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Abstract The group of diseases classified as seronegative

spondyloarthritis or enthesoarthritis is characterized by

typical osteoarticular and extra-articular manifestations.

Diverse patterns of disease can affect different members of

the same family and may show different features in the

same patient, with clinical overlaps thwarting the differ-

ential diagnosis. An anatomo-pathological hallmark in

enthesoarthritis is the inflammatory process in the synovio-

entheseal sites. The inflammatory microenvironment of

synovio-entheseal complex, named enthesitis, is charac-

terized, after an initial inflammatory/erosive phase, by a

subsequent phase of neobone apposition, which seems to

progress independently from the previous erosive phase,

suggesting that the physiopathogenetic mechanisms that

underlay the two phases are driven by different pivots. The

structural damage is characterized by excessive neobone

formation, with the syndesmophyte as a typical lesion. The

process underlying their formation is not fully understood,

although there are many useful information to clarify the

physiopathogenetic puzzle. The primum movens of the

enthesitic process is the micro-trauma to which entheses

are subject, especially in the lower limbs, for biome-

chanical reasons. The inflammatory process is facilitated

by the sequential structure of the organ enthesis, constitu-

tionally devoid of sub-enthesitic cortical bone and closely

related to the underlying trabecular bone and the medullary

vascular system. The reparative attempt from the vascular

system, thanks to the activating action of certain loco-

regional cytokines, such as TNF a, conditions the possible

deposit in the enthesis of molecules derived from other

organic sites and able, especially in HLA-B27? subjects,

to activate and self-renew an immune-mediated inflam-

matory process following the initial mechanical process.
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Introduction

The seronegative spondyloarthritis or enthesoarthritis af-

fects about 0.5 % of the population, and ankylosing

spondylitis (AS), which together with reactive arthritis,

psoriatic arthritis and enteropathic arthritis is part of it, af-

fects 0.1 % of the population. There are three points to make

about this group of diseases: (a) dissimilar aspects of the

different phenotypic disease may occur in the same patient;

(b) such clinical overlaps make difficult the differential di-

agnosis between a disease and the other; (c) spondy-

loarthritis belonging to different diseases can affect different

members of the same family. The typical clinical extra-ar-

ticular and osteoarticular manifestations of spondyloarthritis

are reported in Table 1, and the anatomo-pathological

hallmarks in enthesoarthritis are reported in Table 2. The

characteristic of spondyloarthritis is inflammation of en-

thesis, a thin fibrocartilaginous area that joints the tendon/

ligament or articular capsules to bone [1]. However, this

inflammation has consequences not only on the enthesis per

se. The concept of enthesis as an organ stems precisely from

the consideration that a large anatomical area participates in

the inflammatory process. In fact, the high mechanical stress

that the insertional tendon, hinging point between hard and

soft tissues, undergoes not only focuses on a small enthesis
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area but is distributed on a much larger area around it, with

the aim to supply a biomechanical compensation. This area

is determined by the periosteal and sesamoid fibrocartilage,

synovial membrane, bursa, fat tissue, and sub-enthesitic

spongy bone tissue. The archetypal enthesis organ is the

Achilles tendon, a typical location involved in AS and in

spondyloarthritis in general (Fig. 1). The Achilles tendon is

inserted with a broad aponeurosis on the posterior surface of

the calcaneus globally occupying its middle third and bot-

tom and letting the upper third, the seat of the superior

tuberosity. The latter, coming into contact with the tendon in

the movements of dorsiflexion of the foot, plays a vital

pulley role downloading the biomechanical stress on the

tendon pre-enthesitic area. The same tendon, consequently

to repeated contact with the superior tuberosity, is covered

with fibrocartilage tissue on its deep surface, the so-called

sesamoid fibrocartilage (Fig. 1), rich in proteoglicanic

extracellular matrix and water in sufficient quantity and

quality to ensure to the tendon the ability to withstand

compressive forces. The greater tuberosity itself loses its

fibrous periosteum in favor of a cartilage, the so-called pe-

riosteal fibrocartilage. Between the two fibrocartilages, in

order to download further mechanical clutches, fits the

retrocalcaneal bursa, provided inside with an additional

cooling system of mechanical stress, which is the fatty tis-

sue. Two other features, proprioceptive and immunological,

are recognized in intrabursal adipose tissue. The latter is

related to the wealth of macrophage cells [1].

The anatomical e functional concepts of ‘‘synovio-

entheseal complex’’

The synovio-entheseal complex identifies interdependence

between two anatomical and functional structures of the

Table 1 Typical clinical extra-articular and osteoarticular manifestations of inflammatory spondyloarthritis

Extra-articular manifestations

Involvement of the colon and/or ileum

Inflammation of the eyes

Mucous and cutaneous manifestations Erythema nodosum, pyoderma gangrenosum, oral ulcers, and psoriasis

Osteoarticular manifestations

Involvement of the spinal column with two different subsets (a) progressively widespread, symmetrical and with typical

syndesmophytes; (b) diffuse, asymmetrical and with prevalence of

para-syndesmophytes on syndesmophytes in the remaining diseases

of the group

Involvement of the sacroiliac joints with two different subsets (a) complete and bilateral erosive-sclerotic evolution in ankylosing

spondylitis; (b) incomplete and asymmetric erosive-sclerotic

evolution in the remaining diseases of the group

Involvement of the diarthrodial joints of the lower limbs

Oligoarticular involvement

Asymmetry

Tenosynovitis, usually asymmetrical, like the sausage finger

Peripheral enthesitis (typical plantar fasciitis and heel spurs)

Association with the HLA-B27 (especially ankylosing spondylitis and

Reiter’s disease) and incidence overwhelmingly higher at a young

age and in males

Normality of the indices of inflammation, expression of a low or no

systemic inflammatory participation, and absence of the rheumatoid

factor in the circulation

Table 2 Inflammatory osteoarticular microenvironment of the enthesoarthritis

The anatomical complex affected by the ongoing inflammation in the course of ankylosing spondylitis, and potentially, other forms of

enthesoarthritis, and typical of these diseases, are represented by the synovio-entheseal complex

The inflammatory microenvironment of synovio-entheseal complex, named enthesitis, is characterized, after an initial inflammatory/erosive

phase, by a subsequent phase of neobone apposition

The neoappositive phase seems to progress independently from the previous erosive phase suggesting that the physiopathogenetic

mechanisms that underlay the two phases are driven by different pivots

The different plausible mechanisms of inflammatory/erosive phase and neobone appositive phase could explain the lower control that anti-

TNF-a agents seem to have on the enthesopatic neobone appositive phase (for example in the development of syndesmophytes) than the

inflammatory/erosive phase
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organ enthesis, the synovial membrane and the enthesis

itself. The enthesis is avascular, devoid of macrophages,

dominated by extravascular matrix and prone to undergo

microstructural damage caused by mechanical stress,

whereas the synovial membrane is vascularized, rich in

macrophages, consists mainly of loose connective and

adipose tissue and is ready to generate inflammation.

