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Osteoarthritis, a disease bridging development
and regeneration

Rik JU Lories'2 and Frank P Luyten':2

TLaboratory for Skeletal Development and Joint Disorders, Department of Development and Regeneration, KU Leuven,
Leuven, Belgium. 2Division of Rheumatology, University Hospitals Leuven, Leuven, Belgium.

The osteoarthritic diseases are common disorders characterized by progressive destruction of the articular cartilage

in the joints, and associated with remodeling of the subchondral bone, synovitis and the formation of bone outgrowths
at the joint margins, osteophytes. From the clinical perspective, osteoarthritis leads to joint pain and loss of function.
Osteoarthritis is the leading cause of progressive disability. New data from genetic, translational and basic research
have demonstrated that pathways with essential roles in joint and bone development also contribute to the postnatal
homeostasis of the articular cartilage and are involved in osteoarthritis, making these potential therapeutic targets.
Other systems of interest are the tissue-destructive enzymes that break down the extracellular matrix of the cartilage
as well as mediators of inflammation that contribute to synovitis. However, the perspective of a durable treatment over
years to decades highlights the need for a personalized medicine approach encompassing a global view on the disease
and its management, thereby including nonpharmaceutical approaches such as physiotherapy and advanced surgical

methods. Integration of novel strategies based on their efficacy and safety with the identification of individuals at risk
and optimal individual rehabilitation management remains a major challenge for the medical community in particular,
as the incidence of osteoarthritis is likely to further increase with the overall aging of the population.
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Introduction

Much alike silence can bring new meaning to words or music,
joints, the empty spaces between the bones, fulfill essential
roles in the skeleton. The synovial joints are specialized struc-
tures organized around a cavity that connect the different bones
of the skeleton and that allow movement within well-defined
ranges and along specific axes. Different tissues functionally
cooperate within the joint organ to meet the required balance
between connecting and articulating the skeletal elements. The
articular cartilage typically caps the proximal and distal ends of
the bone, providing a smooth and pressure-deformable buffer
zone that supports movement (Figure 1). The underlying or
subchondral bone forms a complex interface with the articu-
lar cartilage with critical roles in stress and load distribution.
The synovium lines the inner cavity. It is composed of a thin
pseudo-epithelial lining layer populated by synovial fibroblasts
and tissue-resident macrophages and synthesizes lubricating
molecules such as lubricin and hyaluronan. The sublining zone
is well-vascularized and the source of nourishment by diffu-
sion for the articular cartilage which is nonvascular. The joint
capsule, a strong tension-resistant connective tissue encloses

the joint. Ligaments provide further strength and limit the range
of motion.

Joint Diseases—Osteoarthritis

Synovial joints can be affected by a wide array of clinical prob-
lems.’=3 Trauma is common and may require surgical interven-
tion. Patients may fully recover from joint injuries but may also
experience long-term consequences, as a damaged joint likely
has a suboptimal function, increasing the risk for accelerated
tear and wear. In addition, different autoimmune and autoinflam-
matory diseases primarily affect the synovial joints. The spe-
cific reason why autoimmune phenomena have a preference to
involve the joint is still unclear. Biomechanical factors leading to
local cell stress as well as the immune-privileged microenviron-
ment within the synovium with the presence of tissue-resident
macrophages have been suggested to have a role.*
Osteoarthritis is the most common joint disease. This chronic
condition has long time been considered as degenerative joint
disease but its pathophysiology is undoubtedly much more
complex than a simple wear and tear or aging phenomenon. 45
Osteoarthritis can be considered a common denominator for a
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Figure 1

The bone—cartilage unit is at the center of joint function and disease. The joint enables movement by concerted interaction between its different tissues. Progressive

development of osteoarthritis results in activation of different processes and pathways in the distinct tissues and cells of the joint. The current paradigm suggests that these changes
evolve simultaneously and that osteoarthritis is not simply a disease of the cartilage or bone. New evidence supports the existence of several types of communication between cartilage
and bone. ADAMTS, a disintegrin and metalloproteinase with thrombospondin motifs; IL-1, interleukin-1; MMP, matrix metalloproteinase; VEGF, vascular endothelial growth factor

