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Abstract

Background The regenerative potential of mesenchymal stromal/stem cells (MSCs) has been extensively studied

in clinical trials in the past decade. However, despite the promising regenerative properties documented in preclini-
cal studies, for instance in osteoarthritis (OA), the therapeutic translation of these results in patients has not been fully
conclusive. One factor contributing to this therapeutic barrier could be the presence of senescent cells in OA joints.

Methods This study evaluated a novel approach to OA treatment by combining adipose tissue-derived MSCs
(AD-MSCs) with rapamycin, a clinically approved immunosuppressive drug with anti-senescence properties. First,
rapamycin effects on senescence and fibrosis markers were investigated in freshly isolated OA chondrocytes

by immunostaining. Next, the in vitro differentiation capacities of AD-MSCs, their regulatory immune functions

on activated immune cells and their regenerative effects on OA chondrocyte signature were assessed in the presence
of rapamycin.

Results In OA chondrocytes, rapamycin reduced the senescence marker p15™“® and the fibrosis marker COL1A1
without affecting the expression of the master chondrogenic markers SOX9 and COL2. Rapamycin also enhanced
AD-MSC differentiation into chondrocytes and reduced their differentiation into adipocytes. In addition, rapamycin
improved AD-MSC immunoregulatory functions by promoting the expression of immunosuppressive factors, such

as IDO1, PTGS2 and also CD274 (encoding PD-L1). Finally, RNA sequencing analysis showed that in the presence

of rapamycin, AD-MSCs displayed improved chondroprotective regenerative effects on co-cultured OA chondrocytes.

Conclusions Our findings suggest that the rapamycin and AD-MSC combination enhances the therapeutic effi-
cacy of these cells in senescence-driven degenerative diseases such as OA, notably by improving their anti-fibrotic
and anti-inflammatory properties.
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Introduction

Mesenchymal stromal/stem cells (MSCs) are the most
widely described multipotent stem cells in regenerative
medicine [1, 2]. They can be isolated mainly from adi-
pose tissue (so called AD-MSCs) [3], bone marrow [4],
or umbilical cord [5]. They display many interesting fea-
tures, especially the ability to expand while maintaining
their stemness and the potential to differentiate in vitro
and in vivo into chondrocytes, adipocytes and osteoblasts
[6]. In an inflammatory microenvironment and through
unique paracrine and juxtacrine mechanisms, MSCs also
display immunoregulatory properties by suppressing the
activation of immune cells or changing their phenotypes
toward pro-regenerative functions [7]. Therefore, in the
last decades, MSCs have been tested as regenerative ther-
apeutics in many diseases, including ischemia, chronic
wound healing conditions and osteoarthritis (OA) ([8] for
review).

OA is a rheumatic disease for which there is no effec-
tive treatment [9]. It is characterized by the loss of joint
homeostasis, leading to fibrotic degenerated cartilage,
inflamed synovium and subchondral bone remodeling.
It is now thought that OA is caused by the accumulation
of senescent articular cells [10]. One proposed etiologic
mechanism is based on the concomitant dysregulation of
the pro-fibrotic and pro-senescent TGF-f signaling path-
way and hyperactivation of the mTOR-AKT axis, both
observed in OA chondrocytes from pre-clinical models
and human samples [11].

Based on the in vitro MSC regenerative potential and
success in preclinical OA studies, clinical trials have

been conducted by us [12] and others to test the effect
of intra-articular infusions of in vitro-amplified MSCs
in the degenerated joints of patients with OA. However,
a recent systematic review and meta-analysis on MSC
effectiveness for chronic knee pain secondary to OA (807
patients enrolled in 16 randomized trials) [13] showed
that intra-articular injection of MSCs leads to little or no
improvement in pain and physical function. Therefore,
to overcome the limitations of primary MSCs, precondi-
tioning strategies (for instance, with clinically approved
pharmacological molecules) or genetic modification are
now tested to enhance their functionality [14].
Rapamycin (sirolimus) is a lipophilic antibiotic derived
from Streptomyces hygroscopicus and belongs to the
macrolide family having immunosuppressive properties,
which also includes ciclosporin and tacrolimus ([15] for
review). Thus, it is an approved anti-proliferative and
immunosuppressive drug mainly prescribed to prevent
transplant rejection by graft-versus-host disease [15].
Rapamycin binds to FKBP12 and thus, interacts with and
then inhibits the mTOR pathway, impairing protein syn-
thesis while improving autophagic flux [16]. Rapamycin
also reduces the cytokine storm in patients with COVID-
19 and antibody production by B lymphocytes [15].
Moreover, preclinical studies showed that in senescent
cells, rapamycin is an effective senotherapeutic drug [17].
In this study, we assessed whether the combination
of rapamycin and AD-MSCs, produced following Good
Manufacturing Practices (GMP) standards in media sup-
plemented with human platelet lysat (HPL) [18], could be
more effective to treat senescence-driven OA cartilage
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degeneration. To this aim, we evaluated the in vitro
rapamycin beneficial effects on AD-MSC differentiation
potential, immunosuppressive functions and regenerative
capacities to restore functionality of chondrocytes iso-
lated from OA patients.

