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Abstract
Ageing progressively disrupts joint homeostasis and increases susceptibility to osteoarthritis (OA), yet
why repair fails in the altered joint remains poorly understood. Cellular senescence accumulates with
age and is prominent in osteoarthritic joints, contributing to a persistent catabolic, inflammatory and
tissue-remodelling microenvironment through the senescence-associated secretory phenotype (SASP).
Such signals can alter the function of endogenous reparative cells including mesenchymal stromal cells
(MSCs), which are important to tissue repair and immunomodulation. Nonetheless, little is known on
which senescence associated stromal factors within this altered niche could compromise MSCs
competence. In this study, we are interested by chitinase-3-like 1 (CHI3L1), a SASP glycoprotein whose
levels are elevated in both ageing and OA. We revealed that CHI3L1 accumulates in OA joints in
correlation with senescence and the disease features, where it in vitro chronic exposure converts MSC
toward a dysfunctional age-like state characterized by impaired potencies, disrupted tri-lineage
commitment, reduced mobility, altered metabolomic profiling, loss of immunomodulatory activity
together with an acquisition of a pro-inflammatory secretome. Consequently, CHI3L1 preconditioning
abolishes the homeostatic function of healthy MSCs in an inflammatory OA model. Conversely, in
spontaneous age-related OA model, MSC transplantation combined to CHI3L1 transient neutralization
restores joint dynamics by enhancing cartilage repair, reducing synovial inflammation, preventing bone
remodeling, improving maximal speed locomotor and shifting selective circulated factors related to
stromal, skeletal, and hematopoietic homeostasis toward a more youthful pattern. Collectively, our
findings establish CHI3L1 as a novel senescence-associated contributor in the decline of MSC fitness
and regenerative niche competence during joint ageing. Furthermore, it provides a rationale for
combining microenvironment-targeted interventions with stem cell therapy to maximize their potentials
for tissue regeneration in age-related diseases.

Introduction
Osteoarthritis (OA) is the most prevalent degenerative joint disorder affecting over 600 million
individuals worldwide with approximately 73% of whom are aged above 55 years1. Long viewed as a
degenerative cartilage disease, OA is now recognized as an age-driven disorder of whole-joint tissue
homeostasis failure. Cartilage erosion, synovial inflammation, subchondral bone remodeling, osteophyte
formation, and chronic pain collectively reflect the inability of aging joint tissues to preserve structural
integrity and effective regenerative responses. Understanding the mechanisms underlying this age-
related loss of joint homeostasis which ultimately drives OA onset has become a central challenge in
regenerative medicine2.

Joint homeostasis is in part maintained by tissue-resident mesenchymal stromal cells (MSCs), a
heterogeneous population of cells reside in the synovium, subchondral bone, cartilage, and surrounding
connective tissues3. Beyond their multilineage differentiation potential, MSCs continuously sense
mechanical, inflammatory, and metabolic cues from their microenvironment to promote tissue repair4,5.
Through self-renewal, trophic support, extracellular matrix remodeling, and immunomodulatory signaling,

Page 3/41



they are believed to maintain tissue integrity and orchestrate communication among stromal, immune,
and skeletal cells6–8 .These properties have made MSCs an attractive therapeutic candidate for OA over
the past decades9–13. However, MSC-based therapies have produced inconsistent clinical benefits11–13,
particularly in elderly patients with OA, suggesting that the aged joint microenvironment progressively
loses its permissiveness to respond to regenerative signals and ultimately to restore homeostasis14.

Accordingly, accumulating evidence indicates that ageing profoundly remodels stem cell niches across
multiple organs including joint, resulting in progressive loss of resident stem cell fitness to maintain
tissue homeostasis rather than simple depletion of stem cell numbers15–18. One of the principal drivers
of niche ageing is cellular senescence19,20. In response to tissue injuries during lifespan such as
mechanical overload, inflammation, oxidative stress, or metabolic dysfunction, joint cells including MSC
undergo durable cell-cycle arrest while acquiring extensive metabolic and secretory remodeling known
as the senescence-associated secretory phenotype (SASP)21–24. Whereas transient senescence
contributes to development, wound healing, and tissue remodeling25–27, persistent senescent cells
especially within the joint establish a chronic pro-inflammatory and matrix-remodeling environment that
disrupts tissue homeostasis 28–30. Consistently, pharmacological or genetic clearance of senescent cells
attenuates OA progression and restores a more regenerative joint environment in preclinical models,
highlighting the pivotal role of senescence in loss of joint homeostasis and OA pathogenesis 31–39.
Importantly, the detrimental effects of senescence indeed extend beyond direct tissue degeneration to
include disruption of the endogenous regenerative compartment40–42. For instance, the exposure of
healthy human MSCs to pro-senescent OA synovial fluid impairs their clonogenicity, differentiation,
immunomodulatory activity and therapeutic efficacy43 while senescent bone marrow-derived MSCs (BM-

MSCs) accelerate cartilage degeneration and subchondral bone alterations in vivo44,45. Together, these
observations support the emerging concept that chronic exposure to age-driven senescence-associated
signals progressively compromises MSC fitness and functions ultimately exhausting the regenerative
niche leading to OA. However, the soluble mediators responsible for this microenvironment-driven loss
of joint homeostasis remain largely unknown.

Chi3L1 (also known as YKL-40 in humans and BRP-39 in mice) has emerged as a compelling candidate.
Chi3L1 is a secreted chitinase-like glycoprotein whose circulating levels increase with ageing46,47 and
are consistently associated with chronic inflammatory, fibrotic, and degenerative diseases48–52. In OA,
Chi3L1 is widely used as a biomarker of disease severity detected in synovial fluid and systemic
circulation.53–55 Nevertheless, whether Chi3L1 actively contributes to regenerative dysfunction or simply
reflects ongoing joint damage remains unresolved. Given its established roles in extracellular matrix
remodeling, immune regulation, and tissue remodeling51,56–58, we hypothesized that persistent high level
of Chi3L1 may act as a senescence-associated niche signal which progressively remodels resident MSC
function and limits the regenerative capacity of the ageing joint. Here, we demonstrate that Chi3L1
accumulates within OA-driven senescent joints in both human and murine models. Chronic exposure to
Chi3L1 impairs the fitness of healthy young BM-MSCs, ultimately driving the acquisition of a
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dysfunctional age-associated phenotype characterized by diminished regenerative potential. Importantly,
Chi3L1 neutralization restores aged regenerative niche competency by markedly enhancing MSCs-
mediated repair in spontaneous age-related murine OA model. Collectively, our findings establish Chi3L1
as an active regulator of regenerative niche exhaustion rather than simply a biomarker of OA and provide
a rationale for combining niche-targeted interventions with stem cell therapy to promote tissue
regeneration in age-related diseases.

Results
Induced expression of the stromal factor CHI3L1 tracks joint senescence and OA disease severity
across mice and humans

In our recent publications, we demonstrated that senescent cells are present among the three joint
compartments namely, cartilage, subchondral bone and synovial tissue in both clinical and preclinical
samples44,59. Strikingly, using the ganglioside GD3, a novel senescence cell-surface marker and the
expression of its synthase namely ST8SIA1, we identified a subpopulation of senescent fibroblast-like
synoviocytes that also expresses CHI3L159 in OA tissues. To confirm these findings, we re-analyzed
publicly available single-cell RNA sequencing datasets from OA synovium. Among nine different
synovial-associated cell type populations identified by UMAP analysis, we confirmed that CHI3L1
expression was predominantly detected within THY1+, ST8SIA1+, CXCL12+ senescent inflammatory
fibroblast-like synoviocytes sub-population (Fig. 1A and S1). Gene expression analysis of independent
OA synovial specimens further demonstrated a positive correlation (r = 0.9286, P = 0.0067) between
CHI3L1 and the senescence marker CDKN2A confirming the relationship between joint senescence and
CHI3L1-associated OA pathogenesis (Fig. 1B-C).

To investigate whether CHI3L1 is also found associated with senescence markers in joint and synovium
of experimental OA model, we then examined its expression in collagenase-induced OA (CiOA) murine
model. Forty days after intraarticular collagenase injection, mice developed the pathological features,
including cartilage degeneration, synovitis, and subchondral bone remodeling evaluated by associated
histological scoring and microCT analysis (Fig. 1D-J), confirming successful establishment of the
disease. We then assessed Chi3L1 expression. OA mice exhibited a marked increase in circulating
CHI3L1 protein compared with control mice (Fig. 1K). Likewise, whole-joint gene expression analysis
revealed significant upregulation of Chi3L1 together with canonical senescence hallmarks, including
Cdkn2a and Cdkn1a, and representative SASP-associated genes (Fig. 1L). Chi3L1 expression, positively
correlated with senescence markers Cdkn2a (r = 0.7173, P = 0.0240) and Cdkn1a (r = 0.6909, P = 0.0226),
indicating that its induction accompanies activation of the senescence program during OA (Fig. 1M). We
next focused on Chi3L1 level in synovial tissue. Chi3L1 expression was significantly increased in
synovial from OA joints and positively correlated with Cdkn1a, (r = 0.7129, P < 0.0001) Cdkn1c (r = 0.6621,
P < 0.0001) Mmp13, (r = 0.8690, P < 0.0001) and Tgfb1 (r = 0.7873, P < 0.0001) (Fig. 1N-R), demonstrating
that Chi3L1 expression is closely associated with local senescence and tissue-remodeling programs.
Finally, we examined the relationship between CHI3L1 expression and disease stage in the CiOA model.
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Both synovial Chi3L1 expression and plasmatic Chi3L1 concentrations positively correlated with OA
severity (r = 0.6984, P < 0.0001 and r = 0.6909, P = 0.0226 respectively) (Fig. 1S-T) confirming previous
observations made in human studies42,60,61. Together, these findings identify CHI3L1 as a senescence-
associated stromal factor whose expression increases during OA and disease severity across mice and
humans. These observations prompted us to determine whether targeting senescent cells in vivo could
mitigate joint degeneration while reducing CHI3L1 expression in OA mice.