(reproduced from Lories and Luyten®).

wide range of diseases, all affecting joints and leading to pro-
gressive damage, pain and loss of joint function. Typical fea-
tures include loss of articular cartilage exemplified on X-rays
by loss of joint space width, subchondral bone sclerosis and
cyst formation, bony outgrowths at the joint margins called
osteophytes and synovitis, all contributing to signs and symp-
toms. Osteoarthritis may involve a single large or small joint, a
restricted number of joints but can also be polyarticular, includ-
ing both the peripheral and axial skeleton. The diseases have
a complex pathogenesis to which both genetic and acquired
factors contribute.® The acquired factors are commonly associ-
ated with abnormal loads and strains on the joint, for instance
owing to disproportionate weight or owing to excessive labor or
recreational physical activity. Genetic factors likely contribute by
affecting the intrinsic quality of the articular cartilage and bone or
by influencing anatomic factors such as the alignment or shape
of the joint.® Normal loads in a joint with an abnormal anat-
omy as well as abnormal and repetitive loads in a structurally
normal joint may lead to osteoarthritis.5

Despite its high and increasing prevalence in society, ther-
apeutic options for osteoarthritis patients are still limited."
Beyond lifestyle measures, such as weight reduction and
specific exercise programs, most patients are dependent on
painkillers and nonsteroidal antiinflammatory drugs, as dis-
ease or structure modifying drugs preserving or restoring joint
structure and function are not yet available. Food supplements
based on cartilage extracellular matrix components such as
glucosamine and chondroitine are widely used but their specific
place in osteoarthritis treatment remains heavily debated despite
some encouraging clinical trial results.”® In addition to visco-
supplementation in selected patients, severe cases require sur-
gical interventions such as load-changing osteotomy or joint
replacement." In this review, we discuss some of the recent
developments in osteoarthritis research, their translational
importance and further directions that are emerging from the
perspective that the synovial joint is an organ in which the
different tissues functionally cooperate under physiological
circumstances, and in which they are all affected and eventually

lead to progression of disease. In this context, developmental
signaling pathways critical for tissue growth and differentiation,
likely, also have critical roles in posthatal homeostasis and may
be targets for the development of regenerative strategies.

Progress in Genetics Identifies a Key Role for
Developmental Signaling Pathways in Osteoarthritis

The articular cartilage is a specialized and unique tissue. It is
composed of the articular chondrocytes embedded in a spe-
cific extracellular matrix (Figure 1). This matrix contains type-I|
collagen and large sulfated proteoglycans such as aggrecan.
The specific properties of these extracellular matrix molecules
provide the articular cartilage its biomechanical characteris-
tics.10 The collagen fibers are responsible for resistance against
tensile stretch, whereas the abundant negative charges on the
macro-molecular proteoglycans attract water molecules that
can be shifted within the tissue, giving its capacity to deform
and adapt upon loading. The articular chondrocytes synthesize
their own matrix and have distinct characteristics according to
the layer of the cartilage where they reside. The superficial or
tangential layer is cell-rich and the cells have a flattened shape.
Their matrix consists mainly of type-II collagen with only a small
amount of proteoglycans. These superficial chondrocytes also
produce lubricin and thereby contribute to boundary lubrica-
tion. Underneath this layer, round-shaped cells are found with
abundant matrix surrounding them. This intermediate zone is
rich in proteoglycans. In the deeper layer, chondrocytes are
larger to become hypertrophic-like chondrocytes embedded in
the lowest calcified layer. The frontier between uncalcified and
calcified cartilage is recognized under the microscope as the
tidemark (on hematoxilin—eosin staining). In general, chondro-
cytes are considered to have low metabolic activity, maintaining
synthesis of the proteoglycans and have a limited regeneration
potential.

