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Abstract

Purpose To evaluate the regenerative potential of surnatants (SNs) from bone marrow concentrate (SN-BMC) and expanded
mesenchymal stromal cells (SN-MSCs) loaded onto a collagen scaffold (SC) in comparison with cell-based treatments (BMC and
MSCs) in an osteochondral (OC) defect model in rabbits.

Methods OC defects (3 X 5 mm) were created in the rabbit femoral condyles and treated with SC alone or combined with SN-
BMC, SN-MSCs, BMC, and MSCs. In control groups, the defects were left untreated. At three and six months, the quality of
regenerated tissue was evaluated with macroscopic, histologic, microtomographic, and immunohistochemical assessments. The
production of several immunoenzymatic markers was measured in the synovial fluid.

Results All proposed treatments improved OC regeneration in comparison with untreated and SC-treated defects. Both BMC and
MSCs showed a similar healing potential than their respective SNs, with the best performance exerted by BMC as demonstrated
with macroscopic and histological scores and type I and II collagen results.

Conclusions SNs loaded onto SC exerted a positive effect on OC defect regeneration, underlying the biological significance of
the trophic factors, thus potentially opening new opportunities for the use of cell-free-based therapies. BMC was confirmed to be
the most beneficial treatment.
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Introduction

Osteochondral (OC) lesions involve injuries of both bone and
cartilage compartments, leading to an alteration in tissue ar-
chitecture with the release of inflammatory and catabolic me-
diators [1]. Current therapies regenerate a tissue with reduced
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biological, biomechanical, biochemical, and viscoelastic char-
acteristics, leading to poor long-term outcomes [2]. Among
the biological treatments, the transplantation of expanded
mesenchymal stromal cells (MSCs) alone or in combination
with bioactive scaffolds has attracted researchers [3—5]. Also,
the one-step approach, with the transplantation of bone mar-
row concentrate (BMC), has been developed not only to over-
come the limits associated with the use of the culture expand-
ed MSCs, but mainly because of good results reported in
preclinical and clinical studies [6-9].

MSCs show a secretory pattern and their key paracrine con-
trol molecules (exosomes, microvesicles) are involved in tissue
healing processes, making the cell-free approaches a new and
still less exploited therapeutic tool [1, 10, 11]. Thus, MSC
surnatant (SN-MSCs) could be employed for a cell-free thera-
peutic approach, overcoming the drawbacks of the use of cells
and a direct release of autologous factors immediately into the
lesion site. In vivo, SN-MSCs have already been employed
prevalently in rat calvarial and periodontal defects or in
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osteopenic animals [11]. However, less is known about carti-
lage regeneration, and to date, only one study showed a
neocartilage formation in athymic mice, after the subcutaneous
implantation of MSCs expanded in chondrocyte SN [11]

Therefore, the present research aims to evaluate the feasi-
bility of the use of SNs derived from BMC and MSCs as a
new approach for the treatment of OC defects created in rabbit
knees. To ensure a better stay into the defects site, SN-BMC,
SN-MSCs, BMC, and MSCs were loaded onto a collagen
scaffold (SC). Based on the importance of paracrine role by
progenitor cells, we hypothesized that the use of SN-BMC
and SN-MSCs could contribute to the regeneration of the
OC tissues, thus posing the basis for the development of a
cell-free therapeutic approach

Materials and methods

The experimental protocol and surgical procedures were ap-
proved by a local Ethical Committee and authorized by the
Italian Ministry of Health (7itle of the project: One-step sur-
gery with stem cells for the treatment of osteochondral le-
sions—No. 0017661, approved on May 29, 2013). Thirty-six
male New Zecaland rabbits (HARLAN Laboratories SRL,
Udine-Italy) (3.04+0.2 kg) were used and maintained in ac-
cordance with 2007/526/CE protocols. The animals were
housed individually with enriched materials in a controlled
environment and exposed to a 12 hour light/dark cycle.
Rabbit welfare was monitored daily and animals had free ac-
cess to food and water and were maintained for at least
ten days prior to the beginning of the surgical procedures to
allow for acclimatization.

