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Abstract

One of the most common injuries of the knee are meniscal tears amounting to 0.61-0.70 per 1,000 person-years. Of these, meniscal
radial tears have a particular poor prognosis. Here we present a Case Report of an elderly long-distance runner patient with a full
thickness radial tear of the right knee who was successfully treated using bone marrow small extracellular vesicles (EVs) from clonal
immortalized mesenchymal stromal cells for the first time. After characterisation, we injected intraarticularly the cell equivalent
of 10e6 EVs (diameter 50-150um) derived from bone marrow clonal immortalized mesenchymal stromal cells(ciMSCEVs)
that were previously tested in vitro and in vivo for their anti-inflammatory capacity and neuro-regenerative potential. After one
application only, the patient experienced complete recovery and a full restoration of meniscal continuity(scarring) and function
by intraarticular injection of ciMSCEVs. Extracellular vesicles from mesenchymal stromal cells hold significant promise as a
cell-free therapeutic approach for meniscal repair and cartilage regeneration.

Keywords: Evs From Clonal Immortalized Mesenchymal Stromal
Cells; Small Extracellular Vesicles; Meniscal Repair; Medial
Meciscal Radial Tear.

Significance Statement

The first meniscal repair with full restauration of function using
ciMSC EVs holds significant promise as a cell-free therapeutic
approach

Introduction

One of the most common injuries of the knee are meniscal
tears amounting to 0.61 - 0.70 per 1,000 person-years in the US
population [1]. Of these, meniscal radial tears are associated

with a particular poor prognosis, leading to meniscal extrusion,
intraarticular cartilage loss, and early osteoarthritis [2,3].

Surgery aims at repairing the meniscus posterior horn root tear,
the most common meniscal injury in association with extrusion, to
restore meniscal function. This involves at times the release of the
peripheral attachments of the extruded meniscus by centralization
[4], using various suture techniques [5,6].

Interestingly, predictors of progression of osteoarthritis are the
presence of meniscal extrusion (P=0.001), severe medial tear
(P=0.005), medial or lateral bone edema (P<0.005), and age [7].
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Since a greater tear gap and meniscal extrusion cause loss of
chondroprotective function of the meniscus and progression of
osteoarthritis, outcome is poor [8]. Therefore, various surgical
techniques, including refixation of medial meniscal posterior root
tears or partial meniscectomy have been employed, albeit with
limited benefit [9].

Recently, beyond platelet rich plasma therapy, a cellular approach
using mesenchymal stromal cells and/or their exosomes derived
from autologous fat tissue has been advocated [10]. however, cell
processing and quality control are challenging as are senescence
or oncogenetic potential with increasing numbers of passages [11].

These production issues hampering existing research in similar
areas have been overcome in the present study by immortalizing
mesenchymal stromal cells derived from pooled donors bone
marrow using hTERT technology and testing the various clones
for their immunomodulatory capacities. This is essential to
overcome potential limitations of batch-to-batch variations [11].
After proven immunomodulatory capacity, the clones were used to
harvest their EVs (50-150p in diameter). These were tested in vivo
in a mouse HI model and showed significant neuro-regenerative
potential [12]. Thereafter, we used the same batch of ciMSC EVs
tested in vitro and in vivo to perform an individual treatment by
intraarticular injection in an elderly patient who suffered from a
full thickness radial medial meniscal tear of the right knee.

Methods
Cultivation of MSCs and preparation of MSCs EVs

Primary MSCs were raised and characterized as previously
described[13]. Briefly, cells of given MSC stocks (MSC41.5,ciMSC
41.5 clone 6) were expanded at 37°C in a 5% CO2 atmosphere
in DMEM low glucose (PAN Biotech, Germany), supplemented
with 10% human platelet lysate (hPL), 100 U/ml penicillin-
streptomycin-glutamine (ThermoFisher Scientific, Germany), and
5 TU/ml heparin (Ratiopharm, Germany). In total, 2x10e7 cells
were seeded in Nunc EasyFill Cell Factory System (ThermoFisher
Scientific) and raised in 400-ml culture medium. As soon as
MSCs reached a density of approximately 50% confluency, the
culture media were exchanged, and conditioned media (CM) were
harvested every 48 h until passaging, i.e., when MSCs reached §0-
90% confluency. CM were cleared from residual cells and debris
by 2,000xg centrifugation for 15min (Rotor:JS-5.3; Beckman-
Coulter, Germany), and supernatants were stored at -20°C until
further processing. CMs were screened regularly for mycoplasma
contamination (VenorGeM OneStep, MinervaBiolabs, Germany).
EVs were prepared from thawed pooled CMs according to our
standard procedure, i.e., by polyethylene glycol 6000(PEG)
precipitation followed by ultracentrifugation. EVs were solved in
10mM HEPES 0.9%NacCI buffer (ThermoFisher Scientific) and

