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General introduction



CHAPTER 1

OSTEOARTHRITIS

Osteoarthritis (OA) is a chronic age-related degenerative disease of the joints
characterized by degradation of the cartilage extracellular matrix (ECM),
osteophyte formation, synovitis, and alterations in subchondral bone (Figure
1A). OA affected joints are usually hands, hips and especially knees (1). Multiple
risk factors of OA, such as gender, body mass index (BMI), bone mineral density
(BMD), injury, and genetics influence the severity, course, and age of onset (2)
(Figure 1B). Due to current higher life expectancy, and an increase in metabolic
factors such as obesity (3), a steep increase in OA prevalence is anticipated (4, 5).
As such, according to the world health organization, in 2050, 15% of the world
population over 60 years old will suffer from OA, of whom one third will be
severely disabled. Moreover, with increasing OA patients, comorbidities such as
stroke, peptic ulcer, and metabolic syndrome will rise in parallel (6).

Clinically, OA is marked by chronic pain, stiffness, and disability of patients (1,
7). Despite debilitating symptoms, no effective therapy is available except for
joint replacement (1). Joint replacement, however, does not guarantee complete
recovery since almost 25% of patients still experience pain and disability one year
after surgery (8). Moreover, costly surgical procedures and lengthy rehabilitation is
commonly accompanied with a decline in productivity. Hence, OA has a vast impact
on economy, with health care costs accounting for 1-2.5% of gross national products
(9, 10). In absence of effective disease modifying treatment strategies, patient care
is mainly focused on controlling symptoms and minimizing disability, e.g. by non-
steroidal anti-inflammatory drugs (NSAIDs) or life-style interventions, respectively
(11, 12). To advance development of effective disease modifying OA treatments a
better understanding of its pathophysiological mechanisms is necessary.

Radiographically, OA is assessed by Kellgren and Lawrence grading (0-4), which
is based on a combination of characteristics such as joint space narrowing,
osteophytosis and scleroses (13). Radiographic OA score, however, does not
accommodate emerging information about OA pathophysiological processes,
becomes only visible once irreversible damage of joint tissues is a fact, and is
insensitive to change (14). A more sensitive technique is magnetic resonance
imaging (MRI). This method allows visualization of all joint tissues including
cartilage, and is more sensitive to changes in disease over time, hence suitable
to test efficacy of novel disease-modifying therapies (15). To score OA severity
of hips, hands and knees with MRI the ‘hip OA MRI scoring system’ (HOAMS),
Oslo hand OA MRI (OHOA-MRI), or MRI OA knee score (MOAKS) are applied
respectively. These systems evaluate OA progression (0-4) by measuring
osteophyte and cyst formation, cartilage loss or bone marrow lesions, among
other parameters (16, 17).
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Figure 1. Osteoarthritis development and common risk factors contributing to disease pro-
gression. A) Healthy and osteoarthritic knee. B) Most common risk factors contributing to OA.
Figure adapted from Wieland et al (18).

FORMATION OF OSTEOCHONDRAL COMPARTMENT OF
JOINTS

During embryonic development and until young adulthood, bone is generated
in a process termed endochondral ossification. Mesenchymal stromal cells
(MSCs) condensate and differentiate into chondroprogenitor cells and further
differentiate towards chondrocytes that deposit ECM (Figure 2). Subsequently,
the ECM network is invaded by osteoprogenitor cells that generate centres
of ossification which gradually become hypertrophic and mineralized, while
chondrocytes undergo terminal maturation with cartilage breakdown. This
is reflected in the higher expression of metalloproteinase 13 (MMP13), that
degrades the ECM, and of collagen type | and X that results in its mineralization.
Additionally, hypertrophic chondrocytes can also transdifferentiate into
osteoblasts, contributing to bone formation upon increased signaling e.g. from
the RUNX Family Transcription Factor 2 (RUNX2) (19). In parallel with this process,
vascular endothelial growth factor (VEGF) signals induce vessel formation and
osteoclast, MSC and osteoprogenitor cells migration to the ECM. Moreover, a
secondary ossification centre is formed at the extremes of long bones. This
generates a cartilage growth plate, responsible for longitudinal growth of bone.
For this, osteoclasts remove the previous cartilage matrix while osteoblasts
deposit a novel bone matrix, lengthening bone tissue and ultimately replacing
cartilage (20-22). When the primary ossification centre reaches the secondary
centre of ossification, the growth plate closes and skeletal maturity is achieved.
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Figure 2. Endochondral ossification from the growth plate. (A) Bone collar forms in the diaphysis
of hyaline cartilage. (B) Subsequently, cartilage calcifies in the centre of the diaphysis and develops
an initial ossification centre where blood vessels of the periosteal bud invades its internal cavities. (C)
Spongy bone starts forming and diaphysis elongates, generating a medullary cavity. (D) In parallel, a
secondary ossification centre forms. The extremes of the bones ossify and hyaline cartilage remains
on its surface. Adapted from Egawa et al (23).

Healthy (state of) osteochondral compartment

Articular hyaline cartilage is an avascular connective tissue that escapes the
endochondral ossification process to cover and protect the end of long bones
(24). It contains a structured network of dense ECM produced by a unique
cell type, named chondrocyte. From a metabolic perspective, chondrocytes
reside in a maturational arrested, near quiescent state in the articular cartilage
(25). Nevertheless, during healthy cartilage remodelling, they can become
metabolically active to allow ECM breakdown and novel cartilage formation
(26, 27). Hence, it is essential that chondrocytes are able to return to their
maturational arrested phenotype in order to maintain their healthy steady state.
In healthy articular cartilage, different layers can be distinguished depending on
its composition and cell morphology (28-30). The superficial zone is formed by
flattened chondrocytes, and collagen fibres, and it represents between 10-20%
of the total cartilage. The middle zone represents between 40-60% of the total
cartilage layer, and has a lower chondrocyte density. The deep zone represents
30% of the total cartilage (Figure 3A). In this layer, chondrocytes are organized
in columns, showing the lowest cell density of all cartilage zones. Lastly, the
calcified zone contains a reduced number of chondrocytes which are embedded
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in a calcified matrix. Remarkably, between the deep and calcified zone there is
an interface called tidemark which represents the border between uncalcified
and calcified cartilage (24, 31).

Cartilage ECM consists of a mix of collagens, proteoglycans, glycosaminoglycans
and glycoproteins responsible for its protective and viscoelastic properties (29,
32, 33). Collagen fibres constitute the primary support of the ECM, provide
tensile strength and allow for cell adhesion in cartilage (34). Among all types of
collagen, collagen type Il (COL2) is the most abundant, reaching 90-95% of total
collagen composition (33) and stabilizing the ECM together with proteoglycans.
The largest proteoglycan, aggrecan, is distributed within the collagen matrix
and forms a complex with the glycosaminoglycan hyaluronic acid. The resulting
negative charge causes a strong retention of water in the tissue. The flow of
water, upon repetitive loading cycles, distributes nutrients to chondrocytes and
withdraws waste products. Additionally, the synovial fluid provides lubrication
and osmotic properties necessary to hold mechanical loads and reduce friction
on the joints.

A Healthy cartilage B Osteoarthritic cartilage
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Figure 3. The different zones and cell composition in healthy (A) and osteoarthritic (B) articular
cartilage.

Subchondral bone is the rigid tissue underlying calcified cartilage. It is divided in
the subchondral cortical plate, with a more compact bone, and the subchondral
trabecular bone with a porous composition (35, 36). Subchondral bone distributes
mechanical loads across joint surfaces and provides nutrient supply to cartilage
(37). It is composed of different cell types that coordinate a highly responsive
remodelling process. Osteoblastsinitiate mineralization of the ECM, where collagen
type | acts as a scaffold for hydroxyapatite crystal deposition (38). The majority of
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osteoblasts (90%) becomes embedded in lacunae within the mineralized matrix
and forms the osteocytes. Osteocytes are responsible of sensing mechanical loads
and controlling bone formation and remodelling processes (39). To accomplish
bone resorption, the osteoclasts, a group of haematopoietically-derived cells,
ensure that 10% of the total bone mass gets replaced every year (30, 40, 41).

Osteoarthritic osteochondral compartment

OA can severely affect organization of the cartilage ECM. As such, in OA, the
superficial cartilage zone starts to present fissures and erosions that slowly
progress to the middle zone. Later, loss of proteoglycans and glycosaminogycans
follow, all accompanied with a higher chondrocyte proliferation (4, 42). As OA
develops, the fissures extend into the deep cartilage zone causing chondrocyte
hypertrophy, further proliferation, and ultimately apoptosis. Altogether, OA
creates an unbalanced tissue remodeling towards breakdown (42, 43). This is also
accompanied by an increase in collagen and proteoglycan breakdown enzymes
such as metalloproteinases (44, 45) and aggrecanases. In parallel, there is a
reduction of collagen type II, with an increase in collagen type | and collagen type
X (46). Subsequently, the calcified zone extends and a rupture of the tidemark
can occur, resulting in a new calcified/uncalcified boundary while the physical
barrier preventing vessel growth is lost (Figure 3B) (47). Remarkably, there is a
strong resemblance between OA pathophysiological processes and the terminal
differentiation observed in growth plate chondrocytes during endochondral
ossification (48-50). As such, both processes result in a regain of growth-plate
morphology and end-stage mineralization. To quantify these differences at a
histological level, a grading system such as the Mankin score can be applied. For
this, joint tissues are scored from zero (normal) to fourteen (most severe) based on
cartilage structure, cellularity, proteoglycan content and tidemark disruption (51).

OA in subchondral bone is characterized by an increase in bone remodelling
which leads to a thinning of the subchondral plate (Figure 3B). Progression of
the OA process results in a reduction of bone turnover, followed by subchondral
bone sclerosis and a reduced thickness of the trabeculae (52, 53). Moreover,
there is an increase in subchondral bone volume concomitant with reduced
subchondral bone mineralization and stiffness due to a lower calcium to
collagen ratio (37). To quantify OA progession in subchondral bone, a four-stage
evaluation scale (1-4) was developed by Aho et al (54). This method was based
on subchondral bone remodelling and increase in subchondral bone volume.
Nevertheless, there is no consensus yet about a standardized method to grade
subchondral bone OA progession. Besides the cartilage and bone independent
processes in OA, a strong interaction between both tissues exists (55, 56). To
better understand this interaction and their role in OA pathophysiology further
research at a molecular level is necessary (38).
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OA PATHOPHYSIOLOGY AT THE MOLECULAR LEVEL

To characterize OA pathophysiology, genome-wide differential gene expression
analyses can be performed, while comparing macroscopically intact (preserved)
with lesioned OA joint tissues (57). By performing RNA sequencing of
macroscopically preserved and lesioned OA cartilage of 35 paired samples of OA
patients in the RAAK (Research Arthritis and Articular Cartilage) study, (58) it was
revealed that the OA pathophysiological process in cartilage is marked by 2387
differentially expressed genes. Consistent differentially expressed (DE) genes
in OA-lesioned cartilage in this study (58) can be found in Table 1. These DE
genes are enriched in pathways involved in skeletal development, cell adhesion,
and extracellular matrix organization. Notable dysregulated genes involved in
matrix mineralization that are highly consistent in lesioned versus preserved
OA cartilage are POSTN, MGP and TNFRSF11B (58). Moreover, as marked by the
consistent differential expression of genes RUNX2, MMP13, SOX9, DIO2, COLX and
ALPL with OA, (43, 59) all orchestrating the endochondral ossification process,
it was confirmed that chondrocytes entering an OA state recapitulate a growth
plate morphology and may be subject to trans-differentiation to osteoblasts. As
demonstrated by methylomewide studies of preserved and lesioned OA cartilage,
the propensity of articular chondrocytes to undergo terminal maturation is
associated with loosening of epigenetically controlled transcription (29, 60, 61)
and further supports a shared route between endochondral ossification and OA
(59, 62-64).

Additionally, RNA sequencing analyses in preserved versus lesioned
subchondral bone of 26 OA patients, resulted in 1569 DE genes that mark
the OA pathophysiological process in bone. Some of the most significantly
DE genes in OA-subchondral bone can be found in Table 2. Of those genes,
305 showed the same direction of effect in cartilage and in subchondral bone,
14 of which were among the 25 highest expressed genes in both tissues (65),
indicating crosstalk between articular cartilage and subchondral bone. These
genes showed an enrichment in processes related to the extracellular matrix,
characterized by up-regulation of WNT76 and OGN, and of the proteinaceous
extracellular matrix, characterized by up-regulation of POSTN and ASPN. Notably,
TNFRSF11B, a gene involved in bone remodelling, was shown to be consistently
and highly upregulated in OA cartilage while it was not differentially expressed
in OA bone.
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CHAPTER 1

GENETIC STUDY DESIGN FOR IDENTIFICATION OF
CAUSALITY UNDERLYING DEVELOPMENT OA

The strong genetic component of OA was traditionally identified by studying
segregation of OA affected members in families, twin studies, and by exploring
early onset families with a Mendelian inheritance pattern of OA (associated)
phenotypes (66). Hence, identification of genes that explain the heritable
component of OA is a powerful tool to highlight underlying disease pathways.

Genome-wide association studies

Genome-wide association studies (GWAS) are performed to identify single
nucleotide polymorphisms (SNPs) that confer risk to common age related OA,
as it occurs in the population. Table 3 shows a selection of genetic variants and
their positional genes that have been robustly identified in large comprehensive
genome wide association studies in OA up to date (67-71). The functions of
these genes confirm that deviations in both cartilage and bone maintenance
processes, are major pathways underlying OA pathology in humans. Moreover,
follow-up studies have shown that risk SNPs frequently modulate pathology
due to altering transcription of the genes in cis both in bone and cartilage
(72-74). A notable recent example is Matrix Gla Protein (MGP) that regulates
extracellular calcium levels via high affinity to its y-carboxyglutamic acid (Gla)
residues. As the OA risk allele (rs1800801; Table 3) has been associated with
a reduced MGP gene expression (75) and with increased vascular calcification
(76), this would suggest increased cartilage calcification in carriers of the OA
risk allele. Another example was found in the deiodinase iodothyronine type
Il (D2) gene (DI02). D2 is an enzyme that converts intracellular thyroxine (T4)
into triiodothyronine (T3) in specific tissues such growth plate cartilage. Herein,
T3 initiates terminal maturation of hypertrophic chondrocytes leading to
breakdown and mineralization of cartilage to allow transition to bone (77). In
bone, DIO2 is essential for bone formation and mineralization.

Linkage analysis

Linkage analyses is a powerful tool to identify high impact causal mutations in
extended families with an early onset disease phenotype, preferably inherited in
a Mendelian inheritance pattern. The value of such familial high impact variants
is that identified gene functions and underlying pathways can have shared
etiology, hence giving insight into common OA phenotypes (78-81). By applying
next generation sequencing of whole genomes or exomes of well selected
(definitively affected) family members, genetic variants can be assessed.
Subsequently, likely damaging high impact mutations can be prioritized based
on for example the amino acid change or location of the mutation (82). Herein,
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synonymous variants, tolerated missense variants, intergenic variants and intron
variants would likely result in a less strong disease phenotype. On the other
hand, variants producing a stop codon or a missense mutation can result in a
truncation of the translated protein. To determine the likely effect of a mutation,
tools such as Sorts Intolerant From Tolerant (SIFT) and/or polymorphism
phenotyping version 2 (PolyPhen) can predict their damaging or neutral effect
(83) by using physical and comparative evolutionary considerations.

Table 4 highlights compelling high impact mutations identified in early onset
families with OA related phenotypes. Notably, high impact mutations causal to
the early onset OA phenotypes are found in relevant extracellular matrix genes
such as COL11A1, COL11A2, COL2A1 as well as genes functioning in chondrogenic
differentiation such as GDF5 and SMAD3 (84-87). A compelling example and
subject of this thesis, was the identification of a readthrough mutation (c1205A=T;
p.Stop402Leu) in TNFRSF11B encoding osteoprotegerin (OPG) localized at the
chondrocalcinosis locus 1 (CCAL1) (88) in multiple families worldwide (89-
91). In these families, the CCAL1 phenotype is defined by early onset OA with
characteristic articular cartilage calcification i.e. chondrocalcinosis (92) and low
subchondral bone mineralization (91). Being a readthrough mutation resulting
in 19 additional amino acids at the C-terminal end of the protein, the mutation
was named OPG-XL.

Table 3. Single nucleotide polymorphisms consistently identified in association with OA.

Gene Single nucleotide Risk Effect Function Reference
polymorphism allele
DIO2 rs225014 C Catalyzer of thyroid hormone upP (93)
activation
MGP rs1800801 T Regulator of cartilage mineralization DN (72)
IL11 rs4252548 T Cytokine stimulator of hematopoietic DN (94)
T cells
GDF5 rs143383 T Regulator of cell growth and DN (95)
differentiation
SMAD3  rs12901499 G Signal transducer and transcriptional upP (96)
modulator
ASPN Triplet repeat of the - Cartilage extracellular protein involved  UP (97)
codon for aspartic acid in chondrogenesis and mineralization

17



18

CHAPTER 1

Table 4. High impact mutations in early onset OA families.

Gene Name Protein function Mutation Reference
COL2A1 Collagen type Il a1 Major structural component in p.Arg275Cys  (98)
cartilage

p.Gly204Ala (86)
p.Arg719Cys  (99)

COLT1AT Collagen type XI a1 Minor fibrillar collagen in p.Pro446Gin
cartilage, alpha chain 1
COLT1A2 Collagen type XI a2 Minor fibrillar collagen in p.Arg53Trp
cartilage, alpha chain 2 (100)
CoOmMP Cartilage oligomeric matrix Extracellular matrix protein p.Arg718Trp  (85)
protein present in cartilage
TNFRSF11B  Tumor necrosis factor receptor Extracellular regulator of p.Ter402Leu  (88)
superfamily member 11b osteoclastogenesis
GDF5 Growth differentiation factor 5 TGF-beta family member protein  p.Leu441Pro

involved in skeletal development

p.Arg438Leu (101)

SMAD3 Mothers against Protein involved in TGF- p.Arg287Trp
decapentaplegic homolog 3 beta signaling and skeletal
development p.Thr261i1e

p.Thr247fsx61  (102)

OSTEOPROTEGERIN; ROLE IN CARTILAGE AND BONE
PHYSIOLOGY

OPG is a decoy receptor which competes for binding of nuclear factor KB ligand
(RANKL) to the receptor activator of the nuclear KB factor (RANK). Together, this
triad is well known for regulating osteoclastogenesis (103), hence playing a critical
role in bone homeostasis, endochondral ossification, and bone remodelling (5,
6) (Figure 4). More recently, by using a heparan sulphate (HS)-binding deficient
mutant OPG mouse model, it was found that OPG not only binds to free RANKL
but also to RANKL as a membrane-bound form on osteoblasts through interaction
of its C-terminus with heparan sulphate. This binding appears indispensable for
RANKL mediated inhibition of osteoclastogenesis due toimmobilization of secreted
OPG on the osteoblast membrane and formation of a stable HS-OPG-RANKL
complex (104-106). Mice with aberrations in this triad, generated several skeletal
diseases ranging from spontaneous fractures and osteoporosis to osteopetrosis
(103, 107). For instance, infant mice treated with OPG for 12 weeks, developed a
denser bone phenotype, while OPG knock-out mice showed a decrease in BMD
and high incidence of bone fractures (108). Moreover, it was shown that RANKL
stimulates osteoclast fission to produce transcriptionally distinct osteomorphs,
which in turn, recycle towards large multinucleated osteoclasts or polykaryons by
fusion, under tight control of OPG (109, 110).
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Despite the large body of literature on the OPG-RANK-RANKL triad in bone
homeostasis, the role of OPG in cartilage remains elusive. Nonetheless, a
specific role of TNFRSF11B and its ligand TNFSF11 encoding RANKL in cartilage
(patho)physiology has been highlighted by transcriptome wide studies. Herein,
TNFRSF11B and TNFSF11 but not TNFRSF11A encoding RANK show high expression
and are robustly responsive to OA cartilage pathophysiology, as marked by
consistent high upregulation in human OA affected relative to preserved (57,
58) or healthy (111) cartilage. In contrast, differential expression of TNFRSF11B
or TNSF11 in subchondral bone underlying preserved and lesioned areas of OA
cartilage was not observed (65). Other than that, with TNFSF11 being a robust OA
risk gene identified in the largest genome wide association study to date (112)
aberrant function of OPG/RANKL clearly indicates its relevance in common OA
pathology.

Next to the indicated separate roles of OPG in bone and cartilage, accumulating
evidence suggests that OPG may also play a role in the dynamic interaction
between articular cartilage and (subchondral) bone metabolism. The direction
of changes of subchondral bone density and mineralization in osteoarthritis
patients, however, remains unclear and possibly dependent on the subtype. This
controversy is exemplified by a study of osteoarthritis patients that were shown
to benefit from treatment with strontium ranelate, which is a drug licensed for
osteoporosis and acts by increasing bone formation while decreasing bone
resorption via stimulation of OPG (113). In absence of an effective OA therapy,
these studies have gained a lot of attention but also elicited debate, since
they contradict to epidemiological studies indicating that individuals with high
systemic bone mass are at increased risk for the incidence of osteoarthritis.
Additional studies, subsequently confirmed that indeed strontium ranelate
administration resulted in an increase in cartilage deposition and a decrease
in MMP release, with upregulation of osteoblast formation and reduced
subchondral bone remodelling (114, 115) . On the other hand, in an OA guinea
pig model, Chu et al (116) showed that upon strontium ranelate administration
there was an increase in osteophyte size, which is a known characteristic of OA
development. Taken together, these findings would suggest the involvement of
OPG in other biological processes related to cartilage formation, independent
from its known function in bone homeostasis (117, 118).
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Figure 4. Role of Osteoprotegerin in bone resorption. OPG is a soluble decoy receptor that
inhibits differentiation of osteoclast precursors by competing for its binding of RANKL to RANK. This
results in less osteoclasts available and inhibition of bone resorption.

HUMAN DISEASE MODELS IN OA

To allow translation of identified strong OA risk genes towards underlying
biological mechanisms, studies on target discovery, and drug testing; a human
model system that incorporates disease relevant tissue units is necessary.
Moreover, such models require the possibility to perturb the system with
essential genetic and/or environmental cues to trigger OA-like changes. For
instance, to study underlying biological mechanisms of OA risk genes, it is
important to be able to change the expression levels of these genes and/or
apply genetic engineering tools to introduce high impact OA mutations (119).
Some of the current OA models that allow these perturbations will be described
in the following paragraphs.

In vitro models

A two dimensional (2D) in vitro model allows culture of either primary cartilage
or bone cells or immortalized cell lines on flat surfaces, hence representing a
simplified osteochondral system. Itallows high throughputscreening, forinstance,
upon lentiviral induction or inhibition of a specific gene, or upon exposure to
therapeutic compounds. Nevertheless, the lack of nutrient and oxygen gradients,
fast chondrocyte dedifferentiation, or the lack of extracellular matrix production,
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arise as important challenges for accurately reproducing OA. Three-dimensional
(3D) in vitro models optionally employed with a variety of different cells such as
human primary articular chondrocytes (hPACs), osteoblasts and mesenchymal
stromal cells (MSCs) can better address these issues (120, 121). Yet, hPACs,
osteoblasts and MSCs can only be obtained after invasive procedures, while there
is a large heterogeneity in chondrogenic capacity between donors (122-124).
Moreover, primary cells have a tendency to rapidly become senescent during
in vitro expansion (124-126). Nonetheless, 3D in vitro models have highlighted
relevant functions of some proteins. For instance, cartilage oligomeric matrix
protein (COMP) overexpression in bovine chondrocytes resulted in a collagen
formation with a smaller diameter (127). Another example can be found upon
overexpressing DIO2 in human chondrocytes (128), resulting in a lower ECM
deposition and a higher catabolic and mineralization response.

Ex vivo models

Ex vivo models culturing human osteochondral explants can also be used to
study OA. This human model offers a reliable method to study the interaction
between different cell types and the interplay between aged cartilage and
bone (129). Moreover, osteochondral explants can be used to investigate joint
mechanobiology. For instance Houtman et al showed a catabolic response in
chondrocyte signaling upon loading human explants (130). Unfortunately in
these models, specific medium requirements for each cell type are necessary
to maintain the cell inherent phenotype over a longer time period, while genetic
engineering strategies cannot be applied (120).

In vivo models

In vivo models of small animals, especially mice and rats, are frequently used
to study OA. For this aim, surgically and chemically induced models can trigger
OA development by disturbing joint biomechanics and/or by administering
compounds such as collagenase, which is detrimental to joint health.
Additionally, genetic manipulation such as a knock-in or knock-out experiments
can be applied to prove gene causality in an in vivo complex system. For instance,
Bomer et al showed the relevance of D/O2 in a knock-out mouse model. Data
of the study showed that DIO2 knock out mice relative to wild type littermates
were protected against cartilage damage upon force running (131). In another
study by Wu et al, OPG transgenic mice were generated and showed an increase
BMD and trabecular tibia number and thickness when compared to wild type
mice (132). Nevertheless, differences in joint structure and loading regimes,
with an absence of spontaneous OA in some animal models, fail to represent to
gradual development of OA in humans with aging. Moreover, animal research
must progressively integrate the principle of 3Rs: replacement, reduction and
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refinement, only performing research in animal models when strictly necessary.

