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Abstract (150) 

 

Osteoarthritis (OA) is a common age-related disease that correlates with a high number of 

senescent cells in joint tissues. Senescence has been reported to be one of the main drivers 

of OA pathogenesis, in particular via the release of senescence-associated secretory 

phenotype (SASP) factors. SASP factors are secreted as single molecules and/or packaged 

within extracellular vesicles (EVs), thereby contributing to senescent phenotype 

dissemination. Targeting senescent cells using senolytics or senomorphics has therefore 

been tested and improvement of OA-associated features has been reported in murine 

models. Mesenchymal stromal cells (MSCs) and their derived EVs (MSC-EVs) are promising 

treatments for OA, exerting pleiotropic functions by producing a variety of factors. However, 

functions of MSCs and MSC-EVs are affected by aging. In this review, we discuss on the 

impact of the senescent environment on functions of aged MSC-EVs and on the anti-aging 

properties of MSC-EVs in the context of OA. 
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1. Introduction 

 

Osteoarthritis (OA) is the most common joint disorder characterized by cartilage 

deterioration, calcification in the form of osteophytes and subchondral sclerosis and, low-

grade synovitis. Several risk factors have been identified including genetics, obesity, 

repeated traumas, metabolic disorders, but the most prevalent one is age. This degenerative 

and debilitating disease affects over half of individuals aged 65 years and older, which yields 

around 30 million adults in the US population [1]. It is estimated that the number of people 

affected will double in the coming years to reach nearly 67 million by 2030 [2]. Senescence is 

one of the hallmarks of aging that has been implicated in the pathogenesis and progression 

of most of aging-associated diseases, including OA (for review, see [3]). However, the exact 

mechanism connecting senescence and OA pathology remains unclear. Senescent cells are 

cell cycle-arrested and release a secretome containing various bioactive molecules, called 

the senescence-associated secretory phenotype (SASP). These molecules can be released as 

single molecules or within extracellular vesicles (EVs) that contribute to the pathogenesis of 

OA and the degradation of joint tissues. Targeting senescent cells therefore represents a 

novel approach for treating OA [4].  

Among the therapeutic strategies being investigated for the treatment of OA is the use 

of mesenchymal stromal/stem cells (MSCs). They have proved efficacy in non-clinical models 

of OA by decreasing inflammation and protecting cartilage and bone from degradation and, 

in the clinics by improving pain and functional parameters ([5, 6], for meta-analysis and 

review [7]). More recently, MSC-derived EVs (MSC-EVs) have been reported to recapitulate 

most of the beneficial effects of parental MSCs. They improved the phenotype of OA 

chondrocytes in vitro [8] and exerted a therapeutic effect in murine models of OA [9, 10] or 
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in cartilage repair [11]. EV-based therapies may therefore represent novel alternatives to 

cells to combat aging via the secretion of regenerative factors and the depletion of 

senescent cells. Besides, EVs from aged or senescent MSCs may lose their regenerative 

potential and negatively influence the function of recipient cells through the release of SASP 

factors. In this review, we discuss the therapeutic role of MSC-EVs in OA and focus on 

senescence-associated features of OA. 

 

2. Mesenchymal stromal cells and extracellular vesicles 

 

EVs are mediators in the crosstalk between cells and contribute to the regulation of 

tissue homeostasis and pathological processes. These vesicles are produced by virtually all 

cell types and are detected in all body fluids. They are classified into three major subtypes 

depending on their size and biogenesis: exosomes (from 40 to 150 nm diameter) from 

endosomal origin, microvesicles (or microparticles, ectosomes; 100 nm to 1 µm) budding 

from the plasma membrane and apoptotic bodies (larger than 500 nm) evolving from cell 

disruption during apoptosis [12]. Nonetheless, currently used isolation methods achieve only 

enrichment in two main categories of heterogeneous populations of EVs: small size EVs (less 

than 150 nm) and medium size EVs (120 to 600 nm) from other soluble molecules contained 

in culture medium or fluids [13, 14]. There is no consensus marker to identify EV subtypes 

but presence of a lipid bilayer as well as size and surface (CD9, CD63, CD81, flotillin) and 

cytosolic (HSP70, TSG101, ALIX,..) markers are widely used to characterize EVs. The 

composition of EVs coming from different cell compartments and distinct intracellular 

regulatory processes is variable and their cargo differs. Likewise, EV cargoes mostly reflect 

the source and state of parental cells and obviously, their function thereof. This is the reason 
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why MSC-EVs are largely investigated as novel cell-free therapeutic weapons in a large 

variety of diseases [15]. 

Although MSC-EVs have proved therapeutic potential in different preclinical settings, 

their mechanism of action is still poorly understood. Different omics approaches have 

identified bioactive molecules (proteins, lipids, miRNAs) playing various roles in biological 

processes relevant for tissue repair, such as inflammation, angiogenesis, extracellular matrix 

remodelling, apoptosis, proliferation [15]. There are consensual data reporting that EVs 

isolated from different sources of MSCs have beneficial effects but few have compared the 

efficacy of different sources of MSC-EVs in parallel within a single study. Nevertheless, in OA, 

induced pluripotent stem (iPS) cells-derived MSC-EVs were shown to be more effective than 

synovium-derived MSC-EVs to alleviate OA histological score [10]. In this last paper, the 

mechanism underlying efficacy was not investigated but the effect of reprogramming on cell 

features, notably rejuvenation and inhibition of senescence might be one possible 

explanation. 

 

3. Common features of senescence and osteoarthritis 

 

3.1. Cellular senescence features 

 

Senescence is defined as irreversible growth arrest and resistance to apoptosis in 

response to intrinsic signals (aging, replicative stress) and extrinsic signals, including DNA 

damage, oncogenic signalling and oxidative stress [16]. It is characterized as a complex 

process involving dysregulation of various cellular functions and molecular pathways. 

Hallmarks of senescence are cell-cycle arrest, expression of cyclin-dependent kinase 
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inhibitors (CDKI, namely p16INK4A, p21, p27, p53, pRB), hypertrophic morphological 

changes, production of acidic senescence-associated β-galactosidase (SA-β-Gal), 

accumulation of DNA damage and senescence-associated heterochromatin foci (SAHF), 

metabolic dysfunction and, production of SASP factors, including interleukin 1 (IL1), IL6, IL8, 

monocyte chemoattractant protein 1 (MCP-1), matrix metalloproteinases (MMP1, MMP3), 

vascular growth factor (VEGF), hepatocyte growth factor (HGF), insulin growth factor 1 

(IGF1), basic fibroblast growth factor (bFGF) (Fig. 1). Senescence has a primary beneficial role 

of tumour suppressor by up-regulating CDKIs in response to oncogenic signals but is also 

important for regulating tissue repair or embryogenesis [17]. Nevertheless, its contribution 

in aging-related diseases may be seen as a negative impact by boosting inflammation, matrix 

degradation and over-growth. Indeed, secretion of the SASP factors contributes to disease 

onset and progression in many, if not all, aging-related diseases, such as OA. 

 

3.2. Senescence and osteoarthritis associated features 

 

The close relationship between OA and senescence has been reviewed elsewhere [3]. In 

OA patients, the number of senescent cells in cartilage, synovial membrane, infrapatellar fat 

pad and subchondral bone correlates with age. Senescent p16INK4A+ chondrocytes, synovial 

fibroblasts, osteoblasts and bone marrow (BM) progenitors are increased in OA [18-20]. 

Their accumulation is one of the key process contributing to disease progression by the 

secretion of SASP factors generating an inflammatory and degradative tissue environment 

similar to that is found in OA [21]. In the mouse model of collagenase-induced osteoarthritis, 

the transient accumulation of p16INK4A+ senescent cells is observed in the synovial tissue, at 
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day 24 after OA induction [22]. Senescence is also a characteristic of post-traumatic OA and 

age-related OA [23, 24]. 

Joint cells in OA exhibit common hallmarks of senescence, including telomere attrition 

and increased expression of p53, the CDKIs p16INK4A and p21, enhanced generation of 

reactive oxygen species (ROS) and increased SAHF and SASP (for review, see [25]) (Fig. 1). 

The SASP comprises pro-inflammatory cytokines, such as IL1β, IL6, metalloproteinases, such 

as MMP13 and a desintegrin and metalloproteinase with thrombospondin motifs-5 

(ADAMTS-5) and growth factors, including VEGF, that contribute to inflammation, matrix 

degradation and osteophyte formation, all key features of OA. These circulating factors 

participate to the deregulation of tissue homeostasis in aged mice. Using the heterochronic 

parabiosis model, it was clearly demonstrated that young mice from the young/aged 

parabiosis group experienced higher proteoglycan loss and lower chondrocyte proliferation 

in cartilage four months after surgery than the young/young group [26]. The RUNX2/SOX9 

ratio was also increased by a 5-fold factor in the cartilage samples from young/aged group 

indicative of hypertrophy induction and initiation/progression of OA. By contrast, aged mice 

from the aged/young parabiosis group displayed higher chondrocyte proliferation, lower 

osteophyte formation and a normalized balance between anabolic and catabolic markers 

[27]. Interestingly, injection of recombinant growth differentiation factor-11 (GDF11) 

reproduced similar improvement on cartilage matrix synthesis in aged mice. Novel results 

showed that EVs isolated from plasma of young mice increase the longevity of aged mice by 

10% [28]. This effect was attributed to their content in high amounts of extracellular 

nicotinamide phosphoribosyltransferase (eNAMPT) and the central role of NAD+-SIRT1 axis in 

the aging process. Data therefore suggest that EVs are central in the secretome of senescent 
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cells and may contribute to premature senescence by lacking anti-aging factors and 

spreading pro-aging factors, thereby contributing to cartilage degeneration [29]. 

