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Abstract

Objective The inflammatory responses from synovial fibroblasts and macrophages and the mitochondrial dysfunc-
tion in chondrocytes lead to oxidative stress, disrupt extracellular matrix (ECM) homeostasis, and accelerate the dete-
rioration process of articular cartilage in osteoarthritis (OA). In recent years, it has been proposed that mesenchymal
stromal cells (MSC) transfer their functional mitochondria to damaged cells in response to cellular stress, becoming
one of the mechanisms underpinning their therapeutic effects. Therefore, we hypothesize that a novel cell-free
treatment for OA could involve direct mitochondria transplantation, restoring both cellular and mitochondrial
homeostasis.

Methods Mitochondria were isolated from Umbilical Cord (UC)-MSC (Mito-MSC) and characterized based on their
morphology, phenotype, functions, and their ability to be internalized by different articular cells. Furthermore,

the transcriptional changes following mitochondrial uptake by chondrocytes were evaluated using an Affymetrix
analysis, Lastly, the dose dependence therapeutic efficacy, biodistribution and immunogenicity of Mito-MSC were
assessed in vivo, through an intra-articular injection in male C57BL6 mice in a collagenase-induced OA (CIOA) model.

Results Our findings demonstrate the functional integrity of Mito-MSC and their ability to be efficiently transferred
into chondrocytes, synovial macrophages, and synovial fibroblasts. Moreover, the transcriptomic analysis showed
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the upregulation of genes involved in stress such as DNA reparative machinery and inflammatory antiviral responses.
Finally, Mito-MSC transplantation yielded significant reductions in joint mineralization, a hallmark of OA progression,
as well as improvements in OA-related histological signs, with the lower dose exhibiting better therapeutic efficacy.
Furthermore, Mito-MSC was detected within the knee joint for up to 24 h post-injection without eliciting an inflam-

matory response in CIOA mice.

Conclusion Collectively, our results reveal that mitochondria derived from MSC are transferred to key articular
cells and are retained in the joint without generating an inflammatory immune response mitigating articular car-
tilage degradation in OA, probably through a restorative effect triggered by the stress antiviral response within OA

chondrocytes.

Keywords Mitochondria transplantation, Mesenchymal stromal cells, Osteoarthritis, Murine OA model,

Biodistribution, Immuno-safety

Introduction

OA is a worldwide degenerative disease, with only pallia-
tive treatments. OA progression involves synovial inflam-
mation (driven by synovial macrophages and fibroblasts)
and mechanical failures negatively affecting chondro-
cytes, the main components of hyaline cartilage [1-3].
This leads to ROS production with concomitant mito-
chondrial DNA damage followed by mitochondrial dys-
function [4]. Mitochondrial transplantation has emerged
in the last year as a thriving approach to treat several dis-
eases associated with mitochondrial dysfunction, includ-
ing osteoarthritis (OA) [5-11]. In a Wistar rat model
of osteoarthritis (OA), mitochondria derived from the
L6 rat cell line (mito-L6) and muscle derived from OA
patients (mito-muscle OA) have shown a beneficial effect
on OA progression. This is evidenced by improved his-
tological scores and enhanced mitochondrial function in
chondrocytes from OA rats, suggesting a chondroprotec-
tive role for exogenous mitochondrial transplantation in
OA [12]. However, to translate this effect into therapeutic
use, it is necessary to utilize cells that can be consistently
obtained, are well-studied (with known characteristics),
and have clinical potential. Mesenchymal stromal cells
(MSC) meet these criteria, as they have been exten-
sively used in clinical studies [13-15], demonstrating
anti-inflammatory properties and the ability to mitigate
cartilage degeneration in preclinical assays [13, 16, 17].
Furthermore, in vitro, they have shown the capacity to
transfer their mitochondria to human chondrocytes,
increasing the gene expression of aggrecan, a critical
proteoglycan of hyaline cartilage and inhibiting chon-
drocyte apoptosis [18, 19]. Consistent with this study,
a bovine cartilage explant injury model demonstrated
that MSCs can transfer their mitochondria in situ into
bovine chondrocytes [20]. However, the dose-depend-
ent efficacy of mitochondria, biodistribution, clear-
ance and potential immunogenicity effect has not been
addressed. Therefore, in the present study, we sought
to: (1) Assess the mitochondrial transfer from human

umbilical cord-derived MSCs (UC-MSCs) to primary OA
cells, including chondrocytes, synovial fibroblasts, and
synovial macrophages, (2) Evaluate the potential tran-
scriptomic changes of mitochondria transfer into human
chondrocytes that drive their therapeutic effect and to
(3) Determine the dose-dependent effect of mitochon-
dria, including their biodistribution and immunogenicity.
This study reveals that MSC-derived mitochondria are
(i) transferred into the main target cells of osteoarthritis
in vitro, (ii) inducing transcriptomic changes in chon-
drocytes associated with DNA reparative machinery and
inflammatory antiviral responses and (iii) are retained in
the mouse knee joint for more than 24 h after their IA
injection with a significant improvement in function,
without exerting adverse immunogenic effects.