Induced pluripotent stem cells

In 2006, Yamanaka generated embryonic stem cell-like cells by introducing four
reprogramming factors (Oct-4, Sox-2, KIf4 and c-Myc) into fibroblast mouse cells
and termed these cells as induced pluripotent stem cells (iPSCs). These cells were
able to differentiate into the three germ layers while maintaining the genetic
background of the donor. As aresult, iPSCtechnology was later applied to human
cells and became a method not only for disease modeling, follow up of genetic
studies or regenerative medicine, but also for high-throughput drug screening
and personalized medicine (133, 134). Additionally, iPS-cell production can be
scaled, while the use of such immortal-like cells avoids the need for biopsies and
repeated surgeries on patients. Moreover, iPSC technology easily allows to study
the causative effect of point mutations (135) by performing genome editing tools
such as Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)
(136). In this system, a RNA guided endonuclease induces double stranded
breaks in the genome after recognition of a protospacer adjacent motive (PAM).
When this technology is combined with a repaired or mutation template, an iPSC
isogenic control or point-mutation line can be generated, making this system
ideal for studying specific mutations (137). Nevertheless, issues can arise due to
the strong variation in differentiation efficiencies between iPSC lines and clones
(138, 139) and a tendency to generate fibrous cartilage matrix (124, 140). Hence,
even though several protocols are available, the optimal method for generation
of chondrocytes and osteoblasts from iPSCs remains to be established. Some
studies comparing human bone marrow-derived mesenchymal stromal cells
(BMSCs) and iPSC-derived mesenchymal stromal cells (iMSCs) suggest major
functional and genetic differences, not only between cells but also between
neo-cartilage and neo-bone derived from both cell types (141, 142). However, in
these studies, iIMSCs were generated via the formation of cell aggregates called
embryoid bodies (EBs), often variable and with low efficiency (141, 142), while
direct monolayer generation was shown to be more robust (143).

Alternatively, a stepwise approach can be taken to generate neo-cartilage from
hiPSCs via chondroprogenitor cells (iCPCs) (144-146). Notably, differentiation
of iPSCs with this protocol mimics each developmental step through anterior
primitive streak formation and successive emergence of iCPCs, diminishing
variability between independent differentiations. Unfortunately, a major
disadvantage of this method is the inability to generate bone and its inefficiency
to expand hiCPCs, due to the rapid loss of their chondrogenic potential (145).
Therefore, heterogeneity in the resulting cell population, urges for efficient and
cell expandable step-wise differentiation approaches where a better study of
fundamental biological processes is required (147, 148). Only when these signals
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and complex interactions are better understood they can be used as accurate
follow up models.

AIMS AND CONTENTS OF THIS THESIS

The role of OPG, encoded by TNFRSF11B, in bone development is commonly
known, however its function in cartilage remains elusive. Its high expression in OA
lesioned cartilage and identification of a readthrough mutation in a family with
early onset OA suggest a crucial role for OPG in the homeostasis of this tissue.

To address the role of OPG in cartilage, in Chapter 2 we will overexpress
TNFRSF11B in preserved chondrocytes with a lentiviral construct to determine
its likely function as a trigger of OA. Additionally, gene expression levels of a
unique RNA sequencing dataset of preserved against lesioned cartilage will
be correlated to TNFRSF11B and used as a readout to determine downstream
effects of this process.

Once the function of TNFRSF11Bis determined in cartilage, we will investigate the
effects of its readthrough mutation in the early onset OA family. Nevertheless
obtaining cartilage and bone tissue from them is dependent on joint replacement
surgeries of the few family members that carry the mutation. Remarkably, iPSC
technology can be used to generate neo-cartilage and neo-osseous tissue that
later can be researched in an in vitro model. With this aim in mind, in Chapter 3
we will establish the optimal method for iPSC derived neo-cartilage generation
while comparing two differentiation protocols with cartilage deposited by
primary cells. Once the optimal method for neo-cartilage and neo-bone is
achieved, an iPSC line from an early onset family member carrier of a mutation
in TNFRSF11B at the CCAL1 locus will be generated in Chapter 4. The mutation
will be rescued by applying CRISPR/Cas9. Subsequently, taking the established
optimal approach for in vitro iPSC-derived OA modelling determined in Chapter
3, neo-cartilage and neo-bone will be generated from both lines. By doing so,
we will get substantial understanding of the molecular background underlying
their phenotypes. Finally, monocyte-derived osteoclasts of OPG-XL carriers will
be generated and their osteoclast activity researched. In parallel with the in vitro
experiments, family members with and without the mutation will take part on
different tests to evaluate their joints status, BMD and OA stage. With this thesis
we expect to determine the role of OPG in cartilage and discover the functional
effects of the readthrough mutation, which will ultimately help to address the
role of OPG in OA development.
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ABSTRACT

Objectives: Osteoarthritis (OA) is a complex genetic disease with different
risk factors contributing to its development. One of the genes, TNFRSF11B,
previously identified with gain-of-function mutation in a family with early-
onset OA with chondrocalcinosis, is among the highest upregulated genes in
lesioned OA cartilage (RAAK-study). Here, we determined the role of TNFRSF11B
overexpression in development of OA.

Methods: Human primary articular chondrocytes (9 donors RAAK study) were
transduced using lentiviral particles with or without TNFRSF11B. Cells were cul-
tured for 1 week in a 3D in-vitro chondrogenic model . TNFRSF11B overexpres-
sion was confirmed by RT-qPCR, immunohistochemistry and ELISA. Effects of
TNFRSF11B overexpression on cartilage matrix deposition, matrix mineralization,
and genes highly correlated to TNFRSF11B in RNA-sequencing dataset (r>|0.75])
were determined by RT-qPCR. Additionally, glycosaminoglycans and collagen
deposition were visualized with Alcian blue staining and immunohistochemistry
(COL1T and COL2).

Results: Overexpression of TNFRSF11Bresulted in strong upregulation of MMP13,
COL2A1 and COL1A1. Likewise, mineralization and osteoblast characteristic
markers RUNX2, ASPN and OGN showed a consistent increase. Among 30 genes
highly correlated to TNFRSF11B, expression of only eight changed significantly,
with BMP6 showing highestincrease (9-fold) while expression of RANK and RANKL
remained unchanged indicating previously unknown downstream pathways of
TNFRSF11B in cartilage.

Conclusion: Results of our 3D in vitro chondrogenesis model indicate that
upregulation of TNFRSF11B in lesioned OA cartilage may act as a direct driving
factor for chondrocyte to osteoblast transition observed in OA pathophysiology.
This transition does not appear to act via the OPG/RANK/RANKL triad common
in bone remodeling.

Key messages:

* TNFRSF11Bincartilageisadirectdrivingfactor for chondrocyte-to-osteoblast
transition observed in OA pathophysiology.

« Chondrocyte-to-osteoblast transition in cartilage does not act via the OPG/
RANK/RANKL triad, common in bone remodeling.

+ Likely, the TNFRSF11B-induced cartilage mineralization is accomplished via
BMP6 signaling.
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INTRODUCTION

Osteoarthritis (OA) is a common degenerative disorder characterized by cartilage
extracellular matrix degradation (ECM) and changes in subchondral bone. Being
marked by pain and disability, no effective therapy is available, and current
treatments are focused on pain relief or joint surgery at end-stage disease,
creating a great social and economic burden (1, 2). To characterize the OA
pathophysiological process, multiple studies (3-5) have performed transcriptome-
wide analyses of preserved and lesioned cartilage. Among the most consistent
and highly upregulated genes in lesioned OA cartilage is the tumor necrosis factor
receptor superfamily member 11b (TNFRSF11B) at the CCAL1 (chondrocalcinosis)
locus (4, 6), encoding osteoprotegerin (OPG). OPG is a decoy receptor for the
binding of nuclear factor KB ligand (RANKL) to the receptor activator of the
nuclear KB factor (RANK). Together, this triad is well known for tightly regulating
osteoclastogenesis, hence playing a critical role in bone formation, endochondral
ossification, and bone remodelling (5, 6). A gain of function mutation in OPG
(c1205A=>T; p.Stop402Leu) was identified in multiple families with early onset
osteoarthritis (FOA) characterized by chondrocalcinosis (6, 7). With this mutation,
the underlying importance of OPG was further confirmed, not only in bone
turnover but also in cartilage homeostasis and OA onset. Given the eminent cross-
talk between bone and cartilage, it was suggested that aberrant OPG function can
affect the delicate balance between subchondral bone formation and resorption
(8), making OPG essential in joint homeostasis. A drug called strontium ranelate
has been administered in the clinic in order to fight osteoporosis by increasing
OPG expression and impairing bone resorption processes (9). This drug is also
used to treat OA, but controversial results have been shown in preclinical and
clinical studies (10, 11). To study whether the observed upregulation of TNFRSF11B
in OA can trigger unbeneficial mineralization of cartilage, a tailored human 3D in
vitro OA tissue model was applied in which aberrant gene function was mimicked
by lentiviral overexpression of TNFRSF11B in spherical cartilage pellets. Potential
effects on anabolic, catabolic and mineralization markers involved in cartilage
homeostasis were investigated. Moreover, to better comprehend the pathways
in which TNFRSF11B acts in articular cartilage and during OA, a selected panel of
genes that showed high co-expression with TNFRSF11B during OA pathophysiology
was studied.

MATERIALS AND METHODS

Sample description

RNA sequencing data previously obtained of N=57 preserved and N=44 |esioned
OA cartilage samples (RAAK study) and previously assessed (4), were taken for in
silico TNFRSF11B correlation analyses. RNA sequencing was used to identify genes
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co-expressed with TNFRSF11B, where a Spearman correlation was performed.
Genes were considered to be correlated if the P-value was lower than 0.05
and the absolute r-value was higher than 0.75. Quality control of the data was
performed as previously described (4). Human primary articular chondrocytes
(hPACs) obtained from knee replacement surgeries of N=9 participants (4
females and 5 males with average age of 69.4£11.1) of the RAAK study were
isolated and cultured to perform lentiviral transduction.

Cloning of TNFRSF11B in lentivirus plasmid

The Porf9-HTNFRSF11B V04 plasmid and the pLV.CMV.bc.eGFP lentivirus vector
(kindly provided by Prof. Dr. R. Hoeben) were digested with Agel and Nhel (New
England Biolabs). The full gene TNFRSF11B was ligated into the Agel and Nhel
sites of the K4_pLV.CMV.bc.eGFP plasmid by using the Takara Mighty Mix ligation
kit (Takara Bio Europe AB). DNA was obtained by Maxiprep Kit (ThermoFisher),
and Sanger sequencing was performed to confirm successful cloning of the
lentivirus plasmid.

Lentiviral production and cell culture

Lentiviral production was performed in HEK293T cells using the Lenti-vpak
Lentiviral Packaging Kit (Origene Technologies). In short, HEK 293T cells were
expanded in DMEM high glucose (Gibco), supplemented with 10% fetal calf serum
(FCS, Gibco) 100U/mL penicillin, 100ug/ml streptomycin (Gibco), and lentivirus
particles were collected and titrated.

Following their isolation, hPACs were transduced at passage 1 with either control
(pLV.CMV.bc.eGFP) or TNFRSF11B Lentivirus (MOI of 1). After 16 hours, the medium
was refreshed (DMEM high glucose (Gibco) supplemented with 10% FCS (Gibco),
100 U/ml penicillin and 100 ug/ml streptomycin (Gibco), and 0.5 ng/ml bFGF-2
(PeproTech)) and hPACs were further cultured for another passage. Subsequently,
neo-cartilage was generated from 250,000 transduced hPACs in 3D pellets for
seven days, as described before (12), and keeping the conditions between both
groups equal. All data were analyzed 7 days following the 3D chondrogenesis.
Cells were counted with the Nucleocounter NC-200 (Chemometec).

RNA isolation and RT-qPCR

RNA was isolated from four biological replicates for each patient and condition
(control and TNFRSF11B-overexpressing chondrocytes) while pooling two pellets
together to generate two independent samples for downstream analyses. Isolations
were performed as described previously (12). Total mRNA (150 ng) was processed
with the first strand cDNA kit according to the manufacturer's protocol (Roche
Applied Science). CDNA was further diluted five times, and preamplification with
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TagMan preamp master mix (Thermo Fisher Scientific Inc.) was performed. Gene
expression was measured (Supplementary Table S1) with RT-gPCR (Quantstudio),
and average of the two biological replicates was determined as relative levels (-
ACt values) using expression levels of glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and Acidic ribosomal phosphoprotein PO (ARP) as housekeeping genes.
Quality control of the results was performed as described before (12).

Selection criteria for gene expression analyses

TNFRSF11B expression was analyzed to quantify overexpression. To determine
matrix homeostasis, metabolic activity and mineralization status, a list of 16 relevant
genes was selected from the literature (Supplementary Table S1). Additionally, to
identify potential new downstream pathways, a two-step approach was taken for
selection of genes. Firstly, a TNFRSF11B co-expression network was created based
on correlations of genes significantly differentially expressed between preserved
(N = 57) and lesioned (N = 44) OA cartilage from our previously published RNA
sequencing dataset (N=2387 genes) (4). Genes with r=|0.80| were selected for
expression analysis (N=21 genes). Secondly, genes with r>|0.75| were designated
on basis of their functionality in cartilage homeostasis and mineralization (6 genes),
or based on previously identified protein-protein interactions with TNFRSF11B within
the online available webtool STRING (13) (three genes). This resulted in a total of 30
genes. Finally, GAPDH and ARP were used as housekeeping genes.

Histology and immunohistochemistry

Following chondrogenesis, pellets were fixed in 4% formaldehyde and embeddedin
paraffin. After sectioning, deparaffinizationand rehydration sectionswere analyzed
by histology (1% Alcian Blue 8-GX (Sigma-Aldrich)) and immunohistochemistry
(COL2 (MAB1330; Milipore; 1:100), COL1 (ab34710; Abcam), and OPG (EPR3592;
Epitomics; 1:100)), as described before (12). Pixel intensity quantification was
performed for Alcian Blue staining by ImageJ, and surface area of the pellets were
measured with the CellSens Dimension software (Olympus).

ELISA and DMMB assay

The osteoprotegerin human instant ELISA™ Kit (Thermofisher) and the
Dimethylmethylene Blue assay (DMMB; Sigma-Aldrich), respectively, were used
following the manufacturer’s instructions for OPG and GAG quantification in
the conditioned media of three independent pellets with or without TNFRSF11B
overexpression for each patient.
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Statistical analysis

To determine statistical differences between the controls and samples with
TNFRSF11B overexpression, a paired sample t-test was performed. P-value <0.05
was considered significant.

RESULTS

No change in matrix deposition upon TNFRSF11B overexpression

Lentiviral transduction of primary chondrocytes resulted in consistent
and significant upregulation of TNFRSF11B mRNA as well as OPG protein
(Supplementary Figure S1). Following TNFRSF11B overexpression, hPACs were
subjected to a 3D in vitro chondrogenesis model, and neo-cartilage formation
was characterized at day seven.

Alcian Blue staining was performed to visualize pellets and the presence of
glycosaminoglycans (GAGs). The relative pixel intensity of the GAG staining
showed no significant differences in the presence of higher OPG levels (n=18,
P-value=3.4x10"; Figure 1). Likewise, GAG release in the medium was similar
(n=27, P-value=5.3x10"). Furthermore, no significant difference in pellet size was
observed between controls and TNFRSF11B (n=72, P-value=5.5x10"). Together,
these data indicate that TNFRSF11B upregulation does not change capacity of
chondrocytes to deposit matrix at day 7.



A Control OPG

m - 4
=
o]
c oy .
o ‘
e , !
< .: L7
50 pm & ’ 5‘ﬂ—|1l\1-
B . S ;
Pellets size GAGs quantification Alcian blue
3000000 - 10 150 -
3 2
- 7]
3’ 5 T
«_ 2000000 = € 100-
£ —‘7 c 6- =
= o )
et —
3 £ s &
< 1000000 c 2 50-
2 2- s
o []
(&} o
0- r 0- I 0- I
Control OPG Control OPG Control OPG

Figure 1. Neo-cartilage deposition upon TNFRSF11B overexpression. A) Representative images
of 1-week neo-cartilage pellets as indicated (left: control chondrocytes; right: chondrocytes with
TNFRSF11B overexpression). Scale bars: 50 pm. B) Area of the pellets (n=72), GAG-release in the
medium (n=27), and Alcian blue pixel intensity quantification (n=18) for control and TNFRSF11B
overexpressing chondrocytes.

Collagen type I and collagen type Il become upregulated upon
TNFRSF11B overexpression

To study the effect of TNFRSF11B overexpression on matrix characteristics, RT-gPCR
was performed for anabolic and catabolic genes involved in cartilage homeostasis
(Supplementary Table S2, Figure 2). Of note was the high and significant
upregulation of MMP13 (FD=14.76, P-value=2.0x10) following overexpression
of TNFRSF11B (Figure 2). Furthermore, overexpression of TNFRSF11B resulted in
significantly higher upregulation of COL2AT (FD=4.77, P-value=4.8x10“)and COLTA1
(FD=1.88, P-value=1.3x10?) and a modest downregulation of COMP (FD=0.69,
P-value=2.0x10?) during chondrogenesis. Hypertrophic marker COL70AT showed
no significant difference (FD=4.24, P-value=6.3x10"). Immunohistochemistry
of collagen type 2 (COL2) and collagen type 1 (COL1) showed a visual higher
expression for both collagens in the OPG overexpressing group concurrent with
respective gene expression levels (Figure 3). As such, COL1 staining showed a
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darker and wider layer of staining towards the edges of the pellet when compared
to the control group. COL2 differences were less strong between both conditions,
nevertheless a more consistent staining was observed in the ECM and retained
within the cells cytoplasm in the OPG overexpressing group.
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Figure 2. Expression of matrix-related genes in neo-cartilage. Results show line plots for -ACt
values of genes in 1-week neo-cartilage pellets (control chondrocytes versus chondrocytes with
TNFRSF11B overexpression (n=18; * P-value< 0.05; ** P-value< 1073; *** P-value< 10%).
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of 1-week neo-cartilage pellets as indicated (left: control chondrocytes; right: chondrocytes with
TNFRSF11B overexpression). Scale bars: 50pm.

High gene expression of osteogenic markers, yet no alteration in the
TNFRSF11B triad upon TNFRSF11B overexpression

To investigate our hypothesis that upregulation of TNFRSF11B with OA
pathophysiology directly induces cartilage mineralization, we next explored the
expression of genes involved in matrix mineralization (Supplementary table
S2). First, we explored expression of TNFRSF11A encoding RANK and TNFSF11
encoding RANKL, which together with OPG are known to tightly regulate bone
turnover. Remarkably (Figure 4), neither TNFSF11 (FD=1.06, P-value=3.9x10"") nor
TNFRSF11A (FD=2.45, P-value=7.8x10"), did significantly respond to the lentiviral-
induced upregulation of TNFRSF11B. Nonetheless, the osteogenic markers RUNX2
(FD=4.51, P-value=4.0x103), POSTN (FD=1.75, P-value=4.0x10?), OGN (FD=1.68,
P-value=2.3x10?) and ASPN (FD=2.61, P-value=1.0x1072), were significantly higher
upregulated in chondrocytes upon TNFRSF11B overexpression.
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Figure 4. Expression of osteogenic-related genes in neo-cartilage. Results show line plots for
-ACt values of mineralization and bone formation genes in 1-week neo-cartilage pellets (control
chondrocytes versus chondrocytes with TNFRSF11B overexpression (n=18; * P-value< 0.05; **
P-value< 1073 ;*** P-value< 10°%).

A novel set of signaling pathways is discovered in highly correlated
genes with TNFRSF11B upon TNFRSF11B overexpression

After assessing the effect of TNFRSF11B-induced overexpression on known
related genes, we next performed an exploratory analysis to identify potential
novel TNFRSF11B signaling pathways in cartilage. To do so, we generated a
TNFRSF11B co-expression network with differentially expressed genes between
preserved and lesioned OA cartilage as previously assessed (N=2387 genes)
(4). We found 51 genes highly correlated with TNFRSF11B with absolute r-values
> 0.75 (Supplementary Table S3). Among the highest positively correlated
genes, we found CDH19 (r=0.88), ATP1A1 (r=0.87), and DIXDC1 (r=0.85), whereas
the highest inverse correlation was observed for SLCT5A3 (r=-0.81), MAPK11 (r=-
0.81), and HLA-E (r=-0.8). Of these 51 genes, 30 were selected for expression
analysis based on their correlation with TNFRSF11B and additional functional
connection in STRING (Supplementary Figure S2). As shown in Supplementary
Table S4 and Figure 5, we found eight genes to be significantly differentially
expressed upon lentiviral-induced TNFRSF11B overexpression. The strongest
increased expression was found for BMP6 (FD=9.34, P-value=2.6x102) while the
SLC15A3 gene was 2.5-fold downregulated (FD=0.4, P-value=4.0x103). Around
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2-fold increase was observed for FITM2 (FD=2.28, P-value=1.4x1032), CDON
(FD=2.03, P-value=5.0x103), and SLC16A7 (FD=1.97, P-value=1.8x107?). Moderate
effects were found for CDH79 (FD=1.53, P-value=4.5x102), P3H2 (FD=1.48,
P-value=4.7x10%), and WNT16 (FD=0.81, P-value=4.3x102).
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Figure 5. Expression of TNFRSF11B-correlated genes in neo-cartilage. Results show line plots for
-ACt values of TNFRSF11B-correlated genes in 1-week neo-cartilage pellets (control chondrocytes
versus chondrocytes with TNFRSF11B overexpression (n=18; * P-value< 0.05; ** P-value< 1073; ***
P-value< 10°).

DISCUSSION

Inthe current study, we investigated the role of increased TNFRSF11Bin OA patho-
physiology. To this end, lentiviral upregulation of TNFRSF11B was established in a
3D in vitro chondrogenic model (Supplementary Figure S1). As reflected by the
particularly high upregulation of MMP13 (FD=14.76, P-value=2.0x10-3) in combi-
nation with the upregulation of characteristic osteogenic genes RUNX2, POSTN,
BMP6, ASPN, and OGN and in absence of differential expression of the minera-
lization markers COLT0AT and ALPL, we advocate that TNFRSF11B affects OA
pathophysiology by advancing chondrocyte to osteoblast transition (14). This
finding is in line with the observed chondrocalcinosis phenotype observed in
previously described members of the family with early-onset OA and carriers of
readthrough mutation in TNFRSF11B also known as the CCAL1 locus (7).
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With TNFRSF11B encoding the decoy receptor OPG, which competes for binding
of RANKL to the RANK receptor, we next examined expression of TNFRSF11A
(encoding RANK) and TNFSF11 (encoding RANKL) upon TNFRSF11B upregulation.
Even though this triad, and particularly the RANKL/OPG ratio, is known to be an
important determinant of bone mass and skeletal integrity (5, 6), no significant
changesin TNFRSF11Aor TNFSF11levelswere observed (Figure 4, Supplementary
Table S2). This, together with the fact that we did not find high correlation of
expression between TNFRSF11B with TNFRSF11A or TNFSF11 in preserved and
lesioned OA cartilage, would suggest that in cartilage the interaction among the
triad may not play such an important role as in bone. This is in line with the
finding of Komuro et al. and Tat et al. (14, 15), showing no alterations in RANK
and OPG expression upon adding exogenous RANKL to chondrocytes.

OPG at high concentration is well known to decrease tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL) in chondrocytes, as such inhibiting
apoptosis (15, 16).Given that we observed high upregulation of MMP13 in
combination with the upregulation of characteristic osteogenic genes RUNX2,
POSTN, BMP6, ASPN, and OGN (Figure 4), which is an opposite response to
that of OPG binding to TRAIL (17), we advocate that OPG rather affects OA
pathophysiology in cartilage by advancing chondrocyte to osteoblast transition
(14). On the other hand, in our spherical neo-cartilage pellets model, we have
studied the effect of OPG overexpression at an early timepoint in postmitotic
chondrocytes that are stimulated to deposit matrix without further proliferation.
As such this model may not be optimal to provide insight into TRAIL-related
signaling role of OPG.

