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Aims

Cartilage injuries rarely heal spontaneously and often require surgical intervention, leading
to the formation of biomechanically inferior fibrous tissue. This study aimed to evaluate the
possible effect of amelogenin on the healing process of a large osteochondral injury (OCI)
in a rat model.

Methods

A reproducible large OCI was created in the right leg femoral trochlea of 93 rats. The OCls
were treated with 0.1, 0.5, 1.0, 2.5, or 5.0 ug/ul recombinant human amelogenin protein
(rHAM*) dissolved in propylene glycol alginate (PGA) carrier, or with PGA carrier alone. The
degree of healing was evaluated 12 weeks after treatment by morphometric analysis and
histological evaluation. Cell recruitment to the site of injury as well as the origin of the mi-
grating cells were assessed four days after treatment with 0.5 pg/pl rHAM* using immunohis-
tochemistry and immunofluorescence.

Results

A total of 12 weeks after treatment, 0.5 ug/ul rHAM* brought about significant repair of the
subchondral bone and cartilage. Increased expression of proteoglycan and type Il collagen
and decreased expression of type | collagen were revealed at the surface of the defect, and
an elevated level of type X collagen at the newly developed tide mark region. Conversely, the
control group showed osteoarthritic alterations. Recruitment of cells expressing the mesen-
chymal stem cell (MSC) markers CD105 and STRO-1, from adjacent bone marrow toward the
OCl, was noted four days after treatment.

Conclusion

We found that 0.5 pug/pul rHAM* induced in vivo healing of injured articular cartilage and
subchondral bone in a rat model, preventing the destructive post-traumatic osteoarthritic
changes seen in control OCls, through paracrine recruitment of cells a few days after treat-
ment.
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Article focus Paracrine recruitment of cells into the
The healing effect of amelogenin on artic- OCl is an early event correlated with the
ular cartilage injuries in a rat model. healing process.

Key messages Strengths and limitations
Amelogenin induced healing of injured An accurate and reproducible rat knee
articular cartilage and subchondral bone OCI model was developed.
in a rat model of osteochondral injury Partial healing of the articular carti-
(0Oql). lage was demonstrated 12 weeks after

treatment with recombinant human
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amelogenin protein. Evaluation of additional time
points would be beneficial.

The molecular mechanisms underlying the induced
healing were not deciphered yet.

Introduction

The spontaneous healing capacity of articular carti-
lage is extremely limited due to its avascular configu-
ration and low metabolic activity.! Articular cartilage
lesions are painful and may limit strenuous physical
activities and, eventually, normal everyday activities.?
Several cartilage repair techniques have been devel-
oped. In stable, non-displaced lesions, nonoperative
management is usually the initial treatment modality.
However, these treatments have limited success rates
and frequently merely delay surgical intervention. The
surgical armamentarium — either cell-based strategies,
whole-tissue transplantation, or total joint replace-
ment — depends on the size, depth, and location of the
lesion.? In recent years, the use of mesenchymal stem
cells (MSCs) to treat cartilage defects has been widely
investigated. MSCs isolated from various mesenchymal
tissues were differentiated into chondrocytes and intro-
duced into damaged cartilage in combination with
chondrogenic factors and scaffolds. However, exog-
enous transplantation is restricted by limited MSC
sources, excessive manufacturing costs, and technical
difficulties. Autologous transplantation is additionaly
restricted by the need for two surgical interventions.>*

Previously, we described the expression of amelo-
genin in bone marrow stromal cells and growth plate
chondrocytes.® We have also demonstrated that a single
application of recombinant human amelogenin protein
(rHAM®), produced in our laboratory,” induced progres-
sive and significant regeneration of all periodontal
tissues after induction of experimental periodontitis
in a dog model. No regeneration was detected in the
control group treated with the carrier propylene glycol
alginate (PGA).2 Next, we demonstrated that rHAM*
induced regeneration of torn rat skeletal ligaments in a
dose-dependent manner: the medial collateral ligament
(MCL) (as a proof of concept),’ and the calcaneofibular
ligament (CFL) of the ankle joint (as an unmet clinical
need).’ Transected MCLs and CFLs treated with rHAM*
regained their mechanical strength and structural
composition compared to normal ligaments from the
contralateral leg, and were significantly stronger than
the control groups.®'® The single application of rHAM*
increased the number of cells expressing the MSC
markers CD105 and STRO-1 in the granulation tissue of
periodontal defect, and transected MCL models several
days after treatment.??

