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Chapter 8

Summary

Osteoarthritis (OA) is a distressing age-related degenerative condition. Despite the societal
and economic burden that OA puts on society, there are currently no effective evidence based
disease-modifying therapies. This strikingly tempered advancement in evidence based treatment
development for OA is particularly caused by the complex OA pathophysiology which involves
many age-related processes such as cellular senescence.

Chapter overview
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Delineating senescence endotypes
in OA cartilage and blood
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Figure 1 - Thesis overview. This thesis is divided into three parts. In the first part, composing of chapter 2, we
characterize senescence in post-mitotic chondroctytes using OA cartilage. Here, we hypothesize the presence of two
senescence endotypes in OA cartilage and blood. In the second part, composing of chapters 3-5, we develop and
characterize models for OA. More specifically, in chapter 3, models representing different aspects of senescence are
created in ex vivo osteochondral explants. In chapter 4, 3D morphological changes induced by senescence and hyper
physiological mechanical loading in these ex vivo osteochondral explants are characterized using synchrotron scanning
microscopy. In chapter 5, a joint-on-a-chip model is developed to study the bone-cartilage interface. In the last part
of this thesis, composing of chapter 6 and 7, we test targeting underlying OA pathways as proof of concept studies. In
chapter 6, the anti-senescence properties of NF157 are tested. In chapter 7, a preclinical testing strategy for underlying
OA processes is proposed utilizing the miniaturized neo-cartilage organoid model and the biomimetic osteochondral
explants. Created with Biorender.
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The goal of this thesis was to investigate the role of senescent chondrocytes in the development of
OA and to take a step towards matching senescence therapies for OA patients (Figure 1). Exploring
senescence transcriptomic profiles in cartilage in chapter 2 resulted in two senescence endotypes
highlighting heterogeneity upon environmental stressors throughout life. Subsequently, we found
two corresponding blood biomarkers metabolic profiles that could function as non-invasive
biomarkers, reflecting body wide intrinsic, subject specific, survival strategies. On the road towards
utilizing senescence treatments for OA patients, in chapter 3 we first developed human senescence
models using hyper physiological mechanical loading and ionizing radiation, creating a SASP
model, a cell cycle arrest model and a complementary senescence model while also optimizing
a high-throughput senescence neo-cartilage organoid model. In chapter 4 we explored the use of
high energy imaging to detect subtle 3D structural cellular and matrix changes in the cartilage of
osteochondral explants upon senescence inducing perturbations ionizing radiation and/or hyper
physiological mechanical loading. Diving further into the development of representative models
for OA, in chapter 5 a joint-on-a-chip model to allow study of the bone cartilage interface was
introduced. Further advancing towards proof-of-concept studies, in chapter 6 we revealed anti-
senescence properties of NF157 in our senescent models. Lastly, focusing on drug development
strategies for OA, in chapter 7 we exploited a high-throughput neo cartilage model as a widely
applicable preclinical drug screening platform for OA-related terminal maturation. While we
exploited the biomimetic human osteochondral models as a validation model for this screening
platform. As a proof of concept, we tested three compounds against terminal maturation in these
models.

