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Abstract

The development of osteoarthritis (OA) correlates with a rise in the number of senescent cells in
joint tissues, and the senescence-associated secretory phenotype (SASP) has been implicated in
cartilage degradation and OA. Age-related mitochondrial dysfunction and associated oxidative
stress might induce senescence in joint tissue cells. However, senescence is not the only driver of
OA, and the mechanisms by which senescent cells contribute to disease progression are not fully
understood. Furthermore, it remains uncertain which joint cells and SASP-factors contribute to the
OA phenotype. Research in the field has looked at developing therapeutics (namely senolytics and
senomorphics) that eliminate or alter senescent cells to stop disease progression and pathogenesis.
A better understanding of how senescence contributes to joint dysfunction may enhance the
effectiveness of these approaches and provide relief for patients with OA.

Osteoarthritis (OA), the most common form of arthritis, is a disease of the synovial joints
that is characterized by cartilage degradation and bony overgrowth in the form of
osteophytes and subchondral thickening®. OA is also associated with varying degrees of
synovitis and damage to other joint structures, including ligaments and the menisci in the
kneel. OA progresses gradually and eventually leads to debilitating pain and loss of
mobility, especially in older adults?. Although risk factors such as obesity, joint injury and
genetics have all been linked to OA, the most prevalent risk factor is age®. With the ageing
baby boomer generation (that is, individuals born between 1946 and 1964), the number of
people in the USA afflicted with OA is estimated to rise from 30 million to 67 million by the
year 2030, with over half of those cases predicted to be in individuals aged 65 years and
older*®. Along with the burden of pain and disability suffered by patients with OA,
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treatment and care for this disease was estimated in 2013 to cost the US healthcare system
$27 billion annually® and even more in lost workforce productivity. Accordingly, researchers
in the ageing and pharmaceutical fields have taken great interest in designing novel
therapeutics to alleviate the symptoms of OA and slow its progression.

Within the past 5 years, researchers have begun to explore a novel approach to treating OA
through the targeting of chondrocytes and other joint tissue cells that have undergone
cellular senescence. Senescence, one of the hallmarks of ageing’, is a cell fate characterized
by permanent cell cycle arrest and the release of harmful pro-inflammatory molecules into
the surrounding microenvironment, a feature known as the senescence-associated secretory
phenotype (SASP). Senescent cells accumulate as an organism ages, resulting in reduced
cellular proliferation and impaired tissue regeneration and function8. For these reasons,
senescence has been implicated in the pathogenesis and progression of a myriad of ageing-
associated diseases, including OA%10. Although age correlates with both OA and cellular
senescence, the exact mechanism linking senescence to OA pathology remains unclear.
Nevertheless, clinical trials are underway to test a pharmacotherapeutic approach to treating
OA by eliminating senescent cells using senolytics, a class of drugs that selectively induce
the death of senescent cells. This approach has shown promising early results by amelio-
rating other ageing-related diseases in murine models, such as idiopathic pulmonary fibrosis,
atherosclerosis and cancer®. Additionally, enzymes linked to the progression of OA have
been identified as SASP factors, and the selective inhibition of these factors with
therapeutics called senomorphics (also known as SASP inhibitors and senostatics) could one
day provide relief for patients with OA. However, evidence of the benefit of senomorphics in
treating OA is currently limited by a lack of studies testing the specificity and efficacy of
these drugs for treating joint diseases.

In this Review, we explore several common phenotypes associated with cellular senescence
and their links to OA pathology. Additionally, we examine several therapeutic strategies that
target senescent cells directly and are being tested as a means of preventing the disease or
improving patient outcomes.

Cellular senescence and the SASP

Since its discovery by Hayflick and Moorhead over a half century ago!2, cellular senescence
has been commonly defined as irreversible cell cycle arrest in response to replicative stress
and ageing. However, studies from the past decade have expanded this definition beyond
simply a reduction in proliferative capacity. For example, senescent phenotypes have been
detected in postmitotic cells, such as damaged neurons and aged osteocytes!3:14,
Furthermore, senescence can be induced independently of replicative stress and ageing, such
as by DNA damage, oncogenic signalling and oxidative stress®17. Senescence is best
described as a complex process involving the metabolic, morphological, and physiological
transformation of cells in response to a multitude of cellular stresses8. Additionally, this
process can affect neighbouring cells by altering paracrine signalling pathways, a discovery
that has compelled researchers to investigate how senescent cells transform their
microenvironments, a process that can have systemic effects on the entire organism2°.
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Much of the research on senescence has been devoted to understanding its pleiotropic role as
both a tumour suppressor and a driver of ageing-related disease. In its role as a tumour
suppressor, senescence involves the upregulation of cell cycle inhibitor genes in response to
oncogenic signals, resulting in permanent growth arrest and the prevention of neoplastic
proliferation?C. In its role as a driver of disease, senescence hinders long-term tissue
regeneration and normal cell function and has been linked to pathologies such as sarcopenia,
osteoporosis, macular degeneration, neurodegeneration and OA2L, Furthermore, novel roles
for senescence include critical functions in the early stages of wound healing and in
embryogenesis?2:23,

