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Abstract

Objective. Cartilage damage (CD) in the temporomandibular joint (TMJ) continues being a major problem in maxillofacial
field. Evidence suggests that cellular therapy may be used for repairing CD in the TMJ. Design. A murine model of condyle
CD (CCD) was generated in the TMJ to evaluate the capacity of mesenchymal stromal cells (MSCs) to induce cartilage
regeneration in CCD. A large CCD was surgically created in a condyle head of the TMJ of C57BL/6 mice. Human MSC
embedded into preclotted platelet-rich plasma (PRP) were placed on the surface of CCD. As controls, untreated CCD and
exposed TMJ condyle (sham) were used. After 6 weeks, animals were sacrificed, and each mandibular condyle was removed
and CCD healing was assessed macroscopically and histologically. Results. Macroscopic observation of CCD treated with
MSC showed the presence of cartilage-like tissue in the CCD site. Histological analysis showed a complete repair of the
articular surface with the presence of cartilage-like tissue and subchondral bone filling the CCD area. Chondrocytes were
observed into collagen and glycosaminoglycans extracellular matrix filling the repaired tissue. There was no evidence of
subchondral bone sclerosis. Untreated CCD showed denudated osteochondral lesions without signs of cartilage repair.
Histological analysis showed the absence of tissue formation over the CCD. Conclusions. Transplantation of MSC induces
regeneration of TMJ-CCD. These results provide strong evidence to use MSC as potential treatment in patients with
cartilage lesions in the TM|.
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Introduction However, they have shown a great variety of outcomes.”®
Cellular therapy based on autologous chondrocytes has been
used as a therapeutic strategy to induce cartilage regeneration.’
However, the dedifferentiation process that suffer these cells
when they are cultured in vitro, restrict their use in cellular
therapy protocols.'” More recently, cellular therapy based on
transplantation of mesenchymal stromal cells (MSCs) has
been postulated as potential treatment to induce cartilage

Cartilage damage (CD) in the temporomandibular joint
(TMJ) is a challenging problem in maxillofacial field.
Condylar CD (CCD) in the TMJ is associated with acute
injury, overloading, and microtraumas in the mandibular
condyle.! Patients suffering from CCD have decreased
mobility of the TMJ, problems to perform a normal masti-
cation and severe pain episodes. Current management of
CCI.) in the TMJ includes.cc?nservative therapies and surgi- 'Unidad de Terapia Celular, Laboratorio de Patologia Celular y
cal interventions.” When_lt is left untreated, CCD can lead Molecular, Instituto Venezt;lano de Investigaciones Cientificas (IVIC),
to a degenerative joint disease characterized by the degra- Caracas, Miranda, Venezuela
dation of articular cartilage and subchondral bone with the
presence of fibrous or fibrocartilaginous tissue repair.®->
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regeneration.''2 The use of MSC is based on their multipoten-
tial capacity of differentiation to several cell lineages, includ-
ing chondrocytes.'® Likewise, there is evidence that shows that
transplantation of MSC may enhance cartilage repair and
regeneration.!! There are reports that show that MSC may
induce repair and regeneration of the TMJ cartilage.'*!>

In this study, it is evaluated the cartilage regeneration
capacity of bone marrow—derived MSC in a murine model
of CCD in TMJ. Evidence of MSC transplantation as a
potential treatment of CCD in TMJ is provided.

Methods

Reagents and Culture Medium

Monoclonal antibodies anti-human CD90 and CD105 were
from BioLegend (USA). Alpha MEM and DMEM-F12
media were from Life Technologies (USA) and Chang
medium was from Irvine Scientific (USA).

Animals

Female C57BL/6 mice (8-10 weeks old) were used in this
study. Mice were obtained from the Laboratory Animal
Center (Instituto Venezolano de Investigaciones Cientificas,
IVIC) and maintained on a standard laboratory diet and
housed in a controlled environment. All animal experimen-
tation was performed in accordance with institutional
guidelines. This project was approved by the Bioethic
Committee for Animal Research (COBIANIM) of IVIC.