Discovery of senescence-OA endotypes in ar-
ticular cartilage

Heterogeneity in OA presents a significant challenge for researchers, whether they are focused
on drug development, model development, or predictive biomarkers. The consensus is that
OA is a complex and heterogeneous disease, and the biggest challenge in OA drug discovery is
translating preclinical findings to the clinic.! To increase the success of potential OA-reversing
drugs, robust molecular endotypes need to be characterized to move beyond the “one treatment
fits all” strategy and ensure the right patient receives the right medication.? Tackling this problem
requires the development of more effective endotype-directed therapies. An important first step
herein is to characterize molecular endotypes. In this respect, in chapter 2 we characterized
two senescence endotypes in relevant OA disease tissue, cartilage. Senescence endotype 1 was
characterized by cell proliferating pathways, with possible treatment in FOXO mediated cell
cycle processes by targeting FOXO4. Senescence endotype 2 was characterized by inflammatory
processes with SASP pathways as possible treatment options by targeting MMPs. Our results gave
insight into the heterogeneity of senescence in aged OA cartilage. To find out the robustness of our
senescence OA endotypes, we compared our endotypes with other previously found OA subtypes.
Coutinho (2020), previously defined two OA subtypes, where genes enriched in cluster A showed
upregulation of small molecular metabolic processes and genes involves in extracellular matrix
and cluster B showed an upregulation of an chemokine profile and genes involved in immune
system processes. * We found that patients of our SASP endotype overlaps 100% with cluster B,
the chemokine endotype. This implies that these patients indeed express a senescence-orientated
intrinsic survival strategy. On a different note, two studies using biochemical markers in serum
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and urine both showed the presence of three OA subtypes, a cartilage turnover, inflammatory and
a structural damage subtype. * While these subtypes are based on serum and urine biochemical
markers, they show similarities with our cartilage senescence endotypes and corresponding
metabolomic profiles in the circulation. Not only support the serum and urine OA subtypes the
robustness of our cartilage-based senescence endotypes, they also support that these endotypes
reflect an intrinsic, subject specific, survival strategy of body wide tissues. These results indicate
that these OA patients not only show a difference in senescence profile but rather in their complete
transcriptome and it is important to stratify for patients transcriptome profiles when looking for
possible treatment options.

Senescence is considered a heterogeneous cellular strategy to avoid cell death in response to
environmental stressors and is classically defined by permanent cell cycle arrest and a SASP
profile. % This cell cycle arrest is induced by the expression of cell cycle inhibitors p16, encoded
by CDKN2A and p21, encoded by CDKNI1A, both often used to indicate senescence. ®° Although
cell cycle arrest is a key marker of senescence, postmitotic cells like chondrocytes also undergo
cellular senescence. In postmitotic cells, the specific role of cell cycle arrest induced by CDKN2A
and CDKNIA poorly understood”*", or even simply ignored'>"® and the classical phenotype with
the cell cycle arrest markers such as CDKN2A may not hold. As part of our ongoing efforts to
understand the senescence profiles of post-mitotic cells like chondrocytes, we further examined
how chondrocytes respond to senescence perturbations in preclinical ex vivo osteochondral
explant models. Our data in chapter 3 showed that ionizing radiation in macroscopically normal
aged cartilage induced particularly cell-cycle arrest senescence with affected genes e.g. CDKNIA
and MKI67, and hyper physiological mechanical loading induces a SASP profile with affected genes
e.g. IL6 and IL8, while CDKN2A remained unaffected. When connecting the found senescence
regulatory genes of chapter 3 with the senescence molecular endotypes of chapter 2, we found
similar senescence patterns. Molecular endotype 1 showed a decrease of differentially expressed
MKI67 while CDKN2A remained unaffected. Similar as perturbating the aged osteochondral
explants with radiation. Molecular endotype 2, the SASP endotype, showed upregulation of
many SASP factors, amongst which IL6 and IL8, similar as perturbating the aged osteochondral
explants with hyper physiological mechanical loading (Figure 2). CDKNIA however, was slightly
higher expressed in endotype 2, indicating that this marker is representative for all senescence
endotypes. For patients expressing a SASP endotype, the anti-senescence compound NF157 that
targets the SASP profile, tested in chapter 6 could prove to be a potential therapy.

In conclusion, it is tempting to speculate that patients expressing senescence endotype 2 exhibit
SASP responses primarily as a consequence of excessive mechanical loading. The prominent
role of inflammatory markers in senescence endotypes, particularly molecular endotype 2,
raises the question whether the observed inflammation is attributable to OA pathogenesis or to
the SASP. Notably, several SASP components analyzed in this study, including IL6 and IL8, are
not differentially expressed in OA tissues during disease progression but are notably responsive
to senescence perturbations. #15 This suggests that the observed inflammatory responses are
more likely driven by the SASP rather than by OA-associated inflammation. The characterization
of body-wide senescence endotypes of OA patients in chapter 2, gives us more insight into the
disease pathogenesis and molecular endotypes that will allow for more effective endotype-directed
therapies.
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Figure 2 - Schematic depiction that excessive mechanical loading leads to an increase of SASP in the cartilage. Identified
using gene expression profiles of OA cartilage in chapter 2 combined with the experimental data of the osteochondral
model perturbed with hyper physiological mechanical loading in chapter 3. Created with Biorender.