Pharmacological suppression of senescence reduces CHI3L1 expression in vitro and during
experimental OA

To confirm that CHI3L1 is a component of the SASP, we first examined the in vitro effect of the well-
characterized senomorphic agent metformin on its production by senescent cells39,62. Senescence was
induced in mouse embryonic fibroblasts (MEFs) by etoposide treatment, followed by incubation with
metformin or vehicle as described (Fig. 2A). Seven days post-treatment, we showed that etoposide
induced a robust senescent phenotype characterized by an inhibition in cell proliferation and an
increased senescence-associated β-galactosidase activity, which was significantly attenuated by
metformin treatment (Fig. 2B-C). Consistent with CHI3L1 being a SASP component, senescent MEFs
secreted significantly higher levels of CHI3L1 than proliferating cells, whereas metformin treatment
markedly reduced its secretion (Fig. 2D). We next investigated whether the observed in vitro metformin
senomorphic effect, similarly regulates Chi3L1 expression while attenuating OA progression in vivo.
Metformin administration was initiated ten days after collagenase-induced OA and maintained
throughout disease progression (Fig. 2E). At euthanasia, joint histological analysis revealed that
metformin treatment significantly attenuated cartilage degeneration compared with vehicle-treated
controls (Fig. 2F-G), confirming the reported chondroprotective effects of metformin in mice and OA
patients63–65. Importantly, this structural improvement was accompanied by a marked reduction in
circulating Chi3L1 concentrations (Fig. 2H). Whole-joint gene expression analysis further demonstrated
decreased expression of Chi3L1 together with canonical senescence markers and representative SASP-
associated genes following metformin treatment (Fig. 2I). Similar effects were observed within the
synovium, where metformin reduced synovitis severity (Fig. 2J-K) and concomitantly downregulated
Chi3L1, Cdkn1a, Cdkn1c, and Tgfb1 expression (Fig. 2L). In contrast, metformin did not significantly
restore subchondral bone structure altered in CiOA joints (Supp Fig. 2). Together, these findings
demonstrate that pharmacological suppression of senescence by Metformin attenuates OA progression
while reducing CHI3L1 expression both in vitro and in vivo. Taken together, these data position CHI3L1 as
a senescence-linked factor and implicate sustained CHI3L1 in OA pathogenesis.

Chronic exposure to CHI3L1 compromises mesenchymal
stromal cell fitness and promotes an age-associated
senescence-like phenotype
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Our previous comparative proteomic analysis of DNA damage induced senescent bone marrow-derived
MSCs (BM-MSC) identified CHI3L1 as one of the most strongly upregulated secreted factors compared
with mock treated MSCs44. To determine whether this association extended to chronological ageing, we
re-analyzing a publicly available transcriptomic dataset comparing BM-MSCs from donors aged to 21 to
92 years together with MSCs undergoing replicative senescence66. Remarkably, CHI3L1 was identified
within a core gene signature shared by both chronologically aged and replicative senescent MSCs
(Fig. 3A). Consistent with these observations, CHI3L1 expression and secretion were similarly increased
in two independent MSC induced senescence models generated by silencing FERMT2 or CBX4, two
genes whose expression declines in MSC during ageing and OA67–69 (Supp Fig. 3A-F). Together, these
data position CHI3L1 at the intersection of MSC senescence and chronological ageing that characterize
OA patients. We next asked whether CHI3L1 could be part of the senescence-driven microenvironment
that alters the regenerative niche within the aged joint and thereby drives OA progression. To address
this question, we in vitro assessed the tissue repair properties of healthy young BM-MSCs following
continuous exposure to recombinant CHI3L1 at a physio-pathological concentration (100 ng/mL),
comparable to levels reported in the synovial liquid and the circulation of OA patients70 (Fig. 3B).

Chronic CHI3L1 treatment markedly reduced MSC clonogenic potential in an IL13RA2 dependent
manner, (Fig. 3C-D) consistent with IL13RA2 serving as a major receptor for CHI3L156. Reduction in CFU
occurred without an increase in apoptotic cell death (data not shown). In parallel, CHI3L1 constrained
BM-MSCs population expansion, with increased population doubling time and reduced proliferation
(Fig. 3E). Therefore, we next asked whether this decline was accompanied by acquisition of a
senescence-like phenotype. CHI3L1-treated MSCs displayed increased senescence-associated β-
galactosidase activity together with induction of ARF, CDKN1A and CDKN2A gene expression and a slide
increase in p16INK4a protein abundance (Fig. 3G-H).

Because joint homeostasis relies on both efficient MSC recruitment at the injured site and their
multipotent capacities to differentiate, we then evaluated these two critical regenerative functions.
Chronic CHI3L1 exposure significantly impaired CXCL12-directed migration of MSC in trans-well assay,
recapitulating a key feature of age-associated MSC dysfunction (Fig. 3I-J). Furthermore, CHI3L1
profoundly altered MSC lineage commitment, reducing both chondrogenic and osteogenic differentiation
while promoting adipogenesis as revealed by dedicated staining (Fig. 3K-T). These MSC functional
changes were respectively accompanied by increased expression of the catabolic marker MMP13 during
chondrogenesis, reduced ALP expression during osteogenesis, and enhanced PPARG2 expression during
adipogenesis, thus consistent with the known impaired skeletal tissue regeneration with aging71–73.

Given the critical role of metabolites in stem-cell functions, we asked whether the observed CHI3L1-
induced MSC dysfunction could be explained by alterations in their metabolic status. Untargeted
metabolomic profiling of treated MSC from 3 donors compared to untreated cells respectively revealed
marked changes in metabolites involved in redox homeostasis, including a reduction in NAD+, changes
in glutathione (GSH/GSSG) ratio, and γ-glutamyl-cysteine, together with alterations in metabolites
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associated with extracellular matrix synthesis and lineage specification such as proline, hydroxyproline,
and uracil (Fig. 3U). Collectively, all these changes closely resemble signatures reported in aged
MSCs74,75 and might explain the broad impact of CHI3L1 treatment on MSC properties. In conclusion,
chronic CHI3L1 exposure drives premature loss of MSC fitness and acquisition of an aging-like
phenotype.

Chronic exposure to CHI3L1 reprograms the immunoregulatory
properties of mesenchymal stromal cells
In our previous untargeted metabolomic profiling, CHI3L1-treated MSCs displayed a distinct metabolic
signature including 4-aminobutyric acid (GABA), citrulline, and arginosuccinate (Fig. 3T) known to
regulate MSC immunoregulatory properties (Fig. 4A)76, The decreased abundance in these metabolites
proposed a shift of the CHI3L1-treated MSC toward a pro-inflammatory and immunologically
dysfunctional phenotype77,78. Accordingly, treated MSC showed a pronounced positive switch in IFN-γ,
MCP1, IP-10, IL-6, IL-4 and IL-12p70 release (Fig. 4B) compared to untreated cells. These changes
suggested a shift away from their anti-inflammatory homeostatic state that supports MSC
immunomodulatory functions79. Because MSC-mediated immune regulation also relies on juxtacrine
mechanism, we next analyzed by flow-cytometry the expression of the immune checkpoint PD-L1 and
PD-L2 that have emerged as players of MSC-mediated immunoregulatory activity80–82. CHI3L1-
pretreated MSCs displayed significantly reduced surface expression of both molecules (Fig. 4C-F),
compared to non-treated MSCs suggesting a loss in their immunosuppressive properties.

We next confirmed that all these phenotypic changes translated into immunological functional
consequences. For that, untreated or CHI3L1-pretreated MSCs were co-cultured with activated peripheral
blood mononuclear cells (PBMCs) from healthy donors as described (Fig. 4G). Whereas untreated MSCs
efficiently suppressed PBMC proliferation, CHI3L1-preconditioned MSCs exhibited a markedly reduced
immunosuppressive capacity (Fig. 4H). Impaired MSC-mediated immunosuppression was observed on
both activated CD4+ and CD8+ T-cell populations (Fig. 4I) and was associated with increased frequencies
of IFNγ-producing CD4+ T cells and T-bet+/IFNγ+ CD8+ effector T cells (Fig. 4J-K), indicating enhanced
inflammatory T-cell activation. Consistent with this impaired immunoregulatory phenotype, conditioned
media from CHI3L1-treated MSC-PBMC co-cultures contained significantly lower concentrations of
bioactive TGF-β1 than control co-cultures (Fig. 4L), indicating reduced activation of one of the major
immunosuppressive pathways employed by MSCs83,84.