Materials and methods

Media and reagents

Dulbecco’s minimal essential medium (DMEM) and
trypsin—-EDTA were purchased from Biowest. Mini-
mal essential medium alpha (MEM-a), Iscove’s
modified Dulbecco’s medium (IMDM), HEPES, non-
essential amino acids solution (NEAA), sodium pyru-
vate, [-mercaptoethanol, insulin-transferrin-selenium
(ITS+2), fetal bovine serum (FBS), and TrypLE"" select
were from Gibco. L-glutamine, penicillin—streptomycin
(P/S), and phosphate-buffered saline (PBS) were from
Corning. Human platelet lysate Stemulate® (HPL) was
from Sexton Biotechnologies, Cryostor® CS10 from
BioLife Solutions, and interferon gamma (IFN-y) from
Biotechne. Collagenase II, Pronase E, cell culture-grade
DMSO, methanol-free paraformaldehyde (PFA), bovine
serum albumin (BSA), Triton X-100, Tween-20, dexa-
methasone, ascorbate 2-phosphate, proline, phytohemag-
glutinin (PHA) were from Sigma. Rapamycin was from
Merck. The MesenCult" ACF Chondrogenic Differen-
tiation Kit, MesenCult" Osteogenic Differentiation Kit
(Human), and MesenCult™ Adipogenic Differentiation
Kit (Human) were from STEMCELL™. CellTrace"" Vio-
let, LIVE/DEAD"™ Fixable Near-IR, and Hoechst 33,342
were purchased from ThermoFisher.

Antibodies

The anti-SOX9 mouse monoclonal antibody, clone
GMPR9 (1:200), anti-collagen II mouse monoclonal anti-
body, clone 2B1.5 (1:200), goat anti-rabbit IgG (H+L)
highly cross-adsorbed secondary antibody, Alexa Fluor""
647 (1:500) and goat anti-mouse IgG (H+L) cross-
adsorbed secondary antibody, Alexa Fluor™ 488 (1:500)
were purchased from ThermoFisher. The anti-CDKN2B
rabbit polyclonal antibody (orb213719, 1:200) was from
Biorbyt and the anti-COL1A1 XP® rabbit monoclonal
antibody (E8F4L, 1:500) and anti-PPAR-y rabbit mono-
clonal antibody (C26H12, 1:400) were from Cell Signal-
ing. The APC-coupled anti-human CD274 (B7-H1, 1:100)
antibody was from BioLegend.

Human adipose-derived stromal cell isolation, expansion
and treatment

Human AD-MSCs were isolated from abdominal adi-
pose tissue obtained from four healthy adults after they
signed an informed consent, as previously described [19].
The donors’ body mass index ranged from 24.7 to 30.0.
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AD-MSC production was standardized to comply with
the GMP. Cells were expanded twice in Quantum hol-
low-fiber bioreactors (Terumo BCT) in MEMa contain-
ing 5% HPL and were characterized as MSCs according
to the ISCT recommendations. AD-MSCs were frozen
in Cryostor® CS10 at passage 1 (P1). For experiments,
cells were thawed and resuspended in MEMa, 5% HPL,
1% P/S. For amplification, AD-MSCs (4.5 x 10? cells/cm?)
were seeded in flasks and maintained at 37 °C in the same
medium for 4 days. For IFN-y stimulation, AD-MSCs (4
donors) were seeded at 1.5% 10* cells/cm? in 6-well plates
for 24 h before incubation with 20 ng/mL IFN-y in the
presence of 10 nM rapamycin or 0.01% DMSO (control).
After 48 h, cells were processed for RNA sequencing or
flow cytometry analysis.

Human chondrocytes isolation and culture

Human OA chondrocytes were isolated as previously
described by Malaise et coll. [20], from cartilage obtained
from patients with OA who underwent total knee arthro-
plasty at Lapeyronie hospital, France, after obtaining
their informed consent. Briefly, cartilage from the tib-
ial plate and condyles was removed and cut into small
pieces. The recovered cartilage samples were weighed,
washed twice with DMEM, 1% P/S, 1% L-glutamine, and
digested with Pronase E (50 pg/mL) in the same medium
for 1 h. Then, cartilage samples (5 g per digestion at
most) were washed twice and digested with collagenase
II (2 mg/mL-10 mL) in the same medium overnight.
The next day, samples were neutralized with 1 volume
DMEM, 10% FBS, 1% P/S, 1% L-glutamine and passed
through a 70 um sieve. Cell suspensions were centrifuged
at 300 g for 5 min, washed once, plated (4,000 cells/ cm?)
and expanded twice.

Colony-forming units (CFUs)

AD-MSCs (3 donors) were seeded (100 cells per well)
in 6-well plates in triplicate (9.6 cm?~10 cells/cm?) in
MEMa, 5% HPL, 1% P/S. The next day, 10,000X stock
solution of rapamycin (in DMSO) was diluted 1/10 in
medium and added (1/1000) to the wells. Medium was
not changed during the 10 days of culture. Then, cell
colonies were fixed with ice-cold methanol for 5 min,
washed once with water, and stained with 2% Giemsa
solution for 10 min with agitation. Cells were washed
three times with water and dried. CFUs were counted
manually.

Reverse-transcription and quantitative polymerase chain
reaction (RT-qPCR)

RT was performed using M-MLV Reverse Transcriptase,
a Random Hexamer (both from Invitrogen™) and
250 ng of RNA at the final concentration of 12.5 ng/
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pL. The resulting cDNA was diluted five times (2.5 ng/
uL) for qPCR analysis that was performed using 5 ng (2
uL) cDNA, the LightCycler® 480 SYBR Green I Mas-
ter (Roche) and a Roche LightCycler® 480 Instrument II
(384-well plates). The primer sequences are in Table S1.

