi: 10.1136/ard.2010.133322

122. Zambrano-Zaragoza JF, Agraz-Cibrian JM, Gonzalez-Reyes C, Duran-Avelar
Mde J, Vibanco-Perez N. Ankylosing spondylitis: from cells to genes. Int J Inflam.
(2013) 2013:501653. doi: 10.1155/2013/501653

123. Molinos M, Almeida CR, Caldeira J, Cunha C, Goncalves RM, Barbosa MA.
Inflammation in intervertebral disc degeneration and regeneration. J R Soc Interface.
(2015) 12:20141191. doi: 10.1098/rsif.2014.1191

124. Takahashi T, Yoshii T, Mori K, Kobayashi S, Inoue H, Tada K, et al.
Comparison of radiological characteristics between diffuse idiopathic skeletal
hyperostosis and ankylosing spondylitis: A multicenter study. Sci Rep. (2023)
13:1849. doi: 10.1038/541598-023-28946-w

125. Thjodleifsson B, Geirsson AJ, Bjornsson S, Bjarnason I. A common genetic
background for inflammatory bowel disease and ankylosing spondylitis: A genealogic
study in Iceland. Arthritis Rheum. (2007) 56:2633-9. doi: 10.1002/art.22812

126. Jethwa H, Abraham S. The evidence for microbiome manipulation in
inflammatory arthritis. Rheumatol (Oxford). (2017) 56:1452-60. doi: 10.1093/
rheumatology/kew374

127. Yadav SK, Boppana S, Ito N, Mindur JE, Mathay MT, Patel A, et al. Gut
dysbiosis breaks immunological tolerance toward the central nervous system during
young adulthood. Proc Natl Acad Sci U.S.A. (2017) 114:E9318-E27. doi: 10.1073/
pnas.1615715114

128. Atarashi K, Tanoue T, Shima T, Imaoka A, Kuwahara T, Momose Y, et al.
Induction of colonic regulatory T cells by indigenous clostridium species. Science.
(2011) 331:337-41. doi: 10.1126/science.1198469

129. den Besten G, van Eunen K, Groen AK, Venema K, Reijngoud DJ, Bakker BM.
The role of short-chain fatty acids in the interplay between diet, gut microbiota, and
host energy metabolism. J Lipid Res. (2013) 54:2325-40. doi: 10.1194/jlr.R036012

130. Proietti M, Cornacchione V, Rezzonico Jost T, Romagnani A, Faliti CE,
Perruzza L, et al. Atp-gated ionotropic P2x7 receptor controls follicular T helper cell
numbers in peyer’s patches to promote host-microbiota mutualism. Immunity. (2014)
41:789-801. doi: 10.1016/j.immuni.2014.10.010

131. Ramakrishna BS. Role of the gut microbiota in human nutrition and
metabolism. ] Gastroenterol Hepatol. (2013) 28 Suppl 4:9-17. doi: 10.1111/jgh.12294

132. Ciccia F, Bombardieri M, Principato A, Giardina A, Tripodo C, Porcasi R, et al.
Overexpression of interleukin-23, but not interleukin-17, as an immunologic signature
of subclinical intestinal inflammation in ankylosing spondylitis. Arthritis Rheum.
(2009) 60:955-65. doi: 10.1002/art.24389

133. Welsby I, Goriely S. Regulation of interleukin-23 expression in health and
disease. Adv Exp Med Biol. (2016) 941:167-89. doi: 10.1007/978-94-024-0921-5_8

134. Sakkas LI, Bogdanos DP. Are psoriasis and psoriatic arthritis the same disease?
The il-23/il-17 axis data. Autoimmun Rev. (2017) 16:10-5. doi: 10.1016/
j-autrev.2016.09.015

135. Meng P, Zhao S, Niu X, Fu N, Su S, Wang R, et al. Involvement of the
interleukin-23/interleukin-17 axis in chronic hepatitis C virus infection and its
treatment responses. Int ] Mol Sci. (2016) 17:1070 (1-15). doi: 10.3390/ijms17071070

136. Wendling D. An overview of investigational new drugs for treating ankylosing
spondylitis. Expert Opin Investig Drugs. (2016) 25:95-104. doi: 10.1517/
13543784.2016.1116519

