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Abstract

Osteoarthritis (OA) is an age-related cartilage degenerative disease, and chondrocyte senescence has been exten-
sively studied in recent years. Increased numbers of senescent chondrocytes are found in OA cartilage. Selective
clearance of senescent chondrocytes in a post-traumatic osteoarthritis (PFTOA) mouse model ameliorated OA devel-
opment, while intraarticular injection of senescent cells induced mouse OA. However, the means and extent to which
senescence affects OA remain unclear. Here, we review the latent mechanism of senescence in OA and propose
potential therapeutic methods to target OA-related senescence, with an emphasis on immunotherapies. Natural killer
(NK) cells participate in the elimination of senescent cells in multiple organs. A relatively comprehensive discussion is
presented in that section. Risk factors for OA are ageing, obesity, metabolic disorders and mechanical overload. Deter-
mining the relationship between known risk factors and senescence will help elucidate OA pathogenesis and identify

optimal treatments.
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Introduction

Osteoarthritis (OA) is the most common joint disease
worldwide and imposes substantial mental and physical
burdens on elderly individuals. Nearly 250 million people
suffer from OA, making it a leading cause of disability in
the elderly population [1]. As a degenerative disease, cel-
lular senescence has been proposed to be involved in OA
[2]. Cellular senescence is a cell state characterized by
permanent cell cycle arrest, resistance to apoptosis, and
the continuous secretion of senescence-associated secre-
tory phenotype (SASP) factors [3]. In OA, SASP factors
are referred to as a group of inflammatory factors, such
as cytokines, chemokines and enzymes. SASP factors are
a general name of these inflammatory factors from the
perspective of senescence.
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Chondrocyte senescence was identified in tissues from
human OA patients many years ago, and senescent chon-
drocytes were shown to accumulate with age in articular
cartilage [2]. Recently, there has been renewed interest
in studying senescence from a mechanistic angle using
OA mouse models, and many senolytic drugs have been
studied as a therapeutic approach [4, 5]. Several mol-
ecules were found to be pivotal in OA-related senes-
cence, such as GATA [6], STING [7], FOXD1 [8], SIRT6
[9] and DGCRS [10]. In addition to senescent chondro-
cytes, senescent fibroblast-like synoviocytes in the osteo-
arthritic joint also promote OA progression [6]. Synovial
fibroblasts, synovial macrophages, osteoblasts and adipo-
cytes are involved in the production of SASPs in addition
to chondrocytes during ageing [11]. The inflammatory
environment induced by SASP factors is involved in car-
tilage degeneration and subchondral bone remodelling
and eventually leads to cartilage loss and OA progression.
Unlike rheumatoid arthritis (RA), OA was first consid-
ered a disease associated with wear and tear of joint car-
tilage rather than inflammation. However, OA has been
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treated as a combination of injury and inflammation in
recent decades, as mounting evidence has revealed the
significant role of cytokines and immune cells in the
pathology of OA [12-15].

Although the specific mechanism of cellular senes-
cence in OA is unclear, the selective clearance of senes-
cent cells in osteoarthritic mice can attenuate the
development of post-traumatic OA (PTOA) [16], while
intraarticular injection of senescent cells induced mouse
OA [17]. Eliminating p16™*A_positive cells in various
organs attenuated age-related deterioration without obvi-
ous side effects [18]. The clearance of senescent cells has
also been shown to be effective in tau-dependent pathol-
ogy and cognitive decline-associated diseases [19]. These
striking results aroused interest in exploring the underly-
ing mechanism of senescence and its therapeutic targets.

Natural killer (NK) cells play a vital role in the surveil-
lance and killing of senescent cells. Manipulating NK
cells to restore the balance between young and senes-
cent cells is promising in age-related diseases. However,
whether NK cells function in the senescence environ-
ment of osteoarthritic joints remains largely unknown.

The senescent microenvironment in the osteoarthritic
joint includes not only senescent chondrocytes, but
also synovial fibroblasts and synovial macrophages [11].
Although the senescence of these cells in the joint cav-
ity plays an important role in the pathogenesis of OA,
we mainly focused on senescent chondrocytes because
chondrocytes are the only cells in cartilage and determine
the homeostasis of anabolism and catabolism of the oste-
oarthritic cartilage matrix. In addition, the senescence of
other cells in the joint should never be ignored. In fact,
most antisenescence drugs at present are not aimed at a
single senescent cell type. Here, we systematically review
senescence in OA and propose some ideas for treatment
optimization.

Regulatory factors and characteristics

of senescence and the SASP

The mechanisms leading to senescence are numerous
and complicated. DNA damage can induce the DNA
damage response (DDR), leading to the direct activa-
tion of p53 and its downstream transcription factor
p21. Increasing levels of reactive oxygen species (ROS)
in the cytoplasm can activate p16, p53 and p21 via the
MKK3/6-p38MAPK pathway [20-22]. SASP factors,
such as TGF-P and IL-6, can activate p21, p27 and p15
and promote senescence via the SMAD complex or
STAT3 pathway, respectively [23-25]. Oncogenic sig-
nalling and tumour suppressor inactivation can induce
DDR through RAS, Myc and PI3K, resulting in the acti-
vation of p53 and p21 [26, 27]. Among these transcrip-
tion factors, p21 inhibits CDK2, and p16™** inhibits
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CDK4/6 [28, 29]. Then, Rb hypophosphorylation is sus-
tained, and Rb binds with the transcription factors E2F
and DP as a result of CDK2/4/6 inhibition. Due to the
reduction in E2F and DP, S-phase entry is blocked, fol-
lowed by cell cycle arrest [4, 21] (Fig. 1).

