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defects of Group-A rabbits at four, twelve, and twenty-four weeks
following implantation (Figs. 6-A and 6-B). Although the number
of CM-Dil-labeled cells decreased with time, a small number of
CM-Dil-labeled cells were observed in the regenerated tissue even
at twenty-four weeks. Significant fluorescence was not detected
elsewhere in the meniscus, suggesting that implanted mesen-
chymal stem cells preferentially adhered to the site of meniscal
injury. No CM-Dil-labeled cells were detected by fluorescence in
control specimens.

In Group-B rabbits, GFP-positive synovial mesenchymal
stem cells were found within the meniscal defect as early as one
day after injury and remained in high concentrations as late as
twelve weeks after injury (Figs. 7-A and 7-B). No GFP-positive
cells were detected in the contralateral, control menisci, thus
supporting the assumption that neither synovial mesenchymal
stem cells implanted in the experimental knee nor their progeny
directly affect regeneration at the distant injury site in the
contralateral knee.

The number of GFP-positive cells within the defect de-
creased with time from one day to twelve weeks. Even at twelve
weeks, however, a population of GFP-positive cells remained in the
regenerated tissue and expressed both type-I collagen (Fig. 7-C)
and type-II collagen (Fig. 7-D), possibly aiding in the regener-
ative process.

Discussion

t has been hypothesized for over thirty years that a factor

within synovium may enhance meniscal regeneration and
healing, but the underlying mechanism remains unclear. Kim and
Moon were among the first to document this association when, in
1979, they showed that meniscectomized rabbit knees subjected
to complete synovectomy failed to regenerate meniscal tissue to
the same extent as knees with intact synovium™. More recently,
investigators have demonstrated improved healing rates in me-
niscal tears supplemented with synovial flaps or grafts in animal
models”* and synovial rasping in human clinical studies®*.

The discovery of mesenchymal stem cells in mature syno-
vial tissue with exceptional potential for proliferation and chon-
drogenic differentiation suggests that these cells may be the source
of regenerative stimulus within synovium'"***, The results of
this study provide more convincing evidence that synovial mes-
enchymal stem cells are capable of stimulating meniscal repair
and regeneration.

While the quantity of regenerated tissue was significantly
greater in knees supplemented with synovial mesenchymal stem
cells at four and twelve-week end points, the defects filled rela-
tively well with tissue by twenty-four weeks in control knees.
This may be seen as a shortcoming of the experimental model;
however, one must consider not only quantity but also quality of
the regenerated tissue. Significantly inferior tissue-quality scores
seen in control knees at the twenty-four-week end point suggest
that these defects ultimately filled with hypocellular, poorly
bonded, fibrous scar tissue as opposed to meniscal fibrocartilage.
In contrast, meniscal defects treated with synovial mesenchymal
stem cells regenerated with well-bonded tissue closely resem-
bling normal meniscus in cellularity and matrix composition.
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The results seen in control knees at twenty-four weeks may be
analogous to filling of articular cartilage defects with fibrous
tissue, as opposed to true regeneration with hyaline cartilage,
after failed articular cartilage restoration procedures”.

Implanted mesenchymal stem cells found within the
meniscal defects resemble native meniscal fibrochondrocytes not
only in histological appearance but also in the types of collagen
they produce. Meniscal fibrochondrocytes, articular chondro-
cytes, and fibroblasts, as well as the matrices these cells synthe-
size, can be distinguished by collagen typing™. The primary
collagen in meniscal fibrocartilage is type-1 collagen, but a sub-
stantial amount of type-II collagen is present as well**. In
contrast, hyaline cartilage is composed of primarily type-II col-
lagen, and fibrous scar tissue is composed of largely type-I col-
lagen™*. The implanted synovial mesenchymal stem cells in this
experiment produced both type-I collagen and type-II collagen,
suggesting differentiation into fibrochondrocytes and synthesis
of a fibrocartilage matrix.