137. Noto Llana M, Sarnacki SH, Aya Castaneda Mdel R, Bernal MI,
Giacomodonato MN, Cerquetti MC. Consumption of lactobacillus casei fermented
milk prevents salmonella reactive arthritis by modulating il-23/il-17 expression. PLoS
One. (2013) 8:e82588. doi: 10.1371/journal.pone.0082588

138. Goodall JC, Wu C, Zhang Y, McNeill L, Ellis L, Saudek V, et al. Endoplasmic
reticulum stress-induced transcription factor, chop, is crucial for dendritic cell il-23
expression. Proc Natl Acad Sci U.S.A. (2010) 107:17698-703. doi: 10.1073/
pnas.1011736107

Frontiers in Immunology

17

10.3389/fimmu.2025.1633318

139. Asquith M, Elewaut D, Lin P, Rosenbaum JT. The role of the gut and microbes
in the pathogenesis of spondyloarthritis. Best Pract Res Clin Rheumatol. (2014) 28:687—
702. doi: 10.1016/j.berh.2014.10.018

140. Yan J, Charles JF. Gut microbiome and bone: to build, destroy, or both? Curr
Osteoporos Rep. (2017) 15:376-84. doi: 10.1007/s11914-017-0382-z

141. Rauner M, Thiele S, Fert I, Araujo LM, Layh-Schmitt G, Colbert RA, et al. Loss
of bone strength in hla-B27 transgenic rats is characterized by a high bone turnover and
is mainly osteoclast-driven. Bone. (2015) 75:183-91. doi: 10.1016/j.bone.2015.02.024

142. Lin P, Bach M, Asquith M, Lee AY, Akileswaran L, Stauffer P, et al. Hla-B27 and
human beta2-microglobulin affect the gut microbiota of transgenic rats. PLoS One.
(2014) 9:¢105684. doi: 10.1371/journal.pone.0105684

143. Stebbings S, Munro K, Simon MA, Tannock G, Highton J, Harmsen H, et al.
Comparison of the faecal microflora of patients with ankylosing spondylitis and
controls using molecular methods of analysis. Rheumatol (Oxford). (2002) 41:1395-
401. doi: 10.1093/rheumatology/41.12.1395

144. Gill T, Asquith M, Rosenbaum JT, Colbert RA. The intestinal microbiome in
spondyloarthritis. Curr Opin Rheumatol. (2015) 27:319-25. doi: 10.1097/
BOR.0000000000000187

145. Rastall DPW, Alyaquob FS, O’Connell P, Pepelyayeva Y, Peters D, Godbehere-
Roosa S, et al. Mice expressing human erapl variants associated with ankylosing
spondylitis have altered T-cell repertoires and nk cell functions, as well as increased in
utero and perinatal mortality. Int Immunol. (2017) 29:277-89. doi: 10.1093/intimm/
dxx035

146. Round JL, Mazmanian SK. Inducible foxp3+ Regulatory T-cell development by
a commensal bacterium of the intestinal microbiota. Proc Natl Acad Sci U.S.A. (2010)
107:12204-9. doi: 10.1073/pnas.0909122107

147. Baron R, Rawadi G. Targeting the wnt/beta-catenin pathway to regulate bone
formation in the adult skeleton. Endocrinology. (2007) 148:2635-43. doi: 10.1210/
en.2007-0270

148. Diarra D, Stolina M, Polzer K, Zwerina J, Ominsky MS, Dwyer D, et al.
Dickkopf-1 is a master regulator of joint remodeling. Nat Med. (2007) 13:156-63.
doi: 10.1038/nm1538

149. Li J, Sarosi I, Cattley RC, Pretorius J, Asuncion F, Grisanti M, et al. Dkk1-
mediated inhibition of wnt signaling in bone results in osteopenia. Bone. (2006)
39:754-66. doi: 10.1016/j.bone.2006.03.017

150. MacDonald BT, Joiner DM, Oyserman SM, Sharma P, Goldstein SA, He X,
et al. Bone mass is inversely proportional to dkk1 levels in mice. Bone. (2007) 41:331-9.
doi: 10.1016/j.bone.2007.05.009