Although both permanent cell cycle arrest and con-
tinuing secretion of SASP factors are characteristics of
senescence, these processes have different but overlap-
ping mechanisms. It has been suggested that the produc-
tion and secretion of SASP factors are independent of cell
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Fig. 1 Signalling mechanisms leading to senescence. Mechanical
stress, DNA damage, ROS, oxidative stress and other adverse
conditions induce cellular senescence. p53-p21-CDK2 and
p16-CDK4/6 are two pathways involved in senescence. CDK2/4/6
inhibit RB and promote S phase entry, leading to cell cycle arrest
and cellular senescence. ROS, reactive oxygen species; CDK,
cyclin-dependent kinases; RB, retinoblastoma protein
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cycle arrest, as p16™** knockout mouse chondrocytes
do not decrease the release of SASP factors [30].

The production of SASP factors is associated with
NF-«xB, p38MAPK and mTOR. SASP can be regulated
at different levels from transcription to secretion [31].
The NF-kB pathway is an inflammatory pathway that
is involved in the transcription of multiple inflamma-
tory factors [32]. NF-«B is considered a major signalling
pathway that stimulates SASP factor production [33].
p38MAPK is induced by stress and is also induced in dif-
ferent types of senescent fibroblasts. p38MAPK inhibi-
tion can reduce most SASP factors to a large extent [34].
p38MAPK itself is sufficient to induce the SASP, and
this effect is independent of the DDR, promoting long-
term SASP factor secretion. Mechanistically, p38MAPK
induces SASP by enriching the abundance of SASP factor
mRNA and controlling the activity of NF-xB [34]. Rapa-
mycin, an inhibitor of mMTOR, can modulate the produc-
tion of SASP factors by suppressing membrane-bound
IL-1a translation and decreasing NF-kB activity [35]. In
addition, mTOR regulates the translation of MAPKAPK2,
which is also referred to as MK2. MAPKAPK?2 phospho-
rylates and inhibits ZFP36L1, a zinc-finger protein that
can degrade the transcripts of SASP factors. Therefore,
mTOR is involved in stabilizing SASP components [36].

These SASP factors have upstream and downstream
relationships. IL-1a on the cell membrane can enhance
the binding ability of NF-kB and C/EBPP to DNA and
then stimulate the transcription of IL-6 and IL-8 [37].
Typical SASP factors, such as IL-6 and IL-8, can enhance
SASP factor secretion in turn to form a feed forward
loop, thus reinforcing senescence [38].

Early SASP factors, such as TGFp, can also stimulate
normal cells to become senescent cells, leading to the
expansion of senescence [39, 40]. Later, SASP factors
exert robust abilities to recruit immune cells and exacer-
bate the inflammatory environment. The switch in SASP
is mediated by NOTCH1 [41].

Possible mechanisms leading to senescence in OA
Overload and mechanical stress

Mechanical overloading promoted senescence in vitro
in cultured chondrocytes and in mouse cartilage [42].
Reduced F-box and WD repeat domain containing 7
(FBXW7) was detected in osteoarthritic patient carti-
lage, osteoarthritic mouse cartilage, aged mouse cartilage
and in vitro cultured primary chondrocytes undergoing
mechanical loading. FBXW?7 deficiency in chondrocytes
induced chondrocyte senescence and promoted carti-
lage catabolism in mice [42]. Mechanical overloading
accelerated chondrocyte senescence by reducing FBXW7
expression and FBXW?7-dependent MKK?7 degrada-
tion, which subsequently stimulated JNK signalling [42].
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Inhibition of JNK activity by DTP3 ameliorated chon-
drocyte senescence and cartilage degeneration, which
suggested a harmful effect of JNK activation in osteoar-
thritic chondrocytes [42]. However, another study sug-
gested JNK deletion enhanced pl6 expression in the
synovium and cartilage in older mice and promoted
age-related OA, indicating that J]NK may be a negative
senescence regulator in the joint [43]. Mechanical over-
load is responsible for generating ROS and affects joint
degeneration and remodelling [44]. Piezol is an ion chan-
nel that mediates mechanosensory transduction [45].
Mechanical stretching can induce Ca?* influx via Piezol,
triggering the activation of multiple pathways [46]. The
transient receptor potential vanilloid 4 (TRPV4) ion
channel is a Ca®* channel, which was first recognized as
a transducer of osmotic stress [47, 48]. TRPV4-mediated
Ca®" signalling in response to osmotic fluctuations in the
cartilage is a potential mechanism by which chondro-
cytes sense and respond to joint loading [49]. One recent
study revealed that a dysfunctional TRPV4-GSK3[ path-
way prevented osteoarthritic chondrocytes from sens-
ing changes in extracellular matrix viscoelasticity [50].
Excessive mechanical stress induced chondrocyte apop-
tosis through TRPV4 in an anterior cruciate ligament-
transected rat OA model [51]. These findings stressed
the importance of TPRV4 in sensing mechanical stress.
Other findings indicate that TRPV4 could be a multimo-
dally modulated channel in chondrocytes and synovial
cells that interacts with proinflammatory factors and
mediates inflammatory signalling and mechanical stress
[52, 53]. The activation of Piezol and TPRV4 leads to
Ca?* influx, Ca®* overload in the cytoplasm, mitochon-
drial dysfunction and the accumulation of ROS. Then, the
DDR occurs, the cell cycle arrests and senescence devel-
ops [21, 54]. Moreover, mechanical stress can induce
mitochondrial dysfunction through multiple pathways
[55]. Gremlin-1 was identified as a mechanical loading-
inducible factor in osteoarthritic chondrocytes. A high
level of gremlin-1 was detected in middle and deep lay-
ers of cartilage after cyclic strain or hydrostatic pressure
loading [56]. Mechanistically, gremlin-1 promoted OA
progression by activating NF-«B signalling and elevating
catabolic enzymes [56] (Fig. 2).