Much of the recent work surrounding meniscal regenera-
tion has focused on the use of an active biological component
added to a tissue scaffold or carrier compound, which functions
to contain the biological component within the injured area™*>*.
In contrast to prior studies, the improvements in meniscal re-
generation in the current model were achieved without the use
of additives designed to contain the implanted cells within the
defect. Both fluorescently (CM-Dil) labeled and GFP-positive sy-
novial mesenchymal stem cells preferentially adhered to meniscal
defects, where they remained for up to twenty-four weeks. On the
basis of the work by Koga et al., this adhesion appears to occur via
local surface adhesion molecules, including ICAM-1 (intercellu-
lar adhesion molecule-1) and VCAM-1 (vascular cell adhesion
molecule-1)*. In addition, the attachment takes place rapidly,
with >60% of synovial mesenchymal stem cells adhering to in-
jured cartilage within ten minutes of application in an ex vivo
human cartilage defect model™. Thus, the cells themselves seem
to have the inherent ability to quickly adhere to the defect and
facilitate the regenerative process.

In an effort to determine the optimal source of mesen-
chymal stem cells for purposes of intra-articular regeneration,
prior studies have compared the in vivo regenerative potential
of mesenchymal stem .cells obtained from a variety of tissue
sources™™. Koga et al. found that mesenchymal stem cells
derived from bone marrow and synovium have greater in vivo
chondrogenic regenerative potential than mesenchymal stem
cells derived from adipose and muscle™. The chondrogenic and
meniscal regenerative potential of mesenchymal stem cells
obtained from synovium and bone marrow, however, appears
to be more similar®*. Our rationale for selecting synovial
mesenchymal stem cells was based largely on in vitro evidence
of superior capacity of synovial mesenchymal stem cells for
rapid proliferation and synthesis of chondrogenic matrix in
rat’, rabbit™, and human studies'. The current experiment
confirmed the superior in vitro proliferation capacity of rabbit
synovial mesenchymal stem cells compared with rabbit bone
marrow-derived mesenchymal stem cells. This experiment did
not, however, directly compare the regenerative potential of
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synovial mesenchymal stem cells and bone marrow-derived
mesenchymal stem cells or other additional cell types in vivo.

Other approaches for addressing meniscal deficiency and
irreparable meniscal tears in humans are under investigation,
but an ideal solution has yet to be discovered. Meniscal allograft
transplantation, first described in 1989 by Milachowski et al.”,
has shown promising results in select patients®, but is compli-
cated by concerns regarding processing and storage”, subclinical
host immune response®, and a low tolerance for graft-recipient
size mismatch™. The collagen meniscal implant (Collagen Me-
niscus Implant; ReGen Biologics, Hackensack, New Jersey), a
tissue-engineered biologic scaffold fabricated from bovine type-I
collagen, has also demonstrated encouraging results compared
with partial meniscectomy®; however, defect filling is incom-
plete at second-look arthroscopy® and concerns exist regarding
the risk of immune reaction to bovine collagen™.

Furthermore, the above treatment options are designed to
treat complete or partial meniscal defects, but neither provides
a means to stimulate healing of avascular zone tears. In vitro
meniscal tissue-culture experiments offer evidence that pro-
regenerative cytokines such as transforming growth factor-f
(TGF-B), insulin-like growth factor-1 (IGF-1), platelet-derived
growth factor (PDGF), and vascular endothelial growth factor
(VEGF) may potentially provide such a healing stimulus by
increasing meniscal cell proliferation and collagen synthesis®™*.
In vivo evidence in support of the efficacy of these growth factors
in meniscal healing is currently lacking, however. For example,
the addition of VEGF coating to meniscal suture failed to in-
crease angiogenesis or improve healing compared with con-
ventional suture in avascular meniscal tears in sheep™.

In the present study, we chose to evaluate the regenera-
tive potential of synovial mesenchymal stem cells without
scaffolds or additional growth factors. The ability of synovial
mesenchymal stem cells to adhere independently to the site of
meniscal injury, differentiate into fibrochondrocytes, and syn-
thesize a new matrix that closely resembles native meniscal
fibrocartilage without a scaffold or extrinsic cytokines seems to
negate the need for such additional stimulus. In addition, this
approach avoids the potential for complications associated
with disease transmission and immune reaction and, in this
model, results in virtually complete regeneration of the me-
niscal defect. Itis possible, however, that meniscal regeneration
stimulated by supplementation with synovial mesenchymal
stem cells may be further enhanced by the addition of a tissue
scaffold when used for large meniscal defects in subjects with
little inherent regenerative capacity.

Limitations of this study include those that are inherent
to the animal model and those that result from the experi-
mental design. Although the capacity for meniscal regeneration
is lower in rabbits than rats, it is likely greater than that in
humans™?. In light of this, caution is encouraged when ex-
trapolating the results of this study to humans.