Biomarkers delineating senescence in OA

Besides characterization of molecular endotypes in OA, important is also the development of non-
invasive biomarkers that can delineate these molecular endotypes in a clinical setting. However,
using biomarkers as clinical predictors, preferably non-invasive, requires accuracy, sensitivity,
and specificity, which is currently lacking. Therefore, in chapter 2 we set out to explore the use of
metabolites as blood-based biomarkers to identify specific cartilage transcriptomic patterns. Using
a similar unsupervised hierarchical method, we found two corresponding metabolomic profiles
in blood. Since these two metabolomic profiles correspond to the two senescence endotypes in
cartilage, it is tempting to speculate that these senescence endotypes are body wide represented,
suggesting the importance of senescence during aging. These metabolite profile measurements
were part of the large DuSRA-VOILA consortium. This consortium focuses on improving health
and vitality during aging rather than increasing longevity. One of its goals is to understand
individual risks of accelerated aging by predicting responses based on metabolite health, which
is linked to the risk of cardiovascular events, type 2 diabetes mellitus, and vascular mortality.!¢
When examining the senescence endotypes with two different blood-metabolite profiles, we do
not observe a difference in these metabolite health scores, indicating no overall difference in
metabolite health (results not shown). '’

Nonetheless, to use these metabolite markers as clinical diagnostic biomarkers, we considered
it essential to first identify the metabolites that define the two endotypes using methods such as
LASSO regression. To enhance the robustness of diagnostic biomarkers, they should encompass
multiple omics levels, including genomics, transcriptomics, proteomics, and metabolomics.
There are many advantages of biomarkers that span multiple omics levels, for example they give
a fuller picture of the disease state, can be cross-validated across multiple omics levels, decreases
background noise by increasing the signal to noise ratio. This multi-omics approach provides a
robust framework for early detection, comprehensive disease profiling, and the advancement of
precision medicine. Previously, circulating miRNAs were used to delineate the OA disease progress,
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revealing the interplay of circulating miRNAs and mRNA expression in OA cartilage.'® Therefore,
we set out to explore circulating miRNAs as potential biomarkers in addition to the metabolites.
Our work in chapter 2 shows the possibility of using blood biomarkers for senescence subtypes

present in OA tissue.
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Figure 3 - Schematic depiction of the different models available for drug discovery. Showing increased complexity of the
models from left to right. Created with Biorender.

Human cartilage models for drug discovery

Discovery and generation of effective therapeutic treatments are crucial, where preclinical models
provide the foundation and are key for successful and impactful outcomes. Irrespective of the fact
that there is an increasing societal wish to reduce, refine and replace animal studies, the animal
model is still considered the golden standard and is legally required for entering the phase I clinical
trial stage. Partially due to the limited number of human measurement models that have been
validated and accepted in healthcare research. ” These human measurement models provide a
controlled and reproducible environment to study changes due to senescence. However, they often
entail proliferation of monolayer chondrocytes in in vitro cell culture models using primary cells
or even cell lines (Figure 3) and do not necessary reflect the senescence situation in vivo. There are
two ways to induce senescence in these in vitro experiments, by excess proliferation or by excess
doses of environmental stressors like irradiation, oxidative stress or oncogenic stress. 2 Although
these models can provide basic information into cellular responses, they lack physiological
relevance at the tissue or patient level. 2 In this thesis we therefore built on our previously
established human ex vivo explant models # and neo-cartilage organoid model of primary joint
tissue cells . These models were already equipped with different OA-related perturbations 2* and
OA risk genes #. Therefore, we here set out on one hand to exploit the human ex vivo explant
models to study in depth cellular senescence of the postmitotic chondrocytes and subchondral
bone. While on the other hand we miniaturized the neo-cartilage organoid model of primary joint
tissue cells accommodate scalable preclinical screening of multiple conditions.
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Exploring senescence in human ex vivo osteochondral models