Experimental Model of Mandibular Condyle
Cartilage Damage

We induced cartilage damage in the mandibular condyle of
mice. For this purpose, anesthetized C57BL/6 mice were
placed over a surgical thermal blanket and pre-auricular hair
was removed (Fig. 1A). An electrocautery pre-auricular skin
incision was performed over the TMJ. One mandibular con-
dyle from each mouse was exposed and disarticulated from
the TMJ (Fig. 1B). Focal cartilage damage was performed at
the mandibular condyle head by using a low-speed high
torque handpiece (Fig. 1C). The cartilage damage was
extended until subchondral bone (Fig. 1D). After inducing
cartilage damage, the condyle head was returned to the TMJ.
The articular capsule and skin were closed independently in
layers. Animals were returned to the animal facility.
Mandibular joint mobility was evaluated by the capacity of
the mice to eat during the first 7 days, after surgery, with soft
diet and later with solid diet. No detectable mandibular func-
tional restriction was observed during the eating process. No
weight loss was evident between all the experimental groups.
Dipyrone was intraperitoneally administered (5 mg/kg) every
12 hours per 3 days.

Isolation and Culture of Bone Marrow MSC

Bone marrow MSC used in this work was from a healthy
patient treated for bone regeneration, due to pseudarthro-
sis secondary to a fracture,'® who authorized the use of
the cells by signing informed consent. Briefly, bone mar-
row aspirates were obtained from the posterior iliac crest
of the patient. The mononuclear cells were isolated by
using Ficoll-Hypaque (GE Healthcare, Sweden) gradi-
ent, washed and cultured in plastic culture flasks with
alpha-MEM-Chang medium supplemented with 20 %
autologous serum (regular medium). The MSC were iso-
lated by its adherence to the plastic of the culture flask
and expanded by culturing in regular medium. MSC were
cultured, expanded, and stored at —70°C until its use. The
study protocol was approved by the Bioethics Committee
of Hospital Universitario de Caracas. This study was per-
formed in accordance with the ethical standards as laid
down in the 1964 Declaration of Helsinki and its later
amendments.

Culture and Characterization of MSC

MSC were thawed and cultured in plastic culture flasks
with regular medium at 37°C and 5% CO,. When they
reached almost 80% of confluency, the cells were harvested
by trypsinization and examined for the expression of MSC
markers (CD90 and CD105) by flow cytometry. Data col-
lection and analysis of the fluorescent intensities were car-
ried out using a FACSort (Becton Dickinson, San Jose,
CA). Ten thousand events were acquired and analyzed
using the CELLQuest software program.

Multipotent Differentiation of MSC

The multipotential capacity of MSC was examined by cul-
turing these cells in osteogenic and chondrogenic differen-
tiation media. Briefly, MSC monolayer were harvested by
trypsinization and cultured in osteogenic and chondro-
genic differentiation media (GIBCO, USA), with media
change every 5 days. After 14 and 21 days (osteogenic and
chondrogenic differentiation, respectively), MSC were
examined by microscopic observation, photographically
recorded and stained with alizarin (to stain calcium depos-
its) and Alcian blue (to stain glycosaminoglycans).'®

Transplant of MSC on the Surface of CCD

CCD in the TMJ were treated or untreated with MSC
(n = 4 in each group). For this purpose, subconfluent
MSC cultures were harvested, counted, and the viability
was assessed by trypan-blue. The viability of MSC was
always greater than 95%. MSCs (10* cells) were mixed
with human platelet-rich plasma (PRP) from healthy
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Figure |. Surgical procedure for condylar cartilage damage CCD. Preauricular shaving and surgical pen designed skin incision (A).
Mandibular condylar head and cartilage exposure (arrow) (B). Microsurgical bur (arrow) applied on the head condyle surface for
inducing chondral damage (C). Focal chondral defect (head arrows) in the condylar head (D).

donors. A solution of 5% CaCl,/thrombin was added to
each vial containing MSC/PRP (final volume of 0.1 mL),
and before the clot was formed it was immediately
implanted onto the cartilage defect during the CCD sur-
gery. Clot formation on the CCD was confirmed after 1
minute of MSC/PRP implantation. As control, we
included a sham group without any treatment (n = 2).
After 6 weeks of MSC implantation, animals were sacri-
ficed by cervical dislocation and each condyle was mac-
roscopically evaluated and photographed.

Histological Analysis

For histological analysis, condyles were removed and fixed
in 10% buffered formalin for 24 hours, decalcified, paraffin-
embedded, and sectioned at 3 um for hematoxylin and eosin
and Alcian blue staining. The degree of cartilage damage in
each condyle section was determined by 3 independent
observers according to Mankin scores. All condyle histo-
logical images were acquired from a Motic B1 microscope,
at 10X magnification, equipped with a color video camera.
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Figure 2. Culture, Characterization, and Differentiation of mesenchymal stromal cells (MSCs). Adherent cells from bone
marrow (BM) show fibroblast-like cell morphology (A) and express CD90 and CD 105 (B). MSCs differentiate into osteogenic and

chondrogenic progenitors (C and D, respectively).