Inflammatory microenvironment

There is an age-related proinflammatory state termed “
inflamm-aging” Age-related inflammation can be both
systemic and local [57]. Senescent cells produce SASP
factors, which promote the inflammatory microenvi-
ronment and cartilage catabolism. Chemokines such
as CCL2 and CCL4 can recruit macrophages and NK
cells [58]. Cytokines such as IL-1, IL-6, IL-7, IL-8, IL-17,
OSM, GM-CSF and TNF are involved in OA progression
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Fig. 2 The effects of mechanical stress on chondrocytes. Under mechanical

manner. TRPV4, transient receptor potential vanilloid 4; mtROS, mitochondri

to Ca’* influx into the cytoplasmand triggering endoplasmic reticulum stress and mitochondrial dysfunction. mtROS and mtDNA are released
from damaged mitochondria, which results in DNA damage, active catabolism and cartilage degeneration. NF-kB is usually activated during
senescence and promotes SASP factor transcription. Mechanical stress inhibits FBXW7-dependent MKK7 degradation, which leads to JNK pathway
activation and cellular senescence. JNK also has anti-senescence effect by regulating p16. The Rac1-ROS pathway participates in NF-kB activation
under mechanical stress and promotes the production of gremlin-1. Gremlin-1 in turn activates NF-kB via VEGF2 in an autocrine or paracrine

senescence-associated secretory phenotype; FBXW?7, F-box and WD repeat domain containing 7; MKK7, mitogen-activated protein kinase kinase 7;
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[58-60]. Proteases such as MMP1, MMP3, MMP10,
MMP13 and ADAMTS5 can degrade cartilage extracel-
lular matrix (ECM) and promote OA pathology [61, 62].
Growth factors such as TGF-p are involved in the forma-
tion of osteophytes [63].

The production of SASPs is not only a characteristic of
senescent chondrocytes. Adipocytes, osteoblasts, syno-
vial fibroblasts, synovial macrophages and NK cells in
joints are also crucial [11]. In fact, 55% of cytokines are
produced by synovial cells, and synoviocyte-chondrocyte
interactions play a vital role in the pathogenesis of OA
[64].

In addition, senescent cells can release SASPs into
their surroundings, which exerts a chemotactic effect
on immune cells. The inflammatory microenvironment
established by immune cells and the SASP are thought
to drive cartilage degeneration by degrading ECM. Few
cartilage fragments and other ECM degrading prod-
ucts can induce inflammation. For example, lumican, a
major extracellular matrix glycoprotein, is upregulated in

osteoarthritic cartilage and synovial fluid (SF). Lumican
in SF exacerbates proinflammatory activation induced by
TLR4 and leads to macrophage polarization [65].

Moreover, this senescent microenvironment ham-
pers the repair of cartilage by bone marrow stem cells
(BMSCs). In vitro coculture assays indicated that senes-
cent chondrocytes and BMSCs interacted with each
other. Senescent chondrocytes inhibited proliferation,
facilitated senescence, and suppressed chondrogenic dif-
ferentiation of BMSCs. BMSCs induced the apoptosis
of senescent chondrocytes and reduced the proportion
of senescent chondrocytes. The intra-articular senes-
cent microenvironment caused by senescent cells and
the SASP inhibited the repair of damaged cartilage by
BMSC:s [66].

Oxidative stress

Mechanical stress and ageing are two main risk factors
for OA, both of which are capable of producing ROS
and oxidative stress [44, 67]. Mitochondrial dysfunction
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and oxidative stress are key factors in OA [67]. mtDNA
damage is one possible reason leading to the senescence
of osteoarthritic chondrocytes, which may be attributed
to increasing mitochondrial ROS production and short-
ening of telomeres under stress conditions [68]. Poor
repair of mtDNA caused by oxidative stress is thought to
be associated with OA pathogenesis [69]. ROS promote
mitochondrial dysfunction, induce DNA damage and
DDR and lead to premature senescence, matrix degrada-
tion and subchondral bone mass loss in OA [70]. Oxida-
tive stress results in membrane and nucleic acid damage,
as well as the degradation of extracellular components
and cartilage destruction. ROS inhibit the synthesis of
proteoglycans by NO in the cartilage, and H,O, inhibits
proteoglycan synthesis by forming ATP and suppressing
mitochondrial oxidative phosphorylation [71, 72].

Increased mitochondrial superoxide and decreased
SOD2 were induced in chondrocytes under mechanical
stress conditions, and the loss of SOD2 led to mitochon-
drial superoxide accumulation. This imbalance in antioxi-
dants and prooxidants is related to cartilage degeneration
[73]. Decreased levels of antioxidant enzymes are associ-
ated with accelerated senescence or premature senility, as
SOD27~/~ mice exhibit decreased lifespans, accelerated
ageing cellular phenotypes, and increased p16 and p21 at
both the mRNA and protein levels [74]. SOD2 deletion
leads to severe OA, while SOD2 overexpression or the
use of antioxidants reduces OA [75]. Peroxiredoxins par-
ticipate in the clearance of excess H,0O, and act as anti-
oxidants [75, 76]. Under oxidative stress, peroxiredoxins
are hyperoxidized and inactivated, which attenuates
survival signalling by inhibiting the Akt signalling path-
way and promoting p38 signalling in chondrocytes [76].
These studies indicate the negative influences of ROS on
cartilage.