In order to determine the co-expression network of OPG signaling in articular
cartilage and with OA pathophysiology, we explored a previously assessed RNA
sequencing dataset of preserved and lesioned OA cartilage for correlation with
TNFRSF11B (4). We found 51 genes that highly correlated with TNFRSF11B (r=0.75),
such as CDH19 (r=0.88) encoding for cadherins involved in calcium-dependent cell-
cell adhesion, or SLC715A3 (r=-0.81) encoding histidine and osteoclast transporters
(18). From this network, expression of 30 genes were compared between control
and TNFRSF11B overexpressing chondrocytes. Despite the high correlations with
TNFRSF11B, notably only eight genes were found to be responsive to TNFRSF11B
upregulation (26.6%; CDON, BMP6, CDH19, P3H2, WNT16, SLC16A7, SLC15A3 and
FITM2). This may be explained partly by the fact that genes are upstream of
OPG. Alternatively, genes may be correlated to TNFRSF11B as a general result of
ongoing OA disease processes. Notable among the TNFRSF11B correlated and
responsive genes were BMP6 and SLC15A3 (Figure 5). BMP6 (r=0.77), encoding
bone morphogenic protein 6, is well known to be involved in bone formation (19),
and SLC15A3 (r=-0.81) an osteoclast transporter of which lower expression would
likely result in a reduction of the number of available osteoclasts. Additionally,
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we identified increased expression of FITM2 (r=0.76) and SLC16A7 (r=0.77), genes
involved in lipid droplet formation and metabolite transport, respectively. Lipid
droplets have been reported in OA cartilage (20) and during the osteogenesis
process, where osteoprogenitors and osteoblasts synthesize them to use them as
energysuppliesforthedifferentiation process(21). Moreimportantly,ithasrecently
been confirmed in mice that fat metabolism is a critical antagonist of cartilage
health and integrity (22). Notable as being co-expressed and highly responsive
to TNFRSF11B was CDON (Cell Adhesion Associated, Oncogene Regulated; r=0.83).
Although little is known about its direct role in cartilage or bone homeostasis,
cadherin signaling is known to be essential for successful cell differentiation,
as it has been previously shown for osteogenesis (23, 24). Lastly, expression of
ANKH (r=0.84), a gene previously associated with chondrocalcinosis and early OA
(25, 26), was not affected by TNFRSF11B upregulation. This would confirm the
work performed in porcine chondrocytes by Williams et al. (6) and translate it to
primary human chondrocytes where ANKH would affect chondrocalcinosis by a
TNFRSF11B-independent mechanism.

Remarkably, the study by Zhu et al. (27), showed a different signaling outcome
upon overexpression of OPG (CCAL1) in primary human chondrocytes from
OA patients. In contrast to results shown here, they observed a fibrotic effect,
dominated by reduced expression of COL2AT and SOX9 and a higher expression
of COL1A1. Several factors may have contributed to this disparity in results.
Likely, the most important difference is the use of a 2D model that was previously
demonstrated to rather result in a hypertrophic phenotype (28).

Additionally, a previously published trial claimed minimal but debatable
effects in OA joints upon treatment with strontium ranelate, a drug licensed
for osteoporosis (29, 30). Strontium ranelate increased bone formation while
decreasing bone resorption via stimulation of OPG and was thought to target
unbeneficial changes in subchondral bone with OA. Considering our current
results showing the effect of OPG on cartilage, we advocate that the risk of such
an oral treatment to OA patients is seriously underestimated and bound to
considerably increase the burden of OA.

A potential limitation of our study is that we have mainly focused on gene
expression responses of hPACs by RT-gPCR at day 7 of matrix deposition.
Henceforth, due to the early timepoint taken for these analyses and the
inherently lower sensitivity and more challenging quantification methods that
regular protein analyses such as immunoblotting offer, we have not extensively
quantified our changes at a protein level. To further confirm, for example,
whether the high upregulation of MMP13 results in significant changes in protein
expression or, for that matter matrix degeneration, later harvesting timepoints
(day 14 or day 21) and increasing sample sizes may be required.
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In conclusion, we here highlighted the role of TNFRSF11B upregulation in OA
pathophysiology. Results of our 3D in vitro chondrogenesis model indicate that
the observed consistent upregulation of TNFRSF11B in lesioned OA cartilage may
act as a direct driving factor for chondrocyte to osteoblast transition occurring
in OA pathophysiology. Moreover, we showed that this transition does not act
via the OPG/RANK/RANKL triad, known for that matter in bone remodeling.
Together, our results merit further exploration of TNFRSF11B as a promising
disease OA modifying factor.
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Supplementary Figure S1. Overexpression of TNFRSF11B in chondrocytes and quantification of
the overexpression by RT-qPCR and ELISA at day 7. A) Representative brightfield and fluorescent
images (GFP) of the transduction performed in chondrocytes of the control vector and of the
TNFRSF11B gene. B) RT-qPCR of TNFRSF11Bin the control samples against TNFRSF11B overexpression.
C) Quantification of OPG (pg/mL) in collected medium measured by ELISA. D) OPG staining of the
neo-cartilage matrix. Scale bars: 50 um.

49



CHAPTER 2

FITM2 RAB3ILL

FNDC3B
ADAMTSE

e E
SLC15A3 @ @

STK38L

ATP1AL
— TSPAN2
e DIXDC1

SLCL16A7

©

ERGIC1

CDH19

LEPREL1

SLC39A14

®

Supplementary Figure S2. Protein-protein interaction network of the 30 selected highly
correlated genes to TNFRSF11B in STRING. 21 genes with ar=|0.80|, and 9 genes with ar>|0.75|
were added to the online available webtool STRING with a medium confidence interval of 0.4 and a
PPl enrichment P-value of 2.11x10*.
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Supplementary Tables:

Supplementary Table S1. Primer sequences of genes related to cartilage matrix, mineralization
and highly correlated to TNFRSF11B.

Matrix Genes

Primer Sequences

Fwd

Rvs

ADAMTS5
ACAN
ARP
COL10A1
COL1A1
COL2A1
comp
GAPDH
MMP13
SO0X9

5-TGGCTCACGAAATCGGACAT-3'
5'AGAGACTCACACAGTCGAAACAGC-3'
5'-CACCATTGAAATCCTGAGTGATGT-3'
5'-GGCAACAGCATTATGACCCA-3'
5'-GTGCTAAAGGTGCCAATGGT-3'
5'-CTACCCCAATCCAGCAAACGT-3'
5'-ACAATGACGGAGTCCCTGAC-3
5'-TGCCATGTAGACCCCTTGAAG-3'
5-TTGAGCTGGACTCATTGTCG-3'
5'-CCCCAACAGATCGCCTACAG-3'

5-GCGCTTATCTTCTGTGGAACC-3'
5-CTATGTTACAGTGCTCGCCAGTG-3'
5-TGACCAGCCGAAAGGAGAAG-3'
5-TGAGATCGATGATGGCACTCC-3'
5-ACCAGGTTCACCGCTGTTAC -3'
5-AGGTGATGTTCTGGGAGCCTT-3'
5-TCTGCATCAAAGTCGTCCTG-3'
5'-ATGGTACATGACAAGGTGCGG-3'
5'-GGAGCCTCTCAGTCATGGAG-3'
5-CTGGAGTTCTGGTGGTCGGT-3'

Mineralization
genes

Fwd

Rvs

ALPL 5'-CAAAGGCTTCTTCTTGCTGGTG-3' 5-CCTGCTTGGCTTTTCCTTCA-3'
ASPN 5'-ACACGTTTTGGAAATGAGTGC-3' 5'-GAACACCGTCACCCCTTCAA-3'
OGN 5-TGATGAAATGCCCACGTGTC-3" 5-TTTGGTAAGGGTGGTACAGCA-3'
POSTN 5-TACACTTTGCTGGCACCTGT-3' 5-TTTAAGGAGGCGCTGATCCA-3'
RUNX2 5-CAATTTCCTCCTTGCCCCTCA-3 5-TCGGATCTACGGGAATACGCA-3'
SPP1 5'-GCCAGTTGCAGCCTTCTCA-3' 5"-AAAAGCAAATCACTGCAATTCTCA-3
TNFRSF11A 5'-GAAGCTCAGCCTTTTGCTCA-3' 5-GGGAACCAGATGGGATGTCG-3'
TNFRSF11B 5-TTGATGGAAAGCTTACCGGGA-3' 5-TCTGGTCACTGGGTTTGCATG-3'
TNFSF11 5'-CAACAAGGACACAGTGTGCAA-3' 5-AGGTACAGTTGGTCCAGGGT-3'
TNFRSF11B- Fwd Rvs
correlated genes

ACVR1 AGGGCTCATCACCACCAATG GTAATCTGGCGAGCCACTGT
ADAMTS6 5'-GGTGCAGATACCAAGAGGCT-3' 5-GCCAGTCAATAGTCCAGGCA-3'
ANKH 5-GTCTGCATGGCTCTGTCACT-3' 5-AGGCAAAGTCCACTCCGATG-3'
ATP1A1 5-TGTACCTGGGTGTGGTGCTA-3' 5-ATCACAAGGGCTTGCTGAGG-3'
BMP6 5'-GCGGACATGGTCATGAGCTT-3' 5'-ACCTCACCCTCAGGAATCTG-3'
CD14 5'-AGCCACAGGACTTGCACTTT-3" 5-TGCTTGGGCAATGCTCAGTA-3'
CDH19 5'-TGAGCACCAGAACCACTACG-3' 5-AAGTGGTGGAAGCCTCAGTG-3'
CDON 5'-ACACCACTCTCTCAGGAGCA-3' 5-AAGGTGGGAATAGCCACTGC-3'
DIXDC1 5'-CCCAGTCAGAAGAGAAGGCA-3' 5'-GCCGCCAGTCTCGAGATAAT-3'
DLG1 5-TCTTCCCTCTCCTCCCACTG-3' 5-GTACTGGGGGAGGATTTGCC-3'
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TNFRSF11B-

correlated genes

Fwd

Rvs

DSP 5-ATGTACTATTCTCGGCGCGG-3' 5-GTGTTCTGGTTCTGGTGCCT-3'
ERGIC1 5-TCTGCTGCTGCCTCTTCATC-3' 5-CCTTGTCTGGGTCATCGACA-3'
FITM2 5-ACTGATCACTCTGCTGTGGC-3' 5-GCCATCAGAGGGAGGCATTT-3"
FN1 5'-CCGACCAGAAGTTTGGGTTC-3 5'-CACGACCATTCCCAACACAC-3'
FNDC3B 5'-CCTGGAACCGTGTATCGCTT-3' 5-GGTGCTTTGCATTGTCCAGG-3'
HLA-E 5-GGCCTGGTTCTCCTTGGATC-3' 5-GCTCCCTCCTTTTCCACCTG-3'
IARS 5-GGTTGTCCACCAAGCTCCTT-3 5-GTTGTGAAGCAGCCTGAAGC-3'
MAPK11 5'-GCCGACCTGAACAACATCGT-3' 5-TTCAGGTCCCGGTGGATGAT-3'
NT5E 5-ATTGCACTGGGACATTCGGG-3' 5-TGGAAGGTGGATTGCCTGTG-3'
P3H2 5'-AGAGAAGCCAAGCCACACAT-3' 5-GCTTGTTCGAAGTGCCTGAT-3'
RAB3IL1 5'-CAGGAGCGTTGTCTGGAACA-3' 5-CCAGTGGGTGCAGATTCAGA-3'
RAPGEF3 5'-TCCAGTGCTCATGACCCAAC-3' 5'-ATGGAAGTGGTGCAGAAGGG-3'
SLC15A3 5'-AGGACATCGCCAACTTCCAG-3' 5-AGACCCTGCAGGACATAGGT-3'
SLC16A7 5'-GGACTCTTGGTGCCAACAGA-3 5-ACCACAATCCAACCCCATCC-3'
SLC39A14 5'-GAAGGCCCTACTCAACCACC-3 5-GTGGGCAGTGAAGAGGTCTC-3'
SRPRA 5-GGCGTTAATGGAGTGGGGAA-3' 5'-TCACAGGCAGCAATGAGGAC-3'
STK38L 5-TGAAGAGAGAGAAACCAGGCAG-3' 5-TTCTTTGCGAGCGTGTTGTG-3'
TGFBR1 5-TGCAGACTTAGGACTGGCAG-3 5-GAGAACTTCAGGGGCCATGT-3'
TSPAN2 5'-CAGGGGAAAAGGCAATGGGA-3' 5-GCTCCTTTGGGCATGTAGGT-3'
WNT16 5'-AACACCACGGGCAAAGAAAAC-3' 5'-ATCAACTTGGCGACAGCCT-3'

Supplementary table S2. Cartilage health and mineralization gene changes measured by RT-
gPCR upon lentiviral induced overexpression of TNFRSF11B in a 3D in vitro chondrogenesis
model. Significant data are highlighted in bold.

Cartilage health Mineralization

Genes FD P value Genes FD P value
ACAN 1.21 2.7x10" ALPL 4.22 7.2x102
ADAMTS5 1.03 3.0x10" ASPN 2.61 1.0x102
COL10A1 4.24 6.3x10"" OGN 1.68 2.3x102
COL1A1 1.88 1.3x102 POSTN 1.75 4.0x102
COL2A1 4.77 4.8x10+ RUNX2 4.51 4.0x103
comp 0.69 2.0x102 SPP1 1.94 1.6x10"
MMP13 14.76 2.0x103 TNFRSF11A 2.45 7.8x10""
SOX9 1.02 4.3x10" TNFSF11 1.06 3.9x10"
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Supplementary table S3. 51 TNFRSF11B-correlated genes from RNA-seq data with an r-value
higher than 0.75.

Genes highly correlated to TNFRSF11B

R-value Gene R-value Gene
0.88 CDH19 -0.78 PARP10
0.87 ATP1A1 0.78 ADGRG2
0.85 DIXDCT -0.78 D14
0.85 FN1 -0.77 SNCG
0.84 STK38L 0.77 GLP2R
0.84 ANKH 0.77 R3HDML
0.84 TGFBR1 0.77 SLC16A7
0.83 CDON 0.77 BMP6
0.82 NT5E 0.76 CDK2AP1
-0.81 SLC15A3 0.76 PAPSS2
0.81 ERGICT -0.76 RAPGEF3
0.81 ADAMTS6 0.76 CDH10
0.81 DSP 0.76 IARS
-0.81 MAPK11 0.76 SLC7A1
0.80 SLC39A14 0.76 cD109
0.80 TSPAN2 0.76 PGM2L1
0.80 DLGT 0.76 TES
-0.80 HLA.E 0.76 FITM2
0.80 SRPRA 0.76 CLVS2
0.79 P3H2 -0.76 FLOT2
-0.79 RAB3IL1 0.75 ACVR1
0.79 DSG2 0.75 PPP4R4
0.79 TMCO3 0.75 GALNT7
0.79 SLCTAT 0.75 RCAN3
0.78 RFTN2 0.75 WNT16
0.78 FNDC3B
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Supplementary table S4. Genes highly correlated to TNFRSF11B analyzed by RT-qPCR upon
lentiviral induced overexpression of TNFRSF11B in a 3D in vitro chondrogenesis model.
Significant data are highlighted in bold.

Expression of genes highly correlated to TNFRSF11B

Genes FD P value Genes FD P value
CDH19 153  4.5x102 TSPAN2 1.23 1.5x10"
ATPTA1 1.0 6.3x10" DLGT 1.06 6.8x10"
DIXDC1 1.13 7.7x10" HLA.E 1.04 9.0x10"
FNT 134 3.0x10" SRPRA 1.27 2.3x10"
STK38L 1.23 3.6x10" P3H2 1.48 4.7x102
ANKH 1.34 1.8x10" RAB3ILT 1.30 9.5x10"
TGFBR1 110 8.6x10" BMP6 9.34 2.6x107
CDON 203  5.0x103 WNT16 0.81 4.3x10?
NT5E 1.29 2.5x10" ACVRT 1.31 5.5x10°"
SLC15A3 0.40  4.0x10° FNDC3B 1.19 3.0x10"
ERGICT 112 47x107 CD14 1.38 4.8x10"
ADAMTS6 1.20 5.4x10" SLC16A7 1.97 1.8x102
DSP 0.92 1.8x10" RAPGEF3 1.36 6.6x10"
MAPK11 194  45x10" IARS 1.26 1.1x10"
SLC39A14 1.03 9.6x10" FITM2 2.28 1.4x102
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ABSTRACT:

Objectives: Cartilage has little intrinsic capacity for repair, so transplantation
of exogenous cartilage cells is considered a realistic option for cartilage
regeneration. We explored whether human-induced pluripotent stem
cells (hiPSCs) could represent such unlimited cell sources for neo-cartilage
comparable to human primary articular chondrocytes (hPACs) or human bone
marrow derived mesenchymal stromal cells (hBMSCs).

Methods: Chondroprogenitor cells (hiCPCs) and hiPSC-derived mesenchymal
stromal cells (hiMSCs) were generated from two independent hiPSC lines
and characterized by morphology, fow cytometry, and differentiation
potential. Chondrogenesis was compared to hBMSCs and hPACs by histology,
immunohistochemistry, and RT-qPCR, while similarities were estimated based
on Pearson correlations using a panel of 20 relevant genes.

Results: Our data show successful differentiations of hiPSC into hiMSCs and
hiCPCs. Characteristic hBMSC markers were shared between hBMSCs and
hiMSCs, with the exception of CD146 and CD45. However, neo-cartilage generated
from hiMSCs showed low resemblances when compared to hBMSCs (53%) and
hPACs (39%) characterized by lower collagen type 2 and higher collagen type 1
expression. Contrarily, hiCPC neo-cartilage generated neo-cartilage more similar
to hPACs (65%), with stronger expression of matrix deposition markers.

Conclusion: Our study shows that taking a stepwise approach to generate neo-
cartilage from hiPSCs via chondroprogenitor cells results in strong similarities to
neo-cartilage of hPACs within 3 weeks following chondrogenesis, making them a
potentialcandidateforregenerativetherapies. Contrarily, neo-cartilage deposited
by hiMSCs seems more prone to hypertrophic characteristics compared to
hPACs. We therefore compared chondrocytes derived from hiMSCs and hiCPCs
with hPACs and hBMSCs to outline similarities and differences between their
neo-cartilage and establish their potential suitability for regenerative medicine
and disease modelling.

Key messages:

+ Neo-cartilage deposited from hiCPCs is 65% similar to hPAC neo-cartilage
with stronger expression of matrix deposition markers.

* Neo-cartilage deposited from hiMSCs shows a 53% similarity to hBMSCs
with higher expression of hypertrophic markers.
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INTRODUCTION

Articular cartilage, the smooth and lubricated tissue lining the end of long bones,
plays an important role in mobility by ensuring frictionless articulation while
withstanding compressive forces during joint loading. It is composed entirely
of chondrocytes, responsible for maintaining tissue homeostasis upon stress,
by synthesizing a dense cartilage extracellular matrix (ECM), rich in collagens,
proteoglycans, and sulphated glycosaminoglycans (s-GAGs) (1, 2). However, due
to a lack of blood supply or lymphatic vessels, cartilage is essentially unable
to regenerate, contributing to development of diseases such as osteoarthritis
(OA) (3, 4) and making cartilage regeneration therapies essential to fighting this
debilitating condition. Some therapies, based on administering human primary
articular chondrocytes (hPACs) and/or mesenchymal stromal cells (MSCs), have
been shown to produce stable and healthy neo-cartilage that can be used in
implants and for in vitro disease models (5-7).

Previously, we showed the potential of hPAC-derived neo-cartilage for cartilage
regeneration based on their 99% similarity of genome-wide methylation to
autologous cartilage (8). While autologous neo-cartilage would avoid the
immunogenic response that allogenic cells may cause, this technique is relatively
invasive for patients since, prior to implantation, a biopsy of the articular cartilage
is needed. Alternatively, MSCs can be obtained from several tissues and have
the potential to differentiate into relevant cells. Nonetheless, the procedure to
obtain them s still invasive, and has a large variability in differentiation efficiency
and early senescence in in vitro cultures (7, 9, 10).

Human induced pluripotent stem cells (hiPSCs) have been proposed to provide
an excellent alternative for both cartilage regeneration and disease modeling
applications (11). Firstly, their production can be scaled, circumventing
restrictions in defect size for treatments in the clinic and during disease
modeling. Secondly, the use of a cell line circumvents the need for biopsies and
thus repeated surgeries on patients. Finally, hiPSCs can be genetically modified
to increase chondrogenic potential, introduce patient specific mutations for
research purposes, and/or reduce theirimmunogenicity. Nonetheless, obtaining
good quality neo-cartilage from hiPSCs has so far proven challenging.

Issues arise due to the strong variation in differentiation efficiencies between
hiPSClinesand clonesandatendencyto generate hypertrophicand fibrous matrix
(7, 12). Hence, even though several protocols are available, the optimal method
for the generation of chondrocytes from hiPSCs remains to be established. Some
studies comparing human bone marrow-derived mesenchymal stromal cells
(hBMSCs) and hiPSC-derived mesenchymal stromal cells (hiMSCs) suggest major
functional and genetic differences, not only between cells but also between neo-
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cartilage from both cell types (13, 14). However, in these studies, hiMSCs were
generated via the formation of cell aggregates called embryoid bodies (EBs),
often variable and with low efficiency (13, 14) while direct monolayer generation
was shown to be more robust (15).

Alternatively, a stepwise approach could be taken to generate neo-cartilage
from hiPSCs via human chondroprogenitor cells (hiCPCs) (16-18). Notably,
differentiation of hiPSCs with this protocol optimizes each developmental step
through anterior primitive streak formation and successive emergence of hiCPCs,
diminishing variability between independent differentiations. Unfortunately, a
major disadvantage of this method is the inefficiency to expand hiCPCs, mainly
due to the rapid loss of their chondrogenic potential within a few passages (17).

Here, we aimed to assess upon both approaches towards consistent generation
of neo-cartilage from hiPSC with characteristics similar to chondrocytes from
hPACS and hBMSCs (the ‘gold standard’). We therefore compared chondrocytes
derived from hiMSCs and hiCPCs with hPACs and hBMSCs to outline similarities
and differences between their neo-cartilage and establish their potential
suitability for regenerative medicine and disease modelling.

MATERIALS AND METHODS

Tissue culture and chondrogenesis
Cell culture of hiPSCs and primary cells

Two independent control hiPSC lines were used in the current study. Approval
for the generation of hiPSCs from skin fibroblasts of healthy donors is available
under number P13.080. Cells were generated from skin fibroblasts of a female:
LUMCOO030iCTRL12 (030) and a male: LUMCO004iCTRL10 (004) by the LUMC
hiPSC core facility and registered at the Human pluripotent stem cell registry.
Cells were characterized according to pluripotent potential and spontaneous
differentiation capacity by the hiPSC core facility (20) and were karyotyped after
15 passages in culture.

hiPSCs were maintained under standard conditions (37°C, 5% CO,) in TeSR-E8
medium (STEMCELL Technologies) on VitronectinXF-coated plates (STEMCELL
Technologies). The medium was refreshed daily and cells were passaged in
aggregates using Gentle Cell Dissociation Reagent (STEMCELL Technologies)
upon reaching approximately 80% confluency. Human BMSCs and hPACs were
collected from OA patients undergoing joint replacement surgery as part of the
RAAK study. Collection and expansion of the primary cells has been previously
described (8). Cells were counted with the Nucleocounter NC-200 (Chemometec).
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Differentiation of hiPSC towards hiMSCs and hiCPCs

Human iMSCs were generated using the Stemcell Technologies Mesenchymal
Progenitor Kit following the manufacturers'instructions with small modifications.
Following three passages using the recommended Mesencult ACF plus medium,
cells were grown in DMEM high glucose (Gibco) supplemented with 10% fetal calf
serum (FCS; Biowest), basic FGF (bFGF; 5ng/ml; Life Technologies), and antibiotics
(100U/ml penicillin, 100pg/ml streptomycin; Gibco) until elongated and with
fibroblast-like morphology. At passage 5, MSC surface markers were analyzed
by flow cytometry, and the trilineage potential of the hiMSCs was determined.
Generation of hiCPCs was performed as described previously (17). At day 14,
analysis for cell surface markers was performed, and hiCPC aggregates were
collected for chondrogenesis (Supplementary Figure 1).

Multilineage Differentiations

For adipogenesis, 1.5x10* cells/cm?were seeded on tissue culture-treated 6-well
plates (Cellstar), and differentiation was induced in a-MEM (Gibco) supplemented
with 10% FCS, antibiotics, dexamethasone (0.25uM; Sigma-Aldrich), L-ascorbate-
2-phosphate (50pg/ml; Sigma-Aldrich), insulin  (100ug/ml; Sigma-Aldrich),
indomethacin (50uM; Sigma-Aldrich), and 1-methyl-3-isobutylxantine (0.5mM;
Sigma-Aldrich). Medium was refreshed twice a week for 21 days.

Chondrogenesis was performed in 3D cell pellets following our established
protocol (21). In short, cell pellets (hBMSCs, hiMSCs, hPACs) were maintained
in DMEM high glucose (Gibco) supplemented with 1% ITS-plus (Corning),
dexamethasone (100nM), L-ascorbate-2-phosphate (50pg/ml), L-proline (40pg/
ml; Sigma-Aldrich), sodium pyruvate (100ug/ml; Sigma-Aldrich), TGF-B1 (10ng/
ml; PeproTech), and antibiotics. The medium was refreshed every 3-4 days.
Chondrogenesis for hiCPCs was performed basically as described by Dicks et
al. [17]: cell aggregates were maintained in DMEM/F-12 (Gibco) supplemented
with 1% ITS-plus, 2-Mercaptoethanol (55uM; Gibco), dexamethasone (100nM),
1% non-essential amino acids (NEAA; Gibco), L-ascorbate-2-phosphate (50ug/
ml), L-proline (40pg/ml), TGF-B1 (10ng/ml), and antibiotics, for 21 days while
refreshing medium every 3-4 days. Note that due to their initial stem cell state,
hBMSCs and hiMSCs require an extended period for chondrogenesis and
deposition of mature cartilage ECM (35 days) as compared to hPACs and hiCPCs
(21 days).

