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TABLE 3. MPTA at 8 Weeks After Surgery

Group 1 Group 2 (Bone Wax) Group 3 (TEC)
37 56 56

41 58 59

45 65 61

47 69 65

65 73 80

— — 88

47.0 64.2 63.2

MPTA indicates medial proximal tibial angle; TEC, tissue-engineered
construct.

hydrochloride (30 mg/kg of body weight) and intravenous
injection of propofol (80 mg/kg). The proximal part of the
left tibia was exposed through an anteromedial incision.
A window in the medial side of the growth plate was first
made using a high-speed dental burr (diameter, 2 mm).
The drill was then introduced and passed centrally into
the epiphyseal growth plate region. Physeal defects of 3 mm
diameter and Smm depth were created. The periosteum,
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subcutaneous tissue, and skin were then closed in layers.
Rabbits were allowed free, weight-bearing movement with
no immobilization of the legs. Operated rabbits were
randomly divided into 3 groups as follows:
Group 1: nothing embedded into the physeal defect
(n = Y5).
Group 2: bone wax embedded into the physeal defect
(n =Y9).
Group 3: TECs were implanted into the physeal defect
(n=17).

Evaluation of TEC Effectiveness

Rabbits in all groups were killed at 4 or 8 weeks
postoperatively. For radiographic evaluation, radiographs
of the right (unoperated) and the left (operated) tibias
were taken, and the medial proximal tibial angle (MPTA)
was measured (Fig. 1).

For histologic evaluation, sections through the pro-
ximal tibia were made and stained with hematoxylin and
eosin or safranin O. Histologic findings were scored ac-
cording to a histologic grading scale (Table 1), with

Group1 (control)

Group?2 (bone wax)

Group3 (TEC)

FIGURE 3. Medial proximal tibial angle (MPTA) at 8 weeks after surgery. Varus deformities were more severe in all groups than at
4 weeks. Varus deformities were significantly better in groups 2 (bone wax) and 3 (TEC) than in group 1. *P<0.05.
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FIGURE 4. Histology in group 1. A, Histology at 4 weeks after surgery, showing bony bridge formation. B, Histology at 8 weeks.
Bony bridge formation is increased and the epiphysis shows a wide connection with the metaphysis. Bar, 500 um. HE indicates

hematoxylin and eosin.

higher scores indicating higher quality of the growth plate
repair.

Statistical Analysis

All data from at least duplicate samples are ex-
pressed as means + SD, and a minimum of 3 independent
experiments were performed. Unpaired Student ¢ test or
analysis of variance for multiple comparisons were used
for statistical analysis. Differences between experimental
groups were considered significant for values of P < 0.05.

RESULTS

Radiographic Results

Group 1 demonstrated angular deformity of the left
tibia, with a mean MPTA of 66.0 degrees (range, 62 to 75
degrees) at 4 weeks after surgery (Table 2 and Fig. 2) and
47.5 degrees (range, 37 to 65 degrees) at 8 weeks after
surgery (Table 3 and Fig. 3). Radiography in this group
showed partial growth arrest of the proximal medial ti-
bias (Figs. 2, 3). The mean MPTA of the right tibia was
88.0 degrees.

The mean MPTA in group 2 was 79.8 degrees
(range, 70 to 90 degrees) at 4 weeks after surgery (Table 2
and Fig. 2) and 64.2 degrees (range, 56 to 73 degrees) at 8
weeks after surgery (Table 3 and Fig. 3). Varus deformity
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was milder than in group 1 at 4 weeks, postoperatively
(Fig. 2). At 8 weeks after surgery, all cases showed varus
deformity (Table 3 and Fig. 3). MPTA was significantly
better than in group 1 at both 4 and 8 weeks after surgery
(Figs. 2, 3).

The mean MPTA in group 3 was 80.9 degrees
(range, 74 to 88 degrees) at 4 weeks after surgery (Table 2
and Fig. 2) and 68.2 degrees (range, 56 to 88 degrees) at
8 weeks after surgery (Table 3 and Fig. 3). Varus deformity
was much milder than in group 1 at 4 weeks after surgery
(Fig. 2), and MPTA in 3 of the 6 operated tibias was
almost the same as in the unoperated tibias (Table 2). At
8 weeks postoperatively, 1 of the 6 operated tibias showed
normal MPTA, and another case showed very little varus
deformity. However, 4 of the 6 operated tibias showed
varus deformity (Table 3 and Fig. 3). Compared with
group 1, MPTA was significantly improved at both 4 and
8 weeks after surgery (Figs. 2, 3).

Histologic Findings

In group 1, a bony bridge formation replaced the
epiphyseal growth plate at the operated site, with the
epiphysis showing a wide connection with the metaphysis
at 4 weeks after surgery (Fig. 4A) and increased con-
nection at 8 weeks (Fig. 4B).
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FIGURE 5. Histology in group 2 (bone wax). A, Histology at 4 weeks after surgery, showing partial bony bridge formation.
B, Histology at 8 weeks, showing partial growth arrest over a wider area than at 4 weeks. Bar, 500 um. HE indicates hematoxylin

and eosin.

In group 2, all cases showed partial bony bridge
formation. The transplanted bone wax remained at the
operated site and showed no staining with hematoxylin
and eosin or safranin O. However, some cases showed
disappearance of transplanted bone wax and replacement
with a bony bridge and growth plate-like tissue (Fig. 5).
At 8 weeks after surgery, many cases showed a wider
bony bridge area than at 4 weeks.

In group 3, all cases showed partial bony bridge
formation. However, proliferative and prehypertrophic
chondrocyte-like cells were seen at the operated site
4 weeks postoperatively (Fig. 6A). The cells took on
a columnar arrangement like a normal physis and the
physeal area was thickened (Fig. 6B). The cartilage matrix
showed staining with safranin O, indicating the chon-
drogenic potential of MSCs in the TEC. Regeneration of
the growth plate was recognized in the tibias without
deformity (Fig. 6D).

