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SUMARIO

O termo osteoimunologia foi usado pela primeira vez em 2000 para
descrever a interaccdo entre células do sistema imunitario e do 0sso.
Estes dois sistemas tém varios factores em comum, tais como
citocinas, factores de transcricdo e receptores. Consequentemente, a
sua interaccao ocorre, ndo s6 em condicdes fisioldgicas, mas também
patoldgicas. O objectivo desta dissertacdo de doutoramento é o de
compreender o efeito da inflamacdo mediada pelo sistema imunitario
no comportamento estrutural, mecéanico e biolégico do osso usando a

artrite reumatoide e a regeneracao de fracturas como modelos.

O primeiro estudo desta tese foca a andlise do efeito da artrite no
comportamento biomecéanico do osso. Foi utilizado um modelo animal
de artrite, o ratinho SKG, para avaliar o comportamento biomecéanico
do osso por testes de flexdo de 3 pontos. A microscopia electronica
de varrimento e a microscopia multifotdo foram utilizadas,
respectivamente, para o estudo da estrutura 0ssea e da organizacao
da rede de colagénio no osso trabecular. Os resultados deste estudo
mostraram que o0 o0sso de ratinhos com artrite apresenta pior
qualidade biomecanica comparando com o0s controlos. Observacdes
por microscopia multifotdo e microscopia electronica de varrimento
demonstraram alteracdo da organizacdo do colagénio e da estrutura
trabecular. Neste trabalho verificamos que a inflamacéo crénica per
se conduz a degradacdo das propriedades biomecéanicas,

particularmente da rigidez, ductilidade e resisténcia.

No mesmo modelo animal, prosseguimos com o0 estudo do efeito da
inflamacdo no metabolismo e organizacdo do colagénio. A avaliacédo
do o0sso incluiu ensaios mecanicos, microscopia electronica de

varrimento, microscopia multifotdo e doseamento de marcadores
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séricos de remodelacdo Ossea, especificamente o péptido amino-
terminal do procolagénio tipo | (P1NP) e o carboxi-terminal do
telopéptido do colagénio tipo I (CTX). O osso dos ratinhos SKG
revelou aumento da fragilidade 6ssea expresso pela deterioracdo das
propriedades mecanicas. Em concordancia, por microscopia
electronica de varrimento foi observado que a distancia
intertrabecular aumentou e a espessura trabecular reduziu e a
microscopia multifotdo demonstrou uma matriz desorganizada, com
baixa densidade de colagénio. O metabolismo do colagénio foi ainda
estudado no soro, encontrando-se aumentado nos ratinhos com
artrite. Neste trabalho determinamos que o efeito de fragilidade
O0ssea induzido pela artrite se deve a elevada remodelacdo Ossea e

desorganizacao da matriz de colagénio tipo 1.

Seguindo os dados iniciais obtidos em modelo animal, os primeiros a
descrever o efeito directo da artrite na estrutura do colagénio e na
biomecéanica do osso, confirmamos e detalhAmos estas observacdes
em 0sso humano com artrite reumatodide. Foram recrutados doentes
com AR submetidos a artroplastia da anca. A microarquitectura do
0sso trabecular foi avaliada por microtomografia computadorizada e o
comportamento biomecanico por teste de compressao de um cilindro
de osso trabecular extraido da epifise femoral. A actividade das
células 6sseas foi analisada através do estudo da expressdo génica no
microambiente 6sseo. Observou-se um aumento da expressao dos
genes que codificam citocinas pro-inflamatorias, particularmente a IL-
17, a qual desempenha um importante papel na estimulacdo da
osteoclastogénese. O microambiente do osso com AR apresenta um
perfil de expressdo génico caracterizado pelo aumento das citocinas
pro-osteoclastogénicas e de DKK1 e ainda do racio de expressao
RANKL/OPG. Paralelamente, verificou-se um aumento da expressao
de factores indutores da actividade osteoblastica, tais como o IGF-I,

FGF2 e PDGF, apesar da baixa expressao de colagénio tipo I. O DKK1
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€ um regulador negativo da via de sinalizacdo WNT/B-catenina, sendo
esta uma via chave na estimulacdo da diferenciacdo do osteoblasto.
Assim, o aumento deste inibidor nos doentes com artrite reumatoide
limita o efeito pré-osteoblastogénico do ambiente molecular do osso
artritico. A perda 6ssea associada as doencas cronicas inflamatorias,
tal como a artrite reumatdide, parece, desta forma, resultar do
aumento da reabsorcdo Ossea e de uma diminuicdo na formacao,
conduzindo ao desequilibrio da remodelacdo e precipitando a rapida
perda de massa Ossea. De facto, foram observadas diferencas na
expressao génica entre o osso de doentes com artrite reumatoide e
com osteoporose primaria, apesar destes dois grupos de doentes
terem  microestrutura Ossea e propriedades biomecanicas
semelhantes. Estas observacdes parecem indicar que as diferencas
encontradas a nivel da expressdo génica reflectemm mecanismos
biolégicos especificos responsaveis pela fragilidade 6ssea na artrite
reumatodide e a inibicdo do DKK1l podera vir a ser uma possivel
estratégia terapéutica para diminuir os efeitos da artrite reumatoide

sobre 0 0sso.

No ultimo trabalho desta tese, utilizamos a reaccdo inflamatoéria pos-
fractura como modelo para caracterizar a cinética de expressao dos
genes relacionados com a inflamacdo e remodelacdo Ossea. Ao
contrario da inflamacéo crénica, caracteristica da artrite reumatoide,
a regeneracao de fracturas € um processo breve e cuidadosamente
regulado. Foram incluidos neste estudo doentes submetidos a
artroplastia da anca devido a fracturas de baixo impacto. Os doentes
foram agrupados de acordo com o tempo decorrido entre a fractura e
a cirurgia: osso colhido nos 3 dias ap6s fractura, entre o 4° e o0 7°
dias, e uma semana ap6s fractura. Um conjunto de genes
relacionados com a inflamacdo e o0 metabolismo Osseo foram

estudados no local de fractura. Os resultados obtidos indicam que a

expresséo dos genes relacionados com a inflamagéo, especialmente a
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IL-6, estdo aumentados nos primeiros dias apos fractura; contudo, a
partir do dia 4 verifica-se um desvio para os genes de remodelacdo
Ossea, sugerindo que a fase inflamatéria activa a regeneracdo da
fractura. A expressao da esclerostina, um inibidor da diferenciacéo do
osteoblasto, esta aumentada durante os primeiros dias apoés fractura
e diminui apds a reducdo da expressao dos genes proé-inflamatorios.
Desta forma, propomos a existéncia de um processo em duas fases
que conduz a regeneracao de fracturas, dependente de um estimulo
inicial inflamatério e uma diminuicdo subsequente dos efeitos
relacionados com a esclerostina, com consequente estimulo
osteoblastico. Assim, a inducdo local destes eventos podera constituir
uma intervencdo promissora para acelerar a regeneracdo 0ssea apos

fractura.

O trabalho aqui discutido claramente demonstra o complexo papel da
inflamacdo na regulacdo oO6ssea. A identificacdo de factores
reguladores chave deste sistema sera crucial para o futuro

tratamento da artrite reumatoide e das fracturas.
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SUMMARY

The term osteoimmunology was used for the first time in 2000 to
describe the interaction of cells from the immune system and bone
These two systems have several regulatory factors in common, such
as cytokines, transcription factors and receptors. Consequently, they
interact with each other both in physiological and pathological
conditions. The aim of this dissertation thesis was to understand the
effect of immune mediated inflammation on bone structural,
mechanical and biological behaviour, using rheumatoid arthritis (RA)

and fracture healing as a model.

The first study of this thesis focused on the analysis of the effect of
arthritis on bone biomechanical behavior. An animal model of
arthritis, the SKG mice, was used and bone behavior was evaluated
by mechanical three-point bending tests. Scanning electron
microscopy (SEM) and multiphoton microscopy (MPM) were applied to
study, respectively, bone structure and the collagen network
organization in trabecular bone. Results from this study have shown
that arthritic bones had poor biomechanical quality compared to
control bones. MPM and SEM observations disclosed signs of impaired
collagen organization and poor trabecular architecture. In this work
we verified that chronic inflammation per se leads to impairment of
bone biomechanics in terms of stiffness, ductility and ultimate

strength.

In the same model, we then proceed to study the effect of
inflammation on collagen metabolism and organization. The
evaluation of bone included mechanical tests, SEM, MPM and serum
bone turnover markers, specifically procollagen type - amino-terminal

peptide (P1NP) and carboxy-terminal crosslinked telopeptide of type |
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collagen (CTX). Femoral bones of SKG mice revealed increased
fragility expressed by deterioration of mechanical properties. In
accordance, as observed by SEM, intertrabecular distance was
increased and trabecular thickness decreased. MPM depicted a
disorganized matrix and loose collagen structure compared to
controls. Moreover, the collagen metabolism assessed in the serum
was also highly increased in arthritic mice. In this work we found that
the bone weakening effect of arthritis was due to high bone turnover

and disorganized collagen type | matrix.

Following these initial animal model data, the first to describe a direct
effect of arthritis on collagen structure and bone biomechanics, we
confirmed and further detailed these observations in human RA bone.
Patients with RA submitted to hip replacement surgery were
recruited. Trabecular bone microarchitecture was assessed by micro-
computed tomography (microCT) and mechanical behavior by
compression tests of a bone cylinder extracted from the femoral
epiphysis. Bone cell activity was analyzed by studying gene
expression in the bone microenvironment. Genes that code for pro-
inflammatory cytokines were upregulated in RA patients, particularly
IL-17, which plays an important role in stimulating
osteoclastogenesis. RA bone microenvironment had a gene
expression profile characterized by upregulated pro-osteoclastogenic
cytokines and dickkopf homolog 1 (DKK1) and increased RANKL/OPG
ratio. This was paralleled by raised expression of factors that promote
osteoblastic activity, such as IGF-1, FGF2 and PDGF, but with low type
I collagen expression. DKK1 is a negative regulator of the WNT/B-
catenin signaling, which is a key pathway in the stimulation of
osteoblast differentiation, meaning that its upregulation in RA
patients is limiting the effects of pro-osteoblastic factors. Bone loss in
a chronic inflammatory disease, such as RA, thus appears to result

from enhanced bone resorption and impaired bone formation, which
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constitutes a detrimental imbalance of bone remodeling and
precipitates the rapid loss of bone mass. Indeed, differences were
observed in gene expression between RA and primary osteoporosis
(OP) bone in spite of the fact that these two patient groups had
similar bone microarchitecture and biomechanical properties. These
observations might indicate that the differences in gene expression
reflect biologically specific mechanisms responsible for bone fragility
in RA and that the inhibition of DKK1 can be a possible treatment
strategy for tackling the effects of RA on bone.

In the final work of this thesis, we have used the post-fracture
inflammatory reaction as a model for characterizing the kinetics of
inflammatory and bone remodeling related genes. Unlike the chronic
inflammation seen in RA, fracture healing is a highly regulated and
brief process. Patients submitted to hip replacement surgery after a
low-energy hip fracture were enrolled in this study. Patients were
grouped according to the time interval between fracture and surgery:
bone collected within 3 days after fracture; between the 4™ and 7%
day; and one week after fracture. Inflammation and bone metabolism
related genes were assessed at the fracture site. Our results indicate
that the expression of inflammation related genes, especially IL-6, is
highest at the very first days after fracture but from day 4 onwards
there is a shift towards bone remodeling genes, suggesting that the
inflammatory phase triggers bone healing. Sclerostin expression, an
inhibitor of osteoblast differentiation, has an initial high expression
level that is diminished after the reduction of inflammatory gene
expression. We propose the existence of a two step process in bone
healing, dependent on an initial inflammatory stimulus and a latter
decrease in sclerostin-related effects, with a consequent pro-
osteoblastic effect. Therefore, local promotion of these events might
constitute a promising medical intervention to accelerate fracture

healing.
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The work herein discussed clearly shows that inflammation has a
complex role in bone regulation. The identification of key regulators
of this system will be crucial both for RA and fracture healing future

management.
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INTRODUCTION







BONE

Bone is one of the most dynamic human tissues, as it remains
metabolically active throughout life and has pleiotropic functions in
the organism. It not only protects the internal organs, supports the
body and assists in its movement but also function as a mineral
(calcium and phosphorus) and fat reservoir and harbours bone

marrow, where haematopoiesis occur.

Bone is composed of three different cell types: osteoclasts,
osteoblasts and osteocytes. These cells are responsible for the daily
bone renewal in a tightly balanced process. On the other hand, the
organization of bone as a tissue is dependent on complex interactions
between three main players; collagen type |, hydroxyapatite crystals

and cells.

From a structural perspective bone can be classified in hierarchical
levels of complexity, all of which affect its mechanical properties. It
must be stiff, slightly flexible and light in order to make loading

possible and facilitate movement.

Additionally bone has a unique characteristic that distinguishes it
from other tissues: it can respond according to the location and
extent of the biomechanical loading and microdamage, remove the
damaged tissue and replace it with new bone. Disequilibrium of this
system is observed in bone metabolic diseases, such as primary
osteoporosis (OP), or as consequence of systemic inflammatory
diseases such as rheumatoid arthritis (RA). This will induce bone

fragility and eventually low energy fractures.



How inflammation affects bone structure and mechanics and how
different are the processes that occur in RA and OP are issues still not
completely understood. In order to address these questions a
comprehensive knowledge on bone structure, mechanics and biology,
coupled with an understanding of the crosstalk between the immune

system and bone is essential.

BONE STRUCTURE

At the macroscopic structural level, bones have diverse shapes
accounting for the different supporting and/or protective functions
they play. In the appendicular skeleton we can find long bones which
provide stability against bending and buckling. Bone is covered by a
shell, the cortical bone, which is filled in by a honeycomb-like
structure, the trabecular bone®. Trabecular bone absorbs energy and
is light and flexible. The cortical structure, on the other hand, has the
ability to tolerate the peak loads that the long bones are subjected

to°.

Cortical bone is quite dense, with a porosity of only about 6%, mainly
due to the presence of blood vessels. In fact, this type of bone is
characterized by the presence of structures called osteons,
comprising a blood vessel surrounded by concentric layers of bone,
which form the Haversian system. Therefore, cortical bone consists of
overlapping parallel osteons that block the propagation of
microcracks. On top of that, damage propagation into the osteon is

blocked by its surrounding cement line®>*, which delimits each osteon,
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and by the concentric lamellae of mineralized collagen fibers®. Cortical
bone contains Haversian and transversal Volkmann canal systems for
vascular supply. These structures are surrounded by 5 to 15
concentric lamellae several microns thick with its fibers aligned
parallel to each other, around the vascular canal. Haversian canals
contain capillaries and small blood vessels, lymphatic vessels and
connective tissue with osteoprogenitor cells. On the other hand,
Volkmann canals are vascular channels which link the periosteum and

bone®.

Trabecular bone is composed of trabeculae arranged in a honeycomb-
like network, which confers a porosity of about 80%. Each trabecula
has a thickness of around 200um and their orientation depends on
load distribution. Trabeculae are surrounded by bone marrow and
fat>. The trabecular structure is characterized by the number of
trabeculae in a given volume of bone, their thickness as well as the
distance and connectivity between them. Previously, observation of
trabecular microarchitecture was only possible by two-dimensional
histomorphometry but nowadays, new imaging techniques such as
high-resolution microcomputed tomography (microCT), allow tri-
dimensional observation of bone microstructure®. Trabecular bone is
metabolically more active than cortical bone and this is why studies

on bone quality have mainly focused on this component of bone.

Regarding collagen fiber arrangement, bone can be classified in
woven bone and lamellar bone. In woven bone, which is
predominantly present during fetus development, bone collagen
fibers are randomly oriented and there are higher numbers of cells
per unit area than in mature bone. In adults, woven bone can only be
found in areas where bone is being remodeled. Lamellar bone, the

mature form of bone, develops when the deposition rate is slow and it



has a well-organized arrangement of collagen fibers. In general, it is

formed only over pre-existing bone, either woven or lamella®.

BONE MATRIX

Bone matrix is composed of two components, an organic phase
(about 40% of the dry weight) made up of collagen, proteoglycans,
glycoproteins, phospholipids and phosphoproteins, and an inorganic
phase (about 60% of the dry weight) of calcium hydroxyapatite
(Ca10(P04)s(0OH)2)°.

COLLAGENS

Collagens are a group of natural occurring proteins that share
common features. The widely accepted definition of collagen is
“structural proteins of the extracellular matrix which contain one or
more domains harboring the collagen triple helix”’®. About 90% of
bone matrix is composed of type | collagen that undergoes
posttranslational modifications specific to this tissue. These
modifications (hydroxylation and glycosylation) partly explain why

mineralization only occurs in bone and not in other tissues®.



The collagen fibril is the basic unit of bone matrix. This fibril results
from the junction of 300nm long and 1.5nm thick collagen monomers
which are produced by osteoblasts'®. Each type | collagen molecule is
composed of a repeating tripeptide sequence (Gly-X-Y) that form a
left-handed helix containing two pro-al and one pro-a2 chains*'. The
three chains assemble in a right-handed triple helix, where the Gly
residues are in the center and the lateral chains of X and Y are on the
surface of the helix®. In the most common occurring triplets
(10.5%)*?, X is a proline and Y is a hydroxyproline (Gly-Pro-Hyp),
which is a unique characteristic of collagen and it is essential to
stabilize the triple helix. These fibrils have high tensile strength and
play a pivotal role in providing structural support for body structures,
such as the skeleton, skin, blood vessels, intestine and fibrous
capsules of organs'®. In humans the al chain is coded by a gene
located on chromosome 17 (17921.3-g22), while the a2 chain is
located on chromosome 7 (7921.3-gq22). Each messenger RNA
(mRNA) is monocistronic** and several growth factors and hormones
regulate with collagen synthesis at the transcriptional level. The Spl
transcription factor (SP1)*® and runt-related transcription factor
(RUNX) 2'®, among others, bind to the promoter regions controlling
collagen type | gene transcription. Several other factors contribute to
the expression of this protein, either by modulating its mRNA levels
or by stabilizing it. Transforming growth factor (TGF)B*"*2, insulin-
like growth factor (IGF)-1'®*° and interleukin (IL)-6%° have been
found to stimulate collagen mRNA synthesis while tumor necrosis
factor (TNF)?, interferon (IFN)y??, IL-1%3, parathyroid hormone

(PTH)?** and the active form of vitamin D3 suppress it.

After transcription, the pre-mRNA undergoes maturation by exon
splicing, capping, and addition of a poly(A) tail. These mRNAs are
translated and the resulting proteins undergo extensive post-

translational modifications before being assembled in a triple helix
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and released to the extracellular space. Both the pro-al and the pro-
a2 chains undergo hydroxylation of proline to hydroxyproline, and
glycosylation, which are the two critical modifications to obtain a
stable triple helix. The triple helix formation is then started at the
carboxy-terminal end of the molecule and extends towards the
amino-terminal end’. Procollagen is thereafter secreted to the
extracellular space where specific enzymes [a disintegrin-like and
metalloproteinase (reprolysin type) with thrombospondin type 1,
motif 2 (ADAMTS2) and bone morphogenetic protein (BMP)-1] cleave
the propeptides, giving rise to mature collagen molecules which
triggers spontaneous self-assembly of the collagen molecules into
fibrils. The processed collagen monomers within fibrils are joined by

covalent cross-links which mature with aging?®?’

. Cleavage of the
propeptides reduces the solubility of the molecules and therefore a
major extracellular function of carboxy propeptides is to prevent
premature fibril formation, while the amino propeptides influence

fibril shape and diameter?’.

The final assembly of fibrillar collagen involves the interaction with
several proteins that have a role in the organization of the matrix
pattern and control the diameter of the fibrils®®2°. Of interest,
biglycan and decorin, two proteoglycans highly expressed in
extracellular bone matrix, interact with collagen molecules to

facilitate fibril formation, which will later allow mineral deposition*°.

In clinical practice, products of the collagen processing or breakdown,
either for the formation or degradation, act as markers of collagen
turnover and are used to assess bone remodeling®!. Collagen type |
propeptides, amino-terminal (P1NP) and carboxy-terminal (P1CP)
result from posttranslational cleavage of the pro-collagen molecule
before its organization in fibrils®?>. The propeptides PINP and P1CP are

two small domains present in the procollagen molecule, which after
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secretion of the molecule into the extracellular space are
enzimatically cleaved. Since both propeptides are stochiometrically
produced from each new collagen molecule, P1NP and P1CP are
considered quantitative measures of collagen formation. Moreover,
P1NP serum levels correlate with bone formation indices assessed by
histomorphometry*®. The strength of the collagen fibers depends on
the formation of covalent cross-links between the telopeptides and
the adjacent helical domains of collagen molecules. The cross-linked
telopeptides of type | collagen, amino (NTX) and carboxy-terminal
(CTX), are products of the collagen cleavage. Both NTX and CTX are
products of cathepsin K (CTSK) action and represent collagen
breakdown. CTX contains epitopes prone to spontaneous
iIsomerization: a-CTX is the native sequence, while B-CTX represents
collagen maturation through translocation of an aspartic acid residue
from position a to B. Therefore, the ratio o/pB-CTX is an indicator of
bone age, the lower the ratio, the older the bone®*'. As CTX,
pyridinoline cross-linked carboxy-terminal telopeptide of type | collagen (ICTP)
is also a product of collagen breakdown. ICTP epitope neighbors CTX but it is
released as a result of MMP activity®> and it measures a relatively large
hydrophobic phenyl-alanine rich pyridinolines cross-link of the two al chains in
the carboxy-terminal of matured collagen type I. However, since the helical part
of the a-chain is strongly conserved among different types of collagen, the

specificity of this marker in reflecting bone resorption is not the best®.

NON-COLLAGENOUS PROTEINS

Although bone matrix is composed mostly of collagen, other non-
collagenous bone proteins have been described since 1974%¢. Non-

collagenous proteins, including osteopontin (OPN), bone sialoprotein



(BSP), osteonectin, osteocalcin (OCL), and proteoglycans may have a
regulatory function controlling the size and orientation of deposited
minerals. Through sequestration of calcium or enzymatic release of
phosphate from these proteins, they may act as a reservoir for
hydroxyapatite crystals formation®’. Collagen acts as a scaffold for
mineralization and these non-collagenous proteins are the nucleators

of hydroxyapatite crystals*>.

Biglycan and decorin are two proteoglycans that are found in several
tissues. In bone they contain chondroitin sulfate chains and bind to
collagen fibers®. Biglycan is upregulated in osteoblasts and its
expression is maintained in osteocytes. On the other hand, decorin is
expressed during the preosteblast stage, maintained in fully mature
osteoblasts and is downregulated when the cells differentiate towards
the osteocyte phenotype®. As osteocytes probably act as bone
mechanoreceptors®®, biglycan may act as transducer of shear forces
within canaliculi. Biglycan-deficient mice are normal at birth but
evidence reduced growth and bone mass, together with deterioration
of bone biomechanical behavior by the third month of life*°. Proving
a relevant role of biglycan/decorin in bone biology, a double-knockout
mouse for these proteins has severe osteopenia with alterations in

the geometry of the bone collagen fibrils*.

Osteonectin is a glycoprotein secreted by the osteoblast that binds
collagen, calcium and hydroxyapatite. It is hypothesized that this
molecule plays a role in the nucleation of hydroxyapatite crystals®?. It
regulates cell proliferation and stimulates angiogenesis and
metalloproteinase production®®. Osteonectin-deficient mice show
decreased bone remodeling leading to severe osteopenia in older
animals. Moreover, the bone of these mice is characterized by
decreased trabecular connectivity and decreased mineral content but

with increased hydroxyapatite crystal size***>.
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Osteopontin is a member of the family of small integrin-binding
ligands with N-linked glycosylation (SIBLING). This protein is
expressed in several tissues, including bone, kidney and the immune
and vascular systems. In bone it promotes osteoclast binding to the
extracellular matrix and activates intracellular signaling pathways**
4% Osteopontin is produced at the late stage of osteoblast maturation
during matrix formation and mineralization*’. Osteopontin-deficient
mice develop normally but are resistant to ovariectomy-induced bone
resorption. Moreover, these mice have increased mineral content

although the crystals are smaller than in wild-type mice*®.

BSP, like osteopontin, contains both mineral and integrin-binding
sites. It is expressed by hypertrophic chondrocytes, osteoclasts and
mature osteoblasts®®. In osteoblasts, induction of BSP expression
coincides with the initiation of mineral deposition and this protein is
upregulated by factors that induce osteoblast differentiation®. BSP is
located at the mineralization front and, based on its affinity for

collagen, it is believed to be a nucleator for crystals>’.

Osteocalcin is exclusively expressed in bone and dentin. It is a
calcium-binding protein characterized by three gamma-
carboxyglutamic acid residues. Due to its interaction with
hydroxyapatite it is believed that OCL regulates the growth and
maturation of bone crystals*®. In fact, OCL measurements in serum
have proven to be a valuable marker for bone turnover in metabolic

bone diseases®!.
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HYDROXYAPATITE CRYSTALS

In 1964, Hodge and Petruska®? proposed the now widely accepted
model for the mineralization of collagen in bone structure. In this
model, collagen fibrils are coated with mineral crystals, arranged
parallel to each other and to the axis of collagen fibrils. Crystal
formation is triggered either by deposition of collagen or non-
collagenous proteins that act as nucleation centers. After nucleation,
crystals are elongated and, later on, grow in thickness. This very
orderly process is crucial for bone nano-organization and resistance;
disturbances in collagen conformation lead to bone fragility, such as
osteogenesis imperfecta, where a mutation in the collagen gene

occurs®s.

Bone crystals are composed of carbonate apatite mineral, called
dahllite, which has hexagonal crystallographic structure, although
crystals do not express this symmetry in their macroscopic shape.
Instead, they assume the form of plates or tablets®*. The plate-like
crystals arise in the discrete spaces within the collagen fibrils, thereby
limiting crystal growth and forcing it to be discrete and discontinuous.
Crystals grow in such a way that their axis is roughly parallel to the

long axis of the collagen fibrils>>™>".

The endpoint for matrix mineralization is the deposition of crystals
between collagen fibers, a process that comprises two phases, an
initial formation of apatite crystals within matrix vesicles and a
subsequent propagation phase within the matrix. In the first phase of
crystal formation, the ions that will later constitute the crystals form
a cluster with the correct orientation, giving rise to a stable structure.
This nucleation is facilitated by an increase in the local concentration

of ions which increases the probability of association®®. The initial
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phase of mineralization occurs inside matrix vesicles. These are
released by budding from the surface of osteoblasts but have a
special membrane composition®® being enriched in alkaline
phosphatase, nucleotide pyrophosphatase, phosphodiesterase,

60-61 " It was proposed that the

annexins and phosphatidyl serine
vesicle lipids could act as nucleation center for hydroxyapatite
formation®?®3. The minerals inside the vesicle precipitate initiating the
formation of hydroxyapatite crystals that penetrate the membrane
and give rise to calcification nodules in the extracellular fluid during

6465  The mineral

the propagation phase of matrix mineralization
crystals subsequently proliferate within and between the collagen

fibrils®®.

Both collagen and non-collagenous proteins regulate the expansion of

crystals, while cells can affect their maturation status®®.

BONE IMAGING

During the last 10 years high-resolution imaging techniques have
been introduced for assessing bone quality parameters, primarily for
research proposes. The new imaging studies provide information on
bone morphometry, microarchitecture and on the relationship
between bone microarchitecture and strength. Moreover these new
imaging tests have proved to be useful for assessing the effect of new

treatments.
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Through radiography, the most common method to visualize bone,
cortical and trabecular compartments are observed in a two-
dimension (2D) format with a spatial resolution up to 40um. Although
this is a 2D image method, texture analysis parameters can be
applied and have shown good correlation with three-dimension (3D)
bone microarchitecture®’, biomechanical properties®® and with several
histological characteristics®®. During the last 20 years, dual-emission
X-ray absorptiometry (DXA) has been the most widely used method
for measuring bone mineral density (BMD). Recent advances in DXA
include software that calculates several other structural parameters
that are important to determine bone fragility, such as hip-axis
length, femoral neck cross-sectional area, moment of inertia and
femoral neck shaft angle. The conventional method for evaluating
bone microarchitecture is histomorphometry and stereology. In 1987,
Parfitt developed and published’® standardized nomenclature for
histomorphometry parameters, reflecting trabecular size and spacing,
as well as porosity. Through this technique bone is evaluated at a
resolution of 1um, although a biopsy is needed and three dimensional

analysis is only achieved by serial sections of the tissue’*.

Computed tomography (CT)-based techniques have several
advantages over the other bone imaging techniques. In contrast to
DXA, volumetric quantitative CT (vQCT) offers 3D information of
cortical and trabecular bone that can be separately analyzed.
Currently, the imaging of specimens, bone biopsies and small animals
for bone structure investigation is almost exclusively done with
microCT. X-ray computed CT is an imaging technique that uses
ionizing radiation and a method employing tomography created by
computer processing. Digital geometry processing is used to generate
a three-dimensional image of bone from a large series of two-

dimensional X-ray images taken around a single axis of rotation’?.
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Bone vQCT measurements are reported as true volumetric density.
This technique can be used in vivo and trabecular and cortical bone
can be evaluated separately. Moreover, vQCT is more sensitive than

DXA in the detection of density differences’®>"*

and can, thus, analyze
both densitometry and geometrical components either of the entire
bone or its cortical and trabecular compartments separately’. This
technique also allows understanding how proximal femoral structural
parameters explain bone strength, independently of BMD">. Recently,
peripheral VvQCT has been used for the evaluation of

microarchitecture of the radial bone’®.

until recently, bone histomorphometry was the standard for
assessing trabecular and cortical architecture. Although this analysis
provide unique information on cellularity and dynamic indices of bone
remodeling, it has limitations with respect to assessment of bone
microarchitecture, because structural parameters are derived from
stereologic analysis of consecutive 2D sections, usually assuming that

the underlying structure is plate-like’® 77,

MicroCT, with a spatial
resolution of 1 to 100um, promises to replace histomorphometric
analysis and allows the possibility of repeated in vivo investigation in
small animals and human beings’?>. The accuracy of microCT
morphology measurements has been compared with traditional

7
I 8

measures from 2D histomorphometry both in anima and in

human’®-8°

specimens. These studies showed that 2D and 3D
measurements by microCT generally highly correlate with those from
2D histomorphometry. Therefore, microCT offers numerous
advantages in the assessment of bone morphology ex vivo: it allows
direct 3D measurement of trabecular morphology, such as trabecular
thickness and separation; compared with 2D histology, a larger
volume of interest can be evaluated; measurements can be

performed with a much faster throughput and assessment of bone
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morphology by microCT scanning is non-destructive, thus, samples

can be used subsequently for other assays’’.

Magnetic resonance imaging (MRI) reaches 150um resolution and has
several advantages other than assessing bone quality, namely the
lack of ionizing radiation and the ability to investigate beyond bone
structure, such as marrow fat content, diffusion and perfusion®.
However, MRI acquisition is slower and technically more demanding

than microCT. In addition, it is also much more expensive.

The scanning electron microscope (SEM) uses a focused beam of
high-energy electrons to generate a variety of signals at the surface
of solid specimens. The signals that derive from electron-sample
interactions reveal morphology (texture) of the sample, chemical
composition and crystalline structure. Areas ranging from
approximately 1cm to 5um in width can be imaged in a scanning
mode using conventional SEM techniques (magnification ranging from
20X to approximately 30.000X, spatial resolution reaching 50 to 100
nm). Due to the very narrow electron beam, SEM micrographs have a
large depth of field yielding a characteristic 3D appearance useful for
understanding the surface structure of a sample. SEM analysis is
considered to be "non-destructive"; that is, X-rays generated by
electron interactions do not lead to volume loss of the sample, so it is
possible to analyze the same samples repeatedly®?. This technique
enables the observation of the tissue topography in high-resolution
images and has proven effective in the investigation of the activity of
bone surfaces®*®*. SEM is effective for the analysis of hierarchical
composite structure and surface topography induced by microdamage
accumulation and fracture due to its high resolution and large depth
of field®. SEM has been used extensively to study the damage

accumulation and fracture behavior of bone®®.
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Multicolor non-linear microscopy of type | collagen arrangement can
be obtained using second-harmonic generation (SHG) and two-
photon excitation (TPE). SHG arises when the electric field of the
exciting light is strong enough to deform a molecule. When this
molecule is not symmetrical, such as the collagen superhelix, the
resulting anisotropy creates an oscillating field with twice the energy,
twice the frequency and half the wavelength, the so-called second
harmonic. SHG microscopy is a powerful tool that has been developed

87-88

to assess collagen with a high spatial resolution and has already

91-92

been applied to eye®, teeth®®, tendons® %, cartilage®, synovial

membrane®*, wound repair®®, lung fibrosis®® and metastatic growth®”
9 In fact, spectral differences in the second-harmonic signal from
normal and cancerous tissue have been described, opening up a
possibility that might become a useful diagnostic tool in oncology®®
102 A correlation between SHG intensity, fibrilar morphology,
polarization anisotropy and signal orientation with impaired
mechanical strength has been reported in osteogenesis imperfecta, a
bone disease resulting from mutations in the collagen gene'®®. SHG
microscopy offers also the possibility of providing submicrometer 3D
spatial resolution images without the need for tissue processing or
stain'®®. The signal is acquired by two opposing detectors, the
backward-SHG channel detects the backscattered SHG signal and the
forward-SHG channel receives the photons that are transmitted

through the sample'®®.

The development of quantitative SHG
microscopy for clinical applications and studies will require the use of
the backward SHG signal; therefore, is of major importance to
understand this information. The forward/backward ratio has been
used to access the thickness of fibril shells and the ionic strength of

the surrounding medium?*°®.

In tendon, sclera and ear cartilage the
preferred orientation of the collagen fibers was analyzed in both
channels®®. Moreover, multiphoton microscopy has become a

powerful method for non-invasive high-resolution in vitro, in situ and
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in vivo imaging of extracellular matrix structures and cells in living
intact native and tissue-engineered tissues'®’. Microendoscope
prototypes have already been developed and applied to small animal

108
h

researc and in dermatology as a method for noninvasive skin

109 A study in collagen fibrils from tendon

cancer detection'®
samples suggested that the forward-SHG channel reflects essentially
the mature polymerized collagen and the backward-SHG channel
represents the immature collagen fibril segments, indicating ongoing

fibrilogenesis'®®.

BIOMECHANICS OF BONE

In 1869 Julius Wolff, a German anatomist and surgeon, stated that
bone adapts in response to the mechanical loads applied on it. More
than one hundred years later we still believe that bone, as a natural
material, has evolved and adapted to fill the needs posed by the
function it exerts. Many of these needs are mechanical, such as the
need to support static and dynamic loads created by the weight of the

organism and the need to be resistant to fracture*°.

The bone mechanical properties describe the relationship between
applied forces, or loads and bone deformation. The resistance of bone
in response to these forces is known as stress and represents the
intensity of the local force. The resultant deformation is referred to as
strain and is defined as a relative change in size or shape. Normal
strains represent elongation or shortening while shear strains

represent distortion. Therefore, a load-deformation curve or a stress-
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strain curve are often used to define the biomechanical properties of

bone®®.