Materials and methods

Bioethics

All methods were carried out following guidelines and
regulations for using animals. All the procedures pre-
sented in this work were approved by the Ethics Commit-
tee of Universidad de Los Andes (Folio CEC No. 202033)
and by the Ethics Committee of Universidad de Chile
(Approval Certificated No. 12). All recruited patients
signed informed consent forms before donating tissue.

Animals

C57BL6 male littermates mice were housed together
in individually ventilated cages with three to four mice
per cage. All mice were maintained on a regular diurnal
lighting cycle (12:12 light: dark) with ad libitum access to
food and water. Mice were housed under broken barrier-
specific pathogen-free conditions in the animal facility of
Cells for Cells, according to the guidelines of the Cells for
Cells Guide for the Care and Use of Laboratory Animals.

Human OA samples
Chondrocytes, synovial macrophages, and synovial fibro-
blasts were isolated from female and male donors, aged
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40-90, diagnosed with knee or hip OA presenting with
functional limitation, who underwent total hip or knee
replacement at either Clinica Universidad de Los Andes
or at Hospital Clinico Universidad de Chile (HCUCH).
Specific protocols for the isolation of chondrocytes, syn-
ovial macrophages and synovial fibroblasts are in Supple-
mentary material. OA samples were obtained from both
the knee and hip to provide a broader understanding of
the disease and assess the treatment effects on OA over-
all. Furthermore, the use of both samples was influenced
by the availability of clinical samples, ensuring an ade-
quate sample size for in vitro experiments.

Mitochondria isolation and in vitro transfer

to chondrocytes, synovial macrophages, and fibroblasts
Mitochondria derived from Human UC-MSCs were
isolated from the umbilical cords of healthy, voluntary
pregnant women, regardless of the sex of the baby were
isolated from previously MitoTracker " deep red (Inv-
itrogen™, USA) labeled cells using the Mitochondria
Isolation Kit (ThermoFisher Scientific, USA), following
manufacturer’s instructions. After isolation, mitochon-
dria were resuspended in media and were maintained
on ice until in vitro transfer following the “Mitoception”
protocol as previously described [21]. For that purpose,
cells were previously labeled with an MT specific fluo-
rescent probe, MitoTracker Green, following the manu-
facturer’s instructions. Cells were seeded on a cover
slide previously coated with poly-lysine, and mitocep-
tion was performed using the amount of UC-MSC:Mito
corresponding to UC-MSC: Acceptor cell ratios of 1:1
for chondrocytes and synovial fibroblasts, and 1:10 for
synovial macrophages, which was selected according
to the minimal dose necessary to observed an efficient
mitochondrial transfer. Twenty-four hours after artificial
mitochondrial transfer, acceptor cells were obtained, and
fixed for mitochondrial transfer evaluation by confocal
microscopy with a Leica TCS SP8 confocal laser system.
The percentage of mitochondria transfer was determined
by FACS using the BD FACSCanto " II (BD Pharmingen).

Mitochondria functional and phenotypic characterization
Mitochondria were isolated from UC-MSC using the
Cell Mitochondria Isolation Kit (ThermoFisher Scien-
tific, USA) following manufacturing instructions. Mito-
chondria characterization and function were assessed by
Transmission Electron Microscopy (TEM) to evaluate
their structure, Flow cytometry to determine the expres-
sion of specific mitochondrial markers, oxygen con-
sumption measurement and ATP content quantification.
Specific protocols for their functional and phenotypic
characterization are in the Supplementary material.
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Collagenase-induced osteoarthritis model
Collagenase-induced OA (CIOA) model was carried
out as previously described [5]. Briefly, 1U type VII col-
lagenase in 5 pL saline was administered via intra-artic-
ular injection (IA) in the knee joint of C57BL/6 mice
(10 weeks old) at days 0 and 2 for OA induction. Groups
of 10 mice received MSC IA (2x 10°>-High dose and 0.5
cells x 10°-low dose/5 pL saline), on days 7 and 14. At day
42, mice were euthanized, and paws were carefully dis-
sected to remove any remaining tissue prior to microCT
scanning and then fixed in 4% formaldehyde followed
by a demineralization protocol with 5% formic acid for
3 weeks for histological analysis.

MicroCT analysis

The samples were analyzed using X-ray microtomogra-
phy using a Micro-CT SkyScan 1278 (Bruker, Belgium,
0.5 mm aluminum filter, 20—-65 kV, 500pA, resolution of
50 um, 0.5° rotation angle) provided by the Universidad
de Chile, using characteristics defined by the equipment
operator. 3D Scans were reconstructed using NRecon
software (Bruker, Belgium). Misalignment compensation,
ring artifacts, and beam-hardening were configured to
obtain a correct reconstruction of each paw. Bone min-
eral density, BS/BV and thickness were quantified in the
4 knee zones: lateral subchondral, medial subchondral,
lateral femur, and medial femur of each paw (CTAn soft-
ware, Bruker, Belgium).