stored at -80°C as 1-ml aliquots containing EVs harvested from
CMs of 4x10e7 MSCs. The batch of ciMSC EV 41.5 clone 6 used
in this study was prepared from a 1.2-1 pool of CMs harvested
from passages 34 to 37 corresponding to a total cell equivalence of
1.92x10e8 cells. The primary MSC-EV 41.5 batch was prepared
from a 4.4-1 pool of passages 4 to 5 CMs corresponding to a cell
equivalent of 6.45x10e8 cells.

MSC characterization

The ciMSCs were analysed according to the criteria of the
International Society of Cell and Gene Therapy (ISCT) [14].
Morphology and the osteogenic and adipogenic differentiation
potential of MSCs were analysed as described previously [13,15].
Cell surface phenotypes of EV-producing MSCs were analysed by
flow cytometry (CytoFLEX; Software CytExpert 2.3, Beckman-
Coulter) following anti-CD14, antiCD31, anti-CD34, anti-CD44,
anti-CD45, anti-CD73, anti-CD90, anti-CD105, and anti-HLA-
DR antibody staining.

EV characterization

Obtained MSC-EV preparations were characterized according
to the recommendation of Minimal Information for Studies of
Extracellular Vesicles 2018(MISEV2018) criteria. Briefly, particle
concentrations were measured by nanoparticle tracking analysis
on a Zeta View platform (Particle Metrix, Germany) [17,18]. The
protein concentration was assessed using the bicinchoninic acid
(BCA) assay (Pierce, IL, USA) according to the manufacturer’s
recommendations. Characterization of EV marker expression was
performed as previously described [19,20]. Briefly, 5 ul of PEG-
UC-prepared EV samples was labelled with anti-CD9, anti-CD63,
and anti-CD81 antibodies. Unstained samples and buffer without
EVs but with antibodies were used as controls. All samples were
incubated for 1h in the dark at room temperature, followed by
dilution in PBS (pH 7.4; Gibco) (100-fold for anti-CD9 and 40-
fold for anti-CD63 or CDS81). Samples were analysed with an
ImageStreamX Mark II instrument (Amnis/Luminex, USA). All
data were acquired for 5 min at 60 x magnification and low flow
rate (0.3795+/-0.0003 pl/min). Data analyses were performed
using IDEAS software version 6.2 as described previously [19,20].
All fluorescent objects were plotted against the side scatter. Images
were analyzed for coincidences by using the spot counting feature.
Events with multiple spots were excluded from further analysis.
For evaluation of the in vitro immunomodulatory function of
MSC-EV products, 25-ug protein of EV preparations was tested
in a multi-donor mixed lymphocyte reaction(mdMLR) assay as
previously described [21,22]. Briefly, after thawing, 6x10e5 pooled
peripheral blood mononuclear cells(PBMC) of 12 donors were
seeded into each well of a 96-well -bottom shape plate(Corning,
Germany). Cells were cultured in the presence or absence of EV
or control samples in 200-ul RPMI 1640 supplemented with
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100U/ml penicillin, 100pg/ml streptomycin (all ThermoFisher
Scientific), and 10%human AB serum for 5 days at 37°C in a 5%
CO2 atmosphere. For analyses, cells were harvested and labelled
with an antibody cocktail of anti-CD4, anti-CD8, anti-CD25, and
anti-CD54 antibodies. Analyses were performed on a CytoFLEX
flow cytometer (Software CytExpert2.3, Beckman-Coulter). T
cells were identified as CD4+ or CD8+ cells. Activated CD4 and
CDS cells were identified as CD25 and CD54 double-positive cells