 

4. Impact of age on the functions of mesenchymal stromal cells-derived EVs  

 

EV secretion by MSCs was shown to increase with their senescence status and age while 

the quantity of proteins decreased [30]. Aged MSCs display altered functions and support 

pro-aging signals that are found within released EVs (Fig. 2). Growth rate, cell migration as 

well as differentiation potential are impacted with age or in an aged environment and the 

miRNA profile in their EVs is altered [31]. Indeed, circulating EVs from aged human donors 

were found to negatively impact the osteogenic differentiation potential of primary adipose 

tissue-derived MSCs (ASCs) in a donor age-dependent manner [32]. This decreased 

osteogenic capacity of aged MSC-EVs was correlated with lower amount of galectin-3. 

Similarly, EVs isolated from the BM of aged mice were shown to inhibit the osteoblastogenic 

capacity of young MSCs. This inhibition was mediated by miR-183-5p, which reduced cell 

proliferation and differentiation while it increased senescence and oxidative stress [33]. 

More recently, EVs isolated from osteoblasts from patients with OA or osteoporosis exerted 

a negative effect on MSCs, as shown by increased apoptotic rate and decreased osteogenic 

potential [34]. Effect of aging on the immunosuppressive properties of MSCs has not been 

reported. However, some miRNAs associated with the immune profile of MSCs were shown 

to be decreased in EVs from aged MSCs and proposed to be related to the loss of their 

immunotherapeutic function [35]. Another study reported that aged MSC-EVs were not able 

to alleviate inflammation in LPS-induced lung injury model [36]. They did not reduce the 

recruitment of macrophages and were incapable of promoting M2 macrophage polarization. 
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The pro-angiogenic activity and pro-wound healing effect of oxidative stress-induced 

senescent MSC-EVs are also decreased compared to healthy MSCs [37]. The downregulation 

of miR-146a contributed to the impaired pro-angiogenic capacity of senescent MSC-EVs. 

Evidence is therefore accumulating to confirm the loss of function of MSCs and their EVs 

with aging. 

Finally, SASP factors contained within EVs from aged individuals can induce premature 

senescence in MSCs. An increased number of muscle-derived miR-34a-5p-containing EVs 

was detected in the serum of aged mice and these EVs were described to negatively impact 

MSC viability and increase their senescence [38]. Accordingly, blood-derived EVs carrying 

C24:1ceramide were found in higher numbers in older women and shown to contribute to 

the induction of senescence in MSCs [39]. Finally, addition of aged MSC-EVs on young MSCs 

down-regulated the pluripotency markers Nanog, Oct4 and up-regulated the senescence 

markers Vinculin, LMNA and mTOR while young MSC-EVs had an opposite effect on aged 

MSCs [30]. Although not directly reported, it is likely that MSCs, in constant or repeated 

contact with aged EVs, will produce senescent EVs with altered cargo and dysregulated 

functions. Besides altered functions, EVs from aged or senescent MSCs could induce 

senescence in neighbouring cells through the SASP. Still, data reporting the pro-senescent 

effect of MSC-EVs are sparse. An interesting study has nicely demonstrated that aged MSC-

EVs transfer negative regulators of autophagy causing aging of hematopoietic stem cells 

(HSCs) [40]. Aged MSCs possess activated protein kinase B (AKT) signalling, which reduces 

the amount of several autophagy-related mRNAs transferred in their EVs while increasing 

the levels of miR-37 and miR-34a, two miRNAs targeting autophagy-related mRNAs. 

Likewise, incubation of aged MSC-EVs on young MSCs increased the levels of aging markers 

and decreased the levels of multipotency markers [30]. However, as indicated above, these 
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examples are unique and further evidence is needed to firmly conclude that senescence-

induced MSC-EVs transfer pro-aging or pro-senescent signals. No data is available on the role 

of senescent MSC-EVs on OA chondrocytes and synoviocytes, in vitro or in vivo, that could 

indicate that pro-senescent signals could not be counterbalanced by reparative or protective 

signals carried by such EVs, even though such functions are partially impaired in aged MSCs. 

 

5. Rejuvenation of aged MSCs and improvement of EV function 

 

Deterioration of the functionality of MSCs with aging has been largely demonstrated as 

discussed above. Restoring the properties of aged MSCs to that of young MSCs has therefore 

received much attention in the field of regenerative medicine. Together with decreased 

expression of anti-aging genes, including TERT, SIRT1, BCL2 and increased SA-β-Gal staining, 

the expression of miR-140, miR-146a/b, miR-195 is enhanced in aged MSCs [41]. Silencing 

miR-195 in aged MSCs was shown to restore the expression of anti-aging mediators, 

comprising TERT, SIRT1, FOXO1, phosphorylated AKT and to improve their therapeutic effect 

in a model of cardiac infarction. Another study has shown that rapamycin or p70S6K knock-

down ameliorated chemical- or oxidative stress-induced senescence in MSCs [42]. Strategies 

that target oxidative stress in MSCs are promising for counteracting the detrimental effect of 

age and senescence in MSCs (for review see [43]). Novel data indicated that infant MSC-EVs 

can rejuvenate elderly MSCs by inhibiting the accumulation of ROS, reducing SA-β-Gal 

positive cell number, inducing proliferation and upregulating the expression of cytokines 

that promoted wound healing in diabetic mice [44]. A similar study recently reported the 

interest of umbilical cord (UC)-derived MSC-EVs to rejuvenate senescing BM-MSCs, thereby 

exhibiting alleviated aging phenotype as well as increased self-renewal capacity and 
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telomere length [45]. This improvement was at least partly mediated by the transfer of 

proliferating cell nuclear antigen (PCNA) into aging BM-MSCs. Rejuvenated MSCs exhibited 

increased bone formation potential after subcutaneous implantation on bone graft 

substitutes, higher wound repair capacity and ameliorated aging-related angiogenic 

dysfunction. Aged MSCs were also rescued using a treatment with LY294002, an inhibitor of 

AKT signalling, and their derived EVs transferred higher amounts of autophagy marker-

related mRNAs, such as BECLIN-1, ATG7, LC3a, LC3b, SIRT1-3 and lower levels of miR-17 and 

miR-34a, resulting in increased therapeutic activity of MSCs and improved rejuvenating 

capacity on aged HSCs [40].  Induced pluripotent stem cells (iPSCs) were reported to produce 

16-fold more EVs than MSCs that were able to rescue both exhausted passaged MSCs as a 

premature model of replicative senescence and progerin-expressing MSCs as a genetically-

induced senescence model [46]. Both iPSC-EVs and young MSC-EVs were efficient to improve 

the senescent state and function of aged MSCs. The mechanism of action of iPSC-EVs was 

through the delivery of peroxidoxin antioxidant enzymes that reduced intracellular ROS 

levels. Interestingly, embryonic stem cells (ESC)-EVs can ameliorate the senescent 

phenotype of MSCs both in vitro and in vivo and delay bone loss in aged mice [47]. These 

results indicate that EVs can rejuvenate tissue-resident stem cells and thereby prevent age-

related disorders. It is noteworthy that the expansion conditions of MSCs can exert positive 

effects on senescence-associated changes since 3D culture was shown to reduce telomere 

attrition and SA-β-Gal expression and, improve mitochondrial function and differentiation 

potential of MSCs [48]. Therefore, a better understanding of culture conditions and factors 

that could reduce senescence-associated features would increase the safety and 

effectiveness of MSCs in large scale production process. In that respect, culture conditions or 

priming strategies to generate enhanced MSCs that could combine anti-senescence and 
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improved reparative functions should be developed in the future for generating clinical 

grade EVs with superior capacities. 

 

6. Therapeutic effect of MSC-EVs in osteoarthritis 

 

6.1. Chondroprotective effect of MSC-EVs on OA characteristics in joint tissues 

 

The beneficial action of MSC-EVs on OA chondrocyte phenotype was demonstrated in 

vitro by the up-regulation of the anabolic markers (type II collagen and aggrecan) together 

with the inhibition of catabolic (MMP-13, ADAMTS5), inflammatory (induced nitric oxide 

synthase (iNOS)) markers as well as apoptosis [9]. A similar study reported the decrease of 

inflammatory NFκB signalling, COX2 expression, collagenase activity and increased 

production of glycosaminoglycans (GAG), aggrecan, type II collagen, SOX9 expression in OA 

chondrocytes [49]. By contrast, lack of benefit on MMP activity and PGE2 secretion was 

shown using ASC-EVs [50]. Likewise, production of anabolic markers was reduced by 

synovial-derived MSC-EVs but this effect was reversed by over-expressing miR-140-5p in 

MSCs before EV isolation [51]. Nevertheless, two recent systematic reviews of literature 

reported a general tendency towards anti-inflammatory, anti-apoptotic, pro-migratory, pro-

proliferative, anti-catabolic and pro-autophagic effect of MSC-EVs whatever the source [52, 

53]. Since, this pleiotropic effect of MSC-EVs on OA human chondrocytes was also shown 

using human MSC-EVs and reported to be mediated through the down-regulation of IL1β-

mediated activation of ERK1/2, PI3K/AKT, p38, TAK1, and NF-κB signaling pathways [54]. 

