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Figure 2 Representative images of special staining and RT-PCR results of tri-lineage differentiation in AT-MSCs. AT-MSCs adhering to the
bottom of the culture dish were spindle-shaped (A). Following 2 weeks of osteogenic induction, MSCs also showed characteristics of the stroma,
including staining with alizarin red, indicating the presence of calcium apatite crystals (B). Observation of the cell pellets that were induced by
chondrogenic induction medium for 2 weeks showed a cartilage-like structure that was positively stained with alcian blue (C). Adipogenic induction of
the MSCs resulted in adipocyte-like flattened cells with small lipid vesicles that stained positively with oil red O (D).

C  Chondrogenesis D Adipogenesis
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at 12 months after surgery. On the other hand, in the
control site, a radiopaque area emerged in the shallow
layer, but bone formation was not completed in the deep
layer. The maximum diameter of the radiolucent area in
the implanted site diminished in a stepwise manner and
became 0 mm at 12 months after surgery. The control
site remained at a diameter of 2.5 mm.

Macroscopic appearance and histopathology of the
osteochondral defects
Macroscopic examination of animal no. 1 revealed that
the surface of the implanted defect was covered with
abundant cartilaginous white tissue (Figure 6A), while car-
tilaginous tissue was scarce and the surface was depressed
in the control site (Figure 6B). Similarly, in animal no. 2,
the surface was quite uniformly covered with abundant
cartilaginous white tissues and the boundary to the sur-
rounding normal cartilage was unclear in the implanted
site (Figure 6C), compared with the findings at the control
site (Figure 6D). The average macroscopic scores for the
implanted site were higher than those for the control site
in animal no. 1, while the differences between the scores
for the implanted site and the control site were decreased
in animal no. 2 (Table 3).

Histopathological sections of animal no. 1 at 6 months
after surgery showed that thickened fibrocartilage had de-
veloped over the subchondral bone that was regenerating

in the implanted site (Figure 7A, B). The surface of the
cartilage was smooth, and the boundary with the sur-
rounding normal cartilage was obscure at the implanted
site (Figure 7A). Meanwhile, the surface was collapsed and
irregular at the control site (Figure 7C, D). The fibrocarti-
lage showed more intense alcian blue staining and Col-II
immunostaining at the implanted site (Figure 7E, F) com-
pared with the control site (Figure 7G, H). In animal no. 2
at 12 months after surgery, partially thickened fibrocarti-
lage was mounted on developed subchondral bone at the
implanted site (Figure 71, J). The surface of the cartilage
was smooth, and the boundary with the surrounding nor-
mal cartilage was obscure, although small areas of endo-
chondral ossification persisted at the center, and small
amounts of AT had differentiated at the bottom part of
the site (Figure 7I). Subchondral bone was symmetrically
reconstructed in the defect and was covered by a mixed
matrix of hyaline cartilage and fibrocartilage, in which
clusters and columnar clusters of cells were observed
(Figure 7J). In the control site, fibrocartilage had immedi-
ately covered the defect, but the subchondral ossification
was poor (Figure 7K, L). The hyaline cartilage showed more
intense and uniform alcian blue staining and Col-II immu-
nostaining at the implanted site (Figure 7M, N) compared
with the control site (Figure 70, P). The averages of histo-
logic scores for the implanted site were distinctly higher
than those for the control site in both animals (Table 4).

g
A CDoo B c¢D10s

Figure 3 Flow cytometry results of immunological markers in AT-MSCs. A strong shift in MFl was detected with antibodies against CD90 (A)
and CD105 (B), whereas no signal reaction was detected with antibodies against CD34 (C) and CD45 (D).
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Figure 4 RT-PCR results of gene expression in AT-MSCs. Premature gene expression in AT-MSCs (A) and specific marker gene expression in
AT-MSCs induced by tri-lineage differentiation medium (B) were confirmed.

387 Discussion involved in cell adhesion and is expressed in hematopoietic 395
388 Human AT-MSCs have been shown to be positive for — stem cells [34], and CD45, which activates T and B 39%
389 CD90, which suppresses the cancerization of stem cells lymphocyte receptors in hematopoietic cells [34], were 397
390 [34], and CD105, which is associated with cellular re-  both negative in the porcine AT-derived cells. Because hu- 398
391 sponses to blood vessel formation and TGF-B1 [34]. The  man hematopoietic cells, but not human MSCs, were posi- 399
392 porcine AT-derived and spindle-shaped cells adhering to  tive for these molecules [35,36], the porcine AT-derived 400
393 the bottom of the culture dish in the present study were cells may not be contaminated with hematopoietic cells 401
394 strongly positive for CD90 and CD105. CD34, which is  [37]. Genetic markers specific for human MSCs, such as 402
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Figure 5 CT assessment of osteochondral defects. The upper image shows one cross section of the multiplanar reconstruction images 1, 3, and
6 months after the surgery in animal no. 1 (A). The lower image shows one cross section of the multiplanar reconstruction images 1, 6, 12 months after
the surgery in animal no. 2 (B).
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6 months after the surgery (Animal No.1) 12 months after the surgery (Animal No.2)
B Control defect C Implanted defect D Control defect