Histological analysis

Hind paws were decalcified after a 3-week incubation
within a formic acid 5% solution and then embedded in
paraffin. Tibias were sectioned frontally as previously
described [16] and stained with safranin O fast green.
Quantification of the degradation of cartilage was per-
formed using the modified Pritzker OARSI score as
described [22].

Biodistribution analysis in CIOA murine model

After 80% of confluence, UC-MSC were trypsinized and
stained with Mitoview720 (Biotium, USA) at 10 mM for
20 min at 37 °C. Mitochondria derived from UC-MSC
were obtained using the mitochondria isolation kit for
mammalian cells (Invitrogen, USA). Mice were intraar-
ticularly injected with Mitoview stained-mitochondria
derived from 200.000UC-MSC/5 pL into the right knee
joint while the contralateral knee was used as a sodium
chloride sham control. Detection of fluorescent imaging
of OA mice was evaluated at 0, 1 h, 24 h,48 hand 72 h in
an Odyssey CLx Imager (LI-COR) with the Mouse Pad
accessory to maintain the body temperature of anesthe-
tized mice at 37 °C. At 72 h, organs were obtained and
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observed in the Odyssey CLx Imager (LI-COR) to detect
potential mitochondria leakage into other organs. In par-
allel, we performed a human mitochondrial DNA quan-
tification. For that purpose, at day 7 post OA induction,
mice were injected intraarticularly with mitochondria
derived from MSC and euthanized at 0, 1 h, 24 h, 48 h
and 72 h post-mitochondria injection. Knees, drain-
ing and popliteal lymph nodes were collected, and total
DNA was extracted using the Dneasy Blood &Tissue
total DNA isolation kit (Qiagen, USA), following manu-
facturing instructions. An endogenous control was also
amplified to identify the murine mitochondrial genome.
Primers” sequences were as follows: murine mitochon-
drial genome mouse, forward 5 -CTAGAAACCCCG
AAACCA AA-3', reverse 5'-CTAGAAACCCCGAAA
CCAAA3’; human mitochondrial genome, forward F3
5-CACTTTCCACACAGACATCA-3', reverse 5'-TGG
TTAGGCTGGTGTTAG GG-3’. The thermal profile for
mtDNA detection was: pre-incubation at 95 °C for 5 min
(one cycle); denaturation at 95 °C for 10 s; annealing and
extension at 60 °C for 30 s (denaturation and extension
steps for 40 cycles); melting at 95 °C for 5 s, 60 °C for
1 min, 95 °C for 15 s, and, the last step, cooling at 40 °C
for 30 s. When specific melting curves for the human
mitochondrial genome were identified the sample was
considered positive for the presence of human mitochon-
drial DNA.

Immunogenicity evaluation in CIOA murine model

Mice were euthanized on day 14 of OA induction and
the draining popliteal lymph nodes were recovered for
disaggregation. Extracted cells were passed through a
40-pum filter (cell strainer; BD Falcon) and centrifuged at
1680 rpm for 6 min. Then, cells were cultured with PMA
(50 ng/mL) (Sigma) and Ionomycin (1 pg/mL) (Sigma-
Aldrich) in the presence of 10 pg/mL brefeldin A (Biole-
gend, USA). After 4 h, standard intracellular staining was
carried out to identify the CD4+, IEN-y+, IL17+, CD25+
high, and Foxp3+ cells. For this, cells were fixed and per-
meabilized using the FOXP3 transcription factor staining
buffer (Invitrogen ", USA), according to the manufac-
turer’s instructions. The acquisition was performed with
a BD FACSCanto " II using the FlowJo software (version
10.0.7) measured by flow cytometry.

Human RNA isolation

Four samples of chondrocytes derived from OA patients
(Chondro-OA) were cultured and incubated with mito-
chondria using the protocol described by Caicedo et al.
[21]. Then, RNA was obtained using the miRNA isolation
kit (Qiagen, France) from Chondro-OA to evaluate the
potential RNA differences upon artificial mitochondria
transfer. The sequencing was performed with a human
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Affymetrix® ZebGene 1-0-ST Array (Life Technologies,
France), in the transcriptomic platform in the IRMB
Institute at Montpellier, France.

Data preparation and differential expression analysis

The raw Affymetrix data were processed using R software
(version 4.1.2). Gene expression data were loaded into
R and formatted as a data frame using the dplyr library
(version 1.1.2). The limma package (version 3.50.0) was
used to analyze differential expressions between different
conditions. Genes were considered statistically signifi-
cant if the adjusted p-value (adj.P.Val) was <0.05.