The articular cartilage is distinct from other types of cartilage
tissue found in the body during development and growth.!?
In contrast to the temporary cartilage templates essential
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in development and in the growth plate, articular chondrocytes
do not undergo terminal differentiation and will not calcify
their extracellular matrix, except in the deeper layers that
form the interface with the subchondral bone. From the
developmental perspective, joint formation is a specific
process in skeletal development.!! The prospective joint is
first recognized as the joint interzone, a layer of cells that
does not undergo the classical chondrogenic differentiation
but that will form the joint cavity and the different structures
of the joint. These joint interzones are involved in the differ-
entiation of the articular cartilage although the latter’s specific
development and growth is probably occurring at the interphase
between the joint cavity and the bone in the postnatal phase.
Signaling pathways associated with skeletal and joint devel-
opment likely contribute to postnatal joint homeostasis and
have a role in joint diseases such as osteoarthritis as outlined
below.45

Genetic research into susceptibility genes for osteoarthritis
has been a challenging exercise, which can be explained by
several factors, including difficulties in defining phenotypes, the
time-dependent evolution of the disease and its multifactorial
nature, characterized by complex interactions between genetic
and acquired or environmental factors.'2 Although some asso-
ciations have been debated as they are not consistent among
different cohorts, genes associated with developmental signal-
ing cascades such as bone morphogenetic proteins (BMP) and
wingless-type (Wnt) signaling have been identified as suscep-
tibility factors (Table 1).6 Among these, frizzled-related protein
(FRZB), a secreted Wnt modulator, and growth and differen-
tiation factor-5 (GDF5), a growth factor belonging to the BMP
family appear of specific relevance. Other examples are Asporin
and SMAD3, molecules linked to the transforming growth fac-
tor-beta (TGFp) signaling cascade.'®14 Coincidently FRZB and
GDF5 proteins were originally isolated and identified from a
chondrogenic extract of bovine articular cartilage.'16 Gdf5
is expressed in the developing joint interzone and therefore
associated with joint development. Its postnatal expression is
not limited to the articular cartilage but it is also found in the
synovium and ligaments. Spontaneous loss-of-function muta-
tions in mice result in shortened limbs, indicating problems in
the endochondral bone formation cascade, and in multiple joint
fusions suggesting effects on joint formation itself.'” These mice
also lack a number of ligaments, again highlighting the role of
GDFS5 in the development of joint as an organ. Loss of function
mutations in humans (genetic syndromes) show similar skeletal
dysplasia phenotypes.'8-20 Variation in the GDF5 gene is asso-
ciated with osteoarthritis and the risk allele is associated with
lower expression levels.?"

Somewhat surprisingly, osteoarthritis susceptibility in Gdf5
haploinsufficient mice could not be linked to functional failure of
the articular cartilage but appeared associated with joint stabil-
ity and abnormalities of the underlying bone.?2 Nevertheless,
modulation of the GDF5 cascade and extension of BMP sign-
aling represents a therapeutic target to stimulate chondrocyte
anabolism and repair with proof of principle studies in animal
models available and trials in patients underway.23-25 As BMPs
are powerful morphogens, such approaches are not straight-
forward and ectopic bone formation should be contained
and avoided, in particular in the synovium, if local therapy is
considered. In general, safety remains an issue, when modu-
lating these major signaling pathways that are also involved
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Table 1 Osteoarthritis (OA) susceptibility genes linked to developmental
signaling cascades

Pathway Gene Type of study Summary
Transforming  GDF5 Candidate Chondrogenic
growth gene study molecule with
factor and meta- key roles in joint
(TGF)-B/bone analysis?1:33 development—
morphoge- low-expression-
netic protein level allele associ-
(BMP) ated with OA

Asporin  Genome-wide Extracellular matrix
association molecule inhibiting
study'® TGFp-receptor

association

SMAD3  Candidate Intracellular signal-
gene study'4 ing molecule in the

TGFp cascade
Wingless DOT1L  Genome-wide Histone-
type (Wnt) association methyltransferase
study for associated with
cartilage Wnt/Bcatenin/TCF
thickness36 signaling
FRZB Sib-pair Extracellular

Wnt modulator—

genome scan
Frzb~=/- mice show

and candidate

gene study— increased cartilage
not confirmed damage in induced
in meta- OA models.35

analysis33-35

Abbreviations: BMP, bone morphogenetic proteins; FRZB, frizzled-related
protein; GDF5, growth and differentiation factor-5; OA, Osteoarthritis; TGF,
Tranforming growth factor; Wnt, Wingless type.

in many postnatal biological processes. This is exemplified
by recent safety warnings with regard to the use of the BMP2
device for spine fusion.28