Based on our previous findings, we assumed that
amelogenin might induce the healing of injured artic-
ular cartilage. We created a large traumatic osteochon-
dral injury (OCI) in a rat model, and studied the healing
effect of rHAM*. Then we evaluated the origin of cells
recruited by rHAM* toward the defect site.

Methods

The recombinant human amelogenin protein. rHAM* was
produced according to Taylor et al” and stored at -80°C
in 0.05 M acetic acid. Prior to use, aliquots of rHAM* were
lyophilized overnight and dissolved in 2.25% PGA carri-
er (KIMICA, Japan) to yield the desired concentration. At
2.25%, the PGA solution is viscous enough to be con-
tained in the OCI without scattering over the surround-
ing tissues, and its fluidity enables application of an ac-
curate dose.

Animals. The experimental protocol was approved by the
ethical committee of the Hebrew University of Jerusalem
(MD-21-15427-4; MD-14-14176-4). Eight-week-old fe-
male Sabra rats (n = 93), weighing 220 to 250 g, were
housed in pairs under standard conditions of controlled
temperature (mean 22°C (standard deviation (SD) 2)),
12-hour light/dark cycles, humidity (30% to 70%) ven-
tilation, and ad libitum access to food and water. Rats
were acclimated to a pathogen-free unit for three days,
followed by handling for one week prior to operations.
All rats were randomly allocated to the experimental
groups using a random sequence table. Exclusion crite-
ria were according to the ethical approval, and included
clinical and/or behavioural changes. An ARRIVE checklist
is included in the Supplementary Material to show our
adherence to the ARRIVE guidelines.

The surgical procedure. We modified previously pub-
lished models for the creation of a knee OCI in rats."'2
We planned and produced a machine that fixes the knee
and produces a defect at a constant depth (2 mm) and
diameter (1.5 mm) in the femoral trochlea with a high-
speed burr (Figure 1a).

Subcutaneous tramadol (Griinenthal, Germany) was
injected for pain relief prior to the operation. The surgeries
were performed under isoflurane-induced anaesthesia.
Through a medial parapatellar approach, the patella was
everted, exposing the articular surfaces. A full-thickness
OCI was created in the distal femoral trochlea. For the
experimental groups, 7 pl of the following concentra-
tions: 0.1, 0.5, 1.0, 2.5, or 5.0 pg/ul rHAM* dissolved
in 2.25% PGA were applied into the OCI. The control
group was treated with 7 pl of 2.25% PGA carrier alone
(Figure 1b). The surgeon was blinded to the treatment
applied. The arthrotomy was sutured with interrupted
5-0 vicryl sutures, and the skin was sutured with inter-
rupted 5-0 nylon sutures (Ethicon, USA). The rats received
pain relief medication (PO dipyrone; Teva, Israel) for three
days after the operation, followed by monitoring twice
a week until euthanasia. The rats were euthanized with
overdose of pentobarbital sodium (CTS Chemical Indus-
tries, Israel) and chest wall opening.

Study design. Sample size and timepoints for assessment
were chosen based on our prior experience.”'° The effica-
cy of treatments was assessed by: 1) morphometric anal-
ysis; 2) histological analyses, 12 weeks after treatment
— group sizes were as follows: 0.1 pyg/pl rHAM* (n = 7),
0.5 pg/pl rHAM* (n = 14), 1.0 pg/ul rHAM* (n = 8), 2.5 ug/
pl rtHAM* (n = 5), 5.0 pyg/pl rHAM* (n = 6), and PGA alone
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Fig. 1

a) The rat knee was fixed to a machine that creates the osteochondral injury
(OCl). The depth of the OCI was determined by a screw that lowered the
burr. b) Creation of OCl and application of the treatment.