In order to reduce animal-based research in senescence and OA, we explored the previously
established OA ex vivo osteochondral explant model (Figure 3). % This model maintains the native
complexity of the cartilage and bone interface and biomechanical and biochemical properties
of the tissues, which is needed for accurate predictability for humans. By applying OA and
senescence-relevant triggers, hyper physiological mechanical loading and ionizing radiation, to
osteochondral explants, in chapter 3 we created three biomimetic senescence models that can
function as senescence-OA models. This ex vivo model is known to have a high donor variability,
which could also be an advantage since it represents the heterogeneity within OA, highlighting that
osteochondral explants closely mimic the in vivo situation. Since much OA research is focused on
cartilage development, changes in bone are often neglected. Advantage of this ex vivo model is the
inclusion of the subchondral bone, allowing bone-cartilage crosstalk. In this respect, we observed
the presence of consistent SASP markers, IL6 and SERPINEI, as well as tissue specific SASP
markers, where IL8 was specific for cartilage and MMP13 for bone. Additionally, our data showed
that bone responds stronger with a cell cycle arrest profile to the senescence perturbations with
upregulation of CDKN2A, probably because bone contains mitotic cells in contrast to cartilage.
Therefore it is of interest to further explore how bone influences senescence in cartilage during
OA, preferably in the osteochondral explants.

Combining hyper physiological mechanical loading and ionizing

radiation

The radiation and hyper physiological mechanical loading perturbed models separately show
distinct features of senescence, while combining the perturbations by subjecting the explants
firstly to radiation followed by hyper physiological mechanical loading showed a complementary
senescence response with aspects of both cell cycle arrest and SASP. Many studies report an
important cell cycle arrest role of CDKN2A, however these studies report on chondrocyte behavior
in monolayer cell culture and mice models. **>?” This highlights the importance to study senescence
in the right models. When looking at the effect of the disease relevant triggers, we observed a
central role for CDKNIA in chondrocyte senescence while CDKN2A remained unresponsive. We
hypothesize that while chondrocytes are post-mitotic cells, they retain the ability to re-enter into
the cell cycle. This ability is no longer available when a chondrocyte becomes senescent, controlled
particularly by CDKNIA. Henceforth, the cells are no longer cope with environmental stressors,
giving rise to age-related diseases like OA. In this respect, it is vital to explore senescence during
OA in disease-relevant models like the human aged osteochondral explant model.

High-energy 3D cartilage imaging as tool to quantify damage in car-
tilage

With the development of the human explant models to study cellular senescence of joint tissues,
we observed difficulties in characterizing morphological changes of senescent chondrocytes. It
remained elusive how senescence affects the 3D morphological structures of chondrocytes because
conventional histology is limited to 2D imaging while CT and MRI lack the required resolution to
image cellular changes. %%
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As an answer, in chapter 4, we explored 3D morphological changes of chondrocytes in respect to
mechanical loading and senescence by performing synchrotron imaging on our human explant
models. Our data showed that this technique is sensitive enough to distinguish cellular and matrix
changes evoked by environmental stressors such as hyper physiological mechanical loading.
Moreover, this technique allowed for study of individual cells and matrix components as well
as general changes in the zonal structure of cartilage. We showed that applying disease-relevant
hyper physiological mechanical loading to the osteochondral explants resulted in an increase
of empty lacunae and a drop in cell numbers, indicating apoptosis. While inducing senescence-
associated cell cycle arrest by firstly applying radiation, as shown in chapter 3, followed by
hyper physiological mechanical loading prevented these changes. Simultaneously, we observed
an increase of chondrocyte cell size, a marker of senescence. This could mean that senescent
chondrocytes can no longer respond to environmental stressors. Since senescent chondrocytes
accumulate with age, this could lead to age-related diseases like OA.

While this data shows the potential of high-energy synchrotron imaging to visualize 3D
morphological changes in cartilage, in order to increase statistical power and limit the donor-
dependent effect, multiple donors need to be analyzed. Additionally, to gain a full image of the
changes in cartilage and bone during OA (-related senescence), analysis of this imaging technique
should be extended to allow study of the bone tissue of the osteochondral explants.