Histologic Scores

Histologic findings at 4 and 8 weeks after surgery
were evaluated and rated using a histologic grading scale
(Table 1). At 4 weeks after surgery, histologic scores for
the repaired growth plate were higher in groups 2 and 3
than in group 1 (Table 4). At 8 weeks after surgery, his-
tologic scores were lower in group 2 compared with scores

© 2012 Lippincott Williams & Wilkins
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at 4 weeks (Table 5). Scores were significantly higher in
group 3 than in group 2. At 8 weeks after surgery, group 2
showed a wider area of bony bridge formation, resulting
in lower scores. Group 3 showed a thickened physeal
area, resulting in higher scores.

DISCUSSION

The physis has limited ability to repair itself. Injury
and damage may thus lead to deformities and shortening
of long bones by growth arrest with bone bridge for-
mation. Various treatments such as gradual correction
and bone bridge resection have been used with varying
rates of success. In treatment by bone bridge resection,
several types of interposition material have been used in
clinical practice. Langenskiold?! reported 38 cases of
physeal bridge resection using autogenous body fat,
suggesting that 82% of cases benefited from the proce-
dure. Bright reported a series of 100 patients treated using
silastic as the interposition material,?> with 81% of pa-
tients demonstrating some growth after bridge resection,
and 70% achieving good to excellent results. Klassen
and Peterson?? reviewed the Mayo Clinic experience with
50 cases of physeal bridge resection using cranioplast
(methylmethacrylate) as the interposition material, report-
ing early closure of the operated physis. These findings
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FIGURE 6. Histology in group 3 (TEC). A, Histology at 4 weeks after surgery, showing little bony bridge formation and repaired
epiphyseal plate on the operated site. B, High-power section (x 2) of the new physis at 4 weeks after surgery. Proliferative and
prehypertrophic chondrocyte-like cells are seen on the operated site, and the physeal area is thickened. Bar, 500 um. C, Histology
at 8 weeks after surgery, showing repaired epiphyseal plate. D, High-power section (x 2) at 8 weeks after surgery, showing the
thickened physeal area on the operated site. Bar, 500 um. HE indicates hematoxylin and eosin.

suggest that the interposition of fat, silastic, and other
artificial materials might be associated with limitations to
bone growth and several issues associated with long-term
safety. We used bone wax as the interposition material in
group 2. Many orthopaedic surgeons perform fat grafting
in human epiphyseal plate injury. However , the bone wax
is more difficult to be absorbed than the fat, and so, we
used bone wax as the interposition material in this study.

The present study has demonstrated the feasibility
of using a unique scaffold-free TEC from synovium-
derived MSCs to repair the injured epiphyseal plate. The
use of this unique TEC has the following benefits.

First, TECs can be autogeneously developed with-
out any need for an exogenous scaffold. Implantation of
TECs thus has minimal risk of potential side effects in-
duced by biological and artificial materials in the scaffold.
Some papers have reported transfer of MSCs using scaf-
folds for the treatment of growth arrest.?+?> No similar
reports in the literature have mentioned the use of cultured
MSCs without scaffolds to repair epiphyseal plate injury.

Second, TECs have the ability to allow chondro-
genesis. We implanted pluripotent MSCs into the epi-
physeal plate area, because reconstructing the columnar
structure of the growth plate by MSCs in vitro is difficult.

TABLE 4. Histologic Scores 4 Weeks After Surgery for the
Repaired Growth Plate

TABLE 5. Histologic Scores 8 Weeks After Surgery for the
Repaired Growth Plate

Rabbit Number Group 1  Group 2 (Bone Wax) Group 3 (TEC) Rabbit Number Group 1 Group 2 (Bone Wax) Group 3 (TEC)
1 0.0 1.0 3.0 1 1.0 1.5 2.0

2 0.5 2.5 3.0 2 1.0 1.5 3.0

3 0.5 3.0 3.5 3 3.0 1.5 5

4 4.0 6.0 35 4 3.0 1.5 6.0

5 5.5 8.5 5 5 5.0 2.0 7.0

6 — — 6.5 6 — — 8.0

7 — — 7.0 Mean + SD 26+16 1.6+£02 5.2 &£ 2.5%
Mean £+ SD 21+£24 42+£30 45+ 1.6

TEC indicates tissue-engineered construct.

*Significantly different from groups 1 and 2 (P < 0.05).
TEC indicates tissue-engineered construct.
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The local in vivo environment might have stimulated
differentiation of the TEC. For example, multiple cyto-
kines such as parathyroid hormone-related protein and
Indian hedgehog exist at various concentration gradients
in the growth plate. We hypothesized that these cytokines
could help with regeneration of the injured physis. Our
results showed that using MSCs without scaffolds re-
sulted in less bony bridge formation and contributed
to longitudinal bone growth. In the control group, bony
bridge trabeculae replaced the epiphyseal plate. In the
TEC group, proliferative and prehypertrophic chon-
drocyte-like cells were seen on the operated site. These
cells took on a slightly disordered columnar arrangement
like a normal physis, and the physeal area was thickened
(Fig. 6). The implanted stem cells may thus show differ-
entiation responses in the epiphyseal plate. In groups
2 and 3, the radiographic results were similar. However,
the histologic scores of group 3 were significantly better
than that of group 2. This is because the implanted stem
cells could help the regeneration of the injured physis. We
are planning to perform a longer duration of examination
in the next study.

Further studies are needed to clarify the function
of the new physis from the TEC with regard to bone
growth and to examine applications in other large ani-
mals, including humans. This study used a small number
of animals and only continued observations for 8 weeks.
A larger number of subjects and a longer duration of ex-
amination are thus warranted. To attain more extensive
chondrogenic differentiation responses, biological manip-
ulation of the TEC may be required before implantation.
This study used synovium-derived cells, which reportedly
exhibit the most enhanced chondrogenic potential among
mesenchymal tissue-derived cells.!! If TECs are to be used
for repair of epiphyseal injury in large animals such as
humans, large quantities of cells will be needed. To over-
come this problem, we are planning to use TECs cultured
from induced pluripotent stem cells after confirming the
quality of TECs developed using induced Pluripotent
Stem cells in the next study.