Osteogenesis was induced by maintaining day-21 chondrogenic pellets for an
additional 14 days with a-MEM supplemented with 10% heat-inactivated FCS,
dexamethasone (0.1uM), L-ascorbate-2-phosphate (50ug/ml), b-Glycerophosphate
(5mM; Sigma-Aldrich), and antibiotics.
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Flow cytometric analyses

Human BMSCs and hiMSCs were analyzed for the following panel of surface
markers: CD31, CD45, CD73, CD90, CD105, CD146, and CD166 (BD Biosciences).
Human iCPCs were analyzed for CD45, CD90, CD146, and CD166. LIVE/DEAD
fixable Aqua Dead Cell stain kit (Thermofisher) was used to define dead cells,
and OneComp ebeads (Thermofisher) were used to compensate for the
fluorochromes. Data were obtained using the BD LSR-Il Flow Cytometer and
analyzed with FlowJo 6.0 software.

RNA isolation and RT-qPCR

Differentiations with hiPSC lines were performed in triplicate. For RNA isolations,
two pellets were pooled, and isolation was performed as described previously
(21). Total mMRNA (150 ng) was processed with a first strand cDNA kit according to
the manufacturer’s protocol (Roche Applied Science). cDNA was further diluted
five times, and preamplification with TagMan preamp master mix (Thermo
Fisher Scientific Inc.) was performed for a panel of 20 designated genes related
to chondrogenesis, hypertrophy, deposition and degradation of cartilage ECM,
and neo-cartilage quality (primer sequences in Supplementary Table S1).
Gene expression was measured with a Fluidigm Biomark HD machine using a
96.96 IFC chip. Quality control of the data was performed, and non-detected
values were imputed according to the minimum detected value. Unsuccessful
differentiations, defined by the minimum detected expression of COL2AT for
hPACs and hBMSCs neo-cartilage, were disregarded.

Histology and immunohistochemistry

Tissues (neo-cartilage and neo-bone) were fixed in 4% formaldehyde and
embedded in paraffin. After sectioning, slides were deparaffinized and
rehydrated prior to histology or immunohistochemistry.

Overall cellular and tissue structure was visualized with hematoxylin-eosin (HE)
staining. Glycosaminoglycans were visualized by staining with 1% Alcian Blue
8-GX (Sigma-Aldrich) and Nuclear Fast red staining (Sigma-Aldrich). Calcium
deposits were stained with 2% Alizarin Red S (Sigma-Aldrich).

To detect COL2 (MAB1330; Millipore; 1:100 in TBST/10% normal goat serum,
overnight at 4°C), COL1 (ab34710; Abcam; 1:1000 in TBST/10% normal goat serum,
overnight at 4°C), and COL10 (x53/2031501005; Quartett; 1:100 in TBST/10%
normal goat serum, overnight at 4°C), immunohistochemistry was performed with
3-diaminobenzidine (DAB) solution (Sigma-Aldrich) and hematoxylin (Klinipath) as
described before (21).
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Lipid droplets were stained for 10 minutes with Oil-Red-O solution (Sigma-Aldrich)
after fixation of the cells in 4% formaldehyde. To reduce the background, the
following staining cells were gently washed with 60% isopropanol and distilled
water.

Statistics and similarities

Relative gene expression (—ACt values) were calculated using levels of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and acidic ribosomal
phosphoprotein PO (ARP) as housekeeping genes. Betas, standard errors (SE), and
P-values for gene expression differences across cell types were determined by
applying generalized estimation equations (GEE; IBM SPSS software). P-values
<0.05 were considered statistically significant.

Similarities between the different cell types and differentiations were calculated
based on Pearson correlations using a panel of 20 relevant genes.

RESULTS

Generation and characterization of hiMSCs

Two independent control hiPSC lines, well-characterized by morphology,
pluripotent status, spontaneous differentiation capacity, and by karyotyping,
were used for this study (Supplementary Figure S2 and Ref. (20)). Cells were
differentiated towards hiMSCs and compared to hBMSCs after five passages.
Expression of typical MSC surface markers as defined by the International Society
of Cellular Therapy (ISCT: presence of CD73, CD90, CD105; absence of CD31,
CD45 (22)) and expression of CD146 and CD166 (expressed in chondroprogenitor
cells (18)) were assessed by flow cytometry (Figure 1a-b). Highly comparable
expression was observed for CD73, CD90, CD105, and CD166 between hiMSCs
and hBMSCs, while cells were negative for CD31. Significant differences,
however, were found for CD146 and CD45. Both markers were expressed
in a larger percentage of the hiMSC population compared to 44% and 9% in
hBMSCs, respectively (CD146: for hiMSC-030 and hiMSC-004 resp. 98% and 96%,
P-value=3.06x107 and 1.39x10%; CD45: for hiMSC-030 and hiMSC-004 resp. 29%
and 28% with P-value=1.38x10? and 0x107?). Figure 1c-1d shows morphology
of hiMSCs, with majority of the cells being spindle-shaped, elongated, and
fibroblast-like. Importantly, hiMSCs showed tri-lineage differentiation into fat
(Oil red, Fig c’-d"), bone (Alizarin red, Fig c¢"-d"), and cartilage (Alcian blue, Fig
c"'-d™), as confirmed by histology. Altogether, our analyses confirmed successful
differentiation of hiPSCs into a mesenchymal stromal cell type.
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Figure 1. Characterization of hiMSCs. a-b) Flow cytometry analysis of MSC characteristic markers.
The blue histogram shows unstained cells, while the red histogram shows specific marker cell
staining. Results shown are the average of three independent differentiations with their standard
deviation for each hiPSC line and for three hBMSC lines (hiMSC-030: CD146: **P-value=3.06x107 and
CD45, **P-value=5.93x10"% hiMSC-004: CD146, **P-value=1.39x10%; CD45, **P-value=0x10° and
CD105, *P-value=4.18x10%). c-d) Bright field microscopy image of hiMSCs and representative images
for trilineage differentiation. Human iMSCs show a fibroblastic and spindle-shaped morphology (c-
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d); adipocytes were stained by Oil red (c’-d’), osteocytes by Alizarin red (c"-d"), and chondrocytes by
Alcian blue (c™-d").

Generation and characterization of hiCPCs

Control hiPSCs were differentiated towards hiCPCs. After 14 days, analysis of
cell surface markers showed similar expression of CD45, CD90, and CD166
across both hiPSC lines (Figure 2a-b-c). However, CD146 was expressed within
a lower percentage of hiCPC-030 as compared to hiCPC-004 (10% versus 20%,
P-value=5.1x1073). Notably, overall percentages of CD90, CD146, and CD166
positive cells appeared smaller than compared to the hiMSCs, while the
percentage of CD45-positive hiCPCs was relatively large (38% and 25% among
hiCPCs-004 and hiCPCs-030, respectively). Figure 2d shows cell morphology,
indicating population heterogeneity and spontaneous cell aggregation as arises
during the hiCPC-generating process.

Histochemistry analysis of neo-cartilage

Prior to quantitative gene expression analyses, general neo-cartilage pellet
formation and cellular structures of hiMSCs and hiCPCs was compared to that
of hBMSCs and hPACs by HE and Alcian Blue staining. Following 35 days of
chondrogenesis, HE staining of hiMSC neo-cartilage showed the presence of
a core with higher number of cells, concurrent with less matrix as compared
to hBMSC-derived neo-cartilage (Figure 3a-f). Yet, the presence of lacunae can
be observed in the hiMSC neo-cartilage, indicating successful generation of
cartilage ECM as also confirmed by the Alcian Blue staining (Figure 3b-g). To
reduce heterogeneity of hiCPC population, 3D pellets were generated starting
from cell aggregates (such as indicated in Figure 2d-d’). HE staining showed
relatively homogeneous ECM deposition, lacunae formation, but also off-target
cells on the outer surface of some hiCPC pellets (Figure 3f', hiCPC-004). When
comparing hiCPC- and hPAC-derived neo-cartilage, Alcian Blue staining seemed
more intense and homogenous as compared to that of hiMSCs and hBMSCs
(compare Figure 3b-b"” and 3g-g").
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Figure 2. Characterization of hiCPCs. a, b, c) Flow cytometry analysis of CD45, CD90, CD146, and
CD166 for hiCPCs. Results shown are the average of independent differentiations for each hiPSC
line (n=2, *P-value=5.1x103). d) Bright field microscopy image of hiCPCs showing cells growing in
monolayer and cell aggregates following 14 days in differentiation.
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Figure 3. Histology and immunohistochemistry of neo-cartilage. Representative images of neo-
cartilage generated by hiMSCs and hBMSCs after 35 days of chondrogenesis (a-e), or by hiCPCs and
hPACs following 21 days of chondrogenesis (f-j), stained with H&E (a and f), Alcian Blue (b and g),
COL1 (c and h), COL2 (d and i), and COL10 (e and j). Scale bars: 50 pum.

Gene expression profiles and immunohistochemistry of hiMSC-,
hBMSC-, and hPAC-derived neo-cartilage

To characterize chondrogenesis efficiency, RT-gPCR was performed of hiMSC-
and hBMSC-derived neo-cartilage (day 35) and hPAC-derived neo-cartilage
(day 21). Fold differences were calculated for chondrocyte-specific genes
relative to hBMSCs-derived neo-cartilage (Table 1 and Figure 4). While the
expression of COL2A7T only showed a trend towards lower expression (FD=-
17.2, P-value=9.0x107?), significantly lower levels of matrix gene ACAN (FD=-
21.8, P-value=1.1x102) and chondrogenic transcription factor SOX9 (FD=-3.9,
P-value=2.6x102) were expressed in hiMSC-derived neo-cartilage compared to
that from hBMSCs. Additionally, in hiMSCs-derived neo-cartilage, EPAST was
significantly lower (FD=-5.7, P-value=9.8x10-), and hypertrophic cartilage marker
COL10AT was very lowly expressed (FD=-4092.3, P-value=0.0x1079).

Based on the gene expression profiles, we determined that following 35 days
of chondrogenesis, neo-cartilage pellets derived from hiMSCs and hBMSCs
were 53% similar (SD=16; see Supplementary Table S2a for complete overview
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of hiMSC-hBMSC similarities). Since the similarity was not very strong, we
questioned whether differentiated hiMSCs were more comparable to hPACs.
However, based on the expression profile of our gene panel, we found only
39% similarity (SD=20; see Supplementary Table S2c for a complete overview
of hiMSC-hPAC similarities). In fact, the majority of the genes here assessed
(14 out of 20; Table 2) were significantly different expressed between hiMSC-
and hPAC-derived neo-cartilage. Specifically, expression of matrix genes such
as COL2A1 (FD=-10.5, P-value=4.2x102) and ACAN (FD=-29.5, P-value=7.6x10"3)
were lower, while catabolic and mineralization genes such as MMP13 (FD=123.2,
P-value=1.4x103), COL1A1 (FD=5.5, P-value=1.7x103), and ALPL (FD=51.7,
P-value=1.4x103) were higher expressed. Altogether, this suggests that during
chondrogenesis, hiMSCs deposit neo-cartilage of inferior quality as compared
to that of hPACs.

Although inherently less sensitive to gene expression levels, hence less suitable
for quantitative analyses, immunohistochemistry of COL1, COL2 and COL10 was
performed to allow visualization of protein localization for hBMSC- and hiMSC-
derived neo-cartilage. As it can be seen in Figure 3c-c”, COL1 in hiMSC-derived
neo-cartilage seemed to be particularly localized in the surrounding of cells
and at the core of the neo-cartilage pellet, while BMSC-derived neo-cartilage
showed a homogeneous staining across the matrix. COL2 staining of hiMSC-
derived neo-cartilage as compared to BMSC-derived neo-cartilage showed more
variability, while being particularly localized, across all the different cell lines,
in the cytoplasm and not in the ECM (Figure 3d-d"”). With respect to COL10A1
protein expression, staining intensity was generally low similar to the COL70A71
gene expression (Figure 3e-e").
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Figure 4. Boxplots for -ACt values of matrix, hypertrophy and chondrogenic genes (a-h) as
indicated between hiMSCs and hBMSCs, hiMSCs and hiCPCs, and hiCPCs and hPACs, following
35 days (hBMSCs, hiMSCs) and 21 days (hPACs, hiCPCs) of chondrogenesis (n=5-7; * P-value<
0.05; ** P-value< 10 *** P-value< 10%.).

Table 1. Differences in gene expression between hiMSC-and hBMSC-derived neo-cartilage at
week 5. Significant data are highlighted in bold.

hiMSCs versus hBMSCs neo-cartilage

Matrix genes FD Beta SE P value
ACAN -21.8 -4.4 1.7 1.1x1072
COL2AT -17.2 -4.1 2.4 9.0x10?
COL1AT 14 0.5 0.4 2.7x10"
COL10A1 -4092.3 -12.0 1.2 0.0x10*°
Hypertrophy genes FD Beta SE P value
ADAMTS5 1.4 0.5 0.9 5.9x10"
MMP13 2.0 1.0 1.0 3.5x10"
EPAS1 -5.7 -2.5 1.0 9.8x10°3
wwp2 -1.2 -0.3 0.3 2.8x10"
ALPL -3.1 -1.6 1.3 2.1x107"
Chondrogenesis genes FD Beta SE P value
SOX5 -3.9 -2.0 1.3 1.3x107
SOX6 -2.2 -1.1 0.9 2.2x107
S0X9 -3.9 -2.4 1.1 2.6x10?
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hiMSCs versus hBMSCs neo-cartilage

FGFR2 -22.0 -4.5 1.6 5.9x10
NOTCHT 1.5 0.6 0.8 5.0x10"
NOTCH3 -2.9 -1.5 0.9 6.9x10°
SMAD3 1.4 0.5 0.5 3.3x10"
SMAD7 1.0 0.0 0.5 9.7x10"
GDF5 1.6 0.2 0.5 6.4x10"
PRG4 -5.0 -0.4 0.7 6.0x10"
NFAT5 -1.5 -0.6 0.3 1.9x102

Characterization of differences between hiCPC- and hPAC-derived neo-
cartilage

Subsequently, hiCPC chondrogenesis was characterized. In contrast to hBMSCs,
hiCPCs already showed a strong deposition of cartilage ECM at day 21 as
determined by Alcian Blue and COL2 staining (Figure 3g-g” and i-i"”). Furthermore,
we noticed that, based on expression levels of COL2A1, 79% of all hiCPC-derived
pellets passed our criterium for deposition of neo-cartilage. Among hiMSC
differentiations, however, more variation was observed and fewer pellets (54%)
passed the pre-set threshold for expression levels of COL2AT.

Gene expression analyses of hiCPC-derived neo-cartilage compared to that of
hPACs (Table 3 and Figure 4) demonstrated significantly higher levels of COL2A1
(FD=13.0, P-value=5.7x107) and lower expression of genes associated with
cartilage hypertrophy, such as COL10A7 (FD=-35.9, P-value=5.7x107) and COL1A1
(FD=-4.3, P-value=7.7x10*). In addition, levels of the catabolic gene ADAMTS5 were
significantly lower (FD=-5.2, P-value=1.0x107). Together, this indicates enhanced
quality of matrix deposited by hiCPCs during chondrogenesis. Comparison of
the chondrocyte-specific gene panel showed 65% similarity (SD=12.5) between
hiCPC- and hPAC-derived neo-cartilage (see Supplementary Table S2b for
complete overview of hiCPC-hPAC similarities). Prolonged chondrogenesis
of hiCPCs until day 35 did not further improve similarity with hPACs, while
expression levels of hypertrophic and mineralization gene ALPL significantly
increased (FD=4.0, P-value=1.8x10% Supplementary Table S3).

To explore protein localization and matrix structure, COL1, COL2, and COL10
staining was performed for hiCPC- and hPAC-derived neo-cartilage pellets.
As can be observed in Figure 3h” COL1 staining was consistently expressed
throughout the ECM of the hPACs-derived neo-cartilage, while hiCPC-derived
pellets (Figure 3h) showed a less uniform staining. Expression of COL2 was well-
detectable in the hiCPC neo-cartilage throughout the pellets and comparable to
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hPAC-derived neo-cartilage (Figure 3i-i"). Comparable to hBMSC- and hiMSCs-
derived neo-cartilage, only faint COL10 expression in the ECM was observed
(Figure 3j and 3j").

Table 2. Differences in gene expression between hiMSC- and hPAC-derived neo-cartilage at
respectively week 5 and 3. Significant data are highlighted in bold.

hiMSCs versus hPACs neo-cartilage

Matrix genes FD Beta SE P value
ACAN -29.5 -4.9 1.6 7.6x10°3
COL2A1 -10.5 -3.4 1.7 4.2x102
COL1A1 5.5 25 0.5 1.7x10°3
COL10A1 -6.7 -2.8 1.2 2.0x1072
Hypertrophy genes FD Beta SE P value
ADAMTSS -5.9 -2.6 0.8 1.8x10°3
MMP13 123.2 6.9 1.3 1.4x10°3
EPAS1 -10.9 -3.4 0.8 4.8x10°
wwpr2 -2.3 -1.2 0.4 2.8x10°
ALPL 51.7 5.7 1.8 1.4x10°3
Chondrogenesis genes FD Beta SE P value
S0X5 -8.2 -3.0 1.3 2.3x1072
S0X6 -2.6 -1.4 0.9 1.5x10"
SOX9 -5.4 -2.4 1.7 1.4x107
FGFR2 -89.6 -6.5 1.5 2.1x10%
NOTCH1 -1.1 -0.1 0.7 8.6x10"
NOTCH3 2.0 1.0 0.7 1.7x10"
SMAD3 -24 -1.3 0.6 2.5x1072
SMAD7 1.6 0.7 0.6 2.1x107
GDF5 -22.0 -0.7 0.2 1.8x10*
PRG4 -77.7 -1.1 0.1 3.5x10°
NFATS -1.2 -0.2 0.3 4.3x107
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Table 3. Differences in gene expression levels between hiCPC- and hPAC-derived neo-cartilage
at week 3 of chondrogenesis. Significant data are highlighted in bold.

hiCPCs versus hPACs neo-cartilage

Matrix genes FD Beta SE P value
ACAN -1.6 -0.7 0.8 4.2x107
COL2A1 13 37 0.7 5.7x107
COL1A1 -4.3 -241 0.5 7.7x10¢
COL10A1 -36 -5.2 1.2 1.9x10%
Hypertrophy genes FD Beta SE P value
ADAMTS5 -5.2 -2.4 0.5 1.0x10°%
MMP13 1.0 0.1 1.9 9.7x10"
EPAS1 -48 -5.6 1.1 2.1x107
wwp2 1.0 0.0 0.5 9.6x10"
ALPL 1.8 0.8 1.8 6.4x10"
Chondrogenesis genes FD Beta SE P value
SOX5 1.4 0.5 0.4 2.4x107
SOX6 -2.3 -1.2 1.4 3.9x10"
SOX9 -3.8 -1.9 1.5 1.9x10"
FGFR2 1.5 0.6 0.5 2.8x10"
NOTCH1 3.1 1.6 0.9 5.7x10?
NOTCH3 1.7 0.8 0.6 2.1x107
SMAD3 -8.7 -3.1 1.0 1.2x10%
SMAD7 -1.9 -0.9 1.4 5.0x10"
GDF5 -15.7 -1.3 0.3 5.0x10¢
PRG4 -18.3 -0.8 0.2 1.0x10°¢
NFATS -1.2 -0.3 0.3 3.7x107
DISCUSSION

To get more insight into the consistency of frequently used neo-cartilage
differentiation protocols for hiPSCs, as well as the resulting neo-cartilage quality,
we here compared a stepwise protocol to generate human chondroprogenitor
cells (hiCPCs) and hiPSC-derived mesenchymal stromal cells (hiMSCs), then
allowed them to undergo chondrogenesis in parallel with human primary
chondrocytes (hPACs) and bone marrow mesenchymal stromal cell (hBMSCs)
equivalents. The results obtained with our 20-gene chondrocyte-specific gene
panel showed almost 70% similarity of hiCPC neo-cartilage when compared with
human primary chondrocytes. This stepwise protocol circumvented the need
for intermediate cells (hiMSCs), for which we found only 39% similarity to hPACs.
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In addition to the relatively high similarity, the advantages of the stepwise
approach include the shorter time frame and high efficiency of chondrogenesis.
Based on a pre-set threshold for expression levels of COL2A1, 79% of the hiCPC
pellets deposited good neo-cartilage, while, in line with previous studies (14,
15), chondrogenesis with the hiMSCs was successful in 54% of the pellets.
Among others, hiCPC-derived neo-cartilage showed significantly (13-fold) higher
expression of COL2AT compared to that from hPACs, which was in accordance
with the COL2 protein expression as detected with immunohistochemistry.
COL1AT and COL10AT expression were 4.3-fold and 36-fold lower, respectively,
than their levels in hPACs. Results of COL1 immunohistochemistry were in
line with this, however, for COL10 expression we did not observe pronounced
differences across the different cell sources. Furthermore, the expression level of
ADAMTSS5 in hiCPC-derived neo-cartilage was found to be 5.2-fold lower than that
in hPACs, which may explain the visibly higher Alcian blue intensity, indicative
of s-GAG levels in the hiCPC-derived neo-cartilage. Together, our data denote
that generation of hiCPC-derived neo-cartilage offers promising prospects for
skeletal regenerative therapies with less hypertrophic neo-cartilage; although,
further improvement in differentiation efficiency and quality may still be possible
and further confirmation of applicability by in vivo experiments will be required.

Unfortunately, a major disadvantage of hiCPCs is the reduction of their
chondrogenic potential following expansion in vitro (17, 18), requiring repeated
chondrogenic differentiations to ensure deposition of high quality neo-cartilage.
A possible culprit of this, is the generation of a diverse heterogenous hiCPC
population, where neurogenic and mesenchymal lineage cells are involved
(18, 23). A chondrogenic selection of this population and further optimization
of differentiation factors may improve chondrogenic potential and diminish
expansion problems while increasing cartilage quality. Such increase in
differentiation potential has been demonstrated by Dicks et al. when sorting for
CD146, CD166, and PDGFRB surface marker expression or by using a GFP-COL2A1
reporter hiPSC line. This COL2AT marker, however, is known to be expressed in a
wide variety of tissues (24). Therefore, another option would be to use a reporter
line with an earlier chondrogenic marker, such as SOX9, to further enhance the
efficiency of the differentiation. This was recently performed for immortalized
adipose-derived stem cells with stable SOX9 overexpression, which showed
enhanced chondrogenic potential (25).

Of note was the expression of CD45 in both hiCPC lines, (38% of hiCPC-004 with
SD=14 and 25% of the hiCPC-030 with SD=6.3) since CD45 is a transmembrane
protein tyrosine phosphatase and a known characteristic of hematopoietic cells
(26). It has been found that chondrogenesis in the presence of CD45-positive
cells of hematopoietic origin enhanced the expression of chondrogenic genes
such as COL2AT and SOX9 (27). Therefore, the CD45-expressing cells within the
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mixed population of cells from different lineages that are generated with the
stepwise protocol may contribute to enhancing the chondrogenic potential of
the cells. This was, however, not observed for the hiMSCs.

Characterization of the hiMSCs showed that the well-known hBMSC surface
markers (i.e. CD90, CD105, CD73, CD31, CD166) were similarly expressed across
the various differentiations, with exception of CD45 (27% of hiMSCs with SD=6
as compared to 10% of hBMSCs with SD=9) and CD146 (97% of hiMSCs with
SD=2 as compared to 59% of hBMSCs with SD=24). CD146 is a transmembrane
glycoprotein that belongs to the immunoglobulin superfamily of cell adhesion
molecules (CAMs), and is involved in cell adhesion and proliferation (28).
Furthermore, it has been described as an excellent multipotency marker for
MSCs, as compared to specialized cells (29-31), while showing a direct correlation
to chondrogenic potential (32).

Comparison of hiMSC- and BMSC-derived neo-cartilage showed a 53% similarity.
Although this is considerable, it should be noted that the hiMSCs from both
hiPSC lines and across all differentiations performed do display high levels of
heterogeneity, as shown in Figure 3. To compensate for this, Diederichs et al.
suggested pre-selecting cells with high expression levels of SOX9 after a week in
culture (15). In their study, this approach increased the success rate and reduced
variation. On the other hand, as also observed before (15), COL10A7 was very
lowly expressed at gene expression and protein level, which is characteristic of
poor neo-cartilage ECM. Improvement may be established by modifications of
the chondrogenic medium, such as by adding BMP2 or BMP4 (13). Finally, when
comparing hiMSC- and hPAC-derived neo-cartilage, we can strongly conclude that
matrix generated by hiMSC has a hypertrophic phenotype with a 39% similarity to
neo-cartilage from primary chondrocytes. Thisis defined by the lower expression of
COL2A1(-10.5 fold lower), while COL1A1, ALPL, and MMP13 were highly upregulated
(5.5,51.7, and 123.2-fold highly, respectively). The expression of MMP13 and ALPL
would suggest a higher collagen degradation with a subsequent calcification,
characteristic of terminal chondrogenic differentiation, endochondral ossification
and OA initiation (33, 34). Quantification of MMP13 enzymatic activity could
help to determine whether the gene expression upregulation also results in an
increase of the activate protein (34). The observed differences in neo-cartilage
were expected since neo-cartilage from BMSCs and hPAC have a low similarity,
and it could be advocated that hiMSCs are an ideal candidate for studying skeletal
diseases in which endochondral bone formation and hypertrophy are a driving
mechanism (35, 36).