Although senescent cells live in a state of permanent growth arrest, they are not dormant
within tissues. Instead, senescent cells remain metabolically active and undergo dynamic
transformations in their physiology, which can include alterations to paracrine signalling.
The SASP is characterized by the increased secretion of particular bioactive molecules by
senescent cells, including chemokines, cytokines, proteases and growth factors; these
molecules can induce a range of physiological responses in the surrounding
microenvironment, including inflammation, growth arrest and tumorigenesis?4.
Mechanistically, mTOR is a key regulator of the SASP owing to its ability to differentially
regulate the translation of MAP kinase-activated protein kinase 2 (MAPKAPKZ2, also known
as MK2)2° and IL-1a26. MK2 is phosphorylated by p38 and deactivates ZFP36L1, a zinc-
finger protein that degrades the mRNA of many pro-inflammatory SASP factors. IL-1a
promotes NFxB signalling, which has been linked to the upregulation of many SASP genes.
Accordingly, inhibition of mTOR by rapamycin reduces SASP factor expression?®:26,

Furthering the complexity of this phenotype, different senescence-inducing stimuli produce
distinct secretory proteomes that can result in different biological outcomes depending on
the tissues affected?4. Much of the research on the SASP has focused on its role in disease
pathogenesis and progression and on how SASP factors might be targeted for therapeutic
intervention?”. Diseases linked to the expression of SASP factors include atherosclerosis,
cancer, cardiac dysfunction, myeloid skewing, kidney dysfunction, OA and a general
decrease in health span. Identifying how specific SASP factors contribute to different
pathological outcomes in patients with ageing-related diseases could help further the
development of therapeutics that attenuate disease development. To this end, repositories
such as the SASP Atlas?* are helpful tools that allow researchers to search and catalogue the
discovery of novel SASP factors and their contextual effects on tissue phenotypes.

Cellular senescence and OA

Although chondrocytes are hypo-replicative during homeostasis, they do maintain the
potential to proliferate in some settings. For example, chondrocytes proliferate in the form of
‘clusters’ during the early stages of OA, which is commonly viewed as an attempt to repair
damaged matrix28. Chondrocytes also initiate cell division when plated in tissue culture28.
The relationship between quiescence (that is, reversible cell cycle arrest) and senescence is
complex, with evidence that mitogenic stimulation of damaged, quiescent cells can actually
contribute to the induction of senescence upon re-entry into the cell cycle2®.
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Like other organs, joint tissues are subject to senescence and decay over time, and the
number of senescent chondrocytes and synovial fibroblasts correlates strongly with age30:3L,
Given the important role of bone—cartilage crosstalk, increased osteocyte senescence during
ageing might also contribute to OA4. Senescence is also a feature of post-traumatic OA, as
joint injury can accelerate chondrocyte senescence and stimulate cartilage degradation32.
Abnormal mechanical loading could be one cause of premature senescence after injury, as
catabolic shear stress has been found to initiate senescence in young cartilage explants33,
Additionally, lifestyle factors that increase susceptibility to OA have been found to overlap
with cellular senescence. For example, mice placed on calorie-dense and nutrient-poor diets
exhibited increased senescence in adipose tissue, while exercise reduced this outcome34.
Furthermore, OA can induce phenotypic changes in joint cells that correlate with senescent
signatures. For example, the cell surface protein urokinase plasminogen activator surface
receptor (UPAR) is induced broadly in senescent cells3®, as well as in chondrocytes derived
from osteoarthritic cartilage36.

Senescence induces metabolic reconfigurations in cells that, over time, can contribute to the
pathogenesis of OA. In fact, the transplantation of senescent fibroblasts into the knee joints
of mice induced cartilage erosion, osteophyte formation and loss of mobility, suggesting that
senescent cells alter the synovial microenvironment and induce OA-like arthropathy3”.
Senescent joint cells exhibit common hallmarks, such as telomere erosion, increased
expression of p53 and of the cyclin-dependent kinase (CDK) inhibitors p21 and p16!NK4a
(p16), enhanced generation of reactive oxygen species (ROS) via mitochondrial dysfunction,
and increased senescence-associated heterochromatin38. Notably, chondrocytes, osteocytes
and synovial fibroblasts can also exhibit the SASP14:30.31 As noted above, a hallmark of the
SASP is the secretion of pro-inflammatory cytokines, such as IL-6, IL-17, IL-1f, oncostatin
M and TNF19:24 and several SASP factors induce OA-related changes, including
inflammation, bone growth and degradation of the extracellular matrix (ECM) (FIG. 1).
Therefore, a better understanding of OA pathogenesis will include identifying the
phenotypic consequences of SASP factors in joint tissues.

Cytokines such as IL-6 are elevated in the synovial fluid of patients with OA3?. The IL-6—
STAT3 signalling pathway induces premature senescence in normal human fibroblasts,
suggesting that these cells might trigger a bystander effect that drives further senescence and
SASP in surrounding cells?%41, Furthering this hypothesis in cartilage, chondrocytes have
been shown to facilitate intercellular communication via the production of extracellular
vesicles (EVs), the levels of which were greatly upregulated in patients with OA compared
with those in healthy individuals and resulted in the induction of a senescent state in nearby
cells*2. The role of EVs in cellular senescence and OA is discussed in more detail later in
this Review.

Cytokines can upregulate the expression of a family of enzymes known as matrix
metalloproteinases (MMPs)L. Like cytokines, MMPs, such as MMP13 (also known as
collagenase-3), and a disintegrin and metalloproteinase with thrombospondin motifs
(ADAMTS), such as ADAMTS-5, are secreted by cells into the ECM. The catabolic activity
of MMPs and ADAMTS can degrade ECM proteins in cartilage, including sulfated
proteoglycans, collagen and fibronectin®. Loss of cartilage ECM is a key early feature of
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OA, which further implicates the senescence of chondrocytes and other cells of the synovial
joints as drivers of OA pathogenesis.