AD-MSC differentiation into chondrocytes, adipocytes

and osteoblasts

For adipogenesis and osteogenesis, P1 AD-MSCs (4
donors) were thawed, seeded (4.5x10° cells/cm?) in
MEMa, 5% HPL, 1% P/S. Cells were plated in 24-well,
6-well and black 96-well half surface plates for Oil Red O
staining (adipogenesis), Alizarin Red staining (osteogene-
sis), RT-qPCR and immunofluorescence analysis, respec-
tively. After 4 days (cells at 95% of confluence), medium
was removed and replaced with the reagents from the
Mesencult™ Osteogenic or Adipogenic Differentiation
Kit (STEMCELL) in the presence of 10 nM rapamycin
or 0.01% DMSO (control). Osteogenic differentiation
was evaluated after 10 days (adipo) and 14 days (osteo).
Analysis by RT-qPCR, Oil Red O and Alizarin Red stain-
ing were then performed (see Supplementary data for
details). For chondrogenesis, AD-MSCs (5x10° cells
from 3 donors) were differentiated in 3D conditions in
the presence of the Mesencult'" chondrogenic medium.
with/without 10 nM rapamycin. After 21 days, cartilage
pellets were lysed for chondrogenic marker quantifica-
tion by RT-qPCR or stained with Alcian blue.

Immunosuppression assay

Peripheral blood mononuclear cells (PBMCs) from three
healthy donors (buffy coats from the Etablissement Fran-
cais du Sang) were isolated using the Ficoll procedure,
pooled and cryopreserved in DMSO supplemented with
10% FBS. Immunosuppression assays were performed by
co-culturing AD-MSCs (4 donors) with activated PBMCs
at different ratios, as previously described [19] (see Sup-
plementary data for details). To evaluate AD-MSC
inhibitory effect on PBMC proliferation, the percentage
of PBMC proliferation in co-culture was compared to
the proliferation of PHA-activated PBMC alone (set to
100%). The difference between conditions represents the
percentage of inhibition.

ELISA analysis of GAS6 secretion by AD-MSCs

GAS6 secretion by AD-MSCs was assessed using the
Human GAS6 ELISA Kit (Invitrogen — BMS2291) fol-
lowing the manufacturer’s instruction, but by initially
diluting samples five times in diluent buffer (see Supple-
mentary data for details).
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AD-MSC and chondrocyte transwell co-cultures

To mimic the physiological conditions of intra-artic-
ular injection of AD-MSCs, 5x10° OA chondrocytes
(3 donors) were seeded into wells of 6-well plates with/
without 7.2 x 10* AD-MSCs (3 donors) on inserts as pre-
viously described [21]. Before co-culture, chondrocytes
and AD-MSCs were grown alone for 24 h. For co-cul-
ture, medium was replaced with minimal chondrogenic
medium (DMEM, 1% P/S, 1% L-glutamine, 1 mM sodium
pyruvate, 50 mg/mL ascorbate 2-phosphate, 40 mg/mL
proline, 1% ITS+2, 100 nM dexamethasone) in the pres-
ence of 10 nM rapamycin or 0.01% DMSO for 3 days.
Total RNA was extracted for RNA sequencing analysis.

Immunofluorescence (IF) staining

For IF analyses, cells were plated in black 96-well plates
with half-area well and pclear® bottom (Greiner Bio-
One). Cells were fixed with 3.6% PFA/PBS for 30 min,
washed twice with PBS and stored at 4 °C for less than
1 week. Before staining, cells were washed once with
PBS, permeabilized with PBS/3% BSA/0.3% Triton X-100
for 3 min, washed twice and incubated with a solution
containing PBS, 3% BSA, 0.05% Tween-20 for 30 min.
Then, cells were incubated with two primary antibody
pairs (SOX9/p15™*8 and COL1A1/COL2 for chondro-
cytes) diluted in PBS/3% BSA/0.05% Tween-20 at room
temperature in humidified chambers for 4 h. After two
washes with PBS/0.05% Tween-20, cells were incubated
with secondary antibodies diluted in PBS/3% BSA/0.05%
Tween-20 at 37 °C for 1 h, washed twice with PBS/0.05%
Tween-20, and incubated with Hoechst 33,342 (2 pg/mL)
in PBS for 5 min. After washing once with PBS, a 90%
glycerol-PBS solution was used as mounting medium. A
Leica TCS SP8 confocal microscope with LAS X navi-
gator mode and motorized stage was used for image
acquisition.

Flow cytometry analysis

AD-MSCs were trypsinized using TrypLE"™ Select, incu-
bated with 250 ng of APC-coupled anti-CD274 (PD-L1)
antibody or APC-coupled isotype on ice, in the dark for
30 min. Then, cells were washed twice with PBS/1% BSA
and resuspend in 500 pL of this buffer before analysis
with a FACS Canto II flow cytometer (BD Biosciences).
PD-L1 expression in AD-MSCs was quantified with
Kaluza Analysis 2.1. The inhibitory effect of AD-MSCs
on PBMC proliferation was quantified with the FlowJo
software (FlowJo, Ashland, OR, USA).