With regard to the experimental design, the results of this
study portray a simplified picture of the events occurring at a
molecular level, as the present study did not evaluate the in-
fluence of synovial mesenchymal stem cells on the production
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or local concentration of proregenerative cytokines such as
TGEF-B, IGF-1, or PDGF, which promote proteoglycan syn-
thesis and increase cellularity within the meniscus™**. It is likely
that the regenerative process involves a complex interplay be-
tween the intact meniscus adjacent to the defect, the implanted
synovial mesenchymal stem cells, and alterations in local cy-
tokine concentrations, and this was not fully elucidated in the
present study. Finally, although the degree of tissue bonding
was considered as a component of the tissue quality score, this
experiment did not include a precise quantitative evaluation of
the integration between regenerated and native meniscal tissue.
Nor did it evaluate the biomechanical characteristics of the
regenerated tissue, which are critical to meniscal function. Such
an evaluation would be more appropriate in a model with a
discrete linear tear or larger meniscal defect.

In conclusion, synovial mesenchymal stem cells implanted
into the rabbit knee are capable of adhering to sites of meniscal
injury, differentiating into type-1 and type-II collagen-producing
cells with appearance similar to native meniscal fibrochon-
drocytes, and enhancing both the quality and quantity of re-
generated meniscal tissue. In addition to providing a potential
explanation for the association between synovial stimulation
and meniscal healing, these results may generate further stim-
ulus for exploring the utility of synovial mesenchymal stem cells
in the treatment of meniscal injury in large animal models or
humans, with potential applications ranging from supple-
menting suture repair of avascular zone meniscal tears, to
stimulating regeneration of large meniscal defects.

Appendix

@ A table showing the histological tissue quality scoring
system and an expanded Materials and Methods section

describing the tissue harvesting and mesenchymal stem cell

preparation, in vitro differentiation assays, and tissue quality

analysis are available with the online version of this article as a

data supplement at jbjs.org. ®

Note: The authors thank Dina Gaupp, Center for Gene Therapy, Tulane Health Sciences Center, for
assistance with histological sectioning.

Masafumi Horie, MD, PhD

Darwin J. Prockop, MD, PhD
Institute for Regenerative Medicine,
Texas A&M Health Science Center
College of Medicine at Scott & White,
5701 Airport Road, Temple, TX 76502

Matthew D. Driscoll, MD

Cyrus T. Caroom, MD

Department of Orthopedic Surgery,

Scott & White Memorial Hospital,

2401 South 31st Street, Temple, TX 76508.

E-mail address for M.D. Driscoll: mdriscoll@swmail.sw.org

H. Wayne Sampson, PhD

Department of Systems Biology and Translational Medicine,
Texas A&M Health Science Center College of Medicine,

702 SW HK Dodgen Loop, Temple, TX 76508



711

THE JOURNAL OF BONE & JOINT SURGERY *JBJS.ORG
VOLUME 94-A - NUMBER 8 - APRIL 18, 2012

Ichiro Sekiya, MD, PhD

Section of Cartilage Regeneration,

Tokyo Medical and Dental University,
1-5-45 Yushima, Bunkyo-ku, Tokyo, Japan

IMPLANTATION OF ALLOGENIC SYNOVIAL STEM CELLS PROMOTES
MENISCAL REGENERATION IN A RABBIT MODEL

Darryl B. Thomas, MD

Sports Medicine Service, Scott & White Healthcare-Round Rock
Department of Orthopaedic Surgery,

302 University Boulevard, Round Rock, TX 78665

References

1. FuFH, Hamer CD, Vince KG, editors. Knee surgery. Baltimore: Williams & Wilkins;
1994.

2. Albrecht-Olsen PM, Bak K. Arthroscopic repair of the bucket-handle meniscus.
10 failures in 27 stable knees followed for 3 years. Acta Orthop Scand. 1993;
64:446-8.

3. Cannon WD Jr, Vittori JM. The incidence of healing in arthroscopic meniscal
repairs in anterior cruciate ligament-reconstructed knees versus stable knees. Am J
Sports Med. 1992;20:176-81.

4. Tenuta JJ, Arciero RA. Arthroscopic evaluation of meniscal repairs. Factors that
effect healing. Am J Sports Med. 1994;22:797-802.

5. Johnson MJ, Lucas GL, Dusek JK, Henning CE. Isolated arthroscopic meniscal
repair: a long-term outcome study (more than 10 years). Am J Sports Med. 1999;27:
44-9.

