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Abstract

Psoriatic arthritis (PsA) is an inflammatory rheumatic disorder that occurs in patients with
psoriasis and predominantly affects musculoskeletal structures, skin and nails. The etiology of PSA
is not well understood but evidence supports interplay of genetic, immunologic and environmental
factors which promote pathological bone remodeling and joint damage in PsA. Localized and
systemic bone loss due to increased activity of osteoclasts is well established in PsA based on
animal models and translational studies. In contrast, the mechanisms responsible for pathological
bone remodeling in PSA remain enigmatic although new candidate molecules and pathways have
been identified. Recent reports have revealed novel findings related to bone erosion and pathologic
bone formation in PsA. Many associated risk factors and contributing molecular mechanisms have
also been identified. In this review, we discuss new developments in the field, point out unresolved
questions regarding the pathogenetic origins of the wide array of bone phenotypes in PsA and
discuss new directions for investigation.
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Introduction

Psoriatic arthritis (PsA) is a chronic systemic inflammatory disease associated with psoriasis
and nail dystrophy that affects peripheral joints, soft tissues and the axial skeleton. In most
cases, patients first develop psoriatic lesions and subsequently up to a third of patients
develop arthritis. Given that more than 7 million people manifest psoriasis (Ps) [1], from 1.5
to 2 million individuals in the US may eventually develop PsA. PsA is a heterogeneous
disease and shares many clinical features such as sacroiliitis, spondylitis, enthesitis, and
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uveitis with the larger group of seronegative spondyloarthropathies (SpA) [2]. Inflammation
and pathological bone remodeling in the joints are key features of PSA which may result in
chronic pain, decreased quality of life and functional impairment.

Unfortunately, diagnosis of PsA is often delayed and patients may show irreversible joint
damage at presentation [3]. Pathological bone remodeling in PSA arises from a dramatic
alteration in the tightly regulated bone homeostatic pathways that maintain normal bone
integrity and the pathologic events are promoted by release of an array of cytokines and
other factors in inflamed synovial tissues. Recent research has uncovered pivotal molecules
and cellular interactions that underlie altered pathological bone remodeling. In particular,
certain clinical features combined with genetic and environmental risk factors increase the
risk for joint damage and altered bone remodeling in PsA. Although newer therapies have
considerably reduced the progression of bone damage, remission is uncommon and many
patients progress to disability at some level. In this review, we discuss the mechanistic
insights into the pathways that alter tightly regulated bone homeostasis in psoriatic disease
and review the impact of recent therapeutic advances on progressive bone damage.
Furthermore, we also highlight current knowledge gaps and point out areas where further
studies are required to improve treatment outcomes in PSA.

Clinical features of bone involvement in psoriatic disease

One of the most striking features of PsA is the wide array of bone phenotypes associated
with this disease. For the most part, presentation is asymmetric in the appendicular skeleton
with a propensity for ray distribution involving some digits with high severity and
completely sparing others. Joint deformities arise from tendon involvement, bone erosion or
joint space narrowing and aberrant bone formation presenting as peripheral joint fusion or
ankylosis. In the axial skeleton patients may develop syndesmophytes or large paramarginal
syndesmophytes and changes in the sacroiliac joints [4]. Enthesitis is a common feature with
calcification or new bone formation (enthesophytes) noted at insertion sites [5]. Lastly,
dactylitis, characterized by diffuse swelling of a toe or finger may be accompanied by bone
erosion or pathologic new bone formation [6]. Altered new bone formation is not just limited
to PsA. In recent study, high-resolution peripheral quantitative CT (HR-pQCT) scans of the
metacarpophalangeal joints revealed, significantly higher prevalence of bone formation at
entheseal sites of psoriasis patients who presented no signs of joint manifestations as
compared to the healthy controls [7]. This recent finding suggests that subclinical bone
formation may be linked to psoriasis even in the absence of clinical evidence of joint
involvement.

The bone phenotypes in PsA and rheumatoid arthritis are quite distinct although overlapping
features can be observed in individual patients. RA tends to involve the metacarpal
phalangeal (MCP), proximal interphalangeal (PIP) and metacarpal phalangeal (MTP) joints
in a symmetric manner with erosions beginning at the site of capsular insertion on the
bone[8].The pathologic process is dominated by pathologic bone resorption with inadequate
bone repair resulting in both local and systemic bone loss[9]. Axial involvement is
uncommon and generally limited to the C1 and C2 vertebral structures. In contrast, PSA is
more likely to be asymmetric involving any of the peripheral joints including distal
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interphalangeal joints which develop characteristic large eccentric erosions coupled
frequently with new bone formation manifested as paramarginal and vertical
syndesmophytes in the axial skeleton and enthesophytes, periostitis and bony ankylosis in
the peripheral joints [10]. Dactylitis and enthesitis are also common clinical features
observed in psoriatic but not typically rheumatoid arthritis. Thus, RA is largely a resorptive
disorder of peripheral joints whereas PsA affects both axial and peripheral joints with a
mixed erosive-proliferative phenotype. In contrast to RA and PsA, the bone changes in
ankylosing spondylitis (AS) are largely confined to the axial skeleton and take the form of
vertical syndesmophytes. Patients most often demonstrate bilateral sacroillitis and bony
involvement of peripheral joints is uncommon. Pathologic bone erosion in the spine is
observed but the predominant pathology is pathologic bone formation.