Therefore, the micro-damage manifesting itself on the en-

thesis goes with an inflamed synovium. In fact, in the

Achilles tendon of AS patients, there are frequent problems

such as bursitis or multifocal bone erosion of the superior

tuberosity [2].

The fibrocartilages of enthesis organ are, as mentioned,

avascular, but following their micro-damage, increasingly

correlated with age, a reparative attempt occurs coming

from the underlying bone associated with neoangiogenesis

encroaching the enthesis and the periosteal fibrocartilage

(Fig. 1). This process, facilitated by the limited presence of

cortical bone underlying the enthesitic fibrocartilage, could

transform entheses in seats of deposit of adjuvant mole-

cules of bacterial origin from distant sites (intestine and

other locations) with the consequences of immunological

disturbance and subsequent local inflammation especially

in the case of a concomitant genetic condition, such as the

HLA-B27 positivity. The previously emphasized absence

of sub-enthesitic cortical bone also facilitates the invasion

on site of inflammatory cells coming from the bone marrow

and the dissipation of enthesitic stress in cancellous bone.

This latter aspect would explain why the osteitis is a

clinical–radiological event often associated with the

enthesitic process. Other vessels invading the tendon come

from the adipose tissue and the peritendinous connective

tissue [3].

It is possible that an innate immune response is activated

at sites of damaged enthesis. In fact, a large number of

damage-associated molecular patterns (DAMPs) have been

identified in the enthesitic seats, which would activate the

innate immune response [4]. The reaction to inflammation

of the enthesis extends to the neighboring tissues, and

among these, to the bone, being the osteitis adjacent to the

synovial or enthesitic fibrocartilage a typical clinical and

radiographic presentation of AS [3]. This framework is

expressed exuberantly in some syndromes associated with

seronegative spondyloarthritis, such as the SAPHO syn-

drome (synovitis, acne, pustulosis, hyperostosis, and

osteitis) [5, 6].

The time evolution of exuberant and reparative attempts

leads to the formation of enthesophytes originated by the

superficial parts of the thin sub-enthesitic cortical layers

with extension in the enthesitic regions (Fig. 2). Common

elements in the formation of enthesophytes are also the

absence in their context of trabecular bone and their de-

velopment in areas lacking entirely, or nearly so, the thin

layer of cortical bone as to express their reparative re-

sponse coming from the subcortical trabecular bone. In

such a place, cartilaginous islands can be traced between

the trabecular bones as an expression of that reparative

attempt, especially in the vicinity of horizontal cortical

micro-cracks. Trabecular bone is, therefore, functionally

integrated in the organ enthesis. This is demonstrated also

Fig. 1 Synovio-entheseal

complex at the level of the

Achilles tendon. The enthesis is

a fibrocartilaginous structure

and extends to sesamoid and

periosteal fibrocartilage

covering, respectively, the deep

surface of the tendon and the

superficial cortical bone at the

level of the superior tuberosity.

The micro-traumatic areas are

localized in the areas of the

enthesis and in the wall of the

bursa. The blood vessels

originate from the underlying

bone at sites where there is no

subchondral bone
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by the thick trabecular spiculature, located in cancellous

bone to a depth of 2–4 mm, whose directional trend fol-

lows that of the tendon to express a ‘‘deepening’’ of the

enthesitic arm in the depth of cancellous bone. These

aspects are clearly visible to a histological and radiological

assessment and are mainly expressed in the seats of the

enthesitic sites of the lower limbs where the load and en-

theses micro-damage are greater. This system of thickening

and orientation of the sub-enthesitic bone trabeculae inte-

grates with an underlying system of trabecular ‘‘hooking’’

characterized by a direction of the trabeculae perpendicular

to that of the tendon, and with the function of stabilizing

the enthesitic system. These anatomical and functional

patterns, more frequent in old age, can actually affect any

age and express the repair of micro-damages in enthesitic

locations. This same mechanism, when located in the

vertebrae, could lead to the formation of syndesmophytes

in AS. In this case, the local enthesis micro-damage entails

a reparative attempt of the inflammatory damage, ex-

pressed by the invasion of micro-vessels at the enthesis–

bone interface. Secondly, the same vascular invasion could

facilitate the ‘‘deposition’’ in the enthesitic seats of

adjuvants molecules, of bacterial origin, in particular in-

testinal bacteria with the activation of loco-regional innate

immunity [7]. An autoimmune process against local anti-

gens ‘‘uncovered’’ by the micro-damage repeating over

time could add especially in HLA-B27-positive subjects

[8]. Therefore, in the pathogenesis of enthesoarthritis,

multiple pathogenic mechanisms may converge, initially

mechanical–inflammatory (non-immune) and then im-

mune-mediated mechanisms of both innate and adaptive

nature with the mediation of HLA class I [9].

The inflammatory microenvironment of AS

Study models

An experimental model that renders what is recorded in

humans in the course of AS is that of DBA1 mouse in

which ‘‘spontaneous’’ arthritis is followed by ‘‘joint fu-

sion.’’ In this model, the bone morphogenetic proteins

(BMPs), belonging to the superfamily of TGF-b ligands,

are able to modulate the initial stages of formation of os-

teophytes through activation of Wnt signaling [10, 11].