The load-deformation curve (figure 1) reflects the structural behavior
of bone and describes the amount of load needed to produce a unit of
deformation. The analogous stress-strain curve reflects the material
behavior of bone tissue and this curve is generated through a
mechanically standardized (size and shape) test. Load and
deformation have a linear relationship until the yield point is reached;
at this time the slope of the curve is reduced. Before the yield point
the material obey the Hooke’s law which states that there is a
proportional relationship between stress and strain. This linear
relationship is translated by the Young’s modulus, or bone stiffness,
that measures the resistance of the bone to deformation® ***. The
yield point is the cross point of transition from an elastic behavior to
a plastic one and corresponds to the occurrence of the first
microfractures in bone tissue. If the bone is unloaded in the elastic
region it returns to its original shape with no remaining deformation,
while in the plastic region the load leads to permanent plastic
deformations. If the bone continues to be loaded the ultimate or
failure load is reached, after which the structure fails catastrophically
(the bone fractures). Therefore, the slope of the elastic region defines
bone stiffness while the strain energy, or toughness, is the energy
required to initiate failure of the structure and is computed as the
area under the curve'® !, Through the analysis of the stress-strain
curve several material characteristics can be established. A material
is brittle when it only exhibits elastic deformation such as is the case
with polymethylmethacrylate. On the other hand, a ductile material
undergoes a large amount of plastic deformation before failure, like
metals. In viscoelastic materials the stress-strain behavior is
dependent on the time and rate of loading; these materials exhibit

both fluid and solid-like properties with gradual deformation and
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recovery when subjected to loading and unloading. The response of
viscoelastic materials is dependent on how quickly the load is applied
or removed and the extent of deformation is dependent on the rate at
which the deformation-causing loads are applied. On the other hand,
a constantly maintained deformation will cause stress relaxation, that
is, the force required to maintain the deformation diminishes with
time. The stress-strain relationship for viscoelastic materials is a
function of time rate at which the stress and strain are applied in the

material. Biologic tissues such as articular cartilage, intervertebral

disc, ligament, tendon and fresh bone all show a viscoelastic
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Figure 1 — Graphical representation of the structural behavior of a material.

The relation between stress and strain, represented by the stress-strain curve (A),
is reflected by the Young’s modulus, or stiffness, that measures the bone resistance
to deformation while the toughness is the energy required to induce failure of the
structure and is computed as the area under the curve. The yield point is the cross
point of transition from an elastic behavior to a plastic one and corresponds to the
occurrence of the first microfractures. After this point, if the structure continues to
be loaded the ultimate load or failure load is reached, after which a fracture will
occur. This same curve also allows us to distinguish between ductile and brittle
materials (B). The ductility of a material is a measure of the extent of which a
material will deform before fracture. On the opposite, when a brittle material
reaches the limit of its strength, fracture occurs. Therefore, while a ductile material
undergoes large amounts of plastic deformation before fracture, a brittle material

curve only exhibits elastic region.
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Bone is a composite of hydroxyapatite crystals dispersed in a collagen
matrix. Collagen is tough but not very stiff; on the other hand
minerals are stiff but not very tough. Therefore, the mineral phase
dominates the stiffness of bone and the toughness of the material
arises from its hierarchical structure''®. The toughness of the material
increases with decreasing mineral content and increasing collagen
content'*®. Bone stiffness is intermediate between that of
hydroxyapatite and collagen, while its strength is higher than that of
either components'''. Therefore, bone combines the best properties
of mineral and protein content, it is stiff to prevent bending and
buckling, but it is also tough in order to avoid fracture when the load

exceeds the normal range® **°.

The two types of bone, cortical and trabecular, also show different
biomechanical performance. Cortical bone is stiffer than trabecular
bone, resisting to higher stress but lower strain before failure. Due to
its porous structure trabecular bone has a large capacity for energy
storage'?. Both cortical and trabecular bone mechanical properties

are dependent on bone density***

. In fact, studies have shown that
density explains 60% to 90% of the variation in bone strength and
stiffness’*® and that small changes in bone density lead to remarkable
changes in mechanical behavior''®. However, the correlation between
bone mineral density assessed by DXA and bone strength is relatively

|0W117

. Cortical and trabecular bone are anisotropic materials since
their mechanical properties depend on the loading direction. This
characteristic reflects bone function and we can find higher strength
and stiffness in the primary loading direction?, although the degree of
anisotropy varies with anatomical site and functional loading**®. Bone,
as a natural material, shows large variability in its mechanical
behavior''®, in fact, mechanical properties of trabecular and cortical
bone types vary from one bone to another and even within different

regions of the same bone!'912°.
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In vivo, bone is subjected to several different loading modes
producing tension, compression, shear, bending, torsion and
combined loading. During tensile loading the forces are directed away
from the surface of the structure, leading to lengthening and
narrowing. Fractures produced by tensile loading are typically seen in
bones with a large proportion of trabecular bone. In compressive
loading, equal and opposite loads are applied towards the surface of
the structure, leading to shortening and widening. Clinically, fractures
produced by compressive forces are found in the vertebrae, especially
in the elderly with osteoporotic bone tissue. During shear, loading
forces are applied parallel to the structure and shear stress and strain
develop inside the structure. Therefore, the shear load deforms in an
angular manner. Fractures that result from this loading are often
seen in trabecular bone. In bending, a combination of tensile and
compressive loads is applied in such a way that causes the structure
to bend. Bending tests can be produced by three (three-point
bending) or four (four-point bending) forces. Fractures produced by
both types of bending are particularly common in long bones. Torsion
loads are applied to a structure causing it to twist along an axis.
Although each loading mode can be studied separately, bones in vivo
are not only submitted to multiple different loads but also present

112,121 "In vivo measurements of strain of

irregular structure geometry
a human adult tibia during walking demonstrated the complexity of
the loading patterns during this common physiological activity. Stress
values calculated from these strain measurements showed that
during normal walking the stresses were compressive during heel
strike, tensile during the stance phase and again compressive during
push off. Moreover, the contraction of the muscles attached to the
bone alters the stress distribution. During locomotion, bending
moments are applied to the femoral neck and tensile stress is

produced on the superior cortex. Contraction of the gluteus medius
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muscle produces compressive stress that neutralizes this tensile

StressllZ, 122—124.

A progressive loss of bone density occurs as part of the normal aging
process. The reduction of bone mass, which occurs earlier and more
extensively in trabecular than in cortical areas’®, is associated with
impaired microarchitecture, increased fragility and risk of fracture. In
osteoporotic bone, trabecular strength is reduced by loss of bone
mass. Two different mechanisms were proposed to explain this
phenomenon, a uniform thinning of all trabeculae and the complete
removal of individual struts. Studies demonstrated that the random
removal of struts is more harmful to bone strength than thinning of

the trabeculae® '?°

. Bone fragility is more prevalent among women
than in men mainly because of estrogen deficiency after menopause.
Although perforation and loss of connectivity between trabecula also
occurs in men, trabecula thinning is primarily observed indicating that
a reduction in bone formation predominates over an increase in bone
resorption. Active remodeling also affects cortical bone. Cortical
thinning and porosity reduce the resistance of bone to microcracks
and, as a consequence, cortical bone can no longer absorb the energy

imposed by a fall® ™.

Energy dissipation is achieved by the formation of plastic zones
around the cracks, thereby protecting the integrity of the entire
structure. At a nanoscale, deformation of individual collagen
molecules involves hydrogen bonds which break allowing stretching
and relaxation of the fibrils. At a higher scale we can find sliding and
breaking of the bonds between tropocollagen molecules, which are
critical in controlling deformation of bone. In fact, in older bones the
collagen cross-links are increased, thereby reducing its ability to
dissipate energy without failure. Continuous slide between the

mineral particles and the tropocollagen molecules dissipates large
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amounts of energy and increases the resistance to fracture'?®. The
mineralized fibrils are hold together by phosphorilated proteins, such
as OPN and BSP. During deformation, the non-collagenous proteins
resist separation of the fibrils. This suggests that collagen
denaturation induced by mechanical loading is a possible mechanism
for energy dissipation process. Since more energy dissipation
capacity gives more toughness to bone, enhancing the properties of

collagen may make the bone tough®®’.

BONE BIOLOGY

Bone has three distinct cell types: the osteoclasts, or bone-resorbing
cells; the osteoblasts, or bone-forming cells; and the osteocytes,
which are osteoblasts entrapped within lacunae. Bone resorption and
formation not only should be quantitatively balanced but must also be
coupled in time and space. This tight coupling is essential for the

repair of microscopic damages that result from constant impact*?%.

In 1965, Frost described that groups of osteoclasts and osteoblasts

129

constitute the bone multicellular unit (BMU) which is a mediator

mechanism linking individual cell activity to whole bone
morphology*®°. Nowadays, this concept has evolved to include

osteocytes®!.

Inside the BMU, cells move together with osteoclasts
always in the front of the advancing BMU and osteoblasts in the back.
At any given time, several millions of BMUs carry out turnover at
multiple skeletal sites in a activation-reversal-formation cycle that in

132

a healthy adult human lasts 6-9 months™<. In order to balance bone
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formation and resorption in healthy individuals these two processes
are coupled. That is to say that osteoblasts and its regulators
determine osteoclastogenesis, while osteoclastogenesis and the
products of the degraded matrix regulate osteoblastogenesis. In
addition, both processes may be regulated by osteocytes and their
products®3*13° Resorption is much faster than formation: an area of
bone can be resorbed in 2-3 weeks but it takes at least three months
to rebuild it*. Bone resorption is probably the first event that occurs
in response to a mechanical stress signal***. In fact, resorption and
formation are tightly coupled, so that after resorption a formation
phase occurs and, in normal bone, the amount of tissue resorbed will

be rebuilt in the succeeding formation phase®®.

OSTEOCLAST

The osteoclast is the unique bone-resorptive cell and is highly
specialized towards this process. For its specific work, the osteoclast
matures as a giant polykaryon through cell-cell fusion from its
precursors®*®. The mammalian osteoclast contains up to eight nuclei
with an in vitro diameter of 300um, thus covering large areas to
operate efficiently’®>’. Net bone resorption is a reflection of both the
number of osteoclasts and the degrading capacity of each individual
cell**®. Osteoclastogenesis is a complex process that includes many
stages, such as commitment, differentiation, multinucleation and

activation of immature osteoclasts®°.

The earliest identifiable hematopoietic precursor able to form
osteoclasts is the granulocyte-macrophage colony forming unit (GM-
CFU)°. At this stage, the main transcription factors involved are
spleen focus forming virus proviral integration oncogene spil (PU.1),

microphthalmia-associated transcription factor (MITF) and FBJ murine
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osteosarcoma viral oncogene homolog (FOS). PU.1 is responsible for
the earliest events in osteoclastogenesis; PU.1 null mice lack not only
osteoclasts but also macrophages, although they preserve the ability
to form monocytes. Moreover, the transcription of colony
stimulating factor 1 receptor (C-FMS) gene, which encodes the
receptor of colony stimulating factor 1 (macrophage) (M-CSF), is
dependent on PU.1 and M-CSF and also plays a role in the earliest
events of osteoclastogenesis by stimulating the proliferation and
preventing apoptosis of early osteoclast precursors*3*°. MITF has also
been implicated in differentiation and survival of several cell types,
including osteoclasts. Moreover, this transcription factor is expressed
in macrophages, osteoclasts and in the mononuclear precursor of

these cell types**?.

By interaction with PU.1, MITF regulates target
genes such as the ones that encode CTSK, acid phosphatase 5,
tartrate resistant (TRAP) and osteoclast associated, immunoglobulin-
like receptor (OSCAR), during osteoclast differentiation’*®. The
protein FOS is a member of the transcription factor complex activator
protein-1 (AP-1) and plays a role in early osteoclast differentiation as
shown in animal model studies, where mice deficient in FOS develop
osteopetrosis due to an osteoclast differentiation defect'**. Moreover,
FOS is a mediator of the lineage commitment between osteoclasts
and dendritic cells (DC). The differentiation into an osteoclast or DC
lineage is reciprocally inhibited by colony stimulating factor 2

(granulocyte-macrophage) (GM-CSF) and M-CSF, respectively**°.

In 1988 it was established that the osteoclast precursor belongs to
the monocyte/macrophage lineage*®, as part of the cluster of
differentiation (CD)14"CD16™ monocyte subpopulation**’. Moreover, it
was demonstrated that osteoclasts could not be generated from bone
marrow macrophages unless they were in contact with osteoblast-
lineage cells*®. But it was only ten years later that receptor activator

of nuclear factor kappa B (RANK) ligand (RANKL), a member of the
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TNF superfamily, was found to be expressed on the surface of
osteoblast-lineage cells and to be responsible for osteoclast

differentiation#°-1%0

through interaction with its receptor RANK at the
surface of osteoclast precursors™!. In a study using primary cultures
of rat osteoclasts the authors settled that osteoprotegerin (OPG), a
protein produced by osteoblasts, blocks RANKL and this effect was
not only found on osteoclast precursors but also on mature
osteoclasts®?. Expression of RANKL and OPG regulates bone
resorption by controlling the activation state of RANK on osteoclasts.
The unique osteoclastogenic property of RANK is related to its ability
to bind TNF receptor-associated factor (TRAF) 6, which stimulates
mitogen-activated protein kinase (MAPK), phosphoinositide-3-kinase
(PI3K) and nuclear factor kappa B (NFkB) pathways, as well as
calcineurin®®3. Therefore, activation of RANK by its ligand leads to the
expression of specific genes during differentiation, activation,
participation in bone degradation and survival. At least five different
intracellular cascades are induced during osteoclastogenesis and
activation — inhibitor of NF-kB kinase (IKK), c-Jun N-teminal kinase
(JNK), mitogen-activated protein kinase 14 (p38), extracellular
signal-regulated kinase (ERK) and V-src sarcoma (Schmidt-Ruppin A-
2) viral oncogene homolog (SRC) pathways'®*. As members of the
TNF receptor family lack intrinsic enzymatic activity, the key
preliminary step of this signalling cascade is the binding of TRAFs to
specific cytoplasmic domains of RANK**>*® There are multiple TRAFs
that can bind to RANK*’, however only TRAF6-deficient mice develop
osteopetrosis due to impaired osteoclast function'*®. Therefore,
TRAF6 acts as a key adaptor molecule of the signalling proteins that
drive osteoclast-specific gene expression leading to cell differentiation
and activation'*®. TRAF6 is not specific of RANK signalling but recent
studies suggest that the quantitative difference in TRAF6-activation is
probably the key mechanism that distinguishes RANK from other

receptors regarding the osteoclastogenic potential*®®. NF-kB is one of
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the earliest signals following RANKL stimulation and it is required for
precursor survival during commitment to the osteoclast lineage, as
well as for full differentiation®’. The importance of the NF-kB
pathway for osteoclast formation was demonstrated in mice deficient
in p50 and p52 (two NF-kB subunits), that are osteopetrotic, due to

defective osteoclast differentiation®?.

M-CSF
M-CSF RANKL RANKL
—> EE— —_—
HSC Pre-osteoclast Multinucleated Osteoclast
pre-osteoclast
PU.1 RANK RANK RANK
MITF DC-STAMP TRAP TRAP
FOS CALCR CALCR
avp3 avp3
CTSK
CLCN7?7
AT6VOD2

Figure 2 — Osteoclast lineage.

Osteoclasts derive from hematopoietic precursors and proliferation of mononuclear
cells requires M-CSF. When these cells arrive at the resorption site they fuse
together in the presence of RANKL and M-CSF. These multinucleated precursors
express osteoclast-specific genes and after polarization acquire the capacity to
resorb bone.

(avB3 - avp3 integrin; ATP6VOD2 - ATPase, H+ transporting, lysosomal 38kDa, VO subunit
d2; CALCR — calcitonin receptor; CLCN7 — chloride channel 7; CTSK — cathepsin K; DC-
STAMP - dendritic cell-specific transmembrane protein; FOS - FBJ murine osteosarcoma viral
oncogene homolog; HSC — hematopoietic stem cell; M-CSF — colony stimulating factor 1
(macrophage); MITF - microphthalmia-associated transcription factor; PU.1 — spleen focus
forming virus proviral integration oncogene spil; RANK - receptor activator of nuclear factor
kappa B; RANKL — RANK ligand; TRAP - acid phosphatase 5, tartrate resistant)

In addition to RANKL, M-CSF is another essential cytokine to generate
osteoclasts, as it promotes precursors proliferation and survival. This
cytokine is produced by several cells, but cells from the osteoblast
lineage are the major source during osteoclastogenesis’®®. Mice
deficient in M-CSF (op/op mouse) are characterized by osteoclast-
deficient osteopetrosis'®®. Together, M-CSF and RANKL are required
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to induce expression of osteoclast lineage-specific genes (figure 2),
including those encoding TRAP, CTSK, calcitonin receptor (CALCR)
and avpsz integrin, leading to the development of mature

osteoclasts®®.

Osteoclast precursors differentiate into TRAP* mononuclear cells after
RANKL stimulation. These cells fuse with each other and differentiate

166 cell fusion is one of the most

into multinucleated osteoclasts
distinctive characteristic properties of osteoclasts. An osteoclast
precursor cell in contact with a RANKL presenting cell will receive the
RANKL signal to initiate a cascade of gene expression that includes
the production of the chemokines monocyte chemotactic protein-1
(MCP-1) and regulated upon activation normal T cell expressed and
secreted (RANTES) which are chemotactic signals for monocytes®®’.
Osteoclast cell fusion occurs within RANK™ mononuclear precursors in
2D directions and the major effect of multinucleation is the increase
in cell size, creating multinucleated giant osteoclasts that resorb
larger areas of bone tissue™®®. RANKL, via nuclear factor of activated
T-cells, cytoplasmic, calcineurin-dependent 1 (NFATcl), induces the
expression of two proteins dendritic cell-specific transmembrane
protein (DC-STAMP) and ATPase, H" transporting, lysosomal 38kDa,
VO subunit d2 (ATP6VOD2) required for osteoclast multinucleation®®®

189 In DC-STAMP-deficient mice, osteoclast cell fusion is impaired

% and in another

despite normal expression of osteoclasts markers'’
study this molecule was up-regulated following stimulation with
RANKLY*172 The osteoclastic ability of DC-STAMP”~ mononuclear
cells is impaired but not completely blocked; therefore, DC-STAMP is
important for cell fusion but not essential for bone resorption activity.
Moreover, inactivation of ATP6VOD2, an isoform of the osteoclast H*
ATPase transporter, lead to resorptive dysfunction in mice by lack of
efficient  pre-osteoclast fusion'’®. The DC-STAMP-expressing

osteoclast becomes the master-fusing cell and fuses with a DC-
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STAMP-negative follower cell. Once fusion of the two cells is
completed, a binucleated cell is formed and this cell becomes the
master fuser and can fuse with other mono or multinucleated cells'’.
Overall, cell-cell fusion is a tightly regulated process involving several
steps. Cells have to acquire the capacity to fuse and then, fusion-
competent cells have to move towards each other, attach and bring
their membranes in close contact. Finally, the cell membranes must
be merged and the resultant multinucleated cell has to reorganize

cellular components in order to become functional'”.

The mature osteoclast is rich in mitochondria to produce energy for
the resorption process and is a polarized cell with the nuclei localized
towards the resorptive surface. The osteoclast also contains a unique
and complex ruffled membrane, which is the resorptive organelle.
Although the origin of this specialized membrane was enigmatic for
some time, it is now considered to be the most specific marker of the
osteoclast since it appears only when the cell is resorbing bone®®.
Recent findings point to a lysossomal origin of this organelle. In fact,
synaptotagmin VII, a calcium sensor protein that regulated
exocytosis, is associated with lysosomes in osteoclasts and the
absence of this protein inhibits CTSK secretion and formation of the
ruffled border but without interfering with cell differentiation®’®. The
ruffled border is formed upon contact of the cell with the bone surface
by transport of acidified cytoplasmic vesicles to this area. This
organelle is surrounded by an actin-rich structure known as actin ring
or sealing zone which creates an isolated microenvironment where
organic and inorganic components of bone are degraded!®®. The
primary component of the osteoclast cytoskeleton is F-actin and this
cell has a distinct actin complex known as podosome which mediates
its attachment to bone'’’. The osteoclast attaches to bone surface via
avB3 integrin binding to the Arg-Gly-Asp (RGD) residues, a

component of matrix proteins such as OPN and BSP. Upregulation of
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avB3 expression is characteristic of monocytes as they become
osteoclasts and it is an important molecule in cell motility, adhesion
to bone matrix and polarization. Osteoclasts of 37~ mice are not able
to form actin rings and have attenuated ruffled membranes leading to
diminished resorptive activity and increased bone mass'’®. In the
osteoclast, avpf3 is maintained in a basal low-affinity state by
interactions between the o and  subunits; during bone resorption the
activated conformation is prevalent in the ruffled membrane whereas
the basal form is present in the sealing zone. This conformation shift
is modulated by M-CSF and integrin activation is necessary for the
binding to RGD motifs present on bone matrix, leading to osteclast
attachment to bone'’®. The cytoskeleton structure is controlled by
interaction between avf3 integrin and the M-CSF pathway. M-CSF
binds to its receptor C-FMS and activates the integrin by targeting its
cytoplasmic domain and changing the conformation of its extracellular
ligand-binding region®®. Consequently, osteoclasts stimulated with
M-CSF undergo cytoskeletal reorganization, acquiring a motile
phenotype mediated by the activation of Vav3/Rac pathway'®'. Bone
resorption is a cyclic process in which the cell migrates to a resorptive
site, degrades the underlying matrix, detaches and re-initiates the
cycle. Optimal bone resorption depends upon these cycles and the

avf3 integrin is critical for all phases*®?.

The osteoclast ability to resorb bone depends on the capacity of
cytoskeletal organization to create an intimate microenvironment with
bone surface. Observation of the pits formed by osteoclasts
demonstrates that each cell typically produces a path that is longer
than the cell width, indicating that migration is part of the resorption
process. As the cell moves, it rearranges its cytoskeleton to form new
sealing zones and dissolve old ones; in fact a single resorbing
osteoclast can form several sealing zones'®®. Inside this specific

microenvironment the key events that lead to bone degradation
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occur. The first study about the basic mechanism of bone degradation
was performed in 1985 and established that the resorptive space is a

183

highly acidified microenvironment The acidification process is

initiated by a carbonic anhydrase'®

and the protons generated are
transported to the resorptive lacunae via an ATP-dependent proton
pump®®®. Concomitantly, intracellular pH is maintained by an energy-
independent CI/HCO3 exchanger on the cell anti-resorptive

surface®®®

and CI" ions are transported to the resorptive lacunae
through chloride channel (CLCN) 7*®’. Therefore, acidification of the
extracellular microenvironment represents production of hydrogen
chloride (HCI) within this confined space. The low pH maintained in
the resorptive lacunae is necessary and sufficient to dissolve the
mineral phase of the matrix, which is followed by degradation of bone
organic matrix'®®>. The HCI dissolves the solid hydroxyapatite
[Cas(PO4),]sCa(OH), to Ca?*, HPO, and H,0’. Bone collagen
degradation occurs through the action of a lysosomal enzyme, CTSK,
which also polarizes to the ruffled membrane upon osteoclast

attachment to bone!®8.

Overall, the process of bone resorption can be divided into four steps.
First, the mononuclear precursors fuse to form a polykaryon and
target to the site of resorption. They will then attach to bone surface
stimulating the reorganization of the actin cytoskeleton and forming
the actin ring and the sealing zone. In the third step the ruffled
border is created. Finally, the resorption lacunae will be acidified and
proteases will be secreted into this space, resulting in mineral
dissolution and organic matrix degradation. After resorption, the
osteoclast will detach from the matrix, lose its polarization and either

relocate to a new resorption site or undergo apoptosis™>’.
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OSTEOBLAST

Osteogenesis is a highly regulated process involving the
differentiation of mesenchymal stem cells (MSC) into osteoblasts,
which produce a characteristic extracellular collagenous matrix where
hydroxyapatite crystals deposit. Osteoblasts can exhibit two opposite
phenotypes. One is the osteogenic phenotype, which characterizes
cells that secrete bone matrix at the bone resorption site, while the
osteoclastogenic phenotype, supports osteoclast differentiation in old

bone areas.

Osteoblasts are mononuclear, not terminally differentiated,
specialized cells'®. As they differentiate they acquire the ability to
secrete bone matrix*°. Osteoblasts resemble fibroblasts. In fact, the
only morphological specific trait is located outside the cell in the form
of a mineralized extracellular matrix. Moreover, all the genes
expressed by fibroblasts are also expressed by osteoblasts. In fact,
these cells have only two specific transcripts, one encoding RUNX2

and other encoding OCL*".

Osteoblasts, chondrocytes, adipocytes, myoblasts, tendon cells and
fibroblasts are all derived from MSC (figure 3). The lineages are
determined by specific transcription factors'®?. RUNX2, osterix (OSX)
and p-catenin are three factors necessary and sufficient to the
differentiation of a MSC into an osteoblast'®®>. RUNX2 directs
mesenchymal progenitor cells to preosteoblasts, inhibiting their
differentiation into adipocytes and chondrocytes, while OSX and -
catenin further direct the preosteoblasts to immature osteoblasts,
completely eliminating the potential for differentiating into

chondrocytes®.
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C/EBPa

PPARy Adipocyte
RUNX2
CTNNB1
Osteoblast
SOX9
Chondrocyte

Other cell types

Figure 3 - Mesenchymal precursors differentiate into several lineage cells.

Mesenchymal stem cells give rise to several cell types depending on the
transcription factors expressed. PPARy and C/EBPa are required for adipocyte
differentiation, while RUNX2, CTNNB1 and OSX are necessary for both osteoblast
formation and chondrogenesis require SOX9.

(C/EBPa — CCAAT/enhancer-binding protein a; CTNNB1 - B-catenin; MSC — mesenchymal
stem cell; OSX — osterix; PPARy - peroxisome proliferator-activated receptor y; RUNX2 —
runt-related transcription factor 2; SOX9 - SRY (sex determining region Y)-box 9)

The progressive development of the osteoblast phenotype from a
proliferating immature cell to a mature osteoblast that is able to
synthesize bone proteins is characterized by a sequential expression
of specific genes that identifies three periods of osteoblast phenotype
development: proliferation, maturation and extracellular matrix

synthesis, and matrix mineralization (figure 4)%%.

It is hypothesized
that osteoblast proliferation is dependent on the matrix synthesis,
whose maturation contributes to up-regulate the proliferation stage.
During the active proliferation phase, osteoblast-committed
progenitor cells express genes that support proliferation and several
genes encoding for extracellular matrix proteins, such as type |

collagen. These precursor cells are elliptical and unable to deposit
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bone matrix, but retain the proliferation capacity. At this point, BMP-2
and BMP-5 have a key role in increasing alkaline phosphatase (ALP)

activity and OCL synthesis™®**%°

. Immediately after growth arrest, a
development sequence of specific genes that characterize osteoblasts
(ALP, OCL) occurs. The accumulation of matrix proteins leads to the

suppression of cell proliferation®.

RUNX2
DLX5 0SX
RUNX2 CTNNB1
MSC Pre-osteoblast Osteoblast
COLI COLI
ALP ALP
BSP OoCL
OPN
RANKL
OPG

Figure 4 — Osteoblast lineage.

Osteoblasts derive from mesenchymal stem cells and differentiate only in the
presence of DLX5, RUNX2, OSX and CTNNB1l. The pre-osteoblast is unable to
deposit bone matrix but maintains the proliferation capacity. Moreover, the amount
of RANKL and OPG expressed by osteoblasts depend on their stage of
differentiation: pre-osteoblast cells express high levels of RANKL and relatively low
levels of OPG, thus stimulating osteoclast differentiation and function. Immediately
after growth arrest, a development sequence of specific genes that characterize
osteoblasts occurs.

(ALP — Alkaline phosphatase; BSP — bone sialoprotein; COLI — type | collagen; CTNNB1 - -
catenin; DLX5 - distal-less homeobox 5; MSC — mesenchymal stem cell; OPG —
osteoprotegerin; OPN — osteopontin; OSX — osterix; RANKL - receptor activator of nuclear
factor kappa B ligand; RUNX2 - runt-related transcription factor 2)

The active osteoblast is a cuboidal cell with an abundant rough
endoplasmic reticulum and a large Golgi apparatus. In addition,
osteoblasts form tight junctions with adjacent osteoblasts and have

plasma membrane regions specialized in vesicular trafficking and
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secretion that facilitate the deposition of bone matrix®* *°’. During the
post-proliferative phase, which is characterized by high levels of ALP,
the extracellular matrix progresses to the mineralization phase, in
which osteoblasts synthesize several proteins associated with the
mineralized matrix'®® including BSP'®°, OPN and OCL?*®. OPN is
expressed during active osteoblast proliferation, decreases
immediately after the post-proliferative stage and increases again at
the onset of mineralization, achieving a peak during mineralization®®*.
On the other hand, OCL is expressed only in the post-proliferative
phase, showing highest levels during mineralization®°?. At the end of
the matrix synthesis and mineralization, expression of ALP
diminishes?®* and osteoblasts either undergo apoptosis, become lining

cells or maturate into osteocytes®®”.

More than a decade ago, RUNX2 was established as essential for bone
formation since mice deficient in this transcription factor showed no
ossification®®®. RUNX2 is a member of the runt family of transcription
factors that is expressed by MSCs at the onset of skeletal
development and is present in osteoblasts throughout their
differentiation®®*. Mice overexpressing RUNX2 exhibit osteopenia and
multiple fractures, as a consequence of the reduced number of
terminally differentiated osteoblasts and diminished number of
osteocytes, whereas less mature osteoblasts expressing OPN
accumulated in adult bone. Therefore, although essential for
osteoblast lineage commitment and proliferation, RUNX2 inhibits

differentiation at a later stage®°®

. In bone lineage cells, RUNX2 binds
to the osteoblast specific element (OSE2), that is found in the
promoter region of all major osteoblast genes and controls their
expression®®®, including type | collagen a1 chain (COL1A1)?°", OPN?%8,

BSP?°° and OCL?Y’.
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Osterix is another essential transcription factor for osteoblast
differentiation. OSX-deficient mice show absence of osteoblasts and
defective bone formation®!°; however, RUNX2 is expressed in these
mice suggesting that OSX acts downstream of RUNX2. In fact, OSX
transcription is positively controlled by RUNX2?''. OSX acts by
forming a complex with NFATc1 resulting both in the activation of the

2

type | collagen promoter?*? and in the induction of WNT signaling

pathway and bone formation®3.

The WNT signaling pathway regulates several aspects of osteoblast
activities including commitment of mesenchymal stem cells,
osteoblast progenitor amplification and cell death. The first evidence
that WNT/B-catenin signalling plays an important role in bone
formation came from studies in humans where mutations that
inactivate the WNT co-receptor low density lipoprotein receptor-
related protein (LRP)5 were shown to cause osteoporosis®'®.
Moreover, gain-of-function mutations in this receptor increased WNT
signalling and resulted in a high bone mass phenotype, both in
humans and mice, due to an elevated number of active osteoblasts

which seem to be protected from apoptosis®*°.

WNTs are secreted glycoproteins that are found in all animal species.
The human genome encodes 19 WNT genes that bind to cell-surface
receptors and mediate a cascade of events that regulate a variety of
cellular activities, including cell fate, determination, proliferation,
migration, polarity and gene expression. The WNT/B-catenin pathway
(figure 5) is frequently referred to as the canonical pathway and it
promotes cell fate determination, proliferation and survival through
the increase of pB-catenin levels and alteration of gene expression by
the transcription factor lymphoid enhancer factor/T cell factor
(LEF/TCF)?*®. Activation of this signalling pathway occurs with binding
of WNT to the receptor Frizzled (FZ) and the co-receptors LRP5/62'"
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218 In the absence of a WNT ligand, the cytosolic level of B-catenin is

kept low by its phosphorylation and degradation, thereby suppressing

the expression of WNT-responsive genes®*®.

Osteoblast proliferation and bone
formation

Figure 5 - Wnt/g-catenin signaling pathway.

Canonical Wnt signalling has multiple roles in osteoblastogenesis, is essential for
osteoblast lineage differentiation and is involved in osteoblast proliferation, survival
and lifespan. Binding of WNT to FZ and LRP5/6 receptors induce a signalling
cascade that allows the accumulation of B-catenin in the cytoplasm. B-catenin then
enters the nucleus where it promotes the transcription of target genes.

(APC — adenomatous polyposis coli; pB-cat - p-catenin; DKK-1 — dickkopf-related protein 1;
DVL — dishvelled; FZ — frizzled receptor; GSK3 — glycogen synthase kinase-3p; LRP5/6 -
low-density lipoprotein receptor related protein 5/6; sFRP — secreted frizzled-related protein;
SOST — sclerostin; WIF-1 — WNT inhibitory factor; LEF/TCF — lymphoid enhancer factor/T cell
factor)

B-catenin activity is essential for the differentiation of mature
osteoblasts and, consequently, for bone formation. In fact,
conditional inactivation of p-catenin in either skeletal progenitor cells
or at a later stage of osteoblast development in mouse embryos
blocks osteoblast differentiation®*®. LRP5 is expressed at low levels in

various tissues and constitutes a key factor in bone regulation. This
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factor forms a complex with FZ, leading to the activation of the
canonical WNT signalling pathway?!’?*8 22°_ Moreover, recent studies
have shown that OSX is able to inhibit WNT pathway activity during
osteoblast differentiation either through disrupting the biding of TCF
to DNA and inhibiting pB-catenin transcription, or by activating the
dickkopf homolog 1 (DKK1) promoter, an endogenous inhibitor of the

WNT/B-catenin signaling®*222.

Although this pathway has been
extensively studied on osteoblastogenesis and bone formation,
specific WNT proteins able to trigger its activation have still not been
identified. In fact, several WNT genes, such as WNT1, WNT4, WNT5a,
WNT9u/14 and WNT7b are expressed in either osteoblast precursors
or adjacent tissues during development, and WNT3a and WNT10b are
expressed in bone marrow?!’, but only WNT10b mutants show a
postnatal decrease in bone mass. WNT10b induces the expression of
the transcription factors RUNX2%2%??4 distal-less homeobox 5 (DLX5)
and OSX??° in mesenchymal progenitor cells in vitro. Additionally
WNT10b blocks adipogenesis by inhibiting the transcription factors
CCAAT/enhancer-binding protein o (C/EBPa) and peroxisome
proliferator-activated receptor (PPAR)y*?®. These observations
substantiate the influence of WNT/B-catenin pathway on the
differentiation of the mesenchymal stem cells towards an osteoblastic
phenotype both by inhibiting adipogenesis and inducing osteoblast-
specific transcription factors. LRP5/6 appears to regulate the number
of osteoblasts and their proliferation® while B-catenin influences OPG
production in osteoblasts and affects bone resorption but without
having impact on their number??’. Moreover, WNT/B-catenin
signalling activation enhance osteoblast and osteocyte survival in

vitro®'® and this pathway is also active during bone regeneration?2.

WNT signalling is tightly regulated by secreted antagonists. There are
two classes of WNT inhibitors, the secreted frizzled-related protein

(sFRP) class and the dickkopf class. Members of the sFRP class bind
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directly to WNTs and members of the dickkopf class, which comprise
some dickkopf family of proteins and sclerostin (SOST), inhibit WNT
signalling by binding to the LRP5/6 co-receptor??*?3°. The dickkopf
family of proteins comprises four members. DKK1, the most studied
one, is a secreted protein whose function is to prevent the activation
of the WNT signalling pathway by binding to LRP5/6%**. DKK1 inhibits
the WNT pathway through interaction with another transmembrane
receptor, Kremen (KRM)-1 and KRM-2, forming a ternary complex
(DKK1-KRM-LRP5/6) and disrupting the signalling by promoting
endocytosis and removal of the WNT receptor from the cell

membrane?2.