Oxidative stress also activates the NF-«kB pathway and
promotes MMP overproduction, thus triggering DNA
damage and cell senescence [77]. Upon exposure to oxi-
dative stress, redox-sensitive PKCS8 activates IKKa and
triggers its translocation to the nucleus, resulting in
phosphorylation and activation p53 [78]. p53 modulates
the DDR and orchestrates homeostatic activities and dys-
functional responses, such as irreversible cell cycle arrest
and cellular senescence [79].

Inflammation and oxidative stress intensify one other
and damage the cartilage [77]. ROS play an important
role in the production of SASP components, includ-
ing IL-1, IL-6 and MMPs [80]. Inflammatory changes
decreased the level of antioxidant enzymes in biological
fluids and cartilage and increased the level of oxidative
agents, which hampered cartilage matrix proteins and led
to cartilage damage [77, 81].
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Metabolism and energy shortage

Metabolism is substantially changed and abnormal
immunometabolism plays a pivotal role in OA [82]. Obe-
sity is an influential risk factor for OA, and it affects not
only the abnormal mechanical stress on joints but also
metabolic changes [83, 84]. High body mass index (BMI)
was related to hand and knee OA but not hip OA in a
10-year follow-up study [85], which indicates that there
must be metabolic abnormalities contributing to OA.

Individuals with obesity show high levels of TNF-q,
IL-1p and IL-6 in serum, and these SASP factors are pro-
duced by macrophages in adipose tissue [83]. Adipokine
and other obesity-associated metabolic factors can
induce the expression of proinflammatory cytokines and
degradative enzymes, exacerbating cartilage damage and
subchondral bone remodelling [84]. Moreover, high lev-
els of adipokines influence M1 macrophage polarization
[86], which is considered a proinflammatory phenotype.
Free fatty acids (FFAs) increase oxidative stress levels
along with increased IL-6 and IL-8 secretion [87]. Leptin
induces MMP1, MMP3 and MMP13 expression in chon-
drocytes [88] and induces chondrocyte senescence by
activating the p53/p21 pathways and suppressing sirtuin
1 (SIRT1) [89]. Overall, metabolic syndrome can affect
OA development directly by stimulating proinflamma-
tory and catabolic factors and indirectly by interfering
with autophagy and senescence (Fig. 3).

Sirtuins (SIRTs) help cells adapt their energy output to
match energy requirements by sensing the NAD™ con-
centration in the cytoplasm [90]. The correlation between
SIRT and senescence has been verified in many age-
related diseases, such as Alzheimer’s disease [91] and dia-
betes mellitus [92]. SIRTs, especially SIRT1, SIRT3 and
SIRT®6, exert antiaging effects through various pathways
and exhibit connections with mTOR, PI3K, AMPK and
NE-kB [93, 94].

In directly cartilage, SIRT1 has been studied most
thoroughly, and increasing studies have identified the
importance of SIRT6 [95]. SIRT1 conditional knockout
mice exhibit accelerated OA progression and are more
vulnerable to ageing and mechanical stress stimulation
[96, 97]. In addition, SIRT1 interacts with the cartilage-
specific transcription factor Sox9 and promoted collagen
2 transcription. SIRT1 and NAD may benefit cartilage by
upregulating genes encoding cartilage ECM components
[98]. SIRT1 is cleaved to form an inactive N-terminal
(NT) polypeptide and a C-terminal (CT) fragment in
chondrocytes under proinflammatory stress, and the
serum NT/CT SIRT1 ratio is an indicator of early OA
and chondrosenescence [99]. Moreover, SIRT1 is related
to circadian rhythm, as inhibiting SIRT1 leads to a reduc-
tion in the clock gene Bmall [100], which is associated
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Fig. 3 The relationship between energy shortage and chondrocyte senescence. Energy deficiency caused by damaged mitochondria activates
AMPK, and SIRTs including SIRT1, SIRT3 and SIRT6. SIRT1 protects cartilage by promoting the transcription of Sox9 and collagen 2. Several factors
such miR-34a and leptin inhibit SIRT1 and exacerbate chondrocyte senescence and cartilage damage. Damaged mitochondria are eliminated by
p62-mediated autophagy. Activated in an inflammatory environment, NF-kB promotes SASP factor transcription. SASP factors activate NF-kB in

an autocrine manner, forming a positive feedback loop. Energy deficiency activates mTOR via AMPK. mTOR inhibits ZFP36L1 by activating MKK.
ZFP36L1 and some miRNAs, such as miR-204 participate in the degradation of SASPs. Decreased NAD + /NADH also activates SIRT3 and SIRT6 in
addition to SIRT1. SIRT3 deacetylates SOD2 and increases SOD2-specific activity, thus protecting chondrocytes against oxidative stress. SIRT6 can
inhibit DNA damage and cellular senescence. SIRT, sirtuin; AMPK, adenosine 5’-monophosphate (AMP)-activated protein kinase; mTOR, mammalian

target of rapamycin; ZFP36L1, ZFP36 ring finger protein like 1; SOD2, superoxide dismutase 2

with cartilage damage and circadian rhythm disturbances
[96] (Fig. 3).