Although hPACs were collected from macroscopically unaffected regions of the
articular cartilage, a potential drawback of our study is that they were collected
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from patients undergoing joint replacement surgery due to end stage OA. Hence,
it could be speculated that, given the higher COL2A7 and concurrent lower COL1AT
and ADAMTSS5 levels in hiCPC-derived neo-cartilage, hiCPCs deposit neo-cartilage
thatis more comparable to healthy cartilage. However, the acquisition of healthy
tissue is a challenge in the field, and potential differences between hPACs from
preserved and healthy cartilage remain to be determined. Additionally, the
emphasis of our manuscript is on the sensitive signaling processes occurring
during chondrogenesis. Consequently, further analysis of other significantly
different genes and other intrinsic chondrogenic mechanisms would still need
to be confirmed by protein expression and ultimately tested in an in vivo model.

CONCLUSION

When taking a stepwise approach for chondrogenesis from hiPSCs via
chondroprogenitor cells, similarities of almost 70% to primary chondrocytes
can be accomplished within 21 days of chondrogenesis. For application of
regenerative therapies, this may well be very promising. On the other hand,
chondrogenesis methods via hiMSCs result in lower similarity to hPACs, while
levels of hypertrophic markers are higher. As such, hiMSCs may be more suitable
for in vitro models of skeletal diseases.
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Supplementary Figure S2. Characterization of generated hiPSC control lines. a) Bright field
microscopy image of hiPSC colonies. b) Immunofluorescent staining for NANOG, TRA-1-60, and TRA-
1-81 (red), and SSEA-4 and OCT-4 (green) as indicated in the image. Nuclei are stained with Dapi
(blue). c) Karyotype demonstrating absence of chromosomal abnormalities. d) Expression of CD31,
b3-Tubulin, and AFP, as indicated in the image, upon spontaneous differentiation into the three
different lineages (mesoderm, ectoderm, and endoderm, respectively). Control line hiPSC-004: a’, b”,
b™, d, d™, d™; control line hiPSC-030: a, b, b’, d, d’, and d".
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Supplementary Table S1. Sequences of primers used for RT-qPCR.

Primer Sequences

Matrix Genes

ACAN

COL2A1

COL1AT

COL10A1
Hypertrophy genes
ADAMTS5

MMP13

EPAST

Wwwp2

ALPL
Chondrogenesis genes
SOX5

SOX6

SOX9

FGFR2

NOTCH1

NOTCH3

SMAD3

SMAD7

GDF5

PRG4

NFAT5
Housekeeping genes
GAPDH

ARP

Fwd
5'’AGAGACTCACACAGTCGAAACAGC-3'
5'-CTACCCCAATCCAGCAAACGT-3'
5' - GTGCTAAAGGTGCCAATGGT-3'
5-GGCAACAGCATTATGACCCA-3’
Fwd
5'-CGTGTACTTGGGCGATGACA-3'
5-TTGAGCTGGACTCATTGTCG-3'
5-ACAGGTGGAGCTAACAGGAC-3'
5-CACATGTGTCTCCTGGTCCC-3'
5'-CAAAGGCTTCTTCTTGCTGGTG-3'
Fwd
5-CCTCAAAGCCTCTGTCCCAG-3'
5-AACAACGGCAGCAAATGGAC-3'
5'-CCCCAACAGATCGCCTACAG-3'
5'-TCTCTTCAACGGCAGACACC-3'
5-AGGACTGCAGCGAGAACATT-3'
5-GTGGATGGCGTCAACACCTA-3"
5'-GCCCCTTTCAGGTAACCGTC-3'
5'- CGAATTATCTGGCCCCTGGG-3'
5-GACATGGTCGTGGAGTCGTG-3'
5-AAAGTCAGCACATCTCCCAAG-3’
5'-AGGCCTGCAGAGTAACTGGA-3'
Fwd
5-TGCCATGTAGACCCCTTGAAG-3'
5-CACCATTGAAATCCTGAGTGATGT-3’

Rvs
5'-CTATGTTACAGTGCTCGCCAGTG-3'
5'-AGGTGATGTTCTGGGAGCCTT-3'
5'-ACCAGGTTCACCGCTGTTAC -3
5'-TGAGATCGATGATGGCACTCC-3'
Rvs

5'-CTGTTGTTGCACACCCCTCT-3'
5'-GGAGCCTCTCAGTCATGGAG-3'
5'-CCGTGCACTTCATCCTCATG-3'

5-GGCAGGGGAAGTGTGCATAT-3'
5-CCTGCTTGGCTTTTCCTTCA-3"
Rvs
5-TGCCTTGGTGACAGCATCAT-3'
5-TGGATCTGTTGCTGCAGGAG-3'
5-CTGGAGTTCTGGTGGTCGGT-3'
5'-AAAGCAACCTTCTCCCAGGG-3'
5'-GCAGTAGAAGGAGGCCACAC-3'
5'-CTGCAGCTGACACTCATCCA-3'
5'-GAAGCGGCTGATGCTCCTTA-3
5-TCCCCACTCTCGTCTTCTCC-3
5'-CCCCTCTGTGATTCCAGGAGT-3'
5-GTGTCTCTTTAGCGGAAGTAGTC-3'
5'-CCGCCAGTGTCATGTTGTTG-3'
Rvs
5'-ATGGTACATGACAAGGTGCGG-3'
5'-TGACCAGCCGAAAGGAGAAG-3'
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Supplementary Table S3. Differences in gene expression between hiCPC-derived neo-cartilage at
week 3 and 5. Significant differential expression depicted in bold.

hiCPCs week 3 versus week 5

Matrix genes FD Beta SE P value
ACAN -5.1 -2.8 1.7 1.0x10"
COL2A1 -4.7 -2.7 1.6 9.3x10?
COL1A1 1.2 -0.3 0.8 7.5x10"
COL10A1 -2.4 -1.6 1.1 1.5x10"
Hypertrophy genes FD Beta SE P value
ADAMTSS -3.4 -2.1 1.3 9.4x102
MMP13 -1.2 -0.3 2.0 8.9x10"
EPAST -5.0 -2.8 1.7 1.1x107
wwp2 -1.1 -0.2 0.4 5.4x10"
ALPL 4.3 25 1.1 1.8x10?2
Chondrogenesis genes FD Beta SE P value
SOX5 -1.5 -0.7 0.5 1.7x107
SOX6 2.0 1.2 1.4 3.7x107
SOX9 -1.1 -0.2 0.8 8.0x10"
FGFR2 -1.4 -0.6 0.7 3.4x107
NOTCH1 1.0 0.0 0.6 9.6x10"
NOTCH3 14 0.5 0.3 6.5x102
SMAD3 1.5 0.7 1.0 4.4x107
SMAD7 3.2 2.0 1.4 1.5x10"
GDF5 -1.4 -0.6 1.2 6.2x10"
PRG4 -1.3 -0.4 0.7 5.0x10"

NFAT5 -1.3 -0.5 0.4 2.1x107
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ABSTRACT:

Objectives: To study the mechanism by which the readthrough mutation in
TNFRSF11B, encoding osteoprotegerin (OPG) with additional 19 amino acids
at its C-terminus (OPG-XL), causes the characteristic bidirectional phenotype
of subchondral bone turnover accompanied by cartilage mineralization in
chondrocalcinosis patients.

Methods: OPG-XL was studied by human induced pluripotent stem cells
expressing OPG-XL and two isogenic CRISPR/Cas9-corrected controls in cartilage
and bone organoids. Osteoclastogenesis was studied with monocytes from
OPG-XL carriers and matched healthy controls followed by gene expression
characterization. DEXA scans, and MRI analyses were used to characterize the
phenotype of carriers and non-carriers of the mutation.

Results: Human OPG-XL carriers relative to sex- and age-matched controls
showed, after an initial delay, large active osteoclasts with high number of nuclei.
By employing hiPSCs expressing OPG-XL and isogenic CRISPR/Cas9-corrected
controls to established cartilage and bone organoids, we demonstrated
that expression of OPG-XL resulted in excessive fibrosis in cartilage and high
mineralization in bone accompanied by marked downregulation of MGP and
upregulation of DIO2 gene expression, respectively.

Conclusions: The readthrough mutation at CCAL1 locus in TNFRSF11B identifies
an unknown role for OPG-XL in subchondral bone turnover and cartilage
mineralization in humans via DIO2 and MGP functions. Previously, OPG-XL was
shown to affect binding between RANKL and heparan sulphate (HS) resulting in
loss of immobilized OPGXL. Therefore, effects may be triggered by deficiency in the
immobilization of OPG-XL Since the characteristic bidirectional pathophysiology
of articular cartilage calcification accompanied by low subchondral bone
mineralization is also a hallmark of OA pathophysiology, our results are likely
extrapolated to common arthropathies.

Key messages:

+ OPG-XL mutation directly affects chondrocyte and osteoblast states
towards matrix mineralization mediated by respectively MGP and DIO2.

+ Expression of OPG-XL drives accumulation of large active osteoclasts with
high number of nuclei.

+ Interference with OPG-RANKL-heparan sulphate underlying concurrent
cartilage calcification and subchondral bone loss likely extrapolates to
common arthropathies.
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INTRODUCTION

Joint tissue degeneration during osteoarthritis (OA) is a complex multistep
process characterized by pathogenic bidirectional process of subchondral
bone turnover and cartilage mineralization (1, 2). It has been suggested that
this characteristic inverse mineralization process has shared mechanisms with
the frequently observed concurrent pathogenic bone turnover and vasculature
mineralization (2, 3). Key proteins likely involved are osteoprotegerin (OPG), a
decoy receptor of osteoclastogenesis (4) and matrix Gla protein (MGP), a vitamin
K dependent inhibitor of ectopic bone formation (5) since overexpression or
knockdown of these genes in murine models results in such inverse pathological
mineralization process (6-8). The inverse causal role of dysfunctional OPG
in human joint tissue mineralization was demonstrated by identification of a
readthrough mutation (c1205A=T; p.Stop402Leu) in TNFRSF11B encoding OPG
at the chondrocalcinosis locus 1 (CCALT) (9) in multiple families worldwide
(10-12). In these families CCAL1 phenotype is defined by early onset OA with
different levels of articular cartilage calcification i.e. chondrocalcinosis (13) and
low subchondral bone mineralization (12).

OPG is a well-known soluble decoy receptor competing with receptor activator
of nuclear factor (RANK) expressed at osteoclasts for binding to nuclear factor
kB ligand (RANKL) (14). Binding of RANKL to RANK is driving osteoclastogenesis
hence bone turnover, while binding to OPG inhibits this process (15). Pleiotropic
functions of OPG and RANKL were more recently suggested by showing that
RANKL stimulates osteoclast fission to produce transcriptionally distinct
osteomorphs which in turn recycle towards large multinucleated osteoclasts or
polykaryons by fusion under tight control of OPG (15). Although binding of OPG
to RANKL, established by N-terminal domains of OPG, is frequently studied, less
is known about the interaction of OPG via its C-terminus with membrane bound
heparan sulphate (HS) on osteoblasts (16). A binding that appears indispensable
for RANKL mediated inhibition of osteoclastogenesis due to immobilization of
secreted OPG on the osteoblast membrane and formation of a stable HS-OPG-
RANKL complex (16, 17). In line with this, the CCAL1 readthrough mutation,
adding an additional 19 amino acids to the C-terminus of OPG, denoted OPG-XL,
has been shown to hamper OPG-HS binding hence permitting osteoclastogenesis
and bone turnover (11). This explains characteristic low subchondral bone
density in affected CCAL1 family members (12) and sporadic cases (18).

The mechanism by which OPG-XL results in cartilage calcification remains,
however, elusive. In fact, a robust role of TNFRSF11B and its ligand TNFSF11
encoding RANKL particularly in cartilage (patho)physiology has been highlighted
by transcriptome wide studies. Herein, TNFRSF11B and TNFSF11 but not
TNFRSF11A encoding RANK show high expression and are robustly responsive
to OA cartilage pathophysiology as marked by consistent high upregulation in
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human OA affected relative to preserved (19-21) or healthy (22) cartilage. In
contrast, differential expression of TNFRSF11B or TNSF11 in subchondral bone
underlying preserved and lesioned areas of OA cartilage was not observed
(23). Other than that, with TNFSF11 being a robust OA risk gene identified in the
largest genome-wide association study to date (24), aberrant function of OPG/
RANKL also underlies common OA aetiopathology.

Here, we set out to functionally characterize the effects of OPG-XL in joint
tissues by employing mutated and control human primary chondrocytes, as well
as human induced pluripotent stem cells (hiPSCs) from affected CCAL1 family
members and CRISPR/Cas9 repaired hiPSCs isogenic controls, to established in
vitro organoid models of cartilage and bone (25). Additionally, to study the effect
of OPG-XL in human osteoclastogenesis, monocytes isolated from blood of
carriers of the mutation were compared to monocytes of age- and sex-matched
controls in osteoclastogenesis assays. Altogether, we aimed to decipher effects
of OPG-XL on joint tissue mineralization that could explain the CCAL1 phenotype
of articular cartilage calcification in concurrence with low subchondral bone
mineralization. Given that subchondral bone turnover and cartilage calcification
are general hallmarks of OA pathophysiology and at the molecular level involve
TNFRSF11B and TNFSF11, our results are likely of relevance to common OA.

MATERIALS AND METHODS

Study participants

Within the Familial early-onset Osteoarthritis (FOA) study, 13 family members
were incorporated (six females and seven males aged 23-62 years with mean
age 47 years; Supplementary Table S1). Cartilage samples were collected
within the ongoing Research Arthritis and Articular Cartilage (RAAK) study
from five common OA patients and one family member undergoing total joint
replacement surgery (RAAK: two females and three males aged 50-87 years with
mean age 73 years; FOA: female aged 61).

Genotyping and radiographic analyses

FOA family members were genotyped with in-house genetic test developed by
Department of Clinical Genetics to determine presence or absence of previously
identified readthrough mutation in TNFRSF71B (OPG-XL; Figure 1A), (9) and were
characterized by dual energy X-ray absorptiometry (DEXA) as well as radiographs
and magnetic resonance imaging (MRI) of the knees to respectively determine
BMD and OA severity, (dual energy X-ray absorptiometry) as well as radiographs
and MRI (magnetic resonance imaging) of the knees to respectively determine
bone mineral density (BMD) and OA severity (Supplementary Table S2 and
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S3; Figure 1B). DEXA scans of 253 controls were used to compare results to
the general population. OA features were scored based on semi quantitative
MRI OA knee score (MOAKS(1)) highlighting different characteristics (e.g. bone
marrow lesions, osteophytes, cysts, and loss of cartilage full thickness) at 14
articular subregions in the knee.

Generation, characterization and CRISPR/Cas9 correction of OPG-XL
patient hiPSCs

Human iPSCs were generated by the LUMC iPSC core facility as described before
(26) from skin fibroblasts of a FOA participant, carrier of the mutation resulting
in expression of OPG-XL (line LUMCO0103iOPG). Pluripotency and spontaneous
differentiation were assessed, and cells were karyotyped after 15 passages
(Supplementary Figure S1A-C). Cells were maintained under standard
conditions (37°C, 5% CO,) in TeSR-E8 medium (STEMCELL Technologies).

To obtain two independent isogenic hiPSC controls without the mutation (lines
B89 and C81), CRISPR/Cas9 correction of the mutation was performed for the
OPG-XL hiPSCs (LUMCO103i0OPG). sgRNAs were designed by in silico tools (Rge-
nome.net and MultiCrispr.net) and selected based on predicted highest speci-
ficity and least off-target effects: gRNA1 (5-AAAAATAAGCTGCTTATTACTGG-3)),
and gRNA2 (5-AAGCTGCTTATTA CTGGAAATGG-3'). The sgRNAs were cloned into
a CRISPR/Cas9 plasmid carrying sequences for expression of green fluorescent
protein (PX458), and co-transfected using Lipofectamine Stem Reagent (Thermo
Fisher Scientific Inc) with a single-stranded oligo donor repair template (ssODN
5-CACTGAAAGCCTCAAGTGCCTGAGAAACAGTTTACTCATCCATGGGATCTCGC-
CAATTGTGAGGAAACAGCTCAATGGCGATTTCGAGTTATAAGCAGCTTATTTTTACT-
GATTGGACCTGGTTACC-3) to achieve homologous directed repair (HDR).
Twenty-four hours after transfection of gRNAs and ssODN, single-cell-sorting
for green fluorescent protein positive cells was performed with FACSAria-l (BD
Biosciences), and hiPSCs were seeded at low density (270 cells/cm?) for clonal
expansion. After eight days, colonies were collected and reseeded as single-cells
in 96-well plates with TESR-E8 and CloneR (STEMCELL Technologies). DNA was
obtained from single colonies using Quick Extract (Lucigen). Region of interest
was amplified with PCR and screening for homozygous CRISPR/Cas9-correct-
ed colonies (wt) was done by restriction with Psil (New England Biolabs). Two
homozygous clones (B89 and C81 from gRNA2 and gRNA1, respectively) were
identified and repair of the readthrough mutation was confirmed by Sanger se-
guencing (Supplementary Figure S1D-F).
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Human primary chondrocytes

Human primary chondrocytes were collected from OA patients (RAAK study;
N=5 donors) and carrier of OPG-XL (FOA study; N=1 donor) undergoing joint
replacement surgery. Collection, expansion, and deposition of cartilage
extracellular matrix of primary chondrocytes has been previously described (20).

Chondrogenesis and osteogenesis of iPSCs

Mesenchymal stromal cells were generated from hiPSC (hiMSCs) of the OPG-XL
hiPSCs (LUMCO0103i0OPG) and of the two thereof derived CRISPR/Cas9 isogenic
control hiPSCs (B89 and (C81) using Stemcell Technologies' Mesenchymal
Progenitor Kit following the manufacturer’s instructions. Chondrogenesis and
osteogenesis was performed in organoids following our established protocol
employing 750000 cells per organoid as described before (25). Cells were
counted with the Nucleocounter NC-200 (Chemometec).

Isolation of blood cells and osteoclastogenesis

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood
of six FOA members with mutation and six sex- and age- matched controls
(characteristics of donors in Supplementary Table S4) using Ficoll density
gradient centrifugation as previously described (27). CD14-positive monocytes
were collected by negative selection using magnetic MACS microbeads according
to the manufacturer's instructions. Cells were then seeded onto slices of human
tibia bone of healthy individuals and cultured in medium composed of a-MEM
supplemented with 10% fetal calf serum (HyClone I, Thermo Fisher Scientific
Inc) and antibiotics following pre-treatment with 10 ng/ml macrophage colony-
stimulating factor (M-CSF, R&D Systems) for three days. Osteoclastogenesis
was induced by addition of 2 ng/ml RANKL (R&D Systems) in the presence of
10 ng/ml M-CSF. Cultures were maintained at 37°C and 5% CO2 with medium
refreshed twice weekly.

CTX-1 measurement and resorption-pit assay

Concentration of C-terminal telopeptide of type 1 collagen (CTX-1) in conditioned
media following 14 or 21 days culture onslices of humantibia bone was determined
with ELISA (Immunodiagnostic System, Inc) according to the manufacturer’s
protocol. Measurements were performed for osteoclastogenesis assays of three
FOA participants expressing OPG-XL and matched healthy controls. Relative
activity per osteoclast was calculated by dividing the concentration of CTX-1 by the
total number of osteoclasts. Bone resorption was analyzed in cell cultures of two
FOA participants expressing OPG-XL and matched healthy controls as previously
described (28) with Coomassie Brilliant Blue (Sigma-Aldrich). Pre-defined areas of
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each bone slice, covering approximately one fifth of the total area, were analyzed
with Image Pro-Plus software (Media Cybernetics).

Histology and immunohistochemistry

Histology was performed as previously described (4). Overall cellular and
tissue structure was visualized with hematoxylin-eosin (H&E) staining.
Glycosaminoglycans were visualized by staining with 1% Alcian Blue 8-GX (Sigma-
Aldrich) and Nuclear Fast red (Sigma-Aldrich). Calcium deposits were visualized
with 2% Alizarin Red S (Sigma-Aldrich).

Formation of osteoclasts was assessed after 14 and 21 days of culture on
plastic. Osteoclasts were fixed in 4% formaldehyde for 10 min at ambient
temperature and stained for tartrate resistant acid phosphatase (TRAcP) using
a commercial kit (Leukocyte acid phosphatase kit, Sigma-Aldrich) according
to the manufacturer's instructions. Nuclei were visualized with 4'6-diamidino-
2-phenylindole dihydrochloride (DAPI, Sigma-Aldrich). Only cells with three or
more nuclei were considered osteoclasts. Results are presented as osteoclasts
per cm? or in nuclei per osteoclast.

Gene expression analysis

For osteoclast assays, RNA was extracted from the different cultures at day 7,
14 and 21. For each individual RNA isolation of neo-cartilage and neo-bone,
we pooled two organoids for either OPG-XL or CRISPR/Cas9 repaired (wt) from
several independent rounds of differentiations. This generated for neo-cartilage
of OPG-XL a total of 5 to 7 datapoints and for wt a total of 9 to 12 datapoints in
the gene expression plots. For neo-bone, this generated for OPG-XL and wt a
total of respectively 10 to 16 and 7 to 14 datapoints.

A total of 150 ng mRNA was processed with first strand cDNA kit according
to manufacturer's protocol (Roche Applied Science). Genes of interest were
determined by preamplification with TagMan preamp master mix (Thermo
Fisher Scientific Inc) and subsequent RT-qPCR in triplicate with BiomarkTM
96.96 Dynamic Arrays (Fluidigm) and integrated fluidic circuit (IFC) chip. Quality
control of the data was performed as previously described (4). Unsuccessful
differentiation experiments defined by the minimum detected expression
of COL2A1 for human primary chondrocytes and BMSCs neo-cartilage, were
disregarded. Relative gene expression (—ACt-values) was calculated using levels
of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and acidic ribosomal
phosphoprotein PO (ARP) as housekeeping genes. The RT-gPCR primers are
listed in Supplementary Table S5.
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Statistical analysis

Generalized estimating equations (GEE) (30) as implemented in IBM SPSS
25.0 software was applied to analyze association between phenotype and
genotype. GEE methodology provides a method of analyzing correlated data
that otherwise could not be modeled in a generalized linear model. By applying
this method, we were able to effectively adjust for familial dependencies of
included participants to obtain Betas, standard errors (SE) and P-values for gene
expression differences across neo-cartilage and neo-bone (2).

Differences between osteoclast categories defined by the number of nuclei
and gene expression were tested using two-way ANOVA and Sidak's multiple
comparison test (GraphPad Prism 6.0 software). P-values <0.05 were considered
statistically significant.

RESULTS

Carriers of OPG-XL are characterized by severe OA and osteopenia

TNFRSF11B was genotyped in study participants, identifying seven carriers and
six non-carriers of OPG-XL among thirteen members of a family with early-onset
OA (FOA; Figure 1; Supplementary Table S1). Whole body DEXA scans showed
that bone mineral density (BMD) of non-carriers was similar to that of the general
population (Figure 1C; Supplementary Table S2A). In contrast, carriers of OPG-
XL had significantly lower BMD specifically of the femoral neck, narrow neck and
total hips, confirming incidence of osteopenia (Figure 1C; Supplementary Table
S$2B). No significant difference, however, was observed for lumbar spine BMD.
Furthermore, OA features were scored for FOA members based on the semi
quantitative MRI OA knee score (MOAKS). This showed that severe osteophytosis,
bone marrow lesions (BML), and cysts have significant higher prevalence
in carriers of the mutation than in non-carriers (Supplementary Table S3).
Analysis of the knee radiographs confirmed presence of chondrocalcinosis in
three participants expressing OPG-XL. Altogether, this demonstrated that the
CCAL1 phenotype in the FOA family is characterized by low BMD and severe
cartilage loss, osteophyte formation, and presence of cysts and BML. High
mineralization of cartilage was also observed in knee joint of a carrier of the
mutation undergoing joint replacement surgery (Figure 1D, specific regions
with calcified cartilage indicated with dashed line).
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Figure 1. Characterization of early-onset osteoarthritis family. A) Pedigree of early-onset
osteoarthritis family (FOA) with the TNFRSF11B readthrough mutation (OPG-XL). Squares represent
males and circles females (black symbols represent affected individuals; diagonal lines indicate
deceased family members). B) Knee radiograph of individual no. 9 from the family tree, with severe
articular surface destruction. C) BMD of family members with and without the OPG-XL mutation as
determined by dual energy X-ray absorptiometry scans and corrected for sex, age and BMI (N= 7
OPG-XL family members, N = 6 healthy family members). D) Knee joint from patient that underwent
replacement surgery (indicated with dashed line regions with severely calcified cartilage). E) Alcian
blue and H&E staining of neo-cartilage organoids derived from primary chondrocytes of common
OA patients and of OPG-XL carrier (day 21 of chondrogenesis; scale bars: 50 mm). F) Boxplots for
DCt values of matrix genes in neo-cartilage of common OA patients (N = 5 patients, n = 1) and of
OPG-XL carrier (N = 1 FOA, n = 8). P-values determined with generalized estimation equation while
including every independent gene as dependent variable, BMD as dependent variable, and age, sex,
BMI and mutation status as covariate (*P < 0.05; **P < 104 ; ***P < 106 ). ACAN: aggrecan; ADAMTS5:
a disintegrin and metalloproteinase with thrombospondin motifs; H&E: haematoxylin and eosin; MGP:
matrix Gla protein; MMP13: matrix metallopeptidase 13; OPG-XL: C-terminal extended osteoprotegerin
encoded by TNFRSF11B readthrough mutation; SOX9: SRY-box transcription factor 9.