Interestingly, another study identified lncRNA H19 contained in EVs as involved in the 

mechanism of action of MSC-EVs [55]. LncRNA H19 acts as endogenous sponge of miR-29b-
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3p, which targets FOXO3, thereby promoting migration, ECM secretion and suppressing 

apoptosis and senescence in chondrocytes. In addition, the anti-inflammatory and anti-

catabolic properties of MSC-EVs were recently confirmed on chondrocytes and further 

demonstrated on OA synoviocytes indicating that all joint tissues might benefit from MSC-EV 

therapy [56].  

Several studies have reported the therapeutic effect of MSC-EVs in vivo using distinct 

models of OA [51, 57, 58]. Of interest, some studies evaluated different strategies to 

enhance MSC-EV-based treatment in OA. The importance of miR-31 in this process was 

recently demonstrated [59]. Human synovial MSC-EVs containing high amount of miR-31 

were reported to alleviate cartilage damage and inflammation in knee joints in a model of 

OA induced by transection of the medial collateral ligament and the medial meniscus. Over-

expression of miR-31 in MSC-EVs further improved cartilage preservation. Mechanistically, 

miR-31 targets KDM2A, which inhibits the transcription of E2F1, resulting in enrichment of 

E2F1 and increased chondrocyte proliferation and migration. Hypoxia pre-treatment of MSCs 

before EV isolation was also described to improve OA symptoms in the destabilization of 

medial meniscus (DMM) rat model, as visualized by reduced osteophyte formation and OA 

histological score as well as preservation of cartilage extracellular matrix proteins [60]. 

Hypoxia was shown to enhance the amount of miR-216a-3p in EVs resulting in its effective 

transfer in target chondrocytes and down-regulation of JAK2. JAK2/STAT3 signalling pathway 

inhibition promoted proliferation, migration and inhibited apoptosis of chondrocytes. 

Repeated injections of MSC-EVs are another mean to enhance or at least prolong treatment 

efficacy. Although not compared with a single injection, repeated injections of MSC-EVs over 

the disease course resulted in significant cartilage protection in two models of OA in rats 

(monosodium iodoacetate (MIA) and DMM) with high reduction in the number of IL1β+ 
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chondrocytes and CD86+ synoviocytes [61]. These recent data highlight the possibility of 

generating MSC-EVs with enhanced therapeutic properties and pave the way for clinical 

translation. 

 

 

6.2. Senotherapeutic effect of MSC-EVs on senescent features of joint tissues 

 

A senotherapeutic effect of MSC-EVs has been demonstrated in some cases. EVs 

recovered from early passage MSCs were shown to alleviate the aging phenotype of 

senescent MSCs undergoing replicative senescence (>passage 10), as shown by reduction of 

SA-β-Gal staining, p21 and p53 expression, IL1α and IL6 secretion and, γ-H2AX production 

[46]. Human decidua-derived MSC-EVs not only promoted the proliferation, migration and 

differentiation of dermal fibroblasts but also improved their senescent state [62]. In another 

model, aged HSCs, which have been rejuvenated following a brief exposure to young MSC-

EVs, were able to engraft at higher levels after bone marrow transplantation and this effect 

was attributed to the up-regulation of autophagy markers in EVs [40]. Consistently, aged 

MSCs treated with an inhibitor of AKT signalling produced EVs that were more efficient to 

rescue aged HSCs. In addition, the rejuvenating power of inhibitor-treated MSC-EVs was 

even higher than that of young EVs on HSC function in primary and secondary BM 

transplantation experiments. The modulation of miRNA levels in MSC-EVs was reported to 

improve aging-related features. Indeed, down-regulation of miR-29b-3p in MSC-EVs 

significantly ameliorated insulin resistance in aged mice via SIRT1 regulation [63].  

Together with the demonstration that MSC-EVs directly impact on the senescent 

phenotype of target cells, a number of reports have shown beneficial effects on aging-
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related diseases and in OA (for review see [64]). However, only few data exist on a direct 

effect of MSC-EVs on OA-associated senescence. The first report on the effect of MSC 

secretome on the senescent phenotype of OA chondrocytes used the conditioned medium 

of MSCs [65]. The authors described a therapeutic benefit as indicated by decreased SA-β-

Gal activity, γH2AX foci number, actin stress fiber formation as well as p21 and p16 mRNA 

expression. Our unpublished results using human ASC-EVs clearly indicated their role in 

preventing senescence features of OA chondrocytes, including SA-β-Gal activity, stress fiber 

formation and γH2AX foci, using two models of etoposide- and IL1β-induced senescence. 

MSC-EVs have also been found to reduce senescent features in OA osteoblasts (SA-β-Gal 

expression, γ-H2AX production) while reducing inflammatory (IL6 and PGE2) and oxidative 

stress (HNE) markers [66]. The data are nonetheless scarce and more studies are required to 

confirm the anti-senescence capacity of MSC-EVs and for further understanding the 

underlying mechanism of action. This would allow to increase the therapeutic properties of 

MSC-EVs as discussed below. 

 

7. Discussion 

 

Senescence is now seen as a hallmark of OA, and even more as a driver in OA pathogenesis, 

suggesting that treatments targeting senescence might be relevant. And indeed, intra-articular 

injections of senolytics and senomorphics can eliminate senescent cells in cartilage and synovium 

tissues and, improve OA features [67, 68]. The interest of MSCs and their EVs as senomorphics has 

been pointed out in the present review. However, a number of crucial parameters, in particular MSC 

source, parental cell density, passage number, culture conditions, MSC priming or method of EV 

isolation may influence the yield and functions of MSC-EV preparations as discussed in a recent 

systematic review of the literature on MSC-EVs-based treatments in pre-clinical settings [69]. Besides 
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the development of standards and consensus on processes for EV isolation that will help improving 

overall efficacy of EV therapeutics, the age or the senescence state of parental MSCs are rarely 

discussed. How this can impact on MSC-EV functions needs to be further investigated and this issue is 

particularly important for age-related degenerative diseases such as OA when autologous MSCs are 

used.  

Aged BM-MSCs have impaired proliferation, senescence and chondrogenic response whereas 

ASCs or muscle-derived MSCs do not exhibit such effect [70]. A decline of BM-MSC number with 

aging has also been suggested but the most relevant change is the reduced capacity of aged cells to 

differentiate into osteoblasts with increased bias toward adipogenic differentiation (for review, see 

[71]). BM-MSC-EVs have been shown to positively regulate osteoblastic activity and bone formation 

in vivo, notably via transfer of miRNAs [72]. A decline in such activity is therefore expected in aged 

MSC-EVs but the likely most impacting effect of aging is the up-regulation of the SASP and the down-

regulation of anti-oxydative and anti-aging properties as previously described. This implies that in an 

allogenic perspective, MSCs originating from young donors should be favored to reduce the effect of 

aging on the functionality of EVs.  

Likewise, among the different sources of MSCs that can be used for EV preparations, perinatal 

MSCs might be more functional, notably with respect to their anti-inflammatory functions. Indeed, 

Wharton’s Jelly-derived MSCs exhibit enhanced expression of immunosuppressive factors, 

particularly leukocyte antigen G6 (HLA-G6), indoleamine-2,3-dioxygenase (IDO), prostaglandin E2 

(PGE2) and, suppress mitogen-induced T lymphocyte responses to a greater extent than BM-MSCs or 

ASCs that were isolated from adult tissues [73, 74]. In OA, a recent meta-analysis reports that BM-

MSCs, ASCs and UC-MSCs are all effective in clinical trials, yet ASCs outperform BM-MSCs for 

relieving pain and UC-MSCs were more effective for improving function [75]. It has to be noticed that 

this analysis included only one study using UC-MSCs and it cannot be excluded that results were 

mostly related to inter-individual heterogeneity rather than to tissue source. Accordingly, great 

variations between selection criteria and expansion processes of MSCs between the clinical trials 
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targeting OA have been highlighted elsewhere, which suggests that the optimal cell source is still 

speculative [76]. None reported a possible effect of senescence- or age-related features of used 

MSCs. Further studies are therefore required to definitely conclude that perinatal tissue-derived 

MSCs could be a more appropriate tissue source than adult MSCs for isolating EVs. 