SIRT3 is mainly located in mitochondria and can main-
tain mitochondrial function, regeneration and dynamics
through its deacetylase activity [101]. A recent study pro-
posed that SIRT3-mediated mitochondrial homeostasis
protected against OA development [101]. SOD2 is a pro-
tective factor against oxidative stress, and SOD2-specific
activity decreased with age in mouse chondrocytes due
to elevated post-translational lysine acetylation. SOD2
acetylation was also detected in osteoarthritic chondro-
cytes. SIRT3 is involved in the deacetylation of SOD2,
increasing SOD2-specific activity and protecting against
OA progression [102] (Fig. 3).

The loss of SIRT6 can increase DNA damage and tel-
omere dysfunction and increase SA-B-Gal-positive
chondrocytes and pl6 and yH2AX foci, thus inducing
premature senescence [9, 103]. SIRT6 overexpression
inhibited replicative senescence. Decreased levels of
SIRT6 were found in osteoarthritic patient cartilage com-
pared to that of healthy individuals, while overexpres-
sion of SIRT6 in a mouse knee OA model retarded OA

progression by alleviating the inflammatory response and
chondrocyte senescence [104]. IL-1p lowered the expres-
sion of SIRT6 and increased the expression of MMP13,
and the upregulation of MMP13 could be reversed by
overexpressing SIRT6. Further experiments revealed
decreased expression of NF-kB but no change in p65
nuclear translocation after SIRT6 overexpression, which
established connections between inflammatory pathways
and SIRT6 [105]. In addition, these studies indicate that
specific activators of SIRT6 may be potential therapeutic
targets for controlling senescence and ameliorating OA
development (Fig. 3).

Autophagy

Autophagy usually occurs when cells are under stress-
ful conditions. Damaged and dysfunctional organelles
and proteins are engulfed and degraded by lysosomes
to save energy under stress conditions, such as nutri-
ent deprivation, hypoxia, ROS and DNA damage [106,
107]. The expression of ULK1, LC3 and Beclinl in nor-
mal human articular cartilage suggests that autophagy is
constitutively active in chondrocytes [108], and avascular
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and hypoxic conditions in cartilage may account for this
activation. Autophagy seems to protect chondrocytes
against cell death, as both human osteoarthritic chon-
drocytes and surgery-induced OA mouse models showed
decreased ULK1, Beclinl and LC3 levels and increased
apoptosis [108]. In addition, old mice showed reduced
autophagic vesicles and decreased levels of ATG-5 and
LC3 in knee articular cartilage compared with young
mice, with increased levels of the apoptosis marker p85
[109]. Regulated in development and DNA damage
response 1 (REDD1), an endogenous inhibitor of mTOR,
was protective in the OA model, which suggested the
benefit of autophagy in chondrocytes [110]. However,
another study noted the dual effects of autophagy on
cartilage: in normal human cartilage, autophagy is cyto-
protective, and in osteoarthritic cartilage, autophagy pro-
motes death [111].

Autophagy can regulate senescence by controlling pro-
tein degradation. Chaperone-mediated autophagy (CMA)
accounts for the majority of the lysosome-autophagy pro-
teolytic system [112]. Deficient CMA results in the accu-
mulation of misfolded proteins and oxidative products,
and this dysregulation of proteostasis ultimately leads to
senescence [112]. In addition, DNA damage promotes
senescence by reducing autophagy of GATA4 [113]. The
transcription factor GATA4 was identified as a regulator
of senescence and the SASP, as it promotes senescence by
activating NF-kB and initiating SASP factor production.
GATAA4 is degraded by p62-mediated selective autophagy
under normal conditions, and this process is reduced
when senescence occurs [113].

Targeting senescence by controlling autophagy needs
further investigation. First, autophagy may partly con-
trol some but not all senescence processes. Although
rapamycin-mediated inhibition of mTOR prevents SASP
induction [36], it fails to prevent or reverse the cell cycle
arrest caused by oncogenic RAS [35]. Second, autophagy
may be a double-edged sword in senescence; in other
words, whether autophagy is beneficial or harmful in
osteoarthritic cartilage remains contradictory [114]. Sus-
tained p53 activation occurs even senescent cells are in
cell cycle arrest, and activated p53 can induce the tran-
scription of several autophagy-associated proteins such
as ULK1, ATG5 and ATG7 [114]. These studies indicated
that autophagy may be constitutively activated during
senescence. One recent study noted that autophagy leads
to senescence via mTORC2 [115]. Autophagic fibro-
blasts express pl6 and p2l and are SA-B-Gal-positive.
Suppressing or silencing mTORC2 activation prevents
senescent hallmarks [115]. Whether autophagy promotes
senescence or protects against senescence should be
determined before autophagy-regulating drugs are used
to control senescence.
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Therapeutic targeting of senescence

Drugs that eliminate senescence

Drugs can be roughly divided into two groups: senolyt-
ics and senomorphics. The former aims to kill senescent
cells, while the latter neutralizes the SASP and offsets its
effects. Different molecular targets have been developed.

Senolytics have been proven to improve physical func-
tion and increase lifespan in mice [116]. Several senolyt-
ics have been developed. Dasatinib targets BCR-ABL,
SRC, ¢-KIT and the ephrin A receptor. Quercetin targets
PI3K and serpins. Fisetin targets SIRT1 and IL-1p [117].
UBXO0101 targets MDM2, and navitoclax (ABT-263) tar-
gets BCL-2 and BCL-XL [118]. Some of these agents are
proapoptotic drugs and have been used in cancer treat-
ment. Inducing apoptosis helps to reverse senescence
and leads to cell death. Senomorphics, such as lutiki-
zumab and canakinumab, target IL-1f; tocilizumab tar-
gets IL-6 receptors, etanercept targets TNF and CL82198
targets MMP13 [4, 63].

