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ABSTRACT

Neurogenic heterotopic ossification is a complex disease that is characterized by the formation of heterotopic
bone in soft tissues following central nervous system injuries and various neurological disorders. The exact
mechanism of the disease and the factors that play a role in its development are still unknown and they com-
prise a promising research field. However, understanding the pathophysiology of the disease can lead us to
diagnosis and help us find more effective ways of treatment.

The JAK-STAT signaling pathway is a mechanism of cellular signaling that is involved in many processes of
the organism, such as the development of the skeletal system and the regulation of the neuroinflammatory
response that follows spinal cord injuries. The purpose of this study is the research of the bibliography con-
cerning the role of these JAK1 and JAK2 tyrosine-kinases in the development of neurogenic heterotopic ossi-
fication following spinal cord injuries.
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Introduction which do not belong in the skeletal system. Heter-
Heterotopic ossification, or de novo bone forma- otopic bone formation is observed in tissues with
tion, represents pathologic condition during which  high concentration of connective tissue cells (i.e.
benign, mature, lamellar bone is formed in tissues  periosteum, peritenon, perimysium). Ectopic bone
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has also been observed in the walls of blood vessels,
ligaments and even in tissues of the abdomen [1-9].

In general, heterotopic ossification can be divided
into three categories, depending on the etiology be-
hind its formation: (a) traumatic, (b) neurogenic and
(c) genetic [1,2,4-6,9,10]

Neurogenic heterotopic ossification is a type of de
novo bone formation which best describes the cas-
es of heterotopic bone formation following Central
Nervous System (CNS) trauma, such as traumatic
brain injuries (TBI) or spinal cord injuries (SCI).
There is an ongoing debate as to the mechanisms
and factors that play a role in the development of
the disease. Nowadays, the role of JAK-STAT sig-
naling pathway in the pathogenesis of the disease
has been investigated due to its involvement in the
neuroinflammatory process that follows spinal cord
injury. This review will primarily focus on neuro-
genic heterotopic ossification following spinal cord
injury and the role of JAK1/2 kinases.

A thorough literature search was performed us-
ing the 'PRISMA’ systematic review guidelines
and in the PubMed database using the key words
“heterotopic ossification”, “neurogenic heterotopic
ossification”, “JAK-STAT & spinal cord injury” and
“JAK-STAT & heterotopic ossification”. We limit-
ed our search to articles written in the English lan-
guage and published from 1990 to 2020. The search
yielded 7201 results in total. Removal of duplicate
articles, resultied in 7071 articles of which 6965 were
excluded since they weren’t relevant to this review.
The full text articles of the remaining 106 records
were then investigated for eligibility and 50 of those
were excluded for various reasons, leaving 56 arti-
cles for the synthesis of this review. There is abun-
dant literature that highlights the role of JAKland
JAK2 proteins in various physiological processes
but there is only one article that highlights the role
of those tyrosine kinases in the formation of neuro-
genic heterotopic ossification following spinal cord
injury (Table 1).

Discussion
The pathophysiology of Neurogenic Heterotopic
Ossification
Neurogenic heterotopic ossification occurs in pa-

tients that have sustained traumatic brain and spinal
cord injuries. Rarely, it may also occur in patients
with Guillain-Barré syndrome, as well as in cases
with tumors or hemorrhage of the central nervous
system. Additionally, patients suffering from men-
ingitis, myelitis, multiple sclerosis or are comatose
for a long period of time also risk developing neuro-
genic heterotopic ossification [11-19]

The pathophysiology of heterotopic ossification is
not clearly understood, even today, due to the com-
plexity of the disease. In recent years, thanks to var-
ious research studies on Fibrodysplasia Ossificans
Progressiva, progress has been made in understand-
ing the mechanisms behind its appearance and we
now know that various systemic and local factors
play a role in its pathogenesis. In various studies,
the local induction properties of Bone Morphoge-
netic Proteins -BMPs has been noted, as well as
the systemic effect of prostaglandin E2 -PGE2. Ac-
cording to the bibliography, despite the existence of
some common cellular mechanisms between Fibro-
dysplasia Ossificans Progressiva and the acquired
types of heterotopic ossification, a unifying mecha-
nism has not been found yet. It is important to note
that the pathophysiology of the disease bears some
similarities to the normal fracture healing process,
making heterotopic ossification an obstacle when
it comes to the treatment of orthopaedic patient
[1,3,6,7,20-22]