CONCLUSIONS
A scaffold-free 3D TEC made using cultured syno-
vium-derived MSCs differentiated into proliferative and
prehypertrophic chondrocyte-like cells. We have demon-
strated the feasibility of a scaffold-free 3D TEC as a new
approach for the repair of epiphyseal injury.
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Abstract

Background The purpose of this study was to character-
ize the effect of post-surgery joint inflammation on the
chondrogenic differentiation capacity of mesenchymal
progenitor cells (MPCs) derived from the synovial mem-
brane (SM).

Methods Six Suffolk-cross sheep were subjected to
experimental anterior cruciate ligament (ACL) core sur-
geries. After they were killed 2 weeks after surgery, the
volume of synovial fluid in the knees was measured and SM
was collected for mRNA extraction and cell isolation. Cells
were propagated and used for lineage-specific differentia-
tion assays using cell pellet cultures and mRNA extraction.
Chondrogenic differentiation assays in the presence of
exogenous interleukin-1f (IL-1f) were also performed.
Results The volume of synovial fluid from the operated
knees was significantly greater than from the contralateral
knees. Quantitative RT-PCR revealed that mRNA levels
for IL-1f and matrix metalloproteinases-3 and -13 in SM
from the operated knees were significantly higher than
those from the contralateral knees. The size of MPC pellets
from operated knees (opMPC) cultured in chondrogenic
medium were significantly smaller than the corresponding
pellets generated with MPCs from contralateral knees
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(conMPC). Addition of 1-100 ng/ml IL-18 significantly
suppressed the resultant size of chondrogenic cell pellets
from normal ovine SM-MPC.

Discussion From these results, we conclude that cells
from SM exposed to post-surgical inflammation are com-
promised by the inflammatory environment and that IL-1
can inhibit the latent chondrogenic potential of normal
MPCs. This suggests that if MPCs from injured joints do
contribute to cartilage repair, their endogenous repair
potential may become compromised by such post-injury
joint inflammation.

Keywords Chondrogenesis - Inflammation -
Interleukin (IL) - Matrix metalloproteinases (MMP) -
Mesenchymal progenitor cells (MPCs)

Abbreviations

ACL Anterior cruciate ligament
BM Bone marrow

GAG Glycosaminoglycan

IL-15 Interleukin-1/

opMPC  MPC from operated knee
conMPC MPC from contralateral knees
MPCs Mesenchymal progenitor cells
MMPs Metalloproteinases

OA Osteoarthritis

SF Synovial fluid

SM Synovial membrane

TNFo Tumor necrosis factor-o
Introduction

Mesenchymal stem/progenitor cells (MSCs/MPCs) have
the capacity to differentiate to a number of connective
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tissue lineages such as osteogenic, chondrogenic, and adi-
pogenic [1]. These cells may be isolated from various
tissues such as bone marrow (BM), skeletal muscle,
synovial membrane (SM), adipose tissue, umbilical cord
blood, and placenta [1-6]. Among cells from a number of
tissue sources, SM-MSCs/MPCs exhibit the most chon-
drogenic potential [7]. These cells are proposed to play an
important role in the intraarticular environment to enhance
endogenous repair and to be an appropriate cell source for
cartilage regeneration therapy [§].

The surface ‘intima’ and the underlying ‘subintima’ are
the two distinct anatomical layers forming the synovial
tissue. The former layer is avascular and loosely organized,
as it is not supported by a basement membrane, whereas
the subintima consists of a network of connective tissue
intermingled with cell types and blood vessels. The cell
types predominantly present in this tissue are macrophage-
and fibroblast-like synoviocytes [9] which are involved in
the production of specialized matrix constituents such as
hyaluronan, collagens, and fibronectin for the intimal
interstitium and synovial fluid [10]. Although MSCs have
been obtained from both synovium and synovial fluid, no
specific location has been proposed where they may be
present. In culture, cell surface markers, especially CD44™,
are used to isolate these cells from a mixed population of
cells of synovium or synovial fluid [11]. However, for the
sheep model there is a shortage of reagents available.

Intraarticular injuries can lead to the onset and pro-
gression of osteoarthritis (OA). The mechanism of cartilage
degradation is believed to be multi-factorial, and biological
factors are believed to play important roles in the patho-
physiology of OA [9, 12]. Such biological factors can
aggravate cartilage degeneration by contributing to an
unstable balance between catabolic and anabolic influences
on cells. Inflammatory cytokines such as interleukin-1f
(IL-1f) and tumor necrosis factor-o (TNFo) are known to
be increased in the synovial fluid (SF) volume from
patients with anterior cruciate ligament (ACL) injury
[13-16], and these cytokines could potentially stimulate the
synthesis of matrix degrading metalloproteinases (MMPs)
[17, 18]. Such MMPs are believed to be partially respon-
sible for the degradation of extracellular matrix in
cartilage, contributing to the progression of OA.

The effect of intraarticular inflammation on the differ-
entiation capacity of MSCs is controversial. It has been
reported that advanced OA is correlated with reductions in
the differentiation activity of human BM-MPCs [19], while
normal cartilage contains CD1057/CD166™" cells that have
the phenotype of MPCs and the frequency of these cells has
been reported to be increased in OA cartilage [20]. On the
other hand, some studies have reported that BM-MSCs
from patients with arthritis possess chondrogenic potential
similar to BM-MSCs isolated from healthy donors [21].
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Furthermore, the chondrogenic potential of human adult
BM-MSCs has been reported to be independent of OA
etiology [22]. The controversy is based, in part, on the fact
that the differentiation capacities of BM-MPCs, and not
SM-MPCs that have more chondrogenic potential than
BM-cells [7], were compared in all of these previous
studies.

Cells and tissues are exposed to the surgery-associated
inflammation after surgery, and it is unclear how such
inflammation affects both the endogenous tissues and cells
in such environments in either the short term or long term.
In spite of ACL reconstruction surgery, current ligament
reconstruction procedures may not eliminate the progres-
sion of OA [23, 24], possibly related to inflammation in the
joint. The purpose of this study was to characterize the
effect of post-surgery inflammation on cells in the SM and
the mesenchymal differentiation capacity of MPCs derived
from SM exposed to short-term post-surgery inflammation
in an established ovine model.