6. Majewski M, Stoll R, Widmer H, Muller W, Friederich NF. Midterm and long-term
resuits after arthroscopic suture repair of isolated, longitudinal, vertical meniscal
tears in stable knees. Am J Sports Med. 2006;34:1072-6. Epub 2006 Feb 1.

7. Venkatachalam S, Godsiff SP, Harding ML. Review of the clinical results of ar-
throscopic meniscal repair. Knee. 2001;8:129-33.

8. Stérke C, Kopf S, Petersen W, Becker R. Meniscal repair. Arthroscopy. 2009;
25:1033-44. Epub 2009 Feb 26.

9. Rangger C, Klestil T, Gloetzer W, Kemmler G, Benedetto KP. Osteoarthritis after
arthroscopic partial meniscectomy. Am J Sports Med. 1995;23:240-4.

10. Fabricant PD, Jokl P. Surgical outcomes after arthroscopic partial meniscec-
tomy. J Am Acad Orthop Surg. 2007;15:647-53.

11. Lohmander LS, Englund PM, Dahl LL, Roos EM. The long-term consequence
of anterior cruciate ligament and meniscus injuries: osteoarthritis. Am J Sports
Med. 2007;35:1756-69. Epub 2009 Aug 29.

12. McDermott ID, Amis AA. The consequences of meniscectomy. J Bone Joint
Surg Br. 2006;88:1549-56.

13. Prockop DJ. Marrow stromal cells as stem cells for nonhematopoietic tissues.
Science. 1997;276:71-4.

14. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD,
Moorman MA, Simonetti DW, Craig S, Marshak DR. Multilineage potential of

adult human mesenchymal stem cells. Science. 1999;284:143-7.

15. De Bari C, Dell’'Accio F, Vanlauwe J, Eyckmans J, Khan IM, Archer CW, Jones EA,
McGonagle D, Mitsiadis TA, Pitzalis C, Luyten FP. Mesenchymal multipotency of
adult human periosteal cells demonstrated by single-cell lineage analysis. Arthritis
Rheum. 2006;54:1209-21.

16. Zuk PA, Zhu M, Ashjian P, De Ugarte DA, Huang JI, Mizuno H, Alfonso ZC, Fraser
JK, Benhaim P, Hedrick MH. Human adipose tissue is a source of multipotent stem
cells. Mol Biol Cell. 2002;13:4279-95.

17. De Bari C, Dell’Accio F, Tylzanowski P, Luyten FP. Multipotent mesenchymal
stem cells from aduit human synovial membrane. Arthritis Rheum, 2001;44:
1928-42.

18. SakaguchiY, Sekiya |, Yagishita K, Muneta T. Comparison of human stem cells
derived from various mesenchymal tissues: superiority of synovium as a cell source.
Arthritis Rheum. 2005;52:2521-9.

19. Beier JP, Bitto FF, Lange C, Klumpp D, Arkudas A, Bleiziffer O, Boos AM, Horch
RE, Kneser U. Myogenic differentiation of mesenchymal stem cells co-cultured with
primary myoblasts. Cell Biol Int. 2011,;35:397-406.

20. Yoshimura H, Muneta T, Nimura A, Yokoyama A, Koga H, Sekiya |. Comparison
of rat mesenchymal stem celis derived from bone marrow, synovium, periosteum,
adipose tissue, and muscle. Cell Tissue Res. 2007;327:449-62. Epub 2006 Oct 13.
21. Nimura A, Muneta T, Otabe K, Koga H, Ju YJ, Mochizuki T, Suzuki K, Sekiya .
Analysis of human synovial and bone marrow mesenchymal stem cells in relation
to heat-inactivation of autologous and fetal bovine serums. BMC Musculoskelet
Disord. 2010;11.:208.

22. Shirasawa S, Sekiya |, Sakaguchi Y, Yagishita K, Ichinose S, Muneta T. In vitro
chondrogenesis of human synovium-derived mesenchymal stem cells: optimal
condition and comparison with bone marrow-derived cells. J Cell Biochem.
2006;97:84-97.

23. Horie M, Sekiya I, Muneta T, Ichinose S, Matsumoto K, Saito H, Murakami T,
Kobayashi E. Intra-articular injected synovial stem cells differentiate into meniscal
cells directly and promote meniscal regeneration without mobilization to distant
organs in rat massive meniscal defect. Stem Cells. 2009;27:878-87.