FRZB was originally identified as a Wnt antagonist27.28
although recent data suggest that it is better defined as a Wnt
signaling modulator.2® The Wnt pathway is involved in many
developmental processes going from axis formation to the
specific differentiation of cells and tissues into organs. Some
Whts such as Wnt9a are associated with the joint interzone and
its expression shows an overlap with Gdf5.30 Evidence from
a series of elegant mouse model studies suggest that both
lack and excess of Wnt signaling within the articular cartilage
leads to a disruption of the stable phenotype of the articular
chondrocytes and accelerated spontaneous osteoarthritis.31:32
Polymorphisms in FRZB have been associated with hip oste-
oarthritis although the effect is not consistent over different
groups.33:34 Frzb~/~ mice show increased susceptibility to
cartilage damage in induced models of osteoarthritis.3®> We
could associate this observation with increased Wnt signaling
and destructive enzyme expression within the articular carti-
lage but also with abnormalities in bone. Further evidence for a
role of Wnt signaling in joint formation and disease is provided
by the association of polymorphisms in the DOT7L gene with
hip cartilage thickness and osteoarthritis.36 DOT1L is a methyl-
transferase involved in the beta-catenin-TCF Wnt transcription
complex. Knockdown of Dot1/ in developing chondrocytes
inhibits chondrogenic differentiation including expression
of essential extracellular matrix molecules such as type-lI|
collagen and aggrecan.3¢
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The Articular Chondrocytes in Osteoarthritis: Embarking
on a Suicide Mission?

The first sign of osteoarthritis at the cellular and molecular level
within the articular cartilage appears to be a shift in the quiescent
state of the articular chondrocytes. Different factors, for example,
repetitive loading or acute trauma and inflammation, trigger the
articular chondrocytes to become active (Figure 1). The cells start
to produce additional extracellular matrix molecules. However, at
the same time, the chondrocytes also produce proinflammatory
cytokines such as interleukin-1 and tissue destructive enzymes
such as matrix metalloproteinases (MMPs) and ADAMTS
(A Disintegrin And Metalloproteinase with Thrombospondin
Motifs). In the short term, anabolic signals are apparently able to
compete with the destructive cascades but in the long term these
protective mechanisms fail and progressive loss of cartilage with
cell death and depletion of the extracellular matrix evolves.

Much research has been done to identify the enzymes
responsible for tissue destruction and the factors that upregu-
late them. Obviously, enzymes and cytokines may represent
relatively straightforward therapeutic targets. With regard to car-
tilage destruction, a critical role for ADAMTS enzymes has been
discovered in mice.37-39 ADAMTS4 and ADAMTS5 can act as
aggrecanases breaking down the complex structure of the pro-
teoglycans. Collagenases (matrix metalloproteinases (MMP)-13
and 1) can break down type-Il collagen. The collagen structure
appears to remain protected until proteoglycan breakdown has
occurred. However, once the fibrous network is also degraded,
irreversible cartilage damage is likely.® Proof of principle stud-
ies in rodent models have shown that ADAMTS and MMPs
can be successfully targeted. Nevertheless, the translation of
these concepts into successful human clinical trials and market
approval for drugs has been proven difficult as the effect size
was not large or unexpected systemic toxicity excluded further
development of the drugs.38

As mentioned above, different factors can contribute to the
onset of osteoarthritis. Some aspects of mechanical stress and
inflammation are discussed below. In addition, recent evidence
implicates disintegration of the pericellular matrix as a critical
feature in the onset of cartilage damage.*° This specific matrix
surrounding the chondrocytes appears to protect the cells from
interacting with molecules in the interterritorial matrix. The serine
proteinase high-temperature requirement A1 has been attrib-
uted a critical role in this process. Such interactions include
activation of the discoidin domain receptor 2 with type-Il col-
lagen.*? Type-ll collagen but also fibronectin fragments may
trigger local MMP13 upregulation.4!