Fig. 2 Enthesis organ. From an anatomical point of view, there is not

a real area of compact bone below the enthesitic fibrocartilage. The

coating of cortical bone in these locations is extremely small ranging

from 50 to 600 lm compared to nearly 3 mm elsewhere. In the line of

demarcation of the cortical bone surface in many enthesitic locations

bone presents breaks, micro-cracks or horizontal holes of

100–400 lm probably secondary to micro-damage of enthesitic

fibrocartilage transmitted in adjacent structures, more frequent in

old age and in the enthesis of the lower limbs. Moreover, in almost all

enthesitic locations, there are micro-areas of complete absence of

cortical bone so that the underlying spongy bone comes into direct

contact with enthesitic fibrocartilage through the micro-cracks.

Through this enthesis-trabecular bone contact trabecular bone tries

to repair the micro-damage of fibrocartilaginous enthesis with

invasion of blood vessels and connective tissue cells. In such

locations signs of remodeling of both the thin cortical sub-enthesitic

and underlying trabecular bone are evident. Signs of this remodeling

are the presence of osteoid tissue, osteoclasts and osteoblasts, and

immune cells and stem cells. The simultaneous presence, in the subtle

subcortical enthesitic locations, of lamellar bone alternating with non-

lamellar bone pinpoints the presence of reparative rearrangements

occurring at different times
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Moreover, in the same model, the inhibition of TNF-a has

a small effect on the activation of SMAD protein 1/5

(mediators downstream of BMP signaling) and therefore is

not able to alter the extension of new bone formation and

bone ankylosis [12]. Thus, even the block of osteoclastic

resorptive activity with zoledronic acid does not reduce the

severity of bone ankylosis, suggesting that it is independent

of the resorptive osteoclastic activity in AS [13].

In a second model, the hTNFtg mouse, in which there is

a constitutional hyper-expression of TNF-a resulting in

spontaneous development of arthritis, the block of the an-

tagonist of Wnt signaling, DKK1 (Dickkopf 1, inhibitor of

the osteoblastogenic function of Wnt signaling), determi-

nes osteophytic-like bone neoformation in sites where be-

fore there was an erosion. Therefore, the Wnt proteins

have, in the reported animal model, a role in regulating the

imbalance between neoformation and bone resorption in

favor of the former [14, 15].

In the same mouse model, the blockade of osteoclast

function by exploiting a possible defective expression of

the transcription factor c-Fos [16, 17] or by treatment with

bisphosphonates prevents erosion emphasizing the central

role played by osteoclasts during the erosive phase of

arthritis. Therefore, even blocking the main osteoclast

differentiation factor receptor activator of nuclear factor-

kB ligand (RANKL) protects from erosion in a mouse

model of spontaneous arthritis [18].

The role of osteoclasts and osteoblasts

Osteoclast activation in inflammatory erosive sites of

rheumatoid arthritis (RA) is caused by immature os-

teoblasts disposed on the endosteal surface adjacent to the

seat of the inflammation and bearing RANKL. The greater

immaturity of these cells is associated with increased ex-

pression of RANKL and thus with higher capacity of

stimulating the osteoclast lineage, bearing the RANK re-

ceptor (Fig. 3). The maturation of osteoblasts adjacent to

an inflammatory site slows by giving precedence to the

typical markers of ‘‘early’’ osteoblast line (pre-osteoblasts)

such as Runx2 and loco-regional activation of osteoclasts

with subsequent erosive damage. The balance between

RANKL and osteoprotegerin in arthritic microenviron-

ment, capable to stimulate or slow down the osteoblastic

ripening, determines the extent of erosive evolution. In

patients suffering from RA, RANKL mRNA levels are

higher compared with non-arthritic patients, while osteo-

protegerin is reduced. In particular, this imbalance

(RANKL increased/osteoprotegerin reduced) is evident at

the pannus–bone interface [19]. The headquarters of the

RANKL-osteoprotegerin ‘‘imbalance’’ is therefore the in-

terface and not the synovial environment, as evidenced by

the absence of differences between the two environments

in RA and AS [20]. In RA, other cells, but osteoblasts,

express RANKL, in particular activated T cells and fi-

broblasts of the synovial membrane [21]. In the case of

inflammatory stage, osteoblasts mature losing the ability to

activate the osteoclast and the result will be a greater

reparative capacity through bone formation. We can

therefore hypothesize that low inflammatory and erosive

activity of the microenvironment may in part be dependent

on the maximum maturation of osteoblasts. The activation

of the RANK/RANKL system, in turn dependent on a

number of environmental stimuli capable of acting on the

osteoblast, including TNF-a, will induce the maturation

phase of osteoclasts. The completion of osteoclast differ-

entiation requires the recruitment of TNF receptor-associ-

ated factor (TRAF) 2, 5, and 6 and downstream activation

of NF-kB, AP1 (c-fos) and NFATc1, the latter being the

final key for the expression of critical genes such as those

encoding b-integrin and calcitonin receptor [22–25]. The

maturation of the osteoblast is accompanied by the ex-

pression of specific cellular factors: from RUNX2 (os-

teoblast progenitor) to collagen type 1 and ALP

(intermediate osteoblast) to osteocalcin and bone sialo-

protein (mature osteoblast that mineralizes the matrix).

The role of TNF-a and other cytokines

TNF-a, released loco-regionally by tissue macrophages,

synoviocytes, and activated T cells, is able to recruit di-

rectly pre-osteoclasts up-regulating the expression of

RANK on them and inhibit the osteoblastic line, promoting

the expression of Runx2 (pre-osteoblastic activity) and

RANKL on their surface membrane and inhibiting that of

alkaline phosphatase, osteocalcin, and collagen type I

(mature osteoblastic activity). The overall effect is that of a

greater, and consequently erosive, osteoclast activity.

The well-known clinical efficacy of anti-TNF-a agents

in the treatment of AS confirms a clear pathogenic role of

this cytokine in this disease. Importantly, these medications

are effective in stopping the progression of radiological

disease (both erosive and neobone appositive), especially

in the first 2 years of treatment. But in subsequent years,

the process of bone neoformation that leads to the synthesis

of syndesmophytes seems to be less influenced [26–28].

