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ARTICLE INFO ABSTRACT
Keywords: Objective: MSCs and Platelet-Rich Plasma are the main focus in the study of new regenerative treatments aimed to
Extracellular vesicles reverse Osteoarthritis (OA). However, extracellular vesicles (EVs) present several advantages to cell-based

Knee OA in vivo model
Mesenchymal stromal cells
Osteoarthritis

Platelet lysate

treatments. Thus, the aim of this study was to compare and evaluate the regenerative potential of MSC-
derived EVs (cEVs) and platelet-derived EVs (pEVs) in an OA cartilage rat model.

Design: OA in vivo model was established through injection of 6 mg MIA in the rat knee joints. After 14 and 21
days, OA knee joints were treated with 1 x 10'° particles of pEVs or cEVs. At day 28, the animals were sacrificed,
plasma was collected to quantify CTX-II and knee joints were excised to be evaluated by Cone Beam Computed
Tomography (CBCT). After decalcification, histology was used to determine the OARSI score and to visualize
collagen and glycosaminoglycan content.

Results: pEVs and cEVs samples did not show significant differences per se but they did in terms of regenerative
effects on OA knee joints. pEVs-treated knee joints showed better subchondral bone integrity in CT-analysed
parameters when compared to cEVs or OA group, showing similar values to the healthy control group. More-
over, OARSI score indicated that pEVs showed a greater OA reversion in knee joints, especially in female rats,
and so indicated the analysed histological images.

Conclusions: pEVs are proposed as a viable regeneration treatment for OA since they are not only capable of
exerting their regenerative potential on osteoarthritic cartilage, but also outperform cEVs in terms of efficacy,
particularly in females.

Significance statement: Osteoarthritis (OA) is one of the most age-related diseases. It is estimated that 500 million
people suffer from OA worldwide, representing the principal cause of chronic disability in adults. In the present
study we evaluated the therapeutic effect of extracellular vesicles (EVs) from different sources (platelet lysate
and human umbilical cord mesenchymal stromal cells) in an in vivo rat model. Our results demonstrate that
platelet-derived EVs (pEVs) induce an OA reversion in knee joints, thus evidencing the therapeutic potential of
PEVs as cell-free regenerative agents for OA treatment.

The translational potential of this article: Platelet-derived extracellular vesicles (pEVs) offer a promising cell-free
therapy option for OA treatment. Their production could be easily standardized and reproduced without
extensive platelet harvesting and amplification, thus paving the way for their clinical translation.
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1. Introduction

Osteoarthritis (OA) is a chronic joint disease that causes articular
cartilage deterioration and bone structure alteration. It’s associated with
chronic pain, inflammation, and disability, affecting patients’ quality of
life as they age [1]. The articular cartilage is avascular and elastic and
contains chondrocytes that produce the extracellular matrix, including
the main proteins aggrecan and type II collagen. Damage to the Extra-
cellular Matrix (ECM) is a hallmark of OA and leads to joint instability,
as cartilage has limited self-healing ability [2]. Hence, regenerative
treatments for OA have been in the spotlight.

Knee OA treatments include surgical options like Autologous Chon-
drocyte Implantation (ACI) and non-surgical therapies such as platelet-
rich plasma (PRP) or hyaluronic acid injections [3,4]. However, they
only offer palliative relief and do not modify the disease course. ACI has
low efficacy, it is invasive, and it is not cost-effective since the success
rate are variable. PRP has patient-to-patient variability and no stan-
dardized protocol [5,6]. Cell-based therapies using mesenchymal stem
cells (MSCs) show potential for tissue repair but have limitations such as
low engraftment, high cost, and the need for surgeries [7,8].

Extracellular vesicles (EVs) are cell-derived membranous bodies with
a powerful regenerative potential that can emulate the beneficial effects
of cell-based therapies, avoiding their drawbacks. EVs oversee cell-to-
cell communication and their regenerative effects have been widely
proven in different diseases and injuries [9]. Their origin may vary, but
MSCs are the main source used until now with proven effects.
MSC-derived EVs (cEVs) have shown relevant therapeutic roles in in-
flammatory, respiratory, or neurodegenerative diseases [10,11]. Their
effect has also been proved on regulating cartilage renovation while
interfering with chondrocyte destruction and improving osteochondral
repair [12]. However, the use of MSCs as EVs source presents some
limitations for their clinical translation arising from their cell culture
conditions, such as the high-cost cell maintenance or the use of exoge-
nous reagent for cells growth that may cause adverse effects. Moreover,
MCSs present decreased regenerative potential and reduced number
with donor age [13,14]. Therefore, other non-MSC sources are also
being investigated. As mentioned before, PRP is being used as a possible
treatment for OA [4], thus, constituting an alternative as EV source [5].