Multidonor mixed lymphocyte reaction (mdMLR) assay

The immunomodulatory activities of samples of the obtained
IMSC-EV preparations were evaluated within the mdMLR assay
exactly as described previously [23]. Briefly, peripheral blood
mononuclear cells (PBMCs) from 12 different donors were
isolated by conventional Ficoll density gradient centrifugation
and pooled using identical cell numbers from each donor. Aliquots
of PBMC pools were stored in the vapor phase of liquid nitrogen
until usage. Upon thawing, PBMCs were cultured in RPMI 1640
medium (ThermoFisher Scientific) supplemented with 10% human
AB serum (produced in-house), 100 U/ml penicillin, and 100 g/
ml streptomycin (ThermoFisher Scientific). A total of 6x10e5
cells in a final volume of 200ul per well were cultured at 37°C
and a 5% CO2 atmosphere in the presence or absence of iMSC-
EV preparations in 96-well U-bottom Falcon plates, respectively.
For functional testing, 5 pl of given iMSC-EV preparations were
applied to the respective wells. After 5 days of culture, the cells
were harvested and stained with a cocktail of fluorescently labelled
antibodies: anti-CD4, anti-CDS8, anti-CD25 and anti-CD54.
Dead cells were identified as 7-aminoactinomycin-D (Beckman-
Coulter) incorporating cells. Data acquisition was performed
on a CytoFLEX flow cytometer with CvtExpert 2.3 software
(Beckman-Coulter). The obtained data were analysed with Kaluza
Analysis 2.1 software (Beckman-Coulter).

Medical History

The long-distance runner patient(half-marathon), 71 years of
age, (A.].) suffered from undefined knee problems on the right-
side during training. An MRI on 09-19-2022 of the right knee
joint revealed medial and lateral chondromalacia grade III-IV
and grade II, respectively, minor joint effusion and a narrow
horizontal basal tear with suspicion of a small incomplete
radial tear of the intermediate part of the medial meniscus (not
shown). Physiotherapy proved successful transiently, however,
when muscle building was combined with deep squats, knee
problems on the right increased causing severe pain and limping.

A second MRI on 04-27-2023 of the right knee joint revealed
significant deterioration of findings, including swelling, a new-
onset medial and lateral bone edema of the tibia plateau, increased
chondomalacia grade III-IV and joint effusion, meniscal extrusion,
a large Baker cyst, and a full thickness radial medial meniscal
tear (tear gap of wound edges apical/femoral 5.4mm and distal/
tibial 3.4mm) requiring antiphlogistic medication and physical
immobilisation (Figure 1 a,b). Due to hardly any improvement of
the symptoms and after written consent was obtained, the decision
was taken to once inject ciMSC derived extracellular vesicles
(ciMSC EVs equivalent to 10e6 MSC cells in 250pl diluted to 1ml
isotonic 0.9% NaCl solution) intraarticularly into the right knee on
07-20-2023 after local anesthesia (J.S.).

Results

Therapy was well tolerated, antiphlogistic medication was
discontinued, and pain as well as limping was significantly reduced.
Six weeks after ciMSC EVs injection, there was no pain and gait
returned to normal without joint stiffness in the right knee. The
control MRI examination 10 weeks and 6 months after the ciMSC
EVs injection revealed the reconstitution of the medial meniscal
radial tear by scarring in that the meniscal wound edges were re-
united, thus, restoring the continuity of the meniscus. Functionally,
there was continued complete restoration with no discomfort when
walking to such an extent that long-distance running training was
resumed.

Imaging

Before EVs treatment, MRI imaging on 04-27-2023 showed
meniscal extrusion, massive bone edema, peripatellar effusion,
and a large Baker cyst of 5.1x2.05cm(a), and a full thickness
medial meniscal radial tear(b), (Figure 1 a,b). Ten weeks after EVs
treatment, MRI imaging on 10-02-2023 showed improvement in
various domains: narrow vertical scar(~1mm) of the former full
thickness medial radial meniscal tear, eliminated bone edema in
tibia head and femoral condyles, reduced peripatellar effusion,
and greatly reduced size of Baker cyst (that almost vanished) as
compared with MRI imaging 04-27-2023 (Figure 2a,b).

MRI imaging on 19-01-2024, 6 months after ciMSC EVs injection
showed further improvement in various domains: narrow vertical
consolidated scar(1-2mm) of the former full thickness radial
meniscal tear, eliminated bone edema in tibia head and femoral
condyles, no osteoarthritis, no peripatellar effusion, and greatly
reduced size of Baker cyst as compared with MRI imaging 04-27-
2023 (Figure 3a,b).
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Figure 1a, b: MRI before treatment on 04-27-2023: (a) Meniscal extrusion, massive bone edema, peripatellar effusion, and a large Baker
cyst of 5.1x2.1cm. (b) Large full thickness meniscal radial tear gap and bone edema (gray areas) in femoral condyle and tibal plane.

