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INTRODUCTION:

Due to the poor healing ability of anterior cruciate ligament (ACL) after
rupture and the morbidity of current ACL reconstruction methods,
ligament tissue engineering with stem cells is an attractive approach in
future management of ACL injuries. Currently. the application of bone
marrow stem cells (BMSC) in ex vivo ACL ligament tissue engineering
has been evaluated extensively. In our previous study, we have
successfully isolated stem cells from human cruciate ligament with
multi-lineage differentiation ability and identical surface
immunophenotype with BMSC. The purpose of this study is to evaluate
the differences of proliferation, multilineage differentiation, and
extracellular matrix formation abilities between BMSC and ACL
ligament-derived stem cells (LSC) from the same donors.
METHODS:

Isolation of BMSC and LSC: Human LSC and BMSC were harvested
from patients receiving total knee arthroplasty for advanced
osteoarthritis as previously described"”. The in vitro chondrogenesis,
osteogenesis and adipogenesis assays were performed as previously
described'.

Effects of growth factors on cell proliferation: The effect of growth
factors on the proliferation of LSCs and BMSCs were determined using
a commercially available kit (CellTiter 96 AQ; Promega Corp.,
Madison, Wisconsin, USA). Briefly, 10,000 cells were placed in each
well of a 96-well plate. After stimulation with growth medium
supplemented with either 10 ng/ml FGE-2, 10 ng/ml EGF, or 10 ng/ml
TGE-p1 for 72 hours, the relative cell number was estimated by
measuring the absorbance at 490 nm on a microplate reader.

Real-time RT-PCR analysis

4,000 LSCs and BMSCs were cultured with growth medium and growth
factors as above. Cells were harvested at days 7, 14, 21, and 28.
Quantitative PCR was conducted on a Roche Ligthyc]er® 480 (Roche
Diagnostics, Laval, Quebec, Canada) real-time PCR system. The mean
C, value from duplicate measurements was used to calculate expression
of the target gene, with normalization to a housekeeping control
(GAPDH).

Quantification of collagen and total ECM proteins: Collagen and
proteins were quantified by colorimetric analyses as described
previously’. Briefly, cells were incubated with 1 mL of saturated picric
acid solution that contained Sirius Red and Fast Green for 30 min. The
fluids were then withdrawn, and the plates were washed repeatedly with
distilled water. After washing, 0.5 mL of 0.1% NaOH and absolute
methanol was added to the plates to elute the color. The elute color was
immediately read by using a spectrophotometer at 540 and 605 nm.
RESULTS:

Isolation and expansion of cells: LSC and BMSC could be extensively
sub-cultivated in standard culture condition. The cells were plastic
adherent and spindle-shaped (Fig. 1). In MTS experiment, the
proliferation rate of LSCs was significantly increased with the bFGF
treatment than control, EGF and TGF-p1 treatment. The proliferation of
BMSCs was significantly increased with the bFGF treatment than TGF-
p1 and EGF groups (Fig. 2a). The population doubling (PD) time was
estimated to be 64.5 hours for BMSC and 69.5 hours for LSC (Fig. 2b).
Multi-lineage differentiation: Upon osteogenic induction, BMSC
showed typical osteogenic differentiation and were positive for alkaline-
phosphatase (ALK-P) and alizarin red S stain. LSC showed similar
ALK-P stain but weaker alizarin red S stain. (Fig. 3a). Under adipogenic
induction, LSC had faster fat droplet formation at the first week. After
three weeks’ induction, both LSC and BMSC showed typical fat droplet
and were positive for Oil red-O stain (Fig. 3b). Under chondrogenic
condition, the cells aggregated to form pellets. The pellets from both
LSC and BMSC were strongly positive for Alcian blue stain (Fig. 3c).
Specific genes of bone (type I collagen, osteocalcin) (Fig. 3a), fat
(PPAR-y, FABP-fatty acid-binding protein) (Fig. 3b), and cartilage (type
1T collagen, aggrecan) (Fig. 3c) were expressed in cells treated with three
weeks of osteogenic, adipogenic, and chondrogenic induction medium,
respectively.