Targeting senescence processes underlying OA as proof of concept

studies

To assess the ability of our biomimetic senescence ex vivo models for validation of senescence
compounds as OA treatment, in chapter 6, we tested the anti-senescence properties of NF157. Our
results showed that incubation with NF157 resulted in a diminished SASP profile in the senescence
models and an overall reduction of senescent cells as visualized by the senescence staining. We
highlighted the importance of calcium homeostasis in chondrocyte health and during loading
by suggesting a potential mode of action of NF157 (Figure 4), indicating an important role of
mitochondria in senescent chondrocytes. Therefore, further research could entail the knockout
of dysfunctional mitochondria.

The large role of dampening the SASP profile in the working mechanisms of NF157, together with
the fact that mechanical loading increases the SASP profile in the osteochondral explant found in
chapter 3 and the presence of a SASP-endotype among OA patients in chapter 2, highlights the
important role of the SASP profile in chondrocyte senescence and as a potential treatable target.

Human in vitro neo-cartilage organoid model of primary joint tissue

cells

While the human ex vivo osteochondral explant models are suitable to reliably study complex OA-
related processes, they have alimited throughput, are time consuming, and require much material.
As an answer to these issues, we showed the potential of miniaturizing the in vitro neo-cartilage
organoid model to allow fast study for many OA-related processes. In chapter 3, we demonstrated
the use of this high-throughput model for senescence by applying ionizing radiation, and in chapter
7 for terminal maturation by incubating with T3. However, before applying this model for multiple
underlying OA processes, it needs to be further optimized, by including for example mechanical
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Figure 4 - Schematic depiction how P2Y11 purigenic receptor can lead to chondrocyte senescence and the NF157
target in this pathway. Mechanical loading activates Piezol, increasing the intracellular calcium concentration. This
in turn activates the release of ATP content via Connexin 43, which causes an upregulation of purigenic receptors,
among which P2Y11. These receptors trigger a calcium release from the endoplasmic reticulum that accumulates in
the mitochondria. This calcium excess in the mitochondria triggers the activation of ROS that affects gene expression
and upregulates the p21/p53 pathway leading to senescence. NF157 is a PrY11 receptor antagonist and prevents calcium
release from the endoplasmic reticulum. ATP: adenosine triphosphate, Cx43: Connexin 43, P2Y11: P2Y purinoceptor
11, PLC: phospholipase C, IP,: inositol-1,4,5-trisphosphate, ER: Endoplasmic reticulum, Ca*: Calcium, ROS: reactive
oxygen species. Created with Biorender.

loading to be able to study the complementary senescence model. However, the bone-cartilage
interface as well as the underlying bone play an important role during OA. Nonetheless, these in
vitro organoid models do not accommodate interaction processes. Therefore, the high-throughput
3D model should also be developed for bone tissues to allow screening in a high-throughput bone
model.

Targeting underlying processes of OA as proof of concept studies

In chapter 7 we presented a potential drug testing strategy for compounds targeting thyroid-
associated OA. We explored the role of thyroid signaling in OA-related terminal maturation which
was previously identified as important process during OA pathophysiology ** and tested potential
drugs targeting terminal maturation in two model systems. The initial findings of the high-
throughput screening model were validated in the biomimetic explant model. Our results suggest
that targeting the thyroid hormone receptor reverses the detrimental hypertrophic effects during
OA.
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However, more importantly, we showed the workings of a drug testing strategy that can be applied
for processes underlying OA, like senescence. Before application for multiple OA processes the
high-throughput model needs to be further optimized, by including for example mechanical
loading to be able to study the complementary senescence model and by using hiPSCs as a stable
cell source.

Modelling the bone-cartilage interface using joint-on-a-chip plat-

form with primary joint tissue cells

While this (high-throughput) neo-cartilage organoid model represents a relatively simple 3D
model, which allows for real-time high-throughput readout and imaging, it lacks complexity
needed for accurate human predictions. An answer to this are joint-on-a-chip platforms, which
allows the interaction of multiple tissues present in the joint (Figure 3). In chapter 5, we showed
the development of a joint-on-a-chip model which allows study of the hydrogel-free bone-cartilage
interface. We showed the possibility of using multiple read-outs, on RNA and protein level for
this model. This model should be further optimized to allow study of underlying processes, by
applying OA-related perturbations like mechanical stimulation or induce senescence using
ionizing radiation.