Collectively, these data demonstrate that CHI3L1 chronic exposure alters MSCs properties, eroding their
stemness multipotency and immunosuppressive properties. Together these observations support a
model in which joint senescence occurring during age-related OA establishes a CHI3L1-dependent feed-
forward stromal signaling axis that reinforces local inflammaging and loss of regenerative fitness within
the niche (Fig. 4M).
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CHI3L1-conditioned mesenchymal stromal cells lose their capacity to preserve joint homeostasis in
vivo

Having established that persistent CHI3L1 in vitro reprograms MSCs toward an age-like, functionally
impaired state, we next asked whether these alterations compromise their joint homeostaticproperties in
vivo. To address this question, murine BM-MSCs were first chronically exposed to recombinant murine
CHI3L1 under the same conditions used for human MSCs (Fig. 5A). Consistent with our previous
findings, CHI3L1 treatment reduced murine MSC proliferation and impaired their immunosuppressive
activity toward activated splenocytes (Fig. 5B-C), demonstrating that CHI3L1-induced functional
reprogramming is conserved across species. We then determined the joint homeostaticproperties of
these CHI3L1-conditioned MSCs in two-month-old CiOA mice, in which articular delivery of untreated
MSCs are known to be effective by projecting joint from degeneration85–87. CHI3L1-preconditioned
murine MSCs were injected intra-articularly ten days after OA induction in parallel to untreated MSCs.
Joint pathology was assessed seven weeks later (Fig. 5D). As previously published by us and others,
transplantation of untreated MSCs significantly limited cartilage degeneration in this experimental OA
model confirming their repair and anti-inflammatory properties 86,88–90 (Fig. 5E-F). In striking contrast,
CHI3L1-conditioned MSCs failed to confer such cartilage protection with histological OA scores
comparable to mock treated joints (Fig. 5E-F). Loss of protective potencies of these injected cells was
accompanied by broad molecular alterations within the joint. Indeed, whereas untreated MSCs reduced
the expression of senescence-associated genes altogether with inflammatory and catabolic mediators,
CHI3L1-conditioned MSCs largely failed to normalize these pathways and exhibited persistent or
enhanced expression of matrix-remodeling and fibrotic genes, including Mmp13 and Tgfb1 (Fig. 5G).
Similarly, untreated MSCs markedly attenuated synovitis score, whereas CHI3L1-conditioned MSCs
showed no detectable anti-inflammatory effects (Fig. 5H). Within the subchondral bone compartment,
untreated MSCs also displayed a protective trend by limiting bone erosion and preserving trabecular
architecture, particularly in the lateral compartment. Notably, the beneficial effects of injected MSC were
abolished in CHI3L1-treated MSC groups (Fig. 5I-N) consistent with the impaired differentiation potential
of human CHI3L1-treated MSCs observed in vitro (Fig. 3).

Collectively, these data demonstrate that chronic CHI3L1 exposure is sufficient to induce regenerative
dysfunction in mesenchymal stromal cells in vivo. MSC pre-exposed to CHI3L1 lost their ability to limit
cartilage degeneration, synovitis and pathological joint remodeling. In contrast, untreated MSCs retained
significant protective efficacy following their intra-articular delivery despite transient exposure to the
CHI3L1-enriched joint microenvironment. These results identify sustained CHI3L1 conditioning, rather
than short-term local exposure, as a critical determinant of MSC dysfunction.

Combined CHI3L1 neutralization and MSC delivery restores articular
homeostasis in aged-driven osteoarthritic joints
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Our findings support the concept that persistent high level of CHI3L1 found in old individuals may
participate to OA progression by functionally disabling resident MSC homeostatic competence. We
therefore hypothesized that inhibiting CHI3L1 with a neutralizing monoclonal antibody would promote a
resetting of the stem cell niche microenvironment in old individuals. We relied on the previously
published91 neutralizing anti-murine CHI3L1 antibody, to test whether CHI3L1 blockage alone or
combined with functional MSC delivery could prevent senescence and delay age-induced joint
degeneration. Seventeen-month-old mice received intraperitoneal injections of anti-CHI3L1 antibody or
isotype control (5 mg/kg) every three days, followed by a single intra-articular injection of BM-MSC or
vehicle and a final intraperitoneal injection of anti-CHI3L1 antibody, according to the experimental design
shown in Fig. 6A. Forty days after the last injection, full joint analysis on sacrificed mice revealed that
neither CHI3L1 neutralization nor MSC administration alone substantially delayed age-driven joint
degeneration. In marked contrast, combined therapy produced the most pronounced therapeutic benefit
with a significant decrease in senescence gene expression particularly Cdkn2a in the whole joint
(Fig. 6B) and accordingly, a significant reduction in cartilage degeneration compared with all other
groups (Fig. 6C-D). In parallel, a significant reduced synovitis score evaluated by histology was reported
in synovial tissue (Fig. 6E). We therefore profiled the synovial transcriptome to determine the molecular
changes that associated with this resolution of synovial inflammation. As shown on Fig. 6F, combination
therapy induced the largest transcriptional remodeling, with 644 differentially expressed genes relative to
aged controls, whereas antibody or MSC monotherapy produced only modest changes (Fig. 6F).
Pathway enrichment analysis demonstrated coordinated down regulation of inflammatory, innate
immune, extracellular matrix, oxidative stress, and metabolic pathways (Fig. 6G). Consistent with this
extensive remodeling, genes implicated in matrix turnover, inflammatory signaling, and stromal
activation including Chi3L1, Ccn2, Cxcl12, Cxcr4, Il1b, Adam8, Mtor, Fos, Tnfsf10, S100a9, Sod3, Fabp4,
Adipoq were selectively normalized following combination therapy (Fig. 6H) In addition, improvements in
osteoarticular bone structure were also observed predominantly in the combined treatment group
compared to untreated aged mice (Fig. 6I-L). Indeed, microCT analyses revealed increase in bone
volume, density, connectivity and preservation of trabecular organization further supporting restoration
of joint homeostasis (Fig. 6I-N). Importantly these local skeletal changes were accompanied by
improved maximal running speed despite no significant change in total distance traveled displayed, in
open-field test (Fig. 6R-S).

Based on these foundations, we next investigated whether these effects on local joint tissue repair were
also associated with a rejuvenation of the mesenchymal stromal cell communication network within the
whole organism. Blood samples analysis by Nulisa of treated groups confirmed that combination
therapy shifted the circulating proteomic profile toward that observed in young healthy animals (Fig. 6T).
These included an increase in (Cellular Communication Network factor 4 (CCN4), a matricellular protein
that promotes stem-cell regenerative capacity92 but also Wnt family member 16 (WNT16), a critical

regulator of osteoblast-osteoclast coupling whose decline contributes to cortical porosity93, osteoclast
activation94, and impaired osteogenic differentiation of MSCs during aging.94,95 Furthermore, we found
an increase in Glycoprotein Non-Metastatic Melanoma Protein B (GPNMB), a stromal factor that
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supports MSC immunomodulation, bone maintenance, and tissue repair96–98 altogether with an increase
in Fms-like tyrosine kinase 3 ligand (FLT3LG) and Kit Ligand/ Stem cell factor (KITLG), two essential
stromal regulators of hematopoietic stem-cell survival, maintenance, migration, immune regeneration,
and bone marrow niche resilience/integrity99–104.

Collectively, our results demonstrate that CHI3L1 neutralization is sufficient to create a permissive niche
in which transplanted MSCs recover their regenerative potential to restore tissue homeostasis in aged
OA joints. CHI3L1 acts as a senescence-induced negative regulator of the stromal niche that
progressively erodes MSC fitness thus limiting endogenous tissue repair and facilitating age-related OA
degeneration.

Discussion
Adult tissue homeostasis depends on continuous communication between resident stem cells within
their niche and their microenvironment105. Aging progressively remodels this niche, reducing stem-cell
fitness and regenerative capacity, while the accumulation of senescent stem cells amplifies these
changes through persistent secretion of senescence-associated factors. Within the osteoarthritic aged
joint, senescence features have been found in different articular cell types and especially mesenchymal
stromal cells.31,37,40–42,59,106 How senescence and its associated SASP factor reshapes joint
regenerative niche remains poorly understood. Here, we identify CHI3L1 as a senescence-regulated
stromal signal that links senescence to regenerative failure. Chronic CHI3L1 exposure induced a
coordinated loss of MSC fitness characterized by reduced clonogenicity, impaired migration, altered
lineage commitment, metabolic remodeling and limited immunoregulatory activity. These alterations
closely resemble hallmarks of aged MSCs74,75, suggesting that high level of circulating CHI3L1 found in
old individuals, does not simply induce local functional defects but could drive a stable transition toward
an age-associated stromal identity across tissue.