151. Uderhardt S, Diarra D, Katzenbeisser ], David JP, Zwerina J, Richards W, et al.
Blockade of dickkopf (Dkk)-1 induces fusion of sacroiliac joints. Ann Rheum Dis.
(2010) 69:592-7. doi: 10.1136/ard.2008.102046

152. Appel H, Ruiz-Heiland G, Listing J, Zwerina J, Herrmann M, Mueller R, et al.
Altered skeletal expression of sclerostin and its link to radiographic progression in
ankylosing spondylitis. Arthritis Rheum. (2009) 60:3257-62. doi: 10.1002/art.24888

153. Ni WJ, Leng XM. Programmed cell death 10 can be used as a potential
biomarker for ankylosing spondylitis diagnosis and treatment. Spinal Cord. (2024)
62:99-103. doi: 10.1038/s41393-023-00952-9

154. Kim TH, Park SY, Shin JH, Lee S, Joo KB, Koo BS. Association between changes
in serum alkaline phosphatase levels and radiographic progression in ankylosing
spondylitis. Sci Rep. (2023) 13:9093. doi: 10.1038/s41598-023-36340-9

155. van der Heijde D, Dijkmans B, Geusens P, Sieper J, DeWoody K, Williamson P,
et al. Efficacy and safety of infliximab in patients with ankylosing spondylitis: results of
a randomized, placebo-controlled trial (Assert). Arthritis Rheum. (2005) 52:582-91.
doi: 10.1002/art.20852

156. Haroon N, Inman RD, Learch T], Weisman MH, Lee M, Rahbar MH, et al. The
impact of tumor necrosis factor alpha inhibitors on radiographic progression in
ankylosing spondylitis. Arthritis Rheum. (2013) 65:2645-54. doi: 10.1002/art.38070

157. Poddubnyy D, Haibel H, Listing J, Marker-Hermann E, Zeidler H, Braun J,
et al. Baseline radiographic damage, elevated acute-phase reactant levels, and cigarette
smoking status predict spinal radiographic progression in early axial spondylarthritis.
Arthritis Rheum. (2012) 64:1388-98. doi: 10.1002/art.33465

158. Wanders A, Heijde D, Landewe R, Behier JM, Calin A, Olivieri I, et al
Nonsteroidal antiinflammatory drugs reduce radiographic progression in patients
with ankylosing spondylitis: A randomized clinical trial. Arthritis Rheum. (2005)
52:1756-65. doi: 10.1002/art.21054

159. Larid G, Baudens G, Tiemdjo-Djimaffo G, Coquerelle P, Goeb V, Guyot MH,
et al. Retention rate of subcutaneous tnf inhibitors in axial spondyloarthritis in a
multicentre study from the ric-France network. Sci Rep. (2024) 14:1374. doi: 10.1038/
541598-024-52016-4

160. van der Heijde D, Landewe R, Einstein S, Ory P, Vosse D, Ni L, et al. Radiographic
Progression of Ankylosing Spondylitis after up to Two Years of Treatment with Etanercept.
Arthritis Rheum. (2008) 58:1324-31. doi: 10.1002/art.23471

161. van der Heijde D, Landewe R, Baraliakos X, Houben H, van Tubergen A,
Williamson P, et al. Radiographic findings following two years of infliximab therapy in
patients with ankylosing spondylitis. Arthritis Rheum. (2008) 58:3063-70. doi: 10.1002/
art.23901