Figure 2a, b: MRI before treatment with ciMSC EVs on 04-27-2023 (a): Large tear gap (arrow) along with bone edema and effusion.
(b) MRI 10 weeks after treatment with ciMSC EVs on 10-02-2023: Improvement in various domains. Small radial meniscal tear gap

scar (arrow), restored meniscal continuity, eliminated bone edema in tibia head and condyles, reduced peripatellar effusion, and greatly
reduced size of Baker cyst (almost vanished).
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Figure 3a, b: MRI imaging of the right knee joint 6 months after treatment on 19-01-2024.Further improvement in various domains:
(a) slightly reduced meniscal extrusion and minimal cartilage regeneration (gray border) between meniscus and femoral condyle. (b)
Narrow vertical consolidated scar (1-2mm) of the former full thickness radial meniscal tear (arrow), eliminated bone edema in tibia head
and femoral condyles, no osteoarthritis, no peripatellar effusion, and greatly reduced size of Baker cyst as compared with MRI imaging
before treatment.

Discussion

To the best of our knowledge, this is the first individual trial in
which a full thickness radial medial meniscal tear was successfully
treated by small Extracellular Vesicles (EVs<150um in
diameter) derived from bone marrow clonal immortalized
mesenchymal stromal cells, previously tested for
immunomodulatory and neuroregenerative capacities in a
mouse model, with full restoration of function in an
elderly long-distance runner (A.J.) [12].

Beyond the impressive scarring of the meniscal full thickness
tear with restoration of the structural continuity and
integrity, the anti-inflammatory effect of the EV treatment on
bone edema is conspicuous. Despite chondromalcia grade III-IV
in the MRI, there are no signs of osteoarthritis, swelling, or
effusion, and when walking or running there was no pain, joint
stiffness, or unsteady gait so that training could be resumed
without discomfort.

The present results in man corroborate previous experimental
evidence of meniscal repair in mice by extracellular
vesicles derived from mesenchymal stromal cells involving
endogenous cell growth and migration via the CXCLS5 and
CXCL6/CXCR?2 axes [24].

There are significant advantages of EVs over cell-based
therapy, including EVs less stringent storage conditions

live cells, simplifying treatment logistics, and reducing costs
[25]. Furthermore, MSC exosomes promote cartilage repair by
regeneration of osteochondral defects and alleviating osteoarthritis
degeneration [25]. Studies have shown that exosomes derived
from mesenchymal stromal cells(MSCs) from various sources
can effectively support cartilage regeneration by stimulating
chondrocyte proliferation, differentiation, and ECM synthesis
[25,26]. Also, EVs allow for allogeneic transplantation due to their
lack of MHC I and II antigens with potential for off-the-shelf use
of EVs from various donors, overcoming limitations of autologous
cell therapies. Due to the reduced susceptibility, EVs are more
resistant to damage at the injury site compared to fragile cells,
improving their therapeutic efficacy. Importantly, there is a lower
tumorigenicity risk because EVs are non-replicating in nature and
hence, the use of EVs reduces the risk of tumor formation that is
associated with certain stem cell therapies.

With respect to the present case report, in which a substantial
anti-inflammatory effect and meniscal scarring was observed, it is
noteworthy that EVs have been shown to modulate inflammation
by regulating macrophage polarization, potentially delaying or
preventing osteoarthritis progression [26], as well as promoted
production of key ECM components like collagen type II and
proteoglycans, contributing to cartilage homeostasis [27].
Also, specific miRNAs within EVs can promote chondrocyte
proliferation, further aiding in cartilage repair [26].
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Conclusion

Mesenchymal Stem Cell Have an Effect in the Management of
Osteoarthritis of the Knee? Meta-Analysis of Randomized Controlled

EVs hold significant promise as a cell-free therapeutic approach Trials CARTILAGE. 13: 1532S —1547S.

for cartilage repair. Their advantages over cell-based therapigs, ree 1, ittrich R, Arséne P, Jensen A, Giebel B (2023) EV products
combined with evidence supporting their efficacy in promoting obtained from iPSC-derived MSCs show batch-to-batch variations in
cartilage regeneration and modulating inflammation, make them a their ability to modulate allogeneic immune responses in vitro Front.

valuable avenue for further research and development. Addressing
the identified challenges will be crucial for realizing the fil#:

potential of EVs in clinical applications.
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