Pathological aspects of PsA

Uncoupling of OB and OC interactions and pathological bone remodeling in PsA

The integrity of bone is maintained by the dynamic interaction of matrix forming cells,
osteoblasts (OB) and bone resorbing cells, osteoclasts (OCs). OBs originate from the
mesenchymal stem cells (MSCs) in the presence of key osteogenic factors while OCs arise
from circulating osteoclast precursor cells (OCPs) of myeloid origin. In normal bone
homeostasis, OB and OC coordinate activities to maintain the structural and functional
components of bone through a continuous process of removal and replacement of matrix.
Most importantly, OB and OC communicate through an array of secreted molecular factors
that regulate cell differentiation, maturation and function via activation of biological
receptors by their respective ligands. RANK and RANKL serve as a prime example of a
receptor-ligand interaction that profoundly modulates bone remodeling [11]. In the case of
inflammatory arthritis, the coordinated activities of OC and OB are disrupted resulting in
altered bone remodeling and structural deformities [12]. In PsA, an array of inflammatory
cytokines, growth factors and altered response to biomechanical forces converge resulting in
altered bone remodeling and pathologic subtypes observed in PsA [12]. The pivotal
molecules that alter the differentiation, maturation and function of the OB and OC cells in
the context of PsA are discussed in the following section.

A. Pathologic bone resorption in psoriatic arthritis

Contrasts in pathological bone remodeling in PsA and RA—Significant bone
resorption and cartilage damage in inflamed joints is a prominent clinical feature of PsA [2].
Localized bone destruction is also seen in other inflammatory arthropathies such as
rheumatoid arthritis (RA). Although similar patterns of erosion are present in some patients
with RA and PsA, significant differences exist between these disorders in regards to articular
and periarticular inflammation.

Most importantly, pathologic bone resorption takes place in both diseases. As a result,
radiographic manifestations of early disease in PsA and RA may be difficult to distinguish
until more distinctive features appear in more established disease. Radiographic and
ultrasound features of bone erosion and joint space narrowing may overlap with those of RA
and inflammatory osteoarthritis, particularly early in disease [13]. Distinguishing
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radiographic features of PsA appear in the more advanced disease and become evident in the
peripheral synovial joints as well as in the fibro-cartilaginous joints, sacroiliac region and
axial spine, and the entheses [14,15].

Significant differences in the skeletal pathologies of PsA and RA have been reported [16].
One of the key differences between PsA and RA bone loss is the lack of osteoblastic
response to pathologic resorption present in RA, while in PsA new bone formation may be
exuberant. A recent study reported changes in hand bone mineral density (BMD) using
digital X-ray radiogrammetry (DXR-BMD) in early PsA and contrasted them with RA
patients. Periarticular bone loss in the hand progressed over time in RA whereas periarticular
bone density in PsA patients remained unchanged [17]. These findings suggest that different
pathological mechanisms are involved in PsA and RA. Significant differences also exist in
terms of the anatomical localization of inflammatory lesions and in periarticular bone
changes [17,18].

Systemic bone loss in psoriasis and PsA—In RA, both localized and systemic bone
loss takes place, manifesting as focal erosions, joint space narrowing and decrease bone
mineral density in the spine and hip [16]. While localized bone loss is a well-established as a
key feature of PSA bone damage, studies also revealed lower bone mineral density and
higher risk of bone fracture in Ps and PsA patients compared to healthy controls [19]. PSA
patients have higher body mass index (BMI) than RA patients and controls and when this
variable was entered into the model, bone density was similarly decreased in both RA and
PsA [20]. It is important to mention that there are some inconsistencies related to these
overall findings, for example, no association between psoriasis and risk of fracture was
observed in the HUNT study which utilized the hospital-driven fracture data from Nord-
Trondelag County (1995-2013) linking to psoriasis severity, BMD measurement and other
related data [21]. Chandran et al. conducted a systemic review where they found 13 of 21
published reports indicated increased bone loss in PSA patients [22] while the remainder did
not reveal this association. Nonetheless, one large cohort study of patients with psoriasis and
PsA revealed elevated risk for fracture in Ps and PSA patients [19] further providing
evidence of systemic bone loss in Ps and PsSA patients.

Tumor Necrosis Factor (TNF) and Receptor activator of nuclear factor xB
ligand (RANKL) dependent and independent pathways of bone resorption