7/ i

covered with the abundant cartilaginous white tissues (A), whereas the cartilaginous tissue was scarce and the surface was depressed in the control
site (B). In animal no. 2, the surface was more uniformly covered with abundant cartilaginous white tissues and the boundary to the surrounding
normal cartilage was unclear in the implanted site (C), comparing to those of the control site (D).

Implanted defect Control defect
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Figure 7 Histopathology of osteochondral defects using Masson’s trichrome, alcian blue, and immunohistochemical staining of type Il
collagen. In animal no. 1, the articular surface was smooth and fibrocartilage developed on the subchondral bone at the implanted site (A, B, E,
F), whereas the surface was irregular and fibrous tissue lay over the subchondral bone at the control site (C, D, G, H). At the implanted site in
animal no. 2, the subchondral bone was symmetrically reconstructed and was covered by matrix including hyaline cartilage, which was suggested by
the clusters (arrowhead) and columnar clusters (arrow) of cells (1, J, M, N). On the other hand, smooth and continuous surface was restored due to
fibrocartilage formation, but subchondral bone was absent in the bottom half of the defect, at the control site in animal no. 2 (K, L, O, P). Black dotted
lines indicate the areas of osteochondral defects immediately after the surgery. Masson’s trichrome staining sections (B, D, J, L) were enlarged from red
dotted square in the images A, C, I, and K, respectively. The insert images in sections B, D, J, and L were enlarged from white dotted square in images B,
D, J, and L, respectively. The bars in the insert images indicate 50 um.
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SOX-2, OCT-4, NANOG [38], KLF-4, and C-MYC [39],
were detected in the porcine cells by RT-PCR [40]. More-
over, the osteogenic, chondrogenic, and adipogenic poten-
tial of the cells was confirmed, and we therefore defined
them as porcine AT-MSCs.

In accordance with a previously described procedure
[21,33], we constructed scaffold-free 3D implants (diameter:
4 mm; height: 6 mm) composed of 760 spheroids each con-
taining 5 x 10* autologous AT-MSCs. The cross-sectional
CT images obtained at 6 and 12 months after implantation
in animal no. 1 and animal no. 2, respectively, may mirror
the histology because the localization, size, and shape of the
radiolucent and radiopaque areas entirely corresponded
with those of the fibrocartilage and regenerated bone. To
further discriminate between cartilaginous and fibrous tis-
sues in the radiolucent area, magnetic resonance imaging
should be used.

The higher average macroscopic scores may suggest
better improvement in superficial features at the im-
planted site, compared with the control site (Table 3).
However, the differences in the average scores between
the control and implanted sites were lower in animal no.
2 (euthanized at 12 months after surgery) than in animal
no. 1 (euthanized at 6 months after surgery). All four
features in the ICRS gross grading scale system were im-
proved at the implanted site compared with the control
defect site in animal no. 1, whereas a difference in neo-
cartilage color only was seen between the two sites in
animal no. 2. The results in animal no. 2 were not con-
sistent with a previous study using rabbits, in which a
more degraded macroscopic appearance of the control
defect (diameter: 4.8 mm; depth: 5 mm) was observed at
12 months after implantation [21]. Based on the results,
we speculate that the superficial features may improve
spontaneously from 6 to 12 months after surgery for this
size of osteochondral defect (diameter: 4 mm; depth:
6 mm) in MMPigs. To discriminate the superficial fea-
tures caused by spontaneous repair from those caused
by MSC-based regeneration in this size of defect, further
evaluation of the pathology at 6 months after surgery
will be appropriate in MMPigs. Other studies are needed
to determine methods for repairing osteochondral de-
fects with larger diameters and depths, which could
never repair by themselves (as shown in the Additional
files 1 and 2).