Gene expression analysis: The mRNA expression of Type I collagen
was increased in LSC and BMSC treated with TGF-B1 (Fig. 4a). Type

III collagen mRNA expression was increased in LSC treated with TGF-
p1 for 2 and 4 weeks, and BMSC for 3 and 4 weeks (Fig. 4b). The
mRNA expression of fibronectin, vimentin, and o-smooth muscle actin
was the highest in LSC with TGF-p1 treatment for 4 weeks followed by
BMSC with FGF-2 treatment for 2 weeks (Fig.4c, Fig. 4d, Fig. 4e). The
mRNA expression of tenascin-c was increased in BMSC treated with
EGF, TGF-p1. Tenascin-c expression was low in all four groups of LSC
(Fig. 4f).

Quantification of collagen and total ECM protein production: Under
phase contrast microscopy, strongly positive staining was noted in the
TGF-B1 group (Fig. 5a). Highest collagen and non-collagen ECM
protein production was noted in the TGF-B1 treatment of LSC, followed
by the TGF-p1 treatment of BMSC. and lowest in the control and EGF
treatment of LSC and BMSC (Fig. 5b, Fig. 5c¢).

DISCUSSION:

In this study, it was found that BMSC possessed faster proliferation rate
and shorter doubling time than LSC. The differentiation ability of
BMSC is superior to LSC in osteogenesis, but inferior to LSC in
adipogenesis. Real-time RT-PCR revealed TGF-§1 treatment
significantly increased type I collagen, type III collagen, vimentin,
elastin, and ¢-SMA mRNA expression in LSC, but the effect TGF-B1
on BMSC is limited to type I collagen up-regulation. Protein
quantification confirmed the result of real time RT-PCR and suggested
that LSC with TGF-B1 treatment produced largest amount of collagen
and non-collagen protein. In summary, although slightly slower in
proliferation, LSC produced robust amount of ligament ECM protein
upon the treatment of TGF-p 1. This property makes LSC a potential cell
source in future application on ACL tissue engineering.
REFERENCES:
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Background: Anterior Cruciate
Ligament (ACL) Injury

One of the most common sport-related
injuries.

Annual incidence 1s estimated to be 1 1in
3,000 in the U.S.

100,000 ACL reconstruction performed
annually 1n the U.S.

Clark et al. Clin Sports Med 2009
Laurencin et a/. Biomaterials 2005
Judd et al. Arthroscopy 2006
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Limitations of Current ACL
Reconstruction
Annually, 38,000 ACL ruptures were high school
students with immature skeletal development.
78% risk of radiographic osteoarthritis within 14
years after the injury whether surgically
reconstructed or not.
Donor site morbidity due to autograft harvest.
Complications of reconstruction.
Clark et al. Clin Sports Med 2009

Laurencin et al. Biomatenials 2005
Judd et al. Arthroscopy 2006

Sources of Stem Cells for

Ligament Tissue Engineering

Bone marrow
— Pittenger et al. Science 1999

Adult tissues: periosteum, trabecular bone,
adipose tissue, periodontal ligament, peripheral
blood, muscles, synovial tissuc, hamstring tendon,
etc.

Cruciate ligaments
— Cheng et al. Cell Prolif 2009, Tissue Eng 2009
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Characterization of
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To determine preferential cell sources for
ACL tissuc engincering

— Stem cells from bone marrow ?
— Stem cells from ACL ?

To determine optimal culture condition
(growth factor) for ACL tissuc engincering
— FGF-2 (basic fibroblast growth factor)

— EGF (epidermal growth factor)

— TGF-B1 (transforming growth factor 31)
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Materials and Methods
Cell Isolation

Human ACL tissucs and bone marrow were
harvested during arthroscopic surgeries (n=2)
and total knee arthroplasties (n=4).

LSCs (ligament-derived stem cells) were
1solated with collagenase digesting and plating

BMSCs (bone marrow stem cells) were
1solated with Ficoll-Paque separation and
plating.

Cheng et al. Tissue Eng 2009

Morphology

Spindle-shape, fibroblastic-like, and plastic adherent

Can be maintained in standard culture condition (a-
MEM, 10% FCS, 1% PenStrept).

4 SN A ’I 4
i It

LSC
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LSCs have
significant higher

colony formation
ability than BMSCs

Population doublings of BMSC
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e Population doubling
time 1s longer in LSCs
but without significant
difference.



LSC BMSC

Neeks of

uture » L.SC have similar
0 colsgen differentiation
Aggrecan abilities with BMSC,
GAPDH except inferior
' osteogenic
differentiation ability.