This finding is not easily explained. Also, it is not yet

demonstrated whether the anti-TNF-a agents started in

very early stages of disease are capable to inhibit or slow

down in a more or less effective way the neoformation of

syndesmophytes [29, 30]. On the contrary, it should be

considered that celecoxib seems to have a protective role

on the development over time of syndesmophytes when

used in a continuous manner [31–33]. What assumption

can we make? A fact from which we could start is that the

inflammation in the course of AS if not pharmacologically

Clin Exp Med (2016) 16:109–124 113

123



treated decreases and causes bone formation (syndesmo-

phytes). Another fact to consider is that in lesser intense or

more long-lasting inflammation, the neoappositive phase

will start earlier. Therefore, it seems that the syndesmo-

phytes form after inflammation is reduced or turned off and

that the inflammatory process is necessary when turned off

to ensure that neobone formation arises, but it seems that

the two processes are independent. TNF-a plays a key role

in the induction of the inflammatory erosive phase in the

course of AS through some mechanisms. Direct osteoclast

activation and osteoblast inhibition through DKK1 is a

specific target of TNF-a in particular at the gene level and

is evidenced in the sites of RA more than in those of AS

[34]. It can be hypothesized that TNF-a is elevated in RA

and in AS. In RA, TNF-a stimulates high DKK1 expres-

sion causing an overall frankly erosive effect (Wnt system

locked). In contrast, the low DKK1 expression found in AS

would lead to the absence of modulation by Wnt (Wnt

active system) with two consequences: from one side an

erosive process altogether less aggressive and from the

other side the maintenance of a process of bone neofor-

mation independent from TNF-a mediated activities

(Fig. 3b, c). Therefore, the use of anti-TNF-a agents in a

microenvironment such as that of AS, where DKK1 is low,

would not produce a significant effect on the Wnt system

compared with RA. WNT signaling remains hyperactive

promoting a constant bone formation that shows up with

the formation of syndesmophytes despite therapy with

these drugs. This mechanism of Wnt-mediated bone for-

mation is not the only being active in AS. Two additional

systems may contribute to bone formation in AS: TGF-b
and some members of its superfamily as BMPs. The latter,

activated in chondrocytes by TNF-a and IL-1b, are over-

expressed in DBA1 male mice that develop ankylosis, and

their block by using specific inhibitors (nogging) prevents

ankylosis. Importantly, BMPs are able to activate the Wnt

signaling system [11, 35–40].

In a general vision, the anti-TNF-a agents have an os-

teoclast-blocking effect (with consequent blockage of

erosive activity) and osteoblast-activating effect [41]. This

would explain why, as already pointed out, despite the

continuation of therapy with anti-TNF-a agents, the pro-

cess of bone neoformation may tend to form syndesmo-

phytes anyway, although an increase in bone reparative

Fig. 3 Osteoclast–osteoblast relationship. a The activity of osteo-

clasts (with RANK receptor) is inversely proportional to the degree of

maturation of osteoblasts (with RANKL receptor). b The system that

produces neobone apposition is inhibited by Dkk1. c The TNF alpha/

Dkk1/Wnt system in rheumatoid arthritis and enthesoarthritis. TNFa
activates osteoclasts and Dkk1 but inhibits osteoblasts. In rheumatoid

arthritis, Dkk1 is very present in the inflammatory sites with

consequent inhibition of Wnt signaling. On the contrary, in enthe-

soarthritis, Dkk1 has a low presence, and therefore the local Wnt

system is active. d The overall effect of PGE2 favors neobone

formation, and nonsteroidal anti-inflammatory drugs (NSAD) may

adversely affect this effect
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activity mediated by the blockade of TNF-a has not been

demonstrated in humans [42, 43].

On the contrary, if the process of bone neoapposition

was a direct consequence of the inflammatory erosive

process, the block of the inflammatory phase would auto-

matically block the neoappositive phase. IL-1 is secreted

by macrophages and synovial fibroblasts of the microen-

vironment of RA and acts, in the cytokine network,

downstream of the TNF-a mediating many functions. The

increase in RANKL and osteoclast differentiation by the

action of TNF-a are the effects mediated in part by IL-1

and its receptor (IL-1R). Moreover, the confirmation of the

pro-erosive role of IL-1 comes from in vitro experiments.

The breeding of arthritogenic hTNFTg mice and mice de-

prived of IL1 synthesis produces a progeny of mice with

reduced osteoclastogenesis and less erosive aggressiveness

[44–46]. However, IL1 block would result in less erosive

aggressiveness, while maintaining the TNF-a-modulated

arthritogenic microenvironment.

Other cytokines seem to play a key role in the inflam-

matory microenvironment of RA shifting the balance in

favor of an up-regulation of RANKL and therefore of

erosivity rather than bone neoformation. IL-6, synthesized

by synovial macrophages and fibroblasts, on the one hand

increases the expression of RANKL and therefore osteo-

clastogenesis and on the other hand activates Th17 cells,

mediators, in turn, of the inflammatory process [47–49].

IL-17 also determines RANKL up-regulation and, at the

same time, induces IL-6 expression [50].

A possible further adjustment system of the erosion/

bone formation balance is represented by sclerostin trig-

gered by mechanical inputs and mediated by the activation

of osteocytes. The activation of this circuit would promote

an overall pro-erosive action through inhibition of the Wnt

pathway [51].

Another local system of regulation of erosion/bone

formation balance is that of PGE2, mediator of an overall

bone neoformative action biologically interpretable as

‘‘protective or reparative’’ of bone damage. This mechan-

ism, active in human biology, is mediated, on the one hand,

by a down-regulation of DKK1 and sclerostin, and sec-

ondly, by up-regulation of the Wnt pathway (Fig. 3d). As

noted above, some studies have highlighted the possible

role of celecoxib as long-term inhibitor of the formation of

syndesmophytes taking advantage of inhibition of PGE2

circuit [31–33, 52].

