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patients with limb ischemia®® In addition, the therapy is
safe and feasible38 It is well known that bone fracture
healing requires a blood supply, so BMMNC implantation
might be useful not only for revascularization, but also for
subsequent bone regeneration. Indeed, in the present study
clinical and functional healing of bone fracture was

achieved after BMMNC implantation: -
Some possible mechanisms by which BMMNC implan-
tation induces angiogenesis and bone regeneration are
postulated. BMMNC include endothelial progenitor cells
and other cell populations, including osteoblasts. We did
the following experiment to confirm that the BMMNC dit-
ferentiated into osteocytes in the present patient. The BMC,
including erythrocytes, were seeded at a density of %109
cells per 35-mm tissue culture dish (Corning, Nagog Park
Acton, MA, USA) and maintained in 10ml Dulbecco’s
modified minimum essential medium (DMEM) (Sigma, St.
Louis, MO, USA) supplemented with 10% fetal bovine
serum (FBS) (Hyclone, Logan, UT, USA), 100 U/m] peni-
cillin G (Sigma), and 100ug/ml streptomycin (Sigma) at
37°C in a 5% CO: incubator. After 4 days in culture, non-
adherent cells were removed and fresh medium was added.
Attached cells were fed with fresh medium every 3 days.
Passages were performed when the cells were approaching
confluence’ Osteogenic conversion of these cells from the
6th passage culture was identitied as previously described®
For osteogenic differentiation, cells were seeded at 4x
104 cells/16-mm well (2.3x10? cells/cm?) and maintained in
DMEM supplemented with 10% FBS, 10mmol/L glycero-
phosphate (Tokyo Kasei Kogyo, Tokyo, Japan), 100 nmol/L
dexamethasone (Sigma), and 50.:g/ml ascorbic acid-2-
phosphate (Sigma, osteogenic induction medium). Cultures
maintained in the osteogenic induction medium or in the
control medium (DMEM supplemented with 10% FBS)
were stained with alizarin red on day 21. Mineralized matrix
(alizarin red staining) was observed in the osteogenic
induction medium but not in the control medium (Fig4).
After BMMNC impiantation, endothelial progenitor cells
and osteoblasts will differentiate to mature endothelial cells
and bone. In addition, the implanted cells might release
several angiogenic factors and cytokines, such as fibroblast
growth factor, vascular endothelial growth factor, hepato-
cyte growth factor, and insulin-like growth factor-1, leading
to an increase in blood supply and bioactivity in the process
of bone regeneration®1? Interestingly, these cytokines pro-
mote bone healing by activation of osteogenesis, resulting
in union of the fracture. We speculate that the process of
bone healing in this case was mainly by bone regeneration
after angiogenesis. However, we cannot rule out the possi-
bility that angiogenesis and bone regeneration occurred at

UMEMURA T etal.

the same time after BMMNC implantation.

A non-union bone {racture is defined as one that has not
healed after a cerlain period of time. If non-union is still
evident at 6 months post-injury, the bone fracture will
remain unhealed. In the present case because the tibial frac-
ture had not healed at 6 months after onset, it is unlikely

~that-the-course-of -bone - healing-was-a-natural-course..We..

believe that the union of the bone fracture was largely
because of the BMMNC implantation therapy.

In conclusion, it is obvious that increased blood flow
helped maintain the structural and functional integrity of
peripheral tissue and facilitated bone regeneration in this
case. Angiogenesis in cartilage might contribute to bone
repair, as well as the increase in blood flow. BMMNC im-
plantation therapy might be a novel treatment for patients
with compartment syndrome.
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Transplantation of autologous rabbit BM-derived
mesenchymal stromal cells embedded in
hyaluronic acid gel sponge into osteochondral
defects of the knee
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Background

Mesenchymal stromal cells (MSC) have the potential to differentiate
inro distinct mesenchymal tissues including cartilage, suggesting
that these cells ave an antvactive cell source for cartilage tissue
engineering approaches. Various merhods, such as using hyaluronan-
based materials, have been employed to improve transplantation
for repair. Our ojective was to study the effects of autologous
transplantation of rabbit MSC with hyaluronic acid gel sponges

into full-thickness osteochondral defects of the knee.

Methods

Rabbit BM-derived MSC were cultured and expanded with fibroblast
growth factor (FGE). Specimens were harvested at 4 and 12 weeks
after implantation, examined histologically for morphologic features,

and stained immunobistochemically for type II collagen and CD44.

Results
The regenerated area after autologous transplantation of hyaluronic

acid gel sponge loaded with MSC into the osteochondral defect ar

12 weeks after surgery showed well-vepaived cartilage tissue,
resembling the articular cartilage of the suvrounding structuve, of
which the histologic score was significantly better than that of
the untreated osteochondral defect. In the regenerated cartilage, type I
collagen was found in the pericellular matrix of regenerative
chondrocytes, while CD44 expression in the regenevative lissue

could wot be revealed.

Discussion

These data suggest that the autologous transplantation of
MSC embedded in hyaluronan-based material may support
chondrogenic differentintion and be useful for osteochondral defect

repair.

Keywords
autologous cell transplantation, fibroblast growth factor (FGF),

hyaluronic acid gel sponge, mesenchymal stem cells.

Introduction

Full-thickness lesions of articular cartilage are capable of
being repaired in young animals [1,2]. In injured joint
cartilage, progenitor cells from the BM can proliferate and
differentiate within the injured osteochondral defects [3].
Adult cartilaginous tissues contain populations of stem
cells that have the capacity for renewal after trauma,

disease and aging [4]. However, the capacity of articular

cartilage for repair is limited, and frequently is insufficient
for full-thickness repair. Then the untreated injuries of
articular cartilage do not heal, with inferior tissue-
possessing mechanical properties resulting in osteoarthritis
of the joint [5~8]

Mesenchymal stromal cells (MSC) are undifferentiated

pluripotential cells capable of differentiating into many

cell types and may be a suitable autogenous cell source for
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articular cartilage repair [4,9]. MSC obtained from adult

human ~contribute “to~the regeneration  of ‘mesenchymal

tissues such as bone, cartilage, fat, muscle, tendon and
MSC
re-establishing chondrogenesis by being implanted in

marrow stroma [4]. thus have been used for
osteochondral defects of rabbit [5,6,10]. However, regen-
eration of cartilage tissue is so far not ideal because the
homing of the cell in the required area has not been
sufficient. Recently, several studies have approached the
problem of articular cartilage repair by providing the
repair site with BM-derived progenitor cells combined
with biocompatible carrier materials [5,6,11,12].