A design matrix incorporating both subject effects and
treatment conditions was constructed to adjust for these
variables in the analysis. Contrast matrices were created
to directly compare the relevant groups, and the empiri-
cal Bayes method was applied to moderate the standard
errors of the estimated log-fold changes. The pseudocode
is as follows:

DefineTreatmentandDesignf ortheMatrix

Treatment < —factor (rep(c(OAC, mito), each = 4))
design < —model.mzztrix(~ Subject + Treatment)

Fitlinearmodelstoeachgeneusingthedesignmatrix
fit < —ImfFit (selecteddﬂm,design)

contrast.matrix < —makeContrasts

(OACvsMito = TreatmentOAC, levels = design)
Re — fitthemodelsusingthecontrastmatrixand
ApplyEmpircalBayes

fit2 < —contrasts fit (fit, contmst.matrix)

fit2 < —eBayes(fit2)

Differentially expressed genes were identified based on
the following thresholds: adj.P.Val<0.05 and |logFC|>1.
Volcano plots were generated using the EnhancedVol-
cano package (version 1.10.0) in R, highlighting genes of
interest based on log-fold change and adjusted p-value
thresholds.

Gene ontology, pathway and network analyses

Significant gene expression changes were visualized using
the Seaborn package (version 0.12.2) in Python, which
enabled the creation of a clustered heatmap to display
gene expression patterns across conditions. Expression
values were normalized using Z-scores to facilitate clus-
tering, and the resulting heatmap illustrated key expres-
sion trends for the differentially expressed genes (DEGs).
Pathway and gene ontology (GO) term enrichment analy-
ses were conducted using the gProfiler tool through its
R API (version 1.0.0). This analysis aimed to identify the
biological processes and pathways significantly associated
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with the DEGs, providing insights into the functional
implications of the observed transcriptional changes. The
analysis covered GO terms for Biological Processes (GO),
Transcription Factor (TF) enrichment, and Reactome
Pathways (REAC). Additionally, KEGG pathways were
explored for insights into metabolic and signaling path-
ways. Results were visualized as bar plots using the Mat-
plotlib (version 3.7.1) and Seaborn libraries to highlight
the most enriched terms and pathways.

To visualize gene networks, we utilized the STRING
online server (https://string-db.org/) (version 11.5) to
construct protein—protein interaction (PPI) networks.
The STRING database provides both experimental and
computationally predicted interactions between proteins.
We inputted the list of DEGs into STRING to query
the database and identify high-confidence interactions,
applying a confidence score threshold of 0.7. The result-
ing interaction network was analyzed to identify central
nodes (key proteins) that could represent crucial regula-
tory factors in the biological processes being studied.

Statistical analysis

For the preclinical assay, results were expressed as the
mean + SD. For the in vivo studies (CIOA) 8 to 10 ani-
mals were used for each experimental or control group,
and experiments were repeated at least two independent
times. The p values were generated by parametric analy-
sis using the one-way ANOVA test for multiple com-
parisons. p<0.05 (*), p<0.01 (**) or p<0.001 (***) were
considered statistically significant. All the analyses were
performed using the GraphPad Prism TM 6 software
(GraphPad Software, San Diego, California, USA).

Results

Mitochondria derived from UC-MSC are functional and are
transferred into OA target cells in vitro

Cell-free transfer of mitochondria into pathogenic chon-
drocytes and synovial macrophages and fibroblasts was
evaluated using the mitoception protocol [21] as summa-
rized in Fig. 1a. For that purpose, chondrocytes, synovial
macrophages, and synovial fibroblasts were isolated from
OA patients and cultured in the presence or absence of
freshly isolated mitochondria from UC-MSC previously
stained with MitoTracker Deep Red. Before perform-
ing the mitoception protocol, mitochondria isolated
from UC-MSC were evaluated according to their (i) ATP
quantification (Fig. 1b), (ii) respiratory capacity (Fig. 1c),
(iii) round-shaped double membrane observed by Trans-
mission Electron Microscopy (TEM) (Fig. 1d) and (iv)
expression level and pattern of Tomm?20 and mitotracker
deep red by flow cytometry (Fig. 1le). Our results showed
that mitochondria isolated from UC-MSC were function-
ally matched since they were isolated from healthy donor
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cells, present an ATP pool that nearly doubled when
the cell count was increased two-fold and showed oxy-
gen consumption (Fig. 1b, c), indicators of efficient res-
piratory activity. Moreover, they exhibit the round shape
double membrane and are positive for Tomm20 and
mitotracker’" deep red as demonstrated by TEM (Fig. 1d)
and FACS respectively (Fig. 1e). Moreover, mitochondria
derived from UC-MSC were successfully acquired by
chondrocytes (Fig. 1f, g), synovial macrophages (Fig. 1h,
i), and fibroblasts (Fig. 1j, k) as confirmed by the FACS
analysis and confocal microscopy images. Overall, these
results evidence that MSC-derived mitochondria are
effective in targeting the main cell types involved in
osteoarthritis.