Loss of the Chondrocyte’s Stable Phenotype—a Role
for Damage and Aging

One particular feature of osteoarthritis progression is the loss
of the articular chondrocyte’s stable phenotype.!%10 Some
of the cells, in particular in the deeper layers of the cartilage,
start expressing markers of chondrocyte hypertrophy including
expression of collagen type X. The concurrent change in matrix
composition and increased calcification is likely changing the
biomechanical properties of the tissue and further contributing
to its progressive destruction. From the pathology perspective,
this can also be recognized as advancement of the tidemark and
increased vascularization, most likely secondary to increased
vascular endothelial growth factor production.
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Figure 2 Transforming growth factor (TGF)f in young and aging cartilage. The ratio
between activin-like kinase 5 (ALK5) and 1 receptors is shifted as the cartilage cells age
leading to increased smad1,5 signaling instead of smad 2,3 signaling. Activation of the
smad1, 5 cascade triggers production of matrix metalloproteinase 13 and chondrocytes
hypertrophy.

An intriguing aspect of cartilage aging and osteoarthritis pro-
gression has recently been described.*2 TGFp has an important
role in cartilage homeostasis and normally signals to the activin-
like kinase 5 (ALK5) receptor leading to intracellular activation
of smad2 and 3 molecules (Figure 2). With aging, the ratio
between the ALK5 and alternative ALK1 receptor appears to
change, leading to preferential activation of smad1 and 5 mole-
cules within the cell by TGFB-ALK1 binding at the cell surface.*?
This specific cascade is associated with increased MMP13 pro-
duction and with terminal differentiation of the chondrocytes,
two features that may contribute to osteoarthritis.

Other features associated with cartilage damage and aging
are the upregulation of inflammatory and damage sensing recep-
tors such as toll-like receptors,*® and receptor for advanced
glycation end products.** Activation of these receptors by car-
tilage damage as well as by proinflammatory cytokines contrib-
utes to the complex detrimental cascade of cartilage damage.
As the disease progresses, these different cascades and events
appear to function as positive feedback mechanisms with
an avalanche-like effect on the destruction of the joints,
the associated loss of function and with an increase in pain.

The Articular Cartilage and the Underlying Bone:
a Functional Relationship Determining the Outcome
of Osteoarthritis

The role of the subchondral bone, the part of the bone that
forms the interface with the articular cartilage, in the onset and
progression of disease has been long debated.5 Most research-
ers will now defend an integrated view in which both tissues
have an interactive role in pathology. Subchondral bone scle-
rosis and activation of local remodeling is among the earliest
signs of the disease and can be recognized in some individu-
als on X-rays before cartilage damage or osteophyte formation
becomes apparent. Although the bone metabolism is intensified,
the anabolic efforts do not necessarily result in stronger bone
as mineralization, an essential feature to gain bone strength,
is often not capable of maintaining pace with the formation of
new bone matrix.5 Similarly, local changes in bone architecture
may weaken rather than strengthen the bone. Under all circum-
stances, it appears likely that changes at the bone—cartilage
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interface result in altered loading within both cartilage and
bone, thereby affecting the homeostasis of both tissues and
contributing to the disease process. From this perspective, both
stronger bones, providing increased resistance to transfer of
loads, and weaker bones, providing less support, are likely to
convey susceptibility to osteoarthritis development.? Taking into
account the functional interaction between the cartilage and the
subchondral bone, this could also be considered a therapeutic
target. Indeed, emerging evidence from animal models but also
clinical trials in humans supports the idea that regulation of the
bone remodeling cycle could be beneficial in the treatment of
osteoarthritis. 4546

Inflammation, an Old Player Back into the Game

Joint inflammation is the primary phenomenon in diseases such
as rheumatoid arthritis and spondyloarthritis. From the clinical
perspective of the rheumatologist, inflammation in patients with
osteoarthritis tends to be less severe and more easily man-
ageable with nonsteroidal antiinflammatory drugs or arthro-
centesis followed by local steroid injection. Inflammation was
therefore long time considered to be a bystander phenomenon.
Recent evidence is challenging this perspective in two ways.4’
Inflammation likely contributes to progressive joint destruction
by boosting the expression of tissue destructive enzymes. In
addition inflammation is proposed as a primary driving force for
the progression of disease.