Platelet-derived EVs (pEVs) have proven effect in different diseases
and injuries in the regenerative field [15]. pEVs have shown a variety of
effects in in vitro studies such as osteogenic potential on human umbil-
ical cord MSCs (hUC-MSCs) [16] or, in ex vivo OA-induced model with
cartilage explants where pEVs improved the collagen content and
decreased the glycosaminoglycan (GAG) degradation in cartilage over
time [17]. In vitro studies with pEVs derived from PRP promoted
chondrocyte proliferation and migration, while in vivo OA models also
treated with PRP-derived EVs showed improvement in OA progression
[18,19].

Hence, here we aimed to evaluate the therapeutic use of pEVs as a
potential cell-free treatment compared to cEVs in a validated animal
model of OA, since MSCs, as EV source, are the cell-based treatment par
excellence and cEVs are the most extended EVs used in tissue regener-
ation studies. Thus, we hypothesize that pEVs and cEVs, will present at
least, similar effects in terms of regenerative potential for OA.

2. Materials and methods
2.1. Ethics committee approval and considerations

Human umbilical cord-MSCs and platelet lysate (PL) used for EV
isolation were obtained from IdISBa Biobank, with the approval of the
Ethics Committee (IB 1995/12 BIO) after ethical approval of the project
by the CEI-IB (IB 3656118 PI). The in vivo study was approved and
registered by the Ethical Committee of Animal Experimentation of the
Balearic Islands (CEEA-125-09-19).
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2.2. Human platelet lysate processing

Buffy coats were obtained from the IdISBa Biobank with the Ethics
Committee approval (IB 1995/12 BIO) after ethical approval of the
project by the CEI-IB (IB 3656118 PI). From these buffy coats, platelet
concentrates were prepared following the conventional procedure used
in blood banks with minor modifications. Briefly, six fresh buffy coats
containing 25-40 % of residual plasma were pooled without any
consideration of blood group, gender and/or age. When it was possible,
buffy coats with platelet concentration above 200 x 10° platelets/] were
used. Buffy coats from donors who had taken non-steroidal anti-in-
flammatories (NSAIDs) were excluded.

Selected buffy coats bags were washed with 0.9 % NaCl, centrifuged
at 650xg 10 min and then, leukocytes were filtrated to finally obtain a
platelet concentrate. Platelet concentration was determined and
adjusted at 1,200-1,800x10 [9] platelets/l. To obtain PL, at least, three
freeze/thaw cycles (—80 °C/37 °C) were performed to lyse more than 80
% of platelets. Then, a centrifugation at 5,050xg for 20 min at room
temperature discarded cell debris and supernatant was filtered by 40 pm
pore size membrane (Haemonetics, Fajardo, Puerto Rico USA). Then,
microbiological control assays were performed by using the BACT
ALERT system for aerobic and anaerobic growth. Finally, the whole
batch was aliquoted in 50 ml tubes and stored at —20 °C until use.

Then, to eliminate small cell debris, PL was centrifuged at 1,500xg
for 15 min at 4 °C and then at 10.000 x g for 30 min at 4 °C. supernatant
was filtered through 0.8 pm pore size membrane (Sartorius, Germany)
for large cell debris elimination and then through 0.2 pm porous
membrane (Sartorius). Afterwards, PL that was to be used for EV
isolation by size exclusion chromatography (SEC) was aliquoted in 5 ml
aliquots.

2.3. MSCs culture, EV production and conditioned medium processing

To obtain EVs from hUC-MSC, cells were cultured to obtain condi-
tioned media as previously described [17] to produce cEVs. Once
conditioned media were processed, a 5 mL aliquot was injected into the
SEC system.

2.4. Size exclusion chromatography (SEC)

PL-derived EVs (pEVs) and hUC-MSC-derived EVs (cEVs) were iso-
lated by SEC as described in previous studies [17]. Five millilitres’ ali-
quots were eluted with PBS. Enriched EV fraction was collected for each
sample according to the chromatogram obtained at 280 nm UV
absorbance.

2.5. Total protein quantification

Total protein quantification of EV samples was performed by reading
absorbance at A = 280 nm with the NanoDrop spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA).