Materials and methods
Tissue collection, isolation and expansion of the cells

This study was performed in accordance with a protocol
approved by the institutional animal ethics committee. Six
skeletally mature 3—4-year-old female Suffolk-cross sheep
were subjected to anatomically positioned reconstructive
ACL autograft surgeries which were accomplished via an
arthrotomy to the right stifle joint. The surgical procedure
has been described in detail in Heard et al. [25]. Briefly,
each surgical animal received an injection of Liquamycin
(Pfizer Canada, Inc., Kirkland, QC, Canada) 24 h pre- and
post-surgery, Atro-Sa (Rafter Products, Calgary, AB,
Canada), Acevet (Vetoquinal, Inc., Lavaltrie, QC, Canada),
and Temgesic (Schering-Plough, Hertfordshire, UK) which
were all administered as a pre-anesthetic cocktail. Under
anesthesia, the patella was dislocated medially to expose
the ACL. The proximal head of the lateral femoral condyle
was the entry point for a guide pin that was inserted to
mark the femoral insertion of the ACL. A dry pneumatic
nitrogen drill with a hollow bore coring device was fitted
over the guide pin and was used to core out the ACL from
its femoral insertion and the ligament was later replaced at
the same anatomical position. All animals were observed to
be healthy and were killed 2 weeks after surgery.

The legs were severed from the hip joint within 30 min
of death and incised for joint capsule exposure. Next, the
synovial fluid was aspirated with a 10 ml syringe as much
as possible, prior to collection of all other tissues of the

joint capsule. Following collection, the total volume of

the synovial fluid was measured. SMs were obtained
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aseptically from both knees of each sheep. Half of each SM
was used for cell isolation and the remainder was snap-
frozen in liquid nitrogen and later used for mRNA
extraction. The cell isolation protocol from SM was
according to that described previously [8]. Briefly, the
tissues were rinsed with phosphate-buffered saline (PBS;
Invitrogen, Carlsbad, CA, USA), and then minced metic-
ulously. The minced tissue was then digested with 0.2%
collagenase (Worthington Biochemical Corp., Lakewood,
NJ, USA) for 2 h at 37°C. After neutralization of the col-
lagenase with basic culture medium containing high-
glucose Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS; Invit-
rogen, lot #439145) and 1% penicillin/streptomycin
(Invitrogen), the cells were collected by centrifugation,
resuspended in basic culture medium, and plated in T-25
cell culture flasks. For expansion, cells were cultured in the
basic culture medium at 37°C in a humidified atmosphere
of 5% CO,. The medium was replaced twice every week.
After 7-10 days of primary culture, the cells were washed
with PBS, harvested by brief treatment with 0.25% trypsin
and 1 mM EDTA (Invitrogen), and replated in two T-75
flasks for the first subculture. Cells at passage 2 were used
for the subsequent differentiation assays and mRNA
analyses.

In-vitro chondrogenic differentiation assays

For cell pellet culture analysis, 2 x 10° cells were trans-
ferred into 15 ml polypropylene tubes, centrifuged at
500g for 5 min to form a pelleted micromass at the bottom
of the tube, and these pellets were then treated with
chondrogenic medium for 14 days with medium changes
twice weekly. The chondrogenic medium consisted of
DMEM supplemented with 1% insulin—transferrin—sele-
nium supplement (Invitrogen), 100 nM dexamethasone
(Sigma-Aldrich), 0.2 mM ascorbic acid 2-phosphate (Asc-
2p; Sigma-Aldrich) and 500 ng/ml recombinant human
BMP2 (PeproTech Inc., Rocky Hill, NJ, USA) [26, 27].
After 14 days of culture, macroscopic analysis was per-
formed by stereomicroscopic procedures [27]. The images
were analyzed by Scion image (Scion Corporation, Fred-
erick, MD, USA), and then the cross-sectional areas of the
resultant cell pellets were calculated as a parameter of
pellet size. Glycosaminoglycan (GAG) levels in the pellet
cultures were measured as previously described [28].
Briefly, cell pellets were digested with a 0.25 mg/ml
papain solution (Sigma), and then the eluates were assessed
using the 1,9-dimethylmethylene blue binding assay.
Absorbance of the extracted product was measured using a
spectrophotometer (Benchmark Plus; Bio-Rad, Hercules,
CA, USA) at 510 nm. The total amount of protein was also

measured by the bicinchoninic acid protein assay method
(Sigma) for normalization. Each of the cell pellet samples
was assessed in duplicate.

For mRNA extraction, cells were seeded in 12-well
plates at a density of 1 x 10* cells/cm? in the basic culture
medium. The medium was then changed to the chondro-
genic induction medium at 24 h and day 3. Samples were
collected at day 7 and mRNA extracted using the TRIspin
method [29].

In-vitro osteogenic differentiation assays

Cells were seeded in 24-well plates at a density of 1 x 10*
cells/cm? in the basic culture medium. After the medium
was changed to an osteogenic medium at 24 h, cells were
continuously cultured with medium changed twice weekly.
Osteogenic medium consisted of basic culture medium,
100 nM dexamethasone, 10 mM a-glycerophosphate, and
0.2 mM Asc-2P (all from Sigma-Aldrich) [3]. At day 10,
some cells were fixed with 10% neutral buffered formalin
and then stained with Alizarin Red S solution (Sigma-
Aldrich) for 3 min to stain for calcium deposits. For
measurement of calcium deposition, other cell prepara-
tions were lysed in 10% formic acid and calcium content
in solutions was measured using a colorimetric kit (Ar-
senazo III; Diagnostic Chemicals Limited, Charlottetown,
PE, Canada). Each of the samples was assessed in
duplicate.