A possibility to circumvent inter-individual heterogeneity in MSC samples or processes, and 

therefore their derived EVs, would be to use immortalized clonal MSCs or iPS-derived cells. A 

potential issue with immortalized MSCs is safety. MSC-EVs are not capable of proliferation and 

therefore cannot form tumors but they might affect tumor growth. Contradictory results on pro- or 

anti-tumorigenic effects have been reported to date with naïve MSCs [77-80]. However, a MYC-

transformed MSC line does not exhibit tumorigenic activity and its derived EVs do not inhibit or 

promote tumor growth in vivo [81, 82]. Contrary to parental iPS cells, iPS-EVs or EVs from iPS-derived 

differentiated cells display the advantages of low immunogenicity, no risk of tumor formation and 

have been shown to have therapeutic potential in regenerative medicine (for review, see [83]). 

Interestingly, iPS-MSC-EVs can mitigate aging in a model of aging-related arterial stiffness and 

hypertension by promoting SIRT1, AMPKa and endogenous NOS (eNOS) expression [47]. Again, to 

our knowledge, a lack of data exists on the possible role of these immortalized MSCs- or iPS cells-

derived EVs on senescence features in OA or other degenerative diseases. For safety reasons, the 

absence of transgene for immortalized MSC-EVs and of reprogramming factors in iPS-EVs must be 

validated before clinical applications. However, such approaches should guarantee the unlimited 

supply of EVs with high inter-batch reproducibility. 

Finally, MSC priming before or during the production of EV-containing conditioned medium may 

be relevant for enhancing the anti-aging or reparative properties of MSCs and treating OA or other 

degenerative diseases. Hypoxia is a known promoter of MSC chondrogenesis but it can also increase 

the capacity of MSCs to promote the production of cartilage matrix by chondrocytes and decrease 

apoptosis [84]. Hypoxia priming of MSCs resulted in the production of EVs with higher capacities to 

promote M2 polarization of macrophages and this effect was attributed to higher levels of miR-21-5p 
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that down-regulated PTEN [85]. Nevertheless, intravenous injection of these EVs promoted tumor 

growth by increasing cancer cell survival in a xenograft model. In a rat model of OA, EVs from MSCs 

cultured under hypoxia exerted a higher protective effect than MSCs cultured under normoxia, both 

on cartilage degradation and osteophyte formation [60]. In vitro, hypoxia-primed MSC-EVs enhanced 

the proliferation, migration and anabolism of chondrocytes while reducing their apoptosis and, this 

effect was associated to the up-regulation of miR-216a-5p. Priming of ASCs with γ-interferon (IFN-γ) 

was recently shown to modulate the miRNA cargo of derived EVs [86]. Interestingly, the most highly 

modulated miRNAs were associated to matrix or immune cell-related pathways as well as “skeletal 

and musculoskeletal disorders”. In addition, TGFβ1-primed MSCs-derived EVs carrying higher 

amounts of miR-135b were also reported to attenuate cartilage damage in an in vivo model of OA 

through M2 polarization of macrophages [87]. Therefore, hypoxic priming, IFN-γ- or TGFβ1-priming 

of MSCs are effective and promising approaches to optimize EVs-mediated treatment of OA. Since 

priming was associated to the increase of specific miRNAs involved in cartilage-protective functions, 

production of EVs from genetically modified MSCs may be another option for OA treatment. Such 

strategy has been effective to increase chondrocyte proliferation and anabolism as well as alleviate 

cartilage damage in vivo using over-expression of miR-26a-5p, miR-31-5p, miR-92a-3p, miR-140-5p 

and miR-155-5p in MSCs [51, 59, 88-90]. Although most of these miRNAs may be correlated with 

senescence modulation, miR-140-5p was shown to play a protective role in OA by retarding 

chondrocyte senescence [91]. The impact of primed MSCs-derived EVs on senescence markers in 

target tissues is rarely reported and should be investigated in future studies. 

 

8. Conclusions 

 

Available data indicate that MSC-EVs are powerful tools in suppressing or at least delaying 

OA features both in vitro on chondrocytes, osteoblasts and synoviocytes, the major cell 

components in the joint and, in vivo, in different murine and rat preclinical models of OA. 
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Increasing evidence indicates that MSC-EVs can protect from cellular senescence induction; 

it is shown in particular for MSCs isolated from young individuals or from rejuvenated iPSCs. 

There is an overlap between senescence and OA markers that makes difficult to unravel 

whether MSC-EVs act through targeting factors involved in inflammation, catabolism, 

oxidative stress or senescence. Nevertheless, cellular senescence is seen as a primary driver 

of OA pathogenesis and senotherapeutic strategies have proved efficacy to reduce OA [68]. 

Future investigation is needed to design effective MSC-EV-based treatments for OA-

associated senescence and envision clinical translation. 

 

Acknowledgements 

We acknowledge support from the Inserm Institute, the University of Montpellier and 

University Hospital of Montpellier. We also acknowledge the Agence Nationale pour la 

Recherche for support of the national infrastructure: "ECELLFRANCE: Development of a 

national adult mesenchymal stem cell based therapy platform" (ANR-11-INSB-005). Study 

was also supported by a research grant from FOREUM Foundation for Research in 

Rheumatology. Figures used SMART Servier Medical ART. 

 

Declarations of interest 

The authors disclose any financial or personal conflict of interest. 

 

References 

 



20 

 

[1] M.G. Cisternas, L. Murphy, J.J. Sacks, D.H. Solomon, D.J. Pasta, C.G. Helmick, Alternative 

Methods for Defining Osteoarthritis and the Impact on Estimating Prevalence in a US 

Population-Based Survey, Arthritis Care Res (Hoboken), 68 (2016) 574-580. 

[2] J.M. Hootman, C.G. Helmick, Projections of US prevalence of arthritis and associated 

activity limitations, Arthritis Rheum, 54 (2006) 226-229. 

[3] P.R. Coryell, B.O. Diekman, R.F. Loeser, Mechanisms and therapeutic implications of 

cellular senescence in osteoarthritis, Nat Rev Rheumatol, 17 (2021) 47-57. 

[4] E. Dolgin, Send in the senolytics, Nat Biotechnol, 38 (2020) 1371-1377. 

[5] M. Ter Huurne, R. Schelbergen, R. Blattes, A. Blom, W. de Munter, L.C. Grevers, J. 

Jeanson, D. Noel, L. Casteilla, C. Jorgensen, W. van den Berg, P.L. van Lent, Antiinflammatory 

and chondroprotective effects of intraarticular injection of adipose-derived stem cells in 

experimental osteoarthritis, Arthritis Rheum, 64 (2012) 3604-3613. 

[6] G. Desando, C. Cavallo, F. Sartoni, L. Martini, A. Parrilli, F. Veronesi, M. Fini, R. Giardino, 

A. Facchini, B. Grigolo, Intra-articular delivery of adipose derived stromal cells attenuates 

osteoarthritis progression in an experimental rabbit model, Arthritis Res Ther, 15 (2013) R22. 

[7] Y. Song, J. Zhang, H. Xu, Z. Lin, H. Chang, W. Liu, L. Kong, Mesenchymal stem cells in knee 

osteoarthritis treatment: A systematic review and meta-analysis, J Orthop Translat, 24 

(2020) 121-130. 

[8] M. Tofino-Vian, M.I. Guillen, M.D. Perez Del Caz, A. Silvestre, M.J. Alcaraz, Microvesicles 

from Human Adipose Tissue-Derived Mesenchymal Stem Cells as a New Protective Strategy 

in Osteoarthritic Chondrocytes, Cell Physiol Biochem, 47 (2018) 11-25. 

[9] S. Cosenza, M. Ruiz, K. Toupet, C. Jorgensen, D. Noel, Mesenchymal stem cells derived 

exosomes and microparticles protect cartilage and bone from degradation in osteoarthritis, 

Sci Rep, 7 (2017) 16214. 



21 

 

[10] Y. Zhu, Y. Wang, B. Zhao, X. Niu, B. Hu, Q. Li, J. Zhang, J. Ding, Y. Chen, Y. Wang, 

Comparison of exosomes secreted by induced pluripotent stem cell-derived mesenchymal 

stem cells and synovial membrane-derived mesenchymal stem cells for the treatment of 

osteoarthritis, Stem Cell Res Ther, 8 (2017) 64. 

[11] S. Zhang, W.C. Chu, R.C. Lai, S.K. Lim, J.H. Hui, W.S. Toh, Exosomes derived from human 

embryonic mesenchymal stem cells promote osteochondral regeneration, Osteoarthritis 

Cartilage, 24 (2016) 2135-2140. 

[12] G. van Niel, G. D'Angelo, G. Raposo, Shedding light on the cell biology of extracellular 

vesicles, Nat Rev Mol Cell Biol, 19 (2018) 213-228. 

[13] C. Thery, K.W. Witwer, E. Aikawa, M.J. Alcaraz, J.D. Anderson, R. Andriantsitohaina, A. 

Antoniou, T. Arab, F. Archer, G.K. Atkin-Smith, D.C. Ayre, J.M. Bach, D. Bachurski, H. 

Baharvand, L. Balaj, S. Baldacchino, N.N. Bauer, A.A. Baxter, M. Bebawy, C. Beckham, A. 