frontiersin.org


https://doi.org/10.1038/ng.694
https://doi.org/10.1002/art.24568
https://doi.org/10.1002/art.33507
https://doi.org/10.4049/jimmunol.0902907
https://doi.org/10.1093/intimm/dxp018
https://doi.org/10.1136/ard.2010.133322
https://doi.org/10.1155/2013/501653
https://doi.org/10.1098/rsif.2014.1191
https://doi.org/10.1038/s41598-023-28946-w
https://doi.org/10.1002/art.22812
https://doi.org/10.1093/rheumatology/kew374
https://doi.org/10.1093/rheumatology/kew374
https://doi.org/10.1073/pnas.1615715114
https://doi.org/10.1073/pnas.1615715114
https://doi.org/10.1126/science.1198469
https://doi.org/10.1194/jlr.R036012
https://doi.org/10.1016/j.immuni.2014.10.010
https://doi.org/10.1111/jgh.12294
https://doi.org/10.1002/art.24389
https://doi.org/10.1007/978-94-024-0921-5_8
https://doi.org/10.1016/j.autrev.2016.09.015
https://doi.org/10.1016/j.autrev.2016.09.015
https://doi.org/10.3390/ijms17071070
https://doi.org/10.1517/13543784.2016.1116519
https://doi.org/10.1517/13543784.2016.1116519
https://doi.org/10.1371/journal.pone.0082588
https://doi.org/10.1073/pnas.1011736107
https://doi.org/10.1073/pnas.1011736107
https://doi.org/10.1016/j.berh.2014.10.018
https://doi.org/10.1007/s11914-017-0382-z
https://doi.org/10.1016/j.bone.2015.02.024
https://doi.org/10.1371/journal.pone.0105684
https://doi.org/10.1093/rheumatology/41.12.1395
https://doi.org/10.1097/BOR.0000000000000187
https://doi.org/10.1097/BOR.0000000000000187
https://doi.org/10.1093/intimm/dxx035
https://doi.org/10.1093/intimm/dxx035
https://doi.org/10.1073/pnas.0909122107
https://doi.org/10.1210/en.2007-0270
https://doi.org/10.1210/en.2007-0270
https://doi.org/10.1038/nm1538
https://doi.org/10.1016/j.bone.2006.03.017
https://doi.org/10.1016/j.bone.2007.05.009
https://doi.org/10.1136/ard.2008.102046
https://doi.org/10.1002/art.24888
https://doi.org/10.1038/s41393-023-00952-9
https://doi.org/10.1038/s41598-023-36340-9
https://doi.org/10.1002/art.20852
https://doi.org/10.1002/art.38070
https://doi.org/10.1002/art.33465
https://doi.org/10.1002/art.21054
https://doi.org/10.1038/s41598-024-52016-4
https://doi.org/10.1038/s41598-024-52016-4
https://doi.org/10.1002/art.23471
https://doi.org/10.1002/art.23901
https://doi.org/10.1002/art.23901
https://doi.org/10.3389/fimmu.2025.1633318
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Parvin et al.

162. Baraliakos X, Haibel H, Listing ], Sieper J, Braun J. Continuous long-term anti-
tnf therapy does not lead to an increase in the rate of new bone formation over 8 years
in patients with ankylosing spondylitis. Ann Rheum Dis. (2014) 73:710-5. doi: 10.1136/
annrheumdis-2012-202698

163. van der Heijde D, Salonen D, Weissman BN, Landewe R, Maksymowych WP,
Kupper H, et al. Assessment of radiographic progression in the spines of patients with
ankylosing spondylitis treated with adalimumab for up to 2 years. Arthritis Res Ther.
(2009) 11:R127. doi: 10.1186/ar2794

164. Kroon FP, van der Burg LR, Ramiro S, Landewe RB, Buchbinder R, Falzon L,
et al. Non-steroidal anti-inflammatory drugs (Nsaids) for axial spondyloarthritis
(Ankylosing spondylitis and non-radiographic axial spondyloarthritis).
Cochrane Database Syst Rev. (2015) 2015:CD010952. doi: 10.1002/14651858.
CD010952.pub2

165. Poddubnyy D, Haibel H, Listing ], Marker-Hermann E, Zeidler H, Braun J,
et al. Cigarette smoking has a dose-dependent impact on progression of structural
damage in the spine in patients with axial spondyloarthritis: results from the german
spondyloarthritis inception cohort (Gespic). Ann Rheum Dis. (2013) 72:1430-2.
doi: 10.1136/annrheumdis-2012-203148

166. Kroon F, Landewe R, Dougados M, van der Heijde D. Continuous nsaid use
reverts the effects of inflammation on radiographic progression in patients with
ankylosing spondylitis. Ann Rheum Dis. (2012) 71:1623-9. doi: 10.1136/
annrheumdis-2012-201370