Experimental design

Bilateral OC defects were created in medial femoral condyles.
BIOPAD (Novagenit, Trento-Italy), a heterologous equine
type I collagen, was used as SC for cells and their SNs and
properly shaped before implantation.

Animals were randomized into three groups of 12 animals
each:

— Group 1 (CTR): SC (left condyle), no treatment (right
condyle);

—  Group 2: SC + BMC (left condyle), SC + SN-BMC (right
condyle);

—  Group 3: SC + MSCs (left condyle), SC + SN-MSCs
(right condyle).

Groups 1 and 2 were treated in the same surgical session. In

group 3, OC defects were created two weeks after BM har-
vesting and MSC isolation and expansion.
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A lateral knee arthrotomy was performed to expose the
femoral condyles and an OC defect (3 x 5 mm) was created
in the loading area of both medial condyles. The general an-
esthesia, post-operative management, and euthanasia proto-
cols were indicated in Online Resource 1.

At the time of euthanasia, synovial fluid (SF) was collected
for immunoenzymatic assays and femoral condyles were
explanted for macroscopy, microtomography (Micro-CT),
histology, and immunohistochemistry (IHC).

BMC and MSCs

Before surgery, 5.0 + 0.5 ml of bone marrow aspirate (BMA)
from the posterior iliac crest of each animal was placed into a
syringe coated with saline-heparin solution. In group 2, BMA
was centrifuged for 10" at 1000 rpm to obtain both BMC and
SN-BMC, prepared in the same surgical session and com-
bined with SC to be implanted into group 2. In group 3,
BMA was processed to isolate and culture MSCs up to pas-
sage 2, as already reported [6]. In order to obtain SNs, MSCs
at passage 2 were seeded at a density of 10,000 cells/cm?®. At
70-80% confluence, MSCs were cultured in serum-free me-
dium and kept for 48 hours at 37 °C and 5% CO,_ After this
incubation, each SN was collected, placed onto SC, and im-
planted (1 ml of BMC and 2 x 10° MSCs).

The remaining amount of BMC was analyzed through
haemocromocytometry, May Grunwald Giemsa staining,
and the colony-forming unit fibroblast (CFU-F) assay and
colonies (> 50 cells) were counted [12]. An aliquot of SN-
BMC and SN-MSCs was collected for immunoenzymatic as-
sessments. Moreover, remnants of engineered constructs of
BMC and MSCs were embedded in optimal cutting tempera-
ture (OCT) sectioning medium. Samples were cryosectioned
at 12 um and stained with haematoxylin and eosin (Sigma-
Aldrich, St. Louis, MO, USA).

Post-explant evaluations

Femoral condyles were evaluated according to the
International Cartilage Repair Society (ICRS) macroscopic
assessment scale [13].

Micro-CT evaluations were performed as in Online
Resource 2.

Femoral condyles were fixed in 10% neutral buffered for-
malin, decalcified in a 4% hydrochloric acid and 5% formic
acid solution, and then processed for paraffin embedding.
Coronal sections (5+ 1 wm) were obtained and sections from
the central portion of each defect were stained with Safranin
O/Fast Green (Sigma-Aldrich). Histological images were ac-
quired and analyzed with the digital scanner Aperio
ScanScope (Aperio ScanScope CS, Aperio Technologies,
Leica Biosystems, USA) and the slides were scored by two
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blinded histologists adopting the semi-quantitative O’Driscoll
modified grading score [14].

IHC (type I and type II collagen) and immunoenzymatic
assays of SF were performed as indicated in Online
Resource 3.

Statistical analysis

Statistical analysis was performed using R v.3.4.3 soft-
ware [15]. Data are reported as mean = SD at a signif-
icant level of p<0.05. After having verified normal dis-
tribution (Shapiro-Wilk test) and homogeneity of vari-
ance (Levene test), data of bone marrow processing
were analyzed with Student’s ¢ test, while the other data
with two-way ANOVA, considering “treatment”—six
levels (CTR, SC, SC + BMC, SC + SN-BMC, SC +
MSCs, and SC + SN-MSCs) and “experimental time”—
two levels (3 and 6 months) factors as fixed effects. For
each dependent variable, the best model was obtained,
verifying both the main effects of factors and their in-
teractions. Thus, the analysis continued using the Tukey
HSD test to compare the effects or the interactions of
factors between the groups adjusting p value with the
Holm-Sidak correction.