Normal bone formation requires inductive signal-
ing pathways that consist of chemokines, cytokines,
bone morphogenetic proteins, growth factors, pros-
taglandins, interleukins, inductive osteoprogenitor
cells and a permissive osteoinductive environment.
Moreover, a proper quantity of osteoclasts which
are responsible for the metabolic changes observed
in normal bone, so that the skeletal system can
adapt to various changes such as development and
growth due to physical activities. During the nor-
mal bone development process, bone is formed af-
ter multipotent osteoprogenitor cells migrate, pro-
liferate and differentiate. This process seems to bear
some similarities to the pathological bone formation
process that has been observed in cases of hetero-
topic ossification. It is also important to note that
the heterotopic bone is similar to normal bone in
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some aspects but it does not have a periosteum and
a high concentration of osteoblasts and osteoclasts.
This type of bone is characterized by high biological
activity and increased formation rates [1,3,6,7,20-22]

Recently, experimental studies have revealed
certain mechanisms and molecules involved in the
bone formation process of neurogenic heterotop-
ic ossification and have led to the development of
theories for the pathophysiology of the disease. The
main theory comes from the observation that the se-
rum of patients that sustained central nervous sys-
tem injuries, when in contact with osteoprogenitor
muscle cells, inducts mitosis and shows osteogenic
properties. Debaud et al, developed an animal mod-
el where mice with thoracic spinal cord were inject-
ed with the snake poison cardiotoxin, to promote an
inflammatory reaction. They reported that inflam-
mation of the nervous system, due to peripheral
trauma, leads to an increase of the heterotopic bone
that is formed thus proving a correlation between
neurogenic heterotopic ossification and abnormal
molecular signaling. This theory supports that cen-
tral nervous system injuries lead to a release of sig-
naling molecules that interact with local and circu-
lating progenitor cells, leading to their proliferation
and differentiation to osteoblasts and finally to the
formation of heterotopic bone. Three factors have
been proven to be important in the pathophysiology
of the disease and seem to mimic the stages of the
normal fracture healing process: osteogenesis, oste-
oinduction, and osteoconduction) [1,3,6,7,11,13,15-
18,20-28].

Inflammation and spinal cord injury

Central nervous system injuries are the first step in
the process that leads to heterotopic bone formation,
as they induce an inflammatory response. Three
different stages can be distinguished: (i) the acute
phase, (ii) the secondary and (iii) the chronic phase.
The acute phase refers to the immediate tissue dam-
age and usually lasts a few days. Mechanical injury
leads to lesions of the nervous system and ischemia
due to limited blood supply. The secondary phase
refers to the inflammation process that follows the
abnormal release of neurotransmitters and the sub-
sequent damage to the tissues. In this stage, oxida-

following spinal cord injury

tive stress is often observed due to the established
ischemia and the release of molecules related to in-
flammation. The chronic phase includes the Walle-
rian degeneration and the formation of scar tissue
since healing is often incomplete, and the contin-
uation of the cell apoptosis. The inflammatory re-
sponse involves cells of the nervous system as well
as cells recruited from the periphery [29-34].

Central nervous system has its own system of
immunological response due to the presence of the
blood brain barrier and the blood spinal cord barri-
er. Several studies support that there are lymphatic
vessels in the blood spinal cord barrier that connect
the central nervous system and the peripheral nerv-
ous system and during inflammation a migration
of cells from the latter to the first one is observed.
Important cells of the inflammatory process of the
central nervous system are the microglial cells.
Activation and proliferation of these cells results
in the production of cytokines and recruitment of
WBCs from the periphery to induce phagocytosis
of injured tissues. Astrocytes are another type of
central nervous system cells that participate in the
inflammation process and are responsible for the
recruitment of microglial cells. Astrocytes produce
cytokines, such as CCL2, CXCL1, CXCL2, CXCL10,
GM-CSF and IL-6, and recruit cells from the periph-
ery. They are also responsible for the regulation of
homeostasis. Other central nervous system cells are
the oligodendrocytes that are responsible for the ax-
onal myelin. They are part of the inflammatory re-
sponse and they are sensitive to damage, leading to
pathological conditions since inflammation induces
autoimmunity against myelin. During inflamma-
tion oligodendrocytes precursor cells migrate to the
point of damage [29,30,33-35]