Senescence processes and biomarkers

Several phenotypic transformations occur during cellular senescence (Box 1). Here we
discuss three of them (senescence-associated p-galactosidase (SA-B-gal) production, p16
expression and EV secretion), and their relevance to osteoarthritis pathogenesis.

Senescence-associated p-galactosidase

The cytochemical staining of B-galactosidase activity to detect senescent cells, known as
SA-B-gal staining, is one of the most commonly used techniques in both cell culture and
tissue samples#3:44, Positive staining is caused by the upregulation of B-galactosidase
activity in lysosomes, which is optimally detected at pH 4.0 but detectable in senescent cells
at pH 6.0 (REF.*). In articular cartilage, the number of SA-B-gal-positive chondrocytes was
higher in old mice than in young mice3C. However, a few precautions must be observed
when using SA-B-gal as a marker for senescent cells in the joint. First, the enzymatic
activity of lysosomes is regulated by the autophagy pathway, and isolating and culturing
primary cells in monolayer can increase both basal autophagy*® and senescent phenotypes*’;
thus, SA-B-gal staining in cultured chondrocytes can represent an increase in autophagy
rather than a senescent state. Second, silencing GLBI, the gene encoding B-galactosidase,
eliminates SA-B-gal staining but does not inhibit senescence, demonstrating an indirect link
between positive staining for SA-B-gal and senescence®®. Third, senescence-independent -
galactosidase staining was observed in vivo in the neurons of young rodents and correlated
with increased expansion of lysosomes during cell growth*8. Finally, fibroblasts from
patients with autosomal recessive G(M1)-gangliosidosis, a disease in which lysosomes are
dysfunctional, were negative for SA-B-gal after undergoing replicative senescence?®. Taken
together, these studies suggest that changes to autophagy and the lysosomal activity of a cell,
rather than senescence, determine the results of SA-B-gal staining.

Accordingly, changes in autophagy that occur with ageing and OA should be considered
when performing SA-B-gal staining. Autophagy and lysosomal function decrease in patients
with OA, whereas stimulation of autophagy (for example, with rapamycin), can confer
protective homeostatic effects on normal human cartilage*-51. Autophagy can also be
stimulated by a multitude of cellular stresses that can occur independently of senescence,
including nutrient deprivation, hypoxia, ROS, DNA damage, protein aggregates, damaged
organelles or intracellular pathogens®2-53, Hypoxia-induced autophagy is of particular
concern because chondrocytes reside naturally in low oxygen conditions due to a lack of
blood vessels in cartilage®*. Metabolism and homeostasis in this environment are maintained
through autophagy, which recycles intracellular amino acids and clears dysfunctional
mitochondria. Consequently, chondrocytes express the autophagy markers ULK1, Beclinl
and LC3 under normal physiological conditions, suggesting that autophagy is constitutively
active in these cells®.

For these reasons, in studies using cellular senescence as an indicator of OA progression,
SA-B-gal experiments should ideally be performed on joint tissues rather than on cultured
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cells, and the studies should incorporate one or more additional biomarkers of senescence.
Furthermore, when inducing or treating OA-like phenotypes, careful consideration should be
given to how the treatment being applied effects autophagy.

p16 induces cellular senescence by binding CDK4 and CDKG6 and preventing the
downstream inhibition of the cell cycle repressor protein retinoblastoma-associated protein
(Rb). p16 is upregulated in response to cellular stress, such as DNA damage from radiation
or telomere shortening, ROS or oncogenic stress®. As a tumour suppressor, p16 mutations
have been linked to an increased risk of several cancers, including cutaneous malignant
melanoma and pancreatic cancer®6:57. Notably, p16 expression is highly correlated with age,
and measuring cellular p16 levels has been proposed as a biomarker both for cellular
senescence and for determining the biological age of an organism®8. In addition to its role as
a biomarker, the selective removal of p16-high cells can extend the lifespan and healthspan
of mice, demonstrating that p16-expressing cells influence the onset of ageing-related
pathologies®®.

Importantly, higher p16 expression was found to correlate with age in murine and human
articular chondrocytes39. Chondrocytes expressing high levels of p16 also displayed lower
expression of cartilage-related ECM proteins, such as aggrecan, but increased expression of
ECM-degrading SASP factors such as MMP13 and MMPL1. These initial results suggest that
chondrocyte senescence not only correlates strongly with age, but also results in a metabolic
transformation that contributes to the further destruction of cartilage. Given that p16 and the
SASP can be independent arms of the senescence phenotype®?, the group also assessed
whether p16 itself contributed to OA pathology and found that it did not30. Indeed, somatic
inactivation of p16 in chondrocytes of adult mice did not inhibit the SASP, nor did it alter
the rate at which OA occurred in response to physiological ageing or induced joint injury.
Together, these results demonstrate that p16 can be utilized as a biomarker of chondrocyte
ageing but chondrocyte p16 does not appear to play a causal role in OA.