In-vitro adipogenic differentiation assays

Cells were seeded in 24-well plates at a density of 1 x 10*
cells/cm? in basic culture medium for 2 days. The medium
was then shifted to adipogenic induction medium con-
sisted of basic culture medium supplemented with
0.5 mM 3-isobutyl-1-methylxanthine, 1 pM hydrocorti-
sone, 0.1 mM indomethacin and 5 mM octanoate. After
2 days, the medium was replaced with basic culture med-
ium supplemented with 5 pg/ml insulin and 5 mM
octanoate (all from Sigma-Aldrich) [1, 30]. Cells were
cultured for an additional 6 days before staining with Oil
Red O (Sigma-Aldrich). After fixation in 10% neutral
buffered formalin, the cells were immersed in a 60% Oil
Red O solution (Sigma) for 30 min. The cultures were then
washed thoroughly with distilled water to remove back-
ground Oil Red O staining. The associated Oil Red O was
eluted with 100 pl of 100% isopropanol, and the optical
density of 70 pl of the eluates was quantified using a
spectrophotometer at 510 nm [31]. The absorbance of the
cells cultured in the basic culture medium was used as the
background value to compare each sample. Each of
the eluates was tested in duplicate.
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Chondrogenic differentiation assay in the presence
of exogenous IL-1§

To examine the effect of IL-1f on chondrogenesis of
MPCs, normal SM were obtained from normal sheep not
involved in the ACL core surgery aims of the study. Cells
were isolated and expanded using the same procedure as
described above. Pelleted micromasses from these cells
were cultured in the chondrogenic medium containing
human 0-100 nM IL-1f (PeproTech) starting on day 1. At
day 14, the cross-sectional areas of the resultant cell pellets
were calculated as described above.

Semi-quantitative real-time polymerase chain reaction
(RT-PCR) and real-time quantitative RT-PCR
(RT-gPCR) analysis

Total RNA was isolated from both SM tissue and the
cells isolated from these tissues using the TRIspin
method [29]. One microgram of total RNA from each
sample was initially reverse-transcribed with random RT
primers using an Omniscript RT kit (Qiagen, Hilden,
Germany). Type II collagen expression was assessed for
determining the extent of chondrogenesis by semi-quan-
titative RT-PCR using specific PCR primers as described
in Table 1. All amplicons were sequenced to confirm
specificity for sheep molecules (data not shown). The
protocol described previously was used throughout [32].
The optional cycle number for both col2al and 18S was
24. Amplicons were separated on a 2% agarose gel

followed by staining with ethidium bromide and band
detection using a GelDoc system (Bio-Rad). RT-qPCR
was performed using Bio-Rad iQ SYBR Green Supermix
(Bio-Rad) as previously described [33]. PCR primers and
the annealing temperatures are listed in Table 1. Ampli-
fication and detection were performed using an iCycler
Thermal Cycler (Bio-Rad). To normalize for input load
of cDNA between the samples, 18S was used as an
endogenous standard for normalization. Preliminary
studies indicated that 185 mRNA levels did not change
during the response to injury (data not shown). The
quantification of the relative fold change between sam-
ples was analyzed using iCycler iQ Opticak System
Software, ver. 3.0a (Bio-Rad). Each of the cDNA prep-
arations was tested in duplicate. The standard curve
method was used to quantify the relative fold change
between samples. The correlation coefficient of each
standard curve was ~0.99 [34].

Statistical analysis

The results are presented as mean 3= SD. Measurement
of synovial fluid volume, mRNA levels, and adipogene-
sis parameters were analyzed by the Mann—Whitney
U test. Measurements of chondrogenesis and osteo-
genesis parameters were analyzed by ANOVA with
Bonferroni’s multiple comparison ¢ test. STATVIEW
version 5.5 software performed statistical calculations
(SAS Institute, Cary, NC, USA) and significance was set
at p < 0.05.

Table 1 Primer sequences and conditions for PCR analysis of sheep mRNA

Gene Gene ID Primer sequence Tm (°C) Size (bp)

18S (human) X03205 F: TGGTCGCTCGCTCCTCTCC 65 360
R: CGCCTGCTGCCTTCCTTGG

Col2al (bovine) X02420 F: GAGCAGCAAGAGCAAGGACAAG 53 163
R: GTAGGTGATGTTCTGAGAGCCCTC

IL-18 NM_001009465 F: CGAACATGTCTTCCGTGATG 57 144
R: TCTCTGTCCTGGAGTTTGCAT

1L-6 NM_001009392 F: ACAGCAAGGAGACACTGGCA 57 396
R: GCCGCAGCTACTTCATCCGA

MMP-2 AF267159 F: CTACCACCTCCAACTACGAT 57 412
R: AGAATGTGGCTACTAGCAG

MMP-3 (bovine) AF135232 F: TTAGAGAACATGGGGACTTTTTG 65 360
R: CGGGTTCGGGAGGCACAG

MMP-13 AY091604 F: GGTCTGTTGGCTCACGCTTTCC 65 171

R: GAGTGCTCCTGGGTCCTTGG

18§ 18S ribosomal RNA gene, Col2al collagen type 2al, IL-1f interleukin-1p5, IL-6 interleukin-6, MMP2 matrix metalloproteinase-2, MMP3

matrix metalloproteinase-3, MMP13 matrix metalloproteinase-13
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Results

Synovial fluid volumes are increased and mRNA levels
for IL-1f and matrix metalloproteinase (MMP)-3
and -13 are upregulated in SM after surgery

At 2 weeks after surgery, the knees were swollen with
significantly increased SF volumes in operated knees
(9.21 + 4.00 ml) compared to the contralateral knees
(0.583 £ 0.342 ml, p = 0.003). Thus, this time point was
chosen to assess the acute response to injury/surgery. To
further investigate the differences in SM between operated
knees and contralateral knees, mRNA levels for catabolic
biomarkers were assessed. RT-gPCR revealed that mRNA
levels for IL-15, MMP-3, and MMP-13 normalized to 18S
in SM from the operated knees were significantly higher
than those from contralateral knees (Fig. 1a—c). Regarding
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Fig. 1 mRNA levels for inflammatory mediators and MMPs in the
SM after surgery. Quantification of the results of RT-qPCR for
inflammatory mediators and MMPs including IL-18 (a), MMP-3 (b),
MMP-13 (¢), IL-6 (d), and MMP-2 (e) normalized to 18S in SM from
the operated and contralateral knees of the sheep at 2 weeks after

mRNA levels for IL-6 and MMP-2, significant differences
were not uniformly detected (Fig. 1d, e). These results
suggested that surgical invasion of the joint leads to
induction of selective inflammatory mediators in the joint,
and this is reflected in elevated mRNA levels for a subset
of catabolic biomarkers in the SM tissue.