Among biomaterial carriers as scaffolds onto which cells
are seeded are fibrin, polymers of polyglycolic and
polylactic acids, alginate, collagen gels and Gelfoam (a
purified gelatin sponge), which have been constructed as
three-dimensional matrices and tested in different animal
models [13-15]. A collagen gel used as the delivery
vehicle for the BM-derived progenitor cells led to
incomplete integration of the e novo differentiated tissue
with subsequent deterioration of the repair site [11]. A
hyaluronan-based scaffold allows not only the expression
of specific extracellular matrix molecules by human
chondrocytes grown onto them, but also a down-regulation
of degenerative cartilage molecules in chondrocytes [16].
Hyaluronan-based polymers, such as ACP sponge made of
cross-linked hyaluronan or HYAFF-11 made of benzylated
hyaluronan, have the ability to enhance the natural healing
response. Hyaluronan-based polymers placed into defects
provide an appropriate scaffolding and favorable micro-
environment for the reparative process [11,13,17,18].
Hyaluronan-based scaffolds support the chondrogenic
differentiation of BM-derived MSC. A marrow-loaded
matrix has been developed for the repair of articular
cartilage defects [11,12].

Our previous report showed that MSC can maintain
their multilineage differentiation potential even after
many cycles of cell division in the presence of fibroblast
growth factor-2 (FGF-2) [19]. FGF-2 increased the
growth rate and the life span of rabbit MSC in monolayer
culrure [19]. In the present study, a hyaluronic acid (HA)
gel sponge, which was freeze-dried hyaluronic acid gel, was
used to fill the cartilaginous region of the defect. The
useful effects of this high molecular weight hyaluronan,
with an average molecular weight of 1900 kDa, on
cartilage degeneration have been investigated in a rabbit

model of osteoarthritis [20,21]. This study examined the

value of BM-derived MSC expanded iz witro in the

presence of FGF-2 and HA gel sponge as a scaffold for

the repair of osteochondral defects of the articular
cartilage of the rabbit. Three months later, MSC expanded
in the presence of FGF-2 embedded in the high-molecule
HA gel sponge exhibited a significant regenerative effect in

histologic assessments.

Methods

Isolation of MSC

MSC were i1solated from the ilium of 12—14-week-old
Japanese White rabbits (NIBS, Tokyo, Japan), weighing an
average of 2.3 kg. All operations were performed under
general anesthesia. The rabbits were anesthetized by an
intramuscular injection of xylazine (20 mg/kg of body
weight) and ketamine hydrochloride (30 mg/kg of body
weight). BM with blood of the ilinm was aspirated by
myelocentesis. After the BM samples (0.5 mL/100-mm
dish) were centrifuged to remove heparin, cells were
seeded on 100-mm tissue culture dishes and maintained
at 37°C under 5% CO, in air in 10 mL DMEM
supplemented with 10% FBS and antibiotics (medium
A). Three days after seeding, floating cells were removed
and the medium was replaced by fresh medium A.
Thereafter, attached cells were fed with fresh medium A
every 3 days. The cultures were divided into two groups:
supplementaton with or without 1.0 ng FGF-2/mL.
Passages were performed twice at 5 x 10° cells/cm’ in
100-mm dishes when cells were approaching semi-con-
fluence. After two passages of the cells, rabbit MSC were
suspended into a freezing medium, Cell banker (Nippon
Zenyaku Kogyo Co. Ltd, Fukushima, Japan), frozen and
—80°C for ¢ months. After 6 months of
cryopreservation, cells were recovered and cultured in

stored at

the same medium as that used before cryopreservation.
Once the culture reached semi-confluence, the cells were
subjected to autologous transplantation. MSC were har-
vested with 0.05% trypsin-EDTA and absorbed into HA
gel sponge or atelocollagen gel at 1 x 10° cells/100 pL
DMEM. These were incubated overnight at 37°C under
5% CO, in air in 1 mL DMEM in 16-mm culture dishes

before transplantation.

Implant

Two different delivery vehicles were used to fabricate an
implant for repair of the full-thickness osteochondral
defects. One implant was HA gel sponge. The degradable
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hyaluronic acid material used was freeze-dried hyaluronate
solution:-Hyaluronic-acid (an average molecular-weight of
1900 kDa) solution was freeze-dried to prepare the HA gel
sponge (Denki Kagaku Kogyo KK, Tokyo, Japan). The HA
gel sponge was a column (5 mm in diameter) and became
soluble 2 weeks after incubation in medium A. The other
delivery vehicle was 3% atelocollagen gel (Koken, Tokyo,
Japan), used for comparison with the HA gel sponge. To
prepare the three—dimensional collagenous material for
the delivery vehicle, atelocollagen containing 1 X 10°
MSC was incubated in a glass ring 5-mm in diameter at
37°C under 5% CO; in air overnight. HA gel sponge
materials without MSC underwent the same iz wvitro

processing as those loaded with MSC.