Extracellular vesicles

Understanding how ageing contributes to changes in tissue structure is a major focus of
ageing research, but how ageing affects circulating factors, which are crucial for maintaining
tissue homeostasis and function, is also important. In a landmark study, aged mice exposed
to factors present in young mice through parabiosis exhibited restored regenerative capacity
in skeletal muscle progenitor cells61. Moreover, a study in which young mice were exposed
to the blood of aged mice resulted in impaired tissue function and repair52. Parabiosis has
not been widely used to study cartilage function, but an experiment described this year
demonstrated that mice had less severe OA if they shared circulation with young mice as
opposed to older mice for the past 4 months before they were killed®3. Further experiments
in this study showed that daily systemic injection with the rejuvenating factor growth/
differentiation factor 11 increased chondrocyte proliferation and protected mice from joint
tissue degradation. Given these results, identifying specific circulating factors that contribute
to the promotion or deterioration of joint tissue health could be important for understanding
the mechanisms underlying OA as well as other age-related diseases.
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EVs such as exosomes are small lipid membrane-bound particles that facilitate intercellular
communication via the transport of proteins and RNA84. Like SASP factors, EV secretion is
upregulated in senescent cells62:66, which can induce premature senescence in neighbouring
cells, for example, through the transfer of microRNAs that activate senescence pathways®’.
Interestingly, a cross-sectional and longitudinal study found that EV concentration in plasma
decreases with advancing age®8. However, this decrease was accompanied by increased
vesicle internalization and activation of B cells and monocytes, suggesting that EVs might
enhance pro-inflammatory immune responses with age. Together, these studies highlight the
emerging role of EVs in cellular and organismal senescence.

In another study, both senescent chondrocytes and EV concentrations were enriched in
cartilage from patients with OA relative to cartilage from healthy individuals*2.
Furthermore, exposing non-senescent chondrocytes to EVs derived from patients with OA
increased senescent phenotypes and decreased proteoglycan production. Fluorescent
labelling and tracking of EVs confirmed that these vesicles were internalized by
chondrocytes within 6 h of exposure. MicroRNAs were also differentially expressed
between senescence-associated EVs and EVs not associated with senescence; the former
displayed a decrease in miR-140-3p, the depletion of which was associated with cartilage
dysfunction®®, and an increase in miR-34a-5p that was linked to the upregulation of
senescence-associated proteins’%. The selective removal of senescent cells using the
senolytic compound UBX0101 (see below) reduced the number of EVs in cultured
chondrocytes from patients with OA, and EVs isolated from the synovial fluid of UBX0101-
treated mice contained features associated with cartilage growth, such as increased aggrecan
and decreased proteases*2. Together, this work suggests that increased EV secretion and
internalization, along with changes to vesicular RNA and protein content, should be
investigated as potential biomarkers for both chondrocyte senescence and OA. Importantly,
the authors of this study also found differences in the expression of microRNAs in EVs from
the synovial fluid between aged healthy donors and donors with clinical OA*2. Examining
EV microRNA profiles could help distinguish cartilage loss caused by OA and other
arthropathies rather than by ageing.

Oxidative stress drives OA and senescence

Another hallmark of ageing is mitochondrial dysfunction, which causes oxidative stress by
increasing cellular levels of ROS. ROS-induced DNA damage has been linked to the
pathogenesis of many age-related conditions, including cardiovascular, pulmonary, kidney
and neurodegenerative diseases’!. Additionally, increased oxidative stress and a decrease in
the antioxidant capacity of mitochondria can disrupt physiological cell signal transduction,
which might promote ageing by gradually causing loss of cellular integrity and tissue
homeostasis’2 73,

With regard to OA, oxidative stress has been proposed as a driver of the catabolic and
anabolic signalling imbalance in cartilage that results in progressive matrix degradation’4
(FIG. 2). For example, survival and tolerance of oxidative stress is regulated by members of
the mitogen-activated protein kinase (MAPK) pathway, such as c-Jun N-terminal kinases
(JNKs) and p38. It has been suggested that cytokine-mediated activation of JNK signalling
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worsens OA-associated phenotypes by activating pro-inflammatory and ECM degradation
pathways in joint tissue cells’>. However, oxidative stress in cultured human chondrocytes
inactivated JNKs while p38 remained active’8. Deletion of INK1 and JNK2 in mice resulted
in more severe age-related OA than in wild-type mice, as well as increased senescence in
cartilage and particularly in the synovium’’, suggesting that JNK is a negative regulator of
joint senescence.

In addition to ageing, senescence itself has been shown to induce mitochondrial dysfunction
and stimulate ROS production’®. Overproduction of hydrogen peroxide and reactive
nitrogen species, including nitric oxide (NO), has been detected in aged cartilage and OA
cartilage from both humans and monkeys’®. Cells from human cartilage explants cultured in
the presence of hydrogen peroxide exhibited hallmarks of chondrocyte senescence,
including shortened telomeres, reduced replicative capacity and lower production of
glycosaminoglycan®0. Loss of antioxidant enzymes, such as superoxide dismutase (SOD), is
known to correlate with premature senescence and accelerated ageing phenotypes81:82, All
three SOD family members (SOD1, SOD2 and SOD3) are abundantly expressed in human
articular cartilage, but their activity is markedly decreased in cartilage from patients with
OAB8384 similarly, peroxiredoxins and catalases are antioxidants that are critical in the
regulation of redox signalling and the protection against oxidative stress by controlling
levels of H,0, (REF.8%). Chondrocytes isolated from older adults were noted to have
hyperoxidized (and thus inactive) peroxiredoxins, whereas overexpression of catalase
targeted to the mitochondria reduced the severity of OA in 24-month-old mice®8. Together,
these results suggest a correlation between increased oxidative stress and the induction of
senescence in cartilage, which might drive OA. They also support the strategy of using
antioxidants to prevent ROS-induced senescence, which could be a useful approach to the
treatment of OA.