The Effect of Growth Factors on Stem Cells
FGF-2 (basic fibroblast growth factor)

— a strong mitogen for a variety of stem cells in

vitro. Hankemeier et al. Tissue Eng 2005

EGF (cpidermal growth factor)
— increase proliferation and maintain stem cell

multlpotency. Tamana ef al. Stem Cells 2006

TGF-B1 (transforming growth factor 1)

— inhibition of growth of fibroblast, also is known
to be a fibroblast trans-differentiation cytokine.

Narine et al. Tissue Eng 2006
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Cell Proliferation under Different Growth Factors

LSCs and BMSCs were seeded at 6-well plates
(5*102 cells/cm?) with the following treatment
protocols for 4 weeks

— Control: a-MEM, 10% FCS

— FGF-2: control + FGF-2 10 ng/ml

— EGF: control + EGF 10 ng/ml

— TGF-B1: control + TGF-B1 10 ng/ml

The same treatment protocols were used for the
subsequent real-time PCR and protein quantification
experiments.

ANOVA with Tukey’s post-hoc tests were performed at 95% confidence
intervals; different levels of significance were shown by different letters.

Cell number (1 week) Cell number (2 weeks)
. c 16 ]
c
1 i
[+
12 A
1000000 b
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EGOATT
200000 I I
0
Lsc o Lsco LsC |M SC BMSC BMSC | '\ SC LSC LS SO LSC IM\L n s ( HMSC  BMSC
WFGE EGF TGE-b1  control  BFC | EGF bl control h\:‘l | iF  TGEbL o F¢ \ GF-b1
Cell number (3 weeks) Cell number (4 weeks)
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ccccccc ol  bFGF EGF TGF-b1 rol bFGF EGF TGF-b1

FGF-2 and TGF-B1 increase LSCs and BMSCs proliferation.
After 3 weeks, LSCs have higher proliferative ability than BMSCs

After 3 weeks, TGF-B1 have similar proliferative ability with FGF-2
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Relative Transcription Level of Genes
with Different Treatments

L.SCs and BMSCs were placed in each well of 6-well
plates (5*10? cells/cm?), cultured with the same
protocols as in proliferation study.

Cells were harvested weekly and relative
transcription levels of Type I collagen, Type 111
collagen, fibronectin ,and a-smooth muscle actin
were quantitatively measured by real-time RT-PCR.
GAPDH expression was used as internal control.

Relative type | collagen expression (1 week) Relative type | collagen expression (2 weeks)
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Relative type I collagen expression (3 weeks) Relative type I collagen expression (4 weeks)
d 09 P
08
= [
=
5, N
< It
< < Y
- - -
“ Z 04 b
z 0 =
[ =
E T3
= i E]
‘: a I I K
. - I I
LSC  LSC  LSC LSC  BMSC BMSC BMSC BMSC LSC LSC LSCEGF LSC BMSC BMSC BMSC BMSC

control  BEGF  EGF  TGE-bl contrl  BFGF  EGF - TGE-b1 control  bEGF TGEbl contiel WFGF  EGE  TGEbI

TGF-31 up-regulated type I collagen expression in LSCs
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Relative type Ill collagen expression (1 week) Relative type Ill collagen expression (2 weeks)
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Fibronectin was induced by TGF-31 in LSCs, but not BMSCs
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Relative a-smooth muscle actin expression (1 week) Relative a-smooth muscle actin expression (2 weeks)
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TGF-BI treatment for 4 weeks induced a—SMA expression in LSCs

LSCs and BMSCs Cultured for 3 weeks and
Stained with Sirius red (Specific for Collagen) and
Fast Green (Specific for Non-collagen Protein)

LSC#1 BMSC#1 LSC#2 BMSC#2 LSC#3 BMSCH3
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Photomicrograph of LSCs and BMSCs Cultured
for 3 Weeks and Stained

The stain was eluted with
100% methanol and NaOH
then measured with
spectrophotometer 540 nm
(collagen) and 630 nm
(non-collagen).

Helman et al. Proc Natl Acad Sci
USA.2008
0% Tullberg et al. Histochem Cell Biol.
TGF-p1 = ; . | , ' 1999

Relative non-collagen protein production (1 week) Relative collagen production (1 week)

LsC, LSC,  LSC EGF LSC, TGF- BMSC,  BMSC,  BMSC,  BMsC, L5C,  LSC, BFGF LSC EGF LSC, TGF- BMSC,  BMSC,  BMSC,  BMSC,
control  bFGF bl control  bFGF EGF TGF-bL control b1 control  bFGF EGF TGF-b1

relative OD value at 630 nm

relative OD value at

Relative non-collagen protein production (2 weeks) Relative collagen production (2 weeks)
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contral bFGF TGF-bl  control bFGF EGF TGF-h1 control bFGF h1 control BFGF EGF TGF-b1

relative OD value at 630 nm
relative OD value at 540 nm

After 2 weeks, significant more non-collagen protein production is noted in L.SCs and
BMSCs with TGF-B1 treatment.