Previous studies have associated CHI3L1 with numerous age-related diseases including OA severity and
fibrosis107–110, whereas others have reported protective functions during acute tissue damage111,112. For
instance, our observed data contrast with the recent study showing that CHI3L1 overexpression
attenuates experimental OA by suppressing TLR4-MAPK-STAT1 inflammatory signaling in
chondrocytes113. However, our findings reconcile these seemingly divergent observations by supporting
a context-dependent model. Similar to cellular senescence itself and other SASP components114,
transient CHI3L1 induction may support tissue adaptation and repair following injury, whereas its
persistent accumulation in the aged and pro-senescent microenvironment becomes maladaptive by
chronically remodeling the stromal niche. CHI3L1 may also shape the immune and skeletal
microenvironment by regulating CD4 + T-cell polarization115 but also neutrophil recruitment116 and

osteoclast mediated bone-resorption 117,118, ultimately further compromising endogenous joint repair
with ageing. In this setting, CHI3L1 emerges not merely as a biomarker of OA in old individuals but as a
senescence-regulated mediator that progressively reprograms both the functional identity of resident
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mesenchymal stromal cells and the joint immune landscape. Consistent with this model, systemic
CHI3L1 neutralization combined with MSC therapy restored a regenerative microenvironment of the aged
joint. This combinatorial strategy preserved cartilage architecture, improved subchondral and trabecular
bone integrity, and increased bone connectivity, indicating coordinated restoration of joint homeostasis.
Beyond these structural improvements, combined treatment profoundly remodeled the inflammatory and
immune landscape of the aged synovium while simultaneously shifting the circulating plasmatic profile
of treated mice toward a more youthful state. Importantly, the regulated factors from stromal origin
converged on biological pathways governing regeneration and tissue homeostasis. For instance, CCN4,
GPNMB, and KITLG are all established regulators of stem-cell maintenance and regenerative niche
function119–121, whereas WNT16 is a critical determinant of osteoblast-osteoclast coupling and bone
integrity whose decline contributes to skeletal aging.93 Likewise, restoration of FLT3LG, a key regulator of

hematopoietic progenitor maintenance and immune regeneration100,122,123, further supports the notion
that CHI3L1 blockade remodels not only the local joint environment but also the systemic effects on
MSC-driven regenerative and osteoimmune networks.

Although our findings identify CHI3L1 as a key regulator of the regenerative stromal niche within the
joint, the signaling pathways mediating these effects remain to be fully defined. Previous studies
identified IL13RA2 as a principal CHI3L1 receptor and also reported its increased expression in aged
MSCs124, raising the possibility that aging enhances cellular responsiveness to CHI3L1. Together with
evidence that CHI3L1 activates ERK, AKT and NF-κB signaling56,125,126, our data support a feed-forward
model in which age-induced senescence both increases CHI3L1 production and sensitizes stromal cells
to its signaling that lock the tissue in an established deleterious stressing inflammatory loop
progressively reinforcing regenerative failure. Future studies using conditional genetic models targeting
CHI3L1 or IL13RA2 will be important to define the contribution of this axis to tissue aging and repair.

Finally, one of the most important implications of our study is that successful regenerative therapy for
elderly people requires correction of both the regenerative cells and their surrounding microenvironment.
MSC therapy alone was insufficient to overcome the inhibitory effects of the aged niche, whereas CHI3L1
neutralization alone incompletely restored osteo-articular homeostasis. Only the combined strategy
effectively remodeled senescence and inflammatory pathways, reduced structural joint damage,
improved bone architecture and locomotor activities while restoring circulating youthful factors. These
findings support the emerging concept that regenerative medicine applied to old individuals should
restore both stem cells and their niche rather than either component alone to treat age-related
degenerative diseases.

Materials and methods

Cell types collection and culture conditions
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Human MSC collection were purchased from Hannover Medical School after obtaining written informed
consent and approval from the local and national ethics committees (votum N°.2562) as previously
published44. Bone marrow aspirates of young, age- and sex-matched healthy donors (mean age 30 ± 10
years, n = 4) were cultured and amplified to select MSC in complete alpha-minimum essential medium
supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin, 2 mM L-glutamine at 37°C,
5%CO2. For the upcoming experiment and methods all the BM-MSCs were use at early passage
(between p3-p4). For Mouse Embryonic fibroblast, MEF were provided by Dr. Daujat at IRMB-CHU-
Montpellier. They were isolated from embryonic tissue of Swiss mice from pregnant females at
embryonic day 14 then maintained as adherent fibroblasts in culture. Once thawed MEFs were cultured
in complete Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% heat-inactivated fetal
bovine serum (FBS), 1% penicillin/streptomycin, 2mM L‐glutamine at 37°C, 5%CO2, for two days. MEF
were then seeded at 20k cell/cm2 density into T25 culture flasks. Once the cells reached 90% confluency,
they were ready to be splitted into p2 and used for following treatment and later experiments. For murine
BM-MSCs isolation, 4weeks old C57 Bl6JNJ right leg. Femur and tibia were dissected, and diaphysis
were flushed with PBS. Cell suspensions were filtered and plated at a concentration of 1x106 cells/cm2

in DMEM medium supplemented with 10% FBS (Hyclone, Thermo Fisher Scientific), 2mM glutamine,
100U/mL penicillin, 100mg/mL streptomycin (Lonza, Levallois-Perret, France) and 2ng/mL human basic
fibroblast growth factor (R&D Systems, Lille, France). Medium was changed daily to remove red blood
cells and non-adherent cells. BM-MSCs were stored at -80°C after passage 1.

For senescence induction, two different methods have been applied. First one, senescence induction on
MEF, cells were seeded at 5000cell/cm2 for 24h then treated with 20 µM of Etoposide (Sigma E1383) or
the vehicle control DMSO overnight. 3 experimental conditions were assessed: (i) Treated with DMSO
(proliferative condition) (ii) Treated with etoposide (senescent condition) (iii) treated with etoposide then
supplemented with metformin (senescent + metformin condition. In the following day medium was
replaced and metformin was freshly dissolved to 3mM and added to the corresponding condition. Cells
were maintained in culture for a week with medium changes every three days. Senescence levels were
evaluated after seven days: SN has been collected and cells were fixed for SA-ß-gal staining. The second
one, BM-MSCs were transfected with scramble siRNA control or siFERMT2 or siCBX4 respectively
according to RNimax protocol transfection and cultivated for ten days. Senescence levels were
evaluated by SA-B-gal staining, cell counting, RTqPCR and Elisa.

For Chi3L1 treatment, rhChi3L1 (Biotechne #2599-ch-050) or rmChi3L1 (Biotechne #2649-ch-50) was
dissolved in PBS to a 100ng/mL. BM-MSCs were seeded at 2000cells/cm2 density. One day after
seeding, cells were treated with recombinant Chi3L1 at 100ng/mL for fourteen days, while parallel
untreated BM-MSCs received PBS only. Two weeks later, cells were collected and subjected to various
analyses, depending on the specific experiment.

Colony Forming Unit (CFU) assays
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For CFU assays, according to the ISCT recommendations: 1x103 MSCs were homogeneously seeded in
60mm dishes. rhChi3L1 (100ng/ml) has been chronically each two to three days. while parallel untreated
BM-MSCs received PBS only. Ten days later, once cell colonies emerged, cultures were fixed with
methanol 80% and stained with Giemsa (Merck # 32884) dye solution diluted 1:20 for counting.

IL13RA2 RNA ablation and CFU effect

To evaluate the effect of siIL13A2 transfection effect on CFU formation, BM-MSCs were seeded 5x103

cells/cm2 in a 6 well plates. Once the cells attained 70% confluency, they were transfected twice at day 0
and day 2 with siCtrl or the siRNA targeting IL13Rα2 (Santa Cruz, USA) at 50nM using Oligofectamine™
(Thermo Fisher Scientific #12252011) according to the manufacturer’s instructions. The following days,
cells were collected seeded in 60mm dishes and CFU protocol was conducted as previously. Four
experimental conditions were established: (i) siCtrl-transfected MSC untreated and, (ii) siCtrl-transfected
MSC treated with rhChi3L1 100ng/ml, (iii) siIL13RA2-transfected MSC untreated (PBS as vehicle control)
(iiii) siIL13RA2-transfected MSC treated with rhChi3L1 100ng/ml. Analyses has been assessed as
previously described.

Proliferation and Population DoublingTime (PDT)
calculation
For proliferation assay, BM-MSCs were seeded at 2000cells/cm2 density. One day after seeding, cells
were treated with rhChi3L1 at 100ng/mL for fourteen days, while parallel untreated BM-MSCs received
PBS only. Cells were harvested and counted using a Countess™ 5 Automated Cell Counter (Thermo
Fisher Scientific) following the manufacturer’s instructions. Viability was assessed using trypan blue
exclusion. Following seeding for the proliferation assay, the PDT was determined through culture in each
passage using the formula PD = T/LOG2n with T= culture time and n=cell number fold increase during
culture periode.

Senescence-associated β-galactosidase activity
Induction of MSC senescence was assessed by staining MSCs with a senescence-associated β-
galactosidase (SA‐β‐Gal) Staining Kit (Sigma-Aldrich #CS0030) according to the manufacturer's
instructions. 12x103 BM-MSCs were plated in 12-well plates overnight following the end the treatment
period. The next day, cells were fixed at RT for 8min with the kit’s fixation solution, and then overnight
incubated with the SA‐β‐Gal staining solution to reveal SA‐β‐Gal activity. Cells displaying blue cytosolique
staining were classified as positive. Images of random fields for each sample were acquired by
microscopy to cover the entire well, and at least 300 cells were counted per sample. Positive cells were
quantified, normalized to the total cell count, and expressed as a percentage.

Chi3L1 secretome analysis
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For senescent human BM-MSCs (Etoposide and siRNA), Chi3L1 in cell supernatant were quantififed by
Elisa (R&D biotechne, Human Chitinase 3-like 1/YKL-40 DuoSet ELISA #DY2599). Procedure was
performed according to the manifacturer’s instructions, and steps were repeated as described previously
for mouse serum samples, with exception: samples were diluted at 1:10 in dilution buffer prior
incubation. For senescent MEF and metformin supplementation, Chi3L1 in cell supernatant were
quantififed by Elisa (R&D biotechne, Mouse Chitinase 3-like 1/YKL-40 DuoSet ELISA #DY2649).
Proedsure was performed according to the manifacturer’s instructions, and steps were repeated as
described previously for mouse serum samples, with exception: samples were diluted at 1:1 in dilution
buffer prior incubation.