Transgenic mice overexpressing DKK1 have reduced
osteoblast numbers and severe osteopenia®*®, whereas deletion of
only one DKK1 allele increases all bone formation parameters without
affecting bone resorption3*. Single KRM mutants show normal bone
formation while double mutants show increased bone mass
parameters, both without interfering with bone resorption markers®®.
Canonical WNTs upregulate DKK2 expression which, in turn, controls
some of the processes required for terminal osteoblast differentiation,
mostly by removing the cells from the cell cycle. This protein is
important in late stages of osteogenic differentiation, particularly for
the formation of mineralized matrix. In fact, DKK2”" mice are
osteopenic, have increased numbers of osteoclasts and show elevated

levels of RANKL; therefore, DKK2 seems to influence both osteoblast

and osteoclast biology?®°.

Sclerostin is a secreted protein expressed by mature osteocytes®®’
and its expression is modulated by mechanical loading®®®. Like DKK1,
SOST inhibits WNT/B-catenin pathway by binding to LRP5/6 co-
receptor; however, it binds to a different region of LRP5/6 and it does
not mediate receptor internalization®*°. SOST knockout mice have
h240

increased BMD, bone volume, bone formation and bone strengt

while overexpression of SOST leads to osteopenia®*'. Mutations that
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reduce SOST function, in humans, cause sclerosteosis characterized

by endosteal hyperostosis, most commonly of the skull and mandible
242

BMPs, namely BMP-2, BMP-4 and BMP-7, are able to induce immature

243

cells to differentiate into osteoblasts®™”. Specifically, BMP-7 induces

the expression of RUNX2 indicating that this gene is a target of BMP

signalling during osteoblast differentiation®**.

Osteoblasts have the ability to regulate bone resorption through the
expression of RANKL, which binds to its receptor, RANK, on the
surface of pre-osteoclast cells, inducing their differentiation. On the
contrary, the soluble decoy receptor OPG, also produced by the
osteoblast, is able to block RANK/RANKL interaction by binding to
RANKL and thus prevent osteoclast differentiation and activation®*.

RANKL was initially identified as a cytokine produced by T cells and

246

needed for their interaction with DCs RANKL is expressed by

osteoblasts, bone marrow stromal cells, activated immune system
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cells , mammary epithelial cells“™®, cells within the periodontal

9 9 250

tissue®*®, hypertrophic chondrocytes'*® and smooth muscle cells®*°.

Evidence has shown that RANKL exists in two forms; a 40 to 45kDa

148, 251. In vitro

membrane-bound form and a 31KDa soluble form
studies confirmed that the soluble form can be generated by
proteolytic cleavage of the membrane-bound form by proteinases
such as TNF-a converting enzyme (TACE)?*?

(ADAM) 10 and MMP14%°3. In addition to proteolytic cleavage, in

, a disintegrin and MMP

malignant cells a human soluble form of RANKL can be produced by

alternative splicing®42°>.

However, some data suggest that the
membrane-bound form is more potent than the soluble one®® since
shedding of RANKL from stromal cells inhibits osteoclastogenesis in
vitro and mice with reduced RANKL shedding have increased

osteoclast number?*3. Moreover, shedding of RANKL is suppressed
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either by binding of OPG or soluble RANK to RANKL?*" and transgenic

mice overexpressing soluble RANKL are osteoporotic®®®.

TNF family members mediate several biological processes and RANKL

® and in

is especially important in bone, in the immune system?®
mammary epithelium?*°. Deletion of the RANKL gene in mice resulted
in severe osteopetrosis and a complete lack of osteoclasts, as a result
of an inability of osteoblasts to support osteoclastogenesis®®®. OPG
was first identified in 1997 as being a protein that exhibits a
protective effect on bone?®!, although it is expressed ubiquitously and
abundantly in many tissues and cell types®®?. OPG was identified only
as a soluble protein®®* 2°® which binds to its ligand, thereby
preventing the activation of cellular targets. In fact, the main function
of OPG is to antagonize RANKL effects, by interrupting the signalling
between osteoblasts and  osteoclast progenitors. Indeed,
overexpression of OPG in mice also resulted in osteopetrosis due to
inhibition of osteoclast maturation®®*, whereas OPG-deficient mice

exhibit osteoporosis®®*

. In an in vitro study, RANKL mRNA levels were
found to be increased in undifferentiated cells and decrease 5-fold
during osteoblast differentiation, whereas OPG mMRNA levels were
much lower in undifferentiated cells and increased 7-fold during

differentiation?%°-2¢

. These findings are in agreement with the fact
that only undifferentiated cells can support osteoclastogenesis, while
partially or completely differentiated cells cannot. Accordingly, the
amount of RANKL and OPG expressed by osteoblasts depend on their
stage of differentiation: pre-osteoblast cells express high levels of
RANKL and relatively low levels of OPG, thus stimulating osteoclast
differentiation and function (figure 4). On the other hand, more
mature osteoblasts express higher levels of OPG, in comparison to
RANKL levels, inhibiting osteoclast differentiation and function*®°.
Hence, a high RANKL/OPG ratio in bone microenvironment is the

main molecular mechanism that determines osteoclastogenesis.
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Following lineage commitment, osteoprogenitors undergo a
proliferative stage. Subsequently, they exit cell cycling and begin to
express genes encoding several proteins such as ALP, BSP and type |
collagen as they start to produce and mature the extracellular matrix.
Finally, osteoprogenitors express genes of proteins involved in the

mineralization of the extracellular matrix such as OCL and OPN?%’.

OSTEOCYTE

At the end of the bone formation phase osteoblasts have one of three
possible fates: they can be embedded in the matrix and differentiate
into osteocytes, they can be transformed to bone lining cells or they
can undergo programmed cell death®®®. Thus, an osteocyte is an old
osteoblast that was entrapped in its own matrix. It remains unclear if
the decision for an osteoblast to become an osteocyte is determined
by a specific pattern of gene expression, weather it is a cell
autonomous response or one that is controlled by signals received by
the surface cells from already embedded osteocytes. It is also not
known whether every osteoblast can become an osteocyte or if there
is a specific subpopulation with predefined fate®®®. Several
investigators have reported heterogeneity in osteoblast gene and
protein expression patterns, suggesting the existence of

subpopulations of osteoblasts destined for different fates®’°2"*,

Osteocytes are non-proliferative, terminally differentiated cells and
constitute the main cellular component of mammalian bone,
representing more than 95% of bone cells. They reside both in
mineralized matrix and in newly formed osteoid, locked inside small

lacunae. Osteocytes have dendritic morphology. The cells are located
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in osteocytic lacunae and present cytoplasmic extensions, dendrites,
which extend into channels in the matrix, called canaliculi. Although
they are considered non-migratory, osteocytes are motile within the
lacuno-canalicular system and they are able to retract and extend
their cytoplasmic processes in the canals?’?. Osteocytes communicate
with each other and with cells at bone surface via these dendrites and
the lacuno-canalicular system constitutes a molecular exchange
surface area®’®. Once embedded into the bone matrix, the osteocyte
ceases its matrix synthetic activity and initiates the function as strain
and stress sensor’’*. Another function of osteocytes within the bone
cell network is the ability to deposit and resorb bone around the
lacuna in which they are housed, thus changing the shape of the
lacuna. This process is called osteocytic osteolysis and is limited to
specific situations®’>. In an attempt to understand if the osteocyte
can be released from its lacunae, it was found that when bone around
embedded osteocytes is resorbed, osteocytes either appear to
undergo cell death or they crawl out of the lacunae into the resorbed

area’®®. However, the faith of the free cell is unknown.

During osteocytogenesis the embedding cell undergoes a dramatic
transformation. In order for osteoblasts to differentiate into
osteocytes they first need to arrest their motion on bone surface and
adopt a dendritic morphology. At this phase, the organized
expression of tubulin, vimentin and actin in cell bodies and dendrites
of osteocytes are crucial to maintain their characteristic cytoskeletal

shape?®’®.

Many researchers believe that the transformation process
involves three cell types: preosteoblasts differentiate into osteoblasts
which become trapped as osteocytes. During the transformation
process there is a wide range of morphological changes such as
decrease in size of the cell body (about 70% reduction in body
volume), increase in the cellular processes and changes in

intracellular organelles. In the nascent osteocyte, the structure of

44



organelles is qualitatively similar to that of osteoblasts, although the
size and number are diminished. In fact, with increasing distance
from the mineralizing surface the rough endoplasmic reticulum, the
Golgi apparatus and mitochondria decreases and glycogen

accumulation increases®’’ 2’8,

During bone formation, processes of
the osteocyte surface continue to grow to enable this cell to maintain
contact with the active osteoblast layer and modulate their activity.
When these processes stop growing they produce a signal that
induces recruitment of those osteoblasts with which they are losing
contact. The committed osteoblasts start differentiating into
osteoblastic osteocytes?’®. Studies in the femoral metaphysis of 2-
week old rabbits suggest that the transformation from osteoblast to
osteocytes takes about three days®®°. During this time, the cell
produces a volume of extracellular matrix three times its own cellular
volume?’®. The osteoid osteocyte must perform two major functions
simultaneously: regulate mineralization and form connective dendritic

processes?817282

Osteocyte differentiation (figure 6) is accompanied by progressive
reduction of several bone markers such as ALP, BSP, OCL, collagen
type | and RUNX2. The expression of OPN and podoplanin (E11/gp38)
is maintained. On the other hand, osteocytes start expressing new
markers like CD44, dentin matrix acidic phosphoprotein 1 (DMP1) and
matrix extracellular phosphoglycoprotein (MEPE)?’* 283 After
mineralization of the osteoid, the osteocyte undergoes morphological
changes that lead to a decrease in protein synthesis. Although the
molecular control of osteocytogenesis is largely unknown, this
process is accompanied by increased expression of MEPE and DMP1,

which have been associated with the osteocyte phenotype®®428°.
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Osteoblast Osteoid osteocyte Mature osteocyte

OPG PHEX PHEX
RANKL MEPE MEPE
COLI DMP1 DMP1
ALP E11/GP38 SOST
ocCL FGF23

Figure 6 — Osteocytogenesis.

Osteocytes derive from matrix-secreting osteoblasts. By an unknown mechanism,
osteocytes become entrapped in the bone matrix while maintaining contact with
each other and with cells at the bone surface through cytoplasmic projections.
During entrapment, the cell morphology changes until it acquires the typical
morphology with a small cell body and numerous dendritic processes.

(ALP — Alkaline phosphatase; COLI — type | collagen; DMP1l - dentin matrix acidic
phosphoprotein 1; E11/GP38 — podoplanin; FGF23 — fibroblast-growth factor 23; MEPE -
matrix extracellular phosphoglycoprotein; OCL — osteocalcin; OPG — osteoprotegerin; PHEX -
phosphate regulating endopeptidase homolog, X-linked; RANKL - receptor activator of
nuclear factor kappa B ligand; SOST — sclerostin)

DMP1 is an extracellular matrix protein that has been implicated in
osteocyte function and signaling®®®. DMP1 is a target for RUNX2 and
is absent in RUNX2 knockout animals. In a DMP1 knockout model a
hypomineralized phenotype is present and associated with elevated
fibroblast growth factor (FGF)23 and defective lacuno-canalicular
network formation®®’. Moreover E11/gp38 is highly expressed in
osteocytes that are in the process of embedding or have recently
been embedded, suggesting that this molecule may be important for
the initial formation of dendrites but not for the subsequent
maintenance of their morphology. In vitro studies suggest a link
between this molecule and the dendritic nature of osteocytes since
overexpression of E11/gp38 in osteoblasts initiates the development
of cytoplasmic processes, while blockade inhibits them?®®. MMP-2 has
also a role in osteocytogenesis. Recent work describes MMP-2 as a
regulator of osteocyte production, generation and maintenance of an
appropriate canalicular system, since in MMP-2 knockout mice the

number of canaliculi is reduced®®®. Although osteocytes by
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themselves do not resorb or form bone, except in the lacunar area,
they signal osteoblasts and osteoclasts to perform their functions.
Osteocytes have been shown to produce RANKL and M-CSF and to
support the generation of functional resorbing osteoclasts from their

290-291

progenitors . These cells also express OPG, influenced by B-

catenin signaling®’? 222

. Mechanical pressures and loads are sensed
by osteocytes and these cells are able to respond by modulating the
expression and secretion of many molecules, including IGF-1, IGF-I1,
OCL?*? and type | collagen®®3. Osteocytes also produce two important
inhibitors of osteoblast proliferation and differentiation SOST?*** and

DKK1233,

Osteocytes not only play a physiological role during their lifetime but
also achieve functions through apoptosis. It has been observed that
pro-apoptotic molecules are elevated in osteocytes found in the
vicinity of microcracks, whereas anti-apoptotic molecules are
expressed 1-2mm from the microcrack, suggesting that the apoptotic
area may be restricted to the neighborhood of the damage®*. The
osteocyte apoptosis message travels through the lacuno-canalicular
system to the bone surface and is sensed by the progenitor cells. This
message leads to the initiation signals for remodeling, stimulating the

bone resorption/formation cycle®®>,

THE REMODELING PROCESS

Bone is continuously remodelled to ensure mineral homeostasis and
to maintain the integrity and strength of the structure. Bone
remodeling occurs at the BMU level and involves several sequential

steps beginning with osteoclast formation, osteoclast-mediated bone
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resorption, a reversal period where the matrix will be prepared for
the next phase and a long period of bone matrix formation mediated

by osteoblasts, followed by mineralization of the matrix (figure 7)?°¢

297 In this process cells are not in contact with bone marrow but are
enclosed in a specialized vascular structure that Hauge called bone
remodeling compartment (BRC). This compartment is covered by a
canopy of cells that form the outer delineation that display the classic
osteoblast lineage markers and, therefore, are most probably lining
cells®®®. These cells communicate with each other and with osteocytes
embedded in bone matrix via gap junctions. Capillaries infiltrate the
canopy probably serving as a transportation system for the cells
needed in the BMU. In fact, cells may enter the remodeling space

either via diapedesis through lining cells or capillaries***, since there

146 299

are evidence that both osteoclast™™” and osteoblast“”” precursor cells

are present in the circulation.

Essentially, BRC provides a closed microenvironment suitable for the
tight regulation necessary for bone resorption-formation coupling and
allows remodeling to proceed without interference from local factors
liberated in the bone marrow. The BRC is the structure that translates
microdamage sensed by the osteocyte network into osteoclast and
osteoblast activity. Signals sensed by osteocytes are transmitted to

the lining cells layer3°°30t

and trigger osteoclast precursor
recruitment. Coupling occurs inside the BMU; however, due to the
separation in time and space of bone resorption and formation, the
cell-cell contact between osteoclast precursors and active osteoblasts
is highly unlikely*®*. Therefore it was proposed that lining cells, which
express OPG and RANKL®?, might be responsible for cell-cell contact
with osteoclast precursors. Bone surface is generally covered by

lining cells®*"’

preventing direct contact between osteoblasts or
osteoclasts and integrins or other adhesion molecules present on

bone surface. Due to the fact that BRC formation involves
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detachment of lining cells from bone surface, BRC would be the only
place where circulating osteoblasts and osteoclasts precursors are
exposed to matrix constituents. Therefore, this structure eliminates
the need of a “postal code” system to ensure that cells migrate and

adhere to the areas where they are needed®®!.

Marrow Capillary \

Bone lining cells

:_. o /Pre-osteoclasts

Osteoclasts

| r Osteal macrophages

Osteocytes

Activation Resorption Reversal

Pre-ostecblasts

Osteoblasts

Formation

Figure 7 — The remodeling process.

The remodeling process takes place inside the bone remodeling compartment. Bone
remodeling is hypothesized to be initiated by osteocyte apoptosis (activation
phase), which sends a signal for the recruitment of osteclast precursors, which then
differentiates and resorb bone in this closed microenvironment (resorption phase).
Following osteoclast-mediated resorption, the lacunae remains covered with
undigested demineralised collagen matrix and will be cleaned by osteal
macrophages (reversal phase). At last, osteoblasts arrive at the bone remodeling
compartment where they will deposit new bone (formation phase).

The trigger that initiates bone remodeling is thought to be osteocyte
apoptosis®®®. Studies of mechanical loading in human bone ex vivo
and of rat bone in vivo determined that osteocyte apoptosis is

increased by loading and was accompanied by increased
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remodeling®*3%. Under normal conditions, osteocytes secrete TGF,
inhibiting osteoclastogenesis. When these cells undergo apoptosis,
TGFB levels diminishes, removing the osteoclastogenesis inhibitory
signal and allowing osteoclast formation®°°. Moreover, osteocytes are
able to secrete OPG and M-CSF and express RANKL, which enables

them to control osteoclastogenesis®®! 3°7.

Osteoblasts respond to the stimuli generated by osteocytes and
recruit osteoclast precursors to the remodeling site. During
recruitment, osteoclast precursors migrate from the bloodstream into
the extravascular space, through the endothelial cell layer. Studies
have shown that two routes for this journey can be considered: either
the precursors migrate via cell-cell junctions (paracellular
migration)®°® or through the cell body of endothelial cells
(transcellular migration)*®® 3%°_ At this time, osteoblast decrease the
expression of OPG and enhance M-CSF and RANKL production in
order to promote osteoclast differentiation and activity. Osteoblasts
also produce MMPs in response to the remodeling signal®°. These
enzymes expose the RGD adhesion sites for osteoclast attachment to
the matrix'’®. The structures at which attachment occur, known as
podosomes, are rapidly assembled and disassembled allowing
osteoclast movement and resorption across bone surface®®.
Osteoclasts anchor to bone creating a sealed acidic microenvironment
where mineralized matrix is dissolved, producing the Howship’s
resorption lacunae. The remaining organic matrix is degraded by
CTSK3'. When its resorption cycles have been completed, osteoclasts

die by apoptosis and leave the bone surface.

Following osteoclast-mediated resorption, the resorption pits remain
covered with undigested demineralised collagen matrix®**?. Studies
have shown that mononuclear cells remove the remaining collagen

and prepare bone surface for subsequent osteoblast-mediated bone
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formation. This cell type has not yet been identified; it was proposed
to be a monocytic phagocyte®® but it can also belong to the
osteoblast lineage®?. From a functional perspective both osteal
macrophages and bone lining cells facilitate events during the
reversal phase of bone remodeling. Osteal macrophages are resident
tissue macrophages located close to the bone surface and are
required for full differentiation and maintenance of osteoblasts®',
while bone lining cells are terminally differentiated osteoblasts. After
bone preparation by osteal macrophages and lining cells, the lining
cells separate from underlying osteocytes and form a canopy over the
bone to be remodelled, creating the BRC??®. The ultimate role of the
lining cells may be to receive and/or produce coupling signals to allow
transition from bone resorption to bone formation inside the BMU; the
nature of this signal remains elusive. It was initially proposed that
molecules stored within bone matrix, such as IGF-1, IGF-11 or TGFj,
could act as coupling signals®'®. However, in mice and humans with
defective osteoclasts, bone formation is preserved and this finding
has led to the hypothesis that osteoclasts themselves produce the
coupling factor*®*®. Several possible coupling mechanisms have been
proposed, including the soluble molecule sphingosine-1-phosphate
(S1P) and the bi-directional signalling mediated by ephrin receptor
B4/ephrin-B2 (EPHB4/EFNB2). S1P is secreted by osteoclasts,
induces osteoblast precursor recruitment and promotes mature cell
survival®*®. EPHB4 receptors are expressed by osteoblasts while
EFNB2 is located in osteoclasts. Forward signaling through EPHB4 into
osteoblasts enhances osteogenesis and reverse signaling through
EFNB2 into osteoclast precursor suppresses osteoclast differentiation
by inhibiting the osteoclastogenic C-FOS-NFATcl cascade3'’.
However, as osteoblast recruitment and matrix deposition continues
long after osteoclasts have abandoned the resorption lacunae, several

mechanisms including both direct contact and soluble signal may be

required to the coupling process. Mechanical stimulation can induce
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bone formation signals through osteocytes. Under resting conditions
osteocytes express SOST*'® and, therefore, inhibit bone formation.
Mechanical strain on bone inhibits osteocyte expression of SOST and
removes the inhibition of WNT/B-catenin signaling allowing bone

formation to occur®38.

Once osteoblast progenitors or mesechymal stem cells arrive to the
resorption lacunae they differentiate and secrete molecules that
replace the resorbed bone. For bone to assume its final composition,
hydroxyapatite crystals are incorporated into this newly deposited
osteoid. Once bone formation is completed and bone surface is
covered with lining cells, the matrix continues to be mineralized in a
process dependent on the signaling of osteocytes, particularly on the
expression of DMP1, phosphate regulating endopeptidase homolog,
X-linked (PHEX) and FGF23%%" 319 The lost SOST expression returns
towards the end of the remodeling cycle. Following mineralization,
mature osteoblasts undergo apoptosis, revert to a lining cell
phenotype or differentiate into osteocytes. When an equal amount of
lost bone is replaced, the remodeling cycle is completed. The
termination signal that informs all the machinery that the cycle has
come to an end is unknown, however osteocytes may have a role in

regulating this termination phase3%°.

BONE REMODELING DISORDERS

Trabecular bone is the major site of bone remodeling. In normal

bone, bone formation and resorption are two balanced and regulated
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processes in such a way that in adult healthy bone there are no major
net changes in bone mass or mechanical strength after each
remodeling cycle. In certain pathological conditions, an imbalance
between bone formation and resorption may occur, leading to
abnormal remodeling and bone disorders®**. As an example, disorders
such as OP, osteopetrosis, osteomalacia and Paget's disease are

briefly addressed.

OP is the most common bone metabolic disease and is characterized
by low bone mass and structural deterioration of bone, leading to
increased fragility and susceptibility to fractures. About 40% of white
postmenopausal women are affected by OP and in the context of an
aging population, this number is expected to increase significantly in
the near future. The patient with OP have an increased lifetime
fracture risk, which most commonly occur in the spine, hip or wrist®?2.
OP represents a group of distinct pathological conditions classified as
primary or secondary depending on its aetiology. Primary OP can be
further divided into two subtypes: post-menopausal (type 1), which
follows menopause in women, mainly due to the loss of the inhibitory
effect of estrogens on osteoclastogenesis, and age-related (type Il)
that occurs in both genders but is twice more common in women3®%3.
In contrast, secondary OP is a consequence of an associated disease
or medication that cause bone metabolism imbalance, such as the

case of RA.

OP was operationally defined by the World Health Organization as a
BMD measured by DXA with a T score lower than 2.5 (more than 2.5
standard deviations below the peak BMD for the same sex in a given
population)®?*. Opposite to DXA scan, which gives us a static image of
the bone, bone turnover markers reflect the total volume of bone in a
time frame allowing us to indirectly assess osteoblast and osteoclast

activity. The biochemical markers of bone turnover are measured
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both in blood and urine, have origin in the cellular metabolism or are
products of the matrix remodeling and reflect bone turnover. These
markers can be divided in two groups according to which function
they reflect, either resorption or formation®" **. However, in OP both
groups are increased due to the coupling mechanisms between bone

resorption and bone formation®%°.

Currently the most widely used
markers for bone formation are ALP, bone-specific ALP, OCL and the
procollagen type | pro-peptides (P1CP and P1NP) (figure 8). On the
other hand, pyridinium crosslinks (PYD and DPD) and the telopeptides
of type 1 collagen (CTX and NTX) reflect bone resorption. For
remodeling evaluation, the new biomarkers included recently are
tartrate-resistant acid phosphatase 5b (TRAcP5b), CTSK, BSP and the
ratio RANKL/OPG®%®. The major limitation for the clinical utility of all

these biomarkers is the inter and intra-individual variation.
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Figure 8 — Bone turnover markers.

Bone turnover markers can be divided in bone formation and bone resorption
markers. Formation markers derive from osteoblast metabolism while the
resorption markers originate from osteoclast action. The RANKL/OPG ratio is a
marker of osteoclastogenesis.

(ALP — alkaline phosphatase; BSP — bone sialoprotein; CTSK — cathepsin K; CTX - carboxy-
telopeptide of type | collagen; DPD — deoxypyridinoline; NTX - amino-telopeptide of type |
collagen; OCL — osteocalcin; OPG — osteoprotegerin; P1CP - procollagen 1 carboxy-terminal
peptide; PINP - procollagen 1 amino-terminal peptide; PYD — pyridinoline; RANK - receptor
activator of nuclear factor kappa B ; RANKL — RANK ligand; TRAcP5b - tartrate-resistant acid
phosphatase 5b)
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The contribution of genetic factors in bone remodeling, BMD
variability and fracture risk has been extensively studied but without
consensual results. However, for genes involved in the WNT/B-catenin
pathway, RANK-RANKL-OPG interaction and estrogen receptors an

association with both BMD and fracture risk have been established
327-328

Age-related bone loss affects both women and men. Significant
trabecular loss begins in the early thirties in both genders but after
menopause women experience acceleration in bone loss due to the
rapid decline in estrogen after menopause®®. In men, age-related
changes in the levels of sex steroids, including both androgen and
estrogen, also contribute to the pathogenesis of osteoporosis®°. A
decline in bioavailable estrogen and androgen levels plays a role in
the development of age-related osteoporosis in men by increasing
osteoclast formation and function. Moreover, a decline in bioavailable
androgen levels results in increased bone resorption as well as

331-332

decreased bone formation . In women, it is well established that

both bone resorption and formation are increased in postmenopausal
osteoporosis, although the balance of the two processes is shifted
towards osteoclast-mediated bone resorption®33. The variations in
serum markers of bone turnover have been studied in a group of
postmenopausal women showing that menopause induces a 79-97%

increase in bone resorption marker levels and 37-52% increase in

334

bone formation®®". In early menopause, the acute phase of estrogen

deficiency, the up-regulation of RANKL on bone-marrow stromal cells

335

is associated with increased bone resorption33* However,

estrogen also stimulates the expression of OPG in mouse osteoblasts

336

and stromal cells®”” and suppresses the expression of TNF, IL-1 and

337

IL-6 in monocytes, osteoblasts and stromal cells Therefore,

estrogen plays a protective role in bone loss by modulation of the
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RANKL/OPG ratio and inhibition of pro-inflammatory cytokines

secretion.

Osteopetrosis is a heterogeneous group of heritable conditions in
which there is a defect in bone resorption by osteoclasts. The
decrease in osteoclast activity also affects the shape and structure of
the bone by altering its capacity to remodel during growth. In the
most severe forms, the medullary cavity is filled with new bone, with
little space remaining for hematopoietic cells. As a consequence of
altered osteoclastic behavior osteopetrosis is associated with
increased skeletal mass due to abnormally dense bone®3%®. This
contributes to the brittleness of bones and propensity for fractures
characteristic of this disease. Osteopetrosis is genetically
heterogeneous with autosomal dominant and recessive forms. There
is a wide spectrum of phenotypes, the most severe caused by
autosomal recessive inheritance®3*°. Osteoclast development requires
the presence of two growth factors, M-CSF and RANKL, and absence
of either molecules leads to severe osteopetrosis in rodents, with lack

340-341 ~ Also, loss-of-function mutations in

of osteoclasts formation
either RANKL or RANK have recently been identified in osteoclast-
poor cases of osteopetrosis®**3%3. Although a substantial percentage
of osteopetrosis patients have no identifiable gene defect, three
mutations that cause abnormal acidification of the resorption lacunae
have been identified. The most common, found in 50-60% of the
patients, results in a defect in the osteoclast vacuolar H'-ATPase
proton pump. The second most clinically significant form occurs in 10-
15% of the patients with severe autossomal recessive osteopetrosis
and affects CLCN7, a gene encoding the osteoclast specific chloride
channel. Carbonic anhydrase Il dysfunction is a feature of autossomal
recessive osteopetrosis but accounts only for a small proportion of

patients33% 344,
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Rickets and osteomalacia, also known as “soft bones” diseases, are
characterized by a defect of mineralization due to calcium and/or
phosphate deficiencies. Rickets is a disease of the growing skeleton
and affects the bones in children, which are defective in strength and
deformed. The prototype of this disease is vitamin D deficiency
(nutritional) rickets. Osteomalacia is the adult counterpart®. In both
diseases there is insufficient calcium and/or phosphorus to mineralize
the skeleton. There may be less overall volume of bone, but more
importantly, the bone fails to mineralize properly. Trabeculae are
surrounded by unmineralized osteoid forming the so-called “osteoid
seams”. Moreover, bone histomorphometry studies have shown that
the mineralization lag time is higher than 100 days in rickets or in
osteomalacia, contrasting with the normal 80-90 days®. Therefore,
patients with osteomalacia present osteopenia or low BMD and
frequently elevated levels of PTH, hypophosphatemia and elevated
levels of ALP in circulation®*®*. In a report of five cases with
hypophosphatemic osteomalacia the authors reported an increase in
the levels of ALP, both total and specific for bone, low levels of OCL
and a slight increase in the collagen metabolism markers, particularly
PINP3*®. In vitamin D deficiency there is a reduction in the absorption
of calcium from the gastrointestinal tract and an increase in the renal
secretion of calcium that lead to lowering of blood calcium. This
triggers a secondary hyperparathyroidism which brings the serum
calcium to a normal level, but at the expense of bone loss**’. The
consequences of vitamin D deficiency in bone are inhibition of
osteoblast progenitors, increase of RANKL and decrease of OPG. The
immediate consequence is enhanced bone turnover and increased

bone resorption3?* 348,

Mutational analysis in two families with
autosomal recessive hypophosphatemic rickets showed the presence
of mutations affecting the DMP1 start codon and a 7bp deletion
disruption of the gene C-terminus. In addition, studies in mice

demonstrated that absence of DMP1 resulted in defective osteocyte
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maturation leading to pathological changes in bone mineralization®®’.
In another family with X-linked hypophosphatemic rickets analysis
revealed a deletion of 52143bp including exons 1 to 3 in the PHEX

gene3*.

Paget’s disease is characterized by a focal increase in bone turnover
that affects one or more bones of the skeleton and becomes more
prevalent with aging. Paget’'s disease shows autosomal dominant
inheritance and familial clustering has been recognized for over 50
years>°. Between 15-40% of the patients have positive family history
of the disease and studies have shown that the risk for relatives to
develop Paget’s disease is increased between 7-10 times, compared
with the risk of relatives of controls®*. Paget’s disease is primarily a
disorder of increased bone resorption with a secondary increase in
osteoblast activity and new bone formation. The resulting trabecular

bone is abnormal and disorganized®®?.

A large histomorphometric
study showed high bone turnover with a significant increase in bone
resorption and bone formation indices leading to increased bone
volume. A malignant transformation to osteosarcoma was observed in
0.8% of the patients®*>*. Biochemical markers of bone turnover are

4 and the same was observed for

increased in Paget's disease®®
TRACP5b®>°. Moreover, in Paget’s disease woven bone can be
frequently found, with an irregular arrangement of collagen fibers.
Therefore, the ratio of a-CTX/B-CTX is markedly increased, both in
bone and urine®**. The primary cellular abnormality resides in
osteoclasts which have increased number of nuclei, are markedly
increased in number and size, have an increased rate of formation
and an increased bone resorption capacity per cell. In addition,
osteoclast precursors from patients with Paget’'s disease have
increased responsiveness to RANKL®*°’. Genetics play an important
role in this bone remodeling disorder. In about one-third of the cases,

Paget’s disease is inherited as an autosomal dominant disease with
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incomplete penetrance®®.

358-359

Several genetic loci have been linked to
Paget’s disease but mutations in the genes RANK and
particularly in sequestosome-1 (SQSMT1) have been reported to be

360-361 ‘and are common causes of the

associated with the disease
classical Paget’s disease®®?. SQSMT1 encodes p62, which is a scaffold
protein in the NF-kB signaling pathway3®®. A total of twenty different
SQSMT1 mutations have been identified, all of which cluster around
the ubiquitin-associated domain of the protein product of this gene.
SQSTM1 mutations are strongly associated with disease severity and
complications of Paget’s disease®®*. Between 30-50% of the patients
with familial Paget’s disease and 10-30% of patients without family
history of the disease have mutations in this gene®®>. Studies in mice
with targeted inactivation of SQSMT1 have impaired
osteoclastogenesis in response to RANKL in vivo, suggesting that
SQSMT1 plays a key role in regulating osteoclastogenesis®®®.
Osteoclasts derived from peripheral blood monocytes from patients
with Paget’s disease were in higher numbers, contained more nuclei,
were more resistant to apoptosis and exhibited greater bone-

resorption capacity, compared to cells from healthy donors®®’.

Overall, bone remodeling is a tightly regulated balanced process
between bone resorption and formation. However, alterations to this
equilibrium lead to bone remodeling disorders. Nowadays, the

challenge is to replace the lost balance.
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OSTEOIMMUNOLOGY

The term osteoimmunology was used for the first time in 2000°%® to
describe the interaction of cells from the immune and skeletal
systems for promoting osteoclastogenesis. This connection between
bone and immune systems is not surprising, since precursors of
immune cells reside in bone marrow, thus in the same environment
as differentiated bone cells. Moreover, osteoclasts are of
hematopoietic origin. Thus, a new concept is emerging in which bone
exerts a quality control on immune responses by controlling the
availability of hematopoietic stem cells (HSC)3®°. Osteoblasts play a
crucial role in stem cell maintenance due to an intimate cell-cell

370-371 " Moreover, RUNX2-deficient mice are

contact via integrins
devoid of osteoblasts and are also characterized by the absence of
bone marrow, although they show normal hematopoietic
development in liver and spleen, suggesting an important role of
osteoblasts in HSCs homing into the bone marrow cavity®’?.
Osteoblasts can also control the pool of HSCs available by producing
OPN, which inhibits their proliferation®**3"%. OPN is also required for
the proper localization of the HSCs®*3. Adhesion of HSCs and
osteoblasts appears to be mediated by interaction of N-cadherin and
B-catenin®”°. In addition, TEK tyrosine kinase endothelial (TIE2) on
HSCs and Angiopoietin-1 on osteoblasts also play a role in the
inhibition of cell division of HSCs, while maintaining their capacity for
self-renewal®’®. More recently, osteoclasts have been involved in the
mobilization of HSCs. Indeed, stimulation of bone resorption
increases the number of immature HSCs in circulation, suggesting
that osteoclasts, by destroying the architecture of the niche, play a

key function in mobilizing HSCs®*’’. When mobilized, HSCs migrate
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through the bone marrow to meet the endothelial cells of the sinusoid
vessels. These cells also form a niche for HSCs and support their

proliferation, differentiation, as well as entry into the circulation®"°.

Immune and skeletal systems have several regulatory factors in
common, such as cytokines, transcription factors and receptors
(figure 9). Consequently, these two systems interact with each other
both in physiological and pathological conditions. All mammals are
constantly being challenged by a variety of infectious agents, which
produce some level of constant low grade immune system activation;
therefore it is not difficult to imagine that crosstalk occurs throughout
life between activated lymphocytes and bone cells. Furthermore, as
we age there is accumulation in the bone marrow of memory T cells,
which express RANKL on their surface. It is believed that these cells
might influence bone turnover and be responsible for some of the

changes that occur in the skeleton with aging®’®.

Osteoblasts seem to have antigen-presenting properties, since cell
lines were shown to express human leukocyte antigen (HLA)
molecules besides the adhesion molecules CD54 and CD166, which
are upregulated in the presence of IFN-y and can activate T cells.
Furthermore, osteoblasts express members of the toll-like receptor
(TLR) family, in particular TLR-4, 5 and 9, indicating an active role in
host immune response®’®. On the other hand, osteoclasts can send
regulatory signals to T cells and potently suppress T cell response to
mitogenic stimuli. They also have the capacity to attract and retain T
cells at the bone surface, thus revealing a new role for osteoclasts®®°.
These bone cells can also cross-present antigens to CD8" T cells,
showing that osteoclasts are not just regulated by T cells but they

can also modulate these cells forming a feedback control loop®*.
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Figure 9 — Interaction between bone and the immune system.