Neutrophils are an example of cells that are re-
cruited from the periphery during the inflammatory
response, reaching maximum concentration after
1-3 days. These are phagocytic cells and secrete cy-
tokines that help activate other immune cells. Mac-
rophages are another type of cells that are recruited
from the periphery. These cells exhibit different phe-
notypes, determined by their environment, adapt to
the different stimuli and participate in the wound
healing process. Macrophages exhibit two pheno-
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types during inflammation, M1 and M2, and their
transcription is a complicated process with different
factors regulating each type. M1 macrophages’ tran-
scription is regulated by STAT1, IRF-5 while M2 is
regulated by STAT6, IRF-4 and PPARs. PPARs are
transcription factors expressed in microglial cells,
astrocytes, neurons and oligodendrocytes [29,30,33-
35]. M1 macrophages, combined with endogenous
microglial cells, express cytokines, such as TNF-q,
IL-6, IL-12, and IL-1B, which induce CD4+ T cells
that are responsible for both the phagocytosis of
damaged cells and the recruitment of new neutro-
phils. At this stage, M2 macrophages express argin-
ase-1 and Ym1 and there is an increase in markers
such as IL-4, CD206 and Fizz-1, which are charac-
teristic M2 activation markers. Macrophages and
neutrophils also produce reactive oxygen species
(ROS) and inducible nitric oxide synthase (i-NOS).
These molecules are usually observed under nor-
mal conditions but after spinal cord injury or other
pathological conditions they induce oxidative stress
and neuronal death. Ahn et al, showed that apopto-
sis following spinal cord injury seems to depend on
the caspase-3 pathway, activated through PPARs,
inhibiting DNA repair processes. Therefore we can
conclude that the complex macrophage population
that is observed has a dual role as on one hand M1
promote the inflammatory response and phagocy-
tosis and on the other hand M2 have anti-inflamma-
tory properties and promote healing [29,30,33-35]

During inflammation, proliferation and differ-
entiation of oligodendrocyte precursor cells are
also observed, as well as astrocyte-driven scar tis-
sue formation and Wallerian degeneration. At this
stage M2 macrophages gradually decrease in num-
bers. Differentiation of oligodendrocyte precursor
cells continues but full remyelination of axons isn’t
observed. It is easy to conclude that normal mac-
rophages’” function, during the inflammatory pro-
cess does not promote full healing of the lesion and
that abnormal expression of macrophages can lead
to chronic inflammatory conditions and incomplete
injury healing [29,30,33-35]

The role of JAK-STAT pathway
The JAK-STAT signaling pathway is a type of con-

served cellular signaling which is involved in the
processes of cell proliferation, differentiation, mi-
gration and the inflammatory response. It was first
discovered due to interleukin IL-6 and IFNy signa-
ling. IL-6, together with IL-11, oncostatin M (OSM),
leukemia inhibitory factor (LIF), CT-1 and neurotro-
phin-1, belong to the gp130 superfamily. Binding of
these cytokines to the receptor leads to the homodi-
merization of gp130 and the activation of the appro-
priate JAK proteins [36-41].

The JAK protein family consists of four tyrosine
kinases JAK1-3 and TYK2, while the STAT family
consists of seven proteins STAT1-4, STAT5A/B and
STAT6. STAT proteins have 6 regions with con-
served structure and function. These six regions
include a DNA binding region, an SH2 region and
a region for transcription activation (TAD). JAKs
have 7 domains with JAK homology (JH1-JH7). JH2
is a pseudokinase region and it is next to JH1. JAK-
STAT proteins are expressed in all cells and their
specificity is ensured by the variety of cytokines and
growth factors that bind to them [36-40].