Results
BMA and BMC

BMC showed higher total nucleated cells (TNC) (p <0.05)
and platelets (PLTs) (p <0.005) than BMA (Fig. 1a). The
resulting concentration factors of TNC and PLTs in BMC
were 3.12 and 2, respectively. May-Grunwald-Giemsa stain-
ing showed that most of TNC were neutrophils, whereas lym-
phocytes and monocytes were present at less extent (Fig. 1b).
After 14 days, the number of CFU-F was higher in BMC than
in BMA (p <0.005) (Fig. 1c).

Histological analysis on SC + BMC and SC + MSCs
showed cell colonization of the scaffold and the presence of
a heterogeneous population containing erythrocytes and dif-
ferent cellular populations in the group of SC + BMC
(Fig. 1d).

SN-BMC showed higher TGF-31, IGF-I, IL6 (p < 0.0005),
and VEGF (p <0.005) than SN-MSCs. BMC secreted lower
MMP-13 (p <0.0005) than MSCs, even though both cell-
based treatments displayed low levels of this protein
(Fig. 2a—e).

Post-explant results

Results of the ICRS macroscopic score and of Micro-CT are
observed in Table 1.

The greatest repair activity was obtained in the defects
treated with SC-BMC at both experimental times. No bone
cysts were observed and the SC was no longer visible at
three months.

At three months, untreated, SC-implanted defect, SC +
MSCs and SC + SN-MSC defects repaired with fibrous tissue
with no hyaline-like cartilage, SC + BMC defects with a
cartilagineous tissue with organized cells, and SC + SN-
BMC with fibrous tissue and chondrocyte clustering at the
native edges. Subchondral bone (SB) formation was detected
in both SC + BMC and SC + SN-BMC defects.

At six months, SB restoration was observed with a different
degree of thickness in all conditions. The untreated condyles
showed the absence of staining and several fissures and the
SC-treated lesions repaired with deep fissures and chondro-
cyte clusters along cartilage surface. SC + BMC defects
repaired with hyaline cartilage with orthochromatic red stain-
ing and normal cell organization in a columnar fashion, SC +
SN-BMC ones with a greater cartilage organization, even if
the center of the defect was still occupied by a pale stained
tissue with minor cellular organization, and SC + MSC and
SC + SN-MSC defects with a fibrocartilaginous tissue with no
cartilaginous extracellular matrix except at the edges of the
defects (Fig. 3).

At three months, a significantly higher score value was
observed for SC + BMC than for SC, SC + MSCs
(p <0.005), SC + SN-BMC, and SC + SN-MSCs (p <0.05).
SC + SN-BMC and SC + MSCs performed better than SC +
SN-MSCs (p < 0.05) (Fig. 4a).

At six months, SC + BMC and SC + MSCs performed
significantly better than control (p <0.05), while SC + SN-
MSCs score was lower than SC + MSCs (p < 0.05) (Fig. 4a).

Regarding type I collagen, at three months, untreated
femoral condyles showed higher positivity than all other
conditions with different degree of significance (p < 0.005
and p <0.0005). SC + BMC (p <0.0005) and SC + SN-
MSCs (p <0.005) had significant lower value than SC-
treated defects. SC + BMC positivity was significantly
lower than SC + SN-BMC (p <0.0005) and SC-MSCs
(p<0.005) (Fig. 4b).

At six months, all treatments and SC-treated defects
showed significantly lower positivity than untreated condyles
(p <0.0005 and p <0.05). A higher significant positivity was
found for SC + MSCs (p <0.0005) and SC + SN-BMC
(p <0.005) than for SC + BMC (Fig. 4b).

Regarding type II collagen, independently from experi-
mental time, SC + BMC showed higher value than untreated
defects (p < 0.005) and SC (p < 0.0005), while SC + SN-BMC
and SC + MSCs (p <0.05) showed a significantly higher
values than SC (Fig. 4c¢).