Osteoclastogenesis makes use of three signals, RANK-RANKL, M-CSF and a
costimulatory signal. However, there are also several factors produced by immune
cells that also influence bone remodeling. Immune cells express RANKL and,
therefore, can support osteoclastogenesis; on the other hand, these cells secrete
several cytokines that can have either a pro-osteoclastogenic or an anti-
osteoclastogenic effect.

(DC — dendritic cell; HSC — hematopoietic stem cell; M-CSF - colony stimulating factor 1
(macrophage); MSC — mesenchymal stem cell; OPG — osteoprotegerin; PPARy — peroxisome
proliferator activated receptor y; RANK - receptor activator NF-xB; RANKL — RANK ligand; Th
— T helper)

RHEUMATOID ARTHRITIS AND BONE

RA is a chronic inflammatory disease that targets the synovial
membrane, cartilage and bone. It affects around 0.5-1% of the world
population and is associated with significant morbidity and increased

mortality®8%383,

In this disease, autoimmune phenomena, which manifest as the

production of antibodies specific for immunoglogulin G (IgG, also
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known as rheumatoid factor) or specific for cyclic citrullinated
peptides, precedes the clinically detectable onset of arthritis. In some
patients these markers emerge years before the onset of the disease
and probably contribute to its development and perpetuation®®.
Several genes have been proposed to be associated with
susceptibility and severity of RA%®®; in fact, studies in twins suggest
that genetic factors account for 60% of the RA onset®®°. There are
two genes strongly associated with RA, the HLA system®73 and the
protein tyrosine phosphatase non-receptor type 22 (PTPN22)%. A
recent study has shown that citrullination generates “altered-self”
peptides that are recognized preferentially by a subset of HLA-DR1
alleles that encode a conserved sequence of alleles known as the

“shared epitope”3?

. Several other genes were found to be related
with RA in a genome-wide association study, however only CD28, PR
domain zinc finger protein 1 (PRDM1) and the attachment complex
CD2/CD58 were considered risk factors for the disease®. In
genetically susceptible individuals, specific environmental factors such
as smoking habits, trauma or infection can activate potentially
pathogenic immune pathways, contribute to disease development and
its perpetuation, leading to chronic inflammation, joint destruction

and systemic manifestations®®?.

After the onset of RA, the normally hypocellular synovial membrane
becomes hyperplasic, comprising a superficial lining layer of synovial
fibroblasts and macrophages that expands from just one layer to
several layers, covering an interstitial zone that contains a marked
cellular infiltrate which includes synovial fibroblasts, macrophages,
mast cells, CD4" and CD8" T cells, natural killer (NK) cells, natural
killer T (NKT) cells, B cells and plasma cells. The inflamed synovium
invades adjacent cartilage and bone, promoting joint destruction,

which is mediated by the activities of osteoclasts, chondrocytes and
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synovial fibroblasts. In turn, joint damage is a source of neo-

antigens, thereby promoting further autoimmune reactivity.

The inflammatory environment that occurs in RA induces bone
remodeling disturbances, contributing not only to bone erosions but
also to the development of secondary OP. In fact, RA patients have
an increased risk of vertebral fractures, which is independent of BMD

and corticosteroid use®®*

. In addition, a high hip fracture risk was also
noted in RA patients not exposed to corticosteroids®®®. Thus, RA itself
seems to predispose to fractures although the underlying

mechanisms are not yet completely understood.

During chronic inflammation, the balance between bone resorption
and formation is skewed towards osteoclast-mediated bone
resorption. Moreover, in inflamed joints, osteoclasts are located in the
interface between the inflamed synovium and bone®*%°. We can
consider two essential key mechanisms for the formation of
osteoclasts in the joints, the accumulation of precursors and their
stimulation to differentiate into the osteoclast lineage. It is not clear
whether the osteoclasts that enter the inflamed joint are already
committed to the osteoclast lineage or are triggered locally within the
synovium. Nevertheless, experimental evidences support the view
that the peripheral monocytic population changes during
inflammation towards an increase in the number of osteoclast
precursors®’. In collagen-induced arthritis (CIA) mice, the number of
cells expressing RANK increases as arthritis progresses and, in areas
of abundant RANK™ cells, TRAP" multinucleated osteoclasts are also
present. Sites of RANK expression were also co-localized with
RANKL3® which appeared to be overexpressed in pannus tissue from
active RA patients®®®. Interestingly, RANK and RANKL are also
essential for the development of secondary lymphoid tissues*®.

Denosumab, a fully humanized monoclonal anti-RANKL antibody,
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administered in association with methotrexate reduced erosion scores
at 6 months after administration. The protection from focal bone
erosion was accompanied by a decrease in bone turnover markers
and an increase in BMD at 12 months*’*. Moreover, in another study,
the authors reported that these effects were independent of
concomitant bisphosphonate or glucocorticoid use*®?. Denosumab
therapy in RA patients was also reported to decrease progression of
erosions in the hands while increasing BMD and reducing cortical
bone loss at 12 months after therapy*®*“°* .Therefore, as in
physiological conditions, RANKL-RANK-OPG system is a major player

in bone resorption in RA%%,

It is presently accepted that in RA both innate and adaptative
immune responses are disturbed. Cytokines are implicated in both
early and late phases of the pathogenesis of RA, promoting
perpetuation of immune activity, maintaining chronic inflammatory
synovitis and driving the destruction of adjacent joint tissues*°®.
TNFA07-408 1| _1409410 gnd 1L-6%'1*12 are among the most important
mediators of rheumatoid arthritis pathogenesis. Activated T and B

cells are present in rheumatoid synovia**®**

and synovial
inflammation is the result of complex interactions between immune
cells. Antigen-presenting cells communicate with T cells but their full
activation requires a second co-stimulatory signal mediated by CD28-
B7 receptor family. B cells participate in this complex environment by
functioning both as antigen-presenting cells and as antibody-
producing cells. Macrophages are activated by T cells and are key
producers of pro-inflammatory cytokines such as TNF, IL-1 and IL-
6382, On the other hand, cytokines regulate the phenotype of effector
and regulatory T cells in the synovium. T cell activation is critical to
the initiation and maintenance of RA and maximum T cell responses

usually require co-stimulatory signals. Abatacept, a chimeric fusion

protein composed of 1IgG1 Fc and extracellular domain of Cytotoxic T-
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Lymphocyte Antigen 4 (CTLA4) that blocks T cell activation by
disrupting the co-stimulatory signal, is effective for RA treatment by
interfering with co-stimulation*®. RANKL is not only expressed by
osteoblasts, but also by several immune system cells, particularly by
activated T cells, suggesting that these cells have a role in

osteoclastic bone resorption*®.

However, some T cells are classical
anti-osteoclastogenic cells as they produce cytokines that inhibit bone
resorption, especially IFN-y, the most potent inhibitor of RANKL

signalling by downregulation of TRAF6*'".

DCs express RANK and they can be found in RA joints. It is thought
that they mediate osteoimmune interactions indirectly by activating T
cells to produce RANKL, which can then lead to osteoclastogenesis**8.
Moreover, DCs can even transdifferentiate in vitro into osteoclasts in
the presence of M-CSF and RANKL and the resulting cells express the

typical markers of osteoclasts* 4%,

Several studies have classified rheumatoid arthritis as a Thl
mediated disease and, therefore it was thought to be driven by a
population of T cells producing interferon IFN-y, lymphotoxin (LT)-pB
and TNF**?%2_ However, a new model is emerging that implicates
Th17 cells as crucial effectors, since inhibition of IL-17 or its
overexpression in mouse joints suppress or worsen joint inflammation

and damage, respectively***

. IL-17 drives neutrophil differentiation,
maturation and activation, as well as monocyte and synovial
fibroblast activation and cytokine, chemokine, prostaglandin and MMP
production**®. A synergistic effect has been observed with low
concentrations of IL-17, IL-1p and TNF, which together lead to
synovial fibroblast activation and cytokine production, indicating a
pathogenic role for these inflammatory cascades®®*?’. |In the
synovial fluid of RA patients, OPN levels correlate with IL-17

production and the frequency of Th17 cells and OPN play a direct role
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in Th17 cell differentiation in vitro**®. Recently, Th17 cells were
identified as a typical pro-osteoclastogenic Th subset**® due to the
fact that they express RANKL at higher levels than Thl or Th2, do not
produce high amounts of IFN-y and secrete pro-inflammatory
cytokines. In addition, IL-17 induces RANKL expression on
osteoblasts, and also enhances inflammatory cytokines production by
other cells, thereby increasing RANKL expression and activity*?* 43°.
Moreover, IL-17 induces the synthesis of MMPs, inducing bone and
cartilage degradation*3!. IL-17 overexpression in CIA mice not only
enhances RANKL expression, but also upregulates RANKL/OPG ratio
in the synovium?*3*?. Treatment with a neutralizing anti-1L-17 antibody
significantly reduces arthritis severity and suppresses joint damage.
In addition, IL-6 levels are markedly reduced after treatment, as well
as the number of IL-1p and RANKL positive cells in the synovium*33.
By comparing functional levels of IL-17 in synovial explants cultures
from RA, osteoarthritis (OA) and healthy joints, it was found that IL-
17 is spontaneously produced by cells from RA synovium*3**. In
another study, authors described an enrichment of IL-17 producing
CD4" T cells in the synovial fluid from RA patients as compared to
blood. Moreover, Th17 cells from RA synovial fluid produce more TNF
than the same cells from blood*** and both the frequency of Thi17

cells and IL-17 levels are increased compared to healthy joints*3®.

Regulatory T cells (Treg) represent another T cell subpopulation with
the main function of suppressing immune system activation*®’.
Naturally occurring Tregs have been detected in the synovium of
patients with active disease and particularly in synovial fluid*3®43°
and, in some cases, in peripheral blood**°. These observations raised
the question of whether Tregs that are present in RA joints are
dysfunctional or are functional but unable to prevent the disease**!.
Indeed, there is evidence for both effective and dysfunctional Treg

cell activity in this disease setting. The support for the efficacy of
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Tregs arose from studies of patients with juvenile idiopathic arthritis
(JIA), where higher numbers of circulating Tregs were associated with
mild forms of the disease**?>. On the other hand, Treg cells isolated
from RA patients exhibit reduced suppressor function***#** put after
anti-TNF treatment, these cells acquire the ability to suppress
cytokine production by effector cells**. Treg cells, which express high
levels of CTLA4, block osteoclast formation independently of RANKL
by binding to CD80 and CD86 in the pre-osteoclasts**®. Tregs also
secrete anti-inflammatory cytokines like IL-4, IL-10 and TGFpB that
also suppress osteoclastogenesis®®“4®. Recently, CTLA4 from Treg
cells was reported to suppress in vitro osteoclastogenesis and
recombinant CTLA4 was shown to reduce in vivo resorption in an
arthritis model**®**°, Tregs prevent the development of CIA which is
accompanied by a decrease in serum levels of the pro-inflammatory
cytokines TNF and IL-6. Moreover, anti-osteoclastogenic cytokines,
such as GM-CSF, IFN-y, IL-5 and IL-10 were drastically increased,
suggesting that Treg cells not only inhibit osteoclastogenesis but also
regulate cytokine production and improve clinical symptoms in the
CIA mice model®™!. In another study, it was shown that blood
markers of bone resorption inversely correlate with the amount of
circulating Treg cells in healthy controls and RA patients, further
demonstrating that Tregs may control bone destruction in vivo**?. A
reciprocal relationship was also found between Th17 cells and Tregs,
suggesting that the factors that lead to the recruitment or survival of
these two cell populations will lead to a predominance of either one of
the subtypes. These data support the hypothesis that Thl7 cells are
key players in the pathogenesis of inflammatory arthritis and bone
erosions**3. Therefore, in pathological conditions, the effects of T cells
on osteoclastogenesis depend on the balance between positive and

negative regulating factors produced by them.
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Naive and memory B cells infiltrate and accumulate in the synovial
tissue, where there is continuous activation of selected B cell clones

with a high migratory capacity®?.

In addition to autoantibody
production and immune-complex formation, B cell lineage also
contributes to RA pathogenesis by the production of cytokines and
chemokines such as IL-6, IL-10 and LT-f and through their role as
antigen-presenting cells. Of interest, B cell depletion therapy with
Rituximab®® prevents the formation of ectopic germinal centres and

the optimal activation of T cells**®

and markedly diminished clinical
signs and symptoms of RA. Bone also interacts with B cells as RANKL
is known to influence their development, increasing pro-B cell
proliferation®®*®. Progression of B cells along the lymphopoiesis
requires physical contact with osteoblasts and stromal cells*"*°°.
Interaction between B cell progenitors and stromal cells involves
growth factors, chemokines and their receptors, among which
chemokine (C-X-C motif) ligand 12 (CXCL12) and IL-17 are crucial*®®
481 In mice lacking CXCL12, the number of B cell progenitors is
severely reduced in the bone marrow®®. B cells from osteoporotic
bone marrow show a higher density of RANKL than healthy
individuals®*°. Moreover, it was reported that B cell progenitors have
the ability of differentiating into osteoclasts in vitro, and peripheral
blood B cells can support osteoclastogenesis*®?. B cells also cooperate
with T cells in basal bone turnover. B cells regulate bone homeostasis
through OPG production, which is promoted by T cells via CD40-
CD40L costimulation. B cell knockout mice exhibit severe reduction in

420, 463

OPG levels and elevated bone resorption . Studies in animal

models have shown that the loss of OPG increases pro and mature B
cells, while the loss of RANKL or RANK has the opposite effect*®.
Moreover, in osteopenic mice B cell number decreased specifically by
a reduction in the expression of CXCL12 and IL-7 by stromal cells,
associated with lower osteoblastic engagement determined by the

numbers of ALP positive cells*°®.
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Recent data increasingly implicate other innate immune response
effector pathways in rheumatoid synovitis. Innate immune pathways
remain of critical importance throughout the course of the disease®°®.
Natural killer (NK) cells act as a bridge between the innate and the
adaptative immune systems and respond to a variety of insults
through cytokine secretion and cytolytic activity*®’. Recently, NK cells
were shown to express both RANKL and M-CSF and appear frequently
associated with CD14" monocytes in RA synovium. Moreover, when
NK cells are co-cultured with monocytes, they trigger their
differentiation into osteoclasts, in a RANKL and M-CSF dependent
process. It was also shown that depletion of NK cells in CIA mice
reduces the severity of arthritis and prevents bone erosion*®®. Mast
cells are similarly implicated at the crossroad of innate and adaptative
synovial immunity. They are widely distributed in rheumatoid arthritis
synovial tissue and express several proteases and pro-inflammatory
cytokines, including I1L-17%%°%7°  Neutrophils are present in high
numbers in synovial fluid and traffic through the synovial membrane.
Although their primary role in the pathology of RA is disputed, they
synthesize a wide variety of cytokines including TNF, IL-1, IL-18, IL-
15, IL-6 and B-cell activating factor (BAFF), and therefore could
support a range of pathological events*’*. Neutrophils rapidly invade
inflammatory sites where they act as first-responders by
phagocytosis and release of toxic and pro-inflammatory molecules*’.
One of the most important chemotactic factors for neutrophils is IL-8,
which is produced in response to inflammatory stimuli by osteogenic
cells, linking osteoblasts with neutrophil infiltration*’3. Neutrophil-
mediated inflammatory response appears to suppress osteoblastic
differentiation from MSCs while enhancing chondrogenesis*™®. In
addition, RA synovial fluid neutrophils strongly express RANKL and
activate osteoclastogenesis in coculture systems and direct cell-cell
contact between neutrophils and osteoclasts was observed®?® 47> In

another study, neutrophils from RA synovial fluid not only expressed

70



RANKL but also RANK and OPG, although peripheral neutrophils only
express RANKL*®. TNF is clearly of primary importance in the

pathogenesis of rheumatoid arthritis*®®

. This cytokine is present in
most synovial biopsies and its inhibition suppresses several arthritis
models, whereas overexpression of TNF induces spontaneous erosive

inflammatory arthritis*’”.

Immune cells have the ability to induce osteoclast differentiation and,
consequently, bone resorption. These cells are also known for
producing a variety of pro-inflammatory cytokines that contribute to
bone damage by potentiating the effects of the RANK-RANKL
signalling®®®. TNF, IL-1p, IL-3, IL-6, IL-7, IL-11, IL-15 and IL-17
potentiate bone loss either by increasing osteoclast generation and
activation or by inducing RANKL expression on osteoblasts. On the
other hand, IL-4, IL-5, IL-10, IL-12, IL-13, IL-18, IL-33, IFN-a, IFN-
and IFN-y are inhibitors of osteoclastogenesis by blocking RANKL

signalling®®?

. IL-6 is an important monocyte-derived effector cytokine.
Its levels were found elevated in synovial fluid of RA patients and
were related to disease activity*'*. Moreover, IL-6 knockout mice are
protected from developing joint symptoms in an arthritis model*’®,
and in humans blockade of the IL-6 signalling has been accomplished
with an anti-1L-6 receptor (IL-6R) antibody (tocilizumab) with very

good results*’9480

IL-6 is a pro-inflammatory cytokine with pro-
osteoclastogenic effects which not only contributes to the
infammatory response in RA but also induces osteoclast
differentiation by promoting RANKL expression*®'. Blockade of IL-6R
reduced osteoclast differentiation and bone resorption in monocyte
cultures stimulated with RANKL. Moreover, IL-6R blockade in TNF-
transgenic (tg) mice did not inhibit joint inflammation but strongly
reduced osteoclast formation in swollen joints as well as bone
erosions, suggesting an independent effect on bone metabolism?®?.

Targeting IL-6R in a CIA mouse model results in a decrease in Thl7
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cells recruitment to the affected joint that is paralleled by a decrease

483

in inflammatory activity In a CIA monkey model treated with

tocilizumab, there was suppression of RANKL production and a

decrease in the number of osteoclasts*®*

. Moreover, patients with
moderate to severe RA under tocilizumab therapy showed marked
reduction in bone and cartilage degradation markers and an increase
in bone formation four weeks after infusion?®. IL-1o and IL-1p are
expressed in the synovium of patients with RA*®® and, similar to the
response in adjuvant arthritic rats, RA patients treated with IL-1Ra
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showed a modest anti-inflammatory activity . Interestingly, IL-

1B is a stimulator of TRAF6 expression in the osteoclast, thereby
potentiating RANKL-RANK signalling cascade*®®, whereas IFN-y is
known to downregulate TRAF6 by proteosomal degradation

abrogating osteoclast formation*!’

. IL-1B can also indirectly facilitate
osteoclastogenesis by acting on the osteoblast inducing RANKL
expression®®*°. Arthritis in IL-1p-deficient mice is not associated with
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the occurrence of erosions , and even arthritic joint destruction

of TNF-tg mice can be inhibited by anti-1L-18-receptor antibody*°*.

TNF favours leukocyte and endothelial cell activation, synovial
fibroblast activation and survival, pain-receptor sensitization and
angiogenesis, which together represent key pathological features of
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rheumatoid arthritis®™". Therapeutic blockade of TNF vyields clinical

responses in approximately 60% of patients with established

rheumatoid arthritis*®?

and it results in a rapid decrease of IL-6 levels
and acute-phase proteins, suppression of leukocyte migration and
recovery of regulatory T cell function**® %93_ Osteogenic differentiation
of MSCs is blocked by IL-1 and TNF that not only suppress
mineralization but also inhibit the expression of ALP, type | collagen,
RUNX2 and OSX, blunting osteoblast formation*®*. Moreover, TNF
increases proliferation and differentiation of pre-osteoclast in the

presence of RANKL. TNF alone cannot induce osteoclast formation but
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combined with IL-18*%° or TGFp*®° it results in osteoclastic activity
independent of RANKL. TNF is a potent inhibitor of osteoblast
differentiation from its precursor cells, acting during the early stage
of phenotype selection®®’. In vitro, TNF induces reduction in ALP
activity, OCL expression and type | collagen synthesis'®*. Osteoblasts
treated with TNF were also unable to regulate matrix

mineralization*%2.

Other factors contribute to the complex regulation of osteoclast
differentiation. GM-CSF inhibits osteoclast differentiation by
suppressing the transcription factors FOS and FOS-like antigen 1
(FRA-1), which would otherwise drive monocytes to differentiate into
DCs*?°. Moreover, the combination of IL-4 and GM-CSF abolished
monocytic differentiation into osteoclasts and induced DC
differentiation, even in the presence of M-CSF and RANKL. GM-CSF
and RANKL up-regulate TACE activity in monocytes, causing
ectodomain shedding of M-CSF receptor, resulting in the inhibition of
osteoclast formation®®°. The role of TGFB on osteoclastogenesis is
somehow controversial. TGFp signalling, which primarily involves the
Smad pathway, induces osteoclast apoptosis through up-regulation of
BCL2-like 11 (BIM)*°*. On the other hand, the canonical TGFp
receptor complex is involved in the survival response and TGFj-
induced NF-kB activation is essential for TGFB-mediated osteoclast
survival®®?. Moreover, TGFf induces osteoblast proliferation as an
immediate response but decreases matrix production as a late
response. Expression levels of osteoblast markers are down-regulated
upon TGFB stimulation and they acquire an osteoclast-recruiting

%93 In T cells, TGFB by itself does not induce the expression

phenotype
of RANKL, but it can be synergistically induced by the combined
stimulation with TGFB and T cell receptor (TCR), significantly

contributing to bone destruction during autoimmune arthritis®*.
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Another important feature of rheumatoid synovitis is the deficiency of
regulatory cytokines, which contributes to an imbalance between pro
and anti-inflammatory stimuli in the joints. Therefore, although anti-
inflammatory cytokines are expressed by synovial mononuclear cells,
they are not present in sufficient concentrations to inhibit the

dominant pro-inflammatory milieu®”.

Although M-CSF and RANKL are essential factors for osteoclast
differentiation, it was hypothesized that costimulatory molecules like
immunoglobulin-like receptors (PIR) are the third essential factor
required for osteoclastogenesis (figurel0). Among these molecules
are OSCAR and PIR-A, that signals through FcRy. Interestingly,
OSCAR and PIR-A trigger receptors expressed on myeloid cells
(TREM)-2 and signal-regulatory protein (SIRP)-p1°°¢, that signal
through DNAX-activation protein 12 (DAP12)°%’, and both activate an
intracellular calcium cascade. This signalling leads to
dephosphorylation of calcineurin, thereby activating the auto-
amplification of NFATcl, which consequently promotes osteoclast
differentiation*3°. Concordantly, DAP12-deficient mice develop
osteopetrosis and in vitro osteoclast differentiation yield immature
cells with attenuated bone resorption activity®®’. Moreover, DAP12”
FcRy”" bone marrow cells fail to differentiate into multinucleated
osteoclasts in vitro and show impaired phosphorylation of the Syk
tyrosine kinase, suggesting that the recruitment of Syk to
phosphorylated immunoreceptor tyrosine-based activation motif
(ITAM) is critical for osteoclastogenesis®®®. Because DAP12 has no
extracellular binding domain it must combine with a cell surface
receptor for signal transduction. From the 15 different DAP12-
associating receptors, DAP12-associating lectin (MDL)-1 receptor was
identified as a key regulator of synovial injury and bone erosion
during autoimmune joint inflammation®®°. Therefore, FcRy and DAP12

are adaptor molecules that associate with immunoglobulin-like
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receptors helping their expression and transducing signals through
ITAM®%® 10 RANKL also interacts with ITAM by inducing its
phosphorylation, thus increasing expression of PIR and enhancing

ITAM signal*®?.
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Figure 10 — The three signals of osteoclastogenesis.

Although RANK-RANKL and M-CSF are essential factors for osteoclastogenesis,
currently it is believed that this process needs a third signal. This co-stimulation is
mediated through immunoglobulin-like receptors present in the pre-osteoclast that
are stimulated by a yet unknown ligand on the osteoblast.

(C-FMS - colony stimulating factor 1 receptor; M-CSF - colony stimulating factor 1
(macrophage); PIR - immunoglobulin-like receptor; RANK - receptor activator NF-kB; RANKL
— RANK ligand; TRAF6 — tumor necrosis factor receptor-associated factor 6)

Further modulation of osteoclastogenesis is provided by TLRs. TLR
expression was detected on bone cells and direct signalling through
TLR activates a TRAF6 mediated cascade leading to the activation of
transcription factors such as NF-kB and AP-1 family factors and to the
synthesis and release of pro-inflammatory cytokines®?® 3112
However, the outcome of TLR activation depends on the stage of

differentiation of the osteoclast. In early precursor cells, TLR inhibit
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osteoclastogenesis, but in cells that have already started to develop
into osteoclasts TLR is a potent pro-osteoclastogenic factor. In
mature osteoclasts, TLR signalling promotes cell survival. On the
other hand, osteoblasts were also found to express TLR, namely TLR-
4, TLR-5 and TLR-9, and exposure of these cells to pathogen-
associated molecular patterns (PAMPs) induces the secretion of pro-
inflammatory cytokines®*. Moreover, TLR-9 is activated by CTSK, a
protease expressed by osteoclasts and, although in low levels, in
DCs. Inhibition of CTSK suppresses autoimmune inflammation in the
joints as well as osteoclast-mediated bone resorption. Moreover,
targeted disruption of CTSK resulted in defective TLR-9 signalling in
DCs and attenuated induction of Th1l7 cells, suggesting that CTSK
plays an important role in the immune system®'®. In fibroblast-like
synoviocytes (FLS) from RA patients, TLR-2, TLR-3 and TLR-4
activation induces not only RANKL expression, but also production of
IL-18. However, it had no effect on IL-17 or TNF. Co-culture of
monocytes with TLR-3 activated RA FLS, increased the expression of
TRAP, RANK, CTSK, CALCR and MMP-9, reflecting the differentiation

of monocytes into osteoclasts®**>!°,

In fact, MMP-9 is strongly
expressed in osteoclasts from RA patients and cleaves both soluble
and insoluble type | collagen®'®. At the molecular level, TLR ligands
suppressed osteoclastogenesis by inhibiting RANK expression and
down-regulating the M-CSF receptor>*’. Therefore, TLRs contribute to
the modulation of osteoclastogenesis by modulating the function of

both osteoblasts and osteoclasts®!?.

In RA joints, the presence of osteoclasts and pro-inflammatory
cytokines leads to pathological bone destruction, joint damage and
loss of function. Although an in vitro study showed that the capacity
to generate osteoclasts varies greatly among individuals, RA patients

presented significantly higher numbers and larger osteoclasts after 21

518 P519

days of culture than controls or patients with O Higher
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osteoclast numbers associate with increased resorptive activity,
further accounting for the excessive bone loss observed in RA%°.
Moreover, RA patients present both higher percentage of CD14™
osteoclast precursors and lower apoptosis than the control group,
suggesting that these two factors contribute to the large number of
cells found in RA®*®, Osteoclasts formed from precursors obtained in
RA patients show increased bone-resorbing activity compared to

521

controls and bone resorption by cells isolated from synovial fluid

522 In RA, there is little evidence of bone

precursors was even higher
erosion repair, which is surprising considering that bone formation is
coupled to bone resorption and increased rate of resorption should be
accompanied with increased formation. Furthermore, in arthritic
bone, mineralization of newly formed bone in areas adjacent to
inflammation sites is reduced compared with bone surfaces adjacent
to normal bone marrow, which suggest that the inflammatory tissue
impairs osteoblast activity. In arthritic bone, there are abundant
RUNX2-expressing cells but a limited number of cells expressing ALP
and OCL indicating that osteoblasts have reduced capacity to form
bone. Therefore, osteoblast activity at sites of focal bone erosion does
not compensate the excessive osteoclastic resorption leading to an
uncoupling of these two activities®*3. The sequence and quantity of
bone formation is controlled both by the temporal regulation and the
level of expression of DKK1%33. Trabecular bone volume is increased
in DKK1 mutant mice and is inversely proportional to the expression
level of this protein. Trabecular number and thickness, as well as
cortical thickness, are also increased in the low DKK1 expressing
genotypes®?*. Inhibition of DKK1 was able to reverse the bone
destruction observed in a mouse model of arthritis and to induce new
bone formation. TNF was identified as the key inducer of DKK1 both

A%?°_ Indeed, both in vitro and in

in animal models and in human R
vivo, TNF increases DKK1l expression, blocking osteoblast

differentiation, and inhibition of DKK1 not only rescued osteoblast
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formation but also neutralises TNF-mediated SOST expression in fully
differentiated osteoblasts®®®. TNF increased the expression of
inhibitors of the WNT signalling pathway such as DKK1 and SOST and
could precipitate a destructive combination of low bone formation and
high bone resorption®?’. Inhibitors of WNT, such as DKK1, are
expressed in synovial fluid of RA patients, suggesting that bone
formation is suppressed. Moreover, fully differentiated osteoblasts are
rarely seen in arthritic bone erosions indicating that there is no major
bone formation taking place in these lesions®*3. Low bone formation
during inflammation may arise from impaired WNT signalling, which
could also explain enhanced bone resorption, since active WNT

227,527 Increased DKK1 in

signalling is associated with OPG expression
rheumatoid arthritis patients treated with anti-TNF therapy was also
associated with higher risk of progression of bone erosions

independently of age, gender or disease activity®*®

. It was recently
found that DKK1 levels were correlated with markers of inflammation
(C-reactive protein and erythrocyte sedimentation rate) and X-ray
erosive score. Moreover, RA patients treated with anti-TNF
(infliximab) or with IL-1Ra (anakinra) showed significantly lower
levels of DKK1°?°, Ankylosing spondylitis (AS) patients have higher
levels of DKK1 comparing with healthy individuals or patients with RA
and psoriatic arthritis (PsA). However, DKK1 levels did not correlate
with markers of inflammation or disease activity®>*°>*'. In a TNF
transgenic mouse model, blockade of DKK1 had no effect on
inflammatory sacroiliitis but reduced bone erosions and osteoclast
number. Moreover, DKK1l blockade induced formation of
hyperthrophic chondrocytes and fusion of the sacroiliac joints®32. In
another study, PsA patients presented higher levels of circulating
DKK1 than healthy donors or patients with psoriasis and DKK1 levels
were more increased in erosive PsA than in non-erosive disease®*:.
On the other hand, it was reported that in caucasian women with

more than 65 years of age enrolled in the Study of Osteoporotic
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Fractures, high serum DKK1 levels were associated with a diminished

risk of radiographic hip OA>3*.

Like DKK1l, SOST is an inhibitor of the WNT pathway. A study
comparing bone SOST expression in AS, RA, OA and healthy
individuals found that whereas the majority of osteocytes in healthy
individuals and RA patients were SOST positive, the expression was
reduced in OA patients and almost absent in AS. Moreover, the
frequency of empty osteocyte lacunae was increased in RA patients

compared to the other groups®®®.

Recently, the WNT pathway modulator R-spondin homolog (RSPO1)
was reported to be effective in the preservation of the joint structure
in a TNF-tg model of arthritis. RSPO1 protected bone and cartilage by
antagonizing DKK1 in mouse MSCs, while it induced differentiation
and expression of OPG. Therefore, RSPOl1l promotes osteoblast
differentiation and osteoblast-mediated bone formation while blocking

osteoclastogenesis during inflammatory arthritis.>3°

In summary, the immune system has several crosstalk points with
the skeletal system, T and B lymphocyte interact with bone cells,
cytokine and chemokine influence bone resorption, TLR signalling is
activated, costimulatory molecules help osteoclast differentiation and
WNT pathway is tightly controlled by immune system related

molecules.
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BONE HEALING

Bone is one of the few organs that retain the ability of regeneration in
adult life. In fact, unlike other tissues that heal by formation of a poor
quality scar, when a fracture occurs, bone restores all its pre-fracture

properties.

Fracture healing recapitulates certain aspects of skeletal development
and growth, involving the interplay of cells, growth factors and
extracellular matrix. Each of the four stages of bone repair,
inflammation, soft callus formation, hard callus formation and
remodeling, is characterized by a specific set of events, although

there is some overlap between them (figure 11).
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Figure 11 — Cellular events of fracture healing.

The fracture event leads to the activation of an inflammatory cascade (1), inducing
the migration and activation of immune system cells that produce pro-inflammatory
cytokines that recruit more immune cells and MSCs. These will then differentiate
either in condrocytes or osteoblasts. Chondrocytes are responsible for cartilage
synthesis and the soft callus formation (2) and osteoblasts produce bone and,
consequently, the hard callus (3). In the final step, the newly formed bone is

remodelled by the action of osteoclasts and osteoblasts in a coupled process (4).
(MSC — mesenchymal stem cell)
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At the cellular level, inflammatory cells, osteochondral progenitors
and osteoclasts are the key players of the repair process®?’. Recently,
osteal macrophages were found to be present at the injury site and to
be required for collagen deposition and bone mineralization®38. At the
molecular level, fracture repair is mainly driven by pro-inflammatory
cytokines and growth factors, pro-osteogenic and angiogenic

factors®°.

Following injury, a local inflammatory reaction is triggered.
Simultaneously, vasculature disruption occurs leading to the
formation of a hematoma around the fracture site that becomes
infiltrated by inflammatory cells®*°>*', Although the concentration of
leukocytes in the fracture hematoma remains similar to the periphery
for several hours after injury®*?, within 24 hours there is a major
influx of cells. The predominant leukocytes that infiltrate the tissue

are neutrophils*™

, which are later replaced by macrophages and T
cells, whereas no B cells are found at any stage of fracture healing®*>.
The hematoma is the source of several signalling molecules that
induce an inflammatory cascade of cellular events that initiate
healing®**. These factors are secreted, not only by endothelial cells,
platelets, macrophages, monocytes, but also by MSCs, chondrocytes,
osteocytes and osteoblasts®*! **>. Therefore, the hematoma contains
cytokines and chemokines produced by the infiltrated inflammatory
cells. Disturbance of this inflammatory phase impairs fracture
healing. Indeed, in a rat femur fracture model the fracture hematoma
was removed 30 minutes, 2 or 4 days after the injury, leading to a
significant decrease in the mechanical characteristics of the new
bone®*®. After inflammation, the fracture hematoma becomes
osteogenic and angiogenic and this was demonstrated in a study
where the transplantation of a 4-day-old hematoma into muscle
548. A

tissue induced extraskeletal bone formation®*’ and angiogenesis

recent study has shown, using a mouse model of slow-healing
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fracture, that covering the fracture with muscle cells accelerated
healing and these cells differentiate into osteoblasts and formed bone
nodules in vitro. Moreover, low concentrations of TNF recruited
muscle-derived stromal cells for the fracture site, contributing for the
initial phase of fracture healing®*®. Within several days of the initial
inflammatory response, there is a sequence of events that results in
the formation of new bone through a structure named callus. This is a
newly developed tissue of fibrocartilage and bone that surrounds the
fracture site®*®. Most fractures heal by a combination of
intramembranous and endochondral ossification®*°. During the
intramembranous ossification stage, bone is formed without the
development of an intermediate cartilage tissue. The resulting
structure is histologically described as hard callus®®!. This stage
represents the most active period of osteogenesis and is
characterized by high levels of osteoblast activity and bone matrix
mineralization®®’. Endochondral ossification begins with
chondrogenesis and involves recruitment and proliferation of MSCs
that will later originate the avascular cartilage®**. The soft callus, not
only provides mechanical support for the fracture, but also acts as a
scaffold for the bone that will be later formed®3’. The second process
of endochondral bone formation, partially overlapping with the first, is
a sequence of events that comprises cartilage calcification and
removal, and bone formation. Chondrocytes release enzymes,
proteases and phosphatases, which degrade proteoglycans and
provide phosphate ions that precipitate in the extracellular matrix
and, together with calcium released by mitochondria of hypertrofic
chondrocytes, mineralize the cartilage®*. Condrocytes undergo
apoptosis and chondroclasts are formed and activated to resorb the
mineralized cartilage matrix, which sends signals to enable
vascularization of the newly formed tissue®®2. During the final stage,
MMPs degrade cartilage and bone, allowing infiltration of blood

551

vessels™”. The differentiation and activity of osteoblasts allows the
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replacement of the calcified matrix with woven bone®** 2. The last
stage of fracture repair is the replacement of the newly formed woven
bone by the definitive tissue, the lamellar bone, and restoration of
the normal vascular supply. BMUs require 1 to 4 years to replace
woven by lamellar bone. The callus is then reshaped mainly by the
action of osteoclasts that act to remodel the external surface of

bone®*.