All these models have their advantages and disadvantages and which model to use depends on the
specific research questions and objectives. Therefore, rather than choosing one specific research
model, in chapter 7, we propose a pre-clinical treatment strategy for potential drug candidates by
using the high-throughput in vitro neo-cartilage organoid model, composing thus far of primary
human chondrocytes, as pre-screening model and the biomimetic osteochondral ex vivo model as
validation model.
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Figure 5 - Overview of the interaction between senescence and osteoarthritis. Aging leads to increased DNA damage
in post-mitotic chondrocytes, which accumulates over time and promotes senescence via the CDKNIA pathway.
Upon exposure to environmental stressors such as excessive mechanical loading, these senescent cells responds with
increased SASP secretion, making the cartilage prone to age-related diseases like OA. Created with Biorender.

164



General discussion and future perspective

Future perspectives for senescence in cartilage
during OA

In this thesis we highlighted the importance of senescence during OA and in aged tissue. We show
the importance of using the right models to define and to test compounds against senescence,
especially among post-mitotic cells. From our exploration in the molecular profiles of OA cartilage
and the testing in aged human models, we propose the importance of p21, encoded by CDKNIA,
rather than p16 in senescent chondrocytes (Figure 5). This stresses the importance of using tissue
specific markers and representative models to indicate senescence, especially in the case of post-
mitotic cells, and not to use generic markers to indicate body wide senescence.

Senescent cells accumulate with age. **? This is also visible in aged cartilage with a high level
of senescence staining in unaffected aged cartilage of OA patients, as seen in chapter 3. When
we look at the influence of senescence later in the OA development, we observed that both cell
cycle arrest markers as SASP markers are mostly unaffected and other processes, like apoptosis
and vascular ingrowth®, play a vital role in the pathophysiology. This stresses the vital role of
senescence during the onset of OA rather than the end-stage development of OA. Following this,
we hypothesize senescence plays a vital role during the onset of OA rather than at the end-stage
of OA. As shown in chapter 3 and 4, these dysfunctional senescent chondrocytes present in aged
cartilage are no longer able to respond to environmental stressors, such as mechanical loading,
and express a harmful SASP phenotype, making the cartilage prone age-related diseases like OA
(Figure 5). However, more research is needed into the role of senescence as inducer of OA, starting
with assessing in vivo markers of senescence, particularly CDKNIA. The human biomimetic
ex vivo senescence models that also represent the molecular endotypes could be the answer to
understanding and targeting chondrocyte senescence in OA. These biomimetic models will allow
for better translational of pre-clinical studies to clinical output and less animal testing.

The initial role of senescence in OA and the fact that there are many therapeutic options available
for senescent cells, makes it a promising therapeutic target. However, previous failed clinical
trials, like the failed phase II clinical trial of UBX010134, teaches us that it is important to use
the right models for the right application. Therefore, to facilitate successful development and
testing of OA drugs, firstly, the heterogeneous OA populations needs to be taken into account and
stratification is needed during drug discovery work and treatments. Secondly, the right human
models needs to be used instead of animal models, to accurate study the mechanisms of processes
underlying the OA pathophysiology in humans. Since there is currently not one specific model
that can replace animal models, in this thesis we propose a drug testing strategy, starting with a
relatively simple but fast model which should be followed up with validation in a complex model.
These developments stimulate and highlight the value in using a personalized medicine approach
rather than the ‘one drug fits all’ approach that is currently being used.