(n = 14); 3) expression of the MSC marker CD105 was
analyzed four days after treatment with 0.5 pg/pl rHAM*
(n=7) or PGA (n = 8); and 4) the origin of recruited cells
was also analyzed four days after treatment (six groups,
n =4 per group).
Morphometric analysis. Following euthanization, the
rats” knees were photographed using Dino-Lite Digital
Microscope and DinoCapture 2.0 software (Dino-Lite
Digital Microscope, Taiwan). A semiquantitative macro-
scopic scoring system developed by Goebel et al™ was
used, based on colour, presence of blood vessels and sur-
face of repaired tissue, OCl filling, and degeneration of
adjacent cartilage. A score of O represents excellent carti-
lage repair, while 20 represents no repair and extension
of the defect into adjacent cartilage.
Tissue processing and histological analyses. The distal femo-
ra were cut, fixed in 4% paraformaldehyde, and decalcified
in 25% formic acid in citrate buffer until a soft consistency
was achieved. The acid was then neutralized using 0.25%
ammonium hydroxide, and the tissues were gradually de-
hydrated in ethanol, embedded in paraffin (Sakura), and cut
into 5 um-thick sections (Leica Biosystems, Germany).
Tissue anatomy of the OCI, as well as proteoglycan and
types Il, I, and X collagen components of the cartilage,
were evaluated. Three to four slides from the middle of the
OCI were used for each staining. Slides were deparaffin-
ized, gradually hydrated, and stained using haematoxylin
and eosin (H&E) (Leica Biosystems; 3801540E 3801640E),
toluidine blue (MilliporeSigma, USA; 89640), or safranin O/

fast green (HWI-1 (ScyTek); F7258 (MilliporeSigma); S8884
(MilliporeSigma)). For indirect immunohistochemistry,
the antigen was retrieved using pronase (MilliporeSigma;
10165921001) and hyaluronidase (MilliporeSigma; H3506),
unspecific binding was then blocked (Abcam ab64226)
and slides were incubated with anti-type Il, I, or X collagen
antibodies (ab34712 (Abcam, USA), 1310-08 (Souther-
nBiotech, USA), or 14-977-87 (Thermo Fisher Scientific,
USA), respectively). The primary antibodies were detected
using ZytoChem Plus (HRP) Polymer: anti-Rabbit (Zytomed
Systems, Germany; ZUC032) for type Il collagen, anti-
Mouse (Zytomed Systems; ZUC050) for type X collagen,
or ImmPRESS HRP anti-goat Polymer (Vector Laboratories,
USA; MP-7405) for type | collagen. The signal was devel-
oped using a DAB substrate kit (Cell Marque, USA; 957D).
The slides were then gradually dehydrated and mounted
(107961 (Merck, USA)). Repair of hyaline cartilage at the
site of the OCI was semiquantitatively graded using the
scale suggested by Pineda et al," based on the amount of
filling, reconstruction of an osteochondral junction, matrix
staining, and cell morphology. A value of O represents
complete cartilage and bone regeneration, while 14
represents no regeneration.

Evaluation of CD105-positive cells was performed using
the primary antibody for CD105 (Abcam; ab231673) and
the HRP-DAB micropolymer immunohistochemistry kit
(Abcam; ab236469), according to the manufacturer’s
instructions. Three slides were stained from the middle of
each OCI, and images were taken from randomly selected
five fields per slide that contained the OCl and surrounding
tissue, a total of 15 quantified fields per OCI.