The JAK-STAT pathway is responsible for signa-
ling processes of the nervous and skeletal system.
The interaction between JAK-STAT signaling and
the inflammatory process following spinal cord in-
jury is a promising research field. It has been shown
that cytokines of the gp130 family are responsible
for the induction of inflammation and the activation
of the JAK-STAT signaling pathway through JAK1
and JAK2 kinases and STAT1 and STAT3.[29,33,38-
40,42-45].

JAK1 and JAK2 are involved in the process of
bone formation. Oncostatin M, which belongs to the
gp130 family, has the ability to bind to two recep-
tors. Type I receptor consists of gp130 and LIF while
the type II receptor consists of the complex gp130
and oncostatin M receptor (OSMR). Oncostatin M
is secreted from hematopoietic cells, such as mac-
rophages, neutrophils and dendritic cells and from
osteocytes, osteoblasts and microglial cells. It has
been shown that oncostatin M is responsible for the
induction of mesenchymal spinal cord cells’ differ-
entiation to osteogenic cells and the in vitro differ-
entiation of osteoblasts. Oncostatin M induces the
phosphorylation of JAK1 and JAK2 in osteoblasts
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in animal models, while JAK1 and JAK2 knockout
mice die early, either due to weight loss or anemia,
prior to bone formation.

Skeletal growth also seems to be affected by
STAT1 and STAT3. STAT1 related genes affect the
inflammatory process while STAT3 seems to have
an anti-inflammatory and pro-proliferation effect.
STATT1 deficient mice exhibit higher bone mass and
faster fracture healing since STAT1 naturally in-
hibits the transcription of Runx2 of osteoblasts. On
the other hand, STAT3 deletion in mice osteoblasts
leads to lower bone mass and inhibition of endo-
chondral ossification, suggesting that STAT3 plays a
role in embryonic development and in the processes
of cell growth, inhibition of apoptosis and bone ho-
meostasis through regulation of the B-xL, Bcl-2, Fas,
Cyclin D1, Survivin and C-Myc genes. STAT3 mu-
tations are associated with abnormal bone growth
and increased bone decomposition, which supports
the hypothesis that STAT3 promotes osteoblasts’
function. There are various studies that suggest that
STATS3 is important for chondrocytes” and osteo-
clasts’ differentiation and therefore for the in vivo
bone formation.[28,31,32,34,36,42,46-50].

The JAK-STAT pathway also seems to be involved
in the central nervous system through its role in
neurogenesis and scar tissue formation. It has been
shown that JAK1,STAT1 and STAT3 are activated in
cortical precursor embryonic cells following CNTF
receptor activation, inducing the differentiation of
neural stem cells and neural progenitor cells into as-
trocytes, through the gp130 signaling pathway. In
general it has been shown that binding of IL-6 leads
to the dimerization of gp130 and the subsequent acti-
vation of JAK-STAT and phosphorylation of STAT3.
Moreover, prolactin induces both differentiation
of astrocytes through phosphorylation of JAK2,
STAT1, STAT5a and STAT5b [31,33,35,39,42,51,52]

This pathway is also involved in the inflamma-
tion process following spinal cord injury. Inhibition
of IL-6 receptor inhibits astrocytes’ differentiation
through JAK-STAT and astrogliosis leading to un-
healed axons. It has also been shown that STAT3
inhibition leads to a decrease of active astrocytes,
thus affecting barriers of the central nervous sys-
tem. Leung ef al showed that STAT3 expression in