Intraarticular injection of quercetin ameliorated car-
tilage degradation and chondrocyte apoptosis. Reduced
intracellular ROS, restored mitochondrial membrane
potential and an inhibited Caspase-3 pathway were
observed in rat chondrocytes after application of querce-
tin. In addition, increased M2 polarization, TGF-$ and
IGF created a pro-chondrogenic microenvironment for
cartilage repair [119].

UBXO0101 showed encouraging effects in treating an
ACLT-induced mouse OA model, regardless of early or
later OA stage, in young or old individuals [16]. However,
compared to placebo, UBX0101 resulted in no differences
in WOMAC-A scores in a 183-person phase II clinical
trial of OA (NCT04129944), and a dose-response rela-
tionship was not observed. In fact, only the lowest dose
showed a curative effect. Fisetin, a flavonoid with poten-
tial anti-inflammatory and senolytic functions [117, 120],
has been proven to alleviate joint damage in the destabi-
lization of the medial meniscus (DMM) model and is also
under investigation in knee OA in a phase I-II clinical
trial (NCT 04,210,986).

In addition to senolytic drugs, which aim to kill
senescent cells, senomorphic drugs directly inhibit or
neutralize SASP factors. IL-1 plays a vital role in car-
tilage degradation and OA development and has been
an attractive target in OA for many years. Mechanis-
tically, IL-1 induces the transcription of MMP13 and
ADAMTS5 and is involved in their bioavailability [121].
However, multiple methods to suppress IL-1 did not
show satisfactory outcomes in numerous preclinical and
clinical studies, including the application of IL-1 recep-
tor antagonist proteins, soluble IL-1 receptors, monoclo-
nal antibodies against IL-1 or against the IL-1 receptor,
blocking the formation of active IL-1f, blocking IL-1
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signalling pathways and gene therapy [122]. The MMP-
13 inhibitor PG-116800 failed in a randomized, double-
blind, placebo-controlled, multicentre, parallel-group,
dose—response study of treating knee OA, with no clear
benefit in relieving pain and improving function [123].
Th17 cells play roles in ankylosing spondylitis, and pso-
riatic arthritis and various biologic agents, such as IL-17
antibodies, have been developed [124]. One recent study
[125] focused on IL-17 and found that a type 17 immune
response was induced in joint and draining inguinal
lymph nodes after ACLT administration. In vitro experi-
ments demonstrated that Th17 cells induced senescence
in fibroblasts. Intraarticular injection of an IL-17-neu-
tralizing antibody in mice alleviated cartilage degenera-
tion and the senescence marker p21 [125]. These results
provide evidence of the roles of IL-17 and Th17 cells in
OA development and cartilage senescence. However,
increased IL-17 mRNA was detected in RA synovial tis-
sue but barely in OA [126]. Whether IL-17 antibodies or
other biological agents are useful in humans remains to
be tested.

Metformin was recently reported to have effects other
than reducing blood sugar, such as attenuating age-
ing via numerous mechanisms [127]. Activating AMPK
and SIRT1, reducing mTORCI, inhibiting NF-xB and
inflammatory pathways, regulating the gut microbiota,
improving metabolism, prohibiting DNA damage, pro-
moting DNA repair and reducing telomere shortening
were involved in the effects of metformin against senes-
cence [127]. One recent study revealed that metformin
restricced OA progression through the activation of
AMPK signalling [128]. Metformin prevented the for-
mation of osteoclasts, inhibited bone absorption and
abnormal subchondral bone remodelling and alleviated
OA via the AMPK/NF-«B/ERK signaling pathway [129].
Metformin alleviates monosodium-iodoacetate-induced
OA by regulating pain mediators and autophagy [130].
Metformin is promising for controlling senescence and
treating OA.

Some senomorphics are under investigation in clini-
cal trials; for examples, tanezumab (NCT02528188)
and fasinumab  (NCT02683239, NCT03161093,
NCTO03304379) are NGF inhibitors and are in phase
III clinical trials of hip or knee OA. Tocilizumab, an
IL-6R inhibitor, is in a phase III clinical trial of hand OA
(NCT02477059). The ADAMTSS5 inhibitors, GLPG1972/
S$201086 and M6495, were investigated in phase II clini-
cal trials (NCT03595618) and phase I clinical trials
(NCT03583346) of knee OA, respectively. GSK3858279,
a CCL17 inhibitor, is in a phase I clinical trial of knee OA
(NCTO03485365). Otilimab, a GM-CSF inhibitor, is in a
phase II clinical trial of hand OA (NCT02683785).
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Many questions must be taken into consideration when
using senolytics or senomorphics in OA. First, senes-
cence exerts a beneficial effect on wound healing [131,
132] and tumour suppression [133]. Inducing senescence
in tumour cells helps the immune system target tumours.
The senescent microenvironment produced by senes-
cent cells and the SASP also prohibits tumour progres-
sion [134]. Long-term senescent cells may cause chronic
inflammation and damage cartilage, but the acute phase
of senescence may be useful in ameliorating injury [4,
135]. In addition, there may be off-target effects of seno-
lysis; in other words, these agents do not kill senescent
cells specifically. Several chemotherapeutics exhibited
effects on total body cells with high proliferative proper-
ties. For instance, systemic side effects restrict the use of
senolytics for kidney fibrosis [136].

miRNAs controlling senescence

MicroRNAs (miRNAs) are small noncoding RNAs that
can bind to the 3’-untranslated region (3’-UTR) of tar-
get mRNAs, inhibit translation and lead to target mRNA
degradation. miRNAs play important roles in cellu-
lar senescence induced by oxidative stress [137-139].
miRNAs can be a component of exosomes, which are
secreted into the ECM and affect other cells in a parac-
rine manner [138]. Mounting evidence suggests that non-
coding RNAs participate in the regulation of SASP factor
production at the transcriptional level [140].