167. Zhang W, Li M, Li X, Wang X, Liu Y, Yang J. Global trends and research status
in ankylosing spondylitis clinical trials: A bibliometric analysis of the last 20 years.
Front Immunol. (2023) 14:1328439. doi: 10.3389/fimmu.2023.1328439

168. McGonagle D, Watad A, Sharif K, Bridgewood C. Why inhibition of il-23
lacked efficacy in ankylosing spondylitis. Front Immunol. (2021) 12:614255.
doi: 10.3389/fimmu.2021.614255

169. Lee YH. Comparative efficacy and safety of janus kinase inhibitors and
secukinumab in patients with active ankylosing spondylitis: A systematic review and
meta-analysis. Pharmacology. (2022) 107:537-44. doi: 10.1159/000525627

170. Kim SH, Lee SH. Updates on ankylosing spondylitis: pathogenesis and
therapeutic agents. ] Rheum Dis. (2023) 30:220-33. doi: 10.4078/jrd.2023.0041

171. Romand X, Liu X, Rahman MA, Bhuyan ZA, Douillard C, Kedia RA, et al.
Mediation of interleukin-23 and tumor necrosis factor-driven reactive arthritis by
chlamydia-infected macrophages in skg mice. Arthritis Rheumatol. (2021) 73:1200-10.
doi: 10.1002/art.41653

172. Tahir H, Byravan S, Fardanesh A, Moorthy A. Promising treatment options for
axial spondyloarthritis: an overview of experimental pharmacological agents. ] Exp
Pharmacol. (2021) 13:627-35. doi: 10.2147/JEP.S262340

173. van der Heijde D, Baraliakos X, Sieper J, Deodhar A, Inman RD, Kameda H,
et al. Efficacy and safety of upadacitinib for active ankylosing spondylitis refractory to
biological therapy: A double-blind, randomised, placebo-controlled phase 3 trial. Ann
Rheum Dis. (2022) 81:1515-23. doi: 10.1136/ard-2022-222608

Frontiers in Immunology

18

10.3389/fimmu.2025.1633318

174. Perrotta FM, Scriffignano S, Ciccia F, Lubrano E. Therapeutic targets for
ankylosing spondylitis - recent insights and future prospects. Open Access
Rheumatol. (2022) 14:57-66. doi: 10.2147/OARRR.S295033

175. Agrawal P, Tote S, Sapkale B. Diagnosis and treatment of ankylosing
spondylitis. Cureus. (2024) 16:¢52559. doi: 10.7759/cureus.52559

176. Lovell DJ, Tzaribachev N, Henrickson M, Simonini G, Griffin TA, Alexeeva E, et al.
Safety and effectiveness of abatacept in juvenile idiopathic arthritis: results from the printo/
presg registry. Rheumatol (Oxford). (2024) 63:S1195-206. doi: 10.1093/rheumatology/
keae025

177. Papa R, Gattorno M. New genes, pathways and therapeutic targets in
autoinflammatory diseases. Nat Rev Rheumatol. (2024) 20:71-2. doi: 10.1038/s41584-023-
01063-8

178. Fan T, Wang W, Wang Y, Zeng M, Liu Y, Zhu S, et al. Pde4 inhibitors: potential
protective effects in inflammation and vascular diseases. Front Pharmacol. (2024)
15:1407871. doi: 10.3389/fphar.2024.1407871

179. Winkler DG, Sutherland MK, Geoghegan JC, Yu C, Hayes T, Skonier JE, et al.
Osteocyte control of bone formation via sclerostin, a novel bmp antagonist. EMBO J.
(2003) 22:6267-76. doi: 10.1093/emboj/cdg599

180. Baron R, Kneissel M. Wnt signaling in bone homeostasis and disease: from
human mutations to treatments. Nat Med. (2013) 19:179-92. doi: 10.1038/nm.3074

181. Recker RR, Benson CT, Matsumoto T, Bolognese MA, Robins DA, Alam J, et al.
A randomized, double-blind phase 2 clinical trial of blosozumab, a sclerostin antibody,
in postmenopausal women with low bone mineral density. ] Bone Miner Res. (2015)
30:216-24. doi: 10.1002/jbmr.2351