Surgical procedure and autologous implantation
of MSC on the osteochondral defect

Bilateral surgery was performed under sterile conditions
on the 36— 38-week-old rabbits, according to the Institu-
tional Animal Care and Use Committee-approved proto-
col. The rabbits were anesthetized by the same procedure
as used for BM harvesting. A medial parapatellar approach
was made and the patella was luxated laterally to expose
the femoral articular surface of the patellofemoral joint of
rabbits. A full-thickness defect of diameter 5 mm and
depth 2—3 mm on the articular carrilage of the patellar
groove of the distal femur was made with a hand driil. All
debris was removed from the defect with a curette. Before
transplantation, the joints were rinsed with sterile saline
thoroughly. The HA gel sponge, with or without loading of
autologous MSC, was randomly implanted into the left or
right knee. For comparison with the HA gel sponge, a
three-dimensional collagenous material with loading of
autologous MSC was implanted. The animals were divided
into five groups, as shown in Table 1. In seven rabbits,
empty delivery vehicles were used and the animals also
underwent sham operations as a negative control (group 1,
control). In nine rabbits, the HA gel sponge without
loading of MSC was inserted into the defect (group 2, HS).
In seven rabbits, the HA gel sponge loaded with autologous
MSC grown without FGF-2 was inserted into the defect
(group 3, HS+ MSC —FGF). In 17 rabbits, the HA gel
sponge loaded with autologous MSC grown with FGF-2
was inserted into the defect (group 4, HS + MSC+ FGF).
For comparison with the HA gel sponge, three-dimen-
sional collagenous material with loading of autologous
MSC grown with FGF-2 was implanted in 14 animals

Table 1. Study design

Treatment

Group

1 (control) Empty delivery vehicles also
underwent sham operations as a
negative control

2 (HS) HA gel sponge without loading

of MSC was inserted into the
defect

3 (HS+ MSC — FGF) HA gel sponge loaded with

autologous MSC grown without
FGF-2 was inserted into the
defect

4 (HS+MSC+FGF) HA gel sponge loaded with

autologous MSC grown with
FGF-2 was inserted into the
defect

5 (collagen + MSC+ FGF) Three-dimensional collagenous
material with loading of auro-
logous MSC grown with FGF-2
was inserted into the defect

(group 5, collagen+MSC + FGF). The parella was reposi-
tioned, and the capsule, deep fascia, subcutaneous tissues
and skin were then repaired with 4—0 nylon sutures. Post-
operatively, all rabbits were allowed to move freely in the
cage. Severe infection, requirement of additional medica-
tion, wound breakdown or premature death were defined
as individual stopping rules [22].

Approval for the animal study was obtained from the
ethics committee of Gunma University (Maebashi, Japan)
before starting the experiment.

Histologic evaluation

The rabbits were killed at 4 and 12 weeks after the
operation. Tissue samples of the distal femora were thawed
and fixed in 10% buffered paraformaldehyde. After
decalcification with buffered 10% EDTA, the samples
were dehydrated and embedded in paraffin. Sections were
cut sagitally at a thickness of 5 um and stained with
toluidine blue, safranin-O and hematoxylin and eosin.
Histomorphologic findings for each section were evaluated
according to the histologic grading scale for defective
cartilage, described by Wakitani er 4/ [5]. Assessment was
performed by a blinded assessor based on the following

- parameters: cell morphology, matrix-staining, surface

regularity, thickness of cartilage and integration of donor
with host. The total score ranged from 0 to 14 points, with
decreasing points indicating better repair of tissues.
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The histologic scores were compared with one-factor

-analysis of variance (ANOVA) on ranks, followed by

Newman-Keuls all-pairwise multiple comparison proce-
dure to identify differences among groups [11]. All
statistical tests were performed with the Statmate software
package (ATMS Co., Ltd, Tokyo, Japan). Statistical
significance corresponded to P <0.05.

Immunohistochemical analyzes

For phenotypic characterization, immunohistologic stains
were performed on S-um paraffin sections. For immuno-
histochemistry, serial sections were used for detection of
type II collagen and CD44. Sections were deparaffinized
with xylene, rehydrated with decreasing solutions of
ethanol and rinsed three times with PBS, and pretreated
with 1% BSA for 30 min to block any non-specific
reaction. Serial sections were used for the detection of
type II collagen with a specific Ab. Type II collagen was
immunolocalized with a MAb to mouse anti-human
collagen type II (1:100; Daiichi Fine Chemical, Toyama,
Japan). After incubation overnight with the primary Ab at
4°C, sections were rinsed five times in PBS and then
incubated with biotinylated anti-mouse Ig for secondary
Ab. They were rinsed three times with PBS, and treated for
60 min with streptavidin solution (Dako, Hamburg,
Germany). Visualization was performed with diaminoben-
zidine and counterstaining with Mayer’s hematoxylin. For
negative controls, the primary Ab was omitted according to
the immunohistochemical protocol.

For immunohistochemical staining of CD44, the sec-
tions were incubated with proteinase K (Dako) to expose
certain epitopes masked during fixation, followed by a
washing procedure [23]. Endogenous peroxidase activity
was quenched by treating tissue sections with 3% H,0,
for 30 min. After washing, the sections were incubated
with 3% BSA in PBS to block non-specific binding. After
rinsing three times with PBS, the sections were incubated
overnight at 4°C with a 1:200 dilution of a monoclonal
mouse anti-rabbit CD44v6 Ab (BMS125; Bender Med-
Systems, Vienna, Austria). The sections were washed
three times with PBS and then treated with anti-mouse
IgG for 30 min at room temperature. To visualize Ab
binding, after sections were washed three times with PBS,
the staining was developed by incubation with ami-
noethylcarbazole chromogen substrate for 30 min, and
the reaction was stopped by rinsing in distilled water [23].
They were rinsed three times with PBS and treated for

60 min with avidin biotin complex solution (VECTAS-

~TAIN-ABG-KI'F;-Vector-Laboratories - Inc;--Burlingame;——

CA, USA). Visualization was performed in the same way
as that performed for collagen type II staining. For
positive controls, sections were made from femoral
cartilage slices obtained from the osteoarthritic knee at
surgery for total knee replacement.

Results

After three passages of culturing, the MSC grown with
FGF-2 became more spindle-shaped than MSC grown
without FGF-2. FGF-2 also increased the growth rate of
MSC in monolayer cultures. After three passages of
culturing, the MSC grown with FGF-2 were approxi-
mately 10° times as great as without FGF-2. Expanded
MSC had ## vitro differentiation potential: chondrogenic,
osteogenic and adipogenic potentials, as evaluated by the
protocol of Pittenger ez 4. [4] These results were same as
those described previously by Tsutsumi ez 2/. [19] (data not
shown).