Although local controlled inflammation is essential for bone repair,
evidence has shown that increased or prolonged inflammation within
the fracture hematoma impairs fracture healing®®. In a study,
inflammation was induced by lypopolysaccharide (LPS) injection in
rats with femur fractures. LPS is known to be a potent trigger of the
inflammatory response and was administrated either locally at the
site of fracture, or systemically by intraperitoneal injection. Both
forms of administration led to larger but more immature callus
production, with reduced bone mineral content (BMC) and BMD,
suggesting that increased callus production appears to compensate
for immaturity. Moreover, systemic administrated LPS reduced

mechanical strength®>.

In another study, rats treated with anti-
neutrophil serum showed decreased cartilaginous tissue markers such
as SRY (sex determining region Y)-box 9 (SOX9) and type Il collagen,
along with increased expression of OCL and RUNX2*"*. Therefore, one
can speculate that high neutrophil counts and neutrophil priming,
leading to an increased influx of cells into the fracture hematoma,
play an important role in the pathogenesis of impaired fracture
healing after systemic inflammation. These findings suggest that
neutrophils may stimulate chondrogenesis and inhibit osteogenesis
and prolonged influx of neutrophils into the fracture hematoma during
systemic inflammation may indeed impair fracture healing through

stimulation of chondrogenesis. On the other hand, monocytes can

differentiate towards several types of macrophages depending on the
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environmental circumstances. IFN-y and LPS exposure induces a
classically activated proinflammatory phenotype, while the
regenerative phenotype is triggered by IL-4 or IL-13°*°°  |n
addition, it has been shown that severe injury induces T cell
unresponsiveness, characterized by both reduced proliferation and IL-

2 production®®®.

These findings indicate that unresponsiveness of T
cells during systemic inflammation may also contribute to reduced
osteogenesis after systemic inflammation. On the other hand,
absence of y/6 T cells improved fracture healing in vivo, through
increased expression of bone and cartilage matrix proteins, as well as
BMP-2 at a critical reparative phase. The result was improved stability
at the repair site and an overall better biomechanical strength®’. In
summary, systemic inflammation induces several changes in
leukocyte characteristics such as neutrophil priming, altered
monocyte differentiation, T cell anergy and increased y/6 T cell

activation that influence bone healing.

Mononuclear cells and cell-free fluids from experimental wounds have
shown to have immunosuppressive properties. Several cytokines
were upregulated in a time-dependent manner in the fracture
hematoma; IL-10 peaked in the first 24 hours after fracture, IL-6 in
the first 48 hours, IL-8 after the first 48 hours and IL-12 on days 4-7.
IL-6, IL-8, IL-10 and IL-12 levels could even be detected in the
plasma of injured patients®®. Indeed, cellular components,
particularly the immune cell population of the fracture hematoma,

542 In order to better

changes very quickly within hours after fracture
understand the cellular and molecular events in the initial phase of
fracture healing, several studies have used animal models to evaluate
the expression pattern during this process. IL-1, IL-6 and TNF are
secreted by inflammatory cells and act as chemotactic factors for the
recruitment of other inflammatory cells and MSCs. Tsangari et al

studied a cohort of patients that suffered a fragility fracture of the
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femoral neck, and showed that the expression of IL-6 and
RANKL/OPG ratio was increased in fracture patients as compared with
age-matched controls. IL-6 mMRNA expression correlated with RANKL,
which reinforced the concept that IL-6 induces RANKL mRNA

559

expression in osteoblasts In addition, studies in IL-6 knockout

mice have shown that there was a delay in callus formation and lower

osteoclast density®®.

IL-13 has a paradoxical effect, as it is
upregulated in response to the fracture event, but in IL-1p knockout
mice there is no change in callus formation and bone and cartilage
matrix production®®!. On the other hand, in the absence of TNF
signaling, there was a 2-4 days delay in chondrogenic differentiation
and a 2-3 weeks delay in endochondral tissue resorption®®?. The
expression of RANKL, OPG and M-CSF is increased after initial injury
and later during the period of mineralized cartilage resorption. On the
contrary, during the bone formation phase, RANKL, OPG and M-CSF
are downregulated®®®. SOX9 is a key transcription factor for
chondrogenesis that is expressed in the callus, together with RUNX1
and RUNX2. These transcription factors appear at an early fracture
repair response and SOX9 is modulated by the mechanical
microenvironment, influencing the fate decision between osteogenic

and chondrogenic lineage commitment®*.

Platelets release platelet-derived growth factor (PDGF) and TGFB play
a role in initiating fracture repair by contributing for MSCs migration,
activation and  proliferation, angiogenesis, chemotaxis of
inflammatory cells and further aggregation of platelets®®. TGFpB is
produced by osteoblasts and chondrocytes and induces the
production of matrix proteins such as collagen, proteoglycans, OPN,
osteonectin and ALP. FGFs are synthesized by immune cells, MSCs,
osteoblasts and chondrocytes. These factors induce growth and
differentiation of several cells, such as fibroblasts, myocytes,

osteoblasts and chondrocytes. FGFs are present during the early
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stages of fracture repair where they play a crucial role in
angiogenesis and MSCs proliferation®®®. Simultaneously, BMPs
released by osteoprogenitor cells, osteoblasts and bone matrix induce
the differentiation of MSCs into chondrocytes and osteoblasts, and
osteoprogenitor cells into osteoblasts®®! °°°. Although BMPs are
structurally and functionally related with each other, they present
different temporal patterns of expression at different stages of
fracture healing®*. BMP-2 shows maximal expression within 24 hours
of injury and its expression levels are maintained, suggesting that
this factor is involved in initial callus formation®®’. In fact, in the
absence of BMP-2, MSCs at the repair site do not differentiate and
fracture healing is impaired®®®. On the other hand, expression of BMP-
3, -4, -7 and -8 is restricted to the stage of calcified cartilage
resorption and active osteoblastic recruitment. BMP-5 and -6 have a
regulatory effect on both intramembranous and endochondral
ossification and therefore, their expression is maintained from day 3

until day 21 post-fracture®® >°7.

BMPs may also stimulate the
synthesis and secretion of other bone and angiogenic growth factors,
such as vascular endothelial growth factor (VEGF) and IGF-1. IGF-I
promotes bone matrix formation by inducing synthesis of type |
collagen and noncollagenous matrix proteins by osteoblasts. IGF-II
acts at a later stage of endochondral bone formation where it
stimulates type | collagen production and cartilage matrix
synthesis®!. OPN, an extracellular matrix protein, plays an important
role in angiogenesis and osteoclastic bone remodeling, two vital
processes for bone healing. OPN deficiency in vivo altered but did not
prevent bone healing and remodeling of fractures. The presence of
OPN is essential for normal early callus formation, neovascularization
and biomechanical strength and ductility. Moreover, OPN deficiency
delayed the time-course of the remodeling phase in late stage
healing®®®. Macrophage migration inhibitory factor (MIF) is a potent

proinflammatory cytokine involved in the inflammatory response and
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its expression was reported to be upregulated during fracture healing
in rats. MIF deficiency in a tibia fracture model showed worse
mechanical behaviour, mainly due to increased osteoid volume, and
delay in its mineralization within the fracture callus. These mice also
presented lower number of osteoclasts, as well as suppression of
MMPs, CTSK and ALP°™.

Some experimental studies made an effort to relate temporal gene
expression with the sequence of events of bone healing. In a work
with Sprague-Dawley rats, the gene expression on days 3 and 11
post-fracture was evaluated. The authors showed that different
molecular pathways of gene expression regulate different phases of
bone healing. At day 3 there was a predominance of cell proliferation
and protein metabolism genes, as required for the proliferation of the
periosteal mesenchymal cells of the soft callus. On the other hand,
genes that predominated at day 11 were consistent with maturation
of the callus during endochondral bone formation®’*. In C57bL/6 mice
it was observed that the inflammatory cluster of genes was expressed
from day 1 post-fracture until day 5. Chondrogenic phase started at
day 4 and was prolonged for 7 days; finally, the remodeling phase
started on day 10 post-fracture and was prolonged at least until day
21572.

The contribution of the WNT/B-catenin pathway to fracture healing
depends on the function of B-catenin in the different stages of
fracture repair, namely in the commitment and regulation of

osteoblasts®’>.

Moreover, an in vivo study showed that the WNT
pathway members (WNT5A, FZ2 and B-catenin) and the target genes
[fibronectin, connexin 43, periostin (OSF-2) and retinoic acid receptor
v (RARG)] were upregulated in the fracture site. They also assessed
other pathway members [WNT4A, WNT5B, dishevelled (DVL)1-3,
TCF, LEF and LRP5] as well as target genes [homeobox protein
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engrailed-1 (EN-1), PPARS and CD44] and found increased levels in
the fractured bones, particularly at 5 days after fracture, when active
bone and cartilage formation was occurring. The only exception was
the transcription factor LEF, which was found downregulated between
days 3 and 14, coinciding with the peak of osteoblast
differentiation®’*. Since LEF inhibits RUNX2-dependent activation of
OCL it is not surprising that this transcription factor is downregulated
during fracture repair’’>. As healing progresses, at 21 days post
fracture, the process of intramembranous ossification slows down and
LEF expression is restored to the levels found in intact bone®™.
Therefore, the authors suggest a role for WNTs in the early stages of
healing that involve intramembranous bone formation. The
importance of WNT/B-catenin signaling was also reported by other
groups®’® °’®_ Tissue-specific inactivation of p-catenin in committed
osteoblasts led to a significant reduction in calcified callus formation,
along with incomplete bone bridging across the fracture gap. On the
other hand, overexpression of B-catenin in committed osteoblasts
enhanced fracture healing®’® °’’. Loss of the negative regulator axin2,
a protein from the adenomatous polyposis coli (APC) complex that
stabilizes p-catenin in the cytoplasm, results in prolonged
amplification of the WNT signal and, consequently, on increased
proliferation rate at the injury site. When WNT was supplied to the
injury site after the initial inflammatory period, cells proliferated and
accelerated their differentiation into osteoblasts and, consequently,

stimulated bone healing®®>"°.

Three recent studies analyzed the effect of DKK1 on bone healing in
skeletally mature mice. Administration of DKK1 to the fracture site
reduced p-catenin levels and inhibited chondrogenesis during the first
week after fracture by blunting the expression of SOX9 and RUNX2.
The fracture failed to heal and the injury site contained
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undifferentiated mesenchymal-like tissue®’". In another report, DKK1
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prevented activation of the WNT/B-catenin pathway during the first
week of healing and reduced bone regeneration by 84%. DKK1 did
not restrain angiogenesis or induce cell death at the repair site but
suppressed the expression of osteogenic genes, specifically RUNX2%8°.
A third report showed that DKK1 serum levels were increased during
the second week of fracture healing, suggesting that DKK1 might be
involved in slowing the anabolic response at later stages of bone
repair®>’®. Only one study in young mice has addressed the expression
levels of SOST during fracture repair and they found that this protein
was downregulated during the process®®'. In two recent studies,
administration of a SOST monoclonal antibody in both rat and
monkey models of fracture healing significantly increased bone mass
and strength at the site of fracture. In monkeys, ten weeks after
fracture, in the SOST antibody group callus presented less cartilage
and smaller fracture gaps, containing more bone and fibrovascular
tissue®®?°83_ Overall, these data demonstrate the central role of -
catenin in orchestrating the cellular events that mediate fracture
repair. DKK1 and SOST prevent the early stages of bone repair by
blocking WNT/B-catenin signaling and the differentiation of MSCs into

chondrocytes or osteoblasts®’’.

The management of fragility fractures associated with osteoporosis is
difficult due to several factors including inadequate fixation strength
of implants used to stabilize the fracture until bone union occurs. In
particular, the fragility fractures affecting the metaphyseal region of
long bones are associated with an increased rate of complications.
Several studies report nonunion in 2-10%, malalignment after
surgery in 4-40%, metal work failure in 1-10%, and reoperation in 3-
23% of the cases®®. Experimental studies have shown that the
decline in the capacity for fracture repair is age related. Disturbance
of the full redevelopment of mechanical strength within fracture

calluses in the elderly has been shown in experimental rat models>®*
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%8 In humans, it is possible that fracture healing is affected by

aging, particularly in the elderly osteoporotic patients®®’

. In a study it
was described that in 6, 26 and 52 weeks old rats, there is a delay in
radiographic progression of fracture healing upon aging but the
expression of the key genes involved in this process is not age-

584, 588-589 ' \oreover, in another work the authors found

dependent
age-related changes translated in delay in cell differentiation,
decrease in bone formation, delay in angiogenesis and impairment of
bone remodeling. However, they observed that the amount of
cartilage formed in the fracture site was not affected by age®®°. While
resorption augments with age, formation decreases, possibly due to
lower number of osteoblasts®®!. Osteoblasts originate from MSCs that
reside in the periosteum and bone marrow, together with
hematopoietic stem cells. These two stem cell types cooperate with
each other through direct cell-cell interactions; however, bone
marrow environment changes with age resulting in unfavorable
stimuli towards differentiation into osteoblasts. As an end result, total

marrow fat increases with age and there is an inverse relationship

between marrow adipocytes and osteoblasts with aging®.

Bone turnover markers are widely used to monitor the course of
callus consolidation during bone healing. Their levels vary throughout
the course of fracture repair with changing rates dependent on the
size of the fracture and the time it takes to heal. In a longitudinal
study where the serum levels of biochemical markers associated with
bone metabolism were assessed before, during and after fracture
repair, the authors showed that a few hours after fracture there were
no changes in bone turnover markers when compared to the levels
measured before fracture. In opposition, markers of bone formation
and resorption were significantly increased four months after fracture
and bone turnover remained elevated up to 12 months after

fracture®®®>. In another study, authors observed that ALP levels
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increased only one week after surgery while bone resorption markers
were increased immediately after fracture. Overall, bone turnover
markers reached their peak values at 3-5 weeks after fracture,
reflecting remodeling during the healing process®®. Inhibition of
osteoblast synthesis occurs after fracture, as shown by decreased
levels of bone specific ALP and P1CP in the immediate post-fracture
period. On the other hand, OCL was reported to be increased at this
time and it is hypothesized that this represents the release of OCL
from its bone-bound form®°. The role of osteoclast in bone healing is
somewhat controversial. In an in vivo study in sheep, authors found
that resorption takes place in an early phase of fracture healing as
observed by an increase in osteoclast density in the first six weeks
after fracture. The authors hypothesized that osteoclasts not only
resorb bone but they participate in the overall healing mechanism by
maintaining and improving the structural strength of bone tissue®.
This early phase healing was also measured in patients with tibial
shaft fracture by bone turnover markers in order to identify patients
with normal or delayed healing®®’. The authors found that in the first
week after fracture, CTX levels decreased dramatically in the cases of
delayed healing. By the fourth and eight weeks, the changes
observed were a reduction in the value of TRAcP5b, whereas no

changes were identified in the levels of ALP or PINP>%.

The interplay between fracture healing and inflammation, highlight

once more bone and immune system close relationship29°%*,
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The present work aims to address the interaction between skeletal
and immune systems through the study of the effect of inflammation

on bone biological, structural and mechanical behavior.

The specific aims of this work are:

I. Address to what extent biomechanical properties of bone are

influenced by arthritis in an animal model;

Il. Study the influence of arthritis on the trabecular bone collagen

network in an animal model;

I1l. Compare bone gene expression between RA and primary OP
patients, matched for BMD and major clinical fracture risk

factors;

IV. Study the profile of genes involved in inflammation and bone
remodeling during the three major steps of the early phase of

callus formation in human bone after a hip fragility fracture.
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Chronic arthritis induces quantitative and qualitative bone
disturbances leading to compromised biomechanical
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Chronic arthritis directly induces quantitative and qualitative
bone disturbances leading to compromised biomechanical
properties
J. Caetano-Lopes', A M.Nery'*?, R. Henrigues™, H. Canhdo'®, J. Duarte™,
EM. Amaral™, M. Vale'®, R.A. Moura', PA. Pereira', P. Weinmann', 8. Abdulghani',

M. Souto-Carneiro®, P. Rego®, I, Monteiro®, 5. Sakagushi'®, M.V, Queiroz®,
Y.T. Konttinen', L. Graga™, M.F. Vaz**, J.E. Fonseca'®

‘Rhewmatology Research Unit, Institute de Medicing Molecular, Faculdade de Medicina da
Universidade de Lishoa, Liskon, Portugal; *Institute de Ciéncia e Engenharia de Materiais e
Superficies, Instivuto Superior Téenico, Lisbon, Portugal; *Departamento de Engenharia de Marterialis,
Instituto Superior Téenico, Lisban, Portugal; *Unidade de Binlogia Celular, Instituto de Medicinag
Muolecular, Faculdade de Medicing da Universidade de Lishoa, Lisbon, Portugal; *Instituto de
Sistemas ¢ Robdtica, Institeto Superior Téenico, Lisbon, Portugal; “Servigo de Reumatologia e
Daengas Osseas Metabdlicas, Hospital de Santa Maria, Lishon, Portugal; "Cellular Immunology
Lnit, Institure de Medicinag Molecular, Faculdade de Medicina, Universidade de Lisboa, Lishon,
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Medical Sceiences, Kvato University, Kvore 606-8507, Japan; " University of Helsinki, ORTON
Orthopaedic Hospital of the Invalid Foundation, Helsinki, COXA Hospital for Joint Replacement,
Tampere, Finland.

Abstract
Ohjectives
Rhewmarold arthrirls {RA) i5 associared with an nereased risk of fragility fracieres. Tn RA parfents, the divecr effecr of
Inflammarton on bone 15 diffcws ro sudy because their skeleton is also afecred by medicarlon with cortleoserolds and
other drigs ag well a5 aglng and menopause, which conribure ro bone fragiliny. This sudy wsed an anlmal model of
chronle arthreis ro evaluare the direer impacr of chronde farmarion on blomechanical properdes and strucnure of bone.

Methods
In mhe SKG mowse chronle arthieins model three polnr bending resrs were performed on femoral bones and compression
regrg on verrelral Bodies, Collagen srructiire was analysed uslng second-harmonle gereration (SHG ) imaging witk a
rwo-photon microscope, wirramorphology by scanning elecrron microscopy [ SEM| coupled wirh energy dispersive r-ray
spectroscopy (EDS) and bone density using wargr pychommerer.

Results
Arthririe bones had poor Blosmechanical guallny compared ro controd bones. SHG, SEM and pycromerry disclosed varlable
slgnd of impalred collagen arganiiarion, poor rrabecidar architectire and low bone densiry.

Conclusion
Presenr dara demonsirare for the firrn dme thar chronle infammarion per se, withour confounding inffuence of drugs and
aging, leads ro Impalrment of bore Momechanies In rerms of stiffness, deciliny and ulilmare srrengh | fracmree).

Key words
Rheumatoid arthritis, SKG mice, ostecporosis, bone, mechanical tests, multiphoton microscopy.
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Introduoction

Rheumatoid amhritis (RA) is & chronic
inflammartory disease, of unknown ag-
tinlogy, which affects around 1% of the
world-population (1), Bone erosions
can develop in the first few months of
the disease. These bome erosions are
caused by the inflammatory synovial
membrane, which attaches to the joint
surface (pannes) and invade camilage
and bone {2). Recent evidences suggest
that bone remodelling disturbances also
contribute to bone erosions and in par-
ticular to the development of secondary
osteaporosis (OF). In fact, RA patients
have an increased risk of vertebral frac-
tures, which is independent from bane
mineral density and comicosteroid use
(3). In addition, an elevated hip frac-
ture risk was also noted in A patients
not exposed to comicosteroids (4)
Thus, RA seams in itself i predispose
to fractures although the underlving
mechanisms and their effects on bone
are not completely understood yet.
The connection between OF and RA
can be pamially explained by the ac-
tivation of the Receptor Activator of
MNuclear Factor kB (RANK) by RANK
Ligand {RANKL) (5) produced by
activated T lymphocytes (6) and os-
teablasts (7). This activates signalling
leading to pre-psteoclast priming and
ostenclast activation, which contribute
to the formation of bone erosions and
reduction of the bone mineral density.
RANK/RANKL interaction is antago-
nised by csteoprotegerin (OPG) (3),
a soluble decoy receptor. In RA the
RANEKLQPG ratio 1s increased (B).
Ostenclasts dissolve mineralized bone
matrix (mainly hydroxyapatite crys-
tals} and destroy the exposed non-min-
eralized organic bone matrix {mainly
tvpe 1 collagen) (9). Howewve, it s not
clear if, how, and to what extent the
bone structure itself is affected by in-
flammation although it is known that
the arrangement of bone trabeculas
and the oriemation of collagen fibres
and hydroxyapatite crystals in relation
to load play an important role for bane
strength {10). The main objective of
the present work was 1o study o what
extent the hiomechanical properties of
bone are influenced by the destructive
arthritic changes.
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Due to muliple confounding factors
involved, like the use of glucocormicns-
terpids and other drugs as well as aging
and hormonal changes, it is difficolt o
specifically study the effect of arthritis
per & on the structure and biomechan-
ics of bone in RA. The use of 2 mouse
mode]l of chronic arthritis wouold re-
duce such variability and allow access
tx bones for ex wive testing. Animal
madels are already widely wsed in the
development of new drugs for OP (11).
The recently described SKG mouse
arthritis mode]l resembles in many as-
pects human RA. These mice develop
a rheumatoid factor positive, ercsive
chronic polyarthritis that affects both
large and small joints and present some
of the systemic festures of RA. The
SKG mouse has a BALB/c background
(12} with a single recessive point muta-
tion in the ZAP-T0 gene, 8 G—T substi-
tution that alters codon 163 from myp-
tophan 1o cystein. This gene encodes a
protein, which has an important role for
T cell signal transduction and its muta-
tion leads 1o changes in the thymic se-
lection threshold. As a result SKG mice
maintain otherwise negatively selectad
autoreactive T cell clones. Unlike their
normal BALB/e counterparts, SKG
nuice are genetically prone (o spontane-
ously develop chronic polyarthritis, the
onset of which can be precipitated by
zymosan or by other dectin-1 agonist
(12, 13). This experimental arthritis
madel was used to study the direct ef-
fect of chronic arthritis on bone struc-
ture and biomechanics.

Material and methods

SEG arthritls model and

BALR/r controls

Twenty-five female 3KG and sixieen
fernale BALB/c mice were bred and
maintained under pathogen free condi-
tions. All experiments were conducted
according to the guidelines from the
Animal User and Institutional Ethics
Committes. A single intraperitoneal
injection of 2mg of zymosan (Sigma-
Aldrich Co, USA) was administered
at 2 months of age. Inint swelling was
monitored by inspection as follows: O,
no joint swelling: 0.1, swelling of ane
finger joint: 0.3, mild swelling of wrist
or ankle; and 1.0, severe swelling of



wrist or ankle, with a range of the total
sum score varyving from 0 1o 3 (12). At
five months the SKG and BALB/c mice
were sacrificed and famoral bones and
vertehrae were dissected free of soft
tissues and swored ar -20°C.  Immedi-
ately before testing, the samples were
defrosted at room temperature.

Mechanical resting

All mechanical testis were performed
using a universal testing machine (In-
stron 3366™ Instron  Corporation,
Cantan, USA) with a load cell of 300
N. The bhiomechanical strength wvari-
ahles were displayed in stress-sirain
curves by the Bluehill 2 Software (In-
stron, Copyright 1997-2007) and ana-
Ivsed using Matlah 7.1 software (R14
5P3, The Mathworks, Inc, Copyright
1982-2004). The software has the abil-
ity to build stress-strain representationg
from load-displacement poinis, once
initial dimensions are provided for each
specimen.

Femoeal bones were subritted to three-
point bending tests (Fig. | A) and vere-
brag to compression tests (Fig. [B).
Far three-point bending tests the span
between the outer Inading points was 3
mm Wwith the load being applied 1o the
centre of the femoral shaft at a cross-
head speed of 0.01 mm's. The param-
eters analysed from the stress-sirain
curves were Young's modulus (E),
yield stress {n?}. ultimate stress (o}, ul-
timate strain (e_) and work/energy until
ultimate stress (W, ) {Fig. 1C).

The second (L2} and fourth {L4) lum-
har vertebrag were used for compres-
sion tests. In these tests a cross head
speed of (.01 mm/'s was used, and then
obtained Young's modulus (E), yield
stress (o ), maximum stress (), work
uneil }'Leid SITEES {wr] and work until
maximum stress (W, ) (Fig. D).
Assuming that fernurs behave like cyl-
inders (14), stress-strain curves can be
built acoording io the following equa-
tions (1 and 2):

o= (Pa) 4]
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Fig. 1. Expesimental s2zup and mress-strain represenintions obmined after mice femurs bending and

vestebree compressicn. Images of & three peist besding test s22up (A}, and o vermebro sinnding om the

infericr plase of @ compression tast cetup (B). Pemess (anhritic and contral) besding curves {C) were

akinined in crder to deiermine the anolysed parameters direcsly from the graphic: Yield painis{yizld

sirmin, yield szress) omd Uhimate peiste(ultimme sireiz, shimate szess), or after coleulmicns:

Young"s madulus - slope of the curve beiwesn the crigin and e yield paint;

Energy until ultimase paint — eree under the graphic from the arigin until the vltimese pein, caleuloied

using trapeznidal nemesicol integresian.

Vestebrze (arthritic and comeral) compressicn curves (I were chmined from de mechanical et in o

der o determine the anolysed paramesers dirsctly from the graphic: First yield peintefms: vield strein,

first yield siress), Szcond yield point = (secoad yield siroin, sseond yield stress) end Densifention poim

= {densification sirgin, desgificetion sivess), or efier coloclations:

Young"s madulus - slope of the curve beiwesn the crigin and e fre yield poim;

Energy eeil first yield, or densificerion peints — aree under the graphic from the arigin il the g

yield peizt ar eniil densification paint, caleulmed exing ropezaidal numeerical iniegration.
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Where ¢ - stress (Pa); L= load (N s =
support span {mm); d, = femoral outer
diameter (mm); e = strain (%) Al =
displacement {mm}.

All the calculations were done for the
middle cross-section area, applied to
the centre of the femoral shaft, by the
upper lnad support. From these curves
the mechanical parameters were read,
except for the Young's modulus, which
was obtained from the slope of the elas-
tic regime of the stress-strain curves,
and the energies absorbed until deter-
mined points that were caleulated us-
ing trapezoidal numerical integration,
with using MaitLab 7.1 software.

For vertebrae, compression 1285 were
made (14). Equations {3 and 4) show
how stress-strain curves can be ob-
rained, assuming that a cylinder, of
homogenous material, is haing com-
pressed:

am—t (P &)
%)
£= ;ﬂ-mn %) 4)

o

Where d = vertebral diameter {num);
h,, = initial vertebral height (mm); Ah
= compression suffered by the vertebra
(displacement) (mm).

As for fernurs, the biomechanical pa-
rameters were read from the stress
strain curves and the Young's modulus
as well as the energies calculated using
Matlah 7.1 software.

Even though, in this paper, all the ver-
tehrag tested refer to the same lumbar
position {L2 and L4) and the long bones
were all femurs, there was always vari-
ahility in dimensions associated with
the fact that each bone comes from a
different animal. In order to normalize
this parameter, and allow all samples to
be compared against each other, instead
of load (L) — displacemeant (d) values,
wr used stress (o7} — strain () represen-
ations. Siress is the load applied on a
sample, per area unit (2) (equations |
and 3}, and the strain is the deforma-
tion sufferad, when compared with the
initial dimension of the bone (egqua-
tions 2 and &),

In this study it was assumed that both
fernurs and veriebrae were similar to

cylinders, but with different orienta-
tiong and dimensions, according 1o the
mechanical test (three point bending
for femurs and compression for vere-
brag) performed in each case.

In this way, the results from the control
and arthritic groups could be compared
between each other, even if the dimen-
sions were different, because this effect
was already contemplated in the stress-
strain analysis.

Second-harmonic generation and
rwa-ploion axclraron micraseapy
Mice veriebrae and femurs were de-
caleified, embedded in paraffin, cut
to Tum sections using a microtome
and deparaffinised to be inspected in
a Feiss LEM310 META laser scan-
ning microscope featuring a Coherent
Mira 900 femtosecond multiphoton
excitation laser. Multicolour nonlin-
ear microscopy of collagen was done
through second-harmonic  generation
(SHG) using two-photon  excitation
(TPE). The signal was acquired by two
opposing detectors: 1) the META spec-
tral detector configured for bandpass
detection between 300-230 nm collect-
ing light from a Zeiss Fluar 20x0.73
ohjective; this signal was associated
with a green look up tahle (LUT) and
is referred to as hackward-SHG and
2} the non-descanned detector (NDI¥)
collecting light from a Zeiss 08 nu-
merical aperture (NA) condenser and
filtered by a 390-430 nm bandpass fil-
ter: this signal was associated with the
blue LUT and is referred to as foreard-
SHG. The hackward-SHG channel
detects the hackscaitered SHG signal
and the forward-SHG channel the SHG
receives the photons that are transmit-
ted through the sample (15). The wave-
length of the laser was set to B20 nm.
The Jefferies’ method (16) was applied
to all asquired images 1o guantify the
amount of trabecular area occupied by
collagen detected by the forward-SHG
channel {essentially matre polymer-
ized collagen) and by collagen detected
by the backward-SHG channel {mainly
immature collagen fibril segments, in-
dicating ongoing fibrillogenesis) (17).
Image analysis was done using NIH
Imagel] software (W. Rasband, MNa-
tional Institute of Health, Bethesda,
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USA) by applying a «0-233cps inten-
sity threshold for each channel o cover
only the extracellular collagen matrix.
All the trabecular area was covered us-
ing a lower 20-235cps threshold.

Scanning electron microgeopy

Bone samples were insermed into an
epoxidic and transparent resin and
mounted in & mixture of Résine Mec-
aprex MAZ2 (04008) and Dwurisseur
pour résine Mecaprex MAZ (Presi 3A.
Tawernolles, 38320 Brie & Angonnes,
France) in 100212 ratio. After 24 hours
the surfaces of the verebrae samples
were polished using grid papers with
1000, 800, 600, 320 and 200 pm gran-
ulomerries. After deposition of a uni-
form and thin gold layer the samples
were observed with an electron beam
enargy of 25 keV in a scanning elec-
tran micrescope (Hitachi model 52400
SEM. Hitachi, Lid. Tokyao, Japan).
The images obtained were analysed
with the software Imagel, already
mentioned for the MPM images. In this
case the region of interest was the ver-
tebiral body, where pictures were taken
and parameters such as the area ocou-
pied by trabeculae (%), inter-irabecu-
lar distance {(um}, trabecular thickness
(r"y wm} and corical thickness (¢, wn}
were determined. These measurements
were made according o Heyn's and
Jefferies” methods (16).

Energy disperaive X-ray spectrogeopy
The energy dispersive x-ray spectros-
copy (ED3) analysis was performed o
measure the proportion of calcium and
phosphorus in the bone samples using
an analytical SEM with Rontec stand-
ard EDS detector (Hitachi 52400, To-
kv, Japan).

Densiny measurements

The densities of both femaoral bones and
vertehrae were measured prior 10 me-
chanical testing with a water pycnom-
eter. The pyenometer was filled with
water, with corrections being made to
the amhient temperature following the
Archimedes’ principle. Bone density
was caleulated vsing equation {3):
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Fig. 2. SKG mice developed o s2vere destructive pelyarhritis afier zymosan injection. Jaint seelling

wes moniioeed by inspection and scoeed as fellows: O no jeis swelling; 0U1: swelling of ane finger
Jaizt; 0.5: mild seelling of wrist ar ankle; and 1.0: severe swelling of wrist ar mkle. Scores for all
Exngers and wes, wriss and omikles were totalled for ench meoese. Graph (A) shows that the soores evalu-
oticn smred of week reso and peek in the arthrids group et week 6 (sguares ond eriengles represens
meedion seares). BALB/e mice did not develep arthritis [C, E} and were used as cenirels to SKG mice
(B, 7, which showed evident swelling of the enkle joinis and on eresive syzovitis a0 & mentss of age
(heempiexylin and ecsin sizining., magnification w400),

Where p - bone density; p, - water den-
sity at ambient temperature; m, - mass
of the empty pycnometer, m, - mass of
the pycnometer and the bone sample;
m, - mass of the pycnomater, the bone
sample and water; m, - mass of the
pycnometer filled with water.

Searlsrical analysis

Results were represented by mean and
standard deviation values. According
to their distribution either t test for in-
dependent-samples or non-parameiric
Mann-Whitney test were used o com-
pare continuous variahles. Significance

level was set ar (.03, Satstical analy-
ses were performed using the Statisi-
cal Package for Social Sciences (SP5S)
Manager software (8P55, Inc, Chicago,
IL, USA).

Results

Female SEG mice develop

chronle arthrins

Twenty-five female SKG mice, injected
with a single intraperitoneal injection of
2mg of zymosan at two months of age,
developed chronic arthritis (in small
and large joints) afier one week and
reached peak activity by the sixth week.
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By the time of sacrifice (3 months of
age), the SKG mice had approximately
3 months of disease activity and all had
a clinical score of 5. Inllammatory joint
infiltration was severe and destructive
(Fig. 2). The sixteen contral BALB/c
mice, afier the 2mg zymasan injection,
did not develop arthritis. These two
strains of mice are identical, differing
only in a point mutation in the ZAP-T0
privtein that only affects the selection of
T lymphocytes in the thymus. BALB/c
mice are widely used as a control for
SKG mice.

A significant reduction in body weight
of the 3KG mice was observed in
comparison o the BALB/c mice
(18.60=1.04g and 24.08+0.81g respec-
tively, p<0.001).

Chronle arthrinls reduces mechanleal
properties of femurs and vertebrae
Mechanical 3-point bending test re-
sults (Tahle I and Fig. 1C) showed that
arthritic femurs have a significantly
lower: elastic (Young's) modulus (re-
flecting reduced stiffness), yield smress
(less force was needed 1o cause the first
microfractures and to start a plastic and
definitive deformation of bone), ulti-
mate siress {reflecting the maximum
strength of the bone at fracture) and en-
ergy until ultimate swress (reflecting the
energy required to cause fracture, thus
the tioughness of the bone) as compared
to control femues.

In the case of veriehras compression
teats {Table 11 and Fig. 1D, significant
differences were found between arthrit-
ic and control L2 and L& vertehras with
regards to elastic (Young's) modulus,
vield stress, ultimate stress and energy
until yield siress, as compared 1o con-
trol vertebrae.