RNA preparation and sequencing
Total RNA was isolated from AD-MSCs or OA chon-
drocytes using the RNeasy Mini kit (Qiagen) according
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to the manufacturer’s instructions. The RNA Integrity
Number was evaluated on Agilent chips and for all sam-
ples it was > 9. Libraries were prepared by BGI Genomics
(Hong Kong, China) using 500 ng of total RNA and the
MGIEasy RNA Library Prep Kit (MGI, China). Library
quality was assessed on a Bioanalyzer 2100 (Agilent) and
quantity by qPCR. The final libraries were formatted as
single-stranded circular DNA. Libraries were sequenced
on a DNBSEQ G400 sequencer (MGI, China) (paired-
end 150) and at least 30 M clean reads were obtained for
each library.

RNA sequencing data analysis

RNA sequences were aligned using HiSAT2 to the ref-
erence human genome. Differentially expressed genes
(DEGs) were identified with the Deseq2 R package.
Results were considered significant when Q-value <0.05.
To obtain a reference genome-wide signature from RNA
sequencing data of healthy chondrocytes, published data
from Fisch et coll. [22] on chondrocytes isolated from
cartilage samples of 18 healthy donors and 20 patients
with OA were used. The raw count table from GSE114007
was retrieved for the Gene Expression Omnibus data-
bank and analyzed using the EdgeR package. A pre-
selection threshold of at least 380 total counts per row (at
least 10 counts per sample) was applied. All genes with
FDR <0.05 without log2(FC) thresholding were selected.
Heatmaps and volcano plots were generated with the
Complex Heatmap and Enhanced Volcano packages,
respectively. The list of all OA dysregulated genes was
submitted to the KEGG Pathways and REACTOME data-
bases to identify pathways that were significantly affected
in OA. Then, the lists of upregulated and downregulated
gene underwent the same process to identify upregu-
lated/downregulated genes in the affected pathways.
Pathways significantly affected by OA and the number
of "hit" genes were extracted and transferred to Graph-
Pad to be displayed as a double-sided histogram. Then,
to identify markers associated with OA physiopathology
and senescence, normalized counts of these genes were
extracted, converted to loglO(Norm.count+1) and plot-
ted using GraphPad. Similarly, cytokines and growth fac-
tors deregulated in OA were identified.

(See figure on next page.)
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Statistical analysis

All data are presented as median or mean + SEM. Results
from multiple conditions were compared by two-way
ANOVA. The Mann-Whitney Student’s ¢-test was used
for comparisons between two experimental groups. Data
were analyzed using the Prism software v10 (GraphPad
Software Inc.). P values < 0.05 were considered significant
(*»<0.05; **p<0.01; ***p <0.001).

Results

Rapamycin effects on AD-MSC self-renewal properties

and on chondrogenic and pathogenic marker expression

in OA chondrocytes

In this study, we wanted to test whether AD-MSC thera-
peutic potentials could be improved by the concomitant
delivery of rapamycin in OA joints. First, we determined
whether rapamycin negatively affects AD-MSC self-
renewal capacities to form individual colonies. To this
end, we seeded AD-MSCs at low density and incubated
them with increasing concentrations of rapamycin (10, 50
and 100 nM). After 10 days, we stained cells with Giemsa,
counted the number of colonies and found that rapamy-
cin did not affect AD-MSC colony formation at the tested
concentrations (Fig. S1A).

We then determined the rapamycin concentration that
reduces the expression of OA-associated senescence/
fibrosis markers in chondrocytes without affecting the
expression of functional chondrogenic markers. To this
end, we cultured freshly digested and non-amplified
chondrocytes from OA cartilage (from 6 donors) for
1 week and incubated them with 10, 50 and 100 nM rapa-
mycin (or DMSO) for 48 h. Quantification by indirect
immunofluorescence staining using antibodies against
two chondrogenic markers (SOX9 and COL2) and two
OA markers (COL1A1 for fibrosis and TGFpB-induced
p15™K4B for senescence) (Fig. 1A and C) showed that
rapamycin reduced significantly, and in a dose-dependent
manner, the relative expression of p15INK4B, Indeed, com-
pared to DMSO, we found a Fold change=0.82 for 10 nM
(meaning 18% of inhibition on its expression level), a Fold
change=0.78 for 50 nM (22% of inhibition) and a Fold
change=0.71 for 100 nM (29% of inhibition) respec-
tively (Fig. 1B). Similarly, we found an inhibition of the
relative expression COL1A1 compared to DMSO of 18%

Fig. 1 Rapamycin anti-fibrotic and anti-senescent effects in primary OA chondrocytes. Primary chondrocytes were isolated from OA cartilage
samples (n=6 donors), cultured at 1.5x 10° cells/cm? (nearly confluent state) for 7 to 10 days in FBS-containing medium, passaged and re-plated
(1.5%10* cells/cm?), and 24 h later incubated with 10, 50 or 100 nM rapamycin or 0.01% DMSO (vehicle) for 48 h. A Confocal microscopy images
and B quantification of SOX9 and p15 ™8 co-staining in OA chondrocytes. € Confocal microscopy images and D quantification of COL2

and COLTAT1 co-staining in OA chondrocytes. Data were plotted and analyzed with GraphPad Prism 10.2.3; p-values: ¥ <0.05, ** < 0.01, *** <0.001

(two-way ANOVA)
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(Fold change=0.82 for 10 nM), 21% (Fold change=0.79
for 50 nM) and 21% (Fold change=0.79 for 100 nM),
respectively (Fig. 1D). Conversely, the relative expression
of SOX9 (Fig. 1B) and COL2 (Fig. 1D) were not impacted.
These data indicate that rapamycin has no negative
impact on AD-MSC clonal capacities, but exerts positive
effects on OA chondrocytes by reducing the expression
of fibrotic and senescence markers. For the next experi-
ments, we used 10 nM rapamycin (i.e. the lowest tested
concentration).