RANKIL : The cytokine RANKL is regarded as the critical factor that promotes
differentiation of multinuclear bone resorbing osteoclast cells (OCs) from mononuclear
progenitor cells. Exposure to M-CSF increases expression of the transmembrane protein
receptor activator of nuclear factor-xB (RANK) on the osteoclast progenitor cells (OCPs)
which interact with its ligand, RANKL expressed by osteoblasts, activated T lymphocytes
and synovial fibroblastoid cells. RANK-RANKL interactions initiate a cascade of signaling
events that involve activation of TRAF6, NFxB and other signaling molecules. A second
signal provided by activation of triggering receptor expressed on myeloid cells 2 (TREM2)
and osteoclast-associated receptor (OSCAR) converge on NFATc1 which translocates to the
nucleus and transcribes multiple key osteoclastic genes such as Dendritic Cell-Specific
Transmembrane Protein (DC-STAMP), Osteoclast-Stimulatory Transmembrane (OC-
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STAMP), v-ATPase VO subunit d2 (ATPV0D?2), cathepsin K (CTSK) which promote cell
fusion and the development of the secretory molecules and the ruffled membrane required
for bone resorption. Importantly, RANKL is expressed by Th17 and not Th1l cells. The
notion that Th17 cells are primary cells responsible for bone resorption, however, was
recently challenged in animal studies where cell specific deletion of RANKL indicated that
RANKL expression was limited to synovial fibroblastoid cells and B cells. These findings
suggest that these two cell lineages and not Th17 cells are the prime cell types promoting
pathologic bone resorption [23]. Taken together, both /n vitro and animal studies
demonstrate that RANKL, in the presence of M-CSF, are major factors involved in
osteoclastogenesis. Past studies demonstrated elevated frequency of RANK and RANKL
expressing cells in the synovium of PsA patients compared to osteoarthritis and RANKL
expression was dramatically upregulated in the synovial lining layer [24]. Moreover, serum
RANKL levels in PsA patients were significantly higher compared to patients with plaque
psoriasis or healthy individuals [25]. These data provide additional support for a central role
of RANKL in promoting osteoclastogenesis and bone loss in PsA.

TNF-a: RANKL is in the TNF superfamily of molecules so the observation that TNF can
also induce osteoclastogenesis in the presence or absence of RANKL underscores parallel
effects on bone. Indeed in the presence of permissive doses of RANKL, TNF-a substantially
upregulates /n vitro osteoclastogenesis [26]. TNF-a,, in the absence of RANKL, can also
induce osteoclastogenesis from OCPs in vitro [27]. Indeed, prolonged exposure to TNF-a
induced increased expression of NFATc1 and sustained calcium oscillation in human
macrophages and promoted osteoclastogenesis [28]., Zhao et al., demonstrated that myeloid-
specific deletion of the transcription factor recombinant recognition sequence binding
protein at the Jx site (RBP-J) in mice reduced TNF-a induced OC differentiation by
suppressing NFATc1 and attenuating AP-1 activation [27]. Overexpression of human TNF in
the TNF-tg mice leads to increase in the number of circulating CD11b* OCPs and increased
bone resorption [29]. Analysis of serum, synovial fluid and synovial tissue isolated from
PsA patients demonstrated elevated levels of TNF and soluble TNF-R55 [30]. Moreover,
phase Il clinical trials of anti-TNF agents in PSA demonstrated inhibition of radiographic
progression (Table 1). Lastly, reduced radiographic progression and alterations in osteitis
after anti-TNF therapy correlated with marked reduction in the number of circulating OCPs
[31]. Collectively, these studies demonstrate the TNF-a can amplify osteoclastogenesis in
the presence of RANKL but that it also has direct effects on OC formation when RANKL is
not present.

1L-17: IL-17 secretion by Th17 has been shown to be significantly elevated in both PsA and
psoriasis compared to healthy controls [32]. The members of IL-17 family include at least
six members in humans and mice, IL-17A, IL-17B, IL-17C, IL-17D, IL-17E and IL-17F.
Among these, the role of IL-17A in arthritis and bone remodeling has been well studied. /n
vitro studies revealed that IL-17A can increase osteoclastogenesis in the presence or absence
of OBs through direct and indirect effects. When OB and OCPs are cultured together,
IL-17A can increase osteoclastogenesis by upregulating RANKL expression on OB cells
[33]. It has been also shown that IL-17A increases secretion of inflammatory mediators such
as IL-1B, TNF-a and PGE2 by OBs [34] which further potentiate osteoclastogenesis.
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Similarly, IL-17A can promote osteoclastogenesis from CD11b* human OCPs even in the
absence of OB or RANKL stimulation, and this effect is partially dependent on TNF-a
given that osteoclastogenesis was blocked by infliximab /n vitro. [35]. These findings,
however, stand in contrast to findings reported with the RAW?264.7 cell line where high
doses of IL-17A suppressed RANKL-induced osteoclastogenesis and release of OC-related
effector molecules such as cathepsin K and MMPs in mature OCs [36]. Nonetheless, recent
studies demonstrated that treatment of PSA patients with mAbs targeting IL-17 lessened
joint inflammation and reduced X-ray progression in PsA patients [37].

1L-6: Elevated expression of IL-6 has been noted in synovial tissue of the PsA patients and
IL-6 levels correlate with the number of affected joints and elevation of the C-reactive
protein (CRP) [38,39]. The mechanism by which IL-6 contributes to joint damage and
pathological bone remodeling in PsA patients is still not well understood. Past /in vitro
studies showed, IL-6 can support OC formation from human CD14* osteoclast progenitor
cells by a RANKL-independent mechanism [40]. Despite the therapeutic potential of IL-6
from a mechanistic perspective a clinical trial of the anti-IL-6R mAb, tocilizumab, failed to
show a significant treatment response in PSA [41]. In contrast, recent clinical trial data
showed that blockade of IL-6 with the mAb clazakizumab ameliorated musculoskeletal
manifestations in PSA patients [42]. Studies in animal models showed that exposure of
mouse OCPs to IL-6 and TNF-a, increased formation of multinuclear functional OCs that
efficiently erode mineralized tissue [43]. Using mice with germline or conditional deletion
of RANK in myeloid cells, O'Brien et al. further demonstrated that combined exposure to
IL-6 and TNF-a induce OC differentiation that is independent of RANKL [44]. Further
studies are now needed to confirm these /n vitro findings in human cells and to examine if
IL-6 is a reasonable target in PsA.