Primary chondrocytes with OPG-XL deposit hypertrophic neo-cartilage
with low glycosaminoglycan content

We first examined, in an established 3D in vitro chondrogenesis model of human
primary chondrocytes (29) of a carrier of the OPG-XL mutation (N=1 patient, n=8
replicates), formation of neo-cartilage in comparison to primary chondrocytes
from participants of the RAAK study undergoing joint replacement surgery
(N=5 patients, n=1 replicate). As shown in Figure 1E, Alcian blue staining in neo-
cartilage with OPG-XL appeared less homogeneous as compared to neo-cartilage
deposited by RAAK chondrocytes. Furthermore, H&E staining showed less
dense matrix deposition towards the edges of the organoid. Gene expression of
common extracellular matrix (ECM) genes and degradation markers highlighted
significantly higher expression of COL1A71, COL10A7 and MMP13 (Figure 1F;
Supplementary Table S6.). Moreover, low MGP expression indicated a higher
mineralization in the OPG-XL neo-cartilage organoids. Together, these data
indicated deposition of low quality neo-cartilage matrix with a fibrotic (COL1AT)
and/or hypertrophic (COL70A7) and mineralized (MGP) phenotype in the presence
of OPG-XL.

Neo-cartilage and neo-bone expressing OPG-XL exhibit altered
mineralization and fibrotic phenotype

To study effects of OPG-XL on deposition of extracellular matrix in the joint,
patient hiPSCs carrying the mutation were generated from skin fibroblasts
(Supplementary Figure S1), and both neo-cartilage as well as -bone organoids
were created from these hiPSCs and two independent isogenic, CRISPR/
Cas9-corrected control (wt) hiPSCs. Structure of deposited neo-cartilage ECM
was visualized by histological staining with Alcian blue and H&E (Figure 2A;
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Supplementary Figure S2). This showed ECM deposition across both groups.
Matrix however, was more homogeneous in the two isogenic control organoids
as compared to organoids from hiPSCs expressing OPG-XL. Additionally, H&E
staining visualized fibrotic ECM particularly towards the outer rim of the OPG-XL
neo-cartilage organoids.

In line with the histological observations, quantitative gene expression analysis
showed no difference between the two isogenic controls (Figure 2B, grey- and
purple-filled circles in wt boxes). Therefore, samples were analyzed together
in comparison to OPG-XL samples which revealed no significant differences in
expression levels of TNFSF11 encoding RANKL, TNFRSF11A encoding RANK, nor in
expression levels of TNFRSF11Bin neo-cartilage inthe presence of OPG-XL. Fibrotic
character of neo-cartilage deposited in presence of OPG-XL was confirmed by
significantly higher expression of COLTAT and lower expression of the cartilage
specific COL2AT and aggrecan (ACAN). Concurrently, strong upregulation
of alkaline phosphatase (ALPL) and osteoblast characteristic RUNX family
transcription factor 2 (RUNX2) were detected together with significantly lower
expression of SRY-Box Transcription Factor 9 (SOX9). Notably, lower expression
of MGP was highly significant which was also observed in neo-cartilage deposited
by primary chondrocytes with OPG-XL (Figure 1F). These data indicated a strong
shift in cartilage metabolism towards mineralization and transdifferentiation
towards osteoblasts. This was in contrast with lower expression levels of
Secreted Phosphoprotein 1 (SPP7) and matrix metallopeptidase 13 (MMP13).

Structure of deposited neo-bone ECM was visualized by histological staining
with Alizarin red and H&E (Figure 2A; Supplementary Figure S2). Alizarin red
staining was more intense and more homogeneously distributed in the OPG-XL
organoids compared to isogenic controls. In the control group, H&E showed a
higher concentration of cells within the core of the organoid and an outer rim
characterized by fibrosis.

In line with the findings in cartilage organoids, quantitative gene expression
analysis of neo-bone showed no significant differences in levels of TNFRSF11B
and TNFRSF11A expression. Unlike neo-cartilage, neo-bone carrying the
OPG-XL mutation did show lower expression of TNFSF11 (Figure 2B; Table
1, Supplementary Figure S3). Moreover, neo-bone expressing OPG-XL had
significantly higher expression of COL7A7 and COL70A7, but particularly of
DIO2. Altogether, results indicate that both neo-cartilage and neo-bone ECM
in the presence of OPG-XL is characterized by increased fibrosis and strong
mineralization, respectively, indicating a modulatory role for OPG in cartilage
and bone formation.
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Figure 2. Characterization of OPG-XL neo-cartilage and neo-bone organoids. Alcian blue,
Alizarin red and H&E staining of neo-cartilage and neo-bone. B) Boxplots for -ACt values of relevant
genes for CRISPR/Cas9 control (WT) and OPG-XL organoids following 6 weeks of chondrogenesis
with additional 2 weeks of osteogenesis to generate neo-bone (scale bars: 50 mm; neo-cartilage:
WT n = 9-12 and OPG-XL n = 5-7 samples; neo-bone: WT n = 7-14 and OPG-XL n = 10-16 samples).
P-values determined with generalized estimation equation while including every independent gene
as dependent variable, and mutation status as covariate (*P < 0.05; **P < 104 ; ***P < 106 ). ALPL:
alkaline phosphatase; DIO2: type 2 deiodinase; H&E: haematoxylin and eosin; MGP: matrix Gla
protein; MMP3: matrix metallopeptidase 3; MMP13: matrix metallopeptidase 13; OPG-XL: C-terminal
extended osteoprotegerin encoded by TNFRSF11B readthrough mutation; RUNX2: RUNX family
transcription factor 2; SPP1: secreted phosphoprotein 1; TNFSF11: gene encoding RANK ligand;
TNFRSF11A: gene encoding RANK; TNFRSF11B: gene encoding osteoprotegering or OPG.
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Table 1. Gene expression analyses of neo-cartilage and neo-bone organoids.

Neo-Cartilage

Extracellular matrix Mineralization
Genes FD Beta SE  Pvalue* Genes FD Beta SE  Pvalue?
COL1A1 1.7 0.8 0.3 7.4x1073 SPP1 -4.6 -2.2 0.6 2.0x10*
COL2A1 -6.7 -2.8 0.5 3.9x107 RUNX2 1.9 0.9 0.4 1.0x10?
COL10AT -1.2 0.3 0.7 6.4x10" ALPL 4.4 2.1 0.8 5.9x103
MMP13 2.4 -1.6 0.3 1.4x10°8 MGP 74 2.8 03  1.6x10"7
MMP3 -3.4 -1.8 0.7 1.5x1072 POSTN 1.1 0.2 0.3 5.2x10"
TNFRSF11B 1.6 0.7 0.8 4.0x10" ASPN 1.0 0.0 0.3 9.5x10-"
TNFRSF11A 1.8 2.0 1.9 2.9x10" DIO2 1.2 0.3 1.1 8.0x10"
TNFRSF11 1.0 0.1 1.6 9.7x10" ANKH -1.2 -0.2 0.5 6.9x10"
ACAN1 -3.9 -2.0 0.8 1.5x10?
S0X9 -2.0 -1.0 0.3 4.5x103
comp -1.2 0.3 0.2 1.8x10"
ADAMTS5 1.6 0.6 1.1 5.6x10"
SMAD3 2.7 -1.4 0.4 4.0x10*
Neo-bone
Extracellular matrix Mineralization
Genes FD Beta SE Pvalue® Genes FD Beta SE  Pvalue®
COL1A1 1.7 0.7 0.4 3.9x102 SPP1 1.1 0.2 0.3 5.8x10"
COL2A1 3.3 1.7 0.7 1.2x1072 RUNX2 2.8 1.5 0.6 7.7x103
COL10A1 4.8 1.5 0.6 5.6x103 ALPL 1.2 0.3 0.3 3.4x107
MMP13 -3.3 -2.1 0.4 7.8x10° MGP 1.9 0.9 0.4 1.2x10?
MMP3 -14.9 2.6 1.2 2.8x102 POSTN -1.4 -0.5 0.5  3.14x10"
TNFRSF11B 1.5 0.6 0.6 3.3x10" ASPN -3.6 -1.8 0.5 1.4x10*
TNFRSF11A 1.8 0.9 1.0 3.8x10" DIO2 6.6 2.7 0.7 3.5x10°
TNFSF11 -3.2 1.7 0.7 2.0x10? IL11 1.6 0.7 0.5 1.8x10"
SOST 2.9 1.5 0.7 3.5x102

Results presented are the average of seven samples for neo-cartilage and 16 samples for neo-bone
in OPG-XL carriers compared with 12 samples for neo-cartilage and 14 samples for neo-bone in
CRISPR/Cas9-corrected controls (WT) at week 6 following chondrogenesis and additional 2 weeks
following osteogenesis. P-values determined with generalized estimation equation while including
every independent gene as dependent variable, and mutation status as covariate (P-values >0.05
are indicated in bold). FD: fold difference.
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Restrained osteoclastogenesis and large polykaryons of monocytes
from FOA patients expressing OPG-XL

Given that OPG plays a key role in osteoclast formation, osteoclastogenesis
assays were performed with monocytes from six carriers of OPG-XL mutation and
six healthy controls (Figure 3A). The number of osteoclasts and their respective
nuclei were determined at day 14 and day 21 of culture (Supplementary Table
S7). As shown in Figure 3B and Supplementary Table S7, the total number of
osteoclasts (cells with >3 nuclei) formed at day 14 in OPG-XL (n=90) is delayed
relative to controls (n=296). At day 21, however, we showed a significant
accumulation of osteoclasts with high number of nuclei formed in OPG-XL (39%
>6 nuclei)compared to controls (15% >6 nuclei; Figure 3C; Supplementary Table
S7). Together, these data indicate that after initial restrained osteoclastogenesis,
a relative larger fraction of osteoclasts with large number of nuclei accumulate
in the presence of OPG-XL as compared to controls.
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TRACP positive cells/cm2at day 14
Nuclei/osteoclast 2 Controls ® OPG-XL® P value©
35 263 (89%) 86 (96%) 5.9x102
6-10 30 (10%) 4 (4%) 9.5x102
10-20 3(1%) 0 ND
>20 0 0 ND
Total 296 90

TRACP positive cells/cm? at day 21

Nuclei/osteoclast 2 Controls ® OPG-XL"® P value®
3-5 644 (85%) 290 (61%) 2.5x10
6-10 94 (12%) 114 (24%) 1.1x107
10-20 13 (2%) 53 (11%) 6.8x103
>20 6 (1%) 16 (3%) 1.2x10°3
Total 757 473

?Strata of osteoclasts according to the number of nuclei per osteoclast. ® Average number of
osteoclasts from N = 6 OPG-XL carriers and N = 6 sex- and age-matched controls; 2-3 replicates each
were counted. ¢ P-value for each stratum was determined with X2 test relative to total number of
osteoclasts in all other strata.

Figure 3. Characterization of osteoclastogenesis. A) Representative TRAcP staining of osteoclasts
generated from monocytes of OPG-XL carriers and sex- and agematched controls after 21 days of
culture with M-CSF and RANKL (Scale bar = 200 pm). B) Osteoclasts were counted and separated
according to the number of nuclei per osteoclast at day 14 and day 21. OPG-XL: C-terminal extended
osteoprotegerin encoded by TNFRSF11B readthrough mutation; RANKL: RANK ligand; TRACP:
Tartrate-resistant acid phosphatase.
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Osteoclasts expressing OPG-XL display similar bone resorptive activity
as compared to controls

Following morphological characterization of osteoclasts, resorptive activity was
assessed. To that end, formation of resorption pits by osteoclasts generated
from controls and from carriers of OPG-XL was determined. As shown in Figure
4, despite lower numbers of osteoclasts in the presence of OPG-XL, overall bone
resorption was comparable, with at least equal surface areas of resorption pits
after 21 days (Figure 4A) and amounts of CTX-| released at days 7, 14, and 21
(Figure 4B-D). These data indicate that, despite the fact that less osteoclasts
develop in the presence of OPG-XL, the total bone resorption activity was
comparable to controls.

Finally, well-known markers of osteoclast bone resorption activity were analyzed
by RT-gPCR. As shown in Figure 4E and Table 2, at day 21 OPG-XL-expressing
osteoclasts showed significantly higher levels of NFATc1 (Nuclear factor of
activated T-cells, cytoplasmic 1), CTSK (Cathepsin K), TRAcP (Tartrate-resistant
acid phosphatase) and DC-STAMP (Dendrocyte Expressed Seven Transmembrane
Protein). This suggests that monocytes carrying the OPG-XL mutation, despite an
initial delay in osteoclastogenesis, are prone to differentiate towards osteoclasts
with potential for higher bone resorption activity based on gene expression levels.
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Figure 4. Bone resorption and gene expression for osteoclasts from controls and OPG-XL carriers.
A) Representative image of bone resorption pits formed by osteoclasts from control and OPG-XL carrier
on slices of human tibia bone after 21 days of culture (scale bars: 200 um). B) Percentage of bone
resorption for controls (N = 2) and OPG-XL carriers (N = 2). C) Concentration of CTX-1 (nM) in conditioned
medium after 7, 14 and 21 days of culture (controls and OPG-XL carriers N = 3). D) CTX-1 release in
conditioned medium per osteoclast at 14 and 21 days of culture (controls N = 3 and OPG-XL carriers N =
3). E) Boxplots for -ACt values of genes related to osteoclast formation and activity (n = 2-3 replicates
from 4-5 controls and OPG-XL carriers). P-values determined with two-way ANOVA with Sidak’s multiple
comparison analysis (*P < 0.05; **P < 10; ***P < 10%). CTX-7: C-terminal telopeptide of type 1 collagen;
DC-STAMP: endrocyte Expressed Seven Transmembrane Protein; NFATcT: Nuclear factor of activated
T-cells, cytoplasmic 1; OPG-XL: C-terminal extended osteoprotegerin encoded by TNFRSF11B readthrough
mutation; TNFSF11: gene encoding RANK ligand; TNFRSF11B: gene encoding osteoprotegerin or OPG;

TRACP: Tartrate-resistant acid phosphatase.
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Table 2. Gene expression analyses of osteoclasts from OPG-XL carriers and sex- and age-
matched controls.

Markers of osteoclast activity

FD P value FD P value
TNFRSF11B DC-STAMP
Day 7 2.0 1.7x1072 Day 7 1.0 9.9x10"
Day 14 -1.9 1.5x1072 Day 14 1.2 9.5x102
Day 21 1.8 2.8x1072 Day 21 1.5 1.0x10+
TNFSF11 TRAcP
Day 7 24 1.0x10+ Day 7 -2.2 1.0x10*
Day 14 -1.2 6.4x10" Day 14 -1.1 5.7x107
Day 21 1.6 1.6x1072 Day 21 1.5 6.2x10
NFATc1 CTSK
Day 7 -1.3 1.2x1072 Day 7 =21 1.0x10*
Day 14 1.1 1.2x107 Day 14 2.2 1.0x10*
Day 21 1.6 1.0x10+ Day 21 21 1.0x10*

Results presented are the average of n=2-3 replicates from N=4-5 OPG-XL carriers compared
with age- and sex-matched controls. P-values determined with two-way ANOVA with Sidak’s multiple
comparison analysis (P-values > 0.05 are indicated in bold). FD: fold difference; OPG-XL: C-terminal
extended osteoprotegerin encoded by TNFRSF11B readthrough mutation.

DISCUSSION

In the current study we explored the mechanism by which OPG-XL causes
the characteristic bidirectional phenotype of subchondral bone turnover
accompanied by cartilage mineralization in CCAL1 patients. Notably, OPG-XL
displaying 19 additional amino acids at the C-terminal end, was previously found
to hamper the formation of a stable HS-OPG-RANKL complex on the osteoblast
membrane, (17) permitting RANKL mediated osteoclastogenesis in a murine
model (11). Here we show that human osteoclastogenesis with monocytes from
OPG-XL carriers relative to sex- and age-matched controls after an initial delay,
indeed have enhanced osteoclastogenesis towards prominent large and active
osteoclasts. By further characterization of OPG-XL by employing hiPSCs from
a carrier of the mutation and two isogenic CRISPR/Cas9-corrected controls in
cartilage and bone organoids, we demonstrated for the first time that, likely due
to interference with RANKL-HS-OPG, the mutation at the CCAL1 locus directly
affects healthy osteoblast and chondrocyte states towards mineralization via
respectively D/IO2 and MGP functions. The fact that OPG/RANKL as well as DIO2
(29) and MGP (2, 31) are intrinsically involved in joint tissue (patho)physiology
might indicate a link to common age-related osteoarthritis.
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The hiPSC-derived neo-cartilage tissue deposited by OPG-XL chondrocytes,
relativetoisogeniccontrols,revealedafibrotichistological phenotypewithmarked
downregulation of COL2A7:COLTAT ratio and most notable, downregulation of
MGP expression. MGP is a well-known inhibitor of ectopic bone formation (5)
and a robust OA risk gene (24, 31) with the risk allele associated towards lower
gene expression levels (2, 31). Hence, our data, showing lower expression of
MGP in OPG-XL neo-cartilage organoids, suggest that OPG-XL directly affects
propensity of chondrocytes to enter a mineralized OA state. On a different note,
we showed that in OPG-XL neo-cartilage organoids the OPG/RANKL/RANK triad
was not changed.

Neo-osseous tissue deposited by osteoblasts from hiPSCs carrying the mutation
relative to their isogenic controls did display high calcification as reflected by
the prominent Alizarin red staining concurrent with notable high expression
of DIO2. DIO2, encoding type 2 deiodinase enzyme, is essentially facilitating
bone formation and mineralization (32). Together, results of our human OPG-
XL cartilage and bone organoids demonstrates that the mutation directly
affects chondrocyte and osteoblast gene expression profiles marking matrix
mineralization processes. We hypothesize that this is due to the impaired
binding of OPG with HS, likely in interaction with RANKL as recently shown (11).
Since the prominent Alizarin red staining of neo-osseous tissue, concurrent
with DIO2 upregulation could explain the extensive phenotypic foci of calcified
cartilage observed in affected articular cartilage tissue of CCAL1 family members,
we hypothesize that the chondrocalcinosis observed in OPG-XL carriers is
likely not preceding OA onset in cartilage but arises merely during ongoing OA
pathophysiology i.e. when chondrocytes have a tendency to undergo trans-
differentiation to osteoblast (33).

By performing osteoclastogenesis assays of OPG-XL carriers relative to age-
and sex-matched controls we showed that, although significantly lower in
number, osteoclastogenesis in OPG-XL carriers resulted in high nucleated
osteoclasts (Figure 3). These multi-nuclear osteoclasts appear at least equally
active as controls as demonstrated by the comparable resorbed bone surface
and released levels of CTX-I (Figure 4). The fact that we were able to quantify
the resorption pits only for 2 donors and controls has likely resulted in limited
statistical power to detect small differences. This hypothesis could hence
explain the bidirectional phenotype of the OPG-XL carriers characterized by
higher cartilage mineralization and osteopenia. A similar case was previously
reported by Zhang et al (34), where MGP knock out mice have a characteristic
phenotype of premature bone mineralization and osteopenia. Since RANKL
was found to induce osteoclast fusion whereas OPG blocked fusion of highly
mobile osteomorphs, (15) it is tempting to link the role of immobilized OPG on
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the surface of osteoblasts to in vivo recycling of osteoclasts (35). Nevertheless,
our study does not allow to distinguish whether the OPG-XL mutation results in
highly nucleated and active osteoclasts due to enhanced RANKL availability or
due to dysfunctional blocking of osteomorph fusion.

Among genes significantly changed in the presence of OPG-XL we observed that
MMP13 was higher in the primary chondrocytes while it was lower in the iPSC-
derived chondrocytes. This suggests that MMP13 itself is not directly related
to the changes resulting from OPG-XL, but rather, that the effect results from
individual variation and/or differences in the maturity of neo-cartilage derived
from hiPSCs as compared to that of primary chondrocytes.

By precise genetic engineering of hiPS cells derived from affected CCAL1 family
members, while applying established differentiation protocols towards human
biomimetic cartilage and osseous organoids, (36) we could study in multiple
biological replicates how expression of OPG-XL could result in the characteristic
bidirectional phenotype of subchondral bone turnover accompanied by
cartilage mineralization. Strength of using isogenic controls is that this allows
to study unbiased effects of the mutation, independent of variation between
family members such as genetics, sex or age. As such, we are confident that
our approach was able to create reliable data highly translating to human in
vivo situation while complying to the societal need to reduce animal studies
(37, 38). A potential drawback of our study is that we were not able to model
direct interaction between cells populating cartilage and bone; chondrocytes,
osteoblast and osteoclasts. In this context, using the isogenic pairs of our patient-
derived hiPSCs in human joint-on-chip models, currently being developed, could
further address the molecular mechanism underlying the bi-directional effect
OPG on hard and soft tissues (39, 40).

In conclusion, our data demonstrated that expression of OPG-XL in human
cartilage and bone is not only enhancing RANKL-induced osteoclastogenesis
but also directly affecting chondrocyte and osteoblast states towards matrix
mineralization via functions of respectively MGP and DIO2. We advocate that
the bidirectional phenotype of subchondral bone turnover accompanied by
cartilage mineralization is a characteristic process that occurs in CCAL1 patients
at early ages but which can be extrapolated to common age related OA patients.
Vice versa, our data suggest that in cartilage, proper binding of OPG to HS on
chondrocytes intrinsically contributes to a healthy unmineralized tissue state
while in bone it supports the steady state turnover with adaptive activity
involving osteoblasts and osteoclasts.
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Supplementary figures:
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Supplementary Figure S1. Characterization of generated OPG-XL hiPSCs and CRISPR/
Cas9-corrected clonal screening. A) Bright field microscopy image of a representative OPG-XL
mutated hiPSC colony. B) Immunofluorescent staining for NANOG, SSEA-4, and OCT3/4 confirming
pluripotency. €) Expression of 33-Tubulin, CD31, and AFP upon spontaneous differentiation into
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the three different lineages (ectoderm, mesoderm and endoderm, respectively). Nuclei are stained
with Dapi (blue). D) Clonal screening for OPG-XL repaired mutation by genomic PCR followed by Psil
digestion. Patient DNA shows three bands after Psil digestion, whereas repaired clones B89 (gRNA1)
and C81 (gRNA2) together with the positive control show two bands. E) Sanger sequencing and
F) karyotyping of 2 corrected clones and OPG-XL hiPSC line.
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Supplementary Figure S2. Alcian Blue and Alizarin red staining of different neo-cartilage and
neo-bone organoids. Histology of organoids resulting from different experiments at day 42 of
chondrogenesis stained with Alcian Blue (n=2 independent differentiations) and day 14 of
osteogenesis (n=4 independent differentiations) stained with Alizarin red (scale bars: 100um).
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Supplementary Figure S3. Ratios of TNFSF11/TNFRSF11A, TNFRSF11B/TNFSF11 and COL2A1/COL1AT
in neo-cartilage and neo-bone of the OPG-XL mutation and CRISPR/Cas9-corrected samples. Results
shown are at day 42 of chondrogenesis and day 14 of osteogenesis (neo-cartilage: n=9-12 for
CRISPR-corrected control and n=5-7 for OPG-XL samples; neo-bone: n=7-14 for CRISPR-corrected
control and n=10-16 for OPG-XL samples.; *P-value<0.05; **P-value<10* ***P-value<10?).
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Supplementary tables:

Supplementary Table S1. Characteristics of FOA participants.

OPG-XL non-carriers OPG-XL carriers
Sex (%)
Male 66.7 42.9
Female 333 57.1
Age (years)
Minimum 23.1 325
Maximum 60.5 61.6
Average 41.7+14.3 51.7+123
BMI (Kg/m?)
Minimum 223 24.9
Maximum 29.1 30.1
Average 248 +3 27.0+1.9

OPG-XL: high impact readthrough mutation in TNFRSF11B at CCAL1 locus.
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Supplementary Table S2. Skeletal characteristics of participants determined with DEXA scans
at different regions of the skeleton.

