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Abstract

Purpose of the Review Progressive ankylosis is a feared
consequence of long-standing axial spondyloarthritis.
We aim to critically review current insights into the ef-
fect of therapy, the molecular pathways involved in this
process, and to present a model explaining the sequence
of events.

Recent Findings Long-term follow-up data suggest that
successful control of inflammation may slow down radio-
graphic progression of disease in axial spondyloarthritis.
Structural effects of new therapies such as interleukin-17
targeting need to be further studied. Bone loss and archi-
tectural changes could act as driver for the tissue remod-
eling process trying to maintain spinal stability in the
presence of inflammation.

Summary Despite some progress, the nature and mechanisms
of new bone formation in axial spondyloarthritis still remain
incompletely understood. However, long-term control of in-
flammation appears critical to avoid progressive disability due
to structural damage.
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Introduction

Progressive bony ankylosis of the spine is a daunting perspec-
tive for patients diagnosed with axial spondyloarthritis
(AxSpA). The structural progression of disease causes loss
of mobility and disability. AXSpA includes subtypes ankylos-
ing spondylitis and non-radiographic AXSpA, separate entities
discriminated by the structural damage to the sacroiliac joints
and spine that is visible on conventional X-ray images [1].
Non-radiographic AxSpA patients do not show such signs of
radiographic damage, but over time, at least a group of these
patients will evolve towards ankylosing spondylitis [2].

The initial clinical presentation of AXSpA is usually trig-
gered by inflammation: back pain, typically occurring at night
or when resting, improving with exercise and accompanied by
extended stiffness. In patients with ankylosing spondylitis,
structural damage progressively becomes an important burden
[3]. Treatment strategies have rapidly evolved since the begin-
ning of the century. In case first-line non-steroidal anti-
inflammatory drugs fail to achieve a satisfactory clinical re-
sponse, patients are treated with cytokine-targeting biological
drugs (antibodies or soluble receptors). Inhibitors of tumor
necrosis factor have been used for more than 10 years with
impressive clinical success and appear equally potent for both
subgroups of patients with AxSpA [4+]. More recently,
targeting interleukin-17 (IL-17) has been introduced [5, 6].
Other targets in the IL-23-IL-17 axis of immune activation
are under further clinical investigation [7].

Despite the clinical successes achieved, many questions
remain: the nature and mechanism of progressive ankylosis
are still not well understood and the relationship between in-
flammation and new bone formation still being debated [8, 9].
This review discusses incremental steps in finding answers to
these challenges as long-term effects of the different therapeu-
tic interventions are slowly emerging. We also present an
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emerging paradigm integrating inflammation, inflammation-
induced bone loss, and new bone formation. The review main-
ly discusses data presented in the literature between 2012 and
2016. A PubMed search was performed with search string:
(“ankylosing spondylitis” OR “spondyloarthritis”) AND
(“structural disease progression” OR “‘ankylosis” OR “new
bone formation”).

Old and New Targets: Impact of Treatment
on Structural Disease Progression

The great success of different anti-TNF strategies in the treat-
ment of patients with AxSpA triggered considerable anticipa-
tion that the clinical effects would easily translate into effects
on radiographic progression of disease, as was witnessed in
patients with rheumatoid arthritis. However, initial compari-
sons between the prospective clinical trial populations and the
historic OASIS cohort did not show such a beneficial effect
within a 2-year time window [10—12]. These initial observa-
tions were obviously not without intrinsic limitations, in par-
ticular with regard to the historic control population and the
relatively short-term evaluation of the process. More recent
longer-term follow-up data of AXSpA patients treated with
TNF inhibitors indicate a slow but detectable effect on radio-
graphic disease progression [13—15¢]. The recent study by
Arends et al. nicely demonstrated that even in patients treated
with TNF blocking agents a linear progression is seen within
the first 4 years of therapy but that, subsequently, the progres-
sion curves flatten in individual patients [15¢]. Whether this is
due to a direct effect on new bone formation or secondary to a
sustained effect on inflammation for instance preventing the
occurrence of new disease sites in the spine [16] or normaliz-
ing bone metabolism remains unknown [17].