B. Pathological bone formation in PSA patients

Some characteristic basic distinctive anatomical features in PsA

A characteristic feature that differentiates PSA from other erosive inflammatory arthritis
such as RA is the exuberant pathological bone formation. Importantly, such development of
bony nodules can be seen even at sites distant from bone resorption [2]. The new bone
formation can present in the axial skeleton as marginal or paramarginal syndesmophytes or
in the peripheral joints as enthesophytes, periosteal bone formation (‘whiskering on plain X-
ray’) or joint ankylosis [15,45]. Enthesitis, inflammation of sites where ligaments, tendons
and joint capsules attached to bone, is often accompanied by heterotopic cartilage and bone
formation in the enthesis [15,45]. Another fascinating but poorly understood feature present
in the PsA is the "ray distribution™ of involvement in which one digit may demonstrate bony
fusion while adjacent digits exhibit no abnormality or bone erosion [46].

Pathological bone formation and joint damage in PsA and ankylosing spondylitis (AS),
similarities and differences

Pathological bone formation is shared between PsA and AS presenting as syndesmophytes,
sacroiliitis, and sacroiliac joint (SIJ) ankylosis [47-49]. Despite the apparent similarities,
significant differences in these bone phenotypes are observed in these two diseases in terms
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of the extent and distribution of sacroiliitis and syndesmophytes (outlined in Table 1).
Sacroiliac joint involvement in PsA is more likely to be asymmetric. The syndesmophytes in
PsA are asymmetrically distributed and progress randomly along the spine whereas in AS,
syndesmophytes are symmetrically distributed. Similarly, the bridging syndesmophytes are
much more common in AS and seen less frequently in PSA patients. These divergent
morphological features provide preliminary support for separate disease pathways in these
disorders.

BMP and WNT signaling in the context of pathological bone formation in PSA patients

A key aspect of PsA is the pathologic bone deposition which results from aberrant
proliferation, differentiation and activity of bone forming osteoblasts (OB) in which multiple
signaling pathways are involved. Members of the bone morphogenetic protein (BMP)-bone
morphogenetic protein receptor (BMPR) pathway as well as WNT signaling pathway and
molecules that inhibit WNT signaling, such as DKK1, and SOST are especially relevant for
PsA and related spondyloarthritic diseases such as AS.

Relevance of BMP signaling

BMPs are members of the TGF-p superfamily and are well established as key regulators of
bone formation. The BMP molecules increase the activity of key osteogenic transcription
factors, RUNX2 and osterix, in mesenchymal stem cells and thereby increase the rate of
osteoblast differentiation. Similarly, BMPs increase mineral deposition by the maturing
osteoblast cells through enhanced expression of alkaline phosphatases (ALP), type |
collagen, osteocalcin and bone sialoprotein in the OB cells [50,51]. Previous animal studies
indicated that altered BMP signaling was involved in joint ankyloses [52]. Moreover,
elevated expression of BMP and phosphorylated SMAD1/5 were detected in the ankylosing
enthesis in a murine model with joint pathology similar to that observed PsA [52].
Moreover, overexpression of noggin, a non-specific antagonist of BMP decreased the
pathological severity in this murine model with ankylosing enthesitis [52] clearly
establishing a key role of BMP signaling in ankylosis. Of particular relevance is a recent
study in which serum levels of BMP-7, were significantly elevated in PsA patients compared
to healthy controls and BMP-7 levels correlated with the Glasgow Ultrasound Enthesitis
Scoring System (GUESS) - a measure of enthesitis [53]. These findings are in agreement
with the findings of Lories et al who also reported positive significant correlation between
serum BMP-7 levels and lower limb enthesitis in male DBA/1 mice [54] and provide support
for a prominent contribution from BMP-7 in altered bone remodeling and enthesitis in PSA.
The specificity of this finding to PsA was bought into question, however by Yuan el al. who
reported that BMP-7 is also elevated in RA and AS patients and that BMP-7 levels
correlated with serum levels of RUNX2 [51].

Relevance of WNT signaling

The Wnt family consists of number of small secreted glycoproteins that regulate a range of
cellular activities and developmental processes. Prior /n vivo studies clearly established the
critical role of Wnt/p-catenin signaling (canonical WNT pathway) in regulating OB
differentiation from mesenchymal stem cells [55]. Regulation of Wnt/p-catenin signaling is
driven by the production of two antagonists of WNT signaling, Dickkopf-related protein
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1(DKK-1) and Sclerostin (SOST and DKK-1 functions as a master regulator of joint
remodeling [56]. Specifically, DKK1 elevation in RA patients correlates with increased bone
erosion and lower BMD [57]. In AS patients, a correlation between decreased serum levels
of functional DKK-1 (as compared to healthy controls) and syndesmophyte development
was reported [58]. Another group reported that serum levels of DKK-1 in a cohort of female
PsA patients were significantly lower than in healthy controls and RA patients [59] while
increased serum levels of DKK1 were noted in PSA patients [60]. These differences arise
from divergent methods for DKK-1 quantification, different characteristics of the patients
population or differences in the vitamin D serum levels Interestingly, another study,
Daoussis et al, noted elevated levels of total serum DKKZ1 in AS but it was dysfunctional in
its biologic effects [61].