In vitro mesenchymal stromal cell differentiation
The trilineage differentiation potential of human BM-MSCs was evaluated using commercial
chondrogenic (Stemcell Technologies, #05455), adipogenic (#05412), and osteogenic (#05465)
differentiation media according to the manufacturer's instructions.

For chondrogenic differentiation BM-MSC (5x105 cells) were cultured as micropellets and maintained for
21 days. Two experimental conditions were established: (i) micropellet of BM-MSC cultured in complete
Chondrogenic Differentiation Medium (differentiated condition), (ii) micropellet of BM-MSC cultured in
complete Chondrogenic Differentiation Medium in the presence of rhChi3L1 (100ng/ml) (differentiated
Chi3L1-treated condition). For all conditions, the medium was replaced every three days, maintaining the
corresponding treatment or vehicle control. Cartilage matrix formation was assessed by Safranin O/Fast
Green staining and quantified using ImageJ. Chondrogenic differentiation was further evaluated by RT-
qPCR analysis of COL2A1, COL10A1, and MMP1.

For osteogenic differentiation BM-MSC were seeded at 2x104 cells/cm2 were seeded, cultured until
reaching 90% of confluency then differentiated. Three experimental conditions were established: (i) BM-
MSCs maintained with complete αMEM (proliferative condition) (ii) BM-MSC cultured in complete
Osteogenic Differentiation Medium (differentiated condition), (iii) BM-MSC cultured in complete
Osteogenic Differentiation Medium in the presence of Chi3L1 (100ng/ml). For all conditions, the medium
was replaced every three days, maintaining the corresponding treatment or vehicle control. At the end of
differentiation period, matrix mineralization Matrix mineralization was quantified by 2% Alizarin Red S
staining (562 nm), and osteogenic differentiation was assessed by RT-qPCR for ALP, SPP1 and BGLAP.

For adipogenic differentiation, BM-MSC were seeded at 6x103 cells/cm2 cells, cultured until reaching
90% of confluency then differentiated. Three experimental conditions were established: (i) BM-MSCs
maintained with complete αMEM (proliferative condition) (ii) BM-MSC cultured in complete Adipogenic
Differentiation Medium (differentiated condition), (iii) BM-MSC cultured in complete Adipogenic
Differentiation Medium in the presence of rhChi3L1 (100ng/ml) (differentiated Chi3L1 treated condition).
For all conditions, the medium was replaced every three days, maintaining the corresponding treatment
or vehicle control. At the end of differentiation period, lipid accumulation was quantified by Oil Red O
staining (530 nm), and adipogenic differentiation was assessed by RT-qPCR for PPARG2, FABP4 and LPL.
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For osteogenic and adipogenic assays, gene expression values were normalized to proliferating BM-
MSCs.

Human immunosuppression assay and FACS analysis
Fresh peripheral blood mononuclear cells (PBMC) were freshly isolated from human healthy donors and
labeled with violet proliferation Dye 450 (1:1000 in PBS) for 20mins at 37°C, (BD biosciences, CA, USA),
according to the manufacturer’s instructions. PBMCs were then activated with phytohemagglutinin (PHA;
5µg/ml; Thermo Fisher Scientific). Activated PBMCs were cultured with or without Chi3L1-pretreated
MSCs or not. Co-culture were conducted at a 1:10 MSC:PBMC ratio in mixed lymphocyte reaction
medium (MLR) containing Iscove's Modified Dulbecco's Medium (IMDM) supplemented with 10% of fetal
calf serum (Biosera, France), 1% of penicillin/streptomycin, 1% non-essential amino acids (Thermo
Fisher Scientific), 1% glutamine (Thermo Fisher Scientific), 1% sodium pyruvate (Thermo Fisher
Scientific), 2% HEPES buffer solution (Thermo Fisher Scientific), 0,1% 2-Mercaptoethanol (Gibco, Thermo
Fisher Scientific). After 96 h, non-activated, activated PBMCs cultured with or without Chi3L1-vs-vehicle-
pretreated MSCs were harvested and stained with the cell viability dye (FVS780, BD biosciences, CA,
USA). In parallel, cells were labeled with intracellular and extracellular staining against CD4, as
antibodies against CD8. Then flux cytometry was assessed to quantify total PBMCs CD4 + and CD8 + T
cell and their subpopulations proliferation. To measure BM-MSC immunuspression ability, the
percentage of PBMC proliferation in co-culture was compared to the proliferation of PHA-activated
PBMC alone (set to 100%).

For PD-L1 and PD-L2 effect, following end of the treatment, BM-MSCs were collected and part of it were
incubated with Viability marker (1:1000) at RT for 15 mins, cells were washed then incubated with 250 ng
of APC-coupled anti-CD274 (PD-L1) antibody or PE-coupled-anti-CD273 (PD-L2) isotype on ice, in the
dark for 30 min at 4°C. Then, cells were washed twice with PBS/1% BSA and resuspend in 500 µL of this
buffer before analysis in Cytek Aurora spectral cytometry system (Cytek Biosciences) and analysis with
the FlowJo software.

Murine neutralizing anti-Chi3L1 production
For in vivo studies, an anti-HEL mouse IgG2b isotype control (B478001; abinvivo) or containing the heavy
and light variable domains encoding sequences of the human neutralizing Chi3L1-specific antibody
(patent number: US20230406958A1) was produced in CHO cells, protein A purified with a final endotoxin
level < 1EU/mg and a purity > 95% (Biointron).

Animal experiments
Animal experiments were performed in accordance with the European guidelines (directive 2010/63/EU)
then were approved by the Languedoc-Roussillon Animal Research Ethics committee (CEEA-LR n°36),
French Ministry for Higher Education and Research (project #32846), and French Health Authorities
(Animal facility agreement C34-172-36). C57BL/6J male mice were purchased from Janvier labs, group-
housed and maintained under specific pathogen-free conditions with ad libitum access to food and

Page 16/41



water. Animals reaching predefined humane endpoints were excluded according to AVMA
recommendations. Two OA preclinical model have been explored:

Collagenase-induced osteoarthritis (CiOA)
Experimental OA was induced in 10-12-week-old mice by intra-articular injection of 1 U Clostridium
histolyticum collagenase type VII (Sigma-Aldrich) in 5 µL PBS into the left knee on days 0 and 2 under
isoflurane anesthesia. The contralateral knee received 5 µL sterile 0.9% NaCl. Mice were euthanized on
day 42 for histological, micro-CT, transcriptomic, and plasma analyses. For senomorphic treatment,
metformin (1.33 g/L; Merck) was administered in drinking water from day 10 until euthanasia, with fresh
solution replaced daily. To evaluate the functional consequences of CHI3L1 conditioning, BM-MSCs were
expanded ex vivo and cultured in the presence or absence of recombinant murine CHI3L1 (100 ng/mL).
On day 7 (5 days after second colVII injection), 2.5×10⁵ untreated or CHI3L1-preconditioned murine BM-
MSCs suspended in 7 µL 0.9% NaCl solution were injected intra-articularly into OA knees. Few hours
before injection, the cells were freshly resuspended in sterile 0.9% NaCl at a density of 3.5x104cell/µl.
Control animals received vehicles alone.

Spontaneous age-associated osteoarthritis
Anti-Chi3L1 antibody and its matched IgG2b isotype were checked for their specifity and neutralization
abilities in-vitro (Data not shown) before proceeding the in vivo injection. To evaluate therapeutic CHI3L1
neutralization, 70-week-old C57BL/6J mice received intraperitoneal injections of anti-Chi3L1 antibody (5
mg/kg; Biointron) or matched IgG2b isotype control every three days for a total of four injections.
Between the third and fourth antibody administrations, mice received a single intra-articular injection of
either BM-MSCs (2.5×10⁵ cells in 7 µL sterile saline solution) or vehicle, generating four treatment
groups: (i) diseased control: IgG2b isotype i.p injected vs NaCl i.a injected (ii) MSCs alone: IgG2b isotype
i.p injected vs MSCs i.a injected (iii) Anti-Chi3L1 alone: anti-Chi3L1 i.p injected vs NaCl i.a injected (iiii)
combination: anti-Chi3L1 i.p injected vs MSCs i.a injected. Behavioral analyses were performed before
treatment initiation and before euthanasia. Mice were euthanized one month following MSC
administration, plasma and knee joints were collected for histological, micro-CT, transcriptomic, and
molecular analyses.

Bone parameter analysis
The tibia and femur of the hind limbs were dissected to remove overlying soft tissues.

For the CiOA (Fig. 1), CiOA; Metformine (Fig. 2), CiOA; BM-MSC; Chi3L1-pretreteated-BM-MSC (Fig. 5),
tissues were scanned with a micro-computed tomography (micro-CT) scanner SkyScan 1176 (Bruker,
Belgium, 0.5 mm aluminum filter, 45 kV, 500 µA, 18 µm resolution, 0.5° rotation angle) for structural
analysis. Scans were reconstructed using CTAn v1.9, Nrecon v1.6 (Bruker, Belgium) and a three-
dimensional (3D) model visualization software program (CTVol v2.0). Misalignment compensation, ring
artifacts and beam hardening were adjusted to obtain the correct reconstruction of each paw. Bone
degradation was quantified in subchondral bone and the epiphysis region of the medial and/or lateral
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plateau for each tibia (CTAn software, Bruker, Belgium). Meniscal and ligament calcifications were
quantified on the entire knee joint. Reconstructed 3D images of joints were obtained using the Avizo
software (Avizo Lite 9.3.0, FEI, France).