SC + BMC treatment displayed significantly higher IGF-1
than untreated (p <0.05) and SC-treated defects (p < 0.005),
independently from experimental time (Fig. 5a). SC + BMC,
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Fig. 1 In vitro analysis of bone marrow aspirate (BMA) and bone
marrow concentrate (BMC). a Bar charts of haemocromocytometric
analysis showing values of erythrocytes (RBC), total nucleated cells
(TNC), and platelets (PLT) from BMA and BMC (mean + SD, n=6);
Student’s ¢ test: *p <0.05; **p <0.005 versus BMC. b Representative

SC + SN-BMC, and SC + MSCs led to significantly lower
MMP-1 than untreated (p < 0.005 and p < 0.0005), while SC +
BMC (p <0.0005) and SC + SN-BMC (p <0.05) than SC-

SC+MSCs

> SEY

micrographs of May-Grunwald-Giemsa staining of BMA and BMC
(scale bar=100 pum). ¢ Bar charts of CFU-F assay carried out on BMA
and BMC (mean + SD, n = 6); Student’s # test: **p < 0.005 versus BMC.
d Representative micrographs of haematoxylin and eosin staining from
SC + BMC and SC + MSCs (scale bar =100 pum)

treated defects, independently from experimental time
(Fig. 5b). No significant differences were highlighted for
MMP-13 (Fig. 5¢).
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Fig. 2 Bar charts of transforming growth factor (TGF)- (a), insulin
growth factor (IGF)-1 (b), vascular endothelial growth factor (VEGF)
(¢), metalloproteinase (MMP)-13 (d), and interleukin (IL)-6 (e)
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concentrations in SN-BMC and SN-MSCs (mean + SD, n=6).
Student’s ¢ test: **p < 0.005; ***p < 0.0005
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Fig. 3 Histological images of the OC defects of treatments CTR, SC, SC + BMC, SC + SN-BMC, SC + MSCs, and SC + SN-MSCs at 3 and 6 months.

Safranin O-Fast Green staining. Magnification x 8

Discussion

Effective treatments for OC defects are still a challenge for
orthopedic surgeons, because large cartilage defects, if not
properly treated, lead to OA. Cellular treatments are now
available for OC defect in clinics, but they still give unsatis-
factory results in terms of cartilage tissue regeneration, espe-
cially depending on the age of the patient [3, 16-19].

Currently, great attention is paid to the evaluation of ad-
vanced cell-free-based therapies, since a clear knowledge of
soluble factors and mechanisms underpinning their healing
potential is lacking in various models of disease like OC de-
fects [20].

Therefore, the present study aimed to evaluate for the first
time the healing potential of SNs from expanded MSCs and
BMC, and compare their effect with the respective cell treat-
ments for the care of OC defects in a rabbit model.

The overall results of this study showed that all proposed
treatments gave a net improvement in the OC regeneration in
comparison with untreated and SC-treated defects. In addi-
tion, BMC possesses the highest regenerative ability. The
use of BMC ameliorated significantly the histological appear-
ance of the defects, downregulated type I collagen, and upreg-
ulated type II collagen at both experimental times. Results
from cell-based treatments confirmed literature data: a litera-
ture review highlighted that BMC seemed to be the best
choice for OC defect treatment than MSCs [3]. BMC contains
various cell populations, not only MSCs but also
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hematopoietic cells, endothelial cells, PLTs, and several GFs
that are able to induce chondrogenic or osteogenic differenti-
ation of the resident MSCs and to improve the healing process
[21-23].

Both BMC and MSCs showed a similar healing potential
than their respective SNs. In detail, BMC and MSCs per-
formed better in comparison with their respective SNs as also
observed for type I collagen for BMC. The lower histological
outcome observed for SC + SN-BMC and SC + SN-MSCs
compared to cells could be dependent on various factors. It is
well known that tissue regeneration is a complex process,
where the delivery of specific combinations of multiple fac-
tors in a proper dosage and time of exposure is mandatory to