As two downstream products of NF-kB, miR-302b and
miR-146a exert negative feedback effects on the NF-«xB
pathway [141]; they inhibit the NF-kB pathway and SASP
production by participating in the degradation of the
IRAK4 and TRAF6 transcripts, respectively [141, 142].
Notably, miR-140 attenuates early OA development by
inhibiting chondrocyte senescence [143]. Insulin-like
growth factor 1 receptor (IGF1R) and Toll-like receptor 4
(TLR4) in the PI3BK-AKT pathway and JAG1 and NUMBL
in the Notch pathway are targets of miR-140 [143]. miR-
204 is induced by the transcription factors GATA4 and
NF-«xB under stress conditions and governs the senes-
cent phenotypes of chondrocytes [144]. miR-204 inhibits
various components of proteoglycan (PG) biosynthesis,
leading to loss of cartilage and OA development [144].
Inhibiting miR-204 restored PG synthesis, suppressed
SASP factor secretion and ameliorated OA in a mouse
model [144]. miR-34a affects chondrocyte proliferation,
senescence and apoptosis, as reported in another study
[145]. miR-34a inhibits SIRT1 expression directly, thus
reducing the deacetylation of p53 and promoting senes-
cence, increasing Bax and decreasing Bcl2 [145]. Intraar-
ticular injection of lentivirus containing the anti-miR-34a
sequence slowed the progression of OA [145].
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Some miRNAs show antiaging effects in other cells.
miR-290 acts as a physiological effector of senescence
in mouse embryonic fibroblasts [146]. miR-22 induces
cellular senescence and acts as a tumour suppressor by
directly targeting CDK®6, SIRT1 and Spl [147]. Overex-
pression of miR-302, miR-512-3p and miR-515-3p can
rescue Ras(G12V)-induced senescence by inhibiting p21
[148]. miRNAs associated with senescence and OA are
listed in Table 1.

Immunotherapy against senescence

Compared with drugs that kill senescent cells, the clear-
ance of senescent cells by the immune system seems
to be a more selective and more natural method. Some
specific epitopes on the cell membrane or the SASP,
as well as abnormally expressed proteins, have been
found. However, not all of these epitopes are eligible to
be treated as targets. For example, p16INK4A, a widely
used biomarker of senescent cells, was not suitable as a
target, as silencing p16 in adult mouse chondrocytes did
not decrease the SASP, nor did it change the rate at which
OA occurred in response to physiological ageing or
induced joint abrasion. Senescence affects the pathology
of OA largely in a SASP-dependent manner, not through
the cell cycle arrest itself [30].

Accumulated and activated CD167 NK cells were
found in the synovial tissue from patients with active
RA, which induced an inflammatory, cytokine-secreting
HLA-DRTCD90" phenotype of synovial fibroblasts [150].
One study found that CD56%/CD16~ cells were the major
type in the osteoarthritic joint and were correlated with
elevated inflammatory factors in SF [151]. Another study
revealed that NK cells and neutrophils were the first cells

Table 1 miRNAs involved in senescence or OA
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accumulating in the synovium during experimental OA
and were involved in the cartilage damage process [152].

Senescent human fibroblasts can be identified and
killed by NK cells through NKG2D-NKG2D ligand
interactions and degranulation of NK cells. NKG2D
is expressed on CD4tCD28~ T cells and NK cells.
CD41CD28™ T cells rarely appear in healthy individual
joint cavities, while these cells accumulate in RA and
other autoimmune diseases [153]. RA synovial cells
abnormally expressed the stress-inducible MIC ligands of
NKG2D, which stimulated CD4TCD28™ T cell cytokine
production and proliferation [153]. However, the expres-
sion of Rael (a ligand of NKG2D in mice) is induced in all
inflammatory joint diseases except collagenase-induced
OA (CIOA) mouse models [154], which indicates that the
NKG2D-NKG2D ligand interaction is absent in CIOA. It
is unclear whether this interaction exists in other types of
OA (Fig. 4).

NKG2A acts as an inhibitory receptor on immune cells,
which interacts with MHC-I molecules and prevents our
own cells from being killed [155]. The balance between
activating receptors (such as NKG2D, DNAM-1, NKp44
and NKp46) and inhibitory receptors (such as CD94/
NKG2A) determines the killing of senescent synovial
cells by NK cells [156]. However, whether NKG2A func-
tions in osteoarthritic joints remains unknown (Fig. 4).

NK cells are particularly suitable for immunotherapy
due to their major histocompatibility complex (MHC)
and antigen-independent manner [157]. However, the
inherent immune clearance of senescent cells could
sometimes be in vain due to the shedding of NKG2D
ligands [158], low NKG2D ligand expression on senes-
cent cells or low NKG2D expression in NK cells [159].