Senolytics and senomorphics for OA

Senolytics

Senolytics and senomorphics are two classes of therapeutics that have been reported to
alleviate ageing-associated pathologies in murine models and are currently being
investigated in trials in humans. Senolytics induce apoptosis preferentially in senescent cells,
whereas senomorphics inhibit the SASP factors linked to pro-inflammatory paracrine
signalling and tissue damage®’ (FIG. 3). Given the correlations between senescence, SASP
and OA, these drugs are attractive candidates for targeting OA pathogenesis and slowing its
progression (TABLE 1).

Development of senolytics for OA.—In pioneering preclinical studies, an inducible
transgene was developed that allowed the targeted killing and clearance of senescent cells
expressing high levels of p16 (REFS®9:88). Mice expressing this transgene demonstrated
increased median lifespan and delayed onset of ageing-associated pathologies compared
with wild-type mice. When a similar transgenic technique was used to clear senescent cells
locally in mouse articular cartilage, the development of post-traumatic OA was substantially
decreased2,
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Although these experiments utilized transgenic mice to induce apoptosis in cells undergoing
senescence, other studies have tested whether senolytics can mimic this effect
therapeutically. In one study, which compared the gene expression profiles of senescent cells
and proliferating cells, senescence was found to upregulate genes encoding proteins in anti-
apoptotic signalling networks, such as BCL-2 family members and proteins in the PI3K-
AKT pathway8. Many senolytics induce apoptosis selectively in senescent cells by
suppressing pro-survival pathways that are activated in senescent, but not healthy, cells. For
example, treatment of irradiated or normally aged mice with navitoclax (ABT-263), a BCL-2
and BCL-X | dual inhibitor, depleted senescent haematopoietic stem cells in bone marrow
and senescent muscle stem cells, and promoted cellular rejuvenation®0. Furthermore, in
mouse cartilage explants, navitoclax reduced the senescence burden by eliminating
chondrocytes expressing high levels of p16 through apoptosis®L. Another example is the
senolytic cocktail of dasatinib and quercetin, which effectively eliminates senescent cells
and is being investigated in clinical trials for treating idiopathic pulmonary fibrosis, a
potentially fatal disease associated with senescence®2:93, Dasatinib inhibits multiple tyrosine
kinases, including BCR-ABL, SRC, c¢-KIT, ephrin A receptor and platelet-derived growth
factor-p receptor kinases®, whereas quercetin is a plant flavonol that inhibits PI3K and
inhibitors of serine proteinases called serpins®®. In another study, senescent cells were
transplanted into young and old mice, and caused physical dysfunction and decreased
lifespan®. However, treating these mice with dasatinib and quercetin attenuated the harmful
effects of senescence and increased healthspan and lifespan. Similarly, treating aged mice
with dasatinib and quercetin reduced the number of senescent osteocytes in bone, decreased
osteoclast formation and bone loss, improved mineral reabsorption and thickness, and
substantially improved the trabecular and cortical bone microarchitecture,

Although these drugs have yet to be tested in humans for the treatment of joint tissue
disease, several other senolytics are currently being investigated in clinical trials for OA,
including UBX0101 (REFS®7-99), which inhibits the interaction between p53 and mouse
double minute 2 homologue (MDM?2), the E3 ubiquitin protein ligase that targets p53 for
degradation. Local intra-articular injection of UBX0101 in mice with post-traumatic OA
selectively cleared senescent cells, decreased proteoglycan loss, and alleviated OA-related
disease outcomes of pain and articular cartilage degradation32. In another study, pro-
inflammatory stress in chondrocytes induced cathepsin B-mediated cleavage of the NAD-
dependent deacetylase sirtuin-1 (SIRT1)190, an enzyme that was found to play a critical role
in chondrocyte survival and ECM homeostasis1?l. Cleavage of SIRT1 resulted in an N-
terminal fragment that lacks deacetylase activity, and an elevated ratio of N-terminal to C-
terminal SIRT1 fragments in serum correlated with both early-stage OA and
chondrosenescencel®, The researchers demonstrated that anterior cruciate ligament
transection increased the ratio of N-terminal to C-terminal SIRT1 in serum and that
clearance of senescent cells by the combined application of systemic navitoclax and intra-
articular UBX0101 lowered this ratio.

High-throughput drug screening can be utilized to find new senolytics that work on
chondrocytes and synovial cells, as well as to discover novel mechanisms that contribute to
OA pathology. For example, in one study, over 1,000 compounds were screened for
senolytic activity in a human chondrocyte cell linel02, Fenofibrate, a flavonoid and agonist
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of peroxisome proliferator-activated receptor-a. (PPARa) that is used to treat
dyslipidaemias, was found to induce apoptosis in SA-B-gal-positive chondrocytes. This
discovery led the authors to investigate PPARa expression in the context of OA, and they
found that it was reduced in the blood and knee cartilage of patients with OA192, Flavonoids
that activate sirtuins, such as fisetin, are linked to longevity and inhibit IL-1p-induced
inflammation in osteoarthritic chondrocytes!03-104, Fisetin is currently being evaluated in
clinical trials for efficacy in alleviating OA symptoms by reducing senescence burden in
cartilage0®.