UC-MSC mitochondria transfer induces transcriptional
change in OA chondrocytes

To assess the impact of MSC-derived mitochondrial
uptake in cells implicated in osteoarthritis, we conducted
a transcriptomic analysis on chondrocytes.

We identified up to 21 upregulated genes and 6 down-
regulated genes in the human chondrocytes treated
with mitochondria from UC-MSC compared to control
untreated chondrocytes (Fig. 2a). A heatmap analysis
showed clustering between both conditions by a change
in the differential gene expression level (Fig. 2b). A search
in Gene Ontology (GO) Biological process categories
revealed significant terms such as “response to stress’,
“defense response” and “immune system process’, which
highlight and activation of immune and stress-related
pathways (Fig. 2c, upper-left bar plot). Moreover, we
performed pathway enrichment analysis according to
Reactome Pathway Annotations and found a significant
involvement in “Interferon Signaling” and “Cytokine
Signaling in the Immune System’, emphasizing a robust
immune response (Fig. 2c, low-left bar plot). In addition,
we performed a transcription factor (TF) analysis. We
found that transcription factors with significant regula-
tory potential involved in interferon/adaptive immune
response are enhanced after treatment with Mito-MSC
(Fig. 2c, right bar plot). Finally, we investigated the pro-
tein—protein interaction network from STRING analy-
sis (where nodes represent proteins and edges indicate
known and predicted interaction among them) (Fig. 2d).
Our result showed that key proteins associated to anti-
viral immune response acting as interaction hubs were
accentuated. This result suggests that components of
the antiviral immune response seem to display a central
role in the response of chondrocytes to mitochondrial
treatment. Indeed, we observed a strong network among
immune genes induced after mitochondrial treatment,
such as USP18, HERC5, USP41, DDX58, and RSAD2,
among others. The collective findings indicate that
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Fig. 1 Artificial transfer of isolated and functional mitochondria derived from UC-MSC to critical OA target cells. a Schematic representation

of exogenous mitochondria transfers into chondrocytes, synovial macrophages and fibroblasts and the functional characterization of mitochondria
derived from UC-MSC. b Relative ATP quantification of isolated mitochondria from 3 different UC-MSC donors from 2 different amounts of cells (1 M
and 2 M). ¢ Oxygen consumption analysis of isolated mitochondria measured with an oxygraph. d Electronic microscopy of isolated mitochondria
from UC-MSC. e FACS dot plot representation of mitochondria stained with Tomm20 and mitotracker™ deep-red. Mitochondria were identified
according to the expression of Tomm?20 and mitotracker deep-red signal. The size of the mitochondria was evaluated using the apogee beads.

f Representative FACS histograms of exogenous mitochondria transfer derived from UC-MSC by mitoception into OA-derived chondrocytes
(OA-Ch), at a cell ratio of 1:1 (1 OA-Ch:1 Mitochondria derived from UC-MSC) according to the number of UC:MSC. Quantification of the geometric
Mean Fluorescence Intensity (gMFI) of the mitotracker signal of mitocepted OA Ch cells from different donors. Confocal microscopy analysis

of mitocepted OA Ch. g Representative FACS histograms of mitoception of OA-derived synovial macrophages (OA Sy-MO), at a cell ratio of 1:10

(1 OA Sy-Mo:10 Mitochondria derived from UC-MSC), according to the number of UCMSC. Quantification of the gMFI of mitotracker signals

of mitocepted OA Sy-MO cells from different donors. h Confocal microscopy analysis of mitocepted OA Sy-MO. i Representative FACS histograms
of mitoception of OA-derived synovial Fibroblasts (OA Sy-Fibro), at a cell ratio of 1:1 (1 OA Sy-fibro:1 Mitochondria derived from UC-MSC), according
to the number of UCMSC. Quantification of the gMFI of mitotracker signals of mitocepted OA Sy-Fibro cells from different donors. h Confocal
microscopy analysis of mitocepted OA Sy-fibro. Graphs show mean +SD and statistical analysis by Mann-Whitney non-parametric test. Each dot
represents a different OA patient where at least 3 different donors were evaluated

Mito-MSC transfer induces transcriptional changes in  Mitochondria transplantation exhibits a pro-regenerative

OA chondrocytes, particularly in response to stress and  effect in the CIOA murine model independent

inflammation, two important pathways associated with  on the administered dose

OA pathology. To determine whether mitochondrial transplantation
exerts a beneficial effect and the dose response, in vivo,
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we used the collagenase-induced mouse model of OA
(CIOA).