Bedina Zavec, A. Benmoussa, A.C. Berardi, P. Bergese, E. Bielska, C. Blenkiron, S. Bobis-

Wozowicz, E. Boilard, W. Boireau, A. Bongiovanni, F.E. Borras, S. Bosch, C.M. Boulanger, X. 

Breakefield, A.M. Breglio, M.A. Brennan, D.R. Brigstock, A. Brisson, M.L. Broekman, J.F. 

Bromberg, P. Bryl-Gorecka, S. Buch, A.H. Buck, D. Burger, S. Busatto, D. Buschmann, B. 

Bussolati, E.I. Buzas, J.B. Byrd, G. Camussi, D.R. Carter, S. Caruso, L.W. Chamley, Y.T. Chang, 

C. Chen, S. Chen, L. Cheng, A.R. Chin, A. Clayton, S.P. Clerici, A. Cocks, E. Cocucci, R.J. Coffey, 

A. Cordeiro-da-Silva, Y. Couch, F.A. Coumans, B. Coyle, R. Crescitelli, M.F. Criado, C. D'Souza-

Schorey, S. Das, A. Datta Chaudhuri, P. de Candia, E.F. De Santana, O. De Wever, H.A. Del 

Portillo, T. Demaret, S. Deville, A. Devitt, B. Dhondt, D. Di Vizio, L.C. Dieterich, V. Dolo, A.P. 

Dominguez Rubio, M. Dominici, M.R. Dourado, T.A. Driedonks, F.V. Duarte, H.M. Duncan, 

R.M. Eichenberger, K. Ekstrom, S. El Andaloussi, C. Elie-Caille, U. Erdbrugger, J.M. Falcon-

Perez, F. Fatima, J.E. Fish, M. Flores-Bellver, A. Forsonits, A. Frelet-Barrand, F. Fricke, G. 



22 

 

Fuhrmann, S. Gabrielsson, A. Gamez-Valero, C. Gardiner, K. Gartner, R. Gaudin, Y.S. Gho, B. 

Giebel, C. Gilbert, M. Gimona, I. Giusti, D.C. Goberdhan, A. Gorgens, S.M. Gorski, D.W. 

Greening, J.C. Gross, A. Gualerzi, G.N. Gupta, D. Gustafson, A. Handberg, R.A. Haraszti, P. 

Harrison, H. Hegyesi, A. Hendrix, A.F. Hill, F.H. Hochberg, K.F. Hoffmann, B. Holder, H. 

Holthofer, B. Hosseinkhani, G. Hu, Y. Huang, V. Huber, S. Hunt, A.G. Ibrahim, T. Ikezu, J.M. 

Inal, M. Isin, A. Ivanova, H.K. Jackson, S. Jacobsen, S.M. Jay, M. Jayachandran, G. Jenster, L. 

Jiang, S.M. Johnson, J.C. Jones, A. Jong, T. Jovanovic-Talisman, S. Jung, R. Kalluri, S.I. Kano, S. 

Kaur, Y. Kawamura, E.T. Keller, D. Khamari, E. Khomyakova, A. Khvorova, P. Kierulf, K.P. Kim, 

T. Kislinger, M. Klingeborn, D.J. Klinke, 2nd, M. Kornek, M.M. Kosanovic, A.F. Kovacs, E.M. 

Kramer-Albers, S. Krasemann, M. Krause, I.V. Kurochkin, G.D. Kusuma, S. Kuypers, S. Laitinen, 

S.M. Langevin, L.R. Languino, J. Lannigan, C. Lasser, L.C. Laurent, G. Lavieu, E. Lazaro-Ibanez, 

S. Le Lay, M.S. Lee, Y.X.F. Lee, D.S. Lemos, M. Lenassi, A. Leszczynska, I.T. Li, K. Liao, S.F. 

Libregts, E. Ligeti, R. Lim, S.K. Lim, A. Line, K. Linnemannstons, A. Llorente, C.A. Lombard, 

M.J. Lorenowicz, A.M. Lorincz, J. Lotvall, J. Lovett, M.C. Lowry, X. Loyer, Q. Lu, B. Lukomska, 

T.R. Lunavat, S.L. Maas, H. Malhi, A. Marcilla, J. Mariani, J. Mariscal, E.S. Martens-Uzunova, L. 

Martin-Jaular, M.C. Martinez, V.R. Martins, M. Mathieu, S. Mathivanan, M. Maugeri, L.K. 

McGinnis, M.J. McVey, D.G. Meckes, Jr., K.L. Meehan, I. Mertens, V.R. Minciacchi, A. Moller, 

M. Moller Jorgensen, A. Morales-Kastresana, J. Morhayim, F. Mullier, M. Muraca, L. 

Musante, V. Mussack, D.C. Muth, K.H. Myburgh, T. Najrana, M. Nawaz, I. Nazarenko, P. 

Nejsum, C. Neri, T. Neri, R. Nieuwland, L. Nimrichter, J.P. Nolan, E.N. Nolte-'t Hoen, N. Noren 

Hooten, L. O'Driscoll, T. O'Grady, A. O'Loghlen, T. Ochiya, M. Olivier, A. Ortiz, L.A. Ortiz, X. 

Osteikoetxea, O. Ostergaard, M. Ostrowski, J. Park, D.M. Pegtel, H. Peinado, F. Perut, M.W. 

Pfaffl, D.G. Phinney, B.C. Pieters, R.C. Pink, D.S. Pisetsky, E. Pogge von Strandmann, I. 

Polakovicova, I.K. Poon, B.H. Powell, I. Prada, L. Pulliam, P. Quesenberry, A. Radeghieri, R.L. 



23 

 

Raffai, S. Raimondo, J. Rak, M.I. Ramirez, G. Raposo, M.S. Rayyan, N. Regev-Rudzki, F.L. 

Ricklefs, P.D. Robbins, D.D. Roberts, S.C. Rodrigues, E. Rohde, S. Rome, K.M. Rouschop, A. 

Rughetti, A.E. Russell, P. Saa, S. Sahoo, E. Salas-Huenuleo, C. Sanchez, J.A. Saugstad, M.J. 

Saul, R.M. Schiffelers, R. Schneider, T.H. Schoyen, A. Scott, E. Shahaj, S. Sharma, O. 

Shatnyeva, F. Shekari, G.V. Shelke, A.K. Shetty, K. Shiba, P.R. Siljander, A.M. Silva, A. 

Skowronek, O.L. Snyder, 2nd, R.P. Soares, B.W. Sodar, C. Soekmadji, J. Sotillo, P.D. Stahl, W. 

Stoorvogel, S.L. Stott, E.F. Strasser, S. Swift, H. Tahara, M. Tewari, K. Timms, S. Tiwari, R. 

Tixeira, M. Tkach, W.S. Toh, R. Tomasini, A.C. Torrecilhas, J.P. Tosar, V. Toxavidis, L. 

Urbanelli, P. Vader, B.W. van Balkom, S.G. van der Grein, J. Van Deun, M.J. van Herwijnen, K. 

Van Keuren-Jensen, G. van Niel, M.E. van Royen, A.J. van Wijnen, M.H. Vasconcelos, I.J. 

Vechetti, Jr., T.D. Veit, L.J. Vella, E. Velot, F.J. Verweij, B. Vestad, J.L. Vinas, T. Visnovitz, K.V. 

Vukman, J. Wahlgren, D.C. Watson, M.H. Wauben, A. Weaver, J.P. Webber, V. Weber, A.M. 

Wehman, D.J. Weiss, J.A. Welsh, S. Wendt, A.M. Wheelock, Z. Wiener, L. Witte, J. Wolfram, 

A. Xagorari, P. Xander, J. Xu, X. Yan, M. Yanez-Mo, H. Yin, Y. Yuana, V. Zappulli, J. Zarubova, 

V. Zekas, J.Y. Zhang, Z. Zhao, L. Zheng, A.R. Zheutlin, A.M. Zickler, P. Zimmermann, A.M. 

Zivkovic, D. Zocco, E.K. Zuba-Surma, Minimal information for studies of extracellular vesicles 

2018 (MISEV2018): a position statement of the International Society for Extracellular 

Vesicles and update of the MISEV2014 guidelines, J Extracell Vesicles, 7 (2018) 1535750. 

[14] T.A. Hartjes, S. Mytnyk, G.W. Jenster, V. van Steijn, M.E. van Royen, Extracellular Vesicle 

Quantification and Characterization: Common Methods and Emerging Approaches, 

Bioengineering (Basel), 6 (2019). 

[15] S. Varderidou-Minasian, M.J. Lorenowicz, Mesenchymal stromal/stem cell-derived 

extracellular vesicles in tissue repair: challenges and opportunities, Theranostics, 10 (2020) 

5979-5997. 



24 

 

[16] C. Lopez-Otin, M.A. Blasco, L. Partridge, M. Serrano, G. Kroemer, The hallmarks of aging, 

Cell, 153 (2013) 1194-1217. 

[17] J. Campisi, Cellular senescence: putting the paradoxes in perspective, Curr Opin Genet 

Dev, 21 (2011) 107-112. 