Concerns associated with the use of senolytics in OA.—Although
pharmacological approaches to treating age-related diseases appear promising, the potential
for side effects and disparities in drug potency remain a concern. Regarding the treatment of
joint disease, it is unknown if promoting cell death with senolytics will compromise tissue
integrity and exacerbate cartilage and bone loss seen in patients with OA. Interestingly,
killing chondrocytes in the superficial zone of articular cartilage in mice, using diphtheria
toxin produced by cells expressing proteoglycan 4 (also known as superficial zone
proteoglycan), did not induce further cartilage damage%6. In fact, the death of chondrocytes
in the superficial zone appeared to improve injury outcomes following surgical
destabilization of the medial meniscus. The authors proposed that catabolism from intact
chondrocytes, rather than chondrocyte death, drives further cartilage loss following joint
injury. Given that senescence is a feature of post-traumatic OA, this evidence suggests that
killing senescent chondrocytes with senolytics might help to prevent injury-induced cartilage
loss caused by catabolic SASP factors that are secreted by senescent chondrocytes. It will be
important to perform similar studies in patients with age-related OA to determine the
capacity of cartilage to maintain long-term homeostasis after cell death is induced.

Another consideration for the use of senolytics in OA strategies is that, while a plethora of
evidence implicates cellular senescence as a driver of ageing and disease pathology, some
studies have suggested a beneficial role for senescence in various physiological processes,
including tissue remodelling and wound healing1%7. For example, senescence was found to
be induced during the intermediate stages of limb regeneration in salamanders198. After
amputation, senescent cells accumulated in the cartilage and muscles of the developing limb
but were subsequently cleared naturally by macrophages before full regrowth. Macrophage
depletion prevented the clearance of senescent cells!08, and was found, in another study, to
stunt regeneration19, Importantly, the proportion of cells that became senescent after
amputation was not influenced by age, suggesting an ageing-independent role of senescence
in tissue repair. Although more research into this concept is needed, the authors of this study
postulated that efficient immunosurveillance of senescent cells might have allowed
macrophages to be recruited to areas of damaged tissue, which was necessary for
regeneration. In a study in mice, senescent fibroblasts and endothelial cells were found to
accumulate near sites of cutaneous wounds and to accelerate healing through the secretion of
platelet-derived growth factor AA (PDGF-AA; that is, PDGF composed of two A subunits),
which induced myofibroblast differentiationl19. This study suggests that secretion of growth
factors and remodelling enzymes by the SASP might help to stimulate cell growth, which
can aid tissue renewal and wound closure. Accordingly, more research is needed to establish
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if the wholesale elimination of senescent cells from joints causes side effects that could
further contribute to tissue loss in OA.

Senomorphics

Overview of senomorphic candidates.—The therapeutic targeting of pathways and
molecules linked to inflammation and disease is not a new strategy, and a wide array of
senomorphic candidates have been shown to inhibit pathways linked to the SASP without
inducing apoptosis. These senomorphic candidates include inhibitors of IxB kinase and
NFxB (such as NEMO-binding domain peptides)111, inhibitors of the tyrosine protein
kinase JAK (such as ruxolitinib)112, ATM inhibitors (such as KU-60019)113, compounds that
block progerin—lamin A/C binding (such as JH4)114, activators of PDGF and fibroblast
growth factor signalling (for example, conditioned medium from embryonic stem cells)115,
inhibitors of TGFp receptor type 2 and p21 (such as Mmu-miR-291a-3p)116, and morell’.
Given the correlation between the expression of SASP factors and OA-like pathology, the
inhibition of these factors is an attractive treatment approach. However, choosing the right
target is necessary to ensure therapeutic efficacy and specificity.

Cytokine inhibition.—In cartilage, TNF combined with the release of other SASP factors
such as IL-1B stimulates the production of damaging MMPs and inhibits tissue repairl18:119,
Clinical trials of TNF or IL-1 inhibition for the treatment of OA have been somewhat
disappointing. For example, in a phase I trial of lutikizumab, a dual inhibitor of IL-1a and
IL-1B, in patients with knee OA and synovitis, lutikizumab treatment led to a very limited
improvement in pain and had no effect on synovitis120, and in a trial of etanercept, a TNF
inhibitor, in patients with inflammatory hand OA, etanercept treatment failed to improve
pain and had a limited effect on structurel?1. However, a recent exploratory analysis of data
from a trial designed to examine the efficacy of the anti-IL-1p antibody canakinumab on
cardiac events in an at-risk population (that is, patients with previous myocardial infarction
and elevated C-reactive protein) found a lower incidence of knee and hip replacement in the
canakinumab-treated groups than in a placebo-treated control group?22.

IL-6 has been implicated in the pathogenesis of rheumatoid arthritis (RA), and the IL-6
receptor inhibitor tocilizumab is effective in clinical therapy for RA123 and is currently in
phase 11 trials for hand OA124, Although RA is an autoimmune disease, it shares common
features with OA, including the release of pro-inflammatory cytokines and degradation of
the cartilage matrix. Surprisingly, however, //6 knockout mice exhibit more severe OA in
response to physiological ageing than wild-type micel23, suggesting that OA pathogenesis is
complex and requires a multifaceted approach to treatment.