All images were taken using a Nikon microscope

(Nikon Eclipse Ti; Nikon, Japan). The analyses and quanti-
fication of all images were performed by an orthopaedic
surgeon and a researcher (AH, OH) who were blinded to
the treatment applied.
Evaluation of the origin of recruited cells. To evaluate the
source of cells recruited toward the OCl in vivo, we used
the fluorescent lipophilic cell membrane stain DiD solu-
tion (V22887; Thermo Fisher Scientific), which incorpo-
rates into cell membranes and enables in vivo tracking
of cells from the injected area. Following creation of an
OCl in the rats’” knees and treatment with either 0.5 pg/
ul rHAM* dissolved in PGA (n = 12) or PGA alone (n =
12), rats were further randomly assigned to three groups
(n =4/group). In each group, DiD solution was injected
to a different site: 2 pl DiD to a hole drilled (a) 0.5 cm or
(b) 1.5 cm proximal to the OCI in the ipsilateral femur;
and 3 pl DIiD to the peritoneal fat pad in the left lower
abdominal quadrant, which contains large quantities of
MSCs.” The rats were euthanized four days after treat-
ment and tissues were harvested, processed, and immu-
nofluorescence staining was performed using antibodies
against CD105 (sc-20632, Santa Cruz Biotechnology,
USA) or STRO-1 (MAB1038; R&D Systems, USA), as de-
scribed in Hanhan et al.? All slides were photographed by
a researcher who was blind to the treatment applied (FS),
using a Nikon microscope (Nikon Eclipse Ti).
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Fig. 2

Macroscopic evaluation of the osteochondral injury (OCI). Gross appearance of the OClI a) at the time of operation, and 12 weeks after operation and
application of b) 0.5 pg/ul recombinant human amelogenin protein (rHAM*) and c) propylene glycol alginate (PGA). d) Scoring of the OCI 12 weeks after
treatment with 0.5 pg/pl rHAM* (n = 14) or PGA (n = 14), performed according to Goebel et al’s' classification. Data are presented as mean (standard error of
the mean). **p < 0.01, Mann-Whitney U test. The images represent tissues scored around mean values for each group.

Statistical analysis. Statistical analyses were performed
using the GraphPad Prism 9 software (GraphPad
Software, USA). The data were compared using Kruskal-
Wallis one-way analysis of variance or Mann-Whitney U
test, as depicted. The data are presented as mean value
and standard error of the mean (SEM). A p-value < 0.05
was considered to be statistically significant.

Results

Articular cartilage repair. Macroscopic evaluation: mac-
roscopic grading of the OCI, performed 12 weeks after
treatment, revealed that in the rHAM*-treated group, the
defect was predominantly filled with white heterogene-
ous surface tissue, which was integrated, partially in-line,
with the surrounding cartilage. Conversely, in the PGA-
treated group, the size of the defect increased, minimal re-
pair tissue was detected, and post-traumatic degenerative

changes, such as large fissures and fibrillation mixed with
ulceration resembling rapid post-traumatic osteoarthritis
(OA), were observed in the defect site and surrounding
cartilage (Figures 2a to 2c). Semiquantitative macro-
scopic scoring, according to Goebel et al,”® showed a
significantly better score, representing better cartilage
repair after treatment with 0.5 pg/ul rHAM*, compared
to treatment with PGA carrier alone (mean 7.32 (SE 0.78)
vs mean 12.43 (SE 1.14), respectively; p < 0.01, Mann-
Whitney U test) (Figure 2d).

Histological evaluation: 12 weeks after treatment, the
OCls were evaluated by H&E staining for general histology,
toluidine blue and safranin O staining for proteoglycan
content, and immunohistochemistry for type II, I, and X
collagens. Significant healing of the subchondral bone
was observed in the experimental 0.5 pg/ul rHAM*-treated
group. The hyaline cartilage gradually healed from the
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Fig. 3

Histological analyses of the osteochondral injury (OCI) 12 weeks after treatment, with recombinant human amelogenin protein (rHAM*) dissolved in
propylene glycol alginate (PGA) or only PGA carrier. a) to f) OCl treated with 0.5 ug/pl rHAM®; g) to I) OCI treated with PGA. a) and g) haematoxylin and
eosin (H&E) staining; b) and h) Toluidine blue staining; c) and i) safranin O/fast green staining. Immunohistochemistry staining was used for: d) and j) type