It is important to note that administration of anti-DKKZ1 antibody to transgenic TNF-a.
overexpressing (TNF-Tg) mice was associated with osteophyte formation in inflamed joints
but not in the joints of untreated mice [56]. As TNF-Tg mice typically do not develop
osteophytes, the above mentioned findings indicate DKK-1 can inhibit local bone formation
in some conditions. The findings from these animal studies align with recent reports that
revealed decreased DKK1 levels in PsA patients. This finding is of particular interest given
that low DKKZ1 levels may contribute to the increased osteophyte formation reported in
psoriasis and PsA [56].

TNF a, IL-17 and related cytokines in pathologic bone formation

The cytokines TNF-a and IL-17 exhibit pro-inflammatory and bone resorbing functions and
have been demonstrated to promote pathologic bone resorption as described above. Under
specific /n vitro conditions and in certain animal models, however, the inflammatory
cytokines including TNF-a, IL-17 as well as IL-23 and IL-22 can increase osteogenic
differentiation. While the contribution of TNF-a and IL-17 to /n vitro osteoclastogenesis is
well-established, the overall impact of these cytokines on pathologic bone formation is not
well understood. Previous reports demonstrated that TNF-a blocks OB differentiation by
inhibiting insulin-like growth factor-1 (IGF-1) [62], Runx2[63] and osterix (Osx also known
as SP7)[64] whereby increased apoptosis [65] or effects on other pathways [66] may also be
important. On the other hand, several studies with murine and human MSCs and related cell
lines found that TNF-a. induces osteogenic differentiation [67—70]. In particular, low dose
TNF-a promotes OB differentiation in vitro [71,72]. Osteogenesis was dependent on
increased NF-xB signaling in the MSCs [67]. Furthermore, local /n vivo administration of
exogenous rhTNF-a accelerated fracture healing in mice [71]

The role of IL-17 in bone formation is also very dependent on the experimental condition
and animal model. Indeed, two /n vitro studies reported that IL-17 inhibits OB
differentiation [73,74], while several others found that IL-17 can increase OB differentiation
[75-80]. Importantly, in the K/BxN serum transfer arthritis model, it was reported that IL-17
deficiency promotes periosteal bone formation [81] indicating IL-17 blockade can increase
pathologic bone formation, a major problem in SpA. Ulugkan et al. crossed K14-1L.17Aind
(mice that conditionally overexpressing IL-17A together with EGFP) with JunB2€P (mice
with JunB deletion in epidermal cells) and manifest chronic IL-17 A—-mediated skin
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inflammation. In this model, IL-17A decreased bone formation by inhibiting WNT signaling
in OBs resulting in increased bone loss without a decline in OC activity. [82]. In a study
with IL-17A~'~ mice, Ono et al., demonstrated that IL-17A produced by y& T cells
increased proliferation and osteoblastic differentiation of mesenchymal progenitor cells and
promoted bone formation facilitating bone fracture healing [83]. Together, these data
indicate that 1L-17 as well as TNF-a can inhibit or promote bone formation in a context
dependent manner. Further studies will elucidate which of these findings translate most
appropriately to psoriatic disease.

In the passively induced collagen-induced arthritis (CIA) murine model, /n vivo expression
of 1L-23 was associated with enthesitis via activation of entheseal residing 1L-23R
expressing CD3*CD4~CD8™ T cells which produced IL-17, TNF-a and IL-22. These mice
demonstrated entheseal and periosteal bone formation and pathologic bone resorption [84].
Recent /n vitro studies demonstrated that 1L-22 can enhance osteogenic differentiation in
human MSCs while a combination of TNF and IFN-y with IL-22 suppress it [85]. Overall,
the systemic effects of these cytokines in the context of pathologic bone formation require
detailed analysis in PSA patients. Ongoing and future longitudinal imaging studies on PSA
patients treated with therapeutic agents with a combined Omics analysis may provide
insights into the local tissue and bone factors that underlie aberrant bone remodeling in PsA.

Genetic and environmental factors that can influence bone pathologies in

PsA patients

1) Genetic factors and bone sub-phenotypes in PsA

It is well established that several genomic loci are associated with PsA [86]. In early reports,
HLA-B*27 was noted to be associated with increased risk of axial disease in PSA patients
and this association was confirmed in other cohorts [87]. More recent studies revealed that
significant genotypic heterogeneity exists in PSA patients and certain specific haplotypes
(HLA-B*08, HLA-B*27, HLA-B*38, HLA-B*39 and HLA-C*06:02) are present at higher
frequencies than controls or psoriasis patients [88]. It was also noted that some extended
haplotypes were associated with specific sub-phenotypes. Peripheral synovitis was
associated with HLA-B*08:01 whereas asymmetric sacroiliitis showed association with the
HLA-B*08:01-C*07:01 haplotype and its constituent alleles [88]. Interestingly, comparison
of the genetic risk loci present in Ps and PsA revealed that specific risk allele, HLA-
C*06:02, previously thought to be a risk factor for development of arthritis in Ps patients,
was not associated with PsA but rather the amino acid position 97 of HLA-B differentiated
PsA from psoriasis[89]. This impressive finding, coupled with the same association reported
in ankylosing spondylitis, may provide novel insights into immunogenetic factors that
contribute to the development of arthritis and altered bone phenotypes in spondyloarthritis.