After 2 weeks, significant more collagen production is noted in LSCs with TGF-p1
treatment, followed by BMSCs treated with TGF-B1 and LSCs treated with FGF-2.
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Summary

FGF-2 and TGF-B1 significantly increase the
proliferation of LSCs and BMSCs.

TGF-B1 treatment significantly increased the
expression of type I collagen, type III collagen,
fibronectin, and a-SMA expression in LSCs.
TGF-B1 treatment only up-regulate BMSCs type
[ collagen expression in 15 and 4™ weck.

TGF-B1 treatment also increase ECM protein
production in LSCs and BMSCs in 2°¢ and 3™
week.

Conclusions

LSCs proliferate faster and produce more
tendinous ECM protein than BMSCs under
growth factors treatment, making LSCs a
potential cell source in future ACL tissue
engineering.

TGF-B1 treatment significantly increase cell
proliferation, up-regulatc major tendinous gene
expression, and induce robust ECM protein
production in both LSCs and BMSCs.
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Sunday, March 7, 2010
2:45 PM - 4:15 PM

Spotlight Session 26

Tissue Engineering

Room # Auditorium A

Moderators: James Dennis, PhD and Mauro Alini, PhD

Spotlight Session 27

Development and Disease

Room # Auditorium B

Moderators: Mary Goldgring, PhD, MD and Richard Terek, MD

2:45PM Spotlight Speaker Spotlight Speaker
Prof. Anthony Peter Hollander, PhD, Bristol, UK Benjamin Alman, MD, Toronto, Canada
Cartilage Tissue Engineering From Stem Cells: From Development to Disease:
Turning Science Into Medicine Hedgehog in Tumors and Arthritis
3:15PM Paper No. 121 Paper No. 125
Functional Maturation of Engineered Compaosites that Mimic the PTHrP Blocks Thyroid Hormone-Mediated Terminal Differentiation in
Hierarchical Organization of the Intervertebral Disc Growth Plate Chondrocytes
Nandan Nerurkar, Sounok Sen, Alice Huang, Dawn Elliott, Lai Wang, Yvonne Shao, Tracy Ballock
Robert Mauck
3:30 PM Paper No. 122 Paper No. 126
Comparison of Stem Cells Isolated from Human Anterior Cruciate Activation of Indian Hedgehog Promotes Chondrocyte Hypertrophy
Ligament and Bone Marrow and Upregulation of MMP-13 in Osteoarthritic Cartilage
Ming-Te Cheng, Tain-Shung Chen, Oscar Kuang-Sheng Lee Lei Wei, Fangyuan Wei, Jingming Zhou, xiaochun wei, Wesley Wu,
Qian Chen
3:45PM Paper No. 123 Faper No. 127
Reducing Expression of P65 Improved Success of Muscle stem Cells  Smoothened as a New Therapeutic Target for Human Osteosarcoma
Transplantation by attenuating inflammation Osamu Kunigou, Takao Setoguchi, Masataka Hirotsu,
Aiping Lu, Ying Tang, Jonathan Proto, Paul Robbins, Johnny Huard Yukihiro Matsunoshita, Setsuro Komiya
4:00 PM Paper No. 124 Paper No. 128
The Clinical Use of Human Autologous Bone Marrow Derived Microarray Analysis of Upstream Hedgehog Genes Provide Potential
Mesenchymal Stem Cells Transplanted on Platelet-Rich Fibrin Glue Radiorecovery Targets

in the Treatment of Articular Cartilage Defects

Amgad Haleem, Constance Chu, Abdel Aziz El Singergy, Dina Sabry,
Hazem Atta, Laila Rashed, Mohammed El Sewy, Akram Azzam,
Mohammed Abdel Aziz
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PRELIMINARY PROGRAM