Bone collagen contens 15 preserved
during chronlc artheidls

The SHG technigue with MPM was
not approprizte for the study of corti-
cal bone as the images produced were
homogenous and did not allow us o
characterize the presence and organi-
zation of collagen molecules. How-
ever, images obtained in veriebral
trabecular bone were very informa-
tive. Five control and 5 arthritic verte-
brag were used to study bone collagen
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Tahle L Mezn and standard devistion values caleulated from mechanical tres«point bends

ing test of mice female femurs.

SKG mice BALB/ mice pevaloe
[ =i} [z}

Diomeser (mm} 1.10 =0.03 102 £0.02 LT T
Saiffmegs (Mmam) 157.65 = 18.47 197.82 £ 2799 ol O
Yisld siress [WPa) 10868 = 18.12 22138 x 6272 LT
Ultimase srass (MPz) 17157 = 3308 28912 x 28,28 il
Yeung's modules (GPa) ETA =116 1136 = 1.96 LT
Ultimass strais (%) 469 £1.40 £.80 + 1.90 0584
Energy umil ultineie stress (N_mm/mem®) 116 £2.32 B3 =298 LITiTY

Walues ere mean = sizndard devietion.
*Mann-Whitney iest.
**Independens-samples a5t

content and structure, Quantitative im-
age analysis of the collagen content
showed no statistical differences be-
raeen BALB/c control mice and SKG
arthritic mice (Fig. 3A and 3B). The
calculated percentage of collagen oc-
cupied areas depicted by forward-SHG
channel in SKG and control vertebrae
were 40 876 89% and 27.00= 14 265,
respectively. This percentage was very
sirnilar to the one obrained by using the
backward-5HG channel (32.8 1 =5.05%
and 53.90=11.03% for arhritic and
control samples, respectively) (Fig.
3C). These percentages have to he
calculated separately, as the channels
in this imaging technigue are indi-
vidually analysed, so there is no di-
rect correlation between values found
far each group from the two channels.
Furthermore, the ratio of matre col-
lagen to immature collagen (the per-
centage obtained in the forward-SHG
channel dividing by the onez obtained

in the backward -SHG channel) was
of 0.775+0.179 for arthritic animals
and 0.907=0.363 for control bones (p-
value of 0.372).

Asg mature polymerised collagen has
a signal present predominantly in
the forward-SHG channel and amoe-
phous collagen fibril segments in the
backward-SHG channel one can as-
sume that the relative distribution of
these two types of collagen and the
total amount of collagen per bone sur-
face are equivalent in the arthritic and
control groups. However, gualitative
analysis of mice vertebrae using SHG
microscopy revealed structural differ-
ences in the mature collagen organi-
zation in the arthritic group images in
comparison to controls. In fact, in the
SKG mice (arthritic group) areas of a
nodular pattern in the collagen crgani-
zation were observed among the lon-
gitudinal fibrils of the mature collagen
(Fig. 3A and 3B).

Verrebrae from armhrine mice have a
higher ner-rrabecular distance and

a decreased rrabecidae thickness

In arthritic SKG mice vertehrae the
trabeculae thickness was reduced giv-
ing rise o an increased inter-trabecu-
lar distance in comparison o BALB/c
mice vertebrae, as highlighted by SEM
images (Tahle 111 and Fig. 4). Moreo-
ver, vertebral corical thickness was
significantly lower in the SKG bone as
compared to the contrals. However, the
trabeculse area, as assessed by SEM,
was similar berween the 2 groups.

Chronle arthrits reduces bone densiny
The density measurements were lower
in the arthritic group as compared o
the control group (Table IV). These
results were statistically different for
femurs and L2 vertehrasa,

Mineral bone composition 5 mor
affecred by arthritls

The results from the EDS analysis did
not reveal any significant diffarence in
the hone mineral composition in terms
of calcivm and phosphorous propoe-
tion berween the arthritic and control
bone samples, both in femurs (arthritic
femur: csleiom = T3% (72-T5%) and
phosphorus = 27% (23-28%): control
femur: calcium = T3% (73-Td%): and
phosphors = 27% (26-279%): no statis-
tically significant differences between
groups) and in vertebras (arthritic ver-
teheag: calcium = T2% (42-79%) and
phosphorus = 2E5% (21-38%); control
vertebrae: caleium = TI% (52-79%);

Tahble II. Mezn and standard devizion values calculated from mechanical compression stress-strain curves of female mice vertebras L2

ared L4,
L2 L4
SKG mice BALB/c mice pvaloe SKG mice BALBE/e mice pvaloe
[n=T} [mvti) (=T} [z}
Height (mm} 282 £0.39 328 = 048 0ar 3332021 3BT =030 Q015+
Diomeser (mm} 299 20,19 297 = 0.14 LR34 2R2 014 298 £0.07 Q063
Yeung's Modulus (MPz) 2017 =474 2260 = 18.70 Q007+ 1681 = 2.33 50129 = 1824 158
Yiald siress (WPa) 2.12 =061 3Rf = 135 003" 206 = 108 24% = 1.R3 Q028"
Energy ussil yield stress {(Mmm/mn:*) .15 =0.08 .22 = 0.10 a.ng Q.12 = Q.09 030 =113 0z
Moxinuem siress [MPa) 475 £0.52 BRI = 198 LINAE b 338 = 109 6.13 £0.87 Q005"
Enesgy uzzil maximem sess (Nmmimmiy 113 = Q.88 1.10 = 0.94 (LAGA 66 = 0.19 057 =017 (L26R
Vaolues ere mean = sizndard devietien.
*Mann-Whiiney iesi; **[ndependent-semples riem.
480
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and phosphorus = 29% (24-48%): no
starigtically significant differences be-
IWEEN ZrOups).

IMscussion

It iz well established that RA i associ-
ated with secondary osteopornsis and
an increased risk of fractures. This is
apparently the end result of muliple
factors, such as the use of corticoster-
oids, aging, menopause and inflamma-
tion. Thus, the direct contribution of the
effect of chronic inflammation on bone
in A patients is difficult to assess. The
primary aim of this study was to assess
the influence of chronic inflammation in
the SKG mouse chronic arthritis model
on the biomechanical strength of the
bane. The secondary aim was to study
fernoral bones and vertebral bodies, us-
ing new methods to assess the effect of
chronic inflammation on the collagen
and mineral structure of bone tissue.
This is the first report in the literature
demaonsirating a deleterious and direct
effiect of chronic inflammation per 52
on the biomechanical quality of bone.
This may in pant clarify the increasad
fracture risk in RA patients.

Due io the anatomical qualities of the
fernoral bones and vertebral bodies it
was necessary o use two different typas
of tests 10 meagure their biomechanical
strength. First, the femoral bones were
tested using a three point bending test.
In this test increasing force is applied
to the femoral shaft using a cross-head.
This leads first 1o fully elastic deforma-
tion of the bone so that if the force is
released, the bone assumes its former
shape. This property of the bone is usu-
ally expressed as ix elastic Young's
modulug and the maximom siress still
enabling such reversible changes is re-
ferred to as the yield point. When more
stress is applied, bone tissue stans o
undergo microfractures and truly ir-
reversible plastic changes occur, as it
iz characierigtic of 8 doctile material
Upon release of the stress force, it can
be observed that the morphological
bane changes are now permanent. The
maximum siress the bone can tolerate
without breakage reveals its ultimate
strength, after which a macroscopic
fracture soon follows. In this study, it
was for the first time shown that arthritic

-Iil -.

o Immaturm collagen c
W Polymarizod oolagon
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£ L)
40
I .
]

WG mice BALBin mica

Fig. 3. Mohiphoton micrescopy inages obezined from (A) SKG mouse veriehree and (B) BALRE
meuse verizbene. The green coloer (backward-SHG channel) comrespands i immesere collagen fibeil
segmenzs, indicating cngeing fikrillogenesis end the hlue colour (forwerd-SHG channel) comesponds
i the mesure palymerized callagen. (C) The comiznt of collogen in @ veriehrae wes not affecsed by
erttritis. Scale hers correspend w 100wm.

A

Fig. 4. Veriehrae from onéritic mice hove o decrensed mmbeculas Siickmess and & higher inter-trubecu-
lar distance. Scanning electron micrescopy images from femele mice vertebree with (A) and (B) with-
cut arthritis, showing 2 higher imer-irebeculer disence and o decressed tobeculne thickness. Scole

bars comespond in

m {lefft) end 30um (right).

fernoral bones have impaired elasticity,
ductility and ultimate (fracture) strength
compared to healthy control femoral
bones. In accordance with these resulis,
the compression test used to character-
ize the biomechanics of the verteheal
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bodies also showed impairment in the
arthritic mice. Thiz could be expeciad
by the low trabeculae area of the can-
cellous vertebral bone (SEM analysis)
as well ax by the sbhnormal nodular
struciural organisation of its collagen
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Tahle 1IL Trabeculas and cortical measurements of lumbar vertebrae, as determined by

scanming electron microscopy.

SKG mice BALB/e mice pvalze
[ i) [t
Cortical thickzess (em) 220 = 2371 9981 £27.44 w0
Trabeculae accupied ares (%) 18491 = .39 2185z 822 0.540™
Trabeculae thickness [um) 5708 = 1678 T0A1 = 2166 w00
Inier-irsbeculer disiomoe (um) 21892 = 5418 18R02 £ 7234 aar
Vaolues ere mean = sizndard devietien.
*Mann-Whitney test; **[ndependent-samples tizm.
Tahble IV, Density measurements for femurs and vertebra,
SKG mice BALBE/e mice pvaloe
[n=t} [m=Ti
Penuer densicy (giem®) 117 = 002 1.5% =0.07 [iLiFriad
Vemehre L2 density (giem®) .62 = 0L 0492 £0.07 Q034
Vemehra L4 density (giem®) .89 = 004 1035 £0.24 0.268*

Volues ere mean = stendard devietion.

*“Mann-Whiiney test; **[ndependent-samples tizm.

architecture in the vertehbral bone (SHG
analysis). However, differences might
be even greater than the ones depicied
by our results as the squared verteheal
bhody s supported by a slowly remod-
elling cortical hone shell, which, as a
strong and stiff structure, protects the
more vulnerable trabeculae bone inte-
rior and could mask the impact of the
mechanical test.

Imterestingly, SHG, independently both
in the forward and backward mode, as
well as the SEM-coupled EDS methods
disclosed that the bulk collagen content
and relative proportions of bone em-
bedded minerals do not differ between
arthritis and healthy controls. Although
the reasons for the impaired quality of
arthritic bone remain at present unclear,
hasad on the current work it seems that
they may relate to the mineral content
and quality (architecture) of bone rath-
er than io its total collagen content or
the composition of the hydmxyapatite
laid down in the oeganic bone matrix.

The results of this study clearly show
that chronic inflammation directly in-
duces a reduction in bone density and &
change in the pattem of hone organiza-
tion. This is the first report to indicate
that arthritis is associated with an im-
pairment of the bone mechanical prop-
erties, namely impaired elasticity, due-
tility and ultimare (fracture) strength.
These obsarvations encourage pharma-
cological imervention studies to ana-
lvze if it would be possible to counter-
act these arthritis-associated and frac-
ture-predisposing changes by targeting
also the bone metabolism, apart from
controlling the arthritis isa1f
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Chronic arthritis leads to disturbances in the bone
collagen network
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Abstract

Intreduction: In this study we wsed a mice model of chronic arthiritis to evaluate if bone fragility induced by chronic
inflammation is associated with an imbalance in bone turnover and alse a disorganization of the bone type | collagen
netwark.

Methods: Serum, vertebrae and femur banes were collected from eight-month-old palyarthritis SKG mice and
controls. Strength of the femoral bones was evaluated wsing three-point bending tests and density was assessed with
& pycnometer. Bone turnover markers carboxy-terminal collagen cross-linking telopeptides [CTH-1) and amino-terminal
propeptide of type | procollagen (PINF) were measured in serum. The organization and density of bone collagen were
gnzlyzed in vertebras using seconc-harmenic generation (SHG) imaging with a two-photon microscope and
trabeculzr bone microstruciure was assessed by scanning electron microscope [SEM).

Results: Femoral bones of 3G mice revealed incressed fragility expressed by deterioration of mechanical prooerties,
namely altered =tiffness (F=0007) and reduced strength (P = (L00S), when compared to controls. Accordingly, inter-
trebeculzr distance and trabecular thickness as chserved by SEM weere reduced in 5XG mice. FINP was significanty
higher in arthritic mice (2,18 £ 3.21 ng/ml) when compared to controls (1.71 2053 ng/ml, P< 0.001). Bone resarption

collagen structure, compared to controls.

fragility fracmures.

marker CT¥- was §67 + 3.18 ng/ml in arthritic 5¥G mice compared 10423 £4.11 ng/mlin controls (P= 0.17&). The
farward-to-backward signal ratio measured by SHG was higher in SKG animals, reflecting disarganized matix and loose
Conclusions: We hawve shown for the first time that chronic arthritis by itself impairs bone matrix architecture, probabdy
due to disturbed bone remadeling and increased collagen turnower. This effect might predispose patients to bone

Introduction

Bone I3 a dynamle tissee composed malnly of a type [ col-
lagen ematelx that consttutes the scaffold for calclum
hydroxyapatite ceystal depesition. Remodellng is a con-
tiauons process In which esteoclast-mediated bone
veqorption 15 coupled with osteoblast-mediated bone
matelx productlon. Blochembcal markers of bone turn-
over are produced durlng this process and released into
clreulatlon [1], providing a read-out of lts pace and the
balanee between bone loss and formation [2). Maore spe-
cifically, bone-resarbing osteoclasts secrete hydrochloels

* Commpondends |elormsagnarabe o
! Rhaumatal ooy Resaanch Unit,
Medidna da Universidade de Lisoca, 1525028 Lishan, Formugal

Jar, Facuidace de

ackd, followed by resorption of the demineralized organle
type [ collagen matrelx by cathepsin K, leading to release
of carbaxy-terminal collagen cross-linking telopeptides
(CTX-I)[1] as a marker for bone degradation. During the
forenatlon, phase type [ collagen 15 synthesized de novo,
and this leads w the release of the amino-terminal pro-
peptide of type [ procollagen (PINP) [3] as a marker of
baone formation.

The mechanical and physical propertles of bone
depend on a hierarchical spatial arrangement of Its eolla-
gen fbells [4], which leads the deposition pattern of the
extracellular hydroxyapatite ceystals and consequently
influences the overall bone strength. One of the conge-
quences of the remodellng process s the alignment of
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collagen fibrils along the direction of the load in the
miature lamellar bone, thes providing maximal steength
Lo the structure [5]. Preclsely due to this nanclevel archl-
tecture and the nonsymmetric protein areangement in a
crystalllne areay, collagen has the abllity to generate a sec-
ond-harmaonle signal [8]. Second-harmonle generation
(SHG) arlses when the electric feld of the exciting light s
strong encugh to deform a molecule. When a molecule,
like callagen superhelix, s not symmetrical, the resulting
anlsoteopy creates an osclllating feld at twice the fre-
guency, the so-called second harmonle. This method has
an additional advantage of not dissipating energy Lot the
sample, so that the sample retaing lts properties. As a
matter of fact; due to s helleal structure, SHG slgnal
generated by type 1 collagen fbers s very strong and
practically unaffected by most of the sample processing
rhethods so that elther unstalned or stained routine histo-
logleal sections can be sebjected to this method. SHG
microscopy |5 a powerful wool that has been developed to
assess the bone collagen with 2 high spatial resolutlan [7]
and has alesady been applied to mice tall tendons, wound
repaly, and metastatle growth. A correlation between the
SHEG intensity, fibeillar morphology, pelarization anlsot-
ropy, and signal orleatadon with impaired mechaniecal
strength has been reported In osteogenesls Imperfecta
[8].

In & recent papes, we wsied the SKG mouse model to
demonstrate the weakening effect of chronic artheitls on
the biomechanical propertles of the affected vertebral
and femoral skeleton In teems of stffness, ductllity, and
ultimare [fracture) strength, besldes the minimum effects
obseeved an bone density [9). We now hypothesize that
thls effect would be due, at least In part, to the inflarmma-
tory derangerment of normal bone remodaling, leading to
a higher bone turnover and consequently to a disorga-
nized collagen type [ matelx. To test this hypothesls, we
have used a mice model of arthritis and assessed markers
of bone collagen metabollsm assoclated with modern
SHG-asslsted collagen architecture analysls, bane strue-
ture, and mechanical evaluation.

Materials and methods

SKG arthritis medel and BALB/c controls

The SKG mice model of artheitls develops an erosive
cheanic polyartheitis that affects both large and small
jalnts, 15 ehewmatold factor-positive, and presents some
of the systemle features of rhewumatold arthelts (RA). The
SKG mouse has a BALB/c background [10] with a reces-
slve polnt mutation in the zap-70 gene, which encodes a
proteln that has an Important role in T-cell signal trans-
duction. As a eegult, this muotatlon leads to a positive
selection of atherwise eliminated autolmemune T cells.
SKG mice are genetically prone to develop chronle pol-

Page 2 of 7

yarthrits triggered by 2ymosan or other dectin-1 agonists
[11].

Ten female SKG and ten fermale BALB/c mice were bred
and malntained under specific pathagen-feee conditlons.
All experiments were condected according to the guide-
lnes of the Anlmal User and Institutlonal Ethics Com-
mittee, and the study was approved by the local ethlcs
comemittes. A single Intraperltoneal Injectlon of 2 mg of
zymosan (Sigma-Aldelch, St Lowis, MO, USA) was
administered at 2 months of age. Jolnt swelling was monl-
wered by inspectlon as follows: 0, no jolnt swelling; 0.1,
swelling of one finger jolnt; 0.5, mild swelllng of wrlst or
ankle; and 1.0, severe swelling of weist or ankle, with a
range of the total scove varying from O to 5 [10]. AL 8
months, SKG and BALB/« mibce were sacrificed and fem-
oral bones as well as lumbar vertebrae were dissected free
of soft tissues and stored at -20°C. [mmediately before
testing, the samples were defrosted al room Lemperatuse.

Biochernical analysis of collagen turnaver markers
Determination of bone tuenover markers was performed
on moening fasting samples that were obtalned just
before the sacelfice. Tweo blochemical markers were
assayed by enzyme-linked Immuenosorbent assay (ELISA)
CTH-I a5 a measurement of bone resorption and PINP
for bone foemation. Both proteln serum concentratlons
were determined according to the guidelines of the man-
ufactueer (Irmmunodiagnostic Systems, Boldon, Tyne and
Wear, UK} by ELISA with sensitivitles of 2.0 and 0.7 ng’
mL, respectively.

Density measurements

The densitles of femoral bones were measured prior to
mechanleal testing with a water pycnometer. The pye-
nometer was flled with water, with corrections being
made to the amblent termperature following the Archime-
des’ principle, as previously described [9].

Mechanical vesting
All mechanlcal tests were performed using a unlversal
testing machine (Instron 5568 Instran Corporation,
Norwood, MA, USA} with a load cell of 500 M. The blo-
mechanlcal parameters were displayed from steess-straln
curves by EBleehill 2 Software [copyeight 1997-2007;
Instron Corporation) and analyzed using MatLab 7.1
software (R14 3P3, copyright 1984-2006; The Math-
Waorks, Inc, Nadck, MA, USA). The software has the
ability to build stress-stealn representations feam load-
displacement polnts once Initlal dirmenslons are provided
for each specimen. Fermoral bones were collected ar the
trme of sacriflce and were submitted to theee- polne bend-
ing rests [12].

For these tests, the span between the outer loading
polnts was 5 mm, with the load belng applied to the cen-
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ter of the feroral shaft at a cross-head speed of 0001 mm)
5. The parameters analyzed from the siress-straln curves
were Youngs modulus, ultimate stress, ultimate strain,
stiffness, and work/energy vntll maximuen stress. When
an Increasing force s applled to the fermoral shaft uslng a
crass-head, It leads flest o fully elastic deformation of the
bene so that if the force ks released the bone assumes its
foremer shage. This property of the bone i3 agsessed by i
stiffress and elastle Youngs modules. The maximum
stress still enabling such reversible changes I3 peferred to
as the yield point. When more stress Is appliad, bone tis-
sue starts to undergo microfractures and truly lrrevers-
Ible plasde changes, which are characteristic of a ductile
miaterial, occur. The maximuen stress the bane can tolee-
ate without breakage reveals its ultimate strength, beyvond
which a macroscople fracture soon follows. Steess-straln
curves were obtalned as previously described [9].

Second-harmanic generation and two-photan excitation
rlcrascopy

The third lumbar [L3) vertebrae was decalcifled, embed-
ded In paraffin, cut to 7- pm sections uslng a micestorme,
and deparaffinized to be inspected In a Felss LEMSIO
META laser scanning microscope (Carl Zelss, Jena, Gee-
any) featuring a Coherent Mira 900 femtosecond mul-
tiphaton excitaton laser (Coherent, Inc, Santa Clara,
CA, USA) Multcolor nonlinear microscopy of collagen
was done through SHG wsing two-photon excitation. The
slgnal was acquired by two opposing detectors: (a) the
META spectral detector that was conflgured for band-
pass detection between 390 and 430 mm and that col-
lected light from a Zelss Fluar = 20/0.75 objective; this
slgnal was associated with a geeen look up table (LUT)
and I3 referved to as backward SHG; and (b) the non-des-
canned detector that collected light from a Zelss (LB
numerical aperture condenser and that was filtered by a
390- to 430-nm bandpass flter; this signal was asseclated
with the blue LUT and s referred to as forward SHG. The
backward SHG channel detects the backscattered SHG
slgnal, and the forward SHG channel recelves the pho-
tons that ave transmitted through the sample. The wave-
length of the laser was set to 820 nm. The method of
Jefferles [13] was applied to all acquired images to quan-
tify the amount of trabecular ares cccupled by collagen
detected by the forward SHG channel and by collagen
detected by the backward SHG channel [14].

Image analysls was done wsing MNatlonal Institutes of
Health [NIH} Image] softwaee (Wayne Rasband, NIH,
Bethesda, MD, USA) by applylng a 40- o 255-cycle per
second (cps) Intensity threshold for each channel to cover
only the extracellular eallagen mateix. All of the trabecu-
lar area was covered uslng a lower 20- to 255-cps thresh-
old.
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The forward-to-backward signal ratlo (the fractlon of
the percentage obtalned in the forward SHG channel
divided by the one obtained In the backward SHG chan-
neld was determined. This ratle peflects the collagen
matrlx organization and density, and a higher ratio ls
assoclated with a less dense matrix [8].

Seanning electron micrascapy

The frst lumbar vertebrae [L1) was inserted Into an
epoxldic and transparent resln and mounted in a mboure
of Résine Mecaprex MAZ [4008) and Durliseur pour
rdifne Mocaprex MAZ (Presl 5A, Tavernolles, Brid-et-
Angonnes, France) In 100:12 paddo. After 24 hours, the
surfaces of the vertebrae samples were polished using
grld papers with geanulometries of 1,000, 800, &0, 320,
and 200 prm. After deposition of 2 uniform and thin geld
Layer, the samples were observed with an electran beam
energy of 23 keV In a scanning electron microscope
(Hitachi model 52400 scanning electron microscope;
Hirachl, Ltd., Tokyo, Japan).

The images oblained were analyzed with the software
Ieage] (W Rasband, NIH). In this case, the region of
interest was the wertebral body, where plctures wees
taken at & magnification of = 100 and parameters such as
the inter-trabecular distance (micrometers) and trabecu-
lar thickness (micrometers) were determined. These
measurements were made according to the methods of
Heyn and Jefferles [13].

Statistical amalysis

Results were presented as mean and standard deviatlon
values. According to the diswibution of the varlables,
elther the r est for Independent samples or the nonpara-
metrle Mann-Whitney test was used to cormpare conting-
ous varlables. Significance level was set at (.05, Suatistlcal
amalyses were performed vsing the Statstical Package for
Sockal Sclences Manager software [SP3S, Inc., Chicags,
IL, USA).

Results

Fernale SKG mice develop chranic arthritis

Ten female SKG mice injected with a single intraperito-
neal injection of 2 mg of zymosan at 2 months of age
developed chronle artheitls after 1 week (In both small
and laege jolnts), and the artheltls reached peak activiey
by the aixth week. During the flrst weeks after zymosan
administeation, scores were caloulated every week and
then every 2 weeks until sacelfice. By the time of sacrifice
(8 months of age), the SKG mice had a disease duratlon of
approximately & months and all presented a clinleal activ-
ity scoee of 5, Indlcating pessistent active disease. BALE/:
mice were used a8 controls since they have the same
genetic background as S3KG and, consequently, the bone
phenotype 5 common between these two stralns before
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the development of artheitds. Control BALE/c mice (n =
10) did not develop artheitls (artheits score = O) after
zymosan adminlstration. At 8 moaths, 3KG mice had a
lower body welght than thelr BALB/c controls (189 = 2.1
gversus 256+ 1.8 g, P < 0.001).

Bane collagen wrnover is increased in chronic arthrits
PINE, the mmarker for bone formation, was higher In
artheltle mice [9.18 = 3.21 ng/ml) compared with con-
trals {1.71 = (.53 ng/mL, P < 0001}, CTX-1, the serum
marker for bone pesorption, was also higher In arthritle
mice (9.67 £ 3.18 ng/mL) compared with contrals [6.23 +
4.11 ag/emL) but without reaching statistcal signiflcance
(P=0.178).

Chronie arthritis has reduced impact on bone density

The density measprements were lower In the arthritle
group [1.26 = 010 glem®) as compared with the contral
group (143 = 0,23 glem?®), although the resclts were not
statlstically different (P = (L180).

Chranie arthritis reduces mechanical progerties af femurs
Mechanlcal three-point bending test pesults [Table 1)
showed that arthritic femaoral bones had a low elastls
(Youngs) modulus [reflecting reduced stffness, P =
0.007) and ultimate stress strength (reflecting the maxl-
i strength of the bone, measured at the point of frac-
ture, P = 0006) compared with control bones. The
ultimare steain (ductlity) and energy absorbed watll wltl-
mate point [toughness) did not differ.

Bane collagen structure is madified by chronic arthritis

The percentage of collagen areas was caleelated by ama-
lyzing the forward and the backward SHG channels sepa-
vately. The values for the forward channel were 29.45% +
7.36% Ln SKIG mice and 23.19% + 6.59% ln contrals. The
corresponding values for the backward channels wers
S0.22% £ 9.70% and 53.85% + 8.87%, respectively. The
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forward-to-backward signal ratlo (the fraction of the pee-
centage abtalmed in the forward SHG channel divided by
the ane obtalned In the backward SHG channel) was
higher in artheltle animals (0566 + 0.125) than In con-
wrols (0,453 + 0.100, P = 0.005), reflecting a lower collagen
matrlx organization and density (Flgure 1) [8].

vertebrae frorm arthritic mice have a higher inter-trabecular
digtance and a decreased trabecular thickness

I arthritic SKG mice vertebrae, the trabecular thickness
was reduced, glving rlse to an Increased inter-trabecular
distamece in comparison with BALE/c mice vertebrae, as
determined by scanning slectron microscopy (Table 2).

Discussion

We have previously shown that arthrite mice bone has
altered mechanical properties as compared with those
from healthy mice [9]. We now show that this bone fragil-
ity Is Induced, at least I paret, by chronle inflammation,
leading to Increased bone teenover that bs coupled with
impaired microarchitecture of the bone type 1 collagen
network. In fact, we have documented that bone ln
artheltle amirmals has a higher remodeling rate, the
increase in the bone-forming marker PINP belng particu-
Larly evident, suggesting that an active bone-vepalring
process b5 ongoing This may be due to Inflammation-
induced catabolism and bone destructon, which via cou-
pling of bone resorption to bone formation lead to a com-
pensatory osteablast response In the form of ncreased
bone matele synthesls In an attempt to reinstall bone
homeostasis. The guestion Is whether this high rate of
collagen production is able to fully compensate, both
quantieatively and qualltatively, for the loss of bone
organle matebe. It was therefore of Interest to use the
newly discovered potentlal of multiphoton microscopy to
analyze this lssue In more detall Multlphoton mieros-
copy In the forward and backward SHG mode was used
e caleulate the forward-to-backward signal ratlo. This

Table 1: Values caleulated fram mechanical bending streds-strain curves of mice femur

EHG BALB/c Pvalue
Young's modulus, gigapascals Iazgs A1+18 aoar
Ultimate stress, megegascals 123721858 1847 £ 228 aLos
Ultimate strain, percentage B335 S56+1.5 0280
Energy untl ultimate point, 4013 4.7 =07 0330

Newtoremilimeters per cubic
milimebers

Values 2re presented as average = standard dewizticn
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Table 2: Trabecular measurements of L1 lumbar vertebrae, as determined by scanning electron microscopy

SHG BALBIc Pvalug

Traoecular thickness, 8541 =4354 5§9.12.+ 5385

nter-trabeosar gistance. 1712745 1433z aTl

mebers

0.8

o7

0,6

0.5

0.4 1
0.3

0,2

0,1

Forward to backward ratio

SKG BALB/C

Figure 1 Multiphotan micrascopy images obtained fram (a) $KG mouse vertebrae and (b) BALE/c mouse vertebrae Tre
spands tHiG ward 545G channel. [}
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tatio, reflecting the bone collagen density and matex
organization [8], clearly showed that bone in the verte-
brae of arthritle SKG mice had lower density and ergani-
zation of collagen fibells than the healthy control bone.
An assoclatlon between the SHG collagen pattern and
mechanical strength was previcusly established In osteo-
genesls Imparfecta [B], suggesting, together with our data,
that this Is a reliable method to assess bane collagen spa-
tial erganization.

Our pesults suggest that FINP s actually a more sensl-
tive marker for inceeased bone turnover rate than CTX-I
and this is quite in lUne with earller studies of human BA.
In fact, Interventlon studles with etldronate in RA suggest
that the impact of the osteoclast-targeting treatment ls
actually mare prominent an bone collagen type [ synthe-
sls than on collagen degradation markers [15]. The out-
come of the collagen resorptlon versus synthesls
observed by multiphoton miceoscopy analysls showed
that there was a net loss of bone type I callagen in arthel-
tis and that this 15 not due o diminished synthesls, as ver-
Ifled by the serum markers. Furthermore, SHG Images
clearly disclosed the disturbed and somewhat haphazard
organization of the bone collagen fber bundles In
artheitle bone compared with the better organized lamel-
lar architecture of the healthy control bone (Figure 10
Thus, it Is concluded that in splte of the enhanced meta-
balle bone turnover eate bn artheitde mice, this reparative
attempt 15 able to malntaln nelther collagen mass nor s
architectural quality (SHG slgnals assessed by multipho-
Lo microscopy

Collagen fiber orlentation determines the topogeaphy
and extent of the deposition of hydeaxyapatite bone min-
eral n the extracellular bone matelx Collagen further
Influences the elasticity of bone and Is malnly responsible
for 1ts abillty to absork energy until the polnt of fracture,
which can be assessed vsing the three-polnt bending test
of artheltie and healthy control femoral bones. Indeed, it
was shown that artheltic fernoral bones had an impalred
elasticlty and relatively low ultimare (fracture) strength
caompared with healthy conwol fermoral bones. This fue-
ther supports our Interpretation that the collagen compa-
nent of artheitle bone s strongly affected by the
Inflammatory process and ultimately this interferes with
bene mechanlcal performance. In additlan, scanning
electron microscopy findings showed that SKG mlee
exiibit thinner and more spaced trabeculae as compared
with contrels, suggesting the lack of a noemal matelx-
repalring process, which in this case Is affecting the min-
eral deposition pattern and contelbuting directly to the
low steangth observed Ln the mechanical tears.

Conclusions
In summary, we have concluded that the high remodeling
rate of arthritic bone affects bone collagen fiber density
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and organization and leads to the deterioration of bone
microstructure and mechanleal propertles.
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ABSTRACT

Introduction: Rheumatoid arthritis (RA) and primary osteoparaosis [OP) induce bone fragility. In
this study we aimed at identifying differences in the mechanisms involved in bone fragility by
comparing gene expression between RA and OF bone samples with similar fracture risk
factors. .

Methods: Patients with RA submitted to hip replacement surgery were recruited. Trabecular
bone microarchitecture was assessed by micro-computed tomography and bone mechanical
behavior by compression tests. Bone cell activity was analyzed by studying gene expression. RA
patients compared with OF patients were matched for bone mineral density (BMD) and major
clinical fracture risk factors (2ge, gender, BMI, FRAX).

Results: Twenty four patients were included, ten with RA, seven with primary established OF
and seven with normal BMD. Bone microarchitecture did not differ between the groups, but
mechanical bane properties were similarly decreased in RA and primary OP patients compared
to the normal BMD group. RA bone microenvironment, compared to primary OP, had a gene
expression profile characterized by upregulated pro-osteoclastogenic cytokines and Dkk-1,
increased RANKL/OPG ratio, paralleled by raised expression of factors that promote
osteoblastic activity, but with low COL1AL expression.

Conclusion: Bone fragility in RA patients is induced by an unbalanced bone turnover that is
qualitatively different from the pathobiologic phenomena that accur in primary OP. The type
of bone gene disturbances is suggestive of a pivotal role for Dkk-1 in this process, suggesting

that it could be used as a therapeutic target to prevent R& bone damage.

KEYWORDS

Rheumatoid arthritis, bone turnover, bone microCT, bone gene expression
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INTRODUCTION

Rheumatoid arthritis [RA) i a chronic immune-mediated inflammatory disease of unknown
aetiology, characterized by synovial inflammatory infiltration leading to cartilage destruction
and juxta-articular bone erosions [1]. Evidence suggests that bone remodeling disturbances
contribute not anly to bone erosions but also to the development of secandary osteoporosis
[OP) in RA. In fact, R& patients have an increased risk of wertebral fractures, which is
independent of bone mineral density [(BMD) and glucocorticosteroid wuse [2]. In addition, 2 high
hip fracture risk was zalso noted in RA patients not exposzed to glucocorticosteroids [3]. Thus,
RA itself seems to predispose to fractures, although the underlying mechanisms are not yet
completely understood.

The connection between bone and inflammation can be partially explzined by the activation of
the Receptor Activator of Nuclear Factor kB [RANK) by RANK Ligand [RANEKL). The downstream
signaling of RANK-RAMEL interaction leads to pre-osteoclast priming and osteaclast activation,
which contribute to the occurrence of erosions and disturbances in bone remadeling [4]. In RA,
the ratio between RAMEL and its decoy receptor, asteoprotegerin (OPG), is increased [5],
shifting the balance towards bone resorption. Immune and skeletal systems communicate with
each other in such a way that all immune cells can interact with osteoblasts, osteoclasts, and
their respective progenitors [6-7]. Pro-inflammatory cytokines such as tumor necrosis factor
[TMF), interleukin {IL)-18, IL-6 and IL-17 are potent inducers of RAMEKL expression and,
consequently, of osteoclast formation [8]. These cytokines are elevated in the serum and
synovial fluid of RA patients since the first weeks of disease [3].

Osteoblasts play 2 role in this network as they produce RANKL and OPG upon differentiztion
and maturation. Their differentiation is characterized by the, expression of the key pro-
osteogenic transcription factors runt-related transcription factor 2 (RUNXZ) [10] and osterix
(05X) [11]. Maturation is marked by the expression of alkaline phosphatase (ALP) and type |
collagen {COL1A1) and, later on, by production of non-collagenous proteins such as osteocalcin
[OCL) [12-13).