Indeed, recent studies have highlighted that some of the
inflammatory and immune responses found in the synovium
of patients with osteoarthritis may be more specific than com-
monly anticipated.*84° In addition, the synovial fat tissue or fat
pad is also suggested to contribute to the disease processes
with the production of cytokines and adipokines.?? These data
highlight the potential contribution of inflammation not only to
signs and symptoms but also to the pathological processes.
Whether antiinflammatory drugs should therefore be preferred
over conventional pain killers remains an open question that is
often debated.?! The consequences of inhibiting cyclooxyge-
nase enzymes with nonsteroidal antiinflammatory have been
extensively studied in both cartilage and bone biology. However,
potential effects on structural progression of osteoarthritis
have been contradictory and current concepts remain largely
based on in vitro experiments. This is further complicated by
the hypothesis that more efficient pain control could result
in increased joint use and strain in vivo, thereby accelerating
disease progression. Of interest, specific targeting of cytokines
using biologics has been evaluated in a trial in patients with
hand osteoarthritis.2 This subtype is typically associated with
relatively severe inflammation and therefore an obvious can-
didate to perform these studies. The emerging data do not
suggest that specific targeting of tumor necrosis factor has
major effects. Given the high costs of biologics and the poten-
tial side effects, it does not seem likely that these drugs will
be introduced for large groups of patients with osteoarthritis
although they may be beneficial in specific subsets.

The Road Ahead for Therapies in Osteoarthritis

Basic and translational research efforts in the field have
suggested different therapeutic targets in the last decade.
As outlined above, these targets face a difficult road from dis-
covery toward application. The osteoarthritic diseases are very
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Table 2 Key messages on osteoarthritis

Key message 1: Joint are specialized skeletal structures that
connect the bones and allow movement
within specific ranges. Their optimal function
requires cooperation and homeostasis of the
different tissues that make up its structure.
Osteoarthritis is not the normal aging of the
joint but a complex disease to which both
genetic and acquired factors contribute.
Current treatment options are limited to
symptom control or surgical intervention.
Novel targets include developmental
signaling cascades and cell therapies.

The development of targeted therapies faces
many challenges including the need for long-
term treatment with low risk of side effects.

Key message 2:

Key message 3:

Key message 4:

heterogeneous and different processes are likely to have a lead-
ing role in individual patients and joints. Moreover, osteoarthritis
is often a slow process gradually evolving over years. Treatment
strategies will likely vary over time. As patients, in particular
elderly individuals, may have distinct and multiple comorbidi-
ties, drug treatments may not be sustainable over a longer time
period. This clearly demonstrates the clinical need for person-
alized medicine approaches, individual risk factor assess-
ment and prediction models. Identification of patients at risk
for rapid progression is likely to become an important filter in
the daily management strategies. The perspective of treatment
options should also not be limited to drug interventions. Specific
physiotherapy and rehabilitation programs, lifestyle measures
and further refinement of surgical interventions will continue
to contribute to the management of osteoarthritis patients, in
particular in high-risk individuals. Finally, in the emerging era
of tissue engineering, early stages of the disease, in particular
posttraumatic cartilage injuries, may be good candidates for
cell-based therapies with or without specific growth factors and
carrier strategies. The further design of regenerative medicine
approaches will likely be at the crossroads of interdisciplinary
medicine combining biological and engineering paradigms.53:54
The increasing evidence that signaling pathways critical in skel-
etal and joint development are also at the center of homeostatic,
destructive and regenerative processes in the joint with osteoar-
thritis identifies these pathways as targets that could bridge the
gap between development and regeneration. The recent iden-
tification of a small molecule named Kartogenin demonstrates
that chemical stimulation of in vivo cartilage differentiation and
repair may become feasible.5®

Conclusion

Significant progress has been made in osteoarthritis research
(Table 2). Aithough most research has focused on the biology
and pathology of the articular cartilage, novel insights support
the concept of a joint organ of which all tissues are involved in
homeostatic and pathological processes. Signaling cascades
associated with bone and joint development also appear criti-
cal in adult life as supported by genetic and preclinical data.
Nevertheless, the development of specific, long-lasting and
effective therapies remains a major challenge that will likely ben-
efit from a more multidisciplinary and systems biology driven
approach, bridging some gaps between biological and tissue
engineering concepts.53:54
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