For the Aged-spontaneous model (Fig. 6) tissues were scanned using NeoScan N80 micro-CT (Milexia).
Scans were performed with the following parameters: 0.5 mm aluminium filter, 67 kV, 200 µA, 6 µm voxel
size, and a 0.2° rotation step. Images were reconstructed using NRecon software (version 1.7.4.2,
Bruker), with correction for misalignment, ring artefacts, and beam hardening to ensure accurate
reconstruction of the entire knee joint. Data were then analyzed using CTAn software (version 1.23.0.2,
Bruker). Reconstructed 3D images of the joints were obtained using CTVox software (Bruker)

Safranin-O/Fast Green staining for cartilage, synovial and
osteophytes analysis and scoring
For cartilage analysis, mouse knees were fixed in 4% paraformaldehyde at 4°C for 48h, washed in PBS,
and then processed for routine histology. Knees were decalcified in 14% EDTA/PBS for three weeks and
then paraffin-embedded. Tissue sections (5 µm) were rehydrated through a gradient of ethanol and
xylene. Sections were then stained with Safranin-O/Fast Green solution to evaluate cartilage
degradation. Cartilage damage was analyzed using an arbitrary score from 0 to 30, based on the OARSI
cartilage OA grading system and modified by van den Berg for the assessment of murine knee joints
(grading scale of 0–6 for the severity of cartilage destruction and of 0–5 for the extent of damaged
cartilage surface). To score synovium tissue inflammation, a semi-quantitative scoring system was
employed to evaluate synovitis with scores ranging from 0 (no thickening of the lining layer and no
immune cell infiltration) to 3 (maximal observed thickening of the synovial lining layer and maximal
immune cell infiltration). To grade osteophyte presence a standardized quantitative scoring system was
employed to assess osteophyte severity on a scale 0–3.

Behavioral test
Global spontaneous locomotion was assessed one day (D-1) before the first antibody injection and then
1 month (D + 33) after the last antibody injection using the open field test with an infrared actimeter
system (Bioseb, France). Each animal was individually placed in the middle of the square arena (40 x 40
x 30 cm) and with the photocell's beam detectors that recorded continuously and automatically the
movement and the behavior for 10 min. After each animal cycle, the arena was fully cleaned via ethanol
to neutralize olfactory cues. Multiple parameters were evaluated: total speed, maximum speed, lower
speed, distance covered, rest (immobility) time and time spent in fast and slow movements (i.e. over or
below 5 cm/s). Data acquisition and analysis were executed via the actitrack software (Bioseb). All tests
were conducted during the same phase of the day/night cycle at a fixed time, to limit any bias generation
or circadian influence. Data were presented as post-/pre-injection ratios for each parameter per mouse.

Blood collection and serum
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Blood was collected by intracardiac puncture and transferred into heparinized tubes collection tube (BD
Vacutainer). Samples were centrifugated at 3000xg for 15 mins at 4°C according to the manufacturer’s
instruction. The resulting serum was stored at -80°C until use. Soluble CHI3L1 measurement by Elisa
(R&D biotechne, Mouse Chitinase 3-like 1/YKL-40 DuoSet ELISA #DY2649). 96 wells plates were coated
with the capture antibody overnight at RT under gentle shaking. Plates were washed 3 times with a wash
buffer and blocked with PBS containing 1%BSA for 1h at RT under gentle shaking. After 3 washing steps,
serum samples diluted 1:160 in dilution reagent were added and incubated for 2h at RT in the dark. Wells
were then washed 3 times, and streptavidine HRP was added at a dilution of 1:50. Plates were incubated
for 20 mins at RT protected from light. Plates were washed and substrate solution was added, then kept
in the dark for 20 min at RT under shaking condition. The enzymatic reaction has been stopped by
adding a stop solution. The optical density of each well was determined using the microplate reader set
to 450 and 540 nm for values correction. The values were exported to spreadsheet excel, and
concentrations were calculated by applying the appropriate dilution factor.

Gene expression analysis by real-time quantitative PCR
For qPCR experiments, total RNA was extracted from cells using the RNeasy® Mini kit (Qiagen; 74106)
according to the manufacturer's instructions. RNA quality was checked by spectral analysis (A260/280
nm), and then samples were stored at − 80°C. Reverse transcription was performed using the M-MLV
reverse transcriptase (Invitrogen; 28025013; 5U/µL final concentration), 500ng total RNA, a random
hexamer primer (Thermo Scientific, GER; S0142; 10ng/µL final concentration), and DNTPs (Roche, CH; 1
277 049; 5mM final concentration) in M-MLV reverse transcriptase buffer (Invitrogen; 18057-018), for a
total volume of 20µL. SYBR Green-based quantitative PCR was performed using the LightCycle® 480
SYBR Green I master reaction mix (Roche, 04707516001), 10 ng of cDNA, and the LightCycler 480 real‐
time PCR system (Roche) (40 cycles of amplification). Raw data (Ct values) were analyzed using the
comparative Ct method. Gene expression data were calculated as relative to the expression of
housekeeping genes. The comparative threshold cycle method (ΔΔCT) was used to quantify relative
gene expression, and the obtained quantification was transformed to exponential 2 − ΔΔCT values. A p-
value below 0.05 (Student’s t-test or one-way ANOVA) was considered as statistically significant.
Primers sequences used for RT-qPCR are listed in Supplementary Table 1.

Protein isolation and Western blotting
For all BM-MSCs samples, proteins were extracted using the appropriate volume of Lysis buffer 17 (R&D
systems; 895943), supplemented with protease inhibitors (Roche; 11 873 580 001), according to the
manufacturer's instructions. Protein concentration was determined by BCA Protein assay (Fisher
Scientific #10678484), proteins were denatured in Laemmli blue with beta-mercaptoethanol (at 95°C, for
10min). An equal amount of 33 µg of total protein was subsequently resolved with Mini-PROTEAN®
TGX™ 4 to 15% gradient gels (Bio-Rad #456–1084) in Tris-glycine running buffer. Gels were transferred
onto polyvinylidene fluoride membranes (Bio-Rad Transblot® Turbo™ #170–4157) previously activated in
methanol using Transblot® Turbo™ transfer system. PVDF membranes were blocked for 1h at RT with
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5% milk solution (TBS with 5% skimmed milk and 0.1% Tween-20, boiled and filtered), followed by a 4°C
overnight incubation with primary antibodies with gentle agitation. The following primary antibodies
used: IgG anti-human p16 (1:750 in 5% Skimmed milk-TBST, Proteintech; 10883-1-AP), and IgG anti-
HSP90 (1:3000 in 3% BSA-TBST, Cell signaling: #4877), serving as loading control. Membranes were
washed 3 × 15 min with TBST then incubated for 1h at RT with HRP-conjugated secondary antibodies
with gentle agitation. The secondary antibody used: goat anti-rabbit IgG (1:2000 in 5% BSA-TBST; Cell
Signaling #7074) or goat anti-mouse IgG (1:2000 in 5% BSA-TBST, Cell Signaling #7076). Then,
membranes were washed three times with TBST for 5 mins each before soaked in Pierce™ ECL Western
Blotting Substrate (Thermoscientific #32106). Chemiluminescent signals were detected by Bio-Rad
ChemiDoc™ MP XRS+ Imaging System (Bio-Rad). Bands intensities were quantified by Image lab
software (Bio-Rad).

Incucyte® Chemotaxis Cell Migration Assay
After treatment, BM-MSCs were collected, counted and 2.5k cells were placed into Incucyte® Clearview
Reservoir Plate (Sartorius # 4600) in a Incucyte® Clearview 96-Well plate (Sartorius, #4582). Wells were
filled with DMEM supplemented with L-glu and penicylin streptomycine without FBS in presence or
absence of the chemoattractant CXCL11 (SDF1alpha used at 120ng/ml). 4 experimental conditions were
tested: (i) untreated BM-MSCs without chemoattractant supplementation, (ii) Chi3L1 pretreated BM-
MSCs with chemoattractant supplementation (iii) untreated BM-MSCs with chemoattractant
supplementation (iiii) Chi3L1 pretreated BM-MSC with chemoattractant supplementation. The plate was
incubated in the Incucyte® Live-Cell Analysis System at 37°C for 24hours, images of wells were acquired
each 2 hours. Cell migration and dynamics were quantified via Incucyte® Chemotaxis Analysis Software
Module (Sartorius # 9600-0015)

Supernatant soluble cytokine quantification
For BM-MSCs untreated vs treated with rhChi3L1, conditioned media were collected 48 h upon the end
of treatment. Cytokine concentrations were carried on by the bead-based multiplex assay, LEGENDplex
Human Essential Immune Response Panel kit (13-plex: IL-1β, IL-2, IL-4, IFN-γ, TNF-α, MCP-1 (CCL2),
CXCL10, IL-6, IL-8 (CXCL8), IL-10, IL-12p70, IL-17A and Free Active TGF-β1) (Bio-Legend, #740930)
according to the manufacturer’s instructions. Samples were diluted 1:1 in an assay buffer prior to
analysis and acquired on a Acea NovoCyte® Flow Cytometer (Agilent Technologies). Data were analyzed
and cytokine concentrations were calculated using LEGENDplex (BioLegend) v.8 software.