In a recent study we used the SKG arthritis model to demonstrate the weakening effect of
chronic arthritis on bone biomechanical properties [14-15]. Moreover, we cbserved that this
effect was due to inflammation-driven derangement of bone matrix, caused by disturbed bone
remadeling and increased collagen turnover [16]. We hypothesize that bone fragility in RA
patients is induced by an unbalanced bone turnover that is qualitatively different from the
biclogic phenomena that ococur in OP. Thus, our 2im was to compare bone gene expression
between RA and primary established OP patients, matched for BMD and major clinical fracture

risk factors.
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METHODS

Study population

Patients older than 50 years diagnosed with RA according to the 2010 ACR/EULAR revised
classification criteria [17] and submitted to hip replacement surgery between 2007 and 2010
were included in this study. The hip replacement surgery was either due to fragility fracture or
secondary ostegarthritis (0A). Patients were excluded if had other causes of secondary
osteoporosis such as malignancies, untrested thyroid disease, terminal renal disease and
hypogonadism. Pre-menopausal women were also excluded. Two groups of patients matched
for gender, age and body mass index (BMI) were used for comparison. One group was
submitted to hip arthroplasty due to hip fragility fracture, had a matched femoral neck BMD
and no secondary causes for OP. The second group had normal BMD, was submitted to hip
arthroplasty due to OA and did not have any other clinical risk factor for OP. None of the
patients reported a history of other metabaolic bone diseases, bone metastasis or primary bane
tumars or osteomyelitis.

A clinical protocol was applied at the time of surgery in order to zssess clinical risk factors for
OP = age, gender, BMI, prior fragility fracture, family history of hip fracture, long term use of
oral glucocorticoids (23 manths), current smoking and zlcohal intake (= 3 uwnits/day). The
probability of fracture at ten years was calculated using the FRAX tool available online

[http:/fwww.shef.ac.uk/FRAXS), calibrated to the epidemiology of fracture and life expectancy

of Spain. Femaoral neck BMD of the contralateral hip was measured by dusl-emission X-ray
absorptiometry (DXA) scan using & Lunar Prodigy densitometer [GE Healthcare, United
Kingdam) within one week after surgery.

For RA patients, disease duration, age st dissase onset, rheumatoid factor, C reactive protein
[CRP), disease activity score (DAS2E ESRIV), presence of erosions and RA therapy was also
aszessed.

Written informed consent was obtzined from all patients, and this study was conducted in
accordance with the regulations governing clinical trials such as the Declaration of Helzsinki, as
amended in Seoul {2008), and was approved by the local Ethics Committes.

This was a nested cass-control study from 2 cohort of 387 consecutive patients submitted to
hip replacement surgery in Hospitzl de Santa Maria, accordingly to the zbove mentioned

inclusion and exclusion criteria.
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Biochemical markers of bone turnover

Blood samples were collected at the time of surgery to assess serum calcium and phasphaorus,
ALP, bone-specific ALP [BSALP) and OCL. Serum carboxylterminal cross-linked telopeptides of
type | collagen [CTX-1) and serum amino-terminal propeptides of type | procollagen (P1NP)
were measured by fully automated Elecsys® electro-chemiluminescent immunoassay analyzers

[Reche Diagnostics, Switzerland).

Micro-Computed Tomography

The femoral epiphyses were immediately stored at -B0*C after surgery.

A small cylinder of trabecular bone (Smm diameter) was drilled from femoral epiphysis. The
sample was processed through fixation, dehydration, impregnation and inclusion in
methylmetacrylate solution.

Sequential transaxial images through the entire specimen were obtained wsing micro-
computed tomography (microCT 40, Scanco Medical AG, Brittisellen, Switzerland) at an
isatropic voxel size of 20pm, integration time of 250ms and beam energy and current of S5keV
and 0.145mA, respectively. A three-dimensional Gaussian filter (o=0.8) with a limited, finite
filter support was used to suppress the noise. The images were binarized to separate bone
from other tissues or background using an adaptive thresholding procedurse. After
thresholding, bone wolume fraction (BV/TV), bone surface density (BS/TV), specific bone
surface (BS/BV), trabecular number ({Tb.M), trabecular thickness {Tb.Th), trabecular spacing
[Th.5p), degree of anisotropy [DA= length of the longest mean intercept length (MIL) tensor
divided by the shortest MIL tensor), and connectivity density (Conn.D) were assessed for all

samples.

Mechanical Compression Tests

Bone cylinders were abtained by drilling through the highest load direction using a perforating
drill with a diameter of 15mm (method adapted from [18]). The cylinders (with only trabecular
bone) were de-fatted for three houwrs using 2 chloroform and methanol solution and were
hydrated overnight in a phosphate-buffered saline salution.

Compression tests were performed in a universal testing machine (Instron 5566™, Instron
Corporation, Canton, USA) with a 10kMN load cell and a cross-head rate of 0.1mm/s. Stress-
strain curves were obtained for each specimen by the Sluehill 2 software (Instron, Copyright
1997-2007). This software has the ability to build stress-strain representations from load-

displacement points, normalized for the dimensions of the specimen. Analyses of the curves
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were performed in order to obtain the mechanical bone parameters: stiffness (Young

modulus), strength (yield stress) and toughness (energy sbsarbed until fracture).

RMA extraction

Small trabecular bone pieces were collected and pulverized using a2 mortar and pestle. RNA
was extracted using TRIzol reagent (Invitrogen, UK) with proteinase K (Bioline, UK) digestion
[19] to better dissolve extracellular matrix. 80mg of bone powder was placed in TRIzel reagent
and homogenized. Lipids were solubilized with 0.2 volumes of chleroform and the fraction
containing RMA was preserved. Proteinase K digestion (3.25ug proteinase K/mg bone) was
performed at 55°C. RMA was precipitated with 1 volume of ice-cold isopropyl alcohol. RNA
pellet was dissolved in RNase/DNase-free water. RNA was cleaned using a commercial kit
[RMeasy mini kit, Qiagen, Germany) and genomic DNA contaminants were removed by DNasel
treatment (Qiagen, Germany) (Adapted from [20-21]). RNA concentration was determined
spectrophatometrically (Nanodrop ND-1000 Spectrophotometer, Thermo Fisher Scientific,
USA) and its integrity was assessed by lab-on-a-chip technology [Agilent RMNA G000 Nano Kit,
Agilent technologies, USA) according to the manufacturer’s instructions. RNA was stored at -

BO°C until further use.

Quantitative reverse transcription-polymerase chain reaction (PCR)

Rewverse transcription cDMA synthesis was performed on 80ng of RNA from each sample using
the DyNAmo cDNA synthesis kit [Finnzymes, Finland) and 300ng of random hexamer primers,
according to the manufacturer’'s instructions.

Each cDMA template (3ng/ul) was amplified in duplicate with DyMAmao Flash SYBR green qPCR
kit (Finnzymas, Finland) an 3 Rotor-Gene thermocycler (Qiagen, Germany) according to the
manufzacturer's instructions. Reactions were incubated at 50°C for 2 minutes and at 95°C for 7
minutes, followed by denaturation at 95°C for 10 seconds and annealing/extension at 50°C for
10 seconds. The reactions were validated by the presence of 2 single peak in the melt curve
analysis,

Primers for the housekeeping and target genes (supplementary table) were designed using the

software Probefinder (http://opcr.probefinder.com, Roche, Switzerland) in order to anneal in

separate exons preventing amplification of contaminating genomic DMA.

Real time PCR results were analyzed using the standard curve analysis. The cycle thresheld ()

is defined as the number of cycles required for the fluorescent signal to cross the threshald

and exceed the background level. The efficiency of the PCR should be 100%, meaning that for

each eycle the amount of product doubles. A good reaction should have an efficiency of 90-
&
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100%, which corresponds to 2 slope between -3.58 and -3.10. The conversion of the C-valug in
relative expression levels was performed with the slope and the ¥ intersect extracted from the

Y imueses-CTisls2dl 153.33], The values obtained were

standard curve and applying the equation 1
normalized with the housekeeping genes B-2-micreglobulin [B2M) and phosphomannomutase

1 (PMM1).

Statistical analysis

Values are presented as mean and standard deviation or frequencies for continuous or
categorical variables, respectively. The RA patients group was comparad with the normal BMD
and primary OP groups. For continuous varizbles, normality was confirmed using Shapiro-Wilk
test and groups were compared with independent samples t test. For categorical data, chi-
sguared or Fisher exact test were used. Statistical significance was set for p value at 0.05.
Analysis was conducted using the Statistical Package for Social Sciences manager software,

wersion 19.0 (SPSS, Inc, Chicago, IL, USA).

RESULTS

Study population

Twenty-four patients were recruited for this study, 10 with RA, 7 with primary OP and 7 with
normal BMD (table 1).

RA patients had a mean age of E8+11 years, 30% women, with a disease duration of 423 years,
CRP was of 2.1%2.1 mg/dl, the mean DASZE 3V was of 4.05%2.21 and 44% of the patients had
DAS2E 3V above 3.2, 50% were pasitive for rheumatoid factor and 50% had erosive diseasze. All
RA patients were on a low glucocorticosteroid dose (<10mgfday) and synthetic disease-
madifying anti-rheumatic drug monotherapy, nine on methotrexate and one on leflunomide.
None of the patients had used bialogical therapy.

Clinical risk factors for fracture were comparable between groups. FRAX score (both for major
and hip fractures) was similar in RA and primary OF patients. FRAX score was lower in the
normal BMD group (p<0.05) than in the two other groups. We did not find any differences

between groups regarding markers of bone turnover.
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Talble 1 - Cheracterlstics of the study populations.

RA Primary Narmal
patlents aFt p-value D' p-walue

Age [years) BE+11 714 0324 56110 0803
Wornen (] 90 L 1 71 0.732
Bl (Kg/m®] 169446 237449 0.210 33.629.7 0.104
BriD -:g_."cm'] 0.68+0.06 | 0.71:0.09 0.576 1.034+0.22 0.005
Tscore -1.640.7 -1.641.0 0.993 0.04+0.9 0.001
Previous fracture [%) 11 a3 0262 1] 1

Smoking (%) 33 29 1 1] 0.213
Alcohol Intaks (%) 11 o il o 1

Family history of fracture (%] 11 o il 1] 1

Cortlcotherapy (%) 100 14 a.001 a =0.001
FAAK major fracture (%) 16.3+10.0 98237 0388 4.043.8 0.015
FAAX hip fracture (%) 9.1+7.5 To:2.0 0.554 1.4+1.8 0.030
Caldurn {mg/mil) 9.8£4.0 79404 0283 B.5+4.5 0.461
Phosphorus (mgfdl) 3.440.4 31408 0.445 2.8+0.8 0.123
Osteocaldn (ng/mil) 10.2+411.3 13.2:8.8 0671 B.845.4 0808
ALP {u/} 9924530 | 8162381 0.545 57.6+35.6 0.138
BSALP (pg/l] 133451 9.643.2 0_365 11.745.7 0.877
PINP (ng/ml) 4304324 | 318:168 0.544 43.04215 0.957
CT-l (ng/mil) 0.4040.26 | 035:0.21 0.697 0.25+0.15 0.230
PTH (pg/mil] 3104273 | 4252103 0.400 37.1+13.2 0.637

Walues represent meanzstandard deviation ar frequencies.

t p-value from comparison between patients with RA and narrmal BMD individuals; T p-value from comparisan
betwesn BA patients and primary OP individuals

RA — rheumataid arthritis; BMD - bane mineral density; BMI — body mass index; ALP — alkaline phosphatass; BSALP
— bane-specific ALP; PINP — procollagen type | amina-terminal propegtide; CTX-1 - carboxy-terminal collagen type |
crastlinks; PTH — paratharmane.

Bone microstructure
Seguential transaxial images through each specimen (213444 slices per sample) were obtained
using microCT. We did not find significant differences regarding trabecular structure between

groups [table 2).

Table & = MicroComputed Tomegraphy of the trabecular bone specimens.

A& patlents Primary 0F° p-value Mormal BMD p-value
BV/TV (%] 0.245x0.094 0.23120.102 0.782 02520081 0.aa2
BS/BV [mm™) 138+2 6 14.6+3.4 0.605 13.6+3.0 0.885
Conn.0 [mm™) 6.103=2.750 5.442=22 632 0.634 602522010 0.951
Th.N [mm") 1.730=0.420 1 66120400 0.744 16940186 0824
Th.Th {mm)] 0.197=0.037 0.19120.043 0.771 02010043 0832
To.Sp (mm) 0.58620.141 0.616=0.192 0.579 0.553=0.076 0.781
D 1.5540.14 1.550.35 0944 1.4620.14 0.213

Walues represent meanzstandard deviation.

T p-value from comparison betwesn patients with RA and normal BMD individuals; 3 p-value frorm comparisan
betwesn BA patients and primary OP individuals

RA - rheumataid arthritis; BMD — bane mineral density; BY/TY — percent bare volume; BS/BY — bone spacific
surface; Conn.D — cannectivity density; Th.N — trabeacular number; Th.Th — trabecular thickness; Th.Sp — trabecular
separation; Dl — degres of anisotropy.
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Mechanical bone behavior

RA bone had significantly lower stiffness than normal BMD bone (p=0.051) but was similar to
primary OP bone. Regarding bone strength, RA patients had slightly lower values than controls
with normal BMD (not significant). Mo differences among groups were found in toughness

[figure 1}.

Gene expression

The expression of genes reflecting bone microenvirenment is detailed in figure 3 and table 3.
Cytokines and adipokines

Genes related with inflammation were increased in RA patients. IL-13 and IL-17 expression
levels were significantly higher in RA& patients compared to the primary OPF group (p=0.029 and
p=0.030, respectively]. The same behavior was observed for IL-6 and TMF, although these
differences did not reach statistical significance. The expression of fibroblast growth factor
[FGF)-2 (p=0.047), platelet-derived growth factor (PDGF)-B (p=0.088) and insulin-like growth
factor (IGF)-I (p=0.03E) were increased in RA patients in comparison to the primary OP group.
Regarding adipokines, leptin (LEP], leptin receptor (OB-R), adiponectin {ADIPOQ) and
peroxidase proliferator-activated receptor (PPAR)y, there were no significant differences
between groups.

RANKL-OPG rotio

RAMEL/OPG ratio showed a tendency to be increased in RA patients compared to the normal
BMD group (p=0.068). Mo differences were observed in the expression levels of RAME between
groups.

Dstecclast-reloted genes

Measurement of the osteoclast-relsted genes tartrate-resistant acid phosphatase (TRAP),
ATPase H® transporter, VD subunit d2 [ATPEVODZ), subunit B3 of avB3 integrin (ITGE3) and
cathepsin K [CTSKE) disclosed that the primary OP group expressed higher levels of ITGB3
[p=0.015) compared to RA patients.

Ostecblost ond osteocyte reloted genes

To characterize osteoblast metabolism the expression levels of RUNX2, 0S¥, ALP, COL1AL and
OCL were analyzed. The transcription factor 05X was increased in RA patients compared to the
primary OF group (p=0.048). COL1AL was slightly lower in RA patients than in the primary OF
group (p=0.093) but OCL was increased (ps0.054). RUNXZ and ALF were similar in all groups.
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Regarding osteocyte-related genes, phosphate-regulating endopeptidaze homaolog, X-linked
[PHEX) was decreased in RA in comparison with the normal BMD group (p=0.062) but no
differences were found in dentin matrix acidic phosphoprotein 1 {DMPL) expression.

WINT pathwoy

Severzl components of the Wnt signaling pathway, low-density lipoprotein receptor related
pratein (LRP)S, LAPS, dickkopf-related protein (Dkk)-1 and secreted frizzled-related protein
[sFRP)1 were analyzed. Both LRPS and LRPS were increased in RA patients compared to the
primary OP group, zlthough only LRPE reached statistical significance (p=0.045). Regarding
Wit inhibitors, we did not find any difference in sFRP1. We zlso did not find significant
differences regarding SOST between the groups, zlthough S05T gene expression levels were
relatively low in RA and in primary OF patients. However, Dkk-1 was upregulated in RA

patients (p=0.036), when compared with primary OF patients.

Table 3 = Comparison between relative gene expression levels between RA patients and
narmal BMD group or primary OF patients.

Normal BMD”

RA patlents Primary OF° p-value p-walue
IL13 0.0016+0.0015 0.0003=0.0004 0.029 0.0007+0.0006 0.110
L7 1.221+1.104 0u0450.062 0.030 0.336+0.322 0.083
IL& 0.0038+0.0053 0.0024=0.0020 0.535 0.0028+0.0054 0.330
THF 0.015+0.018 00051200099 01598 0.030+0.024 0.144
FGF2 0.083+0.108 0.0038=0.0078 0oa7 0.073£0.071 0.835
PDGFR 0.027+0.037 D.O03720.0045 0088 0.022+£0.017 0.731
IGF-I 0.140+0.164 0.010520.0251 0.035 0.340+0.354 0.200
LEP 8.52+2.80 B.60+12.20 0.535 875878 0.405
QO8-R 0.081+0.10% 0u014=0.019 OUDBE 0.063+0.053 0.708
ADIPCO 1.35£1.94 0.1080.123 0.075 0.86+0.50 0.508
PRARY 0.051+0.067 001820.013 0.157 0.035£0.032 0.540
RANEL 0.077£0.077 0.293=0.297 0.105 0.112+0.148 0.805
0BG 0.028+0.022 0.05020.041 0.215 0.053£0.051 0.303
RANKL/OPG 3.8£3.0 75274 0.296 13416 D0.056
RANE 0.002+0.002 0u00220.001 05491 0.002+0.002 0.585
RLIMNXE 0.043+0.041 00400020 0845 005240032 0848
fal 0.031+0.032 QuDOF=0.004 0048 00190018 0.41%
COL1AL 0.0537+0.033 0.188=0.218 0.055 0.13240.131 0.104
ALP 0.024+0.025 0037x0.022 0.288 0.045+0.051 0.367
oa 0.034+0.043 0.00320.004 0.054 0.055£0.058 0.405
PHEX 0.259+0.203 064721 188 0483 10571088 0.062
DMP1 2.65£1.90 2.50:2.43 0.854 1.74:1.03 0.307
LRPS 0.028+0.028 0.0110.017 0.153 0.052+0.033 0.856
LRPS 0.043+0.047 0.00820.014 0.045 0.035£0.041 0.712
DKK-1 0.238+0.295 0uD0F20.011 003s 0.110+0.115 0378
sFRPL 0.018+0.023 0u00a20.007 0,101 0.035£0.041 0.334
S08T 0.012+0.012 0.014=0.012 0824 0.034+0.031 0.113
TRAP 0.030+0.022 0U06020.043 0.21% 0.061+0.050 0.247
ATPEVOD2 0.089+0.085 0U0B1=0.034 0820 0.048£0.04% 0.262
10
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ITGE3 0.013+0.010 0.03020.011 0.015 0.013+0.010 0.974

CTSK 0.414+0.495 1.09=0.88 0.102 0.397+£0.311 D.245

WValues represent meantstandard deviation.
T p-value from comparizon between patients with RA and normal BMD individuals;  p-value

from comparison between RA patients and primary OP individuzals

{ADSPO0; = adiponectin ALP — alkaline phosphatase; ATPEWOIDZ » ATFase H™ transporter; COL1AL — Collagen type 1ol; CTSK —
cathentin &) OKK1 — dickkonferefated protein 1; OMPL — dentin matrix ackdic phosphogratein 1; 7572 - flanoblast growth factor 2;
571 = irsulin growth factors1; IL1 « Interkeukinel; ILE — interleukineE; IL1T - Intekeuiin=17; MS83 - subunit 83 of the Integrin
aviid; LEF = leptin; LRPS/E — kowedensity |ipoprotein receptor related protein 5/6; 08«8 = leptin receptor; OCL - osteocldn, OPG -
astennrategering 05X — ostery; POGF « plabelet certwed growth factar §; FHEX - phosphatesnegulating endopeptidase homolog, %=
Inked; FRARy « peronidase profiferatorsactivated recentor y; RANK « receptor acthator of nuclear factor «B; RANKL — RANE liganc;
AUNXZ = runk=related transcrigtion factar 2; sFRAL - secreted frizdederetates probein 1; SOST - sclerostin; THF = tumar necross
factar; TRAP « tartratesmsistant acld phosphatasa)

CHSCLUSSION

In this study we found that R& bone microenvironment has a gene expression profile
characterized by upregulation of several pro-osteoclastogenic cytokines and Dkk-1, increased
RAMKL/OPG ratic, paralleled with a raised expression of factors that promote osteoblastic
activity. Thess observations were obtained in comparison with an established primary OP
group with similar BMD, FRAX score, trabecular bone mechanics and microstructural
oarganization.

As expected genes that code for pro-inflammatory cytokines were upregulated in RA patients,
particularly IL-17, which plays an important role in stimulating ostecclastogenesis. In
accordance, RANEL/OPG expression ratio was higher in RA than in contraols with normal BMD.
Owverall osteocclast related gene expression was similar between RA& and established OP
patients, with the exception of ITGB3, which was lower in RA patients, suggesting an intriguing
disturbance in osteoclast adherence to bone matrix [24].

RA patients had increased FGF2 and IGF-1 expression levels, which together with the
upregulation of bone 05X, might represent a compensatory osteoblastic activity response that
we have alsa previously chserved in 2 mice model of arthritis [16, 25]. Interestingly, OSX is
involved in the induction of Dkk-1 [28], which is coherent with our cbservation of an increase
in the expression of this gene in RA bone. In addition, Dkk-1 induces LRPS accumulation both
at the cell surface and in endosomes [27] and in fact our observations showed that the
increased expression of Dkk-1 in RA was paralleled by an upregulation of LRPS. Dkk-1 is a
negative regulator of the Wnt/R-catenin signaling, which is a key pathway in the stimulation of
ostecblast differentiztion [28], meaning that its wpregulation in RA patients is limiting the
effects of pro-osteoblastic factors, as can be inferred by low COL1A1 expression in RA bone.

Dkk-1 was previously shown to be present in joint sections from RA patients [23] and

11
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neutralization of Dkk-1 completely protects hTMFtg mice from inflammatory bone loss by
preventing impaired osteoblast function and enhanced osteoclast activity [30]. Curiously, the
other Wnt pathway inhibitor sclerostin (S0ST), exclusively expressed by osteocytes, was not
increased in RA bone. This uncoupling with Dkk-1 expression might be explained by increased
osteocyte apoptosis in RA [31] and/or by an inhibitory effect of Dkk-1 an SOST expression [32].
Differences were observed in gene expression between RA bone and established primary OF
bone in spite of the fact that these two patient groups were matched for BMD and major
fracture risk factors. Moreover, neither bone microarchitecture nor biomechanics of the
trabecular bone showed any significant difference between the two groups. However, RA and
established OP bone samples had impaired bone biomechanical properties compared to the
normal BMD control group. These details are relevant as they might indicate that the
differences in gene expression that were cbserved reflect biclogically specific mechanisms
responsible for bone fragility in RA. Finally, another interesting point is that patients belonging
to the RA group had = relatively short disease duration, low erosive rate and low
microstructural damage (as evaluated by microCT) reinforcing the idea that these differences
in gene expression occurred in the absence of major clinically meaningful bone damage in RA.
We have tried to reach the highest possible intra-group homogeneity, minimizing 2 major issue
in the analysis of human bone, but by doing that we have considerably reduced the sample
size. However, the results are perfectly in line with our previous animal cbservations [16]. An
aspect that cannot be completely clarified solely based on this study is the eventual impact of
low dose glucocorticosteroids, used by all our RA patients (a standard practice in the
management of RA in Portugzl], on the expression of the genes analysed. From a clinical
perspective, low dose glucocorticosteroids have a minor effect on R& bone [2-3] but their
effects on bone gene exprassion are not precisely known [33]. In fact, to our knowledge this is
the first study where bone quality and gene expression were assessed in human samples in the
context of a chronic inflammatory condition.

In conclusion, RA bone microenvironment has a gene expression profile characterized by
upregulated pro-ostecclastogenic cytokines, increased RANKL/OPG expression ratio, paralleled
simultansously by a raised expression of factors that promote ostecblastic activity. However,
the marked Dkk-1 expression observed in RA patients might limit this tentative ostecblast-
mediated bone repair activity as it is suggested by the low COL1ALl expression. Our
observations reinforce the position of Dkk-1 as an attractive target for treating RA induced

systemic bone disease.

12
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FIGURE LEGENDS
Figure 1 = Mechanical behavior of bone was analyzed by compression tests of trabecular bone
cylinders. Strength, stiffness and toughness were considered to characterize bone mechanics.

Figure 2 = Several genes were analyzed translating three important components of the
interaction between immune system and bone = inflammation, osteoblastogenesis and

ostenclastogenssis.

{ADIPO0O; — adiponectin; ALP — alkaling phosphatase; ATPEVODZ « ATFase H transporter; COL1AL — Coliagen type 1ol; CTSK -
cathentin €; DKL - dickkopferefated protein 1; OMPL — dentin matrix acidic phosphoprotein 1; FSF — flarablast growth factar;
iGFL — Ingulin growth factor-1; ILL - interleukin-18; ILE - Interieuikin<5;IL17 - intelavkin-17; ITGE2 — subwnit §3 of the integrin
aviid; LEF - leptin; LAFS/S - low=dersity lipoprotein receptor related protein 5)6; MSC — mesenchymal stem cell; O35 - keotin
receptor; OCL - osieocalchn, OPG — osteaprotepern; OSX — osterts; PDGF » platelet derived growth factor B; PHEX — phosphates
regulating encopeptidae homolog, X=linkec; FRARY « perowidase profiferatoractivator receptor 7; RANK « recentor acthvator of
muclear factor a8; RANKL — RANK Bgarc; AUNKZ — nuntsrefated transcriptian factar 2; sFRAL — secreted frizzledsrelated protein I;
SOET — sclerasting THF — tumor necrosts factor; TRAP « tartrate=resisiant acid phosphatasa)
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Table. Real time FCA primer sequances af the genes studied
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Gene GenBank number Primer sequences
ADIFOQ NM_304757 GETGAGALGGETEARALAGEA A: TITCACCGATGTCTCOCTTAG
AL NM_000478 a: TGEET
ATFEVOOZ NI _153563 A: COGTAATGATOCGLTACGTT
T NM_004048 a: AAAGACAAGTC GAATG
COLIAL NM_000088 A: AGATCACGTCATOGCACAAL
[53 NIM_D00356 A: CABAGCAAAGCTCACCACAG
e NM_312242 i AATGATTTTGATCAGAMGACACACATA
] NM_J04807 5: CETGET TACTEGEAGAGIAC
FEF2 NM_J02006 : TTCTG CTTGAMSTTGTAGCTTGAT
[ NM_001111353 ! ATCCACGATGCLTGTLTGA
WIE NM_00057E : TETTTGGGTAATTTTTGEGATCY
NM_J006C0 ! GATGAGTACAMAAGTCCTGATCCA
NM_002150 TTCCOCCGGACTGTGATSETCA 3: CAGGGTCCTCATTGOSETGEA
NM_000212 GEGCAGTGTCATETTGETAR A: CAGCCCCAAMGAGGGATAAT
NM_000230 A: GTCCAAACCGGTGACTITCT
NM_D15833 A: TGGCTCAGAGAGGTCALANEA
NM_D0Z336 R: GACTOGGAACTGAGCTCACAL
NM_002303 R: CABTTGTTGGLATCATCICA
NM_155173 R: TCAGCCAACTCGTCACAGTC
NM_D02546 : GTAGTEETCAGGECALEEE
NM_1528ED % CAGGEGALTGEAGICATA
NM_J02ECE 5: CEAATEETLADILGAGTTT
HM_J00244 : TAGCTTGELATATCITLGSE
NM_J0267E : TLOCGEATCTTCTCTTICTTG
NM_138712 : TETGCAMCCALTGGEATCTGT
HM_D03835 : GECAAGTAAACATGEGEETTC
NM_00370: : TATGEGAALCAGATEGEATG
NM_004348 2 TCTETCTETEOTTCTGEET
NM_003022 : TEECAGTTCTTGTTGAGS
NM_025237 A: GEGATGCAGCGEAMGTC
NM_000554 f: GLCAGAGGGLTGATTAGAGA
NM_001111034 : GLTTTEAGGEGTCOATGEA

ADIFOC - adlaonectin; ALP — akallne phosahatase; ATFSVDOZ - ATFase H trarsparter; 32M - B2-microglobuin; COLLAL - Calagen tyae 1,0l; CTS — cathemsin K; DKE1 « dckeopi-ralated probein 1; OMPL — centin

matrhx addic phosphoaratein

2 - fibroblast growth factor
LAPS/E - law=censity popratein receptar related protein 5/€; 05«

endopeptkiase homalog. X-linked; PMM1 - phosphomannamutase 1
transcritian factor 2; sFRPL - secreted frizdeckrelated protein 1; SOST — sclerostin; THI

IGF1~ nsulin growth facton1; 1L

http:ime.manuscriptcentral.comiard
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FARY « peraxidase proliferatanacthator receptar

LE- Interigukine; IL1TA — Interleulkine17; TGE3 - subunit B3 of the integrin ov{ia; LEF — leptin;
Leptin recegtar; OCL - osteccalcin, OFG — ostenprotegenin; DK — osterh; POGFS » platelet derved grawth factar i; ®
ANK — receptar acthatar of nuclear factor KE; RANKL - RANK igang
umor necrosis facion TRAF « tartateresistant aclc phasphatase.

- mhosphatewguiating
RUNZ - runterelatec
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Abstract

Fracture healing i orchestrated by a speeific et of events thar culminates in the repair of bane and
reachievernant of it blamechanical properties. The aim of our work was to study the seguence af gene expression events
imwahled in inflarmmation end bone remodeling oceurring in the early phases of callus formation in cdtesparatic patients

Meth cipal Fndings: Filty-six patients submitted o big replacement surgery after 2 low-energy big fracture
were ennolied in this study. The patients were grouped accarding to the time intervel betwean fracture and surgeny: bane
collected within 3 days after fracture (n=13); between the 4™ and 7 day [n=33); and after one week from the fracture
(m=100 Inflammatior- and bone rmetabolisrr-related genes wene pssessed at the fracture site. The expression of pro-
inflammatary cytokines wes increased in the fime days after fracture. The genes responsiible for bane farmation and
refarption were upregulated ane week after fracture. The increase in RANKL expression oceurred just befare that, between
the 47-7" days after fracture. Sclerastin expression diminishes durng the first days after fracture.

Covelusions: The sxpression of inflammatian-related genes, especially IL-5, B tighest ae the very first days after fracture but
fram day 4 anwards there 8 & shift towards bone remadeling genes, Suggesting that the inflamematory phase riggers bane
healing. We propose that an initial inflammatony stimulus end 8 decrease in sclerostin-related effects are the key components
in fracture healing. In estesparatic patients, cellular machinery seems to adeguately react to the inflammarary stimulus,
therefare local promation of these averts might corstitute & pramising rredical intessention ta accelerate fracture healing.
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Intreduction

The management of fragility fractures assaciated with osteopos
rasis is difficult due to several factors including inadequate fixaticn
strength of implants used to stabilize the fracture wmeil union of
home ocoars. In pariculzr, the fmgility fmerures 2ffscting the
metaphyseal region of lang bones are 2eociated with an increased
rate ol complications. Several stdiss repant nocunion in 2-10%,
malalignmen: afer surgery in +40%, metal work Rilere in 1-
10%, and reoperation in 3~23% [1]. Experimental siudies have
shown that the decline in the capacity for fcture repair i age
related. [dsturbance of che full redevelopmen: of mechanical
strength within Fracture calluses in elderly animals has been shown

‘@. PLoS ONE | wwes.piosoreong

i experimental rmt medels. In the human being it i possible chat
Ercture healing is affected by aging [2], particulardy in the elderdy
ostenparatic patents [3]. In znather study it was described that in
6, 36 and 52 wesks okl mis, there & upon aging 2 delay in
ragingraphic progressiom of fracture bealing but the expression of
the key genes invalved in this proces is not age-dependent [1,4.5].
The fracture healing response and its temporal gees expression in
elderly paticets with ostcoporosis has not been  adecuately
investigated 2t the eellular and moleculer level Tdentification of
the mechanisme that lead o fractere healing disturbences in
patients with cetenporesis is of putstanding importance hecaee
they could 2llow prevention and hecter maragement of these
healing coenplications, In aédition, the hiclogical processes hehind
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fracture healing in cscecporosis might haold che key for fature
meedical interventions.

Fracture healing recapitulates certain zspeces of skeletal devels
apment and growth, invalving interplay of cells, growth Bciors and
extracellular matrix. Following injury, 2 hlood clat is formed in the
fracture site [£,7]. This hematama is the source of several signaling
malecules that incuce an inflammainry cascade of evenis chat
initimie healing [2.9]. Based an histological cheervations of healing
fractures, bans repair was defined in animal mndels by an inizial
inflammatnry phass lasting for about three days), 2 cazhalic phass
where damaged tissues are removerd, 2ed an anabolic phase whers
new hone is rebuilt. Within several days af the indtial inflammarary
respomse thers i a sequence of events chat resalis in che formaton of
new hane through the development of 2 structure named callus.
Experimenta] stucies have relaced temporzl gene expression witk
hone healing. In 2 sy with Sprague-Dawley rate, gene expression
was evaluared on days 3 and 1] postsfrzciere. The 2uthors showed
that different molecular pathways of gene expression regulate
different phases of hone healing [10].

This work zims to stucy the profile of genes irvaled in
inflammation and hane remodeling during the 3 major steps of the
early phase of callus formation in human hane after a kip Fragility
fracture,

Results

Study population

Fiftyesix patients 8027 years of age, 75% of female gender,
which suffered a hip fragility fracture, were enrollad in this sy,
There were no statistical significart differences in age and gender
hetween the 3 study groups [Tahle e who had surgery lees
than three days after fracture (gmup twesn four and ssven
days (group 2 and eight or mare days pestfracture (group 3,

Inflammation and growth factors genes

The lacal expression of nine genes relazed to the inflammatary
phase afbone healicg (11=10, [L-E, TNE, BMPZ, BMP4, TGF-f1,
IGF1, FGGF-2 and FOGF-f] was analyzed (Figure |, Tahle 2 [1s
18, 1L-6 and TNF are cytokines that have an impartant rale in
potentiating the inflammatary cascade, Conenrdanmly, the expres.
sian of these genes was highest during the first 3 prstfracire days
znd decreases thereafier. Specifically, 15 had a higher expression
in group 1 than n group 2 (pavaiue = 0021 and (L1E, although
expresmer] 2t low levels, remained sizble, decreasing shightly after
the 47" day postsfracture {pevalwe =0.087). On the conirary,
TNF eapression was sthle, showing ooly a sight cendency o
decrease cver tme [pevales = [L20E).

BMIPs are 2 set of growth factors and cyrokines belonging o the
TGE-4 superfamily and are involved in the creation of bone tesee
architecture. I fmciume :heal'il'.g. HAIP2 apd BMP-3 F|i.:|-'

Bone Gene Expression in Fracture Healing

impartant roles in pstechlast differentiation. Arccardingly, & was
observed thar the expresion levels of WP were highest umil 3
days pestefracture and decreased thereafter [povalue= 023,
while BUPS expression remained fairy constant in all groups -
walue =0,852). TEFH exhibited 2 constant negative slape heowesn
the three groups (pavalue =031

10GFe] is 2 hprmaone invohed in hone matrix synthesis and thers
were no differences in i expression levels in the three LTs
analyzed (pevalue = 0.E17). The growth Getors FIGF2 and PIMGE-
B are involved in the formation of new blood vesssls. Their
expregion ended ta decrease slightly from groug 1 to group 2 2nd
was clearly decreased after B days postfracture [FGEFZ pe
walue = 0,081 and PG pevaiue = 0043,

[verall, these F_'nding: SLZEESL that the n:pu':::icm Levrads all
inflammatory geres and growth fciors ere paniculardy high
during the three fint days postefracuare 2ed decrease ram the day
4 povwards.