Data on NSAID use in patients with AxSpA first indicated
that sustained and continuous NSAID intake could have a
significant effect on structural disease progression [18, 19].
Such an effect was explained by not only the impact of the
drugs on inflammation, but also the potential direct effects on
the differentiating cells in the new bone formation process
were hypothesized. However, more recent work did not con-
firm this earlier observation [20e¢]. The ENRADA trial in-
cluded 85 AxSpA patients that received continuous treatment
with diclofenac (62 completing the study) and 82 patients that
used diclofenac on demand (60 completing the study) for
2 years. Radiographic progression was not statistically differ-
ent between both groups, and average values were even higher
in those patients treated continuously than in those with on
demand use. This lack of replication more than a decade after
the initial observation could suggest that the initial observa-
tions were false positive. However, gradual shifts in the pa-
tient population that is considered eligible for trial recruitment
by their treating physicians may also explain the discrepancy.
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It cannot be excluded that the widespread availability of anti-
TNF drugs has an impact on the recruitment of patients in
trials and that patients with severe inflammation that would
benefit most from any intervention were less considered. A
post-study analysis of the original celecoxib trial from
Wanders et al., demonstrating an effect of continuous
celecoxib use on structural disease progression [18], revealed
that the patient population that benefited most from the inter-
vention were patients with elevated CRP and thus most likely
more severe disease [21].

New therapies are becoming available for the treatment of
patients with AxSpA. Secukinumab, the first anti-IL-17 bio-
logic on the market in this indication, demonstrated very good
efficacy against signs and symptoms of disease [5, 6]. In the
pivotal phase III studies (MEASURE-1 and MEASURE-2),
structural disease progression was also evaluated after 2 years
[6]. No radiographic progression was observed in ~80% of the
patients receiving secukinumab over 104 weeks. The mean
change in modified Stoke Ankylosing Spondylitis Spine
Score (mSASSS) was only 0.30+2.53 in the secukinumab
treated group, with no major difference between studied
doses. Among patients that showed disease progression, male
sex, baseline syndesmophytes, and elevated CRP were iden-
tified as predictive factors. The reported changes in mSASSS
through 2 years appear lower than those reported in earlier
observational and interventional studies in ankylosing spon-
dylitis. However, whether an eventual difference in effect size
measured in single trials between different biological trans-
lates into real-life differences for patients remains elusive.
The analysis supports the concept that blocking IL-17 does
not increase or accelerate structural disease progression and
may even retard the process. Again, comparisons between
drugs across different studies spanning more than a decade
are challenging and error-prone as patient characteristics and
selection may have changed together with the successful man-
agement of disease after the introduction of TNF blockers.

Links Between Inflammation and New Bone
Formation

The abovementioned clinical studies and a number of animal
model studies have triggered a debate on the relationship be-
tween inflammation and new bone formation [9, 22]. Over the
last decade, the summarizing view has emerged that inflam-
mation and new bone formation are linked but to a large extent
molecularly and cellular uncoupled processes [22—24]. The
existence of the link has been supported by the long-term
clinical observations in patients treated with anti-TNF drugs,
the more recent and still preliminary evidence on IL-17
targeting, and by the careful sequential analysis of affected
areas using MRI imaging [25, 26]. The current paradigm sug-
gests that fatty lesions are gradually replacing areas of active
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inflammation in the spine and sacroiliac joints. This change in
microenvironment is permissive for the further evolution to-
wards new bone formation and ankylosis [24, 27¢¢], albeit that
the suggested sequence of inflammation, fat metaplasia, and
bone formation is still debated [28]. Additional circumstantial
evidence has come from histological studies performed on a
unique series of spinal specimens from patients undergoing
corrective surgery [29+¢]. The images support the concept that
the fatty lesions on MRI imaging are part of a transitory event
that includes or is intimately associated with the presence of
bone forming cells. Although attractive and progressively sup-
ported by circumstantial evidence, this view may not encom-
pass all aspects of ankylosis as new syndesmophytes can be
seen in sites without documentation of prior inflammation
[30]. The scattered imaging studies, however, do not exclude
the prior existence of inflammation that has not been captured,
as the precise kinetics and duration of inflammatory changes
in the bones of patients with AXSpA are not sufficiently un-
derstood [25-29e¢].