A
DEXA OPG-XL non-carriers Healthy controls
BMD (g/cm2)
Skull 25+03 25+03
Femoral neck 0.9+0.1 0.9+0.1
Narrow neck 1.1+0.2 1.1+0.1
Lumbar spine 1.1+0.2 -
Total body 1.1+0.2 1.2+0.1
Total hips 1.0+£0.1 1.0+£0.1
Narrow neck width (cm) 3.6+0.4 3.5+0.4

Results presented are the average of OPG-XL non-carriers (N=7) versus non-related healthy controls
(N=253).

B
DEXA OPG-XL non-carriers OPG-XL carriers P value ?
BMD (g/cm?)
Skull 25+03 23+05 4.3x10"
Femoral neck 0.9+0.1 0.7+0.1 1.8x1072
Narrow neck 1.1+0.2 0.8+0.1 4.5x103
Lumbar spine 1.1+£0.2 1.1+£0.2 8.8x10"
Total body 1.1+0.2 1.2+0.2 1.8x10"
Total hips 1.0+0.1 0.8+0.1 7.2x10°3
Narrow neck width (cm) 3.6+04 3.9+0.2 4.1x10*
T-score
Hips -0.1+1.4 -1.4+0.6 1.2x1072
Lumbar spine -0.1+£1.5 02+1.8 8.8x10"
MOAKS
BML and Cysts (#) 0.3+0.5 18.6 £ 14.1 2.4x10°

Results presented are the average of FOA members (7 carriers versus 6 non-carriers of the OPG-XL
mutation; # number).

2P-value was determined by performing a generalized estimation equation (GEE), with BMD, Narrow
neck, T-score, and BML and cysts as dependent variable, and age, sex and BMI as covariate.
OPG-XL: high impact readthrough OPG mutation at CCAL1 locus.
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Supplementary Table S3. MOAKS grading of knee joints.

MOAKS Grades

Osteophytes (Size) 0 1 2 3
OPG-XL non-carrier (%) 95.8+5.3 42+53 0 0
OPG-XL carrier (%) 30.0+23.3 31.7+13.4 21.7+£9.0 16.7+£17.7
P value? 6.8x10* 2.3x10* 3.4x10* 1.7x10°3
BML & Cyst (Size) 0 1 2 3
OPG-XL non-carrier (%) 989+ 1.7 1.1+£1.7 0 0
OPG-XL carrier (%) 57.3+19.6 30.0+7.1 5.3+6.1 73+8.3
P value® 1.7x10"° 1.0x103° 2.0x102 2.4x102
BML & Cyst (%) 0 1 2 3
OPG-XL non-carrier (%) 99.4+1.4 0 0 06+1.4
OPG-XL carrier (%) 63.3+17.0 4.7 +6.5 47 +7.3 26.0+7.6
P value® 2.0x10° 1.0x10" 7.3x102 0.0x10%°
Cartilage (%) 0 1 2 3
OPG-XL non-carrier (%) 91.8+8.1 58+5.8 3.0+36 09+1.5
OPG-XL carrier (%) 56.4+19.3 76+43 44+21 33.1+£17.3
P value® 3.7x10* 7.8x107" 3.6x107" 4.5x10"°

Results presented are the average of FOA members (5 carriers versus 6 non-carriers of the OPG-XL
mutation; 2 carriers were excluded due to knee prosthetics).

2P-value was determined by performing a generalized estimation equation (GEE), with osteophyte
(size), BML and cysts size and percentage, and cartilage percentage as dependent variable, and age,
sex and BMI as covariate.

OPG-XL: high impact readthrough OPG mutation at CCAL1 locus.
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Supplementary Table S4. Osteoclastogenesis assay of OPG-XL family members against age- and
sex-matched controls.

Pair Participant Sex Age
1 Control Male 49
OPG-XL Male 39
2 Control Female 53
OPG-XL Female 62
3 Control Female 60
OPG-XL Female 60
4 Control Male 65
OPG-XL Male 48
5 Control Male 54
OPG-XL Male 59
6 Control Female 57
OPG-XL Female 61

OPG-XL: individual with familial early-onset osteoarthritis, carrier of high impact readthrough

mutation in TNFRSF11B at CCAL1 locus.
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Supplementary Table S5. Matrix, mineralization, osteoclastogenesis and housekeeping

primer sequences.

Matrix Genes

Fwd

Rvs

ADAMTSS5
ACAN1
COL10A17
COL1AT
COL2A1
comp
MMP13
SOX9
SMAD3
MMP3

5'-CGTGTACTTGGGCGATGACA-3'
5’AGAGACTCACACAGTCGAAACAGC-3'
5'-GGCAACAGCATTATGACCCA-3'
5-GTGCTAAAGGTGCCAATGGT-3"
5'-CTACCCCAATCCAGCAAACGT-3'
5-ACAATGACGGAGTCCCTGAC-3'
5-TTGAGCTGGACTCATTGTCG-3'
5'-CCCCAACAGATCGCCTACAG-3
5'-GCCCCTTTCAGGTAACCGTC-3
5'-GAGGCATCCACACCCTAGGTT-3'

5-CTGTTGTTGCACACCCCTCT-3'
5-CTATGTTACAGTGCTCGCCAGTG-3'
5-TGAGATCGATGATGGCACTCC-3'
5-ACCAGGTTCACCGCTGTTAC -3’
5-AGGTGATGTTCTGGGAGCCTT-3'
5-TCTGCATCAAAGTCGTCCTG-3'
5-GGAGCCTCTCAGTCATGGAG-3'
5-CTGGAGTTCTGGTGGTCGGT-3'
5'-GAAGCGGCTGATGCTCCTTA-3'
5-TCAGAAATGGCTGCATCGATT-3'

Mineralization genes

Fwd

Rvs

ALPL

ASPN

MGP
POSTN
RUNX2
SPP1
TNFRSFT1A
TNFRSF11B
TNFSF11
DIO2

L1

SOST1

5-CAAAGGCTTCTTCTTGCTGGTG-3'
5'-ACACGTTTTGGAAATGAGTGC-3'
5'-CGCCCCCAGATTGATAAGTA-3'
5-TACACTTTGCTGGCACCTGT-3'
5-CAATTTCCTCCTTGCCCCTCA-3'
5'-GCCAGTTGCAGCCTTCTCA-3'
5-GAAGCTCAGCCTTTTGCTCA-3'
5-TTGATGGAAAGCTTACCGGGA-3'
5-CAACAAGGACACAGTGTGCAA-3'
5-TTCCAGTGTGGTGCATGTCTC-3'
5-CTCTACAGCTCCCAGGTGTGC-3'
5-GAGCTGGAGAACAACAAGACCA-3'

5-CCTGCTTGGCTTTTCCTTCA-3
5'-GAACACCGTCACCCCTTCAA-3
5-TCTCCTTTGACCCTCACTGC-3'
5-TTTAAGGAGGCGCTGATCCA-3'
5-TCGGATCTACGGGAATACGCA-3'
5'-AAAAGCAAATCACTGCAATTCTCA-3
5-GGGAACCAGATGGGATGTCG-3'
5-TCTGGTCACTGGGTTTGCATG-3'
5-AGGTACAGTTGGTCCAGGGT-3'
5'-AGTCAAGAAGGTGGCATGTGG-3'
5-AGGTAGGACAGTAGGTCCGCT-3
5-AGCTGTACTCGGACACGTCTTTG-3'

Osteoclastogenesis genes

Fwd

Rvs

NFATc1
DC-STAMP
TRACP

Cathepsin K

5'-AGCAGAGCACGGACAGCTATC-3'
5-ATTTTCTCAGTGAGCAAGCAGTTTC-3'
5'-CACAATCTGCAGTACCTGCAAGAT-3'
5'-CCATATGTGGGACAGGAAGAGAGTT-3'

5-GGTCAGTTTTCGCTTCCATCTC-3
5-AGAATCATGGATAATATCTTGAGTTCCTT-3'
5'-CCCATAGTGGAAGCGCAGATA-3'
5-TGCATCAATGGCCACAGAGA-3'

Housekeeping genes

Fwd

Rvs

GAPDH
ARP

5-TGCCATGTAGACCCCTTGAAG-3'
5'-CACCATTGAAATCCTGAGTGATGT-3'

5'-ATGGTACATGACAAGGTGCGG-3'
5-TGACCAGCCGAAAGGAGAAG-3'
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Supplementary Table S6. Gene expression analyses of primary chondrocytes of an OPG-XL
carrier compared against healthy controls.

Extracellular matrix genes

Genes FD Beta SE P value®
COL1A1 13.8 3.8 0.3 1.0x103°
COL2A1 -1.8 -0.8 0.6 1.3x10"
COL10A1 6.9 2.8 0.3 8.6x10®
ACAN 1.2 0.3 0.4 4.7x10"
SOX9 2.4 1.2 0.7 7.8x102
ADAMTS5 -1.5 -0.6 1.0 5.4x10"
MMP13 5.6 -2.5 0.6 1.0x10%

Results presented are the average of one carrier of the OPG-XL mutation (8 replicates) versus
five independent OA patients that underwent joint replacement surgery following three weeks of
chondrogenesis.

aP-value was determined by performing a generalized estimation equation (GEE) of -ACT values, with
every independent gene as a dependent variable, and mutation condition as covariate.
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CHAPTER 5

GENERAL DISCUSSION AND FUTURE PERSPECTIVES

SUMMARY

Osteoarthritis disease management is hampered by a lack of translation of
robust genetic findings to underlying disease mechanisms, drug target discovery
and testing. In this thesis we established sustainable and reliable human 3D in
vitro organoid models of cartilage and bone for in-depth study of TNFRSF11B
encoding osteoprotegerin (OPG) in OA pathophysiology. OPG is a decoy receptor
binding to the receptor activator of nuclear KB factor ligand (RANKL) to inhibit
osteoclastogenesis. It is highly expressed in cartilage and subchondral bone,
and was previously found to be consistently upregulated in transcriptome wide
studies of OA affected cartilage while no specific function for OPG in cartilage was
known. Additionally, a high impact mutation at the CCAL1 locus was identified by
our group (1) resulting in a 19 amino acid elongation of OPG and referred to as
OPG-XL. The CCAL1 phenotype is characterized by early onset osteoarthritis with
different degrees of articular cartilage calcification (chondrocalcinosis), while low
subchondral bone mineralization was reported in other identified CCAL1 families
(2). Together, by applying next generation human organoid models of cartilage
and bone we here set out to study how dysfunctional OPG is associated to OA
pathophysiology and particularly for OPG-XL with respect to the bi-directional
pathogenic phenotype of bone loss and articular cartilage calcification.

In Chapter 2 we mimicked OA related expression of TNFRSF11B in a 3D in vitro
model of primary chondrocytes to investigate its role in OA pathophysiology.
Hereto, chondrocytes obtained from the Research Arthritis and Articular Tissue
(RAAK) study were modified to overexpress TNFRSF11B. RNA sequencing data
of preserved and lesioned cartilage from the RAAK study was used to identify
differentially expressed genes correlating with TNFRSF11B expression. This
allowed us to study a co-expression network of this gene with its associated
genes in OA pathophysiology. Our study showed that TNFRSF11B upregulation
affects chondrocytes to undergo trans-differentiation to osteoblasts.

In Chapter 3, we used human induced pluripotent stem cell (hiPSC) technology
for an efficient directed differentiation into neo-cartilage organoids. Particularly,
we focused on characterizing neo-cartilage generated from two differentiation
protocols: a step-wise protocol towards generation of chondroprogenitors
(hiCPCs), and a commercial protocol, following an initial transition to
mesenchymal stromal cells (hiMSCs). Subsequently, neo-cartilage generated
from both protocols was compared to human neo-cartilage from chondrocytes
(hPACs) and bone marrow mesenchymal stromal cells (hBMSCs). Based on a
set of 20 relevant genes, this showed a 65% and 53% similarity, respectively.
Although still with potential to increase the similarities, our observations are
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highly encouraging for the field of cartilage regeneration starting with a stable
cell source such as hiPSCs.

In Chapter 4 we set out to perform in depth clinical phenotyping of OPG-XL
carriers highlighting on one hand severe cartilage degeneration accompanied
with severe foci of calcified cartilage, and on the other hand osteopenic
subchondral bone phenotype. To obtain stable and sustainable isogenic cell
sources for our model, we generated hiPSCs from an OPG-XL family member
and applied CRISPR/Cas9 to repair the OPG-XL mutation. Upon employing our
established OPG-XL hiPS cells and isogenic control hiPS cells to established
organoid models of neo-cartilage and neo-bone tissue, the underlying disease
mechanisms of OPG-XL resulting in familial early-onset OA (FOA) phenotype could
be studied in detail. By doing so, we demonstrated that OPG-XL in chondrocytes
resulted in excessive cartilage fibrosis marked by downregulation of MGP, while
OPG-XL in osteoblasts showed high mineralized osseous tissue, accompanied by
upregulation of DIO2 gene expression. By differentiating monocytes from family
members with OPG-XL and healthy aged matched controls to osteoclasts, and
subsequently culturing them on bone, we showed a delayed osteoclastogenesis
with a trend towards more active osteoclast formation in OPG-XL carriers.

Together, our studies demonstrated that generating neo-cartilage from an hiPSC
source is possible and, depending on the protocol, this can result in neo-cartilage
highly similar to primary chondrocytes or neo-cartilage with more hypertrophic
characteristics. This highlights the strength of hiPSC technology not only for
regenerative therapies but also for modelling cartilage diseases. Additionally,
identified OPG co-expression network can now be exploited to further follow-
up on possible novel routes underlying OA pathophysiology. Moreover, by
studying the OPG-XL mutation and the common functions of OPG, we can now
certainly emphasize that OA, a disease traditionally defined by cartilage loss, is
heavily driven by an interplay of chondrocytes, osteoblasts and osteoclasts. The
pleiotropy that OPG-XL showed in each cell indicates how OA treatments can
be beneficial for one tissue while detrimental for another one. This makes OPG
a double-edged sword in OA development that should be carefully monitored
when treating this disease.

OSTEOPROTEGERIN; A ROLE IN COMMON

OSTEOARTHRITIS
TNFRSF11B encoding for osteoprotegerin (OPG) is one of the most consistent
and highly upregulated genes in lesioned OA cartilage (2, 3). Additionally, a

readthrough mutation in this gene introducing 19 extraamino acids in OPG (OPG-
XL) was found in an early onset OA family characterized by chondrocalcinosis.
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High impact causal mutations in extended families with an early onset disease
phenotype are especially relevant since they can direct towards underlying
pathways that might be sharing the same etiology, hence translating its insights
into common OA phenotypes (4-7).

Effects of increased OPG expression in cartilage matrix

By measuring changes of conventional matrix homeostasis and mineralization
genes in Chapter 2 we showed that upregulation of TNFRSF11B resulted in an
increase in cartilage anabolism as measured by the higher expression of COL1A1
and COL2A1 while the fact that COLT0A7 was not increased suggested absence
of hypertrophy (8). Nonetheless, a high MMP13 expression combined with
high RUNX2, POSTN, ASPN and OGN indicated a likely chondrocyte to osteoblast
transition, commonly observed in OA pathophysiology (9, 10). We also showed
that, in cartilage, the well-known TNFRSF11B, TNFRSF11 and TNFSF11A triad
is not responsive to upregulation of TNFRSF11B. This, together with the fact
that TNFSF11 is actually lowly expressed in cartilage and we did not find high
correlation, determined by values higher than r=0.75, between TNFRSF11B with
TNFRSF11A or TNFSF11 expression in cartilage, suggests that the interaction
among the triad in cartilage may not play the same role as in bone.

This is in line with the finding of Komuro et al (11) and Tat et al (12), showing
no alterations in RANK and OPG expression upon adding exogenous RANKL to
chondrocytes. Interestingly, TNFSF11 was revealed as an OA susceptibility gene
in the largest OA GWAS to date (13), but this was not the case of TNFRSF11B and
TNFRSF11A. This confirmed once more that the three partners of the triad have
additional independent functions. Nevertheless, a higher expression of TNFRSF11B
and of TNFSF11 is associated with a worsening of OA status, while TNFSF11 is one
of the higher co-expressed genes to TNFRSF11B in OA bone (14).

Gene expression profiling with co-expression analysis has previously been used
as a powerful method to identify novel co-expression networks of genes (15).
This allows to determine unknown relations between shared pathways that
might be of high relevance to the studied gene and to better study complex
diseases such as OA (16). Moreover, these signature pathways can serve as
potential candidates for diagnosis and the development of novel therapies
against biological processes that might be impaired in the diseased condition
(15). In our RNA sequencing data, we found 51 genes that highly correlated with
TNFRSF11B (r=0.75), representing the co-expression network of TNFRSF11Bin OA
pathophysiology. From this network, the expression of 30 genes was compared
between control hPACs and hPACs overexpressing TNFRSF11B. Despite the high
correlations with TNFRSF11B, notably only eight genes (27%) were found to be
responsive to TNFRSF11B upregulation in our in vitro model (CDON, BMP6, CDH19,
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P3H2, WNT16, SLC16A7, SLCT5A3 and FITM2). This may be explained partly by the
fact that some of the genes are upstream of TNFRSF11B. Alternatively, genes may
be correlated to TNFRSF11B as a general result of ongoing OA disease processes,
since TNFRSF11Bis one of the highest upregulated genes in lesioned OA cartilage
(3). This illustrates that in vitro models are representative for the in vivo situation,
but also have their limitations.

Notable among the TNFRSF11B correlated and highly responsive genes was
BMP6. BMP6 encodes the bone morphogenetic protein 6 and is a member of the
transforming growth factor superfamily. It is known to have a pleiotropic role that
ranges from increasing chondrogenic differentiation potential and proteoglycan
deposition, chondrocyte maturation, osteoclast inhibition, induction of bone ECM
deposition, and OA development (17-22). By performing our unique co-expression
approach we were able to show that BMP6 is strongly upregulated in our model.
Given the known functions of BMP6 in bone formation we hence hypothesize
that it might play a role in driving OA by enhancing chondrocyte to osteoblast
transition. This highlights the strong potential of our approach to detect novel
target genes that otherwise would go unnoticed, and addresses BMP6 and the
other osteogenic markers as possible cartilage OA therapeutic targets.

In conclusion, the particularly high upregulation of MMP13 in combination with
the upregulation of characteristic osteogenic genes RUNX2, POSTN, BMP6, ASPN,
and OGN and in absence of differential expression of the hypertrophic and
mineralization markers COL710A7 and ALPL, demonstrated that TNFRSF11B affects
OA pathophysiology by advancing late stage terminal maturation (23). This
would urge for novel therapies aiming at directly reducing undesired osteogenic
transitions, such as vitamin K supplementation. For that matter, the use of vitamin
K antagonist as anticoagulation therapy has shown an increase in progression of
hip and knee OA, highlighting the importance that vitamin K pathways can have in
OA (24). Therefore, it could be speculated that vitamin K may also be considered
as a possible treatment in the OPG-XL family members, since the function of
MGP is dependent on this vitamin. Likewise, these highly OPG responding genes
might arise as attractive targets for researching its molecular effect and bring into
play novel drug treatments. On the other hand, we were not able to visualize a
mineralization effect at immunohistochemistry or histology levels. This might be
duetothe selected early timepoint(day 7) for evaluating chondrocyte neo-cartilage
deposition towards mineralization of the ECM (25). A later timepoint might have
shown a stronger mineralization at protein level (23, 26). An alternative approach
would be to upregulate of TNFRSF11B in MSCs (27) with subsequent generation
of neo-cartilage. This would likely show an even stronger mineralization effect
including matrix calcification. Ultimately, the lack of changes in expression in the
TNFRSF11Btriad in cartilage suggests it functions differently as in bone, highlighting
more research is needed to understand their function in cartilage.
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hiPSC TECHNOLOGY IN CARTILAGE REGENERATION AND
DISEASE MODELING

hiPSCs provide sustainable and reliable OA relevant tissue organoids while
reduce dependence on joint tissue availability. Additionally, they address the
societal need to reduce, refine and replace the use of animals models (28).
When combined with CRISPR/Cas9 genetic engineering, we can precisely repair
or introduce disease mutations and generate isogenic controls with identical
genetic background to study their particular effect. Nonetheless, hiPSCs have
also shown challenges due to the strong variation in differentiation efficiencies
between lines and a tendency to generate hypertrophic and fibrous matrix (29-
31).In Chapter 3we therefore first assessed the efficiency of hiPSCs neo-cartilage
organoid production as well as its quality as compared to the autologous tissue
by following a step-wise protocol to generate chondrocytes from human iPSC-
derived chondroprogenitor cells (hiCPCs) (32) and a commercial protocol via
human iPSC-derived mesenchymal stromal cells (hiMSCs).

By prioritizing on COL2A1 neo-cartilage gene expression (33), we observed a 79%
success rate for the step-wise protocol via hiCPCs and a 54% success rate for the
commercial protocol via hiMSCs. For that matter, hiMSCs displayed high levels
of heterogeneity in cell morphology and proliferation with respect to each other
whereas classical hBMSC characterization markers associated to trilineage
differentiation potential did not correlate to chondrogenesis success. Although
a 79% success rate is considerable, more research is necessary to improve
expansion of hiCPCs. It could be questioned if prioritization for COL2A1 was the
optimal strategy since COL2A1 is a late chondrogenic marker also expressed in a
wide variety of cells (33).

Next, we compared the quality of the neo cartilage deposited by hiCPCs relative
to human primary chondrocytes (hPACs) and of hiMSCs relative to human bone
marrow mesenchymal stromal cell (hBMSCs) based on a similarity panel of 20
genes related to chondrogenesis, hypertrophy and degradation of cartilage
ECM. For hiCPCs relative to hPAC neo-cartilage we observed a 65% similarity.
For the hiMSCs relative to hBMSCs we observed a similarity of 53%.

These results suggest that the matrix generated by hiMSCs had a hypertrophic
phenotype defined by a high gene expression of COL1A1, ALPL, and MMP13
and low COL2AT. The expression of MMP13 and ALPL would suggest a higher
collagen degradation with a subsequent calcification, characteristic of terminal
chondrogenic differentiation and endochondral ossification (34, 35). A follow-
up strategy could be based on the selection of an earlier chondrogenic marker
such as SOX9. This was recently performed for immortalized adipose-derived
stem cells resulting in an enhanced chondrogenic potential in these cells
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accompanied with low hypertrophy (36, 37). Hence, at its current state, it could
be advocated that hiMSCs are an ideal candidate for studying skeletal diseases in
which endochondral bone formation and hypertrophy are driving mechanisms
(38, 39). Nonetheless, for obtaining high quality neo-cartilage an improvement
of this protocol is still required.

With respect to the step-wise protocol, we can certainly claim that hiCPCs are an
excellent tool for efficiently (79%) producing high quality neo-cartilage (65%). The
main differences between hPAC and hiCPC neo-cartilage are based on a higher
expression of chondrogenic markers and lower hypertrophy in the hiCPCs. This
would make them suitable candidates for production of neo-cartilage implants
as regenerative therapy and drug testing applications. To have a further
translation into the clinic, neo-cartilage generated from hiCPCs should be initially
tested by implantation in animal models (40), and subsequently translated into
humans. Nevertheless, the lack of expansion capacity of hiCPCs arises an issue
that urgently needs to be solved for further translational applications.

Neo-cartilage generation with the current hiMSCs differentiation protocol
requires an optimization of the initial chondrogenic selection process. In
this respect, we observed that during the experiments of Chapter 4, higher
concentrations of cells (750000 cells/pellet) resulted in a more stable cartilage
deposition, similarly to results observed by Diederichs et al (37). Hence, we
advocate that high quality neo-cartilage deposition from hiMSCs requires a higher
cell density (41). Another decisive factor to determine chondrogenic potential
was the cell proliferation rate. This parameter was not quantitatively measured
in our study. Yet, when analyzing the time frame required for cell passaging,
we observed that fast proliferating cells generated a more homogenous neo-
cartilage deposition (unpublished data). This was similar to results shown
by Dexheimer et al (42) and Mareddy et al (43) in BMSCs. Finally, several
compounds can be administered to enhance mesodermal differentiation and
improve successful chondrogenesis yield (44). For instance, Kreuser et al (45)
noticed that an initial WNT/B-catenin pulse by CHIR99021, an essential process
for primitive streak induction, strongly enhanced ECM-related gene expression
markers and chondrogenic pellet formation. On the other hand, WNT inhibition
during hiPSC derived-chondrogenesis showed a better cartilage deposition
(46), altogether, suggesting the timing of activation and inhibition is key. Due
to other hiMSC characteristics such as expansion capacity and trilineage and
immunoregulatory potential, their applications in the regenerative medicine field
will quickly develop. A summary of the different advantages and disadvantages
in hiCPC and hiMSC differentiation and improvement strategies can be found in
Table 1. In the meantime, by virtue of their predisposition for hypertrophy and
endochondral ossification, hiMSCs were selected in this thesis to generate neo-
cartilage from the OPG-XL carriers.
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Table 1. Summary of iMSC and iCPC advantages and disadvantages for regenerative medicine
and disease modeling, and strategies to improve them.