24. Mizuno K, Muneta T, Morito T, Ichinose S, Koga H, Nimura A, Mochizuki T,
Sekiya |. Exogenous synovial stem cells adhere to defect of meniscus and differ-
entiate into cartilage cells. J Med Dent Sci. 2008;55:101-11.

25. Morito T, Muneta T, Hara K, Ju YJ, Mochizuki T, Makino H, Umezawa A, Sekiya
1. Synovial fluid-derived mesenchymal stem cells increase after intra-articular
ligament injury in humans. Rheumatology (Oxford). 2008;47:1137-43. Epub
2008 Apr 5.

26. Kanaya A, Deie M, Adachi N, Nishimori M, Yanada S, Ochi M. Intra-articular
injection of mesenchymal stromal ceils in partially torn anterior cruciate ligaments in
a rat model. Arthroscopy. 2007;23:610-7.

27. Moon MS, Kim JM, Ok IY. The normal and regenerated meniscus in rabbits.
Morphologic and histologic studies. Clin Orthop Relat Res. 1984,182:264-9.

28. Walsh CJ, Goodman D, Caplan Al, Goldberg VM. Meniscus regeneration in a
rabbit partial meniscectomy model. Tissue Eng. 1999;5:327-37.

29. Kang SW, Son SM, Lee JS, Lee ES, Lee KY, Park SG, Park JH, Kim BS. Re-
generation of whole meniscus using meniscal cells and polymer scaffolds in a rabbit
total meniscectomy model. J Biomed Mater Res A. 2006;78:659-71.

30. Ishida K, Kuroda R, Miwa M, Tabata Y, Hokugo A, Kawamoto T, Sasaki K, Doita
M, Kurosaka M. The regenerative effects of platelet-rich plasma on meniscal cells
in vitro and its in vivo application with biodegradable gelatin hydrogel. Tissue Eng.
2007;13:1103-12.

31. Takahashi R, Kuramochi T, Aoyagi K, Hashimoto S, Miyoshi I, Kasai N,
Hakamata Y, Kobayashi E, Ueda M. Establishment and characterization of
CAG/EGFP transgenic rabbit line. Transgenic Res. 2007;16:115-20. Epub 2006
Nov 14.

32. Miyamoto T, Muneta T, Tabuchi T, Matsumoto K, Saito H, Tsuji K, Sekiya I.
Intradiscal transplantation of synovial mesenchymal stem cells prevents interver-
tebral disc degeneration through suppression of matrix metalloproteinase-related
genes in nucleus pulposus ceils in rabbits. Arthritis Res Ther. 2010;12:R206. Epub
2010 Nov 5.

33. Chevrier A, Nelea M, Hurtig MB, Hoemann CD, Buschmann MD. Meniscus
structure in human, sheep, and rabbit for animal models of meniscus repair. J Orthop
Res. 2009;27:1197-203.

34. Koga H, Muneta T, Nagase T, Nimura A, Ju YJ, Mochizuki T, Sekiya I. Compar-
ison of mesenchymal tissues-derived stem cells for in vivo chondrogenesis: suitable
conditions for cell therapy of cartilage defects in rabbit. Cell Tissue Res. 2008;
333:207-15. Epub 2008 Jun 17.

35. Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, Krause D,
Deans R, Keating A, Prockop DJ, Horwitz E. Minimal criteria for defining multipotent
mesenchymal stromal cells. The International Society for Cellular Therapy position
statement. Cytotherapy. 2006;8:315-7.

36. Kim JM, Moon MS. Effect of synovectomy upon regeneration of meniscus in
rabbits. Clin Orthop Relat Res. 1979;141:287-94.

37. Jitsuiki J, Ochi M, Ikuta Y. Meniscal repair enhanced by an interpositional
free synovial autograft: an experimental study in rabbits. Arthroscopy. 1994;10:
659-66.

38. KobunaY, Shirakura K, Niijima M. Meniscal repair using a flap of synovium. An
experimental study in the dog. Am J Knee Surg. 1995;8:52-5.

39. Shelbourne KD, Rask BP. The sequelae of salvaged nondegenerative peripheral
vertical medial meniscus tears with anterior cruciate ligament reconstruction.
Arthroscopy. 2001;17:270-4.

40. UchioY, Ochi M, Adachi N, Kawasaki K, iwasa J. Results of rasping of meniscal
tears with and without anterior cruciate ligament injury as evaluated by second-look
arthroscopy. Arthroscopy. 2003;19:463-9.