165




Chapter 8

References

10

11

12

13

14

15

16

17

18

166

Mobasheri, A. & Loeser, R. Clinical phenotypes, molecular endotypes and theratypes in OA therapeutic
development. Nature Reviews Rheumatology (2024). https://doi.org:10.1038/s41584-024-01126-4

Karsdal, M. A. et al. Osteoarthritis - a case for personalized health care? Osteoarthritis and Cartilage 22, 7-16
(2014). https://doi.org:10.1016/j.joca.2013.10.018

Coutinho De Almeida, R. et al. Identification and characterization of two consistent osteoarthritis
subtypes by transcriptome and clinical data integration. Rheumatology (2020). https://doi.org:10.1093/
rheumatology/keaa391

Meulenbelt, I. et al. Clusters of biochemical markers are associated with radiographic subtypes of
osteoarthritis (OA) in subject with familial OA at multiple sites. The GARP study. Osteoarthritis Cartilage
15, 379-385 (2007). https://doi.org:10.1016/j.joca.2006.09.007

Angelini, F. et al. Osteoarthritis endotype discovery via clustering of biochemical marker data. Annals
of the Rheumatic Diseases 81, 666-675 (2022). https://doi.org:10.1136/annrheumdis-2021-221763

Coryell, P. R., Diekman, B. O. & Loeser, R. F. Mechanisms and therapeutic implications of cellular
senescence in osteoarthritis. Nat Rev Rheumatol 17, 47-57 (2021). https://doi.org:10.1038/s41584-020-
00533-7

Jeon, O. H., David, N., Campisi, J. & Elisseeff, J. H. in Journal of Clinical Investigation Vol. 128 1229-1237
(American Society for Clinical Investigation, 2018).

Wagner, K.-D. & Wagner, N. The Senescence Markers pl6INK4A, pl14ARF/p19ARF, and p21 in Organ
Development and Homeostasis. Cells 11, 1966 (2022). https://doi.org:10.3390/cells11121966

Jeon, O. H. et al. Local clearance of senescent cells attenuates the development of post-traumatic
osteoarthritis and creates a pro-regenerative environment. Nat Med 23, 775-781 (2017). https://doi.
org:10.1038/nm.4324

Coryell, P. R., Diekman, B. O. & Loeser, R. F. Mechanisms and therapeutic implications of cellular
senescence in osteoarthritis. Nature Reviews Rheumatology 17, 47-57 (2021). https://doi.org:10.1038/s41584-
020-00533-7

Sapieha, P. & Mallette, F. A. Cellular Senescence in Postmitotic Cells: Beyond Growth Arrest. Trends Cell
Biol 28, 595-607 (2018). https://doi.org:10.1016/j.tch.2018.03.003

Kirsch, V., Ramge, J.-M., Schoppa, A., Ignatius, A. & Riegger, J. In Vitro Characterization of Doxorubicin-
Mediated Stress-Induced Premature Senescence in Human Chondrocytes. Cells 11, 1106 (2022). https://
doi.org:10.3390/cells11071106

Huang, Y., He, Y., Makarcyzk, M. J. & Lin, H. Senolytic Peptide FOXO4-DRI Selectively Removes
Senescent Cells From in vitro Expanded Human Chondrocytes. Front Bioeng Biotechnol 9, 677576 (2021).
https://doi.org:10.3389/fbhioe.2021.677576

Boone, L. et al. Identified senescence endotypes in aged cartilage are reflected in the blood metabolome.
GeroScience (2023). https://doi.org:10.1007/s11357-023-01001-2

Ramos, Y. F. M. et al. Genes Involved in the Osteoarthritis Process Identified through Genome Wide
Expression Analysis in Articular Cartilage; the RAAK Study. PLoS ONE 9, 103056 (2014). https://doi.
org:10.1371/journal.pone.0103056

Deelen, J. et al. A metabolic profile of all-cause mortality risk identified in an observational study of
44,168 individuals. Nature Communications 10 (2019). https://doi.org:10.1038/s41467-019-11311-9

Van Den AkKker, E. B. et al. Metabolic Age Based on the BBMRI-NL <sup>1</sup> H-NMR Metabolomics
Repository as Biomarker of Age-related Disease. Circulation: Genomic and Precision Medicine 13, 541-547
(2020). https://doi.org:10.1161/circgen.119.002610

Coutinho De Almeida, R. et al. RNA sequencing data integration reveals an miRNA interactome



19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

General discussion and future perspective

of osteoarthritis cartilage. Annals of the Rheumatic Diseases 78, 270-277 (2019). https://doi.org:10.1136/
annrheumdis-2018-213882