Targeting MMPs.—MMPs are another class of SASP factors to consider as targets for
pharmacological intervention due to their known catabolic effects on cartilage. Specifically,
MMP13 is the most highly expressed MMP in connective tissuel26 and the most specific
enzyme for the degradation of type-11 collagen found in articular cartilage!?”. Human
chondrocytes from patients with OA were found to express higher levels of MMP13 than
chondrocytes from donors with healthy cartilagel28. Furthermore, postnatal overexpression
of MMP13 in transgenic mice induced OA-like arthropathy, implicating MMP13 as a
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primary driver of OA pathogenesis'2®. In another study, chondrocyte-specific deletion of
MMP13 reduced the severity of OA induced by meniscal-ligamentous injury (ML1)130. To
test the effects of senomorphics on OA progression, the researchers also treated wild-type
mice with CL82198, a selective inhibitor of MMP13, after MLI. CL82198 treatment reduced
OA severity, increased levels of type Il collagen and inhibited chondrocyte death.

Together, these data suggest that the inhibition of SASP factors via senomorphics might be a
promising therapeutic approach to treating OA. However, more research is needed to
determine precisely which SASP factors contribute to OA pathology, and if their inhibition
slows or prevents disease progression.

Conclusions

The evidence implicating cellular senescence in joint tissues as a primary driver of OA
pathogenesis and progression is compelling, but further investigation is needed to identify
the precise mechanisms by which senescence causes specific disease phenotypes. Most
likely, the thread tying ageing, senescence and OA pathology together is the accumulation of
senescent cells over time combined with gradual changes in cellular metabolism,
morphology and function, all of which contribute to loss of joint tissue homeostasis and
integrity. Effective OA treatment strategies will require first establishing the underlying
mechanisms that drive these changes to cell physiology, and then designing therapies
directed towards these mechanisms.

Additionally, the common biomarkers used to identify senescence are insufficient for
diagnosing OA. SA-B-gal staining is not necessarily an indicator of chondrocyte senescence
and can be influenced by changes in autophagy and lysosome function, both of which are
reduced in OA%9:50, Also, the expression of p16 in chondrocytes, which is used in many
studies using senolytics to identify senescent cells, is not required for the SASP or OA
pathogenesis30. Therefore, other biomarkers should be considered for the therapeutic
targeting of cells involved in OA to ensure specificity and prevent unintended effects. Recent
evidence has demonstrated that chondrocyte senescence and OA are linked to changes in the
secretion of EVs and their cargo*2. Accordingly, EVs, as well as the expression of uPAR
(which is present on senescent chondrocytes3®), should be further investigated to determine
if they are accurate clinical markers for joint disease.

Senescence in joint tissues is driven by several stress-related pathways that converge on the
SASP, and techniques that suppress inflammatory cytokines or selectively eliminate
senescent cells while leaving healthy cells unharmed are attractive candidates for use in anti-
ageing strategies (FIG. 3). However, although the preclinical evidence for using senolytics
and senomorphics to treat OA phenotypes looks promising, these approaches have not yet
demonstrated efficacy in eliminating or preventing the disease. Additionally, although SASP
inhibitors, such as CL82198, have been proven effective in reducing the severity of post-
traumatic OA in micel30, the same effect has yet to be demonstrated on aged or diseased
chondrocytes and other synovial joint cells in humans.
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Furthermore, the progression of these therapies from the laboratory to the clinic is hindered
by the lack of evidence implicating a specific cell type as the primary driver of OA.
Chondrocytes, synovial fibroblasts, osteocytes and probably other joint tissue cells not yet
studied, are all capable of becoming senescent and secreting SASP factors into the joint
environment. Without knowing which cells are responsible for each OA phenotype, drug
specificity for disease treatment will be difficult to evaluate.

Finally, further investigation is needed into the potential harmful effects of killing or altering
senescent cells in an organ. Recent studies have demonstrated that senescence stimulates
early wound healing and tissue regeneration via macrophage recruitmentl98-110_ Even if
senescent cells are responsible for the progression of OA after injury, eliminating these cells
or preventing paracrine signalling too early might prevent the initial healing of damaged
cartilage and other tissues, which could have devastating consequences for the entire joint.
For this reason, studies using senolytics and senomorphics must include comparisons of
disease outcomes from different treatment timings to ensure that drug efficacy can be
properly inferred.
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Key points

. Osteoarthritis (OA) pathology overlaps with the senescence of cells in joint
tissue and the senescence-associated secretory phenotype.

. Several hallmarks of senescence are associated with OA, but it is unclear
which of these cause disease progression.

. Ageing, DNA damage and oxidative stress can induce senescence in cells in
joint tissue.
. The complexity of the senescent cellular phenotype necessitates the careful

use of biomarkers to identify senescent cells.