Macroscopic findings

At 4 weeks after surgery, the edges of the defects could be
determined in all the knees. Among the groups, few
differences were revealed. The representative gross ap-
pearance of the repair tissue at 12 weeks after surgery is
shown in Figure 1. Debris of either the HA gel sponge or
atelocollagen gel material was not observed in the knee
joint, and there were no signs of synovitis or infection in
the tissues surrounding the implants. For all procedures,
the osteochondral defect was filled by repair tssue. The
regenerated area of the control group (group 1) was red or
dark brown. Irregular tissue with depression was noted and
the margin of the defect was clearly differentiated from
surrounding normal cartilage (Figure 1A). Grafted tissue
of group 2 was smoother and more obvious with pale
tissue than that of group 1. At 12 weeks after surgery in
the groups containing MSC treated with and without
FGF (groups 3, 4 and 5), the regenerated area showed
smooth, consistent, glistening white tissue that resembled
articular cartilage, although the color incorporation into

surrounding normal tissue in group 4 was most evident

(Figure 1).

Histologic evaluation
In the control group (group 1), at both 4 and 12 weeks the

lesions were covered with connective tssue (Figure 2A and
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Figure 1. Macroscopic appearance of the rabbit medial femoral condyle ar 12 weeks after surgery, showing the control defect without
transplantation (4), HA gel sponge alone (B), HA gel sponge loaded with autologous MSC grown in the absence (C) or presence (D) of FGF-2, and
atelocollagen gel sponge londed with autologous MSC grown in the presence of FGF-2 (E).

3A). None of the untreated defects healed completely
with hyaline cartilage. Adjacent cartilage tissue showed
degenerative changes, including clustering and reduced
cellularity at 4 and 12 weeks after surgery. At 12 weeks
after surgery, the surface of the regenerative tissue varied
from fibrous to fibrocartilagenous tissue (Figure 4A and
Figure 5A). There was little metachromatic staining. The
subchondral area showed reactive vascular formation,

suggesting a regenerative reaction.

In the transplanted groups, HS or collagenous material
was replaced with autologous reactive tissues in all rabbits.
In contrast to the control group, cartilage-like tissue,
similar to adjacent normal cartilage, appeared and replaced
the defect. Compared with the surrounding artcular
cartilage, there were more cells and the arrangement
seemed to be more irregular. The adjacent normal
cartilage showed little degenerative change, as seen in
the control group. The border of the regenerated cartilage

Figure 2. Histologic findings of the articular cartilage of adult rabbits ar 4 weeks after surgery showing the control defect without transplantation
(A), HA gel sponge alone (B) and HA gel sponge loaded with autologons MSC grown in the absence (C) or presence (D) of FGF-2. Bar indicates

1 mm.
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was clearly distinguishable. At 4 weeks, all groups showed
“the regenerative tissue ~with a rim ~of hypertrophic:
chondrogenic cells (Figure 2B—D) and few characteristic
differences were detected among the groups. At 12 weeks,
among the four transplanted groups no significant differ-
ences were observed -qualitatively; they showed more
clusters of cartilage occupying the defectwith reduced
thickness compared with normal tissue (Figure 3B-D).
The defects of groups 3 and 4 at 12 weeks had a rim of
chondrogenic cells at the interface with the host tissue.
The central portion of the repair tissue had a low density
of the cells. The top layer varied, and consisted of either
hyaline-like cartilage or fibrocartilage tissues. At a higher
magnification, chondroid tissue seemed to be more often
observed in the repair tissue when the HS material was
loaded with MSC than in repair tissue without MSC
loading (Figure 4B-D). The well-repaired cartilage
showed a relatively smooth surface without depression in
group 4 at 12 weeks. At a higher magnification, the
synthesis of extracellular matrix was revealed by toluidine
blue and safranin-O (Figure 4D and 5B). Metachromatic
staining was distinct in the deep zone of regenerated

cartilage, compared with the superficial zone. The sub-

chondral plate was thicker or similar to that of surrounding
normal.cartilage. Histologic findings in_group 5, in which
cells were embedded in collagen, seemed to be similar to
those observed in group 4, while matrix staining was less
evident than group 4.

Results according to the histologic grading scale
described by Wakitani er 4l [S] are shown in Table 2. As
shown in Figure 6, there was no significant difference in
the total points among groups at 4 weeks. In contrast, at
12 weeks the mean total histologic score was reduced in
treated groups. In particular, the score of group 4, which
was treated with transplanted HA gel sponge loaded with
autologous MSC grown with FGF-2, 40414, was
significantly improved compared with that of group I,
8.5+ 1.3 (P <0.05) This may have been because of the
improvement of the category cell morphology, in which
there was a significant difference between groups 1 and 4
(P <0.01; Table 2).

Immunohistochemical analyzes
Because the effect of hyaluronic acid transplantation or
the regeneration of cartilage tissue was demonstratec

12 weeks after transplantation on histology, immunohisto:

Figure 3. Histologic findings of the articular cartilage of wdult rabbits at 12 weeks after surgery showing the control defect without transplantati

(4), HA gel sponge alone (B) and HA gel sponge loaded with antologous MSC grown in the absence (C) or presence (D) of FGF-2. Bar indicat

1 mm.
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Figure 4. High-magnitude bistologic findings of the articular cartilage of adult rabbits ar 12 weeks after surgery showing the control defect without
transplantation (4), HA gel sponge alone (B) and HA gel sponge loaded with autologous MSC grown in the absence (C) or presence (D) of FGF-2.

Bar indicates 100 pm.

chemical analyzes were performed for the tissue specimen
obtained at that time. In the regenerative area of
the control group, little type II collagen was detected
(Figure 7A). In contrast, type II collagen was accumulated
in the pericellular and extracellular matrix cartilage in
groups 2, 3 and 4, while staining for type II collagen was
more intense on chondrocytes and the matrix around

lacunae in normal cartilage (Figure 7B). The staining was

denser in the matrix than in surrounding articular
cartilage.