Zushin, P.-J. H.,, Mukherjee, S. & Wu, J. C. FDA Modernization Act 2.0: transitioning beyond animal
models with human cells, organoids, and AI/ML-based approaches. Journal of Clinical Investigation 133
(2023). https://doi.org:10.1172/jcil75824

Veronesi, F. et al. In Vitro Models of Cell Senescence: A Systematic Review on Musculoskeletal Tissues
and Cells. International Journal of Molecular Sciences 24, 15617 (2023). https://doi.org:10.3390/ijms242115617
How human are our models? Nature Reviews Bioengineering 1, 537-537 (2023). https://doi.org:10.1038/
544222-023-00098-6

Houtman, E. et al. Elucidating mechano-pathology of osteoarthritis: transcriptome-wide differences in
mechanically stressed aged human cartilage explants. Arthritis Research & Therapy 23 (2021). https://doi.
0rg:10.1186/s13075-021-02595-8

Bomer, N. et al. Neo-cartilage engineered from primary chondrocytes is epigenetically similar to
autologous cartilage, in contrast to using mesenchymal stem cells. Osteoarthritis and Cartilage 24, 1423-
1430 (2016). https://doi.org:10.1016/j.joca.2016.03.009

Timmermans, R. G. M. et al. A human in vitro 3D neo-cartilage model to explore the response of OA risk
genes to hyper-physiological mechanical stress. Osteoarthritis and Cartilage Open 4, 100231 (2022). https://
doi.org:https://doi.org/10.1016/j.0carto.2021.100231

Tuerlings, M. et al. WWP2 confers risk to osteoarthritis by affecting cartilage matrix deposition
via hypoxia associated genes. Osteoarthritis and Cartilage 31, 39-48 (2023). https://doi.org:10.1016/j.
joca.2022.09.009

Voskamp, C., Koevoet, W. J. L. M., Van Osch, G. J. V. M. & Narcisi, R. Senescence during early
differentiation reduced the chondrogenic differentiation capacity of mesenchymal progenitor cells.
Frontiers in Bioengineering and Biotechnology 11 (2023). https://doi.org:10.3389/fbioe.2023.1241338

Georget, M. et al. Development of a DNA damage-induced senescence model in osteoarthritic
chondrocytes. Aging 15, 8576-8593 (2023). https://doi.org:10.18632/aging.204881

Honkanen, M. K. M. et al. Synchrotron MicroCT Reveals the Potential of the Dual Contrast Technique
for Quantitative Assessment of Human Articular Cartilage Composition. Journal of Orthopaedic Research
38, 563-573 (2020). https://doi.org:10.1002/jor.24479

Einarsson, E. et al. Phase-contrast enhanced synchrotron micro-tomography of human meniscus
tissue. Osteoarthritis Cartilage 30, 1222-1233 (2022). https://doi.org:10.1016/j.joca.2022.06.003

Korthagen, N. M. et al. Thyroid hormone induces ossification and terminal maturation in a preserved
OA cartilage biomimetic model. Arthritis Research &Gamp; Therapy 26 (2024). https://doi.org:10.1186/s13075-
024-03326-5

Lépez-Otin, C., Blasco, M. A., Partridge, L., Serrano, M. & Kroemer, G. The Hallmarks of Aging. Cell 153,
1194-1217 (2013). https://doi.org:10.1016/j.cell.2013.05.039

Ogrodnik, M. Cellular aging beyond cellular senescence: Markers of senescence prior to cell cycle
arrest in vitro and in vivo. Aging Cell 20 (2021). https://doi.org:10.1111/acel.13338

Jang, S., Lee, K. & Ju, J. H. Recent Updates of Diagnosis, Pathophysiology, and Treatment on
Osteoarthritis of the Knee. International Journal of Molecular Sciences 22, 2619 (2021). https://doi.org:10.3390/
ijms22052619

Hsu, B. et al. Safety, tolerability, pharmacokinetics, and clinical outcomes following treatment of
painful knee osteoarthritis with senolytic molecule UBX0101. Osteoarthritis and Cartilage 28, S479-S480
(2020). https://doi.org:10.1016/j.joca.2020.02.752

167