The role of Wnt signaling

In erosive sites of RA, there is a bone neoapposition po-

tential mediated by osteoblasts activated by Wnt signaling

that is inhibited, however, by the increase in DKK1 in these

sites. The inhibitors of DKK1 mitigate erosion by activating

osteoprotegerin (OPG) [53]. The glycoproteins of Wnt

family are derived from the transcription of Wg (Wingless)

and INT genes. They act on specific cell membrane recep-

tors activating intracellular pathways that in turn are able to

activate cell differentiation in the osteoblastogenic sense

[54]. Wnt signaling pathway is biologically oriented to bone

neoformation. The Wnts 1 and 3 are synthesized by mes-

enchymal stem cells and pre-osteoblasts and depend on the

presence of BMP2 as activating stimulus. Wnt signaling

consists of two routes: the canonical and non-canonical

[55]. When Wnts are free to act in the canonical way, they

bind to specific membrane receptors: the Frizzled proteins

and low-density lipoprotein receptor protein (LRP) 5 and 6.

The next step is the phosphorylation of intracellular proteins

Dsh and Axin by the membrane receptor system (LRP and

Frizzled). The activation of Dsh and Axin allows the

binding of the latter with the hlycogen synthase kinase

(GSK-3)-b, which is inhibited and prevented from binding

and inhibiting b-catenin, which is therefore free to move

within the nucleus activating the transcription of Wnt target

genes (Fig. 4a). When there is no signal of Wnts, b-catenin
is ‘‘caged’’ by the Axin/Dsh/GSK-3 b protein complex re-

sulting in phosphorylation of b-catenin with subsequent

destabilization and degradation and prevention of gene

transcription (Fig. 4b). Inhibitors of this canonical pathway

are sclerostin and DKK1 that act on LRP 5 and 6, and at the

membrane level, secreted frizzled-related protein 1

(SFRP1) which seizes the Wnts. The ‘‘activated’’ Canonical

system of Wnt involves a metabolic system oriented to bone

neoapposition. Conversely, if ‘‘inhibited’’ (for example

with the presence in inflammatory sites of DKK1), the

orientation of the microenvironment changes to erosive

sense. The phenotype of osteoblasts deprived of b-catenin is
comparable to that observed at the sites of bone erosion in

the case of arthritis. This suggests that inhibition of cano-

nical Wnt signaling pathway might be one of the mechan-

isms through which the neobone formation is impaired in

the erosive seats of RA. l.

The non-canonical WNT signaling pathway, activated

by Wnts 5, is parallel to the canonical and is based in

fibroblasts of the synovial membrane of RA. It is not

known whether it is also present in osteoblasts. The co-

receptor membrane complex is constituted by the Frizzled

proteins (receptor) and ROR2 and RYK (co-receptors). The

activation of these membrane receptors comprises two

parallel activations at the intracellular level: Wnt/Ca2?

pathway and planar cell polarity pathway (PCP). In the first

case will be activated Nemo-like kinase (NLK) and Nu-

clear factor of activated T cells (NFAT), while in the

second case the Rho family of GTPases (ROK) and c-Jun

NH2 terminal kinase (JNK) with overall pro-transcriptive

effect in the nucleus. The activated non-canonical pathway

seems to be involved in erosions of RA by modulating, in
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the synovial membrane of this pathology, fibroblast acti-

vation, and the expression of RANKL. It is not known

whether it is also active in osteoblasts of RA.

The FRP 1, 2, and 4 binding to Wnts block both these

pathways by inhibiting the osteoblastic differentiation in

certain diseases such as myeloma or steroid-related

osteoporosis. DKK1 and 3 (Dickkopf proteins) block only

the canonical way binding to LRP 5 and 6. Both inhibitors

are up-regulated in tissues and erosive sites of RA in ex-

perimental animals. Only DKK1 is elevated in patients

with RA and arthritic type hTNFTg mice [53]. After

stimulation with TNF-a, DKK1 increases in synovial

Fig. 4 Wnt system of pre-osteoblasts and inhibition of the Wnt

system. a When Wnts are free to act in the canonical way, they bind

to specific membrane receptors, the Frizzled proteins and low-density

lipoprotein receptor protein (LRP) 5 and 6. The next step is the

phosphorylation of intracellular proteins Dsh and Axin by the

membrane receptor system (LRP and Frizzled). The activation of

Dsh and Axin allows the binding of the latter with the glycogen

synthase kinase (GSK-3)-b, which is inhibited and prevented from

binding and inhibiting b-catenin, which is therefore free to move

within the nucleus activating the transcription of Wnt target genes.

b When there is no signal of Wnts, b-catenin is ‘‘caged’’ by the Axin/

Dsh/GSK-3 b protein complex resulting in phosphorylation of b-
catenin with subsequent destabilization and degradation and preven-

tion of gene transcription. Dkk1 and sclerostin block the LRP receptor
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fibroblasts from arthritis in humans and arthritic mice. The

block of DKK1 with specific antibodies reduces the erosive

pattern of the joints in arthritic mice, increases the for-

mation of juxta-articular osteophtes and is also associated

with an up-regulation of OPG [14].

While FRP 1 and 4 seem to be expressed more in the

fibroblasts, FRP 3 is represented in macrophages even if it

is not clear the motivation of this different cellular distri-

bution [56].

It must be emphasized that oxidative stress and hypoxic

conditions, both common factors of the microenvironment

of RA, are able to influence the erosive evolution inhibiting

Wnt signaling, in the first case sequestering b-Catenin and

in the second increasing DKK1 [57–59].

Role of Wnt system in AS

The environment of inflamed diarthrodial joints in ser-

onegative spondyloarthritis is similar to that of RA with

sub-chondral erosions, hyperplasia of the synovium, lym-

phomonocytic infiltration (mainly) of synovial tissues and

neovascularization. The location and the extent of inflam-

mation are usually elements that characterize the clinical

diversity of the two diseases. The hallmark of AS is en-

thesitis with subsequent formation of syndesmophytes in

the spine. The role of the Wnt signaling pathway is under

judgment. It is possible that neobone formation character-

izing enthesitic sites depends on Wnt pathway activation.

In fact, the block of DKK1 in models of arthritic hTNFTg

mice brings both to the formation of osteophytes where

there were erosive sites [14] and ankylosis of the sacroiliac

joint [60]. An animal model for the study of AS, the DBA1

mouse, shows arthritis associated with spontaneous joint

fusion. BMPs (that activate the Wnt signaling pathway)

seem to play a critical role in this regard [10]. In the same

model of AS in mouse, the use of inhibitors of TNF-a does

not affect the evolution of bone formation by excluding, at

least in this model, a pathogenic role of TNF-a [12]. The

Wnt system could therefore play an important role in the

imbalance between bone formation (which prevails in the

microenvironment of AS) and osteoresorption (which

prevails in RA) [14, 60]. The mechanism that, in vivo,

would release the Wnts might be, as pointed out, the very

low concentration of DKK1 in inflammatory sites of AS.