The molecular pathways associated with new bone forma-
tion appear different from those that are driving inflammation
[22]. Initial evidence that IL-22 was a driving factor in new
bone formation in the enthesitis-driven arthritis model, trig-
gered by systemic overexpression of IL-23 [31], was only
confirmed in specific in vitro settings [32]. In contrast, earlier
animal model studies, specifically dedicated to the process of
new bone formation, have suggested a role for growth factor
signaling cascades such as bone morphogenetic proteins
(BMPs), Wnts, and Hedgehogs [8]. The BMP cascade drives
endochondral bone formation during development and growth
[33]. Inhibition of BMP signaling by overexpression of its
antagonist noggin inhibits the growth of ankylosing
enthesophytes in a spontaneous mouse model of ankylosing
enthesitis [34]. Wnts play an important role in direct bone
formation during skeletal modeling and remodeling and stim-
ulate the last phases of endochondral bone formation [33].
Inhibition of Dickkopf-1, a Wnt antagonist, shifts the pheno-
types of mouse arthritis models from destructive towards an-
kylosing [35], not only in peripheral but also in the sacroiliac
joints resulting in fusion [36]. Hedgehog signaling has been
specifically associated with chondrocyte hypertrophy [33]. A
chemical antagonist of the pathway inhibits progressive new
bone formation in mouse models [37].

Translational confirmation of the animal model concepts
has been a challenge. Biomarker studies have somewhat cor-
roborated the presence of elevated levels of growth factors that
would stimulate bone formation or lower levels of their antag-
onists but such studies have limitations. Different research
groups have tried to measure activation of the growth factor
cascades as biomarkers for new bone formation. BMP-2 and
BMP-7 serum levels were found to be upregulated in patients
with AxSpA and correlated with disease activity assessments
[38]. BMP-4 and BMP-7 serum levels were also linked to

radiographic progression [39]. However, most of the data on
BMP levels are based on small and relatively heterogeneous
cohorts, and a validated biomarker for the activity of this path-
way in AXSpA has not yet emerged.

More data are available on Dickkopf-1 (DKK1): in the
original report demonstrating that inhibition of DKK1 triggers
joint remodeling, serum levels in patients with ankylosing
spondylitis were very low [35]. Further work indicated that
high levels of functional DKK1 predict protection against
syndesmophyte formation and thus radiographic progression
in this patient group [40]. However, Daoussis et al. reported
that serum levels are elevated in AxSpA patients but that the
function of DKK1 is impaired [41]. Effectively, differences
exist between a classical sandwich assay that measures
DKK1 levels in serum and a functional assay that includes
binding to the LRP5 Wnt receptor. Further studies confirmed
not only that functional DKK1 levels are lower in the serum of
patients with ankylosing spondylitis but also that levels are
inversely associated with radiographic severity of disease
[42]. Similarly, levels of sclerostin, another Wnt antagonist,
also appear to be lower in patients with AXSpA as compared
to controls [40, 43].

However, further investigations are needed to validate
these molecules as true biomarkers of the ankylosing process.
Most reports are cross-sectional studies, lack further prospec-
tive validation, and have limited sample size. In addition,
evaluation of markers associated with bone turnover, either
positive or negative, is hindered by the general effect of in-
flammation on bone remodeling that most likely supersedes
markers of bone formation derived from the small number of
developing syndesmophytes. Taking this perspective into ac-
count, growth factors such as Wnt and BMPs are better
viewed as paracrine and autocrine factors that are concentrated
within the extracellular matrix rich joint tissues. Thus, their
systemic concentrations may not reflect what is happening in
the target tissues. Some growth factors, in particular Wnts that
have a lipid tail, are relatively insoluble and bind to extracel-
lular matrix components.

Another challenge is the elucidation of the precise
temporospatial signaling relationship between the disease-
driving cytokines IL-17 and TNF and the activation of growth
factor cascades. Gradually, the view is emerging that TNF and
IL-17 have a mostly negative impact on chondro- or osteo-
genic differentiation, at least not only in vitro setups but also
in vivo. Indeed, in the human TNF transgenic mouse model,
which is characterized by persistent high levels of TNF, no
tissue remodeling or repair is seen and the disease is strictly
erosive [35]. However, in laboratory setups where the proin-
flammatory cytokines are added to differentiating cells after
initiation of the differentiation process, their effect seems
inversed and they may stimulate new bone formation. In par-
ticular, synergistic effects between IL-17 and BMP-2 have
been demonstrated [44]. Importantly, in some in vivo
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situations, such as fracture healing, IL-17A appears to be part
of the initial factors critical for the inflammatory onset of
fracture repair. In fracture healing, IL-17 is produced by yo
T cells [45]. Again, this highlights the urgent need to obtain
better translational data based on the analysis of the tissues
and cells involved in patients.