. Targeting senescence for OA therapy is a promising new approach that
deserves further investigation.
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Box 1 |

Common changes seen in cellular senescence
Increased production of B-galactosidase
Increased expression of p16/NK4a
Irreversible growth arrest
Increased secretion of extracellular vesicles (EVS)
Alterations in the microRNA content of EVs
Genomic instability
Increased levels of heterochromatin
Telomere attrition
Loss of proteostasis
Dysregulated nutrient sensing

Mitochondrial dysfunction

Increased production of reactive oxygen species and reactive nitrogen species
Increased secretion of senescence-associated secretory phenotype factors

Upregulation of urokinase plasminogen activator surface receptor (UPAR)
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Age-related stress

¢ Mitochondrial dysfunction

* Excessive mechanical loading
* Replicative senescence

e Oxidative stress

* DNA damage

* Telomere dysfunction
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Fig. 1 |. Associations between age-related stress, senescence and OA.
Multiple age-related stresses converge on the induction of senescent hallmarks in articular

joint cells. These cells can exhibit the senescence-associated secretory phenotype (SASP)
and secrete factors (including chemokines, cytokines, proteases and growth factors) that act
independently or together to induce changes commonly found in osteoarthritic tissues.
ADAMTS, a disintegrin and metalloproteinase with thrombospondin motifs; CCL, CC-
chemokine ligand; ECM, extracellular matrix; GM-CSF, granulocyte—macrophage colony-
stimulating factor; GRO, growth-regulated alpha protein; IGFBP, insulin-like growth factor
binding protein; MMP, matrix metalloproteinase; OA, osteoarthritis; OSM, oncostatin M;
ROS, reactive oxygen species; SA heterochromatin, senescence-associated heterochromatin;
TGFB, transforming growth factor-p.
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Fig. 2 |. Model for oxidative stress-induced senescence in joint cells.
Aged chondrocytes and synovial cells exhibit mitochondrial dysfunction, as well as a

reduction in antioxidant capacity, via a decrease in the activity of catalase and superoxide
dismutase (SOD) and decreased peroxiredoxin function. These phenotypes increase the
generation of reactive oxidative species (ROS) and reactive nitrogen species (RNS), which
induce chronic DNA damage and increase MAPK stress signalling, both of which can act
independently or together to induce senescence. Senescence itself can cause further
mitochondrial damage, causing positive feedback.

Nat Rev Rheumatol. Author manuscript; available in PMC 2022 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Coryell et al. Page 24

J O

IL-6 IL-1 - SASP factors Macrophage
v v ) ® v v recruitment
@
SASP >
STAT3 = NFkB mRNA vV vy
T AT stabilization ® Synovial
- A pl6 MK2 - @ © fibroblasts
WA ¥ -Q v.
p38 m Pro-senescence Chond t
DNA 4 extracellular REERSIESE
damage vesicles
ROS and RNS
Osteocytes
Senescent joint tissue cell > Joint tissue senescence

J L

Senolytic( 1Senomorphic
cIala ©

g A

T Pro-death pathways
(p53, caspases and so on)

[
|

{ Pro-inflammation pathways
(mTOR, IL-6, TNF and so on)

4 Pro-survival pathways
(MDM2, BCL2, PI3K and so on)

Production or activity of
Death of senescent cells SASP factors inhibited

Fig. 3 |. Model for cellular senescence in joint tissue and potential treatments.
Cytokines such as IL-6 promote senescence via the transcription factor STAT3, and IL-1 can

induce NFxB-driven expression of genes encoding senescence-associated secretory
phenotype (SASP) factors. Senescent joint cells are characterized by increased oxidative
stress (owing to the generation of reactive oxidative species (ROS) and reactive nitrogen
species (RNS)), DNA damage, increased expression of urokinase-type plasminogen activator
surface receptor (UPAR), and upregulation of stress proteins such as p38, c-Jun N-terminal
kinase (JNK) and mTOR. p38 induces senescence and the expression of p16, while INK
negatively regulates senescence in cells in joint tissue. mMTOR and p38 promote the SASP by
upregulating the translation of (mnTOR) and phosphorylating (p38) MK2 (also known as
MAPKAPK?2), which stabilizes mRNA transcripts encoding SASP factors. SASP factors
(including IL-1 and IL-6) and senescence-inducing extracellular vesicles are secreted by
these cells into the extracellular matrix, promoting macrophage recruitment to, and driving
further senescence in, the surrounding joint tissue. Senolytic drugs aim to prevent
senescence-associated disease by inducing apoptosis specifically in senescent cells via the
upregulation of p53, caspases and other proteins in death-associated pathways, while
repressing pathways associated with cell survival (for example, pathways involving MDM2,
BCL2 and PI3K). Senomorphic drugs do not kill senescent cells, but repress the SASP by
inhibiting the activity of proteins related to inflammation, such as mTOR, or by directly
inhibiting the activity or production of SASP factors such as IL-6 and TNF.

Nat Rev Rheumatol. Author manuscript; available in PMC 2022 January 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Coryell et al.

Table 1 |

Senolytics and senomorphics with potential as therapeutics for OA

Drug name
Senolytics
Dasatinib
Quercetin
Fenofibrate
Fisetin
UBX0101
Navitoclax (ABT-263)
Senomorphics
Lutikizumab
Canakinumab
Tocilizumab
Etanercept
CL82198

Target of action

BCR-ABL, SRC, c-KIT, ephrin A receptor

PI13K and serpins
PPARa

SIRT1, IL-1B
MDM2

BCL-2, BCL-X,

IL-1a, IL-1B
IL-1B

IL-6 receptors
TNF

MMP13

Refs

92-96
89,92,93,95,96
102

103-105
32,97-100
90,91,100

120
122
123,124
121
130
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MDM2, mouse double minute 2 homologue; MMP13, matrix metalloproteinase 13; PPARa, peroxisome proliferator-activated receptor alpha;

SIRT1, NAD-dependent deacetylase sirtuin-1.
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