following spinal cord injury

astrocytes lasted longer after deletion of SOCS3 and
wound healing was improved. Astrocytes demon-
strate neuroprotective abilities through the release
of various cytokines. Among those are IL-6, trans-
forming growth factor p1 and various neurotroph-
ic factors such as NGF, CNTF and b-FGF. Research
data supports that, following spinal cord injury,
CNTF is produced by astrocytes and leads to phos-
phorylation of JAK1, JAK2, STAT1 and STATS.
Yamauchi et al studied the concentration of JAK1
and STAT3 in accordance to time and they proved
that the maximum IL-6 concentration occurs si-
multaneously with the time point where JAK1 and
STAT3 expression was at its maximum. They also
showed that JAK1 expression starts immediate-
ly after the injury and when it reaches its peak, it
gradually decreases, same as IL-6 expression.. Oth-
er studies have shown that administration of the in-
hibitor for miR-21, leads to inhibition of IL-6R /JAK-
STAT pathway and better wound healing. Dai et al,
through the usage of spinal cord injury mice mod-
els, noted that there appears to be a correlation be-
tween time and the expression of JAK2 and STATS3,
which reached a peak after the 10" day post injury.
SOCS3, which is a negative regulator of JAK-STAT
and is induced by IL-6 cytokines through activation
of STATS3, inhibits cellular apoptosis. Oncostatin M
induces the activation of STAT3 and the subsequent
activation of SOCS3. Experimental studies showed
that GM-CSF factors induced activation of JAK2/
STAT5 through IL-6, thus affecting cell prolifera-
tion and differentiation. On the other hand, use of
IFNy activates JAK2/STAT1 and JAK2/STATS3.
All of the above suggest that SOCS3 is an impor-
tant regulator of JAK-STAT signaling that reduc-
es the risk of inflammation-related complications
[16,18,23,26,28,30-32,34,35,38,42,46,47,53-56.]
Various studies that support the role of JAK1
and JAK2 proteins in the function of oncostatin M.
Levy et al proved that OSM induces phosphoryla-
tion of JAK1 and JAK2 kinases and the subsequent
activation of STAT1 and STAT3 in osteoblasts, in
vitro. Moreover, macrophages activated after spi-
nal cord injury, release oncostatin M among oth-
er osteogenic factors. Torrosian ef al proved that
in patients with neurogenic heterotopic ossifica-
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TABLE 1,

the articles used in this review

Flow diagram showcasing the results of a search in the PubMed database and the selection process for

Records identified through
database searching
(n=7201)

Additional records identified
through other sources
(n=10)

|

Records after duplicates removed

(n=7071)
¥
Records screened N Records excluded
(n=7071) = (n=6965 )
h 4
Full-text articles assessed Full-text articles excluded,
for eligibility » with reasons
(n=106 ) (n=50)

(n=56 )

Studies included in
qualitative synthesis

tion, activated macrophages induce inflammation
through production of high OSM levels and that
high plasma OSM concentration can be found in
these patients. They also showed that deletion of
the OSMR (receptor of OSM) gene in mice leadS to
heterotopic ossification inhibition. Alexander et al.
injected spinal cord injured mice with cardiotoxin
and noted that spinal cord injury allows the en-
trance of monocytes/macrophages in the injured
tissue and the production of OSM. Binding of OSM
to the receptor promotes phosphorylation of JAK1,
JAK2 and activation of STAT3 [16,18,23,26,28,30-
32,34,35,38,42,46,47,53-56].

Conclusion

Neurogenic heterotopic ossification is a complex
disease which still today is poorly understood. It is
characterized by heterotopic bone formation follow-
ing central nervous system trauma and after certain
conditions such as Guillain-Barré syndrome or tum-
ors. Spinal cord injuries are responsible for the for-
mation of neurogenic heterotopic ossification which
is observed in 20-30% of cases with such trauma.
Heterotopic bone is often formed in the hip region
but other areas are also susceptible, such as knees,
elbows, shoulders, arms and spine. Spinal cord in-
jury of the thoracic and cervical spine, leads to het-
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erotopic bone formation and ankylosis.

This disease exhibits similarities to the normal
bone formation process; however its pathophysi-
ology is not completely understood. Recent data
highlight the importance of the inflammatory pro-
cess that follows spinal cord injury. Up to this mo-
ment there is no conclusive data about the cell types
involved in the formation of heterotopic bone, al-
though literature data suggest that all of them bear
similarities to osteoprogenitor cells. Chemokines,
cytokines, macrophages and macrophage-derived
factors such as oncostatin M and BMP-2 have been
shown to have osteoinductive abilities, suggesting
a possible correlation with heterotopic bone forma-
tion. A permissive environment is also of the utmost
importance.
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