To that end, type VII collagenase was injected into the
knee joints of mice at days 0 and 2. After 7- and 14-days

(See figure on next page.)

post OA induction, mitochondria isolated from differ-
ent amounts of UC-MSC (1x10° or 0,2x10° UC-MSC)
were injected intraarticularly. At 42 days post-OA induc-
tion, histological and histomorphometric studies were

Fig. 3 Dose Dependance Therapeutic efficacy of mitochondria-derived UC-MSC (Mito-MSC) transplantation in the collagenase-induced
osteoarthritis model (CIOA). a Schematic representation of the experimental design of the CIOA murine model treated with 2 different doses

of mitochondria equivalent to 200.000 UC-MSC (Lower Dose) and the equivalent to 1,000,000 UC-MSC (Higher dose). b Schematic representation
of the articular joint zones focuses on imaging and histopathological analysis. ¢ Representative 3D construction imaging of microCT analysis. Bone
mineral density (BMD) and Bone volume Fraction (BS/BV) analysis of CIOA intraarticularly injected or not with Mitochondria derived from UC-MSC
at a lower dose (MitoLow) or higher dose (MitoHigh) and control group (sham, contralateral knee injected with vehicle). Average quantification

of BMD for d Medial Tibia, e Lateral Tibia, f Lateral femur and g Medial femur. Average quantification of BS/BV for h Medial Tibia, i Lateral Tibia, j
Lateral femur, and k Medial femur. I Representative histopathologic images and OA damage score quantification in knee joint sections obtained
from the four groups described above for each joint zone. Average quantification of OA histological score according to the Pierce scale for m Medial
Tibia, n Lateral Tibia, o Lateral femur, and p Medial femur. Graphs represent mean +SD; *p <0.05, **p <0.01, ***p <0.001. (One-way ANOVA-test)

of at least N=15 animals per experimental group for 2 independent experiments
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performed to determine the severity of OA (Fig. 3a) in
the four zones of the knee (Fig. 3b). Representative 3D
images were obtained to evaluate the bone architecture of
the joint by micro-computed tomography (uCT) (Fig. 3c).
On one hand, the 2D parameter corresponded to bone

mineral density (BMD), quantifying the amount of bone
mineral in the tissue by measuring surface bone density
per cm? in each image (Fig. 3d—g). On the other hand,
the bone surface-to-volume ratio (BS/BV) (Fig. 3h—k), is

a 3D parameter showing the number of bone lining cells
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covering a specific bone volume. pCT analysis showed
a significantly decreased BMD in the lateral and medial
femoral (0.000845 +0.0005080 and 0.001058 + 0.0006076,
respectively) and lateral tibial (0.0007511+0.0005131)
joint areas of animals treated with mitochondria at
high (1x10° M), while by low (0.2x10° M) doses it
was observed in the medial femoral and lateral tib-
ial (0.0008856+0.0004745 and 0.0006539 +0.000444,
respectively), as compared to the non-treated group
(0.001341 +0.0004418, 0.001744 + 0.0005066 and
0.001301+£0.0005718, respectively). Likewise, the BS/
BV results showed a reduction at high mitochondria
dose-treated animals at lateral-medial tibial and medial
femoral (15.77+4.39, 10.83+1.974 and 11.15+1.45,
respectively), similarly to the results observed with low
mitochondria dose (15.48+3.276, 12.48+2.101 and
12.04+5.145, respectively), concerning non-treated
OA mice (22.18+6.824, 18.12+5.853 and 18.35+7.879,
respectively). Both parameters confirmed that mitochon-
dria injection displays a beneficial effect in all the areas of
the knee, with data approaching the data observed in the
sham group. Histological analysis revealed signs of knee
joint protection in mice treated with mito-MSC (Fig. 31—
p). The Pritzker OARSI score confirmed the therapeu-
tic potential of mito-MSC. Of note, the beneficial effect
of mito-MSC in the four knee joint areas evaluated was
more evident when the mice were treated with lower
doses than when they were treated with higher doses
(Fig. 3m—p). While these results confirm that Mito-MSC
transplantation protects cartilage and bone from degra-
dation in the CIOA murine model, they also indicate that
a lower dose displays a better beneficial effect.

Mitochondria biodistribution analysis in an experimental
model of OA

Biodistribution studies related to local administration
in the joint afford invaluable insights regarding the pro-
pensity of biologics or pharmacological compounds to
accrue within the injection site or to potentially leak to
other tissues through the bloodstream. That could engen-
der toxicity effects. To assess the safety of Mito-MSC,
we studied the biodistribution profile following intra-
articular administration. We performed an intra-articular
injection of Mito-MSC at the most effective dose (derived
from 200.000 UC-MSC) in OA mice and monitored them
over a short time (Fig. 4a). In vivo, scans conducted at 0,
1, 24, 48, and 72 h post-Mito-MSC injection revealed that
mitochondria stained with Mitoview' " were not visible
after 48 h of IA injection within the detection limit of the
equipment used (Fig. 4b). At 72 h post-Mito-MSC mice
were euthanized and the lung, heart, and spleen (Supple-
mentary Figure 2) and the nearby popliteal lymph nodes
(LN), contralateral LN and inguinal lymph node were