2.6. Nanoparticle tracking analysis (NTA) and purity ratio

Nanosight NS300 (Malvern Instruments, Malvern, UK) was used to
determine EV concentration (particle/mL). Settings were adjusted ac-
cording to the manufacturer’s manual and samples were diluted 1,/1000.
Purity ratio was calculated as described by Webber et al. [20].

2.7. Osteoarthritic animal model

Thirty healthy 8-week-old Wistar rats (15 males —330 g + 7- and 15
females —191 g + 10 g-) were used as knee OA model as described by
others [21]. The left knee joint was settled as OA group in all rats by
injecting 6 mg of monoiodoacetate (MIA, Sigma-Aldrich)/25 pL in
sterile saline through the patellar tendon. The right knee joint of 6 males
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and 6 females were settled as control group and injected with 25 pL
sterile saline. After 14 days, animals were equally distributed into three
groups of 5 males and 5 females, and treated through the patellar tendon
as follows: OA (OA-model injected with 25 pL sterile saline), pEVs
(OA-model treated with 1 x 10'° PEVs) and cEVs (OA-model treated
with 1 x 10'° ¢EVs). Healthy right knee joints were injected with 25 L
sterile saline and settle as control group. At day 21, treatments were
re-administered. OA model treatment was conducted in a blinded
fashion by the operator.

2.8. Samples collection

At day 28, animals were euthanized, legs were disarticulated at the
hip joint and stored in 4 % paraformaldehyde for 1 week at 4 °C to
further processed them to clear the entire knee joint for cone beam
computed tomography (CBCT) and histological preparation. During
hindlimbs disarticulation, blood was collected in EDTA tubes (Microv-
ette® CB 300 EDTA potassium, Sarstedt) to obtain plasma that was
stored at —80 °C until use. All animals survived and were included in
further analysis; none was excluded from any experiment.

2.9. CBCT and CTan analysis

Hyperion X9 CBCT Scanner (MyRay, Cefla s.c., Italy) was used to
scan fixed knee joints. Settings fixed at ultra-high resolution CBCT ex-
amination, field of view 11 x 8 cm with an X-ray source of 90 kV and 3
mA with a pixel size of 80 pm. The entire subchondral bone area was
considered for the evaluation. Femur, tibia and meniscus were recon-
structed, and 3D-analysis was performed independently using CTan
software (Skyscan, Aartselaar, Belgium) (Table 1) previously calibrated.

2.10. Histology

After CBCT, knee joints were decalcified and embedded with paraffin
to slice in 6 pm tissue sections for staining of collagen fibers (Sirius Red
F3BA), proteoglycans (Safranin O and toluidine blue) or cartilage-bone-
inflammation (Bone-Inflammation Cartilage -BIC-). Images were taken
at 50x under polarized light for Sirius Red F3BA staining or under bight
field for the other stains.

BIC-stained images at 200x and 500x were evaluated to determine
the inflammation grade inducing synovitis at the synovia membrane,
according to previous studies [22,23].Safranin O-stained images at 500x
were evaluated according to the Osteoarthritis Research Society Inter-
national (OARSI) scoring system [24,25] (Table 2). Images were
analyzed independently and by 3 different blinded operators.

2.11. ELISA CTX-1I

Cross Linked C-Telopeptide of Type II Collagen (CTX-II) was evalu-
ated from serum samples by the commercially available ELISA kit and
according to the manufacturer’s instructions (Abbexa, United Kingdom).
2.12. Statistical analysis and data availability

Statistical analyses were performed using IBM SPSS software version

Table 1
CTan parameter to analyse knee joint after CBCT scanning.

vBMD Volumetric bone Bone density within a mixed bone-soft tissue
mineral density region

BV/ Percent bone volume Ratio of the segmented bone volume to the total
TV volume of the volume of interest (VOI)

BS/ Bone surface density Ratio of the segmented bone surface to the VOI
TV

Tb.Th Trabecular thickness

Tb.Sp Trabecular separation

Mean thickness of trabeculae
Mean distance between trabeculae
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Table 2
OARSI scoring system.