Metabolomics analysis:
An equal count (1x106 cell) of Chi3L1 pretreated/untreated BM-MSCs derived from 3 different biological
donors were harvested and prepared for metabolomic profiling by MAMMA platform (IRCM-Montpellier-
France). Briefly, cells were lyzed and subjected to metabolite precipitation, centrifugation and
concentration. Metabolites were isolated by chromatography and analysed by mass spectrometry.
Metabolites levels were determined using corrected data values. Internal standards were used for quality
control and correction of the measured metabolite signals. Metabolite abundances were determined
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from the corrected data values (p < 0.05). Given the inter-individual quantitative variability, only
metabolites showing a same consistent behavior following Chi3L1 treatment across the three biological
MSC replicates were considered.

NULISA immunoassay
NULISA experiments were performed with Mouse Panel (800153, Alamar Biosciences) according to
manufacturer’s instructions. Briefly, sample were centrifuged to remove residuals 10 min, 10 000 g and
25µL were transferred on assay plate. Reagent plates were homogenized with 15 upside-down rotations,
and then centrifuged with sample and library 20 sec, 352 g before loading onto the ARGO HT System.
After run, prepared sequencing library tube was stored until sequencing at -20°C. Finally, 3µL of NULISA
sequencing library was used to determine DNA concentration using Qubit™ dsDNA HS Assay kit
(Invitrogen by Thermo Fisher Scientific,USA) with QFX spectrofluorometer (DeNovix Inc.™, USA). Library
was then sequenced using NextSeq 500/550 High Output Kit v2.5 (20024906, Illumina) onto Illumina
NextSeq 550 System. The output file was then processed by Alamar cloud system to generate NPQ brut
data.

Data collection and bioinformatics

For synovial single-cell RNA-seq data, public RNA-seq data were recovered from the original study127.
Fastq files were downloaded from NCBI GEO, accession GSE152805. In total, 10,640 synovial tissue cells
were analyzed. After quality control and normalization, dimensionality reduction was conducted using
principal component analysis (PCA) followed by Uniform Manifold Approximation and Projection
(UMAP) to illustrate the transcriptional landscape of synovial cells. Cells were grouped into an optimal
number of clusters using Seurat package and cluster annotation was performed using the celldex R
package was used. The top upregulated genes for cell sub-clusters were clusters were identified based
on markers reported in the original study, allowing the synovial cell populations. To evaluate the spatial
distribution of CHI3L1, its expression was mapped onto the UMAP projection to visualize its localization
across synovial tissue cells. Moreover, CHI3L1 levels were quantified across annotated cell populations
to assess differences in expression among cell subpopulations. For differential transcriptomic gene
expression analysis of chronological and replicative MSC ageing, publicly available Affymetrix data were
downloaded and Illumina pipeline were applied on raw data to obtain significant signals for each probe
set (p < 0.05). A common gene set signature between aged and senescent MSCs was obtained after
normalization and differential expression using matched-pair analysis as previously described128. Fastq
files were downloaded from NCBI GEO, accession GSE12274 for MSCs donor age and GSE9593 for
MSCs replicative senescence MSC.

Statistical analysis
All data are presented mean ± SEM. Unpaired or paired conditions were properly applied. Normality and
lognormality tests were assessed to identify parametric and non-parametric settings according to the
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experimental conditions. Tests were used The Student’s t-test was used for comparisons between
experimental groups, and multiple t-tests or ANOVA were conducted for multiple comparisons. All
heatmaps were generated in R (RStudio.app 2026), raw values were converted into log2 then Z score.
Prior to visualization data were standardized using z-score transformation. n referred distinct
independent biological replicates. For mathematical correlations and linear regressions, data obtained
from samples were blasted and Pearson r coefficient was calculated for appropriate parameters. Data
were analyzed using the Prism software v11 (GraphPad Software Inc.); p-values < 0.05 were considered
significant (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
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Figure 1

Chi3L1 correlates with senescence in OA synovium tissue and increased across different joint
compartment in OA murine preclinical model (A) UMAP visualization showing the differential
expression of Chi3L1 across the human osteoarthritic synovium tissue subpopulation (B) Schematic of
the postoperative knee synovial tissue biobanking (C) Scatter plot with a linear regression line showing
the correlation between CHI3L1 and CDKN2AmRNA expression in human osteoarthritic synovium tissue.
Each dot represents one individual (n=7) (D) Schematic of the OA experimental design with timeline
showing intra-articular injection of colVII (1U) vs NaCl (Sham), sacrifice at day 42 and subsequent
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analyses (E-F) Representative histological image of joint cartilage sections assessed by SOFG staining
and its corresponding OA score. Scale bar 250µm, each dot represents one mouse (n=5 per group) (G-H)
Representative histological image of synovium sections assessed by SOFG and its corresponding
synovitis score. Scale bar 250µm, each dot represents one mouse (n=5 per group) (I-J) Representative
image of subchondral bone architecture and quantification of structural parameters: bone volume, bone
surface/bone volume (BS/BV) and thickness. Each dot represents one individual (n=5 per group) (K)
Relative quantification of Chi3L1 systemic level in CiOA vs Sham mice by Elisa. Each dot represents one
mouse (n=5-7 per group) (L) Heatmap of gene expression (Z score) of selected genes expression in
whole joint tissue. Each dot represents one mouse (n=5 per group) (M) Scatter plot with linear
regression line showing the correlation between Chi3L1 and both Cdkn2a Cdkn1a mRNA relative
expressions in the whole joint. Each dot represents one mouse (n=10) (N) Relative quantification of
selected genes level (Chi3L1, Cdkn1a, Cdkn1c, Mmp13 and Tfgb1) in synovial tissue. Each dot represents
one mouse (n=7 per group) (O-R) Scatter plot with linear regression line showing the correlation between
Chi3L1 and Cdkn1c, Mmp13, Cdkn1a, Tgfb1 mRNA relative expression in the synovial tissue. Each dot
represents one mouse (n=40) (S) Scatter plot with linear regression line showing the correlation between
Chi3L1 mRNA expression in synovial tissue and OA grade. each dot represents one mouse (n=39) (T)
Scatter plot linear regression line showing the correlation between Chi3L1’s plasma level and OA grade
of the same mice. (n=10). Data are expressed as means ± SEM where applicable. *p < 0,05, **p < 0,01,
***p < 0,001. Statistical significance was assessed using Pearson’s correlation analysis for (C) (M) (O)
(R) (S), an unpaired two-tailed Mann-Whitney for (F) (H) (J) (K) (N) and multiple two-tailed corrected
unpaired comparison t-tests for (L).
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Figure 2

CHI3L1 production is increased in etoposide-induced senescent fibroblasts and decreases during
metformin treatment in vitro and in experimental OA (A) Schematic showing MEF treatment with
etoposide (20µM) vs DMSO than incubated with metformin (3mM) for seven days (B-C) Quantification of
cells proliferation and SA-β-gal staining positive of proliferative MEF (DMSO) versus senescent
(Etoposide) and senescent supplemented with metformin. Each dot represents an independent
biological replicate (n=9 per group) (D) Relative quantification of Chi3L1 secreted level at day 7 by Elisa.
Each dot represents an independent biological replicate (n=5 per group) (E) Schematic of the OA
experimental design with timeline showing intra-articular injection of colVII (1U) vs NaCl (Sham) at day 0
and 2, metformin supplementation (from day10 till sacrifice), sacrifice at day 42 and subsequent
analyses (F-G) Representative histological image of joint cartilage sections assessed by SOFG staining
and its corresponding OA score. Scale bar 250µm, each dot represents one mouse (n=9 per group) (H)
Relative quantification of Chi3L1 plasma level in CiOA and CiOA-metfromin mice by Elisa. Each dot
represents one mouse (n=7 per group) (I) Relative quantification of selected genes expression in whole
joint tissue. Each dot represents one mouse (n=4-5 per group) (J-K) Representative histological image of
synovial tissue sections assessed by SOFG staining and its corresponding synovitis score. Scale bar
250µm, each dot represents one mouse (n=10 per group) (L) Relative quantification of selected genes
level (Chi3L1, Cdkn1a, Cdkn1c, Mmp13 and Tfgb1) in synovial tissue. Each dot represents one mouse
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(n=7 per group). Data are expressed as means ± SEM. *p < 0,05, **p < 0,01, ***p < 0,001. Unpaired two-
tailed Man-Whitney test for (B) (C) (D) (L), unpaired two-tailed Student’s t-test for (G) (H) (K), and multiple
two-tailed corrected unpaired comparison t-test for (I).