In order to investigate the role of CD44, a receptor for
hyaluronan on the cell surface, in the chondrogenic cells
embedded in hyaluronate gel, the expression of the
receptor was evaluated by immunohistochemistry. Unex-
pectedly, in both the control and experimental groups the
CD44 protein was not detected (Figure 8B). To examine

B

Figure S. Safranin-O staining of hyaline cartilage of rabbits in the contvol group (A) and the group with autologous transplantation of HA gel
sponge with rabbir MSC treated with FGF-2 (B) ar 12 weeks after surgery. Bar indicates 100 pim.
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o i Ny g hyaluronic acid gel was full-thickness repair of cartilage
= - & Aaesa e S . : :
= - N tissue obtained sufficiently.
'g %
= . . .
& = The effect of hyaluronic acid alone on regeneration of
5 y g
o 2 . . . . .
& = cartilage tissue as a scaffold was not significantly evident in
by
S 2 8 the histologic scoring system used in the present study. In a
%] o h\i{
= = A . . . . .
~= = 3 revious report, hyaluronic acid-based biomaterials have
[ = b ?
=t 8 0= . .
= z 3§ been used as scaffolds for defects of articular cartilage, and
S g) o Gi 3
) I~ SR . . . .
= 8 =5 the histologic score was significantly better than that
2 >~ ZE 8 N2
= R : 0 .
2 Pl g7 % obtained for untreated defects [11]. The reason wh
Q S 5SS« B 3
g g & L . .
o~ < £ B O g B hyaluronic acid gel alone did not have a significant effect
~ > 58 = 3.2 2] . . . .
© a8 2 x8ces 53 in the present study is uncertain at present. Possibly
> 2 ¥ T &G g Sy
= 25 T EEELE5 s differences in the materials of the hyaluronic acid may be
= oo O=2o6b &5+ zZ & -

related to the insufficient regenerative effect. However, the
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Figure 7. Immunologic localization of type Il collagen in repaired tissues in the control group (A) and the group with antologous transplantation of
HA gel sponge with rabbit MSC treated with FGF-2 (B) at 12 weeks afier the operation. Bar indicates 100 pim.

useful effects of the present high molecular weight
hyaluronic acid on cartilage degeneration have been shown
in a rabbit osteoarthritis model [20,21]. Alternatively,
defect size, which was larger in the present study than
the other investigations, may have lead to an insufficiency
in the hyaluronic acid-regenerative effect. Shapiro ez a. [1]
described small (three-millimeter-diameter) full-thickness
lesions in very young animals as fully capable of repair. In
contrast, large defects, with either partial thickness
penetrating the cartilage alone or full thickness accessing
the subchondral bone, are generally incapable of natural
repair. In the present study, the defect size created was
larger (5-mm diameter) than previous reports. It is there-
fore suggested that the capability of hyaluronic acid-
assisted regeneration of cartilage tissue may not be enough
for sufficient recovery.

In the present study, the regenerated area after auto-
logous transplantation of HA gel sponge loaded with
MSC into the osteochondral defect showed effective
repair that resembled articular cartilage at the Macroscopic
and microscopic level. Solchaga ez al. and Gao ez 4l [11,12]
demonstrated that hyaluronic acid-based scaffolds support
osteogenic and chondrogenic differentiation of BM-
derived MSC; this marrow-loaded matrix was then
developed for the repair of articular cartilage defects.
Hyaluronic acid-based biomaterials used for cartilage
repair allow not only the expression of specific extra-
cellular matrix molecules by human chondrocytes grown
onto them, but also a down-regulation of some catabolic
factors as matrix metalloproteinases, MMP-1 and MMP-
13 and nitric oxide [16,24]. Chondrocyte apoptosis is
reduced during the growth of the cells onto the biomaterial

Figure 8. Immunostaining for CD44 in vepaired tissues in the control group (4) and the group with autologous transplansatrion of HA gel sponge
with rabbit MSC treated with FGF-2 (B) at 12 weeks after the operation. Bar indicates 100 pim.
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[16]. Wakitani er 4l [5] demonstrated that MSC trans-
plantation with the collagen gel effectively repaired the
_defect of articular cartilage, in_which_histologic recovery
was dominant in the cell morphology. Similarly in the
present study, autologous MSC grown with FGF-2
transplantation with the use of HA gel sponge significantly
improved the reparative capability of articular cartilage, as
measured by histologic analyzes, especially for cell
morphology. It is suggested that the HA sponge may
enable MSC to induce an ability to differentiate into
cartilaginous tissue and supply appropriate conditions for
cartilage regeneration.

CD44 has been identified as the principal cell surface
[25]. The hyaluronan
receptor CD44 has been implicated in cell adhesion

receptor for hyaluronic acid

molecules, and serves as the critical link for the retention
of hyaluronan—proteoglycan aggregates with the chon-
drocyte cell surface [26~28]. In several investigations,
CD44 was expressed in chondrocytes from normal and
osteoarthritic tissue in human carulage [28]. Tibesku
et al. [23) reported that chondrocytes in rabbit normal
articular cartilage did not express CD44, or expressed it
only at a very low percentage, and suggested that CD44
did not play an essential role in normal cartilage. In
contrast, Ostergaard er 4. [27] analyzed human femoral
heads and found significantly up-regulated expression of
CD44 in the deep zone of osteoarthrits cartilage. In the
experiments, over the time—course of osteoarthritis of the
rabbit, significantly more chondrocytes expressed CD44,
suggesting that the augmentation of CD44 expression is
related to the pathogenesis of osteoarthritis [23]. The
present results, showing clear expression of the receptor
in the cartilage chondrocytes in the osteoarthritic knee,
corresponded well to these previous reports. On the other
hand, the induction of receptor expression in response to
hyaluronic acid in the regenerauve carulage is contro-
versial. Addition of hyaluronic acid in biomaterial favors
the adhesion of chondrocytes to their extracellular
matrix, and results in a significant increase in CD44 %
cell number compared with in the absence of hyaluronic
acid [29]. In contrast, however, the findings that the
mRNA level of CD44 is unaffected by treatment with
hyaluronan oligosaccharides was confirmed by flow
cytometry analysis [26]. Grigolo e al. [16] reported that
chondrocytes grown onto a hyaluronic acid-based scaffold
redifferentiate and express their original phenotype, but

reduce the production and expression of many factors

including CD44, which are involved in carrilage degrade
tion. In the present study, expression of CD44 in th
regenerative _tissue could not be derermined. Thes
results suggest that CD44, possessing a harmful role i
regenerative cartilage tissue, may not be associated wit
communication between regenerative chondrocytes an
the surrounding hyaluronic acid. Instead, other receptor
such as RHAMM, may be involved in the regenerativ
process performed by MSC.