The role of RANKL-RANK system

In the arthritic microenvironment, the imbalance between

RANKL and osteoprotegerin (OPG), in favor of the former,

determines evolution and magnitude of erosions. In RA,

RANKL is expressed on the surface of osteoblasts and by

activated T cells and fibroblasts of the synovial membrane

[21].

In patients with RA, RANKL mRNA levels are higher

compared with non-arthritic subjects or subjects with non-

inflammatory phase, while OPG is more reduced. There-

fore, the activation of osteoclasts is favored in this mi-

croenvironment. This imbalance is particularly evident in

the ‘‘pannus—bone’’ interface [19] which seems to be the

place where the ‘‘battle’’ in the course of inflammatory

arthritis is recorded. In contrast, the articular environments

of RA and AS do not express significant differences in

RANKL: OPG equilibrium [20].

The signal required for the development of ‘‘erosive

phase’’ both in RA than SpA is RANKL-RANK binding.

The proof is that by blocking this signal with RANK.Fc

in ‘‘artritogenic’’ hTNF-Tg mouse immature osteoclasts

(CD11b?) accumulate, mature ones minimize on the spot

and erosion blocks. This takes place despite a constitu-

tional increase of TNF-a signaling which contributes to

increase the number of osteoclast precursors [61].

Other locking mechanisms of RANKL theoretically

with anti-erosive effectiveness are represented by osteo-

protegerin–immunoglobulin Fc segment complex (OPG-

Fc), with reduction in the number of osteoclasts at the

pannus–bone interface [62], and denosumab, anti-RANKL

humanized IgG2 monoclonal antibody [63].

The role of the TNAP system

TNF-a and IL-1b stimulate the activity of tissue non-

specific alkaline phosphatase (TNAP) and mineralization

in cultures of smooth muscle cells. In vivo these cy-

tokines appear to be responsible for vascular calcification

of atherosclerosis and type 2 diabetes mellitus. Instead,

these cytokines inhibit TNAP activity in enthesitic

chondrocytes in situ and in human and mouse chondro-

cytes in vitro. This different behavior seems to be due to

a different mediation, in relation to the tissues, by the

peroxisome proliferator-activated receptor (PPAR)-c
system. Therefore, in AS, the activation of this system

mediated by the inflammatory process would inhibit en-

thesitic mineralization. TNF-a and IL-1b are therefore

powerful and direct inhibitors of the formation of syn-

desmophyte in AS. Also for this reason, the anti-TNFa
agents, while improving the symptoms of patients with

AS, would not be able to control the neobone formation

of syndesmophytes [64].

The role of the environment and genetics

Environmental factors certainly play a role in the patho-

genesis of AS. However, if we consider that first-degree

relatives of people with a AS have a risk of developing

SpA 40 times higher than that of the general population,

and that the possibility of developing AS in twins HLA-
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B27? is 23 % in dizygotic twins and 63 % in monozygotic

twins, we recognize the important role of inheritance [65].

The association with HLA-B27 was theorized in 1970,

and its pathogenic role is not at all in doubt. 90 % of AS

expressing HLA-B27 and 5 % of the population will de-

velop an HLA-B27? AS. These data lead to the hypothesis

that some variables related to HLA-B27 or, on the contrary,

other genes or gene polymorphisms outside of major his-

tocompatibility complex (MHC) may play a pathogenic

role. In the international literature, four genes come out as

candidates to play a role in the pathogenesis of AS: HLA-

B27, the cluster of IL-1, the ARTS1 gene, and the IL-23R

gene.

Hla-b27

HLA-B27 gene is related to a risk of developing AS of

20–50 % [66]. This risk is reduced in non-caucasian

populations (Lebanon, black populations in West Africa

and Indonesia) and in patients with concurrent psoriasis

and inflammatory bowel diseases. We recognize 45 vari-

ants of HLA-B27 on the basis of the nucleotide sequence.

The most common variant in the Caucasian population is

the ancestral HLA-B*2705, followed by HLA-B*2702.

Other variants prevail in other populations. The Sardinian

population seems to dominate the HLA-B*2709 although

probably it has no causative role in AS [67]. The issue of

the HLA-B*2709 is, however, a bit more complex. Some

individuals with this allele are affected by spondyloarthritis

but not from AS [68], and two patients with AS were de-

scribed [69, 70]. Besides, in Sardinia, the HLA-B*2705

and HLA-B*2709 variants segregate into two different

haplotypes, making possible the hypothesis that HLA not

B27? have a modulatory role on the loss of the associative

relationship between AS and the HLA-B*2709 variant

[71]. Furthermore, some genes related to the killer function

seem to have a protective role on the development of AS in

HLA-B*2709? subjects [72]. Therefore, the role of HLA-

B*2709 variant is currently not fully understood. The

HLA-B*2706 variant, despite prevailing in the populations

of southeast Asia, does not seem to be associated with the

development of AS [73]. Both HLA-B*2709 and HLA-

B*2706 variants differ from HLA-B*2705 variant for an

amino acid change at position 116, area with a high vari-

ability of the heavy chain. This small diversity strongly

alters the binding capacity of the HLA molecule to the

hypothetical arthritogenic peptide characterized, in turn, by

the presence of a tyrosine residue in position P9. Such

position and that in P2 may represent a critical site for the

binding between the peptide and the HLA molecule (ad-

hesion amino acids in the pocket of the HLA molecule)

[67]. In addition to HLA-B*2705, HLA-B*2702 and also

the HLA-B*2704 appear to be associated with AS in many

populations [74]. The HLA-B*2707, present in many

populations, seems to have a modulation role more than

being a true genetic risk factor for developing AS [75].

Ultimately, because only 5 % of the population will de-

velop a HLA-B27? SpA? One reason is certainly the non-

pathogenicity of some HLA-B27 variants (HLA-B*2709

and HLA-B*2706). And for variants notoriously patho-

genic such as the HLA-B*2705? In this case one could

hypothesize the need to have a high degree of molecular

expression of HLA class I molecules on the surface of the

antigen-presenting cell (APC) in order to have an effective

modulating function on antigen presentation [76–81].