2) Potential links between psoriatic plaques and joint inflammation

On average, Ps precedes the onset of PsA by 8-10 years [90]. Despite this observation,
mechanisms that directly link psoriatic skin and joint inflammation have not been
forthcoming. In one model, psoriatic inflammation acts as a trigger for arthritis through the
systemic circulation of skin-derived inflammatory cytokines which act upon target cell
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populations in the entheses, soft tissues of the digits and the joints [2]. In another model, loss
of suppression mediated by T cells or other cell lineages permit activation of pathways that
lead to bone resorption and formation that is modulated by genetic, epigenetic and
environmental factors.

In vitro studies and experiments in animal models, however, may provide insights into a
skin-joint axis in PSA. A recent study revealed that exposure to TNF-a, IL-17, OPN and
IL-33 can induce pro-osteoclastogenic factors such as RANKL from the skin which can
further promote human monocytes to differentiate into OCs [91]. In one preclinical study,
K5.Stat3 mice which express activation-prone Stat3 and have psoriasiform lesions were
crossed with CF759 mice which demonstrate persistent Stat3 activation due to impairment in
SOCS3-dependent negative regulation. The offspring of these mice manifested severe
psoriasiform lesions and arthritis within 3 weeks of age whereas the K5.Stat3 or CF759 mice
developed skin inflammation and joint damage at a later age and the penetrance was lower
for the skin and joint phenotypes [92]. These results indicate that psoriatic inflammation
may temporally relate to joint inflammation although a causal pathway has not been
established.

As noted above, a recent report detailed interactions between cutaneous cytokines and
osteoclastogenesis but another recently published study revealed how skin inflammation can
impact OB differentiation. Ulugkan et al., demonstrated that skin-epithelial-specific
expression of IL-17A in mice leads to bone loss [82]. Furthermore, under inflammatory
conditions, skin-resident y8 T cells, innate lymphoid cells (ILCs) and keratinocytes; express
IL-17A, which act systemically to inhibit OB and osteocyte function through inhibition of
Whnt signaling. They further showed that inhibition of Wnt signaling and inhibition of
IL-17A signaling can rescue such bone loss [82]. Taken together, these findings imply the
existence of a network with the potential to link psoriasis with synovial inflammation and in
some cases joint damage in PSA patients via mechanisms that promote altered OC and OB
activity.

3) Arthritis triggered by trauma in the setting of psoriasis-clues to pathogenesis or
coincidental events?

The Koebner phenomenon, first recognized in 1876, is the formation of psoriasiform lesions
in uninvolved skin of psoriasis patients following trauma [93]. Similarly, it was also noted
joint trauma can trigger inflammatory joint inflammation and less commonly, the full
spectrum of PsA, termed deep Koebner phenomenon [94,95]. Together these clinical
findings may reflect interactions triggered by biomechanical stress, trauma and microtrauma
which lead to sustained musculoskeletal inflammation. The reports of deep Koebner
phenomenon, however, have been confined to case reports or small case series. Thus, the
publication of a prospective, longitudinal cohort study that revealed physical trauma to be
independently associated with increased risk of PsA with the highest risk associated with
bone and joint trauma adds additional credibility to this putative pathway [96]. Interestingly,
of great relevance, was the analysis in an RA cohort where the risk of arthritis was not
increased following trauma [96]. These findings suggest that trauma may increase the risk
for PsA in some individuals by mechanisms that are not evident at this time.
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4) Microbial dysbiosis and gut inflammation likely regulate bone remodeling in PsA

Gut microbiota are well known to play crucial role in regulating overall immune response in
mice [97]. Dysbiosis has been associated with gut and joint inflammation [98,99]. The
finding that HLA-B27-transgenic rats raised in germ free environments, do not develop
peripheral joint disease or gut inflammation but once reconstituted with Bacteroides, disease
manifestations arise, kindled interest in this relationship over 20 years ago [100].
Importantly, recent microbiome studies demonstrate that the gut microbiome in many
patients with inflammatory arthritis differs from healthy individuals [101,102]. Intestinal
dysbiosis has also been noted in AS patients [103]. In another report, Scher et al., found
microbial dysbiosis in patients with PsA and reported lower abundancies of specific
bacterial genera including Akkermansia and Ruminococcus in PSA patients [104].
Interestingly, they also found that the local gut immune response in PsA is characterized by
a decrease RANKL and increase fecal sIgA levels relative to healthy controls. The
implication and clinical relevance of these findings await further study, particularly to
determine if the dysbiosis precedes or follows the onset of arthritis and joint damage.

Recently, work from Ciccia et al showed that subclinical gut inflammation in PsA patients is
characterized by high levels of tissue inflammation, Paneth cell hyperplasia and Th17 and
Th22, but not a Thl driven immune response [105]. Interestingly, their work further
demonstrated that another inflammatory cytokine, I1L-9 was specifically overexpressed in the
gut of PsA patients (especially in patients with inflammatory gut lesions) but not in the gut
of patients with AS or Crohn's disease (CD) patients, or controls. Moreover, when
stimulated /n vitro with 1L-9, isolated epithelial cells from PsA gut tissues showed increased
IL-23p19 [105] mRNA levels. They did not examine joint phenotypes, however, it was
reported that IL-9 can induce differentiation of Th17 [106]. Elevated levels of IL-9 were
identified in PsA synovial tissues [105]. It is known that IL-9 can act as a survival factor for
the pathologic T cells localized in the synovium of inflammatory arthritis [107]. Thus, these
findings indicate a potential relationship between microbial dysbiosis and altered production
of IL-9, IL-23 and IL-17 with the potential to circulate to joint tissues and promote arthritis.