Cells from SM exposed to post-surgery inflammation
exhibit diminished chondrogenic potential compared
to those from non-operated contralateral knees

Cells were isolated from the operated (opMPC) and con-
tralateral (conMPC) knees. To evaluate the chondrogenic
potential of both opMPCs and conMPCs, cell pellets were
cultured in chondrogenic medium. Pellets from cells cul-
tured in chondrogenic medium were significantly larger
than those for the corresponding cells cultured in control
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surgery. mRNA extraction failed from one sheep under ACL
reconstruction surgery. Tp = 0.006, §p = 0.009, $p = 0.006. Filled
triangle, filled square, filled circle, open diamond, open square: sheep
1-5
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Fig. 2 Comparison of the chondrogenic potential between opMPC
and conMPC. a A photograph of cell pellets from opMPC and
conMPC cultured in basic culture medium (control) or chondrogenic
medium (chondrogenesis). Bar 500 um. b mRNA analysis of
conMPC and opMPC for chondrogenic marker gene, type II collagen

medium for both opMPC and conMPC (Fig. 2a). RT-PCR
analysis confirmed elevated mRNA expression for type II
collagen for both cell sources cultured in chondrogenic
medium (Fig. 2b). Measurement of the cross-sectional area
of the opMPC pellets (0.390 + 0.0690 mm?) revealed they
were significantly smaller than the corresponding conMPC
pellets (0.554 + 0.210 mm?, p = 0.02) (Fig. 2c). The
glycosaminoglycan content of the conMPC pellets cultured
in the chondrogenic medium (39.0 &+ 27.4 GAG/protein)
was significantly higher than those of the opMPC pellets
(11.4 £ 522 GAG/protein, p = 0.004) (Fig. 2d). These
data suggest that surgery-associated inflammation appeared
to have a deleterious influence on the chondrogenic
potential of MPCs derived from the SM.

Cells from SM exposed to post-surgery inflammation
exhibit osteogenic and adipogenic potential similar
to cells from the non-operated contralateral knees

Both opMPCs and conMPCs cultured in osteogenic med-
ium were stained with Alizarin Red; however, cells

cultured in basal medium did not stain (Fig. 3a). Calcium
deposition by opMPCs cultured in osteogenic medium
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(Col2al), and 18S. ¢ The cross-sectional area from a representative
2D image of cell pellets. 'p = 0.02. d The measurement of GAG by
cell pellets normalized to protein level. 8p = 0.004. Filled triangle,
filled square, filled circle, open diamond, open square, open triangle:
sheep 1-6

(6.84 £ 2.56 pg/ml) was similar to that of corresponding
conMPCs (6.47 £ 2.90 pg/ml) (Fig. 3b). Furthermore, the
adipogenic potential of both cell populations was also
examined. Oil Red O staining showed that cells cultured in
control medium did not stain with Oil Red O to any
detectable extent, while cells from both knees of the two
groups cultured in adipogenic medium did stain in a
detectable manner (Fig. 3c). The eluates of associated Oil
Red O revealed no significant differences in lipid accu-
mulation between opMPCs (0.100 + 0.095 OD) and
conMPCs (0.118 + 0.102 OD) (Fig. 3d).

Cells from SM exposed to post-surgery inflammation
continue to over-express mRNA for IL-1f
and MMP-3 and -13

Cells isolated from the operated (opMPC) and contralateral
(conMPC) knees retained the mesenchymal multi-lineage
differentiation potencies, as shown in Figs. 2, 3. These
cells were therefore defined as mesenchymal progenitor
cells (MPCs). To investigate the effect of an altered
intraarticular environment on cells isolated from the tissue
exposed to inflammation, mRNA levels for catabolic
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Fig. 3 Comparison of the osteogenic and adipogenic potential
between opMPC and conMPC. a Photomicrographs of opMPC and
conMPC cultured in basic culture medium (control) or osteogenic
medium (osteogenesis) stained with alizarin red. Bar 25 pm.
b Calcium content of cells cultured in osteogenic medium. ¢ Photo-
micrographs of opMPC and conMPC cultured in basic culture

biomarkers between opMPCs and conMPCs at passage 2
were compared. Quantitative RT-PCR revealed that mRNA
levels for IL-13, MMP-3, and MMP-13 normalized to 18S
in opMPCs remained somewhat higher than those in con-
MPCs; however, significant differences were not detected
due to large animal-to-animal variation (Fig. 4a—c). Trends
for higher mRNA levels for MMP-13 (Fig. 4c) in opMPCs
compared to the corresponding conMPCs were observed in
all animals, while such trends were observed for IL-18
(Fig. 4a) and MMP-3 (Fig. 4b) in cells from five of six
animals.

Effect of exogenous IL-1/ on the chondrogenic
potential of SM-derived normal cells

To examine the potential involvement of inflammatory
mediators in the observed inhibition of chondrogenesis by
cells from surgically affected joints, 0-100 nM of IL-1/
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medium (control) or adipogenic induction medium (adipogenesis)
stained with oil red O. Bar 25 um. d Elution of Oil Red O from
opMPC and conMPC following exposure to adipogenic medium.
Filled triangle, filled square, filled circle, open diamond, open square,
open triangle: sheep 1-6. No significant differences were detected

were added during the chondrogenic differentiation of
MPCs from normal sheep SM. The cross-sectional area of
normal SM-MPC pellets cultured in the chondrogenic
medium with >1 nM IL-1f were significantly reduced
compared to those cultured in chondrogenic medium
without IL-18 (Fig. 5).

Discussion

In this study, it has been demonstrated that surgical inter-
vention to the ovine knee joint results in increases in the
volume of SF in the joints, as well as elevations in mRNA
levels for some catabolic biomarkers in the corresponding
SM by 2 weeks post-surgery. In addition, and critical to the
effectiveness of endogenous MPCs, it was demonstrated
that cells from SM exposed to surgery-associated inflam-
mation maintained over-expression of inflammatory
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inflammatory mediators and MMPs including IL-1f (a), MMP-3 (b),
and MMP-13 (¢) normalized to 18S in SM-MPCs derived from the
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Fig. 5 Chondrogenic potential under IL-1f stimulation: ratio of
sectional area from 2D images of MPCs from normal sheep SM
cultured in chondrogenic induction medium with 0-100 nM IL-15.
p» = 0.01, ¥p < 0.001, $p < 0.001 compared to MPC pellets cultured
in chondrogenic induction medium without IL-1f. N = 4

biomarkers and uniquely exhibited lower chondrogenic
differentiation capacity (~70% of control values) com-
pared to cells from the contralateral knee. It was also
shown that in-vitro exposure to 1-100 nM of exogenous
IL-1f also led to diminished chondrogenic differentiation
capacity of SM-MPCs from normal sheep.