STAGE (% OA Involvement in surface, area or

volume)
GRADE (OA depth progression into SO S1 S2 S3 S4
cartilage) No <10 10-25 25-50 >50
OA % % % %
GO Intact, uninvolved — — — — —
cartilage.
G1 Irregular but intact surface. ~ — 1 2 3 4
G2  Superficial fibrillation. — 2 4 6 8
G3  Vertical fissures. — 3 6 9 12
G4  Partial loss of cartilage not — 4 8 12 16

extending to the tidemark.
G5  Partial loss of cartilage — 5 10 15 20
beyond the tidemark but
not till bone.
G6 Bone loss, remodelling, — 6 12 18 24
deformation.
Score = grade x stage

25. The sample size was 10 knee joints rats for each OA treated or not
treated group (5 males and 5 female) and 12 knee joints for control
group (6 males and 6 females). Shapiro-Wilks test was performed to
indicate parametric or non-parametric distribution. For non-parametric
results, Kolmogorov-Smirnov test with U-Mann Whitney and parametric
results were analyzed by ANOVA test with Bonferroni post-hoc.
GraphPad Prism software version 7.0 was used to represent the re-
sults. All data was deposited in the figshare repository (http://figshare.
com/) https://doi.org/10.6084,/m9.figshare.22360123.

3. Results
3.1. pEVs and cEVs characterization

Same batch of pEVs and cEVs used in this work have previously been
used in a previous study on an ex vivo OA model [26]. All 16,17.27the EVs
specificities and vesicular nature markers were confirmed following the
criteria of MISEV2018 guidelines [9] as can be consulted in the
EV-TRACK knowledgebase (EV-TRACK ID: EV230588) [28]. Particle
concentration and size were evaluated by NTA, showing pEVs a con-
centration of 6.0 x 10! particles/mL and a purity of 8.9 x 10® parti-
cles/pg of protein, and cEVs a concentration of 6.7 x 10 particles/mL
with a purity of 9.66 x 10° particles/pg of protein.

3.2. Effects of EVs treatments on the subchondral bone in OA rats

CTan analysis of the subchondral bone of knee joints is shown in
Table 3 coloured following a heatmap gradient to facilitate comparison.
Results evidence that pEVs treated group presents a similar pattern to
Control group in almost every parameter evaluated. Especially in female
rats. vBMD was significantly decreased in the OA group when compared
to control both in male and female rats. Treatment with pEVs managed
to achieve vBMD values significantly higher than the OA group although
control values were not fully recovered. In contrast, no recovery was
observed for the cEVs-treated group. Furthermore, the BV/TV, BS/TV,
and trabecular thickness show similar pattern to vBMD, that is, lower
values were observed in OA joints that were partially recovered in the
pEVs treated group. For trabecular separation, higher values were
observed after OA induction, achieving partial recovery in the pEVs-
treated group.

3.3. Collagen degradation: CTX-II plasma levels

CTX-II is one of the molecular components derived from the collagen
degradation pathway that is used to evaluate collagen degradation
during the OA process. As shown in Fig. 1, non-significant differences
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Table 3

Knee joint 3D morphometric analysis by CTan.