Il collagen; e) and k) type | collagen; and f) and i) type X collagen. Scale bar: 100 um. Enlarged pictures (x10) were taken from the regions marked with red
and black frames. Black frames represent the edge of the defect, while red frames represent the centre of the OCI. m) Histological grading of the OCI after
treatment with 0.1 pg/pl rtHAM* (n = 7), 0.5 pg/ul rtHAM* (n = 14), 1.0 pug/pl rHAM* (n = 8), 2.5 pug/pl rHAM* (n = 5), 5.0 pg/ul rtHAM* (n = 6), and PGA alone
(n =14). Grading was performed according to Pineda et al's scoring system.™ Data are presented as mean (standard error of the mean). ***p < 0.001, ****p <
0.0001; Kruskal-Wallis one-way analysis of variance. The images represent tissues scored around mean values and were taken from the same rats presented in
Figure 2.
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Fig. 4

Histological analysis of the granulation tissue at the osteochondral injury (OCI) four days after treatment. Immunohistochemistry for CD105 expression
after treatment with a) propylene glycol alginate (PGA) alone (n = 8) and b) 0.5 pg/pl recombinant human amelogenin protein (rHAM*) (n = 7). Scale bar:
1,000 pm. Enlarged pictures (x20) were taken from the regions marked with black frames, scale bar: 100 ym. Brown staining: CD105 positive cells; purple
staining (haematoxylin and eosin (H&E)): CD105 negative cells. c) Average number of cells in the granulation tissue and surrounding of the OCI. Data
presented as mean (standard error of the mean). **p < 0.01, Mann-Whitney U test.

deeper layers of the defect toward the surface and from the
edges toward the centre of the defect. The deeper layers
and the edges were better arranged than the superficial
layers, depicting chondrocytes embedded in their lacunae
and osteochondral junction growth (Figure 3a). Consider-
ably larger amounts of proteoglycans and type Il collagen
in the extracellular matrix were evident in the deep layers of
the newly formed cartilage and at the edges of the defect
(Figures 3b to 3d, Supplementary Figure a). Reduced
expression of type | collagen was observed at the cartilag-
inous boundary (Figures 3e and 3k). At the centre of the
defect, however, higher expression of the type | collagen
was detected, demonstrating the ongoing process of bone
formation and incomplete healing of the articular cartilage
(Figure 3e). Yet, type X collagen appeared at the border
between the subchondral bone and the forming cartilagi-
nous tissue after treatment with rHAM, further indicating
maturation of the subchondral bone and the development
of a calcified zone and tide mark (Figure 3f). By contrast,
in the control PGA-treated group, larger defects were
observed (Figure 3g). In the tissue surrounding the defect,
cartilage fractures and areas of minimal staining for proteo-
glycans and type Il collagen, as well as high staining for
type | collagen, were depicted (Figures 3h to 3k). Addition-
ally, no type X collagen was detected in the defect or at the

interface between the subchondral bone and the superfi-
cial fibrotic tissue (Figure 3l). These findings suggest the
production of fibrous tissue formation and post-traumatic
osteoarthritic alterations at the OCl and surrounding area.
Semiquantitative analysis of the histological changes
was performed according to Pineda et al’s' classification
(Figure 3m). The experimental groups treated with 0.1 to
1.0 pug/pl rHAM* obtained significantly better scores (p <
0.001; Kruskal-Wallis one-way ANOVA) compared to the
control group treated with PGA carrier alone (0.1 pg/pl
rHAM*, mean 4.64 (SEM 0.45); 0.5 pg/pl rHAM*, mean
4.93 (SEM 0.83); 1.0 pg/ul rHAM*, mean 5.41 (SE 0.60))
versus PGA (mean 9.96 (SEM 0.61)), which represents
better healing of the OCI. The higher concentrations
of 2.5 pg/ul and 5 pg/ul rHAM* obtained better scores
compared to the control group (2.5 pg/pl rHAM*, mean
7.2 (SE 0.50); 5 pg/ul rtHAM*, mean 8.17 (SE 0.50)),
however the improvement was not significant. Since the
best healing was observed after treatment with 0.5 pg/pl
rHAM*, we decided to continue using this concentration
in subsequent experiments.
Paracrine recruitment of cells expressing MSC mark-
ers. Recent studies attempted to regenerate OCls with
various combinations of chemoattractants and scaffolds,
aiming to recruit endogenous cells.> CD105 (endoglin)
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Fig. 5