Page 9 of 14

obtained (Fig. 4d) No signal was observed after 72 h,
suggesting short-term retaining of Mito-MSC on the
site of injection, without migration/leakage to neighbor-
ing organs (Supplementary Figure 2 and Fig. 4d). Addi-
tionally, to assess the potential migration of Mito-MSC,
DNA from human mitochondria was assessed in the
mouse knee joint and the tissue was analyzed ex vivo.
Our results showed that human mitochondrial DNA
was detected in all the IA-injected mice right after the
injection. However, after 1 and 24 h, human mitochon-
drial DNA was detected in the joint of half of the total
injected mice. Likewise, only one mouse was positive
for mitochondrial DNA after IA injection at 48 h and no
human DNA was detected at 72 h. Finally, after 48 h, 1
in 4 mice showed a positive signal in nearby LN (Fig. 4e)
without any human mitochondrial DNA detection in the
contralateral LN nor in the inguinal LN. These findings
suggest a favorable safety profile concerning migration to
distant organs following IA administration of mitochon-
dria in the OA murine model.

Mitochondria transplantation protects mice from OA
inflammatory response

Given that one of the main symptoms of OA patients
is the inflammation of the joint and that mitochondrial
DNA might generate an immunogenic response [23],
we evaluated the immune response induced after Mito-
MSC IA injection. To this end, 3 days after IA injection
of Mito-MSC (low dose), the mice were euthanized, and
the immune response was assessed by measuring the
release of pro-inflammatory cytokines and the frequency
of inflammatory T cell populations, including T helper
(h) 1 and Th17 cells in the nearby popliteal lymph nodes
(Fig. 5a). Compared to the OA mice, mice treated with
Mito-MSC did not exhibit an increased frequency of
CD4 +1FNg+ cells (Th1) (Fig. 5b, d). No effect of Mito-
MSC treatment was observed on the frequency of pro-
inflammatory CD4+1L17+ (Th17) cells compared with
untreated mice (SHAM and OA groups) (Fig. 5€), nor on
the generation of anti-inflammatory CD25+ Foxp3 + cells
(Treg) (Fig. 5¢, g). Overall, these results indicate that
Mito-MSC does not induce a pro-inflammatory response
in mice with osteoarthritis. Moreover, they also provide a
protective effect against chronic inflammation associated
with a pro-inflammatory Th1 response.

Discussion

This study represents a comprehensive preclinical
investigation aiming to determine the efficacy, dose—
response, biodistribution and immunogenicity of mito-
chondria-derived from UC-MSC (Mito-MSC) in OA
and the potential transcriptomic modifications trig-
gered by mitochondria transplantation in a critical OA
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target cell such as chondrocytes. In recent years, there
has been a growing recognition that mitochondrial dys-
function plays a critical role in cartilage degeneration
[24], particularly through the production of ROS and
inflammation, which can lead to chondrocyte apoptosis
[25, 26] and subsequent joint destruction [4]. Conse-
quently, mitochondria transplantation has emerged as a
novel approach to address pathologies characterized by

impaired mitochondrial function such as OA [27, 28].
Indeed, mitochondrial transplantation from mito-L6
and mito-muscle OA has proven therapeutic effect in a
rat OA model [12]. In line with these results, it has been
reported that xenogeneic mitochondria transplantation
does not induce either an acute or a chronic alloreactiv-
ity or an DAMP associated-immunogenic response in
an ischemic heart model [29]. However, in the context
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of human therapeutic applications, it is imperative to
have a dependable and well-defined source of cells that
can be consistently used for clinical purposes. Consid-
ering this requirement, MSCs emerge as the preferred
candidates for mitochondrial donation, given their dem-
onstrated positive impact on clinical symptoms of OA in
phase I clinical studies [13—15]. Therefore, since mito-
chondrial dysfunction is critical in cartilage degenera-
tion, mitochondria transplantation derived from healthy