(g/em’) Femur

Meniscus

BV/TV Knee Joint

(%)  Femur

Meniscus

Total Rats Male Rats Female Rats
%‘::;’2‘;' OA (n=10) i PEVs (n=10) cEVs (n=10) | Control (n=6) OA (n=5) PEVs (n=5) cEVs (n=5) Control (n=6) OA (n=5) i PEVs (n=5) EVs (n=5)
a ab ac a a abec a b ac
0328 + 0015 0.376  0.010 0314 + 0014 0376 + 0012 0.382 + 0.016 0.323 + 0,017 0279 +0.022 | 0369 +0.014 0306 +0.022
* 0383 = 0013 b0.421 <0008 0360 + 0016 * 0414 £ 0005 0431 % 0014 " 0366 = 0019 * 0339 £0.007 0353 +0.028
%0250 + 0,027 0304 £ 0010 0239 £ 0.021 " 0324 £ 00140310 £ 0018 0251 £ 0.023 *0.160 0002|0299 0,009 0227 £0.036
* 0349 = 0.017 b0.44)2 0007 0344 + 0016 *0389 £ 0015 | 0.404 £ 0011 " 0351 = 0.018 * 0309 £0017 l’0.399 20000 | 0337 003
a a a
64.2 + 3.7 69.0 + 2.7 605 = 3.5 74.1 % 3.0 731 + 3.8 66.9 + 4.2 544 +£5.9 64.9 +£3.5 542 +5.1
76.1 & 22 779+ 1.8 707+ 31 80.6 1.2 817 % 1.7 76.1 + 2.1 717 +£34 73.6 £1.9 653 +£4.9
‘25 + 62 “508 + 26 403+ 52 59.6 + 3.1 546 + 4.4 ‘412556 “yi6 c07 a0 52 333 +8.1
70.6 +33 | 82.1 %05 82.0 + 1.7 773 + 2.8 66.0 +4.1 743 £1.5 63.9 +4.5
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BS/IV" Knce Joint, 178 £ 007 | 2004009 174009 210 £ 016 205+ 0.3 186 + 0.14 165 £0.06
8 LX b
(") Femur 165 + 0.03 151 & 0.06 ; Max.
b
i *2.18 + 026 2.58 + 0.13 “205 + 023 2.72 + 0.08 2.65 + 0.20 “241 £ 026 ‘148 013 2.50 +0.17 * 170 £034
177 + 0.04 1.64 + 0.05 | 1.77 = 0.1 1.74 + 0.09 1.66 + 0.08 | 1.69 = 0.04 171 +0.05 162 +0.06
Tb. Th. Knee Joint 1.42 + 0.09 1.46 = 0.08 142 + 0.09 1.53 £ 0.13 1.53 £ 0.13 1.51 + 0.14 130 +0.11 140 £0.11 133 +0.11
b X
o) Fawur * 183 + 005 191 + 0.05 * 180 + 004 ‘lgrro0l | 199£001 188+ 004 ‘68 <003 178 £0.04 ‘174 =006
Meniscus 0.844 + 0046 0.863 + 0.029 0.853 + 0.024 0.893 + 0.045 0911 & 0.027 _ 0.855 = 0.012| 0.820 + 0.029  0.795 +£0.080 0816 +0.045 q
1.57 + 0.10 1.61 £ 0.03 1.58 + 0.07 | 1.66 + 0.06 1.63 + 0.05 1.73 + 0.09 ¢ 1.37 +0.06 1.59 +0.04 § 1.43 +0.06
Tb. Sp. Knee Joint | 0,483 + 0.020 0521 + 0032 0.469 + 0.02 0442 + 0.022 0449 % 0025 0431 + 0.017 0.523 + 0.030 40054 0.535
(o) Femur—[0,520 2 0,008 " 0.441 + 0035 0470 = 0.02 0.490 & 0.040 0404 + 0.013 0422 + 0.020 0.556 + 0.035 +£0.027  0.530 +0.022
Meniscus NSRRON a0.61)6 + 0.061 * 0,507 + 0.3 0.388 + 0.029 0441 + 0.011 _ 0.494 + 0.026 0.510 + 0.069 0.521 +0.054
Tibia 0.480 £ 0.031 0.428 =+ 0.023 0.412 + 0.02 0.404 £ 0.025 0378 + 0.015 0.510 + 0.047 0.543 +0.089 0.479 +0.036 Min.
VBMD: Volumetric bone mineral density; BV/TV: Percent bone volume; BS/TV: Bone surface density; Tb. Th.: Trabecular thickness; Th. Sp.: Trabecular Non-| ic data were ically compared by Kruskal-
Wallis with U-Mann Whitney (Knee Joint group in all parameters except for males in vBMD; Females® Femur group in BV/TV, BS/TV and Tb.Th.; males’ Femur; and Femur, Meniscus and Tibia of total animals in Tb. Sp). Parametric
data were compared by ANOVA with Bonferroni or Games-Howell as post hoc in the rest of the results. Data represented as mean + SEM and were considered statistically significant at p < 0.05; p < 0.05 vs. Control; °p < 0.05 vs.
0A; cp <0.05 vs. pEVs. A heat map gradient for each variable among the different groups was evaluated and stratified by total rats, male rats or female rats, being the minimum values the lighter blue and the maximum values the
darker blue according to the bar shown on the right of the table.
stages using images taken at tibial plateau to assure a plane perpen-
- 400 dicular to the growth plate in frontal sections. Following the indications
= of previous studies [25] differences in OA progression were found be-
?g tween males and females (Fig. 2). Despite the more severe OA process in
~ 300+ females, treatment with pEVs achieved a better improvement in females
= . .
= I than in males. Such an effect could not be seen in the cEVs treatment
E _T_ group, in which males and females displayed the same OA progression
2 200 stage. Moreover, pEVs do not only present a better recovery than cEVs
g but also compared to the OA group, reaching a score near to the control
% group, which do not present OA induction. In line with these results,
2 PEVs also presented a lower inflammatory ratio when compared to the
- 100+ OA group, especially in females. However, no major differences were
— .
v observed in males between treatments although OA and pEVs were
[ : significantly more inflamed than the control group or the cEVs group.
@] 0- - : v - T
DA DAL DT . .
<O Q,AQ‘,A O Qﬁé <O Q’,AQ, 3.5. Histology of OA knee joints treated with EVs
& e & e & e
P %y &®
Histological images in Fig. 3 agree with the results obtained for the
Total Male Female 8 8 8-> ag