In vivo cell tracking four days after creation of an osteochondral injury (OClI) at the rat’s knee, and treatment with 0.5 pg/ul recombinant human amelogenin
protein (rHAM*) or with propylene glycol alginate (PGA) carrier. Following the creation of an OCI at the rat's knee, DiD was injected into a hole drilled a) 0.5
cm proximal or b) 1.5 cm proximal to the OCl in the ipsilateral femur, or ) to the peritoneal fat pad (total six groups, n = 4 per group). Immunofluorescence
staining was performed as depicted in the heading of each image. Cell nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI). Staining for DiD,
CD105, and STRO-1 was observed only in the picture taken from the OCI when DiD was injected 0.5 cm proximal to the defect. Scale bar: 50 pm.

is expressed on the membrane of joint- and peritoneal-
resident stem cells.>'® Hence, we evaluated the expres-
sion of CD105 in the OCI four days after treatment.
Significantly more CD105-positive cells were seen in the
OCl and surrounding tissue after treatment with 0.5 pg/pl
rHAM* than in the control treated with PGA (mean 21.96
(SEM 5.62) vs mean 52.03 (SEM 3.84), respectively; p <
0.01, Mann-Whitney U test) (Figure 4). This suggests that
rHAM* specifically recruits CD105-positive cells to the in-
jured site, as seen in our previous in vivo models.®™°

We next evaluated the origin of the recruited cells.
Following the creation of an OCI in the rats’ knees
and treatment with 0.5 pg/ul rHAM* or PGA alone, the
fluorescent DiD solution, which incorporates into cell
membranes and enables tracking of cells from the injected
area, was injected into an additional hole drilled 0.5 cm
or 1.5 cm proximal to the OCI in the ipsilateral femur
(paracrine recruitment) or to the abdominal peritoneal
fat pad (endocrine recruitment). Immunofluorescent
staining of thin sections of the knees’ OClIs four days after
treatment was performed for CD105, STRO-1 (expressed
on stem cells). DiD (recruited cell marker) was detected
only in the granulation tissue of the rHAM*-treated
group, to which DiD was administered 0.5 cm proximal
to the OCI (Figure 5a). However, no DiD was observed
following rHAM* treatment, when DiD was injected
1.5 cm proximal to the OCI, or at the peritoneal fat pad
(Figures 5b and 5c). In addition, no cells expressing DiD
were observed in the three control groups treated with
PGA (Figures 5a to 5c¢). This indicates that rHAM* induces

paracrine recruitment of cells expressing MSC markers
only from the adjacent bone marrow.

Discussion

Here, we describe a reproducible in vivo model of rat OCI.
This model enabled us to evaluate the effect of various
concentrations of rHAM* on the healing of the OCI 12
weeks after the operation.