Results

Morphological, Phenotypical, and Functional
Characterization of MSCs

MSCs were thawed and expanded until becoming near con-
fluent, as previously described.'® MSC showed the typical
fibroblastoid-like morphology (Fig. 2A) and expressed
CD90 and CD105 (100% of total analyzed cells) (Fig. 2B).
They showed osteogenic and chondrogenic capacity of dif-
ferentiation (Fig. 2C and D, respectively).

Macroscopic Analysis of Mandibular CCD

After 6 weeks of CCD surgery, there was no evidence of
cartilage repair in untreated CCD (n = 4) (Fig. 3A-C).
Macroscopic observation showed subchondral defect with
no evidence of cartilage repair or new tissue filling untreated
CCD (Fig. 3C). In some animals the subchondral lesion
appeared larger than the original ones with degenerative
joint characteristics (Fig. 3C). In contrast, macroscopic
observation of CCD treated with MSCs (n = 4) showed a
smooth cartilage-like tissue covering the whole condyle area
(Fig. 3F) in which CCD was made (Fig. 3E). It has similar
characteristics of color and brightness as normal articular

cartilage (Fig. 3D). Neither fovea nor tissues peeling off
from the articular surface were observed over the condylar
head area (Fig. 3F). Animals have no complications after
CCD surgery and the follow-up period of 6 weeks.

Histologyc Analysis of CCD Treated with MSC

Histologic evaluation of mandibular condyles was per-
formed in untreated or treated CCD. Untreated CCD showed
the absence of tissue repair with exposed subchondral bone
in the cartilage defect (Fig. 4A). The lack of cartilage matrix
tissue repair in the CCD site was evidenced by Alcian blue
staining (Fig. 4B). Histologic evaluation of CCD treated
with MSC revealed the presence of chondral tissue inte-
grated to the margin zones of the cartilage defect and to the
subchondral bone (Fig. 4C). Chondrocytes within their
matrix completely filled the cartilage defect (Fig. 4C). These
cells were forming clusters but with lack of columnar distri-
bution. A thin subchondral plate and trabeculae without evi-
dence of subchondral bone sclerosis was observed. Alcian
blue staining confirmed the presence of glycosaminoglycan
in the extracellular matrix (Fig. 4D). Sham group showed a
continuous surface of fibrocartilaginous tissue containing
rounded cells (not shown). Mankin scores was lower in
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Figure 3. Evaluation of condylar cartilage damage (CCD) after mesenchymal stromal cell (MSC) transplantation. Condylar head

of untreated CCD (A-C). The condylar cartilage is observed before (A, arrow) and after CCD (B, arrow). Chondral defect after 6
weeks (C). The chondral defect remains without evidence of tissue repair (arrow and insert). Condylar head of MSC-treated CCD
(D-F). The condylar cartilage is observed before CCD (D, arrow). Chondral defect after CCD (E, arrow), and after 6 weeks post-
MSC transplantation (F, arrow). Evidence of cartilage regeneration is observed at the site of CCD were MSC were implanted (F).
New cartilage-like tissue is observed filling the chondral defect (arrow and insert). Results are representative of 4 CCD (one joint in

each TM)) in each group, all of which had similar results.
TMJ = temporo mandibular joint.

MSC-treated CCD group than the untreated CCD group
(Fig. 4E). Altogether, these results are a clear evidence of
neotissue formation associated with areas of chondrogenesis
with cartilage extracellular matrix deposition in CCD.

Discussion

Repair and regeneration of CD in the TMJ is a challenging
problem in the maxillofacial field. An optimal treatment for
CD should not only repair the cartilage defect but also
restore the structure and functionality of the TMJ. Although
several therapeutic strategies have been used to

induce cartilage regeneration,®!*!3 there is no single optimal
treatment for TMJ disorders associated with CD. Recently,
experimental and clinical protocols based on cellular ther-
apy have been used to induce repair and regeneration of CD
in the TMJ 31415

MSC are the most used cells in cellular therapy for tis-
sue repair and regeneration.!!'> There are experimental
and clinical studies using MSC transplantation for articu-
lar cartilage repair in orthopedic and maxillofacial tri-
als. 3141518 1t is known that scaffolds should be used for
MSC transplantation as support and vehicle of these
cells.!®2! An optimal scaffold for MSC should support not
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Figure 4. Histological analysis from untreated or mesenchymal stromal cell (MSC)-treated condylar cartilage damage (CCD). After