Fig. 1. CTX-II plasma levels. CTX-II plasma levels measured the day of the
sacrifice of the animals. Results are shown as total animals or sorted by
gender. Data represents the mean value = SEM. For statistical analysis. Total
and Female groups presented a parametric distribution and were analysed by
ANOVA with Bonferroni as post hoc for parametric results. Male group pre-
sented non-parametric distribution and was analysed by Kruskal-Wallis with U-
Mann Whitney. The sample size was 10 plasma samples for each OA treated or
not treated group (5 males and 5 female) and 12 plasma samples for control
group (6 males and 6 females).

were found between groups, neither when stratifying by gender.

3.4. OARSI and synovitis scores

OARSI scoring allows a consensual classification of the different OA

subchondral bone microstructure presented in Table 3. In general, OA
group presented a poor state in males and females, showing cartilage
thinning and atrophy due to chondrocyte death, cartilage fibrillation
and osteophyte presence in some cases, while control group showed a
perfect knee joint with intact structures and great content of GAG and
collagen. pEVs treated group presented slightly better results in cartilage
matrix (toluidine blue and safranin O staining) rather than in cEVs, in
males and females. In terms of collagen content, cEVs showed a higher
presence of large collagen fibers (yellow in the Sirius Red F3BA staining)
in females when compared to pEVs. For the BIC staining, pEVs showed
similar appearance to the control group with the adequate presence of
GAG and collagen (purple-pink) and bone (red-pink). However, cEVs did
not present those purple tones, either in males or females, meaning a
lack of GAG and collagen. As for OA group, there was an uneven dis-
tribution of GAG and collagen with an odd joint structure, especially in
females and if compared with control group, indicating a massive effect
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MALE

Control

BIC
200x

BIC
500x

Synovitis score

Safranin O
500x

OARSI score ‘

FEMALE

BIC
200x

BIC
500x

Synovitis score

Safranin O
500x

150 um

ST 150 um: 15D S s
b 5 L] Ap— LR
OARSI score 00 200 10 + 22
Min. Synovitis/OARSI Score D Max. Synovitis/OARSI score

(caption on next page)
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Fig. 2. Representative images for 2D CBCT, Synovitis and OARSI scores for osteoarthritic rat knee joints after EVs treatment. 2D representative CBCT images
represented with arrow to indicate osteophyte formation. Synovitis score obtained after the analysis of BIC staining images by four independent observers. BIC
staining marks different structures at the same time: GAG and collagen in purple-pink, bone in red-pink and muscle in green and allow to observe inflammatory cells
infiltration at a magnification of 200 x and 500x. OARSI score obtained after grading and staging by three independent observers. Safranin O staining is the indicated
stain to perform the OARSI score analysis. Red colour indicates GAG presence. Pictures were taken at a magnification of 500x. Deep blue in OARSI score indicates
higher OA grade while pale blue indicates a lower OA grade if any. The sample size was 10 knee joints rats for each OA treated or not treated group (5 males and 5
female) and 12 knee joints for control group (6 males and 6 females). Synovitis scores were statistically analysed by ANOVA with Games-Howell as post hoc for
males. Data represented as mean + SEM and were considered statistically significant at p < 0.05: OA group p = 0.004 vs. Control; pEVs group °p < 0.001 vs. Control.
Females were statistically analysed by Kruskal Wallis with U-Mann Whitney and considered statistically significant at p < 0.05: OA group *p = 0.029 vs. Control; OA
group “p < 0.0001 vs. Control; pEVs group *p = 0.019 vs. Control and ’p = 0.010 vs. OA; cEVs group “p = 0.004 vs. Control, ’p = 0.028 vs. OA and p < 0.001 pEVs.
OARSI scores were statistically analysed by ANOVA with Bonferroni as post hoc. Data represented as mean + SEM and were considered statistically significant at p <
0.05 for males: OA group °p < 0.0001 vs. Control; pEVs group *p = 0.0042 vs. Control; cEVs group *p < 0.0001 vs. Control and °p = 0.0174 pEVs. And for females,
results were also considered statistically significant at p < 0.05: OA group ®p < 0.0001 vs. Control; pEVs group °p = 0.0003 vs. OA; cEVs group *p < 0.0001 vs.