Previous studies demonstrated a limited or no effect of
full-length amelogenin on bone regeneration."” Several
amelogenin-derived peptides promote bone forma-
tion in vitro; however, studies on their effect on in vivo
bone formation are inconclusive.”® Here we showed
that treatment with 0.5 pg/ul rHAM®, the concentra-
tion that yielded the best regenerative effect in this and
our previous studies,”’® brought about healing of the
subchondral bone, which serves as the matrix nourishing
and supporting hyaline cartilage. Indeed, superficial
to the subchondral bone, a tissue resembling partially
differentiated hyaline cartilage was observed. The newly
formed cartilage exhibited gradual healing, noticeable
in both the peripheral zone and deeper layers of the
defect, resembling the natural process. Higher expres-
sion of proteoglycans and type Il collagen, the hallmark
of hyaline cartilage, was predominantly detected at
the defect edges, while type | collagen expression was
primarily observed at the centre, indicating the ongoing
process of bone healing and the differentiation from fibro-
cartilage into hyaline cartilage. Additionally, the expres-
sion pattern of type X collagen at the base of the defect
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in the rHAM*-treated OCI indicated maturation of the
subchondral bone and the establishment of a tide mark
demarcating the boundary between the bone and devel-
oping cartilage. In contrast, the PGA-treated OCls yielded
changes observed in rapid post-traumatic OA. These
changes were characterized by substantially damaged
tissues, a marked reduction in proteoglycan secretion,
and no osteochondral junction growth. Notably, elevated
expression of type | collagen, known to be upregulated
during OA, was observed in the proximity of the defect.
The expression of CD105 is one of the essential criteria
for the definition of MSCs." It is additionally expressed
in other cells, such as pericyte endothelial cells.?* Given
the well-established correlation between CD105-positive
cells and high chondrogenic potential,?' we evaluated the
expression of CD105-positive cells at the OCls four days
after treatment with rHAM". The results show that rHAM*
induced a significant increase in the number of CD105-
expressing cells within the granulation tissue of the OCI
four days after treatment. Although the exact identity of
the CD105-positive cells needs to be further evaluated, it
is reasonable to speculate that this population includes
MSCs or cells differentiating from MSCs (including chon-
droblasts). MSCs exhibit pleiotropic effects, including
migration and homing, anti-inflammatory and immu-
nomodulatory properties, and differentiate to promote
tissue repair.? In vitro studies demonstrated that amelo-
genin can induce cell migration.? Indeed, we identified
paracrine migration of cells expressing the MSC markers
CD105 and STRO-1 into the OCI only from the adjacent
ipsilateral proximal femur. No endocrine systemic effect
was detected. Following cartilage injury, joint-resident
MSCs (subchondral bone, synovium, synovial fluid,
and adipose tissue) are naturally recruited into cartilage
lesions to restore morphology and function.>** However,
this natural recruitment mechanism is often insufficientfor
repair.>?* Notably, microfracture surgery, which involves
the creation of perforations in the subchondral bone
plate to facilitate the migration of bone marrow-derived
MSCs into small lesions,? does not bring about cartilage
regeneration but the creation of fibrocartilage.??¢ Hence,
cell recruitment by itself is insufficient for regeneration.
Chemokines are secreted during injury and enhance the
migration of endogenous stem cells to the site of injury.
However, during a natural healing response, the amount
and extent of chemoattractants are limited, insufficient
for regeneration.?” We propose that rHAM*, as a chemoat-
tractant, enhances the natural mechanism of endogenous
stem cell recruitment following cartilage injury. Further-
more, we have previously demonstrated that rHAM* facil-
itated cell proliferation in vivo,® in addition to the in vitro
induction of proliferation of bone marrow-derived MSCs
and other types of cells by amelogenin.?®?° Thereby, the
proliferative abilities of amelogenin, together with the
migratory effect presented here, augment tissue healing.
Additional studies are required to reveal the molecular
mechanisms underlying the healing process of injured
mesenchymal tissues, mediated by amelogenin.

In summary, our study showed that rHAM* induced
healing of injured articular cartilage and underlying
subchondral bone, and prevented destructive post-
traumatic osteoarthritic changes by promoting paracrine
recruitment of endogenous cells expressing the mesen-
chymal stem cell marker CD105. Thus, amelogenin can
be further evaluated in a large animal model for the treat-
ment of cartilage injuries.

Supplementary material
E Figure showing histological analyses of the osteo-

chondral injury 12 weeks after treatment with re-

combinant human amelogenin protein dissolved
in propylene glycol alginate. An ARRIVE checklist is also
included to show that the ARRIVE guidelines were ad-
hered to in this study.
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