182. McClung MR, Grauer A, Boonen S, Bolognese MA, Brown JP, Diez-Perez A,
et al. Romosozumab in postmenopausal women with low bone mineral density. N Engl
J Med. (2014) 370:412-20. doi: 10.1056/NEJMoal305224

183. Korkosz M, Gasowski J, Leszczynski P, Pawlak-Bus K, Jeka S, Kucharska E, et al.
High disease activity in ankylosing spondylitis is associated with increased serum sclerostin
level and decreased wingless protein-3a signaling but is not linked with greater structural
damage. BMC Musculoskelet Disord. (2013) 14:99. doi: 10.1186/1471-2474-14-99

184. Vincent C, Findlay DM, Welldon KJ, Wijenayaka AR, Zheng TS, Haynes DR,
et al. Pro-inflammatory cytokines tnf-related weak inducer of apoptosis (Tweak) and
tnfalpha induce the mitogen-activated protein kinase (Mapk)-dependent expression of
sclerostin in human osteoblasts. ] Bone Miner Res. (2009) 24:1434-49. doi: 10.1359/
jbmr.090305

185. Heiland GR, Zwerina K, Baum W, Kireva T, Distler JH, Grisanti M, et al.
Neutralisation of dkk-1 protects from systemic bone loss during inflammation and
reduces sclerostin expression. Ann Rheum Dis. (2010) 69:2152-9. doi: 10.1136/
ard.2010.132852

186. El-Mabhouh AA, Nation PN, Abele JT, Riauka T, Postema E, McEwan AJ, et al. A
conjugate of gemcitabine with bisphosphonate (Gem/bp) shows potential as a targeted bone-
specific therapeutic agent in an animal model of human breast cancer bone metastases. Oncol
Res. (2011) 19:287-95. doi: 10.3727/096504011x13021877989874

frontiersin.org


https://doi.org/10.1136/annrheumdis-2012-202698
https://doi.org/10.1136/annrheumdis-2012-202698
https://doi.org/10.1186/ar2794
https://doi.org/10.1002/14651858.CD010952.pub2
https://doi.org/10.1002/14651858.CD010952.pub2
https://doi.org/10.1136/annrheumdis-2012-203148
https://doi.org/10.1136/annrheumdis-2012-201370
https://doi.org/10.1136/annrheumdis-2012-201370
https://doi.org/10.3389/fimmu.2023.1328439
https://doi.org/10.3389/fimmu.2021.614255
https://doi.org/10.1159/000525627
https://doi.org/10.4078/jrd.2023.0041
https://doi.org/10.1002/art.41653
https://doi.org/10.2147/JEP.S262340
https://doi.org/10.1136/ard-2022-222608
https://doi.org/10.2147/OARRR.S295033
https://doi.org/10.7759/cureus.52559
https://doi.org/10.1093/rheumatology/keae025
https://doi.org/10.1093/rheumatology/keae025
https://doi.org/10.1038/s41584-023-01063-8
https://doi.org/10.1038/s41584-023-01063-8
https://doi.org/10.3389/fphar.2024.1407871
https://doi.org/10.1093/emboj/cdg599
https://doi.org/10.1038/nm.3074
https://doi.org/10.1002/jbmr.2351
https://doi.org/10.1056/NEJMoa1305224
https://doi.org/10.1186/1471-2474-14-99
https://doi.org/10.1359/jbmr.090305
https://doi.org/10.1359/jbmr.090305
https://doi.org/10.1136/ard.2010.132852
https://doi.org/10.1136/ard.2010.132852
https://doi.org/10.3727/096504011x13021877989874
https://doi.org/10.3389/fimmu.2025.1633318
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Decoding the inflammatory-osteogenic axis in ankylosing spondylitis: mechanisms, dysregulation, and emerging therapeutic interventions
	1 Introduction
	2 Known mechanisms of AS disease progression
	3 Experimental mouse models for AS research
	4 Clinical biomarkers of AS
	4.1 Extracellular metabolites
	4.2 ERAP1 and immune cells
	4.3 Disc degeneration
	4.4 Gut microbes
	4.5 Wnt signaling pathway and its inhibitors
	4.6 Factors of bone metabolism

	5 Current treatment strategies for AS
	6 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