Debating the Impact of Genetics on Structural
Disease Progression

AXSpA and, in particular, ankylosing spondylitis are highly
inheritable disorders and typically defined as complex dis-
eases with interaction of acquired and genetic factors. The
discovery of disease susceptibility markers has further fueled
genetic studies looking at radiographic progression. Among
these, roles for the RANK/RANKL system and for PTGS2
have been suggested [46¢¢]. The potential role for RANK
points towards effects on osteoclasts, the inflammation-
driven bone breakdown cellular machinery. Again, the current
studies have limitations. Most cohorts are composed of pa-
tients with ankylosing spondylitis and have largely or
completely excluded patients with non-radiographic AxSpA.
Thus, only patients with existing radiographic damage have
been included. Ideally, patients with and without radiographic
progression should be compared. Again, the dynamics of the
disease processes should be better understood, with current
evidence suggesting a steady progression of disease in a large
number, but most likely not all patients diagnosed with non-
radiographic AxSpA.

A New Theoretical Framework

Based on all these observations, a new theoretical framework
is presented here. In this concept, inflammation is the driver of
bone loss in the spine or in the sacroiliac joints, as well as of
bone erosions. These processes are driven by differentiation
and activation of osteoclasts. Trabecular bone loss has been
clearly and repeatedly demonstrated in the spine of patients

inflammatory Enthesitis

stress

Synovitis

biomechanical

stress Osteitis

Fig. 1 Proposed sequence of events leading to ankylosis in axial
spondyloarthritis. Inflammation at the enthesis, vertebral body, and
synovium is triggered by inflammatory and biomechanical stress
leading to bone loss. Reduced bone strength triggers a stabilizing
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with AXSpA using imaging and biomarkers [17]. A recent
study by Haroon et al. compared bone density, structure, and
strength between patients with ankylosing spondylitis and
controls not only by classical bone densitometry but also by
high-resolution peripheral quantitative CT and finite element
analysis [47¢]. Patients with ankylosing spondylitis have
worse bone mineral density, microarchitecture, and strength
at peripheral sites when compared to non-ankylosing spondy-
litis subjects in multiple regression analysis taking into ac-
count age and sex. Also, strength parameters, such as bone
stiffness and stress, as estimated by finite element analysis,
were significantly worse in patients than that of non-
ankylosing spondylitis subjects. At the spine level, bone min-
eral density did not differ between patients and controls de-
spite differences in bone microarchitecture. The small sample
number and technical limitations could explain some of these
discrepancies. The presence of syndesmophytes is another
factor that underlines the limitations of densitometry in this
context as earlier work and the clinical fracture incidence
highlight the osteoporotic nature of the inflamed spine.

In the model proposed here, microarchitectural changes
will affect the mechanical properties of the spine and should
trigger a biomechanical response to sustain structure and sta-
bility (Fig. 1). However, the presence of inflammation is act-
ing as an inhibitory mechanism on the normal bone cycle.
Therefore, osteoblasts in the trabecular bone cannot compen-
sate for the bone loss. As an alternative, periosteal
osteoprogenitor cells are called upon to stabilize the spine by
forming syndesmophytes eventually bridging the interverte-
bral space. Thus, the anabolic reaction that characterized
structural disease progression in AXSpA could be a reactive
effort to increase spinal stability. Based on this idea, it is not
difficult to imagine that inflammation-driven bone loss trig-
gers bone repair but at anatomically distinct sites. Since in-
flammation in the trabecular bone remains an issue if not
treated, new bone formation presenting as eventually ankylos-
ing syndesmophtyes could provide such stability to an
inflammation-driven unstable spine. Sustained treatment will
be required to overcome the initial loss of stability triggered
by inflammation and preventing new disease sites. This may

syndesmophyte
7 T

normalization of
trabecular bone
turnover

loss of bone
strength

anabolic effort resulting in syndesmophyte formation and progressive
ankylosis. Successful treatment reduces inflammation and allows the
bone metabolism to normalize, thereby taking away instability as driver
of ankylosis
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explain the delayed but increasingly recognized long-term ef-
fects of targeting TNF. Whether specific targeting of IL-17 has
differential effects on bone loss and subsequently on new bone
formation remains to be demonstrated but should indeed be a
research priority. The fatty metaplasia seen during the process
could be a signaling center for syndesmophyte formation.
Successful treatment of the disease should not lead to accel-
eration of ankylosis as the trabecular bone can simultaneously
recover, decreasing the need for external stabilization.

Conclusion

Despite the vastly improved treatment options for patients
with axial spondyloarthritis, progressive ankylosis remains a
specific concern. Increasing evidence suggests that long-term
sustained control of inflammation is necessary in patients at
risk. A key role for inflammation-induced instability in trig-
gering the remodeling response is proposed. Optimal control
of disease progression will likely require therapies that target
both inflammation and bone turnover.
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