In a previous study, we showed the retention of th
chondrogenic and osteogenic potentials of FGF-expose
MSC during proliferation in vitro. Also, FGF stimulate
the growth rate and life span of rabbit and human MSC i
monolayer cultures [19]. The velocity of chondrocyt
migration was accelerated in the presence of FGF and
was not affected by the addition of hyaluronic acid alon:
However, simultaneous administration of hyaluronic aci
and FGF showed augmented effects. On the other hanc
the velocity of synovial cell migraton was enhanced b
hyaluronic acid but not by FGE. Hyaluronic acid had
chemokinetic effect on synovial cells and FGF had th
same effect on chondrocytes [30]. The results of ou
studies showed that autologous MSC grown with FG
transplantation with the use of HA gel sponge significantl
improved the reparative capability of articular cartilag
as measured by histologic analyzes. It is suggested th:
FGF may stimulate the MSC motility necessary fc
osteochondral regeneration occurring at defects fille
with hyaluronic acid gel.

In addition to its bionic lubricating function, hyalurona
has various biochemical actions, including ant-inflamma
tion by suppressing proliferation of synovial cells an
lymphocytes, synthesis of prostaglandin E,, and protectio
of the cartilage matrix from degradation. Thus intra
articular administration of hyaluronic acid is often use
clinically for patients with osteoarthritis or rheumaroi
arthritis, and the effects are well documented [20]. Th
present finding that autologous transplantation of rabb:
BM-derived MSC with HA gel sponge can effectivel
regenerate osteochondral defects has merit in cell therap
and regenerative therapy for the restoration of damaged ¢

diseased articular cartilage.
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Behavior of Transplanted Bone
Marrow-Derived Mesenchymal Stem
Cells in Periodontal Defects

Naohiko Hasegawa,* Hiroyuki Kawaguchi,* Akio Hirachi,* Katsuhiro Takeda,* Noriyoshi Mizuno,*
Masahiro Nishimura,’ Chika Koike,! Koichiro Tsuji,$ Hideo Iba,! Yukio Kato,?$ and Hidemi Kurihara*

Background: Recently, there have been an increased num-
ber of basic and clinical reports indicating the superior poten-
tial of bone marrow-derived mesenchymal stem cells (MSCs)
for tissue regeneration. In periodontal treatment, previous an-
imal studies indicated that autotransplantation of bone mar-
row MSCs into experimental periodontal defects enhanced
periodontal tissue regeneration. However, mechanisms for
periodontal tissue regeneration with MSCs are still unclear.
The purpose of this study was to elucidate the behavior of
transplanted MSCs in periodontal defects.

Methods: Bone marrow MSCs were isolated from beagle
dogs, labeled with green fluorescent protein (GFP), and ex-
panded in vitro. The expanded MSCs were mixed with atelo-
collagen (2% type I collagen) at final concentrations of 2 x
107 cells/ml and transplanted into experimental Class Ill peri-
odontal defects. Localizations of GFP and proliferating cell
nuclear antigen (PCNA)-positive cells were evaluated by
immunohistochemical analysis.

Results: Four weeks after transplantation, the periodon-
tal defects were almost regenerated with periodontal tissue.
Cementoblasts, osteoblasts, osteocytes, and fibroblasts of the
regenerated periodontal tissue were positive with GFP. PCNA-
positive cells were present in regenerating connective tissue.

Conclusion: These findings suggest that transplanted
mesenchymal stem cells could survive and differentiate into
periodontal tissue cells, resulting in enhancement of periodon-
tal tissue regeneration. J Periodontol 2006;77:1003-1007.
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issue regeneration requires three
I key elements: cells, scaffolds, and
signaling molecules.! Considering
current regenerative surgeries of peri-
odontal tissue, scaffolds and signaling
molecules are already used; however, the
other key element, cells, has not yet
been well established.

Bone marrow mesenchymal stem
cells (MSCs) can easily be obtained and
differentiated into osteoblasts, chondro-
cytes, tenocytes, adipocytes, muscle cells,
or nerve cells in vitro and in vivo.28
Thus, transplantation of bone marrow
MSCs may provide a new method for
treatment of osteoporosis, arthritis, car-
diac diseases, and degenerative nerve
diseases. Taking all of these findings
into consideration, it is conceivable that
MSCs might be useful for periodontal
tissue regeneration.

We have focused on bone marrow
MSCs and already succeeded in develop-
ing a new culture system with fibroblast
growth factor-2 (FGF-2) to expand MSCs
with multilineage differentiation poten-
tial.8 To investigate the possibility of
using MSCs in periodontal therapy, our
previous animal study revealed that
transplantation of bone marrow MSCs
enhanced periodontal tissue regenera-
tion.? Although it has been speculated
that transplanted MSCs participate in
periodontal tissue regeneration, the pre-
cise mechanism by which MSC trans-
plantation enhances periodontal tissue

doi: 10.1902/jop.2006.050341
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regeneration is unknown. To elucidate the perfor-
mance of the MSCs after transplantation, we trans-
duced MSCs with DNA encoding for green fluorescent
protein (GFP). GFP is widely used as a tracer and is
well tolerated both in vitro and in vivo. The purpose
of this study was to evaluate whether the resulting
periodontal tissue regeneration originated from the
transplanted MSCs.

After approval was obtained from the Committee of
Research Facilities for Laboratory Animal Science,
Hiroshima University School of Medicine, six female
beagle dogs weighing 10 to 14 kg and aged 12 to
20 months were used in this study. Good oral health
was established by scaling and mechanical tooth-
brushing.