At the moment, the hypotheses about the role of HLA-

B27 in the pathogenesis of AS are five:

a. Theory of the arthritogenic peptide. HLA class I

antigens (such as HLA-B27) positioned on the APCs

have the role of presenting antigens to CD8? T cells. In

particular, crystallographic studies carried out on the

HLA-B*2705 have demonstrated the presence of

‘‘pockets’’ (from A to F) binding the antigenic peptide

with specific locations able to bind the complementary

sequence of the amino- or carboxy terminus of the

bound peptide. The ‘‘B’’ pocket is the same for all

variants of HLA-B27 but changes in the HLA-B

antigens, where there is an amino acid (glutamine) at

position 45 that binds a second amino acid (arginine) at

position 2 conferring specificity to the pocket relative to

the type of peptide to bind. The variant HLA-B*2709

and HLA-B*2706, as already pointed out, when

compared to HLA-B*2705 have only one different

amino acid in the pocket ‘‘F’’ that binds the C-terminal

portion of the amino acidic peptide. These differences

between the variants will theoretically cause a different

ability to bind with antigenic peptides. This must be the

assumption on which to base our discussion. This

immune response, restricted against an environmental

peptide, would probably occur against microbial anti-

gens like what happens in reactive arthritis, toward

which the AS has many similarities.

b. Theory of ‘‘molecular mimicry.’’ In this case, a self-

reactive immunity mediated by cytotoxic T lympho-

cytes would develop against self-antigens that express

antigenic homology along with microbial agents.

Klebsiella pneumoniae and Shigella may be some of

the accountable microorganisms having sequence

homology with some HLA-B27 variants [82, 83].

HLA-derived peptides may also be presented as

antigens by the molecules of class I and II [84].

c. Theory of ‘‘misfolding.’’ The heavy chains of HLA-

B27 are often assembled in a problematic way in the

reticuloendothelial system resulting in their
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accumulation with secondary ‘‘stress’’ and consequent

activation of NF-jB which, in turn, leads to the

synthesis of pro-inflammatory cytokines (TNF a) by

the macrophage/monocyte system. This theory entails

a pathogenic role for HLA-B27 regardless of hypo-

thetical environmental arthritogenic peptides [85].

d. Thymic selection. The HLA-B27 may select, at the

thymic level, restricted CD8? T lymphocyte clones

specific for microbial antigens [86].

e. Theory of heavy chains. The heavy chains of HLA-

B27, not complexed with b-2-microglobulin, would be

expressed on the cell surface behaving like HLA class

II molecules. They would interact with CD4? helper T

lymphocytes [87, 88].

The cluster of IL-1

The cluster of IL-1 comprises nine genes on chromosome

2, including the gene encoding IL-1a, IL-1b, and IL1 re-

ceptor antagonist (IL1-RN). The possible correlation be-

tween AS and the polymorphism of IL1-RN allele has not

been confirmed in recent studies, whereas there is confir-

mation for IL-1a and IL-1b [89–91]. The relative risk of

developing AS in association with genetic variants related

to these cytokines is of the order of 4–6 %. IL-1a is pro-

duced by macrophages and has a pro-inflammatory action,

but its role in the pathogenesis of AS is not known [92],

although the clinical efficacy in AS of its inhibitor,

anakinra, although lower respect to anti-TNFa agents,

suggests its involvement [93, 94].

The ARTS1 gene

The risk of developing AS in relation to this gene is 26 %.

ARTS1 encodes an amino peptidase of the endoplasmic

reticulum which has two main functions. The first is the

cleavage of the receptors of IL1, IL6, and TNFa on the cell

surface, so that the loss of its function has pro-inflamma-

tory effects. The second is the cleavage of the N-terminal

portion of the precursor of the arthritogenic peptide at the

level of the reticulum so as to make it appropriate to the

presentation of HLA class I molecules. A defect of such a

function would lead to a modulation of the presentation of

the peptide to the APC. This assumption, although not

proven, would affect the existence of specific arthritogenic

peptides confined to the intracellular processing [95, 96].

The IL23R gene

The IL23R gene seems to be correlated to psoriasis and

inflammatory bowel involvement, but at the same time,

there is evidence of correlation with AS [97, 98]. IL23

belongs to the IL12 family, and one of the two constituent

subunits (p9 and p40), the p40, is an integral part of IL12.

The IL23 is produced by the activation of APCs and has the

role of keeping the orientation of immunological CD4?

naive T cells toward Th17 cells, independent from the Th1

and Th2 cells, which express the IL23R thanks to IL6 and

TGF-b and which release IL-17, a pro-inflammatory cy-

tokine able to induce the synthesis of IL1, IL6, and TNF-a
[97, 98]. The activation of the IL23/IL17 axis is present

both in the type of innate immune mechanisms (with ac-

tivation of receptors such as the Toll-like receptor 4) and in

the adaptive type (for example in response to infection) and

seems to have a role, not yet fully clarified, in the patho-

genesis of AS [99, 100]. The effectiveness of anti-IL23

(ustekinumab) [101–103] would confirm a pathogenic role

of this cytokine in both AS in psoriasis and Crohn’s disease

[98]. A fact to note is the low concentration of INF-c in

monocytes and in circulating T cells in the course of AS

compared with other clinical inflammatory conditions [104,

105]. The low value of INF-c could theoretically affect an

easy persistence of infection, and on one side, this could

trigger the activation of the pathogenic mechanisms of AS

and on the other hand could represent a stimulus for the

activation of Th17 cells with release of IL-17 [106].

Summary of the physiopathogenetic model

The structural damage of AS is characterized by excessive

neobone formation, with the syndesmophyte as a typical

lesion. The process behind their formation is not yet fully

understood although there are many useful information to

clarify the physiopathogenetic puzzle.