Inflammatory mediators including IL-18 and TNFo
have been reported to decrease the mRNA levels for
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chondrogenic markers including Col2A1 and aggrecan
during chondrogenesis of BM-MSCs and SM-MSCs,
respectively, under the influences of BMP2 in a dose-
dependent manner [35, 36]. These inflammatory mediators
were also reported to inhibit chondrogenesis induced by
TGFo [37], as well as osteogenesis [38] by human BM-
MSCs. The present results and the reports from other lab-
oratories suggest that inflammatory cytokines are
potentially involved in the suppression of the chondrogenic
capacity of cells exposed to inflammation, and that this
suppressive effect on chondrogenic capacity by MPCs
exposed to inflammation may also contribute to the
unstable balance between degradative and biosynthetic
events within the joints, an imbalance which could ulti-
mately contribute to OA development and progression.

In contrast to other reports with human BM-MSCs [38],
we did not detect differences in osteogenic and adipogenic
potential between cells isolated from the SM from operated
knees compared to those from contralateral knees. We
speculate that part of this discrepancy may be based on the
relatively low osteogenic/adipogenic potential of the cells
derived from the SM compared to their chondrogenic
potential, or perhaps species or tissue origin differences.

Metalloproteinases are reported to play central roles in
tissue repair and remodeling of connective tissues in
response to injury, as well as being involved in destructive
disease processes including OA [39]. They are sub-grouped
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into collagenases (MMP-1, MMP-§, MMP-13, and MMP-
18), gelatinases (MMP-2 and MMP-9), stromelysins
(MMP-3, MMP-10, and MMP-11), matrilysins, membrane-
type (MT)-MMPs, and others [40]. In the present study,
mRNA levels for MMP-3 and MMP-13 in SM tissue from
operated knees were significantly higher than those from
contralateral knees, but the differences in mRNA levels for
MMP-2 were trends only. MMPs are synthesized as pre-
proenzymes and processed by tissue and plasma proteinase
including other active MMPs to become active MMPs that
can digest a number of ECM molecules including collagens
and aggrecans [40]. Furthermore, several of the differences
in mRNA levels for MMPs between conMPC and opMPC
were also only trends; however, GAG measurement in
chondrogenic cell pellets showed significant differences
between conMPC and opMPC cultures.

With regard to the effect of exogenous IL-1§ on chon-
drogenic differentiation of normal SM-MPCs, a number of
interesting points are raised by the data. First, exposure to
IL-18 led to decreases in chondrogenesis to ~70% of
control values. This level of decline was similar to that
detected between the opMPC and conMPC cultures.
However, it remains to be determined whether IL-1p is the
primary endogenous effector cytokine in vivo. Secondly,
the inhibition of chondrogenesis following exposure to the
exogenous IL-15 appeared to be nearly maximal with
10 nM of IL-18 and no further declines were detected
when concentrations were increased to 100 nM. Thus, it
would appear that only a subset of SM-MPCs are suscep-
tible to the inhibitory influences of this cytokine in vivo,
and it is curious that there is such correlation between the
levels of inhibition of chondrogenesis in the opMPC
compared to the conMPC, and the in-vitro IL-1f§ studies.
At a minimum, the findings imply there are multiple sub-
sets of MSCs/MPCs in the SM from normal sheep, some
being responsive to IL-1f and others resistant to the bio-
logical effects of the cytokine. Whether such response
patterns relate to expression of IL-1 receptors by a subset
of MPCs is the subject of current studies.

While the results presented clearly show how inflam-
mation in the surgically altered knee joint leads to decreased
potential for synovial membrane MSCs to differentiate
towards the chondrogenic phenotype, there are some limi-
tations to the studies presented. First, the number of animals
assessed is not large. However, we have used a large animal
model and it is difficult to use a substantial number due to
cost and ability to house and train large numbers of animals.
This limitation is off-set by using a large animal with knee
components not unlike those of the human. Second, we are
able to obtain as much synovial fluid as possible, but have
no way of determining whether we obtained all of it when
trying to quantify volumes. However, the method used was
reproducible in our hands. Thirdly, we obtained synovial

membranes from reproducible sites, but we do not know if
there are site-specific differences, and whether the altered
proteinase levels contributed to the selective release of
subsets of MSCs from the synovium which could have
influenced the findings. Fourthly, we measured mRNA, but
not corresponding protein levels so cannot with certainty
say the mRNA levels led to alterations in protein levels for
specific molecules. Moreover, an additional limitation of
this study is that only one point of the acute post-surgery
stage was investigated. It has been reported that IL-6 and
TNFu levels in SF decline with time after ACL injury, but
remain considerably elevated chronically (3 months) [13].
It remains unclear whether the prolonged exposure of the
MPCs to chronic inflammation would further compromise
mRNA levels for relevant molecules and chondrogenic
capacities. Further investigation will be needed to clarify
the potential influence of duration of exposure to inflam-
mation on the function of the cells and whether they recover
function in vitro with increasing cell passage number. Such
issues are the subject of current studies. Finally, we only
assessed mRNA levels for a few molecules, and future
studies should expand the repertoire of molecules assessed.
In spite of these limitations, the results presented are novel
and indicate that the joint environment can influence the
phenotype of the synovial membrane-associated MSCs.