Isolation and Development of Bone Marrow MSCs
Bone marrow aspirates of 1 ml were taken from the
iliac crest of animals under sodium pentobarbital
(40 mg/kg) anesthesia. Cell culture was performed in
accordance with the technique described by Tsutsumi
et al.8 The cells were seeded at 2 x 108 cells/100-mm
tissue culture dish and maintained in 10 ml Dulbecco’s
modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS),10.05 U/ml pen-
icillin,* and 0.05 mg/ml streptomycin.** Three days
after seeding, floating cells were removed, and the
medium was replaced by fresh medium. Passages
were performed when cells were approaching con-
fluence. Cells were seeded at 5 x 103 cells/cm? in
100-mm dishes and maintained in a medium con-
taining 3 ng/ml FGF-27" for 2 weeks. The cells were
harvested with trypsin plus EDTA, washed with
phosphate-buffered saline, and stored in liquid nitro-
gen until use.

Transduction of MSCs With a Retrovirus Carrying
GFP cDNA

PtG-S2-pMZGFPIP (enhanced GFP packaging cells)
and the adenovirus to transduce Cre recombinase
were used.

Preparation of Vesicular Stomatitis Virus
Glycoprotein (VSV-G) Pseudotype Retrovirus
DMEM (high glucose) supplemented with 10% FBS
and penicillin/streptomycin was used for retrovirus
vector preparation. The VSV-G-pseudotyped vector
was harvested every 24 hours from PtG-S2-
pMZGFPIP at 3 to 7 days after introduction of Cre
recombinase, as described previously.!® The VSV-
G-pseudotyped vector was concentrated by centrifu-
gation at 6,000 x g for 16 hours at 4°C, and the pellet
was suspended in DMEM without FBS (final x100-fold
concentration).
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Retrovirus Transduction and Determination of Its
Efficiency and Selection

All transduction was carried out in the presence of
8 pg/ml polybrenet? after a 1-day passage. Three
days after transduction, the titer of MSCs was deter-
mined by counting the numbers of clones with green
fluorescence in cultures transduced with the vector in
10-fold serial dilutions made by adding fresh culture
medium. We determined that the 1:40-fold dilution
of the concentrated vector solution could transduce
the MSCs effectively. To select the transduced cells,
4 pg/ml puromycin was added to eliminate any
non-transduced cells. The transduced cells (>90%
GFP-positive) obtained from cultures at passages 3
through 5 were used for transplants.

Creation of Class Ill Furcation Defects,
Transplantation of MSCs, and Tissue Preparation
Creation of Class lll furcation defects and tissue prep-
aration were performed according to the technique re-
ported by Kawaguchi et al.® Mandibular second, third,
and fourth premolars (P2, P3, and P4) in each dog
were selected for experimentation. The MSCs cul-
tured for 2 weeks were suspended, and then an MSC
collagen gel material was prepared. A total of 2 x
107 MSCs were mixed with 1 ml atelocollagen
(2% type | collagen, extracted from bovine calf skin
by pepsin digestion).88 These MSCs in atelocollagen
or atelocollagen only were transplanted. During the
postoperative observation periods, good oral hy-
giene was maintained by brushing and swabbing
with 0.2% povidone iodine.ll

Four weeks after transplantation, anesthetized an-
imals were sacrificed by vascular perfusion with 4%
paraformaldehyde in a sodium cacodylate buffer con-
taining 0.05% calcium chloride (pH 7.3). The mandi-
bles were dissected and decalcificated with 10%
EDTA for 2 weeks. They were dehydrated through
graded ethanol, cleared with xylene, and embedded
in paraffin. Serial sections (5 um) were cut in the
mesial-distal plane throughout the buccal-lingal ex-
tension of the tooth. The sections were stained with
hematoxylin and eosin (HGE) and observed using a
light microscope.

Immunohistochemical Procedures

Av peptide antibody11 and mouse monoclonal anti-
cell nuclear antigen*# (proliferating cell nuclear anti-
gen [PCNA]) were used as the primary antibodies.
Av peptide antibody is a mixture of several rabbit

9 Hyclone, South Logan, dT.

# Invitrogen, Carlsbad, CA.

** Invitrogen.

11 PeproTech EC, Rocky Hill, NJ.

$% Sigma, St. Louis, MO.

§§ Koken, Tokyo, Japan.

Il Meiji-seika, Tokyo, Japan.

99 Living Colors, BD Biosciences, Palo Alto, CA.
## DAKO, Carpinteria, CA.
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anti-GFP antibodies. Sections were deparaffined with
xylene, rehydrated through a descending ethanol se-
ries, and washed in distilled water. Endogenous per-
oxidase was blocked by incubating the sections with
3% hydrogen peroxide. After washing sections with
Tris-buffered saline (TBS) (pH 7.2), the sections were
treated with 0.1% bovine serum albumin*** to pre-
vent non-specific binding, and the following incuba-
tions were performed. The primary antibodies were
diluted in antibody diluent'’? and incubated for
~1 hour at room temperature. The primary antibody
dilutions were GFP (1:200) and PCNA (1:200). After
incubation with the primary antibodies, sections
were rinsed with TBS and incubated with an alkaline
phosphatase-dextran complex®tf for 30 minutes in
amoist chamber. These slides were rinsed in TBS. An-
tibody complexes were visualized with 3,3’-diamino-
benzidine (DAB) substrate, washed in distilled water,
and counterstained with hematoxylin. As controls,
some sections were treated in the same way but
without incubation with the primary antibodies. The
differential labeling patterns obtained with various an-
tibodies also served as internal controls.

Morphological and Immunohistochemical Findings
Morphological findings at 4 weeks after transplanta-
tion were almost the same as in the previous report.
Most experimental specimens showed a significant
amount of new bone, and an adequate width of peri-
odontal ligament was observed (Fig. 1A).

The denuded root surface was almost completely
covered with new cementum, and the regenerated
periodontal ligament separated the new bone from
cementum. However, complete alveolar bone recon-
struction was not yet obtained (Fig. 1A). In contrast,
periodontal tissue regeneration was insufficient in
the control group compared to the experimental group
(Fig. 2). Epithelial cells invaded into the top of the fur-
cation, and cementum regeneration was not observed
in the area (Fig. 2).