MSC might represent a better alternative for OA treat-
ment. Indeed, Yu et al. showed that mitochondria and
vesicles derived from Bone Marrow MSC exhibit ben-
eficial effects in a rat model of OA [19]. In line with this
work, we compare the therapeutic role of UC-MSC and
their derived mitochondria and demonstrated that both
display beneficial effects in OA progression in a murine
model (Currently under review). Here, we show that
MSCs can transfer their mitochondria into the main
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target cells associated to OA pathogenesis, including
chondrocytes, synovial macrophages, and synovial fibro-
blasts. Consistent with these findings, transcriptomic
analysis of chondrocytes indicated differential expression
of stress-related genes upon treatment with mitochon-
dria obtained from healthy UC-MSC in OA patients. Our
findings corroborate previous research indicating that
the transfer of MSC mitochondria to chondrocytes from
OA patients increases mitochondrial membrane poten-
tial, metabolic activity, and ATP content in chondrocytes,
and thus inhibits apoptosis induced by defective mito-
chondria [20]. This study is consistent with our observa-
tions, where we identify changes in stress response gene
expression upon Mito-MSC transfer such as Exol a gene
that encodes the exonuclease 1 that is involved in DNA
repair and recombination process [30]. These findings
suggest a potential mechanistic pathway for preserving
chondrocyte integrity and mitigating degeneration in
OA. It has been shown that despite the promising results
obtained with MSC in terms of alleviating pain and
improving joint functionality in osteoarthritis patients,
their beneficial impact on the integrity of cartilage tissue
has not been consistently observed [31]. Interestingly, the
two doses of Mito-MSC tested in this work significantly
protect cartilage from degradation and bone mineral
density modifications, a hallmark of OA. However, the
lower dose proved more effective in terms of histologi-
cal score. While other dose ranges can be used to obtain
a significant difference, our findings align with obser-
vations from a phase I clinical study performed by our
group, where it was noted that lower doses of UC-MSC
exert a higher beneficial effect as compared to lower
doses due to the generation of some adverse effect such
as synovitis, where it was observed that high-dose could
induce inflammation [13]. It is suggested that the reason
a higher dose of mitochondria does not produce the same
or better effects as the lower dose is that an excessive
addition of mitochondria, beyond what the cells require
to revert the dysfunction, may lead to a higher ROS pro-
duction due to mitochondrial overload, activating inflam-
matory pathways that counteract the beneficial effects of
this cell-free therapy and reducing the therapeutic poten-
tial observed at lower doses.

As mentioned before, Lee and Yu et al. previously
demonstrated that the intra-articular injection of exog-
enous mitochondria significantly reduces cartilage
destruction in a rat model of OA [12, 19]. However, the
authors of both articles did not validate the presence of
mitochondria in the joint, neither the permanency, the
dose—effect, or the potential immunogenic response.
Therefore, we conducted the first biodistribution study
that determined the permanency or leakage of the mito-
chondria administered within the joint space using two
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different techniques: Fluorescence and Mitochondrial
DNA quantification. Our findings reveal that mitochon-
dria remained at the injection site for up to 24 h without
leaking into other organs, suggesting that the mitochon-
dria effect (i) is local and probably targeting the main cell
components of the knee affected in OA including syno-
vial macrophages, synovial fibroblasts, and chondrocytes
and (ii) effective in a short window of time. In contrast,
previous studies conducted by authors involved in this
research have described that human UC-MSC persists in
the joint for up to 7 days, in the same OA in vivo model
used here, when injected into the knee joint and are effec-
tive on the clinical signs of OA [32]. It is then tempting to
speculate that the Mito-MSC and the MSC themselves
act via different modes of action and that the mitochon-
dria effect is more immediate because they constitute the
effector part of the MSC. This hypothesis remains to be
investigated in more detail.

To reinforce the safety assessment, we evaluated
the potential immunogenic effect but also the desired
anti-inflammatory response triggered by Mito-MSC
transplantation. Our results showed that injection of
Mito-MSC did not induce any inflammatory response.
It appeared to have an inhibitory effect, as evidenced by
the suppression of Th1 cells observed in mice after OA
induction. As previously indicated, mitochondria are
unlikely to induce a pathogenic inflammatory immune
response after transplantation into different organs such
as the heart [29]. In line with this study, we demonstrated
that xenogeneic mitochondria transplantation does not
induce an adaptive immunogenic response. Additionally,
varying degrees of inflammation can be observed in oste-
oarthritis [33] and are associated with the severity of the
disease. We hypothesize that the injection of Mito-MSC
could act powerfully to regulate inflammation, thereby
limiting damage to joint tissues and leading to a prevail-
ing beneficial effect in osteoarthritis.

Finally, the transcriptomic analysis showed an
increased antiviral immune response prompted by Mito-
MSC treated chondrocytes. This result seems to con-
tradict the inhibition of the increase in Thl frequency
induced by the injection of Mito-MSC after the induc-
tion of osteoarthritis. We thus propose that this antiviral
immune response associated with the activation of the
IFNy molecular pathway might represent a chondro-
protective response to inhibit exogenous inflammation.
Although this hypothesis requires further investigation, it
has previously been reported that chondrocytes can exert
immunosuppressive and immunomodulatory effects on
immunocompetent cells when activated by pro-inflam-
matory stimuli such as IFNy [34], which is consistent
with the mitochondria transfer effects findings on this
research.
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Conclusions

Altogether our data demonstrated that UC-MSC-derived
mitochondria injected into the joint of mice serve a
protective role against the progression of OA prob-
ably through the induction of protective transcriptional
changes on target cells such as chondrocytes. Moreover,
is the first study to demonstrate their permanency within
the joint over time for up to 24 h, exhibiting non-inflam-
matory characteristics. These findings introduce a safe
cell-free acellular therapy based on mitochondria derived
from MSC as an innovative therapeutic approach for OA
treatment.
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