[18] M.J. Del Rey, A. Valin, A. Usategui, S. Ergueta, E. Martin, C. Municio, J.D. Canete, F.J. 

Blanco, G. Criado, J.L. Pablos, Senescent synovial fibroblasts accumulate prematurely in 

rheumatoid arthritis tissues and display an enhanced inflammatory phenotype, Immun 

Ageing, 16 (2019) 29. 

[19] B.O. Diekman, G.A. Sessions, J.A. Collins, A.K. Knecht, S.L. Strum, N.K. Mitin, C.S. Carlson, 

R.F. Loeser, N.E. Sharpless, Expression of p16(INK) (4a) is a biomarker of chondrocyte aging 

but does not cause osteoarthritis, Aging Cell, 17 (2018) e12771. 

[20] J.N. Farr, D.G. Fraser, H. Wang, K. Jaehn, M.B. Ogrodnik, M.M. Weivoda, M.T. Drake, T. 

Tchkonia, N.K. LeBrasseur, J.L. Kirkland, L.F. Bonewald, R.J. Pignolo, D.G. Monroe, S. Khosla, 

Identification of Senescent Cells in the Bone Microenvironment, J Bone Miner Res, 31 (2016) 

1920-1929. 

[21] S. He, N.E. Sharpless, Senescence in Health and Disease, Cell, 169 (2017) 1000-1011. 

[22] O. Malaise, Y. Tachikart, M. Constantinides, M. Mumme, R. Ferreira-Lopez, S. Noack, C. 

Krettek, D. Noel, J. Wang, C. Jorgensen, J.M. Brondello, Mesenchymal stem cell senescence 

alleviates their intrinsic and seno-suppressive paracrine properties contributing to 

osteoarthritis development, Aging (Albany NY), 11 (2019) 9128-9146. 

[23] O.H. Jeon, N. David, J. Campisi, J.H. Elisseeff, Senescent cells and osteoarthritis: a painful 

connection, J Clin Invest, 128 (2018) 1229-1237. 

[24] J.A. Martin, T. Brown, A. Heiner, J.A. Buckwalter, Post-traumatic osteoarthritis: the role 

of accelerated chondrocyte senescence, Biorheology, 41 (2004) 479-491. 



25 

 

[25] R.F. Loeser, Aging and osteoarthritis: the role of chondrocyte senescence and aging 

changes in the cartilage matrix, Osteoarthritis Cartilage, 17 (2009) 971-979. 

[26] L. Li, X. Wei, X. Geng, Z. Duan, X. Wang, P. Li, C. Wang, L. Wei, Impairment of 

chondrocyte proliferation after exposure of young murine cartilage to an aged systemic 

environment in a heterochronic parabiosis model, Swiss Med Wkly, 148 (2018) w14607. 

[27] L. Li, X. Wei, D. Wang, Z. Lv, X. Geng, P. Li, J. Lu, K. Wang, X. Wang, J. Sun, X. Cao, L. Wei, 

Positive Effects of a Young Systemic Environment and High Growth Differentiation Factor 11 

Levels on Chondrocyte Proliferation and Cartilage Matrix Synthesis in Old Mice, Arthritis 

Rheumatol, 72 (2020) 1123-1133. 

[28] F. Prattichizzo, A. Giuliani, J. Sabbatinelli, E. Mensa, V. De Nigris, L. La Sala, P. de Candia, 

F. Olivieri, A. Ceriello, Extracellular vesicles circulating in young organisms promote healthy 

longevity, J Extracell Vesicles, 8 (2019) 1656044. 

[29] L. Terlecki-Zaniewicz, I. Lammermann, J. Latreille, M.R. Bobbili, V. Pils, M. Schosserer, R. 

Weinmullner, H. Dellago, S. Skalicky, D. Pum, J.C.H. Almaraz, M. Scheideler, F. Morizot, M. 

Hackl, F. Gruber, J. Grillari, Small extracellular vesicles and their miRNA cargo are anti-

apoptotic members of the senescence-associated secretory phenotype, Aging (Albany NY), 

10 (2018) 1103-1132. 

[30] J. Fafian-Labora, M. Morente-Lopez, M.J. Sanchez-Dopico, O.J. Arntz, F.A.J. van de Loo, J. 

De Toro, M.C. Arufe, Influence of mesenchymal stem cell-derived extracellular vesicles in 

vitro and their role in ageing, Stem Cell Res Ther, 11 (2020) 13. 

[31] Y. Wang, B. Fu, X. Sun, D. Li, Q. Huang, W. Zhao, X. Chen, Differentially expressed 

microRNAs in bone marrow mesenchymal stem cell-derived microvesicles in young and older 

rats and their effect on tumor growth factor-beta1-mediated epithelial-mesenchymal 

transition in HK2 cells, Stem Cell Res Ther, 6 (2015) 185. 



26 

 

[32] S. Weilner, E. Schraml, M. Wieser, P. Messner, K. Schneider, K. Wassermann, L. 

Micutkova, K. Fortschegger, A.B. Maier, R. Westendorp, H. Resch, S. Wolbank, H. Redl, P. 

Jansen-Durr, P. Pietschmann, R. Grillari-Voglauer, J. Grillari, Secreted microvesicular miR-31 

inhibits osteogenic differentiation of mesenchymal stem cells, Aging Cell, 15 (2016) 744-754. 

[33] C. Davis, A. Dukes, M. Drewry, I. Helwa, M.H. Johnson, C.M. Isales, W.D. Hill, Y. Liu, X. 

Shi, S. Fulzele, M.W. Hamrick, MicroRNA-183-5p Increases with Age in Bone-Derived 

Extracellular Vesicles, Suppresses Bone Marrow Stromal (Stem) Cell Proliferation, and 

Induces Stem Cell Senescence, Tissue Eng Part A, 23 (2017) 1231-1240. 

[34] T. Niedermair, C. Lukas, S. Li, S. Stockl, B. Craiovan, C. Brochhausen, M. Federlin, M. 

Herrmann, S. Grassel, Influence of Extracellular Vesicles Isolated From Osteoblasts of 

Patients With Cox-Arthrosis and/or Osteoporosis on Metabolism and Osteogenic 

Differentiation of BMSCs, Front Bioeng Biotechnol, 8 (2020) 615520. 

[35] J. Fafian-Labora, I. Lesende-Rodriguez, P. Fernandez-Pernas, S. Sangiao-Alvarellos, L. 

Monserrat, O.J. Arntz, F.J. van de Loo, J. Mateos, M.C. Arufe, Effect of age on pro-

inflammatory miRNAs contained in mesenchymal stem cell-derived extracellular vesicles, Sci 

Rep, 7 (2017) 43923. 

[36] R. Huang, C. Qin, J. Wang, Y. Hu, G. Zheng, G. Qiu, M. Ge, H. Tao, Q. Shu, J. Xu, 

Differential effects of extracellular vesicles from aging and young mesenchymal stem cells in 

acute lung injury, Aging (Albany NY), 11 (2019) 7996-8014. 

[37] M. Xu, X. Su, X. Xiao, H. Yu, X. Li, A. Keating, S. Wang, R.C. Zhao, Hydrogen Peroxide-

Induced Senescence Reduces the Wound Healing-Promoting Effects of Mesenchymal Stem 

Cell-Derived Exosomes Partially via miR-146a, Aging Dis, 12 (2021) 102-115. 



27 

 

[38] S. Fulzele, B. Mendhe, A. Khayrullin, M. Johnson, H. Kaiser, Y. Liu, C.M. Isales, M.W. 

Hamrick, Muscle-derived miR-34a increases with age in circulating extracellular vesicles and 

induces senescence of bone marrow stem cells, Aging (Albany NY), 11 (2019) 1791-1803. 

[39] A. Khayrullin, P. Krishnan, L. Martinez-Nater, B. Mendhe, S. Fulzele, Y. Liu, J.A. Mattison, 

M.W. Hamrick, Very Long-Chain C24:1 Ceramide Is Increased in Serum Extracellular Vesicles 

with Aging and Can Induce Senescence in Bone-Derived Mesenchymal Stem Cells, Cells, 8 

(2019). 

[40] R. Kulkarni, M. Bajaj, S. Ghode, S. Jalnapurkar, L. Limaye, V.P. Kale, Intercellular Transfer 

of Microvesicles from Young Mesenchymal Stromal Cells Rejuvenates Aged Murine 

Hematopoietic Stem Cells, Stem Cells, (2017). 

[41] M. Okada, H.W. Kim, K. Matsu-ura, Y.G. Wang, M. Xu, M. Ashraf, Abrogation of Age-

Induced MicroRNA-195 Rejuvenates the Senescent Mesenchymal Stem Cells by Reactivating 

Telomerase, Stem Cells, 34 (2016) 148-159. 

[42] H. Liu, B. Huang, S. Xue, K.P. U, L.L. Tsang, X. Zhang, G. Li, X. Jiang, Functional crosstalk 

between mTORC1/p70S6K pathway and heterochromatin organization in stress-induced 

senescence of MSCs, Stem Cell Res Ther, 11 (2020) 279. 