Model Advantages Disadvantages Strategies to improve  Refe-
models rences
iMSCs  Differentiation potential into Cell heterogeneity Higher cell density in neo- (37)
chondrocytes, osteoblasts and cartilage organoids
adipocytes
Higher expansion capacity Longer differentiation Step-wise iMSC generation: ~ (45)
protocol Wnt/B-catenin
Cell storage Hypertrophic cartilage Chondrogenic protocol (46)
adaptation to iMSCs (Wnt
inhibition)
Immunoregulatory potential Optimization of a defined (37)
step-wise protocol; for
instance with an early
chondrogenic reporter line
Exosome applicabilities Selection of highly (43)
chondrogenic-osteogenic
markers on iMSCs based
on for instance cell
proliferation capacity
Selection of highly (47)
chondrogenic-osteogenic
gene expression markers
during chondrogenesis and
osteogenesis
iCPCs  Direct and highly reproducible  Low expansion capacity Improvement of iCPC (33)
chondrogenic differentiation maintenance protocol
Similar neo-cartilage to Quick loss of Filter aggregates depending
primary chondrocytes neo- chondrogenic potential on size
cartilage
Inability to be stored Use of an early (32)

Heterogeneity in visual
aggregate selection and
cell generation

chondrogenic reporter line
to select for chondrogenic
lineages

Low cell heterogeneity
might be beneficial for
chondrogenesis generation

EMPLOYING DISEASE MODELLING USING AN EARLY
ONSET OA MUTATION

In Chapter 4 we applied hiPS-cell derived cartilage and osseous organoid
modelling and CRISPR/Cas9 technology to study the underlying disease
mechanism of a high impact mutation at the CCAL1 locus resulting ina 19 amino

acid elongation of the C-terminal end of OPG (OPG-XL). Specifically, we focused

on the bidirectional pathogenic phenotype of bone loss and articular cartilage
calcification observed in carriers of the mutation (1, 2).
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Clinical examination by DEXA scans of the OPG-XL carriers confirmed osteopenia
while MRI revealed a severe OA phenotype characterized by different degrees
of chondrocalcinosis, osteophytosis, bone marrow lesions and cysts. In order to
explain the bidirectional effect of OPG-XL, osteoclastogenesis was performed
with monocytes from six OPG-XL carriers and matched controls. This revealed
a delayed osteoclast primed state with a tendency towards increased bone
resorptionactivity intime. Due to the rarity of the mutation, primary chondrocytes
and osteoblasts are not easily obtained, demanding other strategies to
investigate OPG-XL in these cells. For this, hiPSCs were generated from a carrier
of the OPG-XL mutation by the LUMC iPSC core facility. Subsequently, hiPSCs
were differentiated into hiMSCs and further towards chondrocytes to explore
neo-cartilage deposition or towards osteoblast for neo-bone formation. Results
were further confirmed in neo-cartilage of hPACs derived from a carrier of the
mutation that during the course of this thesis had a joint replacement surgery,
thus serving as a validation of our hiPSC model.

OPG-XL effect in neo-cartilage and neo osseous organoids

hiPSC-derived neo-cartilage tissue formed by OPG-XL chondrocytes, relative
to isogenic controls, showed a fibrotic histological phenotype without obvious
mineralization but with marked downregulation of COL2AT and, most notable,
of MGP gene expression. As MGP is an inhibitor of ectopic bone formation (48)
and a robust OA risk gene (13, 49) our data demonstrated that OPG-XL directly
affects propensity of chondrocytes to enter a mineralized OA state. hiPSC-derived
neo-osseous tissue formed by OPG-XL mutated osteoblasts relative to isogenic
controls displayed a high calcification as reflected by the prominent Alizarin red
staining concurrent with notable high gene expression of D/O2 and low of TNFSF11
encoding for RANKL. D/O2, encoding type 2 deiodinase enzyme, is essentially
facilitating bone formation and mineralization (50), while the lower expression of
TNFSF11 indicates a direct interaction between OPG-XL and RANKL in bone which
is missing in chondrocytes. By performing RNA sequencing between lesioned and
preserved subchondral bone in our lab (14), TNFSF11 was shown as one of the
genes with highest correlated with TNFRSF11B. This was confirmed in our OPG-XL
model. The strong Alizarin red staining of neo-osseous tissue, concurrent with
DIO2 and MGP upregulation could therefore explain the extensive phenotypic
foci of calcified cartilage observed in OPG-XL carriers. This would suggest that
chondrocalcinosis arises during ongoing OA pathophysiology (51).

OPG-XL effect in osteoclasts

By studying the effects of the OPG-XL mutation in our osteoclast assay, a strong
reduction in osteoclasts with few nuclei in the OPG-XL group was observed.
Nevertheless, when osteoclasts were cultured for longer periods, they showed a
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trendtowardsanincreaseinthenumberofnucleiper cell. Despite the significantly
lower number of osteoclasts with few nuclei, a similar bone resorption activity
was described, hence suggesting a higher osteoclast activity. This was also
supported by expression levels of known osteoclast markers NFATc1, CTSK,
TRAcP and DC-STAMP. Nevertheless, CTX-1 expression per osteoclast did not
show differences between both groups. These data would confirm an initial
priming state of OPG-XL that would delay osteoclast generation, and a tendency
to increase osteoclast activity over time.

In addition to the fact that osteoclastogenesis data demonstrated important
modulatory effects of OPG expression during maturation of monocytes to
osteoclasts, we could link the role of OPG-XL to a dysfunctional in vivo recycling
of osteoclasts via fission of polykaryons and fusion of the recently discovered
osteomorphs during bone resorption (52). In this cycle, osteomorphs are
mobile cells formed after fission of osteoclasts, whereas osteoclasts can be
formed by (re-)fusion of such cells. Importantly, RANKL was found to induce
osteoclast fission, whereas OPG blocked fusion of osteomorphs (53) that upon
withdrawal results in their fusion and a higher osteoclast activity. Hence, it could
be speculated that the higher amount of RANKL due to a dysfunctional binding
of RANKL-HS-OPG-XL would result in a higher osteoclast formation and fission
as observed in the lower numbers of osteoclasts during initial timepoints of
osteoclastogenesis. Consequently, and as a feedback mechanism, RANKL would
decrease, as observed in the neo-osseus organoids, allowing osteomorphs to
fuse. At the same time, dysfunctional OPG-XL would result in a lower inhibition
of osteomorph fusion which would generate osteoclasts with a higher activity
and more nuclei, as observed in our data (Figure 1).

Pleiotropy of OPG-XL

Here, we clearly showed the pleiotropy of OPG-XL in different tissues: cartilage,
bone and osteoclasts. The priming effects caused in osteoclastogenesis and the
lack of response of RANK and RANKL in chondrocytes indicate that OPG has
a broader role than only the well-known common bone resorption processes.
This is highlighted by the contradicting results of OA therapies promoting OPG
overexpression such as strontium ranelate and the data shown in this thesis.
Altogether this suggests a double-edged sword effect of OPG. A coculture
with hiPSC derived osteoblasts, chondrocytes and osteoclasts in a model that
allows crosstalk between the different cells would be essential to understand its
function in the joint tissue. Moreover, a characterization of its binding properties
to HS-RANKL should be investigated.
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With respect to osteoclastogenesis, accumulation of osteomorphs likely
contribute to the FOA phenotype. A better understanding of these cells, together
with a proper characterization of their markers is essential to understand
their role in bone resorption in common OA and more specifically in the FOA
family members. The here described characteristics of OPG are very similar
to those of MGP and appear to be mediated via this protein. Therefore, in
addition to further study OPG, we also propose to investigate the role of MGP in
relation to osteomorph function and more specifically in other systems where
MGP is involved such as in the vasculature system of the OPG-XL carriers. In
the meantime, the robust MGP changes and its contribution to controlling
mineralization and osteoclast generation indicate the potential suitability of this
protein as a therapeutic target for the FOA family members.

FUTURE PERSPECTIVES

During the development of this thesis, hiPSC applicability into disease modeling
and regenerative therapies has seen a sharpen rise. An increase of our
understanding of hiPSC nature, clonal heterogeneity, and tissue differentiation
is further developing by studying these cells and their differentiation potential
at the single cell transcriptomic and epigenetic level (31, 54). Genetic studies of
risk disease genes, especially in GWAS, offer a direct application when combined
with hiPSC technology and genetic engineering strategies such as CRISPR/Cas9.
Hence, particular risk SNPs could be further studied in big cohorts of hiPSC
libraries with defined genetic make-up and translated from in silico approaches
towards in vitro strategies (55). Nevertheless, when studying disease models, we
should take into account the tissue immaturity that would have to be addressed
for studying ageing diseases such as OA (56). Particularly here, the integration
of environmental factors associated with OA, such as mechanical loading,
should be researched (57). Moreover, a novel sense of disease perception in
OA is necessary. As such, OA, a traditionally cartilage degenerative disease, is
gradually progressing to be considered a whole joint disease where an interplay
with osteoblasts and osteoclasts can play a pivotal role in its development. This
thesis clearly shows this by studying OPG and its readthrough mutation. The
effects shown in the likely chondrocyte to osteoblast transdifferentiation and
OA development upon OPG overexpression are in contrast with positive results
observed upon administering strontium ranelate. Additionally, the readthrough
mutation identified in the OPG-XL family members clearly indicated an interplay
between chondrocytes, osteoblasts and osteoclasts where vitamin K treatments
arise as a possible treatment option. This highlights the need in future research
for complex disease models, in which chondrocytes, osteoblasts, osteoclast and
synovial cells can properly interact.
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English summary

Osteoarthritis (OA) is a degenerative disease of the joints characterized by
degradation of cartilage, subchondral bone remodeling, osteophyte formation
and synovial inflammation. Clinically OA is marked by chronic pain, joint
stiffness and disability of patients. OA generally affects hands, hips and knees
and can be influenced by multiple risk factors such as body mass index (BMI),
bone mineral density (BMD), injury and genetics. Currently in the Netherlands
there are approximately 1.2 million people affected by OA and this number is
only expected to increase. As such, the world health organization expects that
by 2050, 15% of the worldwide population over 60 years old will suffer from
OA. As of yet, joint replacement is the only effective therapy, however this is a
very costly procedure that does not guarantee complete recovery. As a result,
it is estimated that 1-2.5% of gross national products is spent in OA related
treatments.

To advance development of effective disease modifying OA treatments, a better
understanding of its pathophysiological mechanisms is necessary. By studying
a family with early onset OA and high cartilage mineralization, a likely causal
mutation in the TNF receptor superfamily member 11b (TNFRSF11B) encoding
for osteoprotegerin (OPG) was identified. This mutation causes a 19 amino acid
extension in the C-terminal domain of OPG (OPG-XL). OPG is a decoy receptor
that competes with receptor activator of the nuclear KB factor (RANK) for the
binding of nuclear factor KB ligand (RANKL). This triad is known for regulating
the formation of osteoclasts, hence playing a critical role in bone remodeling.
Given that TNFRSF11B is also one of the highest upregulated genes in OA
lesioned cartilage as compared to preserved, this gene is likely underlying OA
development and progression but its implication in cartilage homeostasis is as
of yet unknown.

To explore the role of TNFRSF11Bin development of OA, in Chapter 2, TNFRSF11B
was overexpressed in an in vitro cell culture model of neo-cartilage deposited
by chondrocytes of nine patients that underwent joint replacement surgery
due to OA. Subsequently, characteristic markers of OA development and bone
formation were measured. This revealed an upregulation of genes commonly
associated with OA development and matrix turnover, such as MMP13, COL2A1
and COL17A7. Additionally, the consistent higher expression of genes associated
with osteoblast formation and mineralization such as RUNX2, ASPN and OGN,
suggested a chondrocyte to osteoblast transition. Of note, neo-cartilage showed
no changes in expression of the other two members of the: TNFSF17 (RANKL) and
TNFRSF11A (RANK), indicating a difference in the OPG mechanism in cartilage
when compared to its bone counterpart.
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To obtain more information about the intrinsic mechanism of OPG in OA
development, we proceeded to further study the OPG-XL family. For this, we
used induced pluripotent stem cells (iPSCs). iPSCs are embryonic stem cell-like
cells able to differentiate into different tissues, while maintaining the genetic
background of the donor. This makes them an excellent approach for disease
modeling and regenerative therapies. In this thesis, we applied iPSC technology
to generate a stem cell line from skin fibroblasts of a carrier of the OPG-XL
mutation. Since access to cartilage and bone tissue of members of this family
is rare, availability of the iPSCs allowed us to have a renewable source of neo-
cartilage and neo-osseous tissue carrying this mutation for further studies.

Several protocols to generate neo-cartilage from human iPSCs were available.
These protocols followed different developmental routes either by mesenchymal
stromal cell (hiMSC) formation or by generating chondroprogenitor cells (hiCPC).
Yet, the quality of the generated neo-cartilage was unknown. As such, to
determine the best method for neo-cartilage generation for our OPG-XL model,
in Chapter 3 we compared the neo-cartilage generated from both protocols to
neo-cartilage deposited by respectively bone marrow mesenchymal stromal cells
(hBMSCs) and human primary articular chondrocytes (hPACs). Based on a panel
of 20 relevant genes, we showed a 53% similarity between hiMSCs and hBMSCs,
and a 65% similarity between hiCPC and hPACs neo-cartilage. In addition, hiCPCs
neo-cartilage showed a higher expression of markers associated with articular
cartilage matrix deposition, while hiMSCs neo-cartilage was more prone to
hypertrophy. With hypertrophy as a hallmark of OA, this would make hiMSCs
more suited to study cartilage and bone related diseases.

By following the hiMSC approach, we differentiated the hiPSC-OPG-XL line into
neo-cartilage and neo-bone and characterized the effects of the mutation in
Chapter 4. To prove causality, Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR) and CRISPR-associated protein 9 (Cas9) technology was used to
repair the OPG-XL mutation. This technology recognizes and cleavages specific
strands of DNA complementary to the CRISPR sequence, generating an isogenic
control to OPG-XL. This resulted in two CRISPR/Cas9 OPG-XL repaired hiPSC
lines where neo-cartilage and neo-bone tissue were generated. Comparison
between the OPG-XL repaired and OPG-XL tissues revealed that this mutation
had a fibrotic effect in neo-cartilage, while neo-bone tissue had a stronger
mineralization, likely via function of MGP and DIO2 respectively.

Immobilization of secreted OPG on the osteoblast membrane via binding to
heparan sulphate is necessary for RANKL mediated osteoclast inhibition. Since
immobilization results from the C-terminal binding of OPG to heparan sulphate
and the OPG-XL mutant is changed at the C-terminus, we hypothesize that
the effects on MGP and DIO2 might be triggered by interference with binding
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between RANKL, heparan sulphate and OPG. Additionally, osteoclast formation
was studied with monocytes from OPG-XL carriers and matched healthy controls.
This revealed a higher osteoclast activity as measured by gene expression,
despite similar bone resorption levels were observed in culture. To determine
how these results were translated into the OPG-XL carriers phenotype, we
performed MRI and DEXA scans. This revealed a pleiotropy of OPG-XL with
cartilage calcification accompanied by low subchondral bone mineralization,
both hallmarks of OA pathophysiology, and in consonance with the observed
higher osteoclast activity.

Altogether, thisthesis highlights the role of OPGin OAdevelopment by generating
an OPG overexpression system in primary chondrocytes and by studying a
rare mutation in TNFRSF11B. By further generating neo-cartilage, neo-bone
and osteoclasts from the OPG-XL family members, we showed a bidirectional
interplay of OPG-XL characterized by higher bone resorption and higher cartilage
mineralization. Novel treatments for this family and extrapolation to common
OA could be addressed on highly differentially expressed genes such as MGP
and D/O2. Finally, the pleiotropy that OPG-XL showed indicates a beneficial or
detrimental stage depending on the tissue, making OPG-XL, and likely OPG, a
double-edged sword in OA development.
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Nederlandse samenvatting

Artrose (OA) is een degeneratieve aandoening van de gewrichten die wordt
gekenmerkt door afbraak van kraakbeen, subchondrale botremodellering,
osteofytvorming en synoviale ontsteking. Klinisch wordt artrose gekenmerkt
door chronische pijn, gewrichtsstijfheid en invaliditeit van patiénten. OA treft
over het algemeen handen, heupen en knieén en kan worden beinvioed door
meerdere risicofactoren zoals body mass index (BMI), botmineraaldichtheid
(BMD), letsel en erfelijkheid. Momenteel zijn er in Nederland ongeveer 1,2
miljoen mensen met artrose en dit aantal zal naar verwachting alleen maar
toenemen. Als zodanig verwacht de Wereldgezondheidsorganisatie dat in 2050
15% van de wereldbevolking ouder dan 60 jaar aan artrose zal lijden. Tot nu
toe is gewrichtsvervanging de enige effectieve therapie, maar dit is een zeer
kostbare procedure die geen volledig herstel garandeert. Als gevolg hiervan
wordt geschat dat 1-2,5% van het bruto nationaal product wordt besteed aan
OA-gerelateerde behandelingen.

Om de ontwikkeling van effectieve OA-behandelingen te bevorderen, is een beter
begrip van de pathofysiologische mechanismen nodig. Door het bestuderen
van een familie met juvenile artrose en hoge kraakbeenmineralisatie, werd een
vermoedelijkcausalemutatieinhet TNF-receptor-superfamilielid 11b(TNFRSF11B)
dat codeert voor osteoprotegerine (OPG) geidentificeerd. Deze mutatie
veroorzaakt een verlenging van 19 aminozuren aan het C-terminale domein
van OPG (OPG-XL). OPG is een receptor die concurreert met receptoractivator
van de nucleaire KB-factor (RANK) voor de binding van nucleaire factor KB-
ligand (RANKL). Deze triad staat bekend om het reguleren van de vorming van
osteoclasten en speelt daarom een cruciale rol bij botremodellering. Gezien
het feit dat TNFRSF11B ook een van de genen is met de hoogste upregulatie
in kraakbeen met aangedaan een nicht aangedaan kraakbeen, is dit gen
waarschijnlijk de oorzaak van de ontwikkeling en progressie van OA, maar de
implicatie ervan in kraakbeenhomeostase is tot nu toe onbekend.

Om de rol van TNFRSF11B in de ontwikkeling van artrose te onderzoeken,
werd TNFRSF11B in Hoofdstuk 2 tot overexpressie gebracht in een in vitro cel
model van neo-kraakbeen afgezet door chondrocyten van negen patiénten
die een gewrichtsvervangende operatie ondergingen vanwege artrose.
Vervolgens werden karakteristieke markers van OA-ontwikkeling en botvorming
gemeten. Dit liet een opregulatie zien van genen die gewoonlijk worden
geassocieerd met OA-ontwikkeling en matrixomzetting, zoals MMP13, COL2A1
en COL7A1. Bovendien suggereerde de consistente hogere expressie van genen
geassocieerd met osteoblastvorming en mineralisatie zoals RUNX2, ASPN en
OGN, een overgang van chondrocyten naar osteoblasten. Opmerkelijk was dat
neo-kraakbeen vertoonde geen veranderingen in expressie van de andere twee
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leden van de triad: TNFSF11 (RANKL) en TNFRSF11A (RANK). Dit wijst erop dat een
verschil bestaat in het OPG-mechanisme in kraakbeen in vergelijking met bot.

Om meer informatie te verkrijgen over het intrinsieke mechanisme van OPG
bij de ontwikkeling van artrose, gingen we verder met het bestuderen van de
OPG-XL-familie. Hiervoor gebruikten we geinduceerde pluripotente stamcellen
(iPSC's). iPSC's zijn stamcelachtige cellen afkomstig van gespecialiseerde cellen
die weer in staat zijn om te her-specialiseren in verschillende weefsels, terwijl
de genetische achtergrond van de donor behouden blijft. Dit maakt ze tot een
uitstekende benadering voor ziektemodellering voor ziektemodellering voor het
ontwikkelen van (regeneratieve) therapieén. In dit proefschrift hebben we iPSC-
technologie toegepast om een stamcellijn te genereren uit huidfibroblasten
van een drager van de OPG-XL-mutatie. Aangezien toegang tot kraakbeen en
botweefsel van leden van deze familie zeldzaam is, stelde de beschikbaarheid
van de iPSC's ons in staat om een hernieuwbare bron van neo-kraakbeen en
neo-bot weefsel te genereren dat deze mutatie draagt voor verder onderzoek.

Er waren verschillende protocollen beschikbaar om neo-kraakbeen uit
menselijke iPSC's te genereren. Deze protocollen volgden verschillende
ontwikkelingsroutes, hetzij door vorming van mesenchymale stromale cellen
(hiMSC) of door chondroprogenitorcellen (hiCPC) te genereren. Toch was de
kwaliteit van het gegenereerde neo-kraakbeen in vergelijking met articulair
kraakbeen onbekend. Om de beste methode voor het genereren van neo-
kraakbeen voor ons OPG-XL-model te bepalen, vergeleken we in Hoofdstuk 3
het neo-kraakbeen gegenereerd uit beide protocollen met neo-kraakbeen
afgezet door respectievelijk mesenchymale stromale beenmergcellen (hBMSCs)
en humane primaire articulaire chondrocyten (hPAC's). Op basis van een
panel van 20 relevante genen toonden we een overeenkomst van 53% tussen
hiMSC's en hBMSC's, en een overeenkomst van 65% tussen hiCPC en hPAC's
neo-kraakbeen. Bovendien vertoonde het neo-kraakbeen van hiCPC een hogere
expressie van markers geassocieerd met kraakbeen, terwijl het neo-kraakbeen
van hiMSC meer vatbaar was voor hypertrofie. Aangezien hypertrophy een
belangrijk aspect is van het atrose process, meer geschikt van hiMSCs is om
kraakbeen- en botgerelateerde ziekten te bestuderen.

Door de hiMSC-benadering te volgen, hebben we de hiPSC-OPG-XL-lijn
gedifferentieerd in neo-kraakbeen en neo-bot en de effecten van de mutatie
in Hoofdstuk 4 gekarakteriseerd. Om causaliteit van de mutatie te bewijzen,
hebben we Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)
en CRISPR- geassocieerde eiwit 9 (Cas9) technologie gebruikt om de OPG-XL-
mutatie te herstellen. Deze technologie herkent en splitst specifieke DNA-
strengen die complementair zijn aan de CRISPR-sequentie, waardoor de perfecte
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isogene controle voor OPG-XL wordt gegenereerd met identieke genetische
achtergrond. Dit resulteerde in twee CRISPR/Cas9 OPG-XL gerepareerde
hiPSC-lijnen waarvan neo-kraakbeen en neo-botweefsel werd gegenereerd.
Vergelijking tussen de OPG-XL herstelde en OPG-XL weefsels toonde aan dat
deze mutatie een fibrotisch effect had in neo-kraakbeen, terwijl neo-botweefsel
een sterkere mineralisatie had, waarschijnlijk via functie van respectievelijk MGP
en DIO2.

Immobilisatie van uitgescheiden OPG op het osteoblastmembraan via
binding aan heparansulfaat is noodzakelijk voor RANKL-gemedieerde
osteoclastremming. Aangezien immobilisatie het gevolg is van de C-terminale
binding van OPG aan heparansulfaat en de OPG-XL-mutant aan de C-terminus is
veranderd, veronderstellen we dat de effecten op MGP en DIO2 kunnen worden
veroorzaakt door interferentie met binding tussen RANKL, heparansulfaat en
OPG. Daarnaast werd osteoclastvorming bestudeerd met monocyten van
OPG-XL dragers en gematchte gezonde controles. Dit onthulde een hogere
osteoclastactiviteit zoals gemeten door genexpressie, ondanks dat vergelijkbare
botresorptieniveaus werden waargenomen in kweek. Om te bepalen hoe
deze resultaten werden vertaald in het OPG-XL-dragerfenotype, hebben we
MRI- en DEXA-scans uitgevoerd. Dit onthulde een pleiotropie van OPG-XL
met kraakbeenverkalking vergezeld van lage subchondrale botmineralisatie,
beide kenmerken van OA-pathofysiologie, en in overeenstemming met de
waargenomen hogere osteoclastactiviteit.

Almetal belichtditproefschriftderolvan OPGin de ontwikkelingvan artrose door
het genereren van een OPG-overexpressiesysteem in primaire chondrocyten en
door het bestuderen van een zeldzame mutatie in TNFRSF11B. Door verder neo-
kraakbeen, neo-bot en osteoclasten van de OPG-XL-familieleden te genereren,
toonden we een bidirectioneel effect van OPG-XL aan, gekenmerkt door hogere
botresorptie en hogere kraakbeenmineralisatie. Nieuwe behandelingen voor
deze familie en extrapolatie naar gewone artrose zouden kunnen worden
aangepakt op sterk differentieel tot expressie gebrachte genen zoals MGP en
DIO2. Ten slotte wijst de pleiotropie die OPG-XL liet zien op een gunstig of nadelig
stadium, afhankelijk van het weefsel, waardoor OPG-XL, en waarschijnlijk OPG,
een tweesnijdend zwaard is in de ontwikkeling van OA.
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