The primum movens of the enthesitic process would be

the micro-trauma to which entheses are subject, especially

in the lower limbs, for biomechanical reasons. The in-

flammatory process would be facilitated by the sequential

structure of the organ enthesis, constitutionally devoid of

sub-enthesitic cortical bone and therefore closely related to

the underlying trabecular bone and the medullary vascular

system. The reparative attempt from the vascular system,

thanks to the activating action of certain loco-regional

cytokines, such as TNF a, would condition the possible

deposit in the entheses of bacterial molecules derived from

other organic sites and be able, especially in HLA-B27?

subjects, to activate an immune-mediated inflammatory

process following the initial mechanical process. In this

way, the inflammatory process, initially forced to fade

gradually, could self-renew.

Imaging studies point out that the formation of syn-

desmophyte requires a local inflammatory process. It also

seems that this neobone appositive process can be activated

especially when the enthesitic inflammation is turned off.
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Furthermore, the formation of syndesmophytes in sites not

previously involved by a radiologically detectable inflam-

matory process could theoretically be explained by the

presence of a sub-expressed inflammation, more evident at

the histochemical than at the radiological level [107]. But if

the two processes, inflammatory and neobone appositive,

are interdependent because the second is the necessary

consequence of the first, the starting mechanism must be

unique. The role of inflammatory cytokines, and TNF-a in

particular, is precisely to start the process in its entirety.

Depending on whether the process is activated in a

pathological/clinical set rather than in another, the response

is not always superimposable.

In fact, if in the joints and under physiological condi-

tions there is a substantial balance between anabolic and

catabolic processes of bone and cartilage, in rheumatic

diseases, such as rheumatoid arthritis and AS, there is a

‘‘decoupling’’ between bone formation and bone resorption

with final effect of loss (=erosion) in rheumatoid arthritis or

neoapposition (syndesmophyte) in AS. But who makes this

de-coupling? The answer is cytokines and factors released

in the microenvironment of the joint. The pro-inflammatory

cytokines regulate the status of inflammation in rheumatoid

arthritis and AS, and also the expression of the factors that

modulate the local bone remodeling. It is obvious that,

being similar the cytokines in both processes, the different

evolutionary outcomes should depend on the articular in-

flammatory microenvironment. At the moment, the main

effectors of the microenvironment responsible of these

differences are related to the balance in the expression of

RANKL: OPG (critical for modulating osteoclast activity)

and the balance of activation or inhibition of Wnt signaling

(critical for modulating osteoblast activity but with po-

tential effects on both bone formation and resorption).

Both of these systems are in fact modulated by TNF-a,
with direct effects of activators (osteoclasts, DKK1, BMPs,

and TGF-b) or inhibitors (osteoblasts, TNAP) and indirect

inhibitory effects (Wnt)

There are two possible explanations of the reasons for

the different evolution of the inflammatory microenviron-

ment of rheumatoid arthritis (dominated by a process of

erosion and suppression of the reparative) compared to that

of AS (in which the erosion process is minor and accom-

panied by a gradual emergence of the healing process).

Firstly, if TNF-a is abundantly expressed on site in both

diseases, DKK1 (one of the main targets of TNF-a) is

much less expressed in the microenvironment of AS, im-

plying a substantial irrelevance of TNF-a on Wnt system in

this pathology compared to rheumatoid arthritis. The Wnt

system would therefore not be totally inhibited (activating

stimulus of BMPs in turn activated by TNF-a, decreased
inhibitory stimulus of DKK1 depressed and activating sti-

mulus of PGE2), and this would affect the lower erosive

profile that the inflammatory phase shows in AS compared

with rheumatoid arthritis.

Secondly, it was hypothesized that if the inflammation

of rheumatoid arthritis is persistent with complete sup-

pression of the repair process for the dominant activity of

RANKL, DKK1, and sclerostin system, in AS inflamma-

tion may be fluctuating. In this case, there may be temporal

spaces for reparative phenomena mediated by the system of

PGE2, Wnt, BMP2, and TNAP already active, albeit in a

latent manner, in the inflammatory phase [108, 109]. The

presence at nuclear magnetic resonance imaging of focal

lesions of the fat tissue in the vertebral corners, sites of the

enthesitic process, could be a useful element to identify

early activation of an anabolic phase in the enthesitic

process as expression of an early attempt to repair [110,

111].

In this scenario of fluctuating inflammation, early ini-

tiation of therapy with anti-TNF-a agents could avoid by

anticipating the onset, the anabolic phase during the switch

between early active phase and a resting inflammation. In

this sense, it could be valuable to start the therapy with

anti-TNF-a agents very early. This choice, coupled with a

longer observational follow-up, showed a greater ability of

anti-TNF-a agents to limit the formation of syndesmo-

phyte, without completely inhibiting the synthesis [29, 30].

The simultaneous presence in the enthesitic sites of

osteogenic and condrogenic areas evidenced by histo-

logical studies may express the incomplete capacity of

TNF-a to avoid bone neoapposition with reparative func-

tion already during the inflammatory phases of the disease.

This condition may result from the active expression of

BMP2, the presence of which is stimulated by TNF-a and

by lack of inhibition of Wnt ostogenic boost by DKK1.

Once the inflammatory phase resolves spontaneously or

with anti-TNF-a agents, the braking action of TNF-a on

Wnt system and TNAP system would weaken, and together

with the intrinsic reparative conditions put in place by the

organ enthesis tissue, would accelerate the reparative en-

thesopatic function (TNF-a brake hypotesis) [112].

Conclusions

The pathological conditions defined as seronegative

spondyloarthritis or enthesoarthritis are featured by dis-

tinctive osteoarticular and extra-articular manifestations,

but different diseases included in this group can affect

different members of the same family and may show di-

verse aspects of the various phenotypic disease in the same

patient, with clinical overlaps hindering the differential

diagnosis. The inflammatory process in the synovio-en-

theseal sites is defined as enthesitis that represents an

anatomo-pathological hallmark of enthesoarthritis and is
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characterized by an initial inflammatory/erosive phase,

followed by a phase of neobone apposition. This phase

appears to advance autonomously from the preceding

erosive phase implying that different hinges trigger the

physiopathogenetic mechanisms underlying the two pro-

cesses. The poorer control exerted by anti-TNF-a agents on

the enthesopatic neobone appositive phase respect to the

inflammatory/erosive phase could be explained by eluci-

date the different mechanisms driving these pathological

processes.
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