We conclude that cells from tissue exposed to post-
surgery inflammation continue to over-express inflamma-
tory biomarkers that can affect the chondrogenic potential
of MPCs, suggesting that MPCs from injured joints are
compromised and retain the compromised phenotype
regarding their endogenous repair potential.
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Abstract:

It is known that the adhesive and anisotropic properties of cell-derived biomaterials
are affected by micro- or nano-scale structures processed on culture surface. In the present
study, the femtosecond laser processing technique was used to scan a laser beam at an
intensity around ablation threshold level on a titanium surface for nano-scale processing.
Microscopic observation revealed that the processed titanium exhibited a periodic-patterned

groove structure at the surface; the width and depth of the groove were 292 + 50 nm and 99 +
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31 nm, respectively, and the periodic pitch of the groove was 501 + 100 nm. Human
synovium-derived mesenchymal stem cells were cultured on the surface at the cell density of
3.0 x 10° cells/cm” after 4-time cell passage. For comparison, the cells were also cultured on
a non-processed titanium surface at the condition identical to the processed surface. Results
revealed that the duration for cell attachment to the surface was dramatically reduced on the
processed titanium as compared with the non-processed titanium. Moreover, on the
processed titanium, cell extension area was significantly increased while cell orientation was
aligned along the direction of the periodic grooves. These results suggest that the
femtosecond laser processing improves the adhesive and anisotropic properties of cells by

producing the periodic nano-scale structure on titanium culture surfaces.

* Corresponding author. Phone/fax: +81 42 585 8628

E-mail address: fujie@sd.tmu.ac.jp

- 114 -



1. Introduction

Titanium and its alloys are widely used as implant biomaterials because they have various
excellent properties as follows: [1] high-specific strength and good corrosion resistance, [2]
mechanically compatible Young's modulus lower than those of stainless steels and
cobalt-chromium alloys, and [3] no cytotoxicity to a living body. Various biofunctions such
as adhesiveness and anisotropy are required for biomaterials and medical devices depending
on body parts to which they are applied. The most simple and effective method for
providing metals with those biofunctions may be the use of surface treatment and
modification techniques. Numerous research groups have improved the biocompatibility of
biomaterials using the techniques and some of them have already been commercialized.

A biofunction required for most of biomaterials is adequate cell adhesiveness. It has been
demonstrated that a material surface processed in micro- or nano-level promotes the cellular

3)

adhesiveness."” Widely spread and the most convenient method of materials is etching

process; chemical etching®® or electrochemical etching®” so called wet etching, and ion

beam processings’g) or reactive ion etching'*“')

so called dry etching. A lot of substrates can
be created at a short time with low-cost in wet etching, while a processing with high aspect
ratio is possible with a variety of choices for patterns and material in dry etching. However,
in wet and dry etching, it was problematic that chemical components remained on the material
surfaces are harmful to cells and cell-derived biomaterials. On the other hand, laser
processing is a clean technique for surface processing and modification through physical
phenomena such as melting or evaporating.  Therefore, it is free from chemical
contamination on a laser-processed surface. Laser beam processing is categorized into

thermal processing and ablation processing. Although the former can be applied to many

objects, processed surface may be oxidized by heating. As a result, the composition and
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thickness of surface oxide layer are changed in case of metal. The latter, laser ablation, can
solve the above-described problem and can be usually performed by the use of femtosecond
laser processing system. The laser system can irradiate a fine ranged laser beam with a
strong intensity because the laser pulse is compressed to a femtosecond level. Therefore, the
heat damages are mostly suppressed, since the laser irradiation breaks up before energy
transfer from electrons to lattice ions and the heat-affected zone is quite small.'"?  Previous
studies reported that a nano-sized grating (periodic structures) or dots were formed on

material surfaces using femtosecond laser processing.” 14

Therefore, it is expected that the
femtosecond laser processing is useful for surface modification of biomaterials.

Stem cell-based therapies have great potentials for the repair and regeneration of tissues or
organs lost or damaged with any reasons such as accidents or diseases. Some of the
co-authors of the present study have developed a novel tissue-engineering technique for tissue
repair using a stem cell-based self-assembled tissue (scSAT) bio-synthesized from

synovium-derived mesenchymal stem cells.'”

The scSAT consists of abundant type I and
type III collagens, fibronectin and vitronectin, which are thought to be important constituents
for tissue repair. Moreover, the scSAT is a scaffold-free construct composed of
synovium-derived mesenchymal stem cells with their native extracellular matrices, it is free
from concern regarding long-term immunological effects. Therefore, the scSAT is expected
as a novel material for regenerative medicine, in particular for the repair of ligaments and
tendons. However, the mechanical properties of the scSAT were insufficient for clinical
application. Moreover, the structural and mechanical properties of the scSAT are isotropic
while those of ligaments and tendons are anisotropic. To the problem, it may be a candidate
of solutions to promote the generation of extracellular matrix in the scSAT by means of a

special culture on a nano-structured surface. As described above, previous studies indicated

that a material having a certain roughness promotes cell adhesiveness and that a material
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having a periodic-pattern increases anisotropic property of cells.'”

Therefore, a nano-periodic patterned structure was processed on a titanium surface using a
femtosecond laser system, and the adhesive and anisotropic properties of human
synovium-derived mesenchymal stem cells to the processed surface were determined in the

present study.

2. Materials and methods

2.1 Preparation of titanium specimens

Commercially available pure titanium disks with grade 2 (19 mme¢ x 1.5 mm in thickness;
Rare Metallic Co., Ltd., Tokyo, Japan) were wet-polished with SiC papers of grit number of
320, 600, 800, and 1,000 in the increasing order (Refinetec Co., Ltd., Kanagawa, Japan).
Then, they were ultrasonically rinsed in acetone for 10 min and dried with air using an air
pump. They were kept in an auto-dry desiccator. These titanium disks are named “Ti”.

The nano-periodic structure on a Ti surface was patterned using a femtosecond laser
apparatus (IFRIT, Cyber Laser Inc., Japan) with a seed laser (Femtolite, IMRA America Inc.,
Ann Arbor, MI, USA). The processing conditions were as follows: irradiation intensity of
700 mW, pulse repetition frequency of 1 kHz, pulse width of 190 fs, wavelength of 780 nm,
beam diameter of 6 mm, focal distance of 60 mm, and scanning speed of 10 mm/s. The laser
irradiation was defocused for 7 mm from the focal point. The titanium specimens subjected

to nano-periodic processing are named “Nano-Ti".

2.2 Surface observation and characterization
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