[43] R. Vono, E. Jover Garcia, G. Spinetti, P. Madeddu, Oxidative Stress in Mesenchymal Stem 

Cell Senescence: Regulation by Coding and Noncoding RNAs, Antioxid Redox Signal, 29 

(2018) 864-879. 

[44] V.C. Khanh, T. Yamashita, K. Ohneda, C. Tokunaga, H. Kato, M. Osaka, Y. Hiramatsu, O. 

Ohneda, Rejuvenation of mesenchymal stem cells by extracellular vesicles inhibits the 

elevation of reactive oxygen species, Sci Rep, 10 (2020) 17315. 

[45] Q. Lei, F. Gao, T. Liu, W. Ren, L. Chen, Y. Cao, W. Chen, S. Guo, Q. Zhang, W. Chen, H. 

Wang, Z. Chen, Q. Li, Y. Hu, A.Y. Guo, Extracellular vesicles deposit PCNA to rejuvenate aged 



28 

 

bone marrow-derived mesenchymal stem cells and slow age-related degeneration, Sci Transl 

Med, 13 (2021). 

[46] S. Liu, V. Mahairaki, H. Bai, Z. Ding, J. Li, K.W. Witwer, L. Cheng, Highly Purified Human 

Extracellular Vesicles Produced by Stem Cells Alleviate Aging Cellular Phenotypes of 

Senescent Human Cells, Stem Cells, 37 (2019) 779-790. 

[47] R. Feng, M. Ullah, K. Chen, Q. Ali, Y. Lin, Z. Sun, Stem cell-derived extracellular vesicles 

mitigate ageing-associated arterial stiffness and hypertension, J Extracell Vesicles, 9 (2020) 

1783869. 

[48] Q. Yin, N. Xu, D. Xu, M. Dong, X. Shi, Y. Wang, Z. Hao, S. Zhu, D. Zhao, H. Jin, W. Liu, 

Comparison of senescence-related changes between three- and two-dimensional cultured 

adipose-derived mesenchymal stem cells, Stem Cell Res Ther, 11 (2020) 226. 

[49] L.A. Vonk, S.F.J. van Dooremalen, N. Liv, J. Klumperman, P.J. Coffer, D.B.F. Saris, M.J. 

Lorenowicz, Mesenchymal Stromal/stem Cell-derived Extracellular Vesicles Promote Human 

Cartilage Regeneration In Vitro, Theranostics, 8 (2018) 906-920. 

[50] C. Giannasi, S. Niada, C. Magagnotti, E. Ragni, A. Andolfo, A.T. Brini, Comparison of two 

ASC-derived therapeutics in an in vitro OA model: secretome versus extracellular vesicles, 

Stem Cell Res Ther, 11 (2020) 521. 

[51] S.C. Tao, T. Yuan, Y.L. Zhang, W.J. Yin, S.C. Guo, C.Q. Zhang, Exosomes derived from miR-

140-5p-overexpressing human synovial mesenchymal stem cells enhance cartilage tissue 

regeneration and prevent osteoarthritis of the knee in a rat model, Theranostics, 7 (2017) 

180-195. 

[52] D. D'Arrigo, A. Roffi, M. Cucchiarini, M. Moretti, C. Candrian, G. Filardo, Secretome and 

Extracellular Vesicles as New Biological Therapies for Knee Osteoarthritis: A Systematic 

Review, J Clin Med, 8 (2019). 



29 

 

[53] A. De Luna, A. Otahal, S. Nehrer, Mesenchymal Stromal Cell-Derived Extracellular 

Vesicles - Silver Linings for Cartilage Regeneration?, Front Cell Dev Biol, 8 (2020) 593386. 

[54] S. Li, S. Stockl, C. Lukas, J. Gotz, M. Herrmann, M. Federlin, S. Grassel, hBMSC-Derived 

Extracellular Vesicles Attenuate IL-1beta-Induced Catabolic Effects on OA-Chondrocytes by 

Regulating Pro-inflammatory Signaling Pathways, Front Bioeng Biotechnol, 8 (2020) 603598. 

[55] L. Yan, G. Liu, X. Wu, The umbilical cord mesenchymal stem cell-derived exosomal 

lncRNA H19 improves osteochondral activity through miR-29b-3p/FoxO3 axis, Clin Transl 

Med, 11 (2021) e255. 

[56] C. Cavallo, G. Merli, R.M. Borzi, N. Zini, S. D'Adamo, M. Guescini, B. Grigolo, A. Di 

Martino, S. Santi, G. Filardo, Small Extracellular Vesicles from adipose derived stromal cells 

significantly attenuate in vitro the NF-kappaB dependent inflammatory/catabolic 

environment of osteoarthritis, Sci Rep, 11 (2021) 1053. 

[57] S. Cosenza, K. Toupet, M. Maumus, P. Luz-Crawford, O. Blanc-Brude, C. Jorgensen, D. 

Noel, Mesenchymal stem cells-derived exosomes are more immunosuppressive than 

microparticles in inflammatory arthritis, Theranostics, 8 (2018) 1399-1410. 

[58] J. Zhang, Y. Rong, C. Luo, W. Cui, Bone marrow mesenchymal stem cell-derived 

exosomes prevent osteoarthritis by regulating synovial macrophage polarization, Aging 

(Albany NY), 12 (2020) 25138-25152. 

[59] K. Wang, F. Li, Y. Yuan, L. Shan, Y. Cui, J. Qu, F. Lian, Synovial Mesenchymal Stem Cell-

Derived EV-Packaged miR-31 Downregulates Histone Demethylase KDM2A to Prevent Knee 

Osteoarthritis, Mol Ther Nucleic Acids, 22 (2020) 1078-1091. 

[60] Y. Rong, J. Zhang, D. Jiang, C. Ji, W. Liu, J. Wang, X. Ge, P. Tang, S. Yu, W. Cui, W. Cai, 

Hypoxic pretreatment of small extracellular vesicles mediates cartilage repair in 

osteoarthritis by delivering miR-216a-5p, Acta Biomater, 122 (2021) 325-342. 



30 

 

[61] C.H. Woo, H.K. Kim, G.Y. Jung, Y.J. Jung, K.S. Lee, Y.E. Yun, J. Han, J. Lee, W.S. Kim, J.S. 

Choi, S. Yang, J.H. Park, D.G. Jo, Y.W. Cho, Small extracellular vesicles from human adipose-

derived stem cells attenuate cartilage degeneration, J Extracell Vesicles, 9 (2020) 1735249. 

[62] X. Bian, B. Li, J. Yang, K. Ma, M. Sun, C. Zhang, X. Fu, Regenerative and protective effects 

of dMSC-sEVs on high-glucose-induced senescent fibroblasts by suppressing RAGE pathway 

and activating Smad pathway, Stem Cell Res Ther, 11 (2020) 166. 

[63] T. Su, Y. Xiao, Y. Xiao, Q. Guo, C. Li, Y. Huang, Q. Deng, J. Wen, F. Zhou, X.H. Luo, Bone 

Marrow Mesenchymal Stem Cells-Derived Exosomal MiR-29b-3p Regulates Aging-Associated 

Insulin Resistance, ACS Nano, 13 (2019) 2450-2462. 

[64] M. Ahmadi, J. Rezaie, Ageing and mesenchymal stem cells derived exosomes: Molecular 

insight and challenges, Cell Biochem Funct, 39 (2021) 60-66. 

[65] J. Platas, M.I. Guillen, M.D. Perez Del Caz, F. Gomar, M.A. Castejon, V. Mirabet, M.J. 

Alcaraz, Paracrine effects of human adipose-derived mesenchymal stem cells in 

inflammatory stress-induced senescence features of osteoarthritic chondrocytes, Aging 

(Albany NY), 8 (2016) 1703-1717. 

[66] M. Tofino-Vian, M.I. Guillen, M.D. Perez Del Caz, M.A. Castejon, M.J. Alcaraz, 

Extracellular Vesicles from Adipose-Derived Mesenchymal Stem Cells Downregulate 

Senescence Features in Osteoarthritic Osteoblasts, Oxid Med Cell Longev, 2017 (2017) 

7197598. 

[67] O.H. Jeon, D.R. Wilson, C.C. Clement, S. Rathod, C. Cherry, B. Powell, Z. Lee, A.M. Khalil, 

J.J. Green, J. Campisi, L. Santambrogio, K.W. Witwer, J.H. Elisseeff, Senescence cell-

associated extracellular vesicles serve as osteoarthritis disease and therapeutic markers, JCI 

Insight, 4 (2019). 



31 

 

[68] U. Nogueira-Recalde, I. Lorenzo-Gomez, F.J. Blanco, M.I. Loza, D. Grassi, V. Shirinsky, I. 

Shirinsky, M. Lotz, P.D. Robbins, E. Dominguez, B. Carames, Fibrates as drugs with senolytic 

and autophagic activity for osteoarthritis therapy, EBioMedicine, 45 (2019) 588-605. 

[69] F. Shekari, A. Nazari, S. Assar Kashani, E. Hajizadeh-Saffar, R. Lim, H. Baharvand, Pre-

clinical investigation of mesenchymal stromal cell-derived extracellular vesicles: a systematic 

review, Cytotherapy, 23 (2021) 277-284. 