Figure 3
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rhChi3L1 drives BM-MSCs stemness and metabolomic reprogramming toward a senescence-like
phenotype (A) Venn Diagram presenting the overlap of RNA-seq DEGs between senescent and aged BM-
MSCs (B) Experimental design illustrating primary healthy young human BM-MSC cultures in the
absence or chronic presence of rhChi3L1 (100ng/ml) for fourteen days (C) Relative quantification of the
colony forming unit assay rate of untreated versus rhChi3L1 treated BM-MSC. Each dot represents an
independent biological replicate (n=9 per group) (D) Relative quantification of the colony forming unit
assay rate of siCtrl versus siIL13RA2 transfected BM-MSCs untreated versus rhCHI3L1 treated. Each dot
represents an independent biological replicate (n=3 per group) (E) Relative quantification of the
population doubling time and proliferation rate of untreated versus rhChi3L1 treated BM-MSC. Each dot
represents an independent biological replicate (n=9 per group) (F) Representative image and
quantification of SA-β-gal positive staining of untreated versus rhChi3L1 pretreated BM-MSCs. Scale bar
200µm each dot represents an independent biological replicate (n=6 per group) (G) Relative
quantification of ARF, CDKN2A and CDKN1A mRNA level in untreated versus rhChi3L1 pretreated BM-
MSC. Each dot represents an independent biological replicate (n=6 per group) (H) Relative quantification
of p16INK4a protein level in untreated versus rhChi3L1 pretreated BM-MSC. Each dot represents an
independent biological replicate (n=6 per group) (I) Schematic illustrating MSC migratory potential under
CXCL12-mediated chemotaxis (J) Relative quantification of untreated or rhChi3L1 pre-treated BM-MSCs
migrated number from 0 till 24hours post CXCl12 stimulation. Each dot represents an individual
technical replicate from four independent biological replicates (n=4 independent biological replicates;
three technical replicates per biological replicate). (J) Schematic illustrating BM-MSC trilineage
differentiation ability (K) Representative image of chondrogenic differentiation of BM-MSCs treated or
not with rhChi3L1 assessed by SOFG staining. Scale bar 250µm (M) Staining intensity quantification
(RBG method) (Each dot represents an individual technical replicate from three independent biological
replicates (n=3 independent biological replicates; three technical replicates per biological replicate) (N)
Relative quantification of COL2A1, COL10A1, MMP13 mRNA expression. Each dot represents an
independent biological replicate (n=5 per group). (O) Representative image of osteoblastogenic
differentiation of BM-MSCs treated or not with rhChi3L1 assessed by Alizarin-S-2%, scale bar 200µm (P)
OD quantification (562nm). Each dot represents an independent biological replicate (n=6 per group) (Q)
Relative quantification of ALP, OCN, OPN mRNA expression. Each dot represents an independent
biological replicate (n=6 per group) (R) Representative image of adipogenic differentiation of BM-MSCs
treated or not with rhChi3L1 assessed by Oil Red O Staining, scale bar 200µm (S) OD quantification
(530nm). Each dot represents an independent biological replicate (n=6 per group). (T) Relative
quantification of PPARG2, FBP4, LPL mRNA expression. Each dot represents an independent biological
replicate (n=6 per group) (U) Heatmap of metabolites peak quantification (Z score) showing the
metabolomic profiling of untreated vs rhChi3L1 pretreated BM-MSCs metabolites consistently
upregulated or downregulated upon rhCHI3L1 treatment. Each dot represents an independent biological
replicate (n=3 per group). Data are expressed as means ± SEM. *p < 0,05, **p < 0,01, ***p a< 0,001 Paired
two-tailed Wilcoxon signed-rank test for (C) (E), (F) (H) (J) (M) (P) (S), corrected 2way ANOVA for (D),
paired one-tailed Wilcoxon signed-rank test for (N) (Q) (T) and multiple two-tailed corrected t tests
comparison for (G).
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Figure 4

Chi3L1 impairs BM-MSCs exogeneous functional outputs and induces a pro-inflammatory state (A).
Schematic illustrating BM-MSC functional output studied after rhChi3L1 (100ng/ml) or vehicle (PBS) pre-
treatment for fourteen days (B) Flow cytometric quantification of paracrine factors (IL-6, IL12-p70, IFN-𝜸,
IP-10, MCP-1, IL-4) released by untreated vs rhChi3L1-pretreated-BM-MSCs. Each dot represents an
independent biological replicate (n=6 per group) (C-F) Representative Flow cytometry dot plots and
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quantification of median fluorescence intensity in untreated vs rhChi3L1 pretreated BM-MSCs. Each dot
represents an independent biological replicate (n=8 per group) (G) Schematic of MSC-PBMCs co-culture
immunosuppression assay (1:10 ratio BM-MSC:PBMCs) with untreated vs rhChi3L1 pretreated, naive or
activated PBMCs and BM-MSCs free control (H) Flow cytometric quantification of total PBMCs
proliferation. Each dot represents an independent biological replicate (n=3-8 per group) (I) Flow
cytometric quantification of CD8+ and CD4+ cells proliferation. Each dot represents an independent
biological replicate (n=3-8 per group) (J) Flow cytometric quantification of CD8+ and related
subpopulation frequencies. Each dot represents an independent biological replicate. (n=3-7 per group)
(K) Flow cytometric quantification of CD4+ and related subpopulation frequencies. Each dot represents
an independent biological replicate (n=3-8 per group) (L) Flow cytometric quantification of free TGF-β1 at
the end of the immunosuppressive co-culture assay. Each dot represents an independent biological
replicate (n=8 per group) (M) Schematic recapitulating effect of rhChi3L1 treatment on BM-MSCs
potencies. Data are expressed as means ± SEM. *p < 0,05, **p < 0,01, ***p < 0,001. Paired two-tailed
Wilcoxon signed-rank test for (B) (D) (F) and two-tailed corrected one-way ANOVA for (H) (I) (J) (K) (L).

Figure 5
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Chi3L1 pretreated BM-MSCs showed loss of homeostatic function in OA murine preclinical model
following their intra-articular delivery (A) Schematic illustrating BM-MSC treatment with rmChi3L1
(100ng/ml) vs vehicle for fourteen days (B) Relative quantification of the proliferation rate of untreated
versus rmChi3L1 pretreated BM-MSC. Each dot represents an independent biological replicate (n=8 per
group) (C) Representative flow cytometry histogram showing splenocytes proliferation assessed by CTV
dilution in splenocytes cultured alone or co-cultured with untreated or rmChi3L1 pretreated BM-MSCs (D)
Schematic of the OA experimental design with timeline showing intra-articular injection of colVII (1U) vs
NaCl (Sham), vehicle control vs untreated BM-MSCs vs rmChi3L1-pretreated BM-MSC (at day 7),
sacrifice at day 42 and subsequent analyses (E-F) Representative histological image of joint cartilage
sections assessed by SOFG staining and its corresponding OA score. Scale bar 250µm, each dot
represents a mouse (n=10 per group) (G) Relative quantification of selected gene expression level in
whole joint tissue. Each dot represents a mouse (n=9-10 per group) (H) Quantification of synovitis score
assessed on synovium sections. Each dot represents a mouse (n=10 per group) (I) Quantification of
osteophyte score. Each dot represents a mouse (n=10 per group) (J) Representative 3D micro-CT
reconstruction of hindlimb bone (K-M) Representative image of: subchondral bone (L-N) Quantification
of joint subchondral bone microarchitectural parameters: bone volume, bone surface/bone volume
(BS/BV) and thickness. Each dot represents a mouse (n=9 per group). Data are expressed as means ±
SEM. *p < 0,05, **p < 0,01, ***p < 0,001. Paired two-tailed Wilcoxon signed-rank test for (B) two-tailed
corrected ordinary one-way ANOVA for (F) (G) (H) (I) (L) (N).
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Figure 6

Chi3L1 neutralization and BM-MSCs co-injection promotes joint rejuvenation (A) Schematic of the
experimental design with timeline showing repeated intra-peritoneal injection of IgG isotype or anti-
Chi3L1 (5mg/Kg) injection at day 0-3-7-10, intra-articular injection of vehicle control (NaCl) vs healthy
BM-MSCs (2.5x105 cell) at day 8, sacrifice at day 42 and subsequent analyses (B) Relative quantification
of selected gene expression level in whole joint tissue. Each dot represents a mouse (n=5 per group) (C-
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D) Representative histological image of joint cartilage sections assessed by SOFG staining and its
corresponding OA score. Scale bar 250µm, aach dot represents a mouse (n=8-10 per group) (E) Synovitis
score assessed on histological synovium sections on the experimental groups. Each dot represents a
mouse (n=8 per group) (F) Venn Diagram presenting the overlap of RNA-seq DEGs in the synovium tissue
(G) Reactome pathway enrichment analysis of DEGs in combination vs control (H) Heatmap of gene
expression (TPM) for genes associated with reactome pathways. Each dot represents a mouse (n=3-4
per group) (I-K) Representative image of lateral: subchondral bone and epiphysis (J-L) Quantification of
bone volume of lateral subchondral bone and lateral epiphysis. Each dot represents a mouse (n=8 per
group) (M) Representative image of femoral trabecular zone (N) Quantification of femoral trabecular
zone microarchitectural parameters: bone volume/tissue volume (BV/TV), bone surface/tissue surface
(BS/TS), bone surface/bone volume (BS/BV), trabecular number and trabecular separation. Each dot
represents a mouse (n=8 per group) (O) Representative image of femoral cortical zone (P) Quantification
of femoral cortical zone bone volume. Each dot represents a mouse (n=8 per group) (Q) Representative
3D micro-CT reconstruction of femoral cortical and trabecular bone beneath the growth plate (R)
Representative gait paths (T) Relative quantification and measurement of maximum speed and total
distance attained by mice at the end point, as fold change to pre-injection values. Each dot represents a
mouse (n=10-11 per group) (T) Heatmap (z score) presenting the relative quantification of circulating
mediators by NULISA-based profiling. Each dot represents a mouse (n=3-7 per group). Data are
expressed as means ± SEM. *p < 0,05, **p < 0,01, ***p < 0,001. Two-tailed corrected Kruksal-Wallis test
for (B) (D) (E) (J) (L) (N) (P) (S) and 2way ANOVA for (T).
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