Fig.4 Bar charts of O’Driscoll total score (a), percentage of positivity for P>
type I collagen (b) and type II collagen (c) in cartilage tissue for each
treatment at 3 and 6 months (mean + SD, n=6). Two-way ANOVA
(factors: “treatment,” “experimental time”) highlighted significant factor
interactions for O’Driscoll total score (F'=4.20, p <0.05) and type I
collagen (F=7.51, p<0.0005), and a significant effect of “treatment”
factor for type II collagen (F=38.78, p <0.0005). Tukey HSD test:
°p <0.05; °°p <0.005; and °°°p <0.0005 versus CTR (or CTR at
3 months); “p < 0.05, ““p < 0.005, and “““p < 0.0005 versus SC (or SC
at 3 months); °p <0.05 and **°p <0.0005 versus CTR at 6 months;
tp<0.05, +1p<0.005, and t11p <0.0005 versus SC + BMC at
3 months; $ip<0.005 and $fip <0.0005 versus SC + BMC at
6 months; §p<0.05 versus SC + SN-BMC at 3 months; "p <0.05
versus SC + MSCs at 3 months; $p<0.05 versus SC + MSCs at
6 months; and *p <0.05, **p <0.005, and ***p <0.0005 at 6 versus
3 months
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<« Fig. 5 Bar charts of protein concentrations of IGF-1 (a), MMP-1 (b), and
MMP-13 (¢) on synovial fluids for each treatment at 3 and 6 months
(mean £ SD, n=6). Two-way ANOVA (factors: “treatment,”
“experimental time”) highlighted a significant effect of “treatment”
factor for IGF-1 (F=6.44, p< 0.0005) and MMP-1 (F=9.91,
» < 0.0005); Tukey HSD test: °p <0.05, °°p <0.005, and °°°p < 0.0005
versus CTR; “p < 0.05, ““p <0.005, and ““p < 0.0005 versus SC

obtain the desired effect [24, 25]. Therefore, we can speculate
that the use of SN containing factors can provide a good stim-
ulus to launch first repair processes but results were not so
efficient at the long-term follow-up.

Presumably, the larger and deeper the defect is, the more
the SN fails to regenerate the tissue in comparison to the cell
use. Indeed, another factor to consider is that the secreted
factors have a short half-life and are not able to counteract
the OC defect progression at three and six months; thus, more
than one injection into the lesion site may be necessary to sort
out a therapeutic effect. In addition, the in vivo injection of
SNs into the inflammatory microenvironment of the lesion site
could have reduced the amount and the activity of SN proteins
for a short period of time. Also, the timing of SN injection has
to be taken into account, as the half-life of proteins is context-
sensitive. One of the limitations of the present study is due to
the exposure of the paracrine factors to a stressed microenvi-
ronment during surgery, thus affecting the cellular and molec-
ular mechanisms of tissue repair. Therefore, other treatment
modalities are required for future studies.

SN-BMC showed higher protein expression for TGF-{31,
IGF1, and VEGF, essential for cartilage and bone healing, and
lower MMP13 than SN-MSCs. These results could explain
the superior healing potential of the treatment with SC +
BMC since TGF-f31 and IGF-1 are important key factors in-
volved in cartilage and bone repair [26]. It is likely that the
downregulation of MMP-13 found in BMC-SN is dependent
on IGF-1 and TGF-1, known to prevent ECM degradation
through the inhibition of collagenases [27]. Similar findings
were found in our previous in vivo study, in which BMC
seeded onto a hyaluronic scaffold resulted more beneficial
than MSCs in delaying changing an OA sheep model [8].

Further assessments on the efficacy of treatments were car-
ried out on SF, where a reduction of MMP-1 production was
detected in all treatments. The highest IGF-1 expression was
found following the SC-BMC treatment. Further studies are
mandatory to investigate also the effect of EVs, recovered
from the culture medium through centrifugation, in compari-
son to culture medium in toto. EVs are released into the cell
medium and are responsible of the intercellular communica-
tion, being a reservoir of lipids, proteins, mRNA, and miRNA
[28]. It is also hypothesized that the use of EVs instead of SN's
could improve the regenerative ability of the culture medium
in a cell-free approach.

This study examined and compared for the first time the
biological features of SN from BMC and MSCs and the

in vivo effect of a cell-free approach in OC defects. The fea-
sibility of the use of cell-free approaches was demonstrated,
thus increasing the knowledge towards a future cell-free OC
lesion treatment.
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