Immunohistochemical study showed that GFP-
positive cells were present in the whole area of the
defect. In the top area of the defect, abundant GFP-
positive cells were observed in regenerating soft con-
nective tissue and on the surface of regenerating
alveolar bone (Figs. 1B and 1D).

Cementoblasts arranged along the denuded sur-
face, osteoblasts and osteocytes of regenerated bone,
and fibroblasts of the regenerated periodontal liga-
ment were immunoreactive for GFP (Figs. 1C and 1E).
In all control incubations, immunoreaction was not
found over the tissue sections.

PCNA-positive cells were present in regenerating
soft connective tissue (Figs. 1F and 1G). Cementoblasts,
fibroblasts, osteoblasts, and osteocytes of regener-
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ated periodontal tissue showed weak staining with
PCNA (Fig. 1G).

To elucidate the survivability and behavior of trans-
planted MSCs in periodontal defects, we used GFP-
transduced MSCs and examined their localization in a
regenerative procedure using an immunohistochemi-
cal method. Initially, we observed with a fluorescence
microscope but could not detect any GFP-positive cells.
Decalcification of the tissue during tissue preparation
might influence GFP fluorescence. Therefore, GFP
was visualized using anti-GFP monoclonal antibody im-
munostaining in this study.

Our histological analysis showed that the defects
were almost regenerated with cementum, periodontal
ligament, and alveolar bone 4 weeks after MSC trans-
plantation. These results were consistent with our
previous report.® Moreover, this study showed that os-
teoblasts and osteocytes in regenerated alveolar
bone, cementoblasts on the denuded root surface,
and fibroblasts in the soft connective periodontal tis-
sue were GFP-positive. These anti-GFP monoclonal
antibody immunostaining findings confirmed that
some transplanted MSCs survived in periodontal de-
fects at least 4 weeks after transplantation and differ-
entiated into periodontal tissue-composing cells. It is
also speculated that transplanted MSCs survive, dif-
ferentiate into periodontal tissue cells, and release
various kind of cytokines, all of which promote peri-
odontal tissue regeneration.

The exact mechanism by which MSCs differentiate
into cementoblasts, osteoblasts, and periodontal liga-
ment fibroblasts is unknown. Previous in vivo studies
revealed that host factors influence transplanted
MSCs to differentiate into various connective tissue
cells.!1.12 |t has also been reported that the microen-
vironment and surrounding tissue provide the nutri-
ents, growth factors, and extracellular matrices to
support MSC differentiation.!3 It appears that when
stem cells are removed to different locations, they un-
dergo reprogramming of gene expression and cross
lineage boundaries. For instance, brain stem cells
give rise to hematopoietic cells, and bone marrow
cells give rise to epithelial cells after transplanta-
tion.!415 In the periodontal field, bone marrow MSCs
gain characteristics of periodontal ligament cells after
co-culturing with periodontal ligament-derived
cells.’® The periodontal environment seemed to stim-
ulate the transplanted MSCs to differentiate into spe-
cific periodontal tissue cells.

With regard to MSCs differentiated into cemento-
blasts, transplanted MSCs may promote their

**% Sigma.
111 DAKO.
$$+ ENVISION, DAKO.
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Four weeks after transplantation. A) New bone and an adequate
width of periodontal ligament are observed in the experimental
group. New cementum almost completely covers the denuded
root surface. Regenerated periodontal ligament separates the new
bone from the cementum. Arrowheads indicate the apical border
of the denuded root surface. B through G) Higher magnification
of square areas of A. B and D) In the top area of the defect,
osteoblasts on regenerated bone (b) and fibroblasts in the
surrounding connective tissue are GFP-positive. C and E) In the
middle area of the defect, cementoblasts, fibroblasts, osteoblasts,
and osteocytes of regenerated periodontal tissue are GFP-positive.
F) Cells in connective tissue are PCNA-positive. G) Cementoblasts,
fibroblasts, osteoblasts, and osteocytes show weak staining with
PCNA. (B and C: H&E staining: D and E: immunohistochemical
staining of GFP; F and G: immunohistochemical staining of PCNA;
scale bars: A =200 um; B and C = 20 um.,)

differentiation after attachment to the denuded
dentin surface. Our in vitro study involving reverse
transcription-polymerase chain reaction of MSCs
showed that MSCs expressed non-collagenous bone
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Four weeks after implantation of atelocollagen alone (control group).
Epithelial cells invaded into the top of the furcation, and no
cementum regeneration was observed in the area. Note less
periodontal regeneration compared to Figure |A. Arrowheads
indicate the apical border of the denuded root surface.

Bar= 200 pm.

proteins such as osteocalcin, osteopontin, and bone
sialoprotein when MSCs were cultured on dentin
blocks (data not shown). These findings suggest that
MSCs attached on the root surface differentiate into
cementoblasts in the early stage of the process. A va-
riety of chemotactic factors, adhesion molecules,
growth factors, and extracellular matrix macromole-
cules could participate together in inducing differ-
entiation of MSCs into cementoblasts.!” Once MSCs
along the root surface differentiate into cemento-
blasts, these cells could release various kinds of cyto-
kines, leading to a subsequent process of periodontal
tissue regeneration.

The present study indicates that up to 4 weeks after
transplantation, regenerating and regenerated peri-
odontal tissue was derived largely from transplanted
MSC cells. Furthermore, results of an immunohisto-
chemical PCNA study suggest that MSCs are present
at various differentiation stages. Nevertheless, the re-
sults in the control group showed that some of the de-
fects were repaired by the invasion of cells from the
surrounding tissue: regenerated periodontal tissue
originates, atleast partly, from host cells. It is not clear
how long transplanted MSCs survive and take part in
tissue formation. Transplanted MSCs in chondral de-
fects showed that they decreased in number with
time.18 Although the cells might have lost the ability
to produce GFP, their disappearance is more likely.!?
Other groups reported that transplanted cells survived
for 10 days to 8 weeks in chondral defects.?%:2! Addi-
tional studies with short- and long-term observations
will extend our knowledge on the exact fate of the
transplanted MSCs.

CONCLUSION
This study indicates that transplanted MSCs can survive
and differentiate into periodontal tissue—composing