Control and “p = 0.0065 pEVs.

of OA process in the OA group.
4. Discussion

Our results highlight that EVs derived from different cell sources
exert different regenerative effects on an osteoarthritic environment.
MSCs have been long studied in the regenerative field including osteo-
chondral diseases, as well as cEVs. However, in the present OA animal
model pEVs demonstrated a better outcome in the regeneration of
cartilage joint after an OA process, especially in females.

EVs derived from different sources did not present major differences
once characterized in terms of particle concentration, size or membrane
markers by conventional methods [16,17,27]. However, their effect as a
regenerative treatment on osteoarthritis in vivo model revealed that
their regenerative potential differs. cEVs have been studied as an
alternative to MSCs used in the regenerative field. Although EVs derived
from MSCs have been shown to promote a beneficial effect in OA
treatment [29,30], it is worth mentioning that different kinds of MSCs
present different proteome and secretome profiles [31,32]. Therefore,
EVs derived from different MSC sources could induce different effects.
This could explain why our treatment with cEVs derived from umbilical
cord MSCs did not replicate results reported in other studies, based on
adipose MSC-derived EVs, bone marrow MSC-derived EVs and synovial
MSC-derived EVs. Indeed, adipose MSC-derived EVs showed a higher
ability to induce cartilage and bone regeneration than the other two
[29].

OA is a progressive disease that causes cartilage loss, bone and
fibrocartilage substitution, and osteophyte presence [25]. The need for
effective regenerative treatments is crucial, and the disease stage when
treatments are applied is decisive in determining if the OA process can
be reversed [33]. OA induction by MIA injection in rats is a standardized
protocol to obtain a bona fide OA. As OARSI score indicated in this
study, OA was reached and EVs partially restored knee joint integrity,
especially with pEVs treatment, suggesting that the source from which
EVs are derived -PL vs. MSCs-can play a role in the recovery of cartilage
recovery in an OA model. Moreover, males and females responded
differently, especially in CTan analysis and OARSI score. Despite women
have a higher prevalence of OA than men [34], most animal studies of
OA have been performed in males, and those that have included both
sexes have confirmed sex differences in development of OA, but, con-
trary to our results, higher OA development is observed in male mice in
several murine OA models [35-38], while previous studies in rats have
found that old females are most vulnerable to OA [39]. This sex
dimorphism could be due to differences in anatomical joint size, animal
weight, hormones, and biomechanical processes intrinsic to animal sex
affecting OA progression [40]. It is worth reminding that used animals
were of the same age, with males being heavier than females. Females
were more susceptible to OA damage, resulting in more severe OA [41].
Here, we observed higher OA development in females along with better
treatment outcomes, possibly due to the fact that males do not develop
OA in the same way as females due to the sex-related factors, as

mentioned before, and probably the stage of OA that males reach cannot
be perceived in the same way as in females. OA also causes changes in
body weight and affects the ability of the damaged knee to withstand
weight-bearing loads, which can affect OA progression [42].

Safranin O and toluidine blue are excellent staining techniques to
identify the degradation of GAG in cartilaginous tissue. In presence of
OA, it is recommended to perform both, since safranin O is not a sen-
sitive indicator of GAG content in tissue with inflammation and severe
cartilage loss [43]. However, safranin O is the staining recommended by
OARSI to clearly identify the OA stage of osteoarthritic tissue [24,25].
Other stains to consider are BIC and Sirius Red F3BA, which allow to
analyze the bone-cartilage state and the collagen presence. Sirius Red
F3BA images showed a higher presence of large collagen fibers (yel-
low-orange) in those groups treated with pEVs or cEVs.

OARSI score allowed to classify the OA severity in the osteoarthritic
knee joints. As previously mentioned, safranin O images were analysed
by three different observers to reassure objective classification. Results
showed, as expected, that OA is correctly achieved with the OA animal
model via MIA intra-articular injection. Moreover, the pEVs treatment
showed not only a better knee joint integrity compared to the OA group,
but also when compared to the cEVs treated group. Thus, indicating that
pEVs interact in the cartilage regeneration pathways to improve the OA
state at the knee joint. Other scoring system could be used such as
Mankin or Collins, however, these systems present less score points for
OA classification and are intented for severe OA, while OARSI score can
be used for milder or earlier OA stages [25]. Besides, inflammation was
evaluated through the synovitis score, our findings indicate that females
presented a reduced inflammation rate when exposed to pEVs.