Rapamycin improves AD-MSC chondrogenic potential

and reduces their adipogenic potential

AD-MSCs are adipose tissue-derived MSCs that can dif-
ferentiate in vitro into adipocytes, osteoblasts or chon-
drocytes. Therefore, we evaluated rapamycin effect on
AD-MSC differentiation compared with DMSO (vehicle).
During differentiation into adipocytes (Fig. 2A-B), incu-
bation with rapamycin (10 nM for 2 days) significantly
reduced lipid accumulation, quantified by Oil-Red-O
staining, in both undifferentiated and differentiated AD-
MSCs (Relative staining=0.79, 1.52 and 1.28 for undiffer-
entiated vehicle, differentiated vehicle and differentiated
RAPA, respectively). Conversely, rapamycin did not alter
the percentage of PPAR-y-expressing cells evaluated by
immunostaining (Fig. S2A) and the gene expression of
the adipogenic markers PPARG2, FABP4, LEPTIN and
ADIPOG (RT-qPCR) (Fig. S2B).

During differentiation into osteoblasts, rapamycin
(10 nM for 2 days) did not alter the mineralization level,
quantified by Alizarin Red staining, in newly differenti-
ated bone cells (Fig. 2C-D) and the gene expression
of the osteogenic markers RUNX2, SP7, and ALP (RT-
qPCR) (Fig. S2C).

Lastly, during chondrogenic differentiation, rapamy-
cin (10 nM for 2 days) did not alter cartilage pellet for-
mation as revealed by Alcian blue staining (Fig. 2E), but
increased the gene expression of the chondrogenic mark-
ers SOX9 (Log,,(FC)=0.23 with vehicle and 0.59 with
rapamycin), and ACAN (Log;,(FC)=0.80 with vehicle
and 1.23 with rapamycin) (Fig. 2F-G).

These results indicate that in AD-MSCs, rapamycin
selectively enhances chondrogenic markers and impairs

(See figure on next page.)
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lipid accumulation during adipogenesis, without affect-
ing their capacity to differentiate into bone cells. These
findings are in favor of using rapamycin in combination
with AD-MSCs for the treatment of osteo-articular dis-
eases, such as OA.

Rapamycin increases AD-MSC immunomodulatory
properties

AD-MSCs are primarily used for cell-based regenerative
therapy because they can suppress activated immune
cell proliferation in an inflammatory context [7]. Indeed,
in response to IFN-y, AD-MSCs express immunoregu-
latory genes, including IDO1, PTGS2 which encodes
COX2 implicated in PGE2 production, and CD274 which
encodes the immune checkpoint regulator PD-L1 [23].
All these factors contribute to reduce or convert the
immune cell phenotypes toward anti-inflammatory pro-
files. To verify whether rapamycin could improve the
immunosuppressive functions of IFN-y-stimulated AD-
MSCs, we used RNA sequencing to compare unstimu-
lated AD-MSCs incubated with 0.01% DMSO (vehicle)
and IFN-y-stimulated AD-MSCs incubated or not with
10 nM rapamycin.

IEN-y stimulation of AD-MSCs alone led to the iden-
tification of 2365 DEGs (971 downregulated and 1394
upregulated), some of which were strongly upregulated,
including IDOI and CD274 (Volcano plot in Fig. 3A).
As expected, gene ontology analysis of the upregulated
genes using REACTOME identified the IFN-y signal-
ing and immunity-related pathways (Fig. S3A). Then, we
looked at the impact of rapamycin on the genes upregu-
lated by IFN-y stimulation. We found that 81 genes were
upregulated by both IFN-y and IFN-y+RAPA (Fig. 3B
and heatmap in Fig. 3C). Analysis of these 81 genes with
REACTOME indicated that they are mainly involved in
IFN-y signaling, immune-related and cytokine signaling
pathways, and also in the complement cascade (Fig. S3B).
Among these 81 genes, we found that in IFN-y stimu-
lated AD-MSCs, IDOI and PTGS2 were further upreg-
ulated after incubation with rapamycin (Fig. 3D-E).
Conversely, CD274, which encodes PD-L1 that acts as a
“don’t kill me” immune checkpoint signal, was upregu-
lated following IFN-y stimulation (Log,(FC)=4.85 in

Fig. 2 Rapamycin effect on AD-MSC differentiation. AD-MSCs at passage 1 were seeded at 4.5x 10° cells/cm? and grown for 4 days

™

before induction of differentiation using STEMCELL Mesencult ™ kits. Cells were exposed to 10 nM rapamycin or 0.01% DMSO (vehicle)

during the first two days of differentiation. Adipogenesis (n=4) was stopped after 10 days, osteogenesis (n=4) after 14 days, and chondrogenesis
(n=3) after 21 days. A Adipogenesis visualization by Oil Red O staining. B Quantification of Oil Red O staining by measuring the absorbance

at 540 nm. C Osteogenesis visualization by Alizarin red staining and D quantification by measuring the absorbance at 540 nm. E Chondrogenic
pellets stained with alcian blue. F-G Relative quantification of the expression of SOX9 and ACAN (cartilage markers) by RT-gPCR in chondrogenic
pellets. All error bars represent SEM; p-values * < 0.05, ** <0.01, ***<0.001 (two-way ANOVA)
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Overlayed histograms (left) and quantification of PBMC proliferation.