Ost=oprotegerin, RAMNK and RAMEL

OPGE i a negarive regulator of bone resoeptinn and, as
expected, it expression was slightly lower in group 3 than in
group | (pevalue = 0161 (Figure 24, Table 23 On the ather hand,
RANK produced by ostenclest precursors showed 2 tendency to
increass over time (pevalue = 007D Finally, RAVAT. expressed by
oetenblasts, stramal cells 2nd immune system cells had its highes
Level ot days 4 10 7 posteEracture (group 2) and decreased thereafter
[pevalue = 0267

The ratin BANKLAOPG regulates the balance hetwesn
remadeling and formation, In this study, the ratio RANKLSOPG
mBNA peaked in group 2 and tended to decrease later on {pe
walus = 0,070,

Steoblast-related genes

The expressian of three genes that play impartant functions in
the aseoblast and its activity was sdied [Figure 28, Table 3.
Crore=hinding factor, alfz subunit 1/runterelaced  transcription
factor 2 (CEFALSREUNXD and osterix (05X are transcripticn
Factors that FI:::,.' a crucial rale in cstechlast dilfsrentiation, aed
ALFis an enzyme expresed at a later siage being imvolved in hone
mairix maintenance. In cur nesulis, CBEAT/RUNAD :xp:l:in‘n
was slightly higher in group 2 than in group 1 and then remained
comstant and was similar i groups 2 to 3 (pealue =052 On the
ather hand, (X expression levels were similar in groups | and 2
and marginally higher in group 3 [pevalus=0.145). Regarding
ALF, levels were slightly lower in group 2 2 compared to group |
bzt were similar herween groups 2 and 3 (povalue = 0726

Ost=ocyte-related genes
Sclerstin (S0ST] & produced by the asteacyte and reguiates
negrtively ostenblast differentiation by inhibiting Wit/ fl=catenin

Table 1. Deseription of the study population divided berween the event of fracture and surgery.

Group 1 Group 2 Growp 3 p-walum
Unitil 3 diys post-fracture 41a T duys post-lrecturs B e mers days pest-fracthang
Muibar of pamians 13 et 1
Boa (yaas) 80=5 7 E3=7 0328
Fainal gendes (%) as M L Rk

‘Wallii RORSET e =slandand deiatian
Comparisont beTwean groups perlarmad with ANOVA ar chi-iguan s
il 0137 Wjoumal pane.d1E047 0001

‘Q, PLoS ONE | wwew.plosoreong
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Figure 1. Relative sxp ion af infl and growth factors genes groupsd according to the time betwesn the event of
fracturs and the surgery. Each genie was narmalized 1o the expression of the houseieeping genes B2 and AMM?. *pevalue <0058 for comparisans:
betaween the three grouns. (Points represent median values). L1 = interewidre1 [ IL8 = intereuiine8; TNF = tumcr necrosis factar; IGF1 = insulin
grawth factar-1 ; FGF2 = fibeohlast growth factar 2 ; PDGFR = platelet derved growth factor i BMP = Bone meorphogenetic pratein: TGFA1 =

transforming growth factar fil.
doi:18.1371 journal pone DO 16347 900

signaling. In this wark we found 2 highly sigmificant reduction in
SO5T levels overtime (povalue= 0,001 (Figuere 202, Tahle ).

Osteoclast-related genss

Four geres thar regulace cstecclast differentiation ang finction
were studied (Figure 20, Tahle 2. Tartrate-resistant acid
phosphatase [TRAF] i an erayme expressed by pre-cstecclas
end active oseeaclasts; an the other hand, catheprin K (CTEK), A3
submnic of the o3 integrin (ITGEY) and ATPase H tansporier
(ATPEVIDZ] are proteine ivolved in the process of hone
TERITin.

We ohserved a marked increase it TRAF ard a mare modest
change in CTIR and ATPSVRO? expresion aver the post fracture
perind  (TRAR poalue=0009; CTIR paalue=0.027 and
ATPE 02 p-m]ug =0,076}. On the ather hand, the :x.Fr:llinm
al TGRS remained constant u:-v:luzﬂ DA,

Discussion

Alhpugh some stcdies have aderessed the sequence af events in
fracture healing, the research was maicly based on histalogical
esczminaticn af healby individual’s issue and cn malecular studies
in animal medels. Based an these previnus hisolegical and
malecular studies of healing [Fractures the iritial stages of thess
process have heen proposed to inclede 2n early inflammatory and
unrpe:r.i.ﬁ: arabalic phue [frst 24 hours up o thind  day],
immediately fllowed by 2 non specific catzholic phase (up
ike end of the fire week) that seis the conditions for 2 more hone
specific anzbalic phase (first week and thereafter) [10,11,12,13,14].
Thus, in cur study, patents were grouped indo these three phases
zccording to the time betwesn fracoare and surgery 2nd the main
abjective was 1o address the gene expression variadpns during

‘@, PLoS ONE | wwew.plosoreong

early callus formation in patients that have suffered 2 hip Fragility
fracture. We showed that many inflammatiorsrelated genes have
higher levels of expression untl 3 days poststrauma while genes
relater] to osteoblast and ostenclast activity increase ar day 4 and
thereafier.

Cytaking gene expression [JL/H, L6 and TVF) was more
praaenced during the st days after fracture, as described in
younger individuals. Epecifically, the decrease in [LE expression
Levels was far more proncunced than what was cheerved with the
other prosinflammatory cytakines evaluated. (O interest, repoats
state that JL1 8 is upregulaced in response o the fracure event o
m JLIH knockout mice there was o change in callus formation
and hone 2rd cartilage matrix productian [13]. On the other
hand, in the abserce of TNF signaling there was a 34 days delay
in chondrogenic differentiztion and a 2-3 weeks delay in
entachkondral tissue rescrprion [16]. Begarding [1a6, sudies in
knockout mice have shown that chere was o celay in callus
formation and lower cstecclast censity [17). Thersfore, in
rocordance with pur resulis, 116 Zppears o have a ?‘.vmal ol
in the early phase of fmcture bealing, probably throwugh the
mcrease in the prososteoclastogenic simueli, Morecver, expression
levels of TUFE, BMP2, VP4, PIMGEE ard FGFZ wes highest
during the first 3 days postfracture, The variation encountered in
these elderly fragility fracture patients is similar 1o the fndings
ohtained in 2rimal models stwdies [B] and in healthy younger
subjjects [18] where the inflammatery phase ocours befare day 3
post-fracture, being 11-5 a crocial player in this early phase aof
fracture healing.

Hegurding the RANKBANELLNG system, (Y7 expression
diminisher] gradually afier fracture, releasing the irhihiory signal
for asteaclast differendiation, Concordantly, £AVEL peaks ar g

7" day after trauma, creating o stmuhus For cseoclas dilferens
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tintion from is precarsars, Therefore, the mtio R4AAKL PG was
high during days 47 pestfrcture, cat acly due to an increase in
RANEL but 2lin tn a decrease in (FF expression switching the
halance 2 prosresoptive s, as described 0o young mouvss
madel [5].

Crooceming estepblan differentiation and  acivity, # was
abserved thar CHFANRUNAZ and OEX, two regulatary factors

‘@. PLoS ONE | waew.piosore.ong 4

Table 2. Comparison between the relative gens axpression levels of patients subemined to hip replecement surgeny due te law-

anergy fracture in relation ta the days between fracture end surgery.
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iz 0,137 Wioumal paneDl1S047 02

al ostengenic phase, CBFEAT/RLINEZ
increases from the inical phase of bone healing wheress OEV
increases afier 4 days postffacture sustaining the evidence chat
DAY az2cis later than CHFAISRUNATZ im osteohlast Iheag\e
commitment [20]. On the other hand, ALF, a marker for
ostenblast zrotivity, decresses from early stages of bane healing.
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avf3; TRA? = tartrate-resistant acid phosphetase; ATF - ATPase H™ transporter; CTSK = cathepsin K.
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This gene expression profile had been alrezdy observed in other
stuclies [16,21,22] and @t & not emtinely surprising, sine this
enzyme is irvolved in bone matrix production and our sdy B
focused an the sady rJ'.ar.g:l related to fracturs, in 2 stage whers
the formation af new bone matrix is stll not occurring

Sclerostin is a pratein procuced by the osteocyte that inhibits
canomnical Wit fecaterin signaling, thux blacking  ostenlblze
proliferation and diffsrentimtion. The contribution of this pathway
o fractore healing depends on the function of fec2ienin in
different sages of fracture repair, namely in the commitment and
regulation of pstephlasts [23]. Only one study in young mice has
addressed the levels of sspresion of sclercstin during fracture
reqair and they found tha this protein was downregulzated during
the pracess [24]. In f2ct, our results, the fErst obtained in fragility
fracture patients, showed that SOST expression decreases signife
icamitly Erom che | :g"_nning' of the I'.uling' Cascacs, mwmmg that
there i an mitial blockage of osteoblast proliferation and
differentiaticn that is subsequerdly released over the perind af
fracture healing.

The role of the osteoclast in bone healing @5 somewhat
controversial. Bone foemation avercomes the los of contimity
and cetecclasis sesn o p]:ry o role 2t 2 later FI‘.LWP:. in the
mnnd:ling' stage Moreover, in a hngi:u.d‘.'n:.'l study where the
serum levels of biochemiczl markers associzied with haone
meetabolism were assessed, the authors showed that the markers
for hore resorption remained elevated up to four months afier
fracture [21]. At gene expression level, we found thar the
astenclastespecific genes TRAF, CTAL and ATPEVOD? wers

‘@, PLoS ONE | wwew.plosore.ong

sigrificantly increased from day B onward after freciare, printing
to an activation of ostenclast function. In fact, the RANKLSOPG
ratia i highest in group 2, whereas the CTEE values are increaesd
in group 3, indicating that during 47 days after fracire,
ostenclastogenesis stimulus was ongoing intensively whersas 2
day B and later oseoclasts containing cathepsn K had already
been fonmed in relatively high numben. The active mle of
ceteniclast curing the early phase of fecwre healing was already
deseribied in sheep where it was propossd that these cells not coly
resarh bane but adjuse the system, together with cstechlasts, in
arder ta improve bane sirength [23].

Dae to the fact that we are dealing with human subjects, the
sty had to have o cross-sectiomal design. Thus, it is not poasible
te rale cut the incrinsic variahility of different individuals,
Haowever, the statistical significance for many of the changes
describerd sepms oo refuce this, Besides, the ENA pmed was
extracied from the site of facture {trabecular bone] that nee ooly
has the bone cells that we are meerested in, bur abo other cell
rypes, such as adipocytes, hone marro cells and cells infiltirting
the tizsues curicg the izl healing phase, Howsver, the hone
remadeling genes studied are relatively specific for bone cells and it
i umlikely chat this technical aspect represant a relevam
comfbunding factar in our study.

Tzken iogether, our resuhs indicate that in patients with hip
fragility fractares, the expression of inflammatiocenelatsd genes is
highest during the first clays afier fracture bt from day 4 onwards
there is a shift towards hare el remadeling genes, suggesting that
the machinery of hone healing & conssrved in osteoparatic bone.
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Table 3. Real time PCR primer segquences of the genss
Studied.
GanBank

Gane s b Prifmir Sigusncis
ELA RM_C04048 F: CTATCCAGOGTADGCCARAGATTC

R CTTGCTCAAACACAAGTCTGALTS
AT KM_DIETE F: GAATGGCATGITGAACATCT

R TCCCGGATOTTCTCTTITCITG
LIE NiM_0005TE F: TADCTGTOCTGOGTGTTGAA

R TCTTTGEGTARTTITIGEGATIT
L& K_C00600 F: GATGAGTACAASASTOCTGATOCS

R GATGAGTACASAAGTCCTGATIL
THF L F: CAGCCTCTTCTCCTTCCTGAT

R GECAGAGGOITGATTAGASA
TERET WM_C00ES0 F: GCAGCACGTGGEAGITET A

R CAGCCGGTTGITGAGETA
EMF2 Hid_00 200 F: COGACTGOGGTCTOCTAR

R GRAAGCAGCAACLITAGAAD
B WM_D00202 F: CTGCABCOGTTCAGAGGTC

R TECTCGGGATGECACTAC
\FGEFT M_I006 F: TICTTCCTGOGEATOCAD

R TTICTGCTTGAAGTTGTAGITTGAT
FOGFE HM_DIE0a F: CTGGCATGEAASTOTOAGAL

R COAATGGTCACCOGAGTTT
Loyl WM 001111383 F: TGTGGAGACAGGEGITTITA

R ATCCAOSATGOCTGTCTGA
CEFALRLNGG WM 004348 F: COGAATGOCTCTGLTGTTA

R TOTGTCTGTGOCT TCTGGET
[ Wi_N51850 F: CATCTGLCTGROTOCTTG

Fe CAGGOGACTGGAGICATA
Lol HM_C0247E F: AGAACDOCAAAGRITTCTTC

R CTTGECTITTOCT TCATGST
TRAP KM 201111038 F CGGECACGATCACARTCT

R GOTTTGAGGGETCCIATSA
TGEY hiM_000212 F: GOGCAGTGTCATGITOGTAS

R CAGCCCCAMAGAGTGATAAT
[ara~ 4 HM_000306 F: GOCAGRC AACAGATTTCCATC

Fe CASAGCAAAGCTCACCALAG
ATPSVEOS WiM_N51585 F: CATTCTTGAGTTT GAGGICG

R COGTAATGATCCGOTACGTT
SO5T HM_225237 F: AGACCARAGADGTGTCOGAS

R GOEATGCAGCGOANGTC
RANK KW_o03aza F: GAAMCATCATOGEACAGAGARATC

R GOCAAGTAALCATGGEGRTTC
RANKL R30I F: AGAGAAAGCGATGETGRATS

Rt TATGGEAACCAGATGEGATS
DFE WM_Ci0548 F: CGCTCGTGTTTCTRRACAT

R GTAGTGGT CAGEGCANGEE
E2M ~ Flamicroglobuling PMM1 = phagsromarnomotasa 1; IL18 - inmadeukine
IR L6 - ivrerlaukineg; THF - tumes neceoi famae TGFET - maralforming
geerath Faztar BY: BMF - Borg moiphogenos procaie; 15F 1 - inculin grows
facmrel; FGFI - Meeablar growds fose I FOGFRS - planeden dirkied gaweh
facmar f; OPG - comsapratagenin: RANK - moapoor activinge of Pudes facmee <B;
FAMKL - RANK ligard CEFAT/RUNND - corg Binding facnar =) frust-nalaned
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Table 3, Cant.

ceanserigice Tacmes I 05X - oanarie; ALF - ababne phodaphatase; 5067 -
selenaling TRAF - Lafbala-rasietart aoid phashatase: CTSK - cathegsin K; IM3E2
- suburit i3 of The inmagrin =efi3; ATP = ATFaSa F Tarspamar.

doi 121537 joumal pone DI1ELT 000

In zeditiom, the changes observed in 1L expresdon profile
suggest that this pre-inflammatory cyokine plays 2 pivatal mls in
triggering the hezaling cascade. Morsaver, sclernstin expresion is
auickly rechsced after fracture and we bypothesize that this allows
cetenblasts to psexpe fom i inhibitory effect, thus prompting the
expresion of bone formation genes. [nmh!l'_.'. RANKL
expresion is subsequently increased, generating the stimulus for
osteoclast acdvity, as confirmed alse by the later rise in the
expresion of the bone resorptionsrelaced genes. Our frdings
bring rew insights for clarifying bone fraewre healing process in
osteoparotic patents. We propase that an irital ieflammanary
stimulus ard 2 decrease in wlerostinerelated elfects are key events
for an adequate fracture healing. Thus, in mssteoparatic patients,
lacally promaoting thess events might provide promising medical
incerventions for zecelerating fracture healing and reduce the rate
of complicatians,

Methods

Sample collection

Fatients that suffered a low=snergy hip fracture and underwen
total hip replacement surgery at che Crthopedic Department af
Haospitz]l de Sarta Maria were corsecutively recruitsd for this
stuty froam 0T uniil 2008, Epideminlogiczl andd clinieal data such
as age, gender and days herween the faewre and surgery were
collected, Patients with other metabalic bone diseases and with
bpme metasizses were excluged,

Written informed consent was obiained from all patients and
the udy was concucted in accordance with the echical principles
for medical research invalving human errs expressed in the
Declaration of Helsinki, as amended in Edichurgh (2000, and was
approved by Santa Maiz Hespital Ethics Committee.

According o the time between fracture and surgery, patients
were divided in three groups: those whe had hip replacement
surgery henwesn zero and three days afer fracture (group 1), four
and seven cays after facture [group 2) or sight or more days afier
fracture (group 3.

After the mediczl procedure, the famaoral epiphyses were smap-
frozen ar =B0MC.

RMA extraction

Withaout r'.d'rm:.ng the bone specimien, small trabescular hone
pieces were calleceed fram the site of facture and pulverized using
2 morar and pestle. RNA was then exracted using TRIzol
reagent (Invitrogen, UK] with prowinese K (Biline, LK)
digestiom [2f] 1o herter dismsalve the dense extracelldlar matrix,

The procedure used was a mndified version of the protocol
deseribesd by Ireland [27). Briefly, 80mg of hone powder was placed
in TRIzol reagent and homagenized. Lipics were solubilized with
0.2 vplumes of chinroform 2ed the fraction containing RNA was
preserved. Proceivaes K digestion (3.3pg prossinzse K/mg hone)
was perfarmed 2t 33%0, BNA was precipiaced with | volume =7
cold Bmaprooyl alcokal, KNA pelles was dissohved in ENase/ T Nase
free waber. As this method leaves resicdual chemical contaminants,
BNA was cleaned using a commercial kit (RN easy mind kit, Qliagen,
Germany] and geramic DXA contaminans were removed by
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Dasel trearment (Diagen, Germany). BNA poncentration was
determined spectraphatometrically (Nanodrap N1 Spectroe
photometer, Therma Fisher Scientific, USA) and its integrity was
emsessed] by labeoneaschip technology (Agilent RNA G000 Nano Ki,
:\g:il:r.l n:.:hr.nlng:i::. LBA) nn:mdhg tn the manufaciurer’s
ingnactions. RNA was stared a1 =B0°C unil further use.

Quantitative reverse transcription-polymerase chain
reaction (PCR)

Reverse transcripdion cDNA synthesis was performed on Glng
al BNA from each sampde using the DyNAme cONA synthesis kit
(Firnzymes, Firland) and 300ng of random hexamer primers
eccarding o the manufacrer’s instractons,

Each cIXNA template (Ing/pl) was amplified in duplicate with
DyNAmo Flash BYBR green qPCR kit (Finnaymes, Finland) ana
Botnrdiene thermocycler [Qiagen, Germany) accarding to the
marufzcurer’s insmuctions, Reactions were incubated at 50°0 far
2 minutes and ac 95°C for 7 minutes, followed by denatsmation a2t
93%C far 10 seconcs and armealing/extension ar G0°C far
1 secomds, The reactione were validated by the pressnce of 2
single peak in the mel curve znalysis.

Primers for the housekeening and t2rget genes (Table 3] were
dﬂip!d ulir.g the software Frabefiedr fl'.n.p:.l"."qrrr.rnnh:rmd:r.
com, Roche, Swimzerland] in arder to anneal in separaie exons
preventing amplfication of contaminating genomic DNA

Real time PCR results were aralyzed using the standard curve
enalysis. The cycle threshold (G is defined as the number ol
cycles required for the fluprescent signal ta cross the threshold and
exceed the hackgraund level. The efficiency of the PCR showld be
100%, mznning that for eack cycle the amount nI'Frnr'.un:l: dozhles.
A gmr'. reaction should kave an efficiency of 90-100%, which

References

. Cissnouds B Trisepis 0, Almalki T, Burkdey B [1007) Frarturs braling in
rtecpzentic frachone i kel differe=i? A huer rienes pergeective. Ioury 35
Seppl 1: 50000

L Lo C, Mecan T, Hu 1, Hezeen E, Toui K, et al (205] Crlbalar busis Sr age-
relaseed chamge in frachew s, | Cintsep Bew 2% [300-1307,

5 Miksluma VS, Eesopsmalon N, Koniaks G, Karioris N, ramneais PV 2000
The irhursce of sewrpzresas in Smord facumm cme r_,.n.m SA554A.

4. Dieuni B, Mryes MH. Pories §, Eellam JF, Meyer B Jr. (2003 The effect of

18 on gene exprenics in acult and i ra Slmwing fmord Sach.

Trmema 17: S30-606

My BLA, Jr., Dvws: BB, Eriner [1E, Firrkel ], Prrier 5 m ol (3005] ¥ rrarg, achult

st i ruin b wimiar csangre in mHA mqmas o sy skaletal g afier

fractuars dogrie delyed beabrg with age. | Crehop Roes 24 15331044,

f CGasnouds PV, Eintorz TA, Manh 1) (2007 Frarture healisg: the dinmend
rrmerpt, Exjury 3R S & G3-6

7. Marmra L, Pavesi B (2009 Py axd playess i hose Sacier kealing moich
Clizical rases in Mizeral and Bone Mesfnben 6 130162

& Emben Ta, Mamia B] Rwh EE Ledse PM, Homwiz MC (1995 The

e o ryisir sty by fructure ralus, | Bere Mmer R 10 12731351

W HenT, Cha T, A T, Yamuasks M, Nz N, o 2l (201 Expeesion of
metecpringesin, monpRor acsvair ol NE-epa ligand | r.hup.:upnqmd:
szt meluied preindamimateoy oyvinikizes during Saure araling, T Bone Miner
B 16: 1004-1014,

1 Burgle CH, Wang H, ¥ 5, Chaheick B, Dvin EI, o 2 2006 Micrmarmay
szabyus of pe=r g during the ind and { brer
frmration wages of ta G Bacsars . Breme 38: 301-320,

11, Schindeler A, MeDemld MM, Bckle P, Litde G (2008] Hoze semodszg
turizg fraceare repmiz: The eelbalar grture. Semin Cel Diev Hil 1% 430456

I Eain M, Mrlemn ], Sebastioni B, Young M, Wigmer N, = ol 2000
Traracryticml azaives o framure sraling asd the nchrtioe of enkeyenr
v cxll-mmbmed genes, PLoG e & 23395

1% Gtress ], Ban M, deCusrman L, Bunting 5 Peale FV, Jr. ot al. 2002) Vasrubar
rrskethebal proth firte emuams bene mpic by precoting ngisgezes and
hione mrmover. Feoe Ned Arad Bei U6 A 00 D555-0851.

4 Kiaz BN, Sohwris |, Remwy KE Yang X, Boesrm ME, woal (3006
Iéentifeasion of 2mvel gene epremine o healig frcvsrs calks -t by DNA
miczzarray, HEA ] 4 [40-160

15 La=ge | Sapneheibme A, Lu 0, Hu 1, Li X ot ol (3000 Action of IL-lbsiz
turing fracmure healing. | Orthep Res 3: 775-7R4,

"

:@ PLoS ONE | wwes.piosoreong

Bone Gene Expression in Fracture Healing

correspoads o 2 slope hetwsen =350 and =3.10, The conrversion
af the . value in relatve sxpresdion levels was performed with
the slope and the ¥ intersect extracted from the mnnd:u:d curve
and applying the equation 1F Imne-CITivioe) [2R,29]. The valuzs
obtained were noprmalized with the housshesping genes Haie
micregiobulic (B2M] end phosphomannomutase [ (P

Statistical analysis

Ta gefine the mepasure varable, patients were dividerd, acenrding
to the number ol days herween the event of fracture 2nd the surgeny,
in three groups. The diswibutions of continuows varables were
compared  between groups using either analysis of wariance
[ANCOVA], for pommallysimiibeted characteristics, or Kruskale
Wallls H test, for distributons with significant deviation from
normalicy [aceording o Shapire-Wilk test). For nominzl variables,
chissquared] test was used. Significance level was set ar (105,

Sratistical analysis was performed using the Statistical Package
for Bocial Bciences manager sofiware, version 17.0 [BPSS, Inc,
Chiragr, [L, LTBA)
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It is well established that in certain inflammatory conditions bone
remodeling is disturbed, shifting the balance towards bone resorption,
which ultimately leads to the development of secondary osteoporosis.
However the interaction between immune and skeletal systems can
also have a beneficial effect when after a fracture inflammation
triggers the healing cascade. The aim of this dissertation thesis was
to understand the effect of inflammation on bone structural,

mechanical and biological behavior.

The first study of this thesis (part I) focused on the analysis of the
direct effect of chronic inflammation on bone biomechanical behavior.
In part Il we studied the effect of inflammation on collagen
metabolism and organization and found that the bone weakening
effect of arthritis was due to high bone turnover and disorganized
collagen type | matrix. Following these initial animal model
observations, the first to describe a direct effect of arthritis on
collagen structure and bone biomechanics, we confirmed and further
detailed these observations in human RA bone, assessed by bone
microenvironment gene expression, microCT structure analysis and
bone mechanics. We have identified DKK1 as a major potential
regulatory factor of bone disturbances in RA, suggesting that this
could be an interesting target for future treatment interventions.
Finally, we have used the post-fracture inflammatory reaction as a
model for characterizing the kinetics of inflammatory and bone
remodeling related genes (part 1V). Our results indicate that the
expression of inflammation-related genes, especially IL-6, is highest
at the very first days after fracture but from day 4 onwards there is a
shift towards bone remodeling genes, suggesting that the
inflammatory phase triggers bone healing. We propose that an initial
inflammatory stimulus and a decrease in sclerostin-related effects are

the key components in fracture healing. Therefore local promotion of
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these events might constitute a promising medical intervention to

accelerate fracture healing.

It is relevant to emphasize that the animal model that we have used
iIs the most similar to human RA. In fact, SKG mice develop a
rheumatoid factor positive, erosive chronic polyarthritis that affects
both large and small joints and present some of the systemic features
of RA such as interstitial pneumonitis with various degrees of
perivascular and peribronchiolar cellular infiltration, infiltration of
inflammatory cells in the skin and subcutaneous rheumatoid-like
nodules. The SKG mice have a BALB/c background with a single
recessive point mutation in the zeta-chain-associated protein kinase
70 (ZAP-70) gene, a G—C substitution that alters codon 163 from

tryptophan to cystein®%.

In our study group, penetrance of arthritis
was of 100%, as evaluated by a semiquantitative arthritis score. In
femoral and vertebral bone we have used standard mechanical tests
to assess osteoporotic bone and for the test of new anti-osteoporotic
drugs®®. When an increasing force is applied to bone it leads first to
a fully elastic deformation so that if the force is released the structure
will assume its former shape. This property of the bone is translated
by its stiffness. When more stress is applied, bone tissue starts to
undergo microfractures and truly irreversible plastic changes occur.
For vertebrae, compression tests were used, while 3-point bending
was the appropriate for femurs and all tests were corrected for the
size of the specimen. Analysis from the stress-strain curves have
shown that bones from mice with arthritis have impaired elasticity,
ductility and ultimate fracture strength when compared with bones

from BALB/c mice that do not develop arthritis.

The results obtained by the biomechanical tests were sustained by
the findings of bone structure obtained by SEM, which enables the

observation of tissue topography through high-resolution images and
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has proven effective in investigating the activity states of bone

surfaces®3 %4,

In SKG mice there was less trabecula-occupied area,
increased distance between trabeculae and decreased trabecular and
cortical thickness than in control mice, consistent with increased bone
fragility induced by arthritis. In addition, we assessed the collagen
network in these mice through multiphoton microscopy and by
biochemical turnover markers. Multicolour non-linear microscopy of
type | collagen was analyzed using SHG and TPE in the backward and
forward SHG mode. The backward-SHG channel detects the
backscattered SHG signal and the forward-SHG channels receives the

105 Forward-to-

photons that are transmitted through the sample
backward signal ratio reflects collagen matrix organization and
density and a higher ratio is associated with a less dense matrix'%3.
Moreover, a study in collagen fibril from tendon samples suggested
that the forward-SHG channel translates essentially the mature
polymerized collagen and the backward-SHG channel represents the
immature collagen fibril segments, indicating ongoing

fibrilogenesis*©®

. In this work we found that vertebral body trabecular
bone from SKG animals have a higher forward-to-backward ratio
reflecting lower density and organization of collagen fibrils than the
healthy control bone. Moreover, multiphoton microscopy images
disclosed a disturbed organization of fiber bundles in arthritic bone
compared with the organized lamellar architecture of healthy bone.
Although two studies have assessed collagen density and organization

on bone102—103

, this was the first report to address the disorganized
collagen matrix in the context of arthritis. On the other hand,
formation and degradation of bone matrix can be monitored by
cleavage products of collagen metabolism that pass into the
circulation and/or are excreted in the urine and can be used as
markers of bone turnover®!. In the fibril assembly phase, de novo
synthesis of collagen leads to release of collagen propeptides P1NP

and P1CP. On the other hand, osteoclasts resorb the matrix through
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the action of CTSK leading to the release of cross-linked telopeptides,
NTX and CTX*2. Results have shown that both PINP and CTX are
increased in SKG animals depicting higher bone remodeling rate.
Collagen metabolism is relevant for bone biomechanics at two levels.
First of all, collagen fiber orientation determines the deposition of
hydroxyapatite crystals (stiffness) in the extracellular matrix, directly
influencing the elasticity of bone. Secondly, collagen fibers per se
directly determine the ability to absorb energy through plastic
deformation, thus determining ductility and ultimately fracture
strength®®*. Therefore, the high remodeling rate of collagen might be
associated with decreased bone mineralization that may reduce its

stiffness and ductility.

As observed in the SKG mice model, results from the compression of
trabecular cylinders extracted from femoral epiphysis of RA patients
reflect impairment of biomechanical behavior, particularly strength
and stiffness. We have detailed the implications of these observations
through an evaluation of gene expression of bone microenvironment.
We have found that genes that code for pro-inflammatory cytokines
were upregulated in RA patients, particularly IL-17, which plays an
important role in stimulating osteoclastogenesis. In accordance,
RANKL/OPG expression ratio was increased in RA. Overall osteoclast
gene expression was similar between RA and primary OP patients,
with the exception of 3 subunit of avp3 integrin, which was lower in
RA patients, suggesting an intriguing disturbance in osteoclast
adherence to bone matrix*38. RA patients had an upregulation of OSX,
which together with increased FGF2 and IGF-1, might represent a
compensatory mechanism for osteoblastic activity response that have
been previously observed in a mice model of arthritis®®.
Interestingly, OSX is involved in DKK1 induction®??, which is coherent
with our observation of an increase in this gene expression in the

bone of RA patients. In addition, DKK1 has a high affinity for LRP6
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and induces its accumulation both at the cell surface and in

6 and in fact our observations showed that increased

endosomes®®
expression of DKK1 in RA was paralleled by an upregulation of LRP6.
DKK1 upregulation in RA patients is limiting the effects of the pro-
osteoblastic factors, as can be inferred by the low collagen expression
in RA bone. Therefore, RA bone microenvironment has a gene
expression profile characterized by upregulated pro-osteoclastogenic
cytokines and DKK1, increased RANKL/OPG expression ratio,
paralleled by raised expression of factors that promote osteoblastic
activity. The marked DKK1 expression observed in RA patients might
limit this tentative repairing effort through osteoblastic activity, as
suggested by the low type | collagen expression. Bone loss in chronic
inflammatory diseases thus appears to result from enhanced bone
resorption and impaired bone formation, which constitutes a

detrimental imbalance of bone remodeling and precipitates the rapid

loss of bone mass in the course of inflammatory disease.

Differences were observed in gene expression between RA bone and
established primary OP bone in spite of the fact that these two
patient groups were matched for BMD and major fracture risk factors
and had similar bone microarchitecture and biomechanics properties.
These observations might indicate that the differences in gene
expression that were observed reflect biologically specific
mechanisms responsible for bone fragility in RA. Of interest, RA
patients had a relatively short disease duration, low erosive rate and
low microstructural damage (as evaluated by microCT) reinforcing the
idea that these differences in gene expression occurred in the

absence of major clinically meaningful bone damage in RA.

Unlike the unregulated and prolonged inflammation seen in RA,
fracture healing is a highly regulated and brief process mainly
characterized by altered levels of TNF, IL-1, and IL-6°% In

accordance with this we observed that cytokine gene expression was
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more pronounced during the first days after fracture and specifically
the decrease in IL-6 expression levels was far more pronounced than
what was observed with the other pro-inflammatory cytokines
evaluated. In fact, this is in line with a previous observation in which
IL-6 ablation during fracture healing significantly reduced

osteoclastogenesis and impaired callus formation®’.

Paralleling this
cytokine rise, OPG expression diminished gradually after fracture,
releasing the inhibitory signal for osteoclast differentiation.
Concordantly, RANKL peaked at 4"-7" day after trauma, creating a
stimulus for osteoclast differentiation from its precursors. We found
that osteoclast-specific genes were significantly increased from day 8
onwards after fracture, pointing to an activation of osteoclast
function. Specifically, CTSK values were increased from the 8™ day
post fracture onwards, indicating that during 4-7 days after fracture,
osteoclastogenesis stimulus was ongoing intensively, allowing that by
day 8 osteoclasts containing CTSK had already been formed in
relatively high numbers. The active role of osteoclasts during the
early phase of fracture healing was already described in a sheep
model, where it was proposed that these cells not only resorb bone
but adjust the system, together with osteoblasts, in order to improve

h%. Concerning osteoblast differentiation and activity,

bone strengt
RUNX2 increased from the initial phase of bone healing, whereas OSX
increased after 4 days post-fracture sustaining the evidence that OSX
acts later than RUNX2 in osteoblast lineage commitment®*?. SOST
expression decreased significantly from the beginning of the healing
cascade, in a parallel way to IL-6 decrease, suggesting that there is
an initial blockage of osteoblast proliferation and differentiation that
is subsequently released over the period of fracture healing, which is
in accordance with a study in young mice®®!. In addition, in a closed
femoral fracture model in rats and a fibular osteotomy model in
cynomolgus monkeys, treatment with anti-SOST antibody

significantly enhanced fracture healing by improvement of bone
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formation, bone mass and bone strength®®®. Taken together, these
observations are highly suggestive of the existence of a two step
process in bone healing, dependent on an initial inflammatory
stimulus and a latter decrease in SOST-related effects. Therefore
local promotion of these sequential events constitutes a medical

intervention that worth to be tested in fracture healing.
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CONCLUSION
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Chronic inflammation has a harmful effect upon bone. Inflammatory
cells express high levels of RANKL and secrete pro-inflammatory
cytokines, which activate osteoclast differentiation and increase bone
resorption. On the other hand, there is also an increase in pro-
osteoblastogenic factors that try to compensate this destructive
effect. However, this feedback mechanism is hampered by the
osteoblast inhibition imposed by DKK1. The net effect is an impaired
bone matrix organization, which leads to an inadequate
mineralization and altered structural properties of collagen. This
constitutes the main cause of the deterioration of bone mechanical

properties and consequent bone fragility observed in RA.

Although it might seem paradoxical, these same proinflammatory
factors orchestrate the sequence of events that promote bone
fracture healing, balancing osteoclastic activity, sclerostin expression

and osteoblastic activity.

The work herein discussed clearly shows that inflammation has a
complex role in bone regulation. The identification of key regulators
of this system will be crucial for the future management of both RA

and fracture healing.
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