miRNAs Mainly target molecule or pathways  Effects References
miR-290 Promotes senescence in mouse embryo fibroblasts Pitto et al. (2009) [146]
miR-22 CDK6, SIRTT, Sp1 mRNA Induces cellular senescence and suppresses tumour Xuetal. (2011) [147]
miR-302, p21 mRNA Rescue Ras(G12V)-induced senescence Borgdorff et al. (2010) [148]
miR-512-3p
miR-515-3p
miR-302b IRAK4 mRNA Inhibits NF-kB pathways Afonina et al. (2017) [141]
miR-146a TRAF6 mRNA Inhibits NF-kB pathways O'Connell etal. (2012) [142]
miR-34a SIRTT mRNA Inhibits chondrocyte proliferation, promotes senescence and ~ Yan et al. (2016) [145]
apoptosis

miR-204 Inhibits proteoglycan (PG) biosynthesis Kang et al. (2019) [144]
miR-140 IGF1R and TLR4 in PI3K-AKT pathway Inhibits chondrocyte senescence and attenuates early OA Sietal. (2020) [143]

and JAG1 and NUMBL in the Notch development

pathway
miR-126, miR- Are associated with ageing Olivieri et al. 2017) [149]
130a, miR-142,
miR-21,

miR-93




Liu et al. Arthritis Research & Therapy (2022) 24:174

Page 10 of 15

Senescent cell © Soluble NKG2D NK cell
Ligands — Q S
! ﬂ_“;:%o @) o © °?°°o
% ?% (e} o SN
@) : oY XNKGZD
—>O MICA O )
J ° O -_-—
7 Killing of senescent cell = oDA;'IO ITAM /
DNA damage o ©e © Granzyme B
®% oo o0 .
o © © Perforin
o NKG2A '|' -
l Phosphorylation p38 HLA-E O\_)\
® «'{ ITIM
E2F MICA mRNA CD94
IS S N NKG2D
E2F o7 O) |
77 g7 CDI155mRNA O e
5 DAP-10 ITAM
IL-6R 50
Noo
IL-6
— ©
ctivation
TIGHT;
——  Inhibition CD155 N o
1 e ®> ITIM
—>>  Translation
! > @ DNAM:l
| ——
CDI55 -
) ITAM
CAR-T or CAR-NK Therapy uPAR O>—WN\ —
Co-stimulate region
ADCC DPP4 o>_> Fe receptor
3 Antibody & g)
Fig. 4 Interactions between NK cells and senescent cells. In response to DNA damage, MICA is selectively expressed on senescent cells rather
than proliferative cells. MICA interacts with NKG2D and activates NK cells via ITAM. Activated NK cells produce and secrete granzyme B and perforin
to kill senescent cells. Shedding MICA from the senescent cell membrane surface leads to NK cells off-target and senescent cell evasion. HLA-E is
upregulated by the p38 pathway. HLA-E binds to NKG2A and inhibits NK cell activation via the ITIM on the NKG2A intracellular segment. CD155
exerts dual effects as its combination with DNAM-1 activates NK cells while its combination with CD94 or TIGHT inhibits NK cell activation. Shedding
CD155 participates is involved in the evasion of senescent cells as its binding affinity to DNAM-1 is higher than that to TIGHT and CD94. The
expression of MICA and CD155 is directly regulated by transcriptional factor E2F 1. uPAR is specifically expressed on the senescent cell membrane
surface, and CAR-T therapy targeting uPAR has been designed to eliminate senescence. DPP4 has been treated as a target of immunotherapy via
ADCC. NKG2D, natural killer group 2, member D; HLA-E, human leukocyte antigen-E; IL-6, interleukin-6; CAR-T cell, chimeric antigen receptor T cell;
UPAR, urokinase-type plasminogen activator receptor; ADCC, antibody-dependent cell-mediated cytotoxicity; DPP4, dipeptide peptidase 4; ITAM,
immunoreceptor tyrosine-based activation motif; ITIM, immunoreceptor tyrosine-based inhibitory motif

Some new immunotherapies may help. CD26/dipeptide
peptidase 4 (DPP4) was identified as a senescence bio-
marker, and administration of anti-DPP4 antibody can
induce ADCC, leading to the elimination of senescence
by NK cells [160]. Several DPP4 inhibitors, such as sax-
agliptin, teneligliptin and vildagliptin, can ameliorate
IL-1B or TNF-a-induced degradation of ECM and pro-
tect against chondrocyte senescence [161-163] (Fig. 4).
CAR-T cells or CAR-NK cells are another promising
immunotherapy. A chimeric antigen receptor can redi-
rect T cells or NK cells to target specific factors. uPAR is

upregulated in chondrocytes during OA and participates
in cartilage degradation [164]. In recent studies, urok-
inase-type plasminogen activator receptor (uPAR) was
found to be widely expressed on the senescent cell mem-
brane, and uPAR-specific CAR-T cells were developed to
target senescence [165] (Fig. 4).

Many challenges need to be addressed. One limita-
tion of cell therapy is the dense barrier of ECM in carti-
lage, which prevents immune cells from infiltrating and
killing senescent cells. Moreover, OA is a disease with
strong heterogeneity and various aetiologies. It would
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be complicated to identify the specific phenotype before
using senolytics or cell therapy. Finally, screening and
identifying an epitope of senescent cells in OA is critical.
Only when these problems are resolved can immune cell
therapy in OA become feasible.

Conclusions

Many SASP factors have long been known to be proin-
flammatory producers in the joint cavity or ECM degrad-
ers and degeneration catalysts. Several attempts have
been made to neutralize the SASP but have not shown
satisfactory outcomes in OA treatment. The senolytic
drug UBX0101 failed to outperform the placebo in a
phase II clinical trial. One possible reason for this failure
to translate treatment into clinical use is the widely used
8-week-old mouse model rather than the aged mouse
model which may reflect and guide application more
robustly. Immunotherapy in OA is rather new and shows
potential, as it is naturally in accordance with establishing
normal homeostasis in old and young cells. Therapeutic
molecular targets that can utilize the immune system
need to be developed.
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