Type II collagen degradation during OA releases CTX-II, which is
quantifiable and has been proposed as an effective cartilage degradation
biomarker [44]. However, in this study, the OA group had lower levels
of plasma CTX-II compared to the control group, and pEVs had similar
levels to the control group. This result differs from other studies that
measured CTX-II in urine and found higher levels in OA patients. Luo
et al. [45] noted that CTX-II fragments’ sequences detected from urine or
blood differ, leading to different sensitivity in CTX-II quantification. This
suggests that CTX-II detection from plasma has limitations and other
sample sources, such as urine or synovial fluid, should be explored.

Histologic analysis showed that the in vivo model developed OA, and
EVs treatment partially reversed the degenerative process, especially in
females. Surprisingly, pEVs not only could improve the osteoarthritic
joint but also surpass the beneficial effects that have been reported in the
bibliography for cEVs used as a treatment in OA and other regenerative
studies [46,47], highlighting the potential use of platelets as a source of
EVs for regenerative medicine, particularly in the treatment of OA.

Limitations of the in vivo model should be also considered. Even
though the male-female intrinsic variation, the rat model is one of the
most extended OA in vivo models. This animal model is affordable, easy
to manage and of sufficient size to perform different techniques. How-
ever, the small size of tissue samples in these models also mean that they
may have anatomical and histological differences when compared to
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Fig. 3. Histological analysis of decalcified osteoarthritic rat knee joints after EVs treatment. Images of knee joint in male (A) and female (B) rats. Safranin O
staining dye in red GAG components in the ECM are stained in red for Safranin O stained samples and in purple in for Toluidine Blue stained samples. BIC staining
mark different structures at the same time: GAG and collagen in purple-pink, bone in red-pink and muscle in green. Collagen stained with Sirius Red F3BA visualized
under polarized light microscopy reveals larger collagen fibers as bright yellow or the thinner ones as orange, reticular fibers are detected as green (50). Pictures were
taken at a magnification of 50 x. The sample size was 10 knee joints rats for each OA treated or not treated group (5 males and 5 female) and 12 knee joints for control
group (6 males and 6 females).
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humans. This implies the use of a more complex in vivo model when
aiming a translation to clinics of a potential new treatment. Moreover,
apart from the MIA intra-articular model, other strategies can also be
considered, such as a surgical knee joint destabilization or spontaneous
models induced by aging and genetically modified animals to develop
OA [48]. Published work has used pain behaviour tests to evaluate OA
models [38,49] or in response to drug administration. Unfortunately, we
did not make such determinations in our work, which is a limitation of
our study.

Clinical translation of pEVs may be easier than that of cEVs since
their MSC source presents several hurdles in the translation from bench
to bedside as therapy, such as the large-scale production and consequent
loss of potency due to prolonged in vitro expansion of cells to obtain
more EVs, which may cause the loss of clonal and differentiation ca-
pacity of the source, whilst pEVs paves the way as cell-free therapy
overcoming any of these challenges [50]. pEVs obtention do not need
large-scale platelet harvesting and platelets as a source do not lose their
properties over time. The use of platelets and, therefore, pEVs, as
non-MSC sources, present also advantages that overcome the in-
conveniences with other platelet concentrates such as PRP, which is
currently used as autologous therapy in OA but even so, it is not suitable
for all patients. pEV obtention could be easily standardized, their
preparation is reproducible, and it is possible their storage for their use
off-the-shelf in clinics [5,6]. Moreover, it should be considered that OA
lacks effective regenerative treatments, and clinical trials with new
Disease- or Structure-modifying OA drugs (DMOADs or SMOADs) have
failed [51]. Furthermore, other therapies available imply painful, sur-
gical, expensive, and time-consuming processes for the patient and/or
for the treatment production [52].

As a future perspective, further studies, such as the multiomics
approach in EV content and composition, should be performed to
elucidate the mechanism of action underlying the differential effect of
PEVs and cEVs on OA.

5. Conclusions

Cell therapies present different drawbacks that lead to consider the
use of alternative non-MSC sources in OA regeneration. cEVs present
also some disadvantages in terms of clinical translation, so here, pEVs
are presented as a feasible regenerative treatment for OA. Our results in
an OA in vivo model in rats comparing pEVs and cEVs show a regen-
erative potential of pEVs on osteoarthritic cartilage, with a particular
tendency towards positive effects in females, showing comparatively
higher efficacy when compared to cEVs. All in all, here we postulate
PEVs to be considered as a cell-free regenerative treatment for OA,
which lacks in regenerative treatments, and for sure, these results will
benefit to broad the research field of new regenerative therapies.
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