6 weeks of MSC transplantation, untreated or MSC-treated CDD lesions were processed for histological examination by hematoxylin
and eosin (H&E) staining. An area of cartilage discontinuity (bucket defect) with denuded subchondral area is observed in untreated
CDD lesions (A). Alcian blue staining show the absence of extracellular matrix formation in the CDD area (B). CDD transplanted
with MSCs showed new a continuous cartilaginous tissue, containing chondrocytes, and ECM (C). The CCD defect was completely
covered by newly cartilage and bone at the top of the condyle. A thin subchondral plate and trabeculae is evidenced at the site of
CDD. The repaired cartilage defect shows a strong and homogenous Alcian blue staining, which indicates the presence of extracellular
matrix with proteoglycan content (D). Representative H&E and Alcian blue staining from condyle slices are showed. Mankin scores'’
of MSC-treated CCD was lower than that of untreated CCD (E). Data are shown as the average of Mankin scores performed by 3

independent observers.

only the survival but also maintains the biological func-
tions of these cells. Numerous scaffolds have been used
as support of MSC, including protein-based scaffolds
(i.e., fibrin)."2! We have previously showed that PRP
clot constitutes an excellent scaffold because it provides a
tridimensional framework to MSC, in which these cells
can survive, proliferate, differentiate, and migrate.?
Additionally, PRP can also provide growth signals derived

from activated platelets.”®* Recently, we have used MSCs
incorporated into PRP clots for inducing bone regenera-
tion in patients with pseudoarthrosis.'®

Here, the capacity of MSC to induce cartilage regenera-
tion in CCD of the TMJ was investigated. For this purpose,
a large cartilage defect involving subchondral bone was
made in the condyle head of the TMJ. In this CCD model,
mice did not show evidence of secondary effects and weigh
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loss after surgery. Although, there is evidence that shows
that articular cartilage of the TMJ can heal and
regenerate,’*2 our results indicate that the size of the lesion
made on the condylar cartilage of the TMJ (untreated CCD)
does not allow spontaneous repairing and regeneration of the
CCD. In fact, untreated CCD was not only not repaired but
also macroscopic and histological observation showed a
larger lesion than the one observed after surgery.

In the present work, human MSCs were implanted
embedded in a PRP clot in the CCD site. In contrast with
untreated-CCD, transplantation of MSC induced cartilage
and bone tissue regeneration in CCD. After 6 weeks of
MSC implantation, macroscopic evaluation of MSC-treated
CCD showed a significant difference in terms of filling,
color, and smoothness, as compared with untreated CCD.
Thus, the surface of the mandibular CCD treated with MSC
showed a smoother and brighter surface. Histological stud-
ies confirmed a complete repair and regeneration of the
whole cartilage defect. Cartilage repair was associated with
fibrocartilage formation, chondrocytes within extracellular
matrix formed by proteoglycans and subchondral bone
repair. The fibrocartilage tissue formed on CCD was associ-
ated to the underlying subchondral bone plate. Altogether,
these results constitute strong evidence that MSC may
induce new cartilaginous tissue characterized by the pres-
ence of areas of chondrogenesis with cartilage extracellular
matrix deposition. Based on previous evidence suggesting
that paracrine signals from MSC may exert effects on other
cells,?’3° we propose that growth factors produced by donor
MSC induce migration of host MSC, which may differenti-
ate in chondrocytes, resulting in healing of the CCD.
However, there is evidence suggesting that MSC paracrine
effects may also result from the release of exosomes by
these cells.>'-* It has been reported that MSC-derived exo-
somes may promote restoration of cartilage and subchon-
dral bone, and also enhance extracellular matrix deposition
(type 1I collagen and sulfated glycosaminoglycan).’
Finally, based on the low immunogenicity of human MSC,
the possibility of rejection of these cells by murine cells is
very low.'® In fact, we did not observe any evidence of
rejection in CCD treated with human MSC.

Our results support previous evidence that transplanta-
tion of MSC can induce articular repair.'»?’=3! It has been
reported that injection of differentiated MSC stimulates car-
tilage regeneration in an experimental model of TMJ osteo-
arthritis.”> However, unlike the degenerative environment
associated with this osteoarthritis model, our CCD model is
associated with an acute damage of the condylar cartilage,
which involves a great surface of the cartilage and subchon-
dral bone. To our knowledge, our results constitute the first
evidence showing that MSCs induce regeneration of carti-
lage and subchondral bone in CCD of the TMJ.

In conclusion, our work shows that transplantation of MSC
induces repair and regeneration of cartilage and subchondral

bone in CCD of the TMJ. Our results provide new evidence
for using allogeneic MSC transplantation as a potential treat-
ment in patients with cartilage defects of the TMJ.
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