[70] O.S. Beane, V.C. Fonseca, L.L. Cooper, G. Koren, E.M. Darling, Impact of aging on the 

regenerative properties of bone marrow-, muscle-, and adipose-derived mesenchymal 

stem/stromal cells, PLoS One, 9 (2014) e115963. 

[71] P. Ganguly, J.J. El-Jawhari, P.V. Giannoudis, A.N. Burska, F. Ponchel, E.A. Jones, Age-

related Changes in Bone Marrow Mesenchymal Stromal Cells: A Potential Impact on 

Osteoporosis and Osteoarthritis Development, Cell Transplant, 26 (2017) 1520-1529. 

[72] Y. Qin, L. Wang, Z. Gao, G. Chen, C. Zhang, Bone marrow stromal/stem cell-derived 

extracellular vesicles regulate osteoblast activity and differentiation in vitro and promote 

bone regeneration in vivo, Sci Rep, 6 (2016) 21961. 

[73] S.J. Prasanna, D. Gopalakrishnan, S.R. Shankar, A.B. Vasandan, Pro-inflammatory 

cytokines, IFNgamma and TNFalpha, influence immune properties of human bone marrow 

and Wharton jelly mesenchymal stem cells differentially, PLoS One, 5 (2010) e9016. 

[74] M.L. Weiss, C. Anderson, S. Medicetty, K.B. Seshareddy, R.J. Weiss, I. VanderWerff, D. 

Troyer, K.R. McIntosh, Immune properties of human umbilical cord Wharton's jelly-derived 

cells, Stem Cells, 26 (2008) 2865-2874. 

[75] Z.J. Wei, Q.Q. Wang, Z.G. Cui, H. Inadera, X. Jiang, C.A. Wu, Which is the most effective 

one in knee osteoarthritis treatment from mesenchymal stem cells obtained from different 



32 

 

sources?-A systematic review with conventional and network meta-analyses of randomized 

controlled trials, Ann Transl Med, 9 (2021) 452. 

[76] M. Shariatzadeh, J. Song, S.L. Wilson, The efficacy of different sources of mesenchymal 

stem cells for the treatment of knee osteoarthritis, Cell Tissue Res, 378 (2019) 399-410. 

[77] S. Bruno, F. Collino, M.C. Deregibus, C. Grange, C. Tetta, G. Camussi, Microvesicles 

derived from human bone marrow mesenchymal stem cells inhibit tumor growth, Stem Cells 

Dev, 22 (2013) 758-771. 

[78] S. Wu, G.Q. Ju, T. Du, Y.J. Zhu, G.H. Liu, Microvesicles derived from human umbilical 

cord Wharton's jelly mesenchymal stem cells attenuate bladder tumor cell growth in vitro 

and in vivo, PLoS One, 8 (2013) e61366. 

[79] A.M. Roccaro, A. Sacco, P. Maiso, A.K. Azab, Y.T. Tai, M. Reagan, F. Azab, L.M. Flores, F. 

Campigotto, E. Weller, K.C. Anderson, D.T. Scadden, I.M. Ghobrial, BM mesenchymal stromal 

cell-derived exosomes facilitate multiple myeloma progression, J Clin Invest, 123 (2013) 

1542-1555. 

[80] C.O. Rodini, P.B. Goncalves da Silva, A.F. Assoni, V.M. Carvalho, O.K. Okamoto, 

Mesenchymal stem cells enhance tumorigenic properties of human glioblastoma through 

independent cell-cell communication mechanisms, Oncotarget, 9 (2018) 24766-24777. 

[81] T.S. Chen, F. Arslan, Y. Yin, S.S. Tan, R.C. Lai, A.B. Choo, J. Padmanabhan, C.N. Lee, D.P. 

de Kleijn, S.K. Lim, Enabling a robust scalable manufacturing process for therapeutic 

exosomes through oncogenic immortalization of human ESC-derived MSCs, J Transl Med, 9 

(2011) 47. 

[82] T.T. Tan, R.C. Lai, J. Padmanabhan, W.K. Sim, A.B.H. Choo, S.K. Lim, Assessment of 

Tumorigenic Potential in Mesenchymal-Stem/Stromal-Cell-Derived Small Extracellular 

Vesicles (MSC-sEV), Pharmaceuticals (Basel), 14 (2021). 



33 

 

[83] A.Y.L. Wang, Human Induced Pluripotent Stem Cell-Derived Exosomes as a New 

Therapeutic Strategy for Various Diseases, Int J Mol Sci, 22 (2021). 

[84] Z. Zhi, C. Zhang, J. Kang, Y. Wang, J. Liu, F. Wu, G. Xu, The therapeutic effect of bone 

marrow-derived mesenchymal stem cells on osteoarthritis is improved by the activation of 

the KDM6A/SOX9 signaling pathway caused by exposure to hypoxia, J Cell Physiol, 235 

(2020) 7173-7182. 

[85] W. Ren, J. Hou, C. Yang, H. Wang, S. Wu, Y. Wu, X. Zhao, C. Lu, Extracellular vesicles 

secreted by hypoxia pre-challenged mesenchymal stem cells promote non-small cell lung 

cancer cell growth and mobility as well as macrophage M2 polarization via miR-21-5p 

delivery, J Exp Clin Cancer Res, 38 (2019) 62. 

[86] E. Ragni, C. Perucca Orfei, P. De Luca, C. Mondadori, M. Vigano, A. Colombini, L. de 

Girolamo, Inflammatory priming enhances mesenchymal stromal cell secretome potential as 

a clinical product for regenerative medicine approaches through secreted factors and EV-

miRNAs: the example of joint disease, Stem Cell Res Ther, 11 (2020) 165. 

[87] R. Wang, B. Xu, TGF-beta1-modified MSC-derived exosomal miR-135b attenuates 

cartilage injury via promoting M2 synovial macrophage polarization by targeting MAPK6, Cell 

Tissue Res, 384 (2021) 113-127. 

[88] Z. Wang, K. Yan, G. Ge, D. Zhang, J. Bai, X. Guo, J. Zhou, T. Xu, M. Xu, X. Long, Y. Hao, D. 

Geng, Exosomes derived from miR-155-5p-overexpressing synovial mesenchymal stem cells 

prevent osteoarthritis via enhancing proliferation and migration, attenuating apoptosis, and 

modulating extracellular matrix secretion in chondrocytes, Cell Biol Toxicol, 37 (2021) 85-96. 

[89] Z. Jin, J. Ren, S. Qi, Human bone mesenchymal stem cells-derived exosomes 

overexpressing microRNA-26a-5p alleviate osteoarthritis via down-regulation of PTGS2, Int 

Immunopharmacol, 78 (2020) 105946. 



34 

 

[90] G. Mao, Z. Zhang, S. Hu, Z. Zhang, Z. Chang, Z. Huang, W. Liao, Y. Kang, Exosomes 

derived from miR-92a-3p-overexpressing human mesenchymal stem cells enhance 

chondrogenesis and suppress cartilage degradation via targeting WNT5A, Stem Cell Res Ther, 

9 (2018) 247. 

[91] H.B. Si, T.M. Yang, L. Li, M. Tian, L. Zhou, D.P. Li, Q. Huang, P.D. Kang, J. Yang, Z.K. Zhou, 

J.Q. Cheng, B. Shen, miR-140 Attenuates the Progression of Early-Stage Osteoarthritis by 

Retarding Chondrocyte Senescence, Mol Ther Nucleic Acids, 19 (2020) 15-30. 

 



Young
MSCs

Aged/Senescent
MSC

Healthy
joint

Osteoarthritic
joint OA features

- Cartilage degradation, bone sclerosis, 
osteophyte formation, synovial inflammation
- ROS production
- Inflammatory and catabolic factor production
(IL1β, IL6, MMP13, ADAMTS5, VEGF)
- Telomere attrition
- SA-β-gal positive cell accumulation
- p53, p16, p21 expression increase

Extrinsic signals
DNA damage
Oncogenic stress
Oxidative stress

Extrinsic signals
Trauma

Intrinsic signals
Ageing
Genetics
Metabolic disorder

Senescent features
- Cell cycle arrest and expression of CDKI
- DNA damage
- SASP (IL1β, IL6, MMP13, VEGF)
- SAHF
- SA-β-gal activity
- Metabolic dysfunction (ROS production)
- Resistance to apoptosis

Intrinsic signals
Ageing
Telomere attrition

Figure 1



Young MSCs

Extracellular
Vesicles (EVs)

Aged/Senescent
MSCs

Pro-Aging

Rejuvenation

Systemic action

Local action

Pro-Aging

Anti-aging

Altered functions on other cell types
• Decreased osteogenic and pro-angiogenic effects
• Negative regulation of autophagy
• Loss of M2 macrophage polarization potential

• EV production increased
• Cargo content changes
• SASP increased

Figure 2



Young MSCs

Aged/Senescent
MSCs

Anti-Aging Chondro
protective

Osteoarthritic
joint

Regenerative