(right). All error bars represent SEM; p-values * <0.05, ** < 0.01, *** <0.001 (two-way ANOVA)

IFN-y vehicle vs. Unstimulated vehicle), but its level was
not further increased by rapamycin (Fig. 3F). However,
when we measured PD-L1 protein expression in AD-
MSCs in the same culture condition by flow cytometry,
we found that rapamycin further increased its expression
compared with [FN-y alone (Relative Fluorescence Inten-
sity (RFI)=3.27, 9.52, and 15.41 for unstimulated vehicle,
IFN-vy vehicle, and IFN-y+RAPA, respectively) (Fig. 3G).

Lastly, we tested the AD-MSC functional immunosup-
pressive properties in co-culture with PHA-stimulated
PBMCs (1:20 and 1:10 ratios) in the presence of 10 nM
rapamycin or DMSO (control) (Fig. 3H). As expected
from previous publications, AD-MSCs reduced PHA-
stimulated PBMC proliferation in function of the used
ratio (proliferation percentage=76.16% at 1:20 and
66.87% at 1:10 and thus, 23.84% and 33.13% of relative
inhibition, respectively). Rapamycin alone also reduced

PBMC proliferation (47.01% of proliferation, and thus
52.99% of relative inhibition). Remarkably, proliferation
inhibition was higher in the presence of both rapamy-
cin and AD-MSCs at both ratios (proliferation percent-
age=26.06% at 1:20 and 16.05% at 1:10, and thus 73.94%
and 83.95% of relative inhibition, respectively).

Rapamycin enhances AD-MSC regenerative properties

for the functional rescue of chondrocytes from patients
with OA.

To further explore rapamycin potential to improve
the AD-MSC regenerative capacities in OA joints, we
first defined the gene signature of OA cartilage. To this
aim, we reanalyzed a publicly available RNA sequenc-
ing dataset (GSE114007) that compared 20 OA and 18
healthy cartilage samples. We identified an OA-asso-
ciated gene signature that included 1956 upregulated
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and 1878 downregulated genes (FDR<0.05) (data not
shown). Analysis of the list of the 1956 upregulated genes
with KEGG Disease showed that they were perturbed in
pathologies of the connective tissues linked to ossification
(calcification) and fibrosis (Fig. S4A). Like in the original
publication [22], we mapped the whole list of DEGs to
KEGG Pathway and identified FOXO, PI3K-AKT, HIF-1,
circadian rhythm and extracellular matrix-related (pro-
tein digestion and absorption, focal adhesion) as signifi-
cantly affected pathways in OA cartilage (Fig. S4B). This
analysis also revealed that Wnt, TNF, Apoptosis and
Insulin signaling were deregulated in OA cartilage. Sub-
mission of the same DEG list to REACTOME revealed
a significant impact of OA on extracellular matrix-asso-
ciated pathways, such as collagen deposition and the
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TGE-B/SMAD signaling cascade (Fig. S4C). Lastly, in
OA cartilage, the classical hypertrophic and bone-asso-
ciated markers ALPL, COL10A1, SP7, SPP1, and POSTN
were upregulated (Log,(FC)=4.04, 1,35, 1.55, 2.50, and
5.44, respectively) (Fig. S4D). The COL1AI, COL3Al,
COLS5A1I, and ELN fibrosis markers also were upregu-
lated (Log,(FC)=5.80, 2.65, 1.82, 2.26, respectively).
Next, to mimic the conditions of intra-articular co-
delivery of rapamycin and GMP-compliant AD-MSCs
in OA joints, we set up an in vitro model mimicking
clinical trial conditions using Transwell co-cultures of
chondrocytes from 3 different OA patients with/with-
out AD-MSCs (Fig. 4A). All combinations mixing each
therapeutic cells with each OA chondrocytes culture
were tested at 1:7 ratio, in presence or not of 10 nM
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Fig. 4 Improved therapeutic effects of AD-MSCs in the presence of rapamycin on OA chondrocytes. A Schematic representation of the experiment
design: OA chondrocytes (n=3 donors) were cultured alone or with AD-MSCs (n=3 donors) on Transwell inserts, in the presence of 10 nM
rapamycin or 0.01% DMSO (vehicle) for 72 h. The comparison groups are indicated below. B Histogram showing the number of differentially
expressed genes (DEG) in each comparison group relative to DMSO. € Venn diagram and the associated chart showing the number of genes
modulated by the COMBI condition compared with the OA chondrocyte signature (reanalysis of the GSE114007 dataset in Fig. S4). D Histogram
showing the KEGG pathways significantly deregulated (FDR<0.05) in OA (from Fig. 54, filled bars) and the effect of COMBI on their expression
(dashed bars). E Histogram showing the REACTOME pathways significantly deregulated (FDR <0.05) in OA (discovered from the GSE114007

dataset reanalysis) (filled bars) and the effect of COMBI on the same pathways (dashed bars). F Line plots showing the Transcripts Per Million (TPM)
for chondrogenic (SOX9), hypertrophic (ALPL, SPARC, POSTN) and fibrosis markers (COL1AT, COL3A1, COL5A1) in the indicated conditions; p-values:

**<0.01,**<0.001 (two-way ANOVA)
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Rapamycin. After 3 days, we isolated total RNA from
OA chondrocytes. We excluded two of the 24 sam-
ples due to low RNA quality. The comparison groups
were as follows: Chondrocytes+RAPA vs. Chondro-
cytes + Vehicle (RAPA hereafter), Chondrocytes + AD-
MSC + Vehicle vs. Chondrocytes + Vehicle (AD-MSC
hereafter) and Chondrocytes + AD-MSC+RAPA vs.
Chondrocytes + AD-MSC + Vehicle (COMBI here-
after). Only few genes in OA chondrocytes were
significantly modulated by rapamycin alone (n=1
upregulated and n=4 downregulated) and AD-MSCs
alone (n=38 upregulated and n=6 downregulated),
whereas the combination of rapamycin and AD-MSCs
led to significant modulation of 3108 genes (n=2527
upregulated and n=581 downregulated) (Fig. 4B). We
then analyzed these expression data using a convolu-
tion approach to identify genes that were modulated
in at least two chondrocyte cultures from different
donors co-cultured with AD-MSCs from the three
donors. We identified 562 upregulated and 919 down-
regulated genes. Then, we mapped these gene lists to
the OA gene signature previously defined using carti-
lage samples. Among the 1956 genes overexpressed in
OA cartilage (Fig. S4), 253 genes were downregulated
in the COMBI condition (12.9% of positive correction)
and 59 genes were upregulated (3% of negative correc-
tion). Among the 1878 genes downregulated in OA,
124 were induced by the COMBI condition (6.6% of
positive correction) and 104 genes were further down-
regulated (5.5% of negative correction) (Fig. 4C). To
highlight COMBI impact on the OA-associated KEGG
and REACTOME pathways, we mapped the DEG list
found in COMBI to these databases (Fig. S4B and C)
and merged the results on the same histograms as
presented on supplementary Fig. 1 (Fig. 4D and E,
respectively). Remarkably, COMBI affected the FOXO
signaling pathways and extracellular matrix-related
organization but not the PI3K and TGFf pathways at
the transcriptomic level.

The RNA sequencing data analysis also showed
that COMBI had strong synergetic effects on the OA
phenotype by significantly reducing the expression of
fibrosis markers (COLIAI, COL3A1, COL5A1) and
hypertrophic OA markers (ALPL, SPARC, POSTN),
and by upregulating SOX9 (chondrogenic markers)
in OA chondrocytes compared with AD-MSCs and
RAPA alone (Fig. 4F).

Therefore, our findings reveal that the combination
of AD-MSCs and rapamycin has a strong anti-fibrotic
synergy and a broad impact on the transcriptomic pro-
file of OA chondrocytes toward the healthy cartilage
phenotype.
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Upon incubation with rapamycin, AD-MSCs overexpress
Hedgehog or TGF-f regulatory genes and secrete

the pro-survival factor GAS6.

As OA chondrocytes and AD-MSCs were co-cultured
using Transwell inserts, the anti-fibrotic and anti-hyper-
trophic effects observed in OA chondrocytes could
only be explained by the secretion of specific factors by
AD-MSCs in presence of rapamycin. To identify these
secreted factors, we used RNA sequencing to com-
pare gene expression in rapamycin-treated and vehicle-
treated AD-MSCs. KEGG Pathway analysis of the list of
rapamycin-upregulated genes in AD-MSCs showed that
the Hedgehog and TGEF-p signaling cascades were sig-
nificantly enriched (Fig. 5A-B). To filter and represent
in a heatmap the genes encoding extracellular secreted
factors, we used the Gene Ontology term “Extracellu-
lar Region” (GO_C 0005576) for the whole list of DEGs
after rapamycin exposure (Fig. 5C). Lastly, we compared
the expression profiles for these identified genes in AD-
MSCs incubated with rapamycin in the presence or not
of IFN-y to recapitulate the inflammatory microenviron-
ment found in OA joints. Through statistical analysis, we
found that genes encoding Hedgehog regulatory factors
(e.g. SCUBE2 [24], MEGFS [25]) and TGF-f inhibitory
factors (e.g. FST [26] and THSD4 [27]) were significantly
upregulated by exposure to rapamycin alone (Fig. 5D).
Moreover, the pro-survival factor GAS6 [28] was sig-
nificantly overexpressed at the gene (Fig. 5E) and protein
(Fig. 5F) level in AD-MSCs following rapamycin addition
independently of IFN-y, thus revealing its therapeutic
interest.

Discussion

In the past decade, MSCs isolated from different tissues
including adipose tissue, bone marrow, umbilical cord
and placenta, but also from body fluids (e.g. urine, amni-
otic fluid, or menstrual blood) [29, 30], have attracted
considerable interest for therapeutic applications due to
their ease of isolation and expansion and their unique
properties [1]. Of note, several studies highlighted that
MSCs display variable features in function of the cell
source [31-33]. On the basis of their ability to differenti-
ate into different cell types and their immunomodulatory
effects, MSC-based therapies have been tested in clinical
trials for the treatment of degenerative diseases, includ-
ing OA. However, achieving the desired results has been
challenging for clinicians [9].