Table 5 Summary of histological features
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We also obtained higher average histologic scores at
the implanted sites in both animals, which may indicate
desirable osteochondral recovery compared with the
control site (Table 4). As summarized in Table 5, regard-
ing the histological features in animal no. 1, a smooth
and continuous surface was restored by thickened fibro-
cartilage at the implanted site, whereas the surface was
collapsed and irregular at the control site. Fibrocartilage
formation and endochondral ossification during the
process of MSC-based regeneration were present at the
implanted site, compared with fibrous granulation
matrix and inadequate bone formation in the control de-
fect. On the other hand, in animal no. 2, a smooth and
continuous articular surface was restored through cartil-
age formation at both sites, but subchondral bone for-
mation was distinctly more satisfactory at the implanted
site than at the control site, in which the trabecular pat-
tern was completely absent (bone was detached) in the
bottom half of the defect. Subchondral bone was covered
by a mixed matrix of hyaline cartilage and fibrocartilage at
the implanted site, while fibrocartilage had immediately
covered the defect at the control site. These findings were
similar to data reported previously reported in rabbits [21]
and may suggest transformation of fibrocartilage into hya-
line cartilage during the process of MSC-based osteocarti-
lage regeneration. Because neither hyaline cartilage nor cell
clusters were seen in the implanted defect site in animal
no. 1, transformation of fibrocartilage into hyaline cartilage
may begin between 6 and 12 months after implantation.
However, more time may be required to regenerate pure,
high-quality hyaline cartilage as well as complete subchon-
dral regeneration in the implanted defect.

Consistent with a previous study on rabbits [21], we re-
port here the successful outcome of osteochondral regen-
eration with scaffold-free AT-MSC constructs in MMPigs.
Although further studies will be required, we conclude that
implantation of a scaffold-free 3D construct of AT-MSCs
into an osteochondral defect can regenerate the original
structure of the bone and cartilage.

Conclusions

This pilot study suggests that implantation of a scaffold-
free 3D construct of AT-MSCs into an osteochondral de-
fect can induce regeneration of the original structure of the
cartilage and subchondral bone over the course of 1 year.

Animal no. 1

Animal no. 2

Control site Implanted site Control site Implanted site
Cartilage Surface Irregularity Smooth Smooth Smooth
Matrix Fibrous tissue Fibrocartilage Fibrocartilage Mixture; hyaline/fibrocartilage (transformation)

Subchondral bone Granulation tissue Increased remodeling

Detached (in the bottom
half of the defect)

Increased remodeling (endochondral
ossification)

448
449
450
451

452
453
454
455
456
457
458
459
460
461

462
463
464
465
466
467
468
469
470
an

472
473
474
475
476
477
478
479
480
481

482
483
484
485
486

487
488
489
490
491

T5



542

543
544

546
547
548
549

550
551
552
553
554

555
556
557

Murata et al. Journal of Orthopaedic Surgery and Research _##################H#H## _

Additional files

Additional file 1: Surgical procedure, CT images, macroscopic
findings of the articular surface, and histopathology of osteochondral
defects in animal no. 3. Figure S1. surgical procedure: A columnar
construct (6 mm in diameter and 8 mm in height) composed of about 1,150
spheroids of AT-MSCs (A). An elliptic cylindrical osteochondral defect in each
groove (B). Two constructs were autografted into the defect of the right hind
limb (Q. No implantation was in the left limb (B). Figure S2. CT images after
the surgery: One cross section of the multi-planar reconstruction images 1, 6,
and 12 months after the surgery in animal no. 3. In the implanted site, the
radiopaque area gradually progressed and filled throughout the osteochondral
defect after 12 months. However, in the control site, the spread of the
radiopaque area was limited in the shallow layer, and no bone formation was
in the deep layer. Figure $3. macroscopic findings of the articular surface: The
surface was completely covered with abundant cartilaginous white tissues.
The boundary to the surrounding normal cartilage was not different between
the implanted site (A) and the control site (B). Figure S4. histopathology of
osteochondral defects: At the implanted site, the restored subchondral bone
was covered by mixture of hyaline/fibrocartilage, in which the clusters
(arrowhead) and columnar clusters (arrow) of the cells were seen (A, B, C, D).
In the control site, the surface was irregular, and the large fibrous tissue was
presented in the subchondral (area with no bone at the bottom half of the
defect (E, F, G, H)). Black dotted lines indicate the areas of osteochondral
defects immediately after the surgery. Images B and F are high-power fields
of the red dotted square in images A and E, respectively. The small images
in sections B and F are high-power fields of white dotted squares in the
respective images. The bars in the small images indicate 50 pm.

Additional file 2: ICRS gross grading scale and histological grading
scale in animal no. 3. Table S1. ICRS gross grading scale. Table S2.

ICRS histological grading scale.
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