2010 Annual Meeting

New Orleans, Louisiana
Meeting Dates March 9 — 13 o Exhibit Dates March 10 — 12

AACS

AMERICAN ACADEMY OF
ORTHOPAEDIC SURGEONS
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H-'dﬂ March 11
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Masch 12
American Joint Replacement
Registry Update S0 — 1100 AM
MCC, Room 210
Buminesz Meetings
MCC, La Nouvellz Baliroam IAM
Ceremonial Meeting
MLCC, La Nouvell= Ballroom 000 A
”““’“‘“&5‘;?"'""‘ S:00 AM - 5:00 FM | 5:00 AM - 5:00 FM | S:00 AM - 500 PM
e 10:30 AM - 12:30 PM
Buest T
ML, La Nowvelie Baliroom 1100 AM
Induction of New Membars
MEE, La Nouvelie Ballroom S0 PM
TW-IENAM | TA0-1000AM | T:00- 1000 AM
130-330p | EDD-1O00AM | B00-1000AM | B:D0-10:00 AM
Instructionz] Courses a0 ianpw | EOO-TLO0AM | B00-1100AM | ED0-11:00AM
See Schedule or pages 16 — 39 130 3D PN | 10:30 AM - 12:30 PM | 10:30 AM ~ 12:30 P | $0-30 AM — 12:30 PM
BCC, Rooems TED 49— 00 M 130 - 230 PM 1:30 - 330 PM 1:30 - 330 PM
: 130 - 430 P 130 - 430 PM 130 - 430 PM
400 - 6:00 PM 40 - 600 PM &0 - G0 PM
:[*L"“_’tlﬁaﬁ 100 - GO0 FM | 7-00 AM - G:00 PM | T-D0 AM — 6:00 FM | 700 AM - 600 PM | 7:00 AM — 530 PM
Koppa Delta & DREF Aart 430 - 530 PM
"'"“"E"C‘E;E"'“l_:"'wfg"“ 100-GODPM | 7:00 AM - G:00PM | T-D0AM - G:00 M | 7-00 AM - 600 PM | 7:00 AM - 5:30 PM
Tursing and Allicd Health Courses 05 AM - 1230 PR | 515 AM — 1230 FM | 600 AM - 1200 M1
MCE, Room ROS, CAST Room RI3 130 - 5:45 PM 1:30 - 5:45 PM 1:30 - 5:30 PM
MCE L= Noswelle Ballioom 400 - 5:30 P
Orthopaedic Researdh Society
WICE, Rooems TED B0 AM — 415 FM
MICC, Hall H %30 AM - 100 PM
Review Course
Mew Orlears Hilton Riverside EDD AM - 530 PM
“ﬁmﬂfﬂ 100 - GO0 FM | 7-00 AM - G:00 PM | T-D0 AM — 6:00 FM | 700 AM - 600 PM | 7:00 AM — 530 PM
ucc,mnui"gﬁzsa £:30 AM — 10:00 PM | 6:30 AM - 6:00 FM | 6:30 AM — 6:00 PM | 530 AM — E-00 PM | 6:30 AM - 530 PM
.“.?E'“‘"" tration Pl T1:00 AM - T-00 PM | 7:00 AM - G:00 FM | 7:00 AM — G:00 FM | 7-00 AM - 600 PM | 7:00 AM - 530 PM
““;&“E“’IB‘L"I‘]‘“ 100-GO0FM | 7-00 AM - G:00 FM | 7-00 AM — 6:00 FM | 700 AM - 600 PM | 7:00 AM — 530 PM
ui?"“ﬁ‘.i":?.ﬁs 100-GOODPM | 7:00 AM - G:0OPM | T-D0AM - G:00 FM | 7-00 AM - 600 PM | 7:00 AM - 5:30 PM
Scientific Program, Fodium EOD-1H00AM | E00-1000AM | B:00- 1000 AM
Presentatiors, Symposia 130-230PM | 1030 AM - 12:30 P | 10:30 AM —12:30 PM | 10:30 AM - 12:30 PM
See poges 16,40 400 - 6:00 P 130 - 3:30 PM 1:30 - 330 PM 1:30 - 3:30 PM
MCE. Ragms TED 400 - G:00 PM 410 - 600 PM &0 - 600 PM
5"'“""‘&“!;“:‘!““;“"‘ 1100 AM - 7-00 PM | 700 AM - 6:00 PM | 7-00 AM — 6:00 PM | 7-00 AM — 600 PM | 7-D0 AM — 100 PM
Specialty Day Timies Vary
ML sex page 47
Tm’*ﬁ S:00 AM - 500 PM | 5:00 AM - 500 PM | 2:00 AM - 500 PM
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