As senescent cells are implicated in many degenerative
diseases, including OA, researchers have focused on tar-
geting their detrimental effects on the surrounding tis-
sues to enhance MSC therapeutic efficacy [34]. On the
other hand, senescent MSCs could hamper tissue repair
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and mediate senescence-associated secretory pheno-
types that affect the surrounding microenvironment [35].
Consequently, priming MSCs with senescence-targeting
drugs, such as metformin or fisetin, has emerged as a
promising strategy to improve their efficacy in OA and
other degenerative diseases [36, 37].

Rapamycin, the first clinically-approved mTOR inhibi-
tor, is prescribed in several immune disorders, including
organ transplant rejection, due to its ability to modulate
the immune response and reduce inflammation [38].
Indeed, rapamycin inhibition of T-cell proliferation,
B-cell differentiation and antibody production contrib-
utes to its immunosuppressive effects [38]. Recently, it
has been also shown that rapamycin slows down cellular
senescence and the associated fibrosis in various condi-
tions [39]. Here, we confirmed that rapamycin reduces
senescence/fibrotic marker expression in freshly isolated
OA chondrocytes. Therefore, rapamycin is an interest-
ing candidate to prevent the negative bystander effects of
joint senescence on therapeutic cells (Fig. 1).

We then showed that AD-MSC regenerative properties
can be improved when they are combined with rapamy-
cin. Indeed, rapamycin promoted chondrogenic markers
in AD-MSCs differentiated into chondrocytes, the only
cell type present in cartilage (Fig. 2). We also revealed
rapamycin additive effects on AD-MSC immunomodu-
latory capacities, which could contribute to reduce joint
inflammation. Moreover, AD-MSCs were sensitized to
the inflammatory microenvironment in the presence of
rapamycin, leading to the upregulation of genes encod-
ing immunosuppressive molecules, such as IDOI and
PTGS2, and the cell surface PD-L1, an immune check-
point component. Accordingly, in the presence of rapa-
mycin, AD-MSCs reduced more efficiently PBMC
proliferation induced by PHA stimulation (Fig. 3). This
additive effect was not expected and as AD-MSC immu-
nosuppressive properties are mainly dependent on their
metabolic status [40], it would be interesting to deter-
mine whether rapamycin can reprogram AD-MSC
metabolism to sensitive these cells to inflammation.

Using RNA sequencing, we showed that the combi-
nation of AD-MSCs+rapamycin (COMBI) had strong
synergetic regenerative effects on the phenotype of OA
chondrocytes compared with AD-MSCs and rapamycin
alone (Fig. 4). Mechanistically, we found that in the pres-
ence of rapamycin, AD-MSCs strongly expressed gene
encoding several developmental Hedgehog (SCUBE?2,
MEGFS8) and TGEF-P regulatory factors (FST, THSD4).
These findings are particularly important with regard to
the FST and THSD4 genes, which encode TGEF-p inhibi-
tory factors that could potentially contribute to a reduc-
tion in the excess and, consequently, the deleterious level
of TGF-PB family members in the degenerated joint [41].
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Moreover, secretion by AD-MSCs of the mitotic and
pro-survival factor GAS6 was increased (Fig. 5), indepen-
dently of the inflammatory context [42]. GAS6 binds to
AXL family receptors and modulates the inflammatory
response during tissue repair by inhibiting the release of
pro-inflammatory cytokines [43]. Moreover, GAS6 dis-
plays anti-inflammatory effects on synoviocytes isolated
from patients with OA [44] and has been identified as
one of the factors implicated the OA protection of MLR
mice [45]. Therefore, we propose that in the presence of
rapamycin and in an inflammatory microenvironment,
GAS6 secreted by AD-MSCs could contribute to improve
AD-MSC effects on OA chondrocytes. More in vitro
studies are needed to confirm this hypothesis.

Before using rapamycin for OA patients, further limits
must be considered. Several trials in OA targeting inflam-
matory mediators using anti-cytokine therapy were dis-
appointing [46]. It is now widely accepted that the main
MSC therapeutic effects are mediated primarily through
the short-term secretion of trophic factors that reduce
inflammation and modulate immune cells [47]. However,
a recent well-done large randomized trial demonstrates
that current cell therapy approaches in the treatment of
OA have variable outcomes and are not notably different
from simply treating with corticosteroids [48]. Thus, it is
critical to evaluate the efficacy of rapamycin in human
OA patients to determine whether the additive in vitro
effect results in greater clinical benefit than MSC-based
strategy. In addition, it would be important to verify
after intra-articular injection, that the residual amount
of rapamycin in the bloodstream of the treated patient
will not induce systemic immunosuppression. Finally, the
co-culture conditions of the AD-MSC-rapamycin com-
bination could also be replicated this time with cartilage
explants in the presence of joint fluid from OA patients
to better approximate human pathological conditions.

To conclude, this study proposes that rapamycin, a
clinically approved molecule, holds promise as adjuvant
to enhance stem cell-based therapeutic efficacy in senes-
cence-driven OA (Fig. 5). However, these results need to
be investigated in a robust randomized clinical trial.
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