5) Obesity and metabolic dysregulation

Population based studies revealed that obesity is associated with increased risk for Ps and
PsA [108,109]. Obesity was also shown to be associated with lower probability of achieving
sustained minimal disease activity (MDA state in PsA patients [110,111]. Moreover,
successful weight loss was more strongly associated with joint response (as assessed by
MDA) in obese PsA patients treated with TNF-a blockers when compared to PSA patients
who did not lose weight. The state of obesity is associated with low grade chronic
inflammation in the adipose tissue and other organs resulting into a pro-inflammatory
environment [112]. The ranges of pro-inflammatory cytokines generated in fat tissues are
now well established [112]. Adipocytes secrete a wide variety of mediators, including TNF-
a and IL-6 [113] which are known to increase osteoclastogenesis. Therefore, obesity may
serve as a risk factor for increased pathological bone remodeling in PSA by increasing an
array of proinflammatory cytokines. Obesity can also result in many other alterations
(increased adipokine levels and decreased vitamin D) with the potential to modulate skeletal
homeostasis in PSA patients. Interestingly, high levels of the adipokine leptin was reported in
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obese PsA patients compared to the obese Ps patients [114]. Similarly, low levels of vitamin
D have been noted in PSA patients [115]. Interestingly, past studies indicated that in RA,
obesity is associated with increased Disease Activity Score 28 (DAS28) but lower
radiographic joint damage [116-118] and baseline circulating serum adipokine levels predict
radiographic protection [119-121]. Whether such relationships between joint damage,
obesity and adipokine levels holds true for PSA remains to be determined.

6) Smoking and exposure to pollutants

Diverse environmental factors impact development of inflammatory joint diseases, including
PsA. Exposure to cigarette smoke is one of such major environmental risk factors associated
with increased risk for PsA [122,123]. Smoking is also associated with decreased
therapeutic responses to anti-TNF-a agents [124]. The mechanisms linking cigarette smoke
to the development of PsA and lower response to anti-TNF-a agents are not well
understood. It has been reported that smoking increases TNF-a [125]. As TNF-a is a potent
inducer of OCs that contribute in the pathogenesis and bone erosion in PsA [24,126], it is
conceivable that smoking worsens bone health in PsA patients by elevating TNF-a levels
and promoting osteoclastogenesis and elevated bone resorption in PSA.

Therapeutic benefits and inhibition of structural damage in PsA

Over the past 15 years, the treatment of PSA has progressed at breakneck speed. Prior to
2003, only DMARDs were available to treat this disorder and currently 7 biologic agents
and apremilast are FDA approved in the US. Several agents that inhibit a diverse array of
mechanisms (IL-17A and F, JAK1, 2, 3 and IL-23) are in clinical trials (some are outlined in
table 2). A major consideration when considering a treatment for psoriatic joint disease is
whether a patient has baseline joint damage because evidence indicates these patients are
more likely to show radiographic progression [127]. In table 2, the effect of agents approved
for PsA or in clinical trials on bone damage is outlined. It must be emphasized that to date,
no agents have been demonstrated to block new bone formation although the effect of early
anti-inflammatory therapy of joint disease on development of syndesmophytes,
enthesophytes or bony ankyloses is thought to be quite plausible.

Interestingly, despite the widespread use of conventional DMARDS in PsA, no formal
studies have been performed to examine if these agents inhibit or slow radiographic
progression. Likewise, apremilast has not been analyzed for its effect on radiographic
progression. All five available anti-TNF agents do inhibit X-ray progression [128-135]. In a
combined analysis of the PSUMMIT 1 and 2 trials, ustekinumab significantly inhibited X-
ray progression in the anti-TNF naive patients [136] but progression was not significantly
decreased when the PSUMMIT 2 trial data was analyzed alone presumably because patients
previously exposed to anti-TNF agents were included [137]. Another consideration in this
study was the smaller sample size. Both secukinumab and ixekizumab inhibited radiographic
progression [138-140]. The ability of guselkumab, bizekizumab and tofacitinib to block X-
ray progression awaits further study. It is also important to point out that the extent of
baseline structural damage in studies carried out over the last several years is less than was
observed in the anti-TNF trials. The lower degree of baseline damage may explain why the
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magnitude of the change in radiographic scores following treatment is not as large in the
more recent phase |1 trials. Two recent studies demonstrated the efficacy and safety of
tofacitinib in PsA for patients who were inadequate responders to DMARDs (OPAL
Broaden) or anti-TNF agents (OPAL Beyond) [141,142]. In the OPAL Broaden study,
radiographs were assessed at baseline and 12 months using the van der Heijde—modified
total Sharp score although the patients on placebo were only assessed through month 3
[141]. At month 12, the minimal mean changes from baseline in the modified total Sharp
score were observed across all the trial groups, including the groups of patients who
switched from placebo to tofacitinib at month 3. A total of 91 to 98% of patients across all
trial groups met the radiographic criteria for non-progression [141].

Unresolved questions in psoriatic arthritis

Recent preclinical and clinical investigations have revealed new disease pathways and shed
light on the underlying molecular mechanisms related to pathological joint damage and
altered bone remodeling in PsA. However, many critical questions remain (Table 3). One of
the most perplexing aspects of this disease is the wide array of bone phenotypes and the
asymmetric distribution which in the feet and hands often takes on a ray distribution [2].
Another enigmatic finding is the association of nail disease and distal interphalangeal joint
(DIP) involvement. Is this truly an example of enthesitis with adjacent bone involvement and
if so, where does the process begin, in the nail or the bone? One of the major unanswered
questions is what are the factors responsible for new bone formation in the axial and
appendicular skeleton? Lastly, is there a link between the bone phenotypes and dysbiosis- a
skin to joint or a gut to joint axis in PSA?

Conclusion

In spite of the recent advancements and scientific discoveries, PsA still remains a disease of
unknown etiology that affects millions of individuals worldwide causing chronic pain,
discomfort, suffering and disability. While research has revealed much about the molecular
and cellular events that promote altered bone phenotypes in PSA, many questions still

remain to be answered. We have now expanded understanding of the key events that promote
pathologic bone resorption but our understanding regarding pathological bone formation is
quite limited. Recent studies have revealed association between specific gene variants but we
lack insight into how these variants promote or enhance disease phenotypes. Moreover, the
contribution of other key factors such as skin and gut inflammation, mechanical stress,
microbial dysbiosis, obesity and smoking, to potentiate the progression of the pathological
bone remodeling and impact treatment outcomes in PSA patients is not well understood.
Based on the rapid pace of scientific discoveries, answers to these questions will be
forthcoming in the near future. Advances in imaging, Omics technology and analytic tools
that permit integrated analysis and precision science will provide new insights that will
dramatically improve our knowledge regarding these unresolved questions.
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Figure 1. Schematic representation of bone remodeling in PsA
Genetic predisposition, skin inflammation, mechanical stress, dysbiosis in gut microbiota,

gut inflammation can lead to immune dysregulation causing elevation of various
inflammatory cytokines and alteration in key signaling molecules that regulate inflammation
and the activity OC and OB cells. These resulting systemic and localized alterations
manifest as clinical symptoms of psoriatic diseases. Metabolic dysregulation, obesity and
environmental triggers can further compound such alterations. Such alterations results into
decoupling of OB-OC interactions ultimately lead to increased bone erosion as well as
aberrant formation in PSA patients.
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Table 1

Similarities and differences between PsA and AS bone pathologies

Page 24

Characteristics | PsA | AS | References
Definitive radiographic sacroiliitis | - | + | [143]
Sacroiliitis distribution | Bilateral | Unilateral or bilateral | [144]
Grade 4 sacroiliitis ~/+ +H++ [145]
Not corroborated by subsequent
studies
Spondylitis | + | ++ | [47]
Distribution of syndesmophytes Asymmetrically distributed Symmetrically distributed | [144]
Progress randomly along the spine [146]
Bridging Syndesmophytes | -+ | =[+/++ | [47]
S1J ankylosis | + | ++ | [47]
Radiographic severity | + | ++ | [143]

=" indicates absence,'+' and '++" indicate presence of specific features
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Approved and promising therapeutic agents targeting key pathways to treat PSA

Table 2

Page 25

azulfidine, leflunomide)

Therapeutic Agent Target Inhibition of References
radiographic
progression

DMARDS (methotrexate, Several targets No supporting evidence | [129]

Apremilast PDE4 inhibitor Not known No studies on radiographic progression
Infliximab, TNF inhibition ++ [128,129]

Etanercept, [130,131]

Adalimumab, [132,133]

Golimumab, [134].

Certolizumab [135]

Ustekinmab | Anti p40 blocks IL-12/23 | ¥ | [137,147]

Secukinumab, IL-17A inhibition ++ [138,139]

Ixekizumab [140]

Guselkumab | IL-23 inhibition | Not known | No studies on radiographic progression
Brodalumab | Anti-IL 17RA receptor antagonist | Not known | No radiographic studies
Bimekizumab | Dual IL-17A and IL-17F inhibitor | Not known | No radiographic studies

Tofacitinib | JAK 1-3 inhibition | Not clear | [141,142]

'++" indicate inhibition of radiographic progression,

*

PSUMMIT 2 trial did not show significant inhibition of radiographic progression in patients previously exposed to anti-TNF-a agents
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Table 3

Unresolved questions regarding bone pathologies in psoriatic arthritis

. Heterogeneity: Factors that underlie the wide heterogeneity in bone phenotypes and asymmetric distribution of involved joints
. Mechanisms: Mechanisms that underline pathologic bone formation in the spine and appendicular skeleton

. Nail dystrophy: Is it linked to DIP bone involvement?

. Gut and skin microbiome: Are there etiologic links between dysbiosis and bone phenotypes?

. IL-17: Role of IL-17 in bone erosion and bone formation still unclear

. Contribution of RANKL: Contribution of RANKL versus RANKL independent pathways osteoclastogenesis

. Role of TNF-a.: resorption versus formation and under what conditions

. Skin- joint axis: Does skin inflammation trigger the events that promote altered bone remodeling?
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