41. LaPrade RF, Bursch LS, Olson EJ, Havlas V, Carlson CS. Histologic and immu-
nohistochemical characteristics of failed articular cartilage resurfacing procedures
for osteochondritis of the knee: a case series. Am J Sports Med. 2008;36:360-8.
Epub 2007 Nov 15.

42. Freemont AJ, Hoyland J. Lineage plasticity and cell biology of fibrocartilage
and hyaline cartilage: its significance in cartilage repair and replacement. Eur J
Radiol. 2006;57:32-6. Epub 2005 Sep 22.

43. McDevitt CA, Webber RJ. The ultrastructure and biochemistry of meniscal
cartilage. Clin Orthop Relat Res. 1990;252:8-18.

44, Kwan P, Hori K, Ding J, Tredget EE. Scar and contracture: biological principles.
Hand Clin. 2009;25:511-28.

45. Rodkey WG, DeHaven KE, Montgomery WH 3rd, Baker CL Jr, Beck CL Jr, Hormel
SE, Steadman JR, Cole BJ, Briggs KK. Comparison of the collagen meniscus implant
with partial meniscectomy. A prospective randomized trial. J Bone Joint Surg Am.
2008;90:1413-26.

46. Koga H, Shimaya M, Muneta T, Nimura A, Morito T, Hayashi M, Suzuki S, Ju YJ,
Mochizuki T, Sekiya I. Local adherent technique for transplanting mesenchymal



712

THE JOURNAL OF BONE & JOINT SURGERY - JBJS.ORG
VOLUME 94-A - NUMBER 8 - APRIL 18, 2012

stem cells as a potential treatment of cartilage defect. Arthritis Res Ther. 2008,
10:R84. Epub 2008 Jul 29.

47. Milachowski KA, Weismeier K, Wirth CJ. Homologous meniscus transplanta-
tion. Experimental and clinical results. Int Orthop. 1989;13:1-11.

48. Cole BJ, Dennis MG, Lee SJ, Nho SJ, Kalsi RS, Hayden JK, Verma NN. Pro-
spective evaluation of allograft meniscus transplantation: a minimum 2-year follow-
up. Am J Sports Med. 2006;34:919-27. Epub 2006 Feb 13.

49, Packer JD, Rodeo SA. Meniscal allograft transplantation. Clin Sports Med.
2009;28:259-83, viii.

§0. Rodeo SA, Seneviratne A, Suzuki K, Felker K, Wickiewicz TL, Warren RF.
Histological analysis of human meniscal allografts. A preliminary report. J Bone Joint
Surg Am. 2000;82:1071-82.

51. Dienst M, Greis PE, Ellis BJ, Bachus KN, Burks RT. Effect of lateral meniscal
allograft sizing on contact mechanics of the lateral tibial plateau: an experimental

IMPLANTATION OF ALLOGENIC SYNOVIAL STEM CELLS PROMOTES
MENISCAL REGENERATION IN A RABBIT MODEL

study in human cadaveric knee joints. Am J Sports Med. 2007;35:34-42. Epub
2006 Aug 21.

52. Charriere G, Bejot M, Schnitzler L, Ville G, Hartmann DJ. Reactions to a bovine
collagen implant. Clinicat and immunologic study in 705 patients. J Am Acad
Dermatol. 1989;21:1203-8.

53. Izal |, Ripalda P, Acosta CA, Forriol F. In vitro healing of avascular meniscal
injuries with fresh and frozen plugs treated with TGF-betal and IGF-1 in sheep. Int
J Clin Exp Pathol. 2008;1:426-34.

54. Stewart K, Pabbruwe M, Dickinson S, Sims T, Hollander AP, Chaudhuri JB. The
effect of growth factor treatment on meniscal chondrocyte proliferation and differ-
entiation on polyglycolic acid scaffolds. Tissue Eng. 2007;13:271-80.

B5. KopfS, Birkenfeld F, Becker R, Petersen W, Starke C, Wruck CJ, Tohidnezhad M,
Varoga D, Pufe T. Local treatment of meniscal lesions with vascular endothelial
growth factor. J Bone Joint Surg Am. 2010;92:2682-91.

Update

This article was updated on May 16, 2012, because of a previous error. The legend for Figures 7-A and 7-B that had previously read
“Representative macroscopic appearance (Fig. 7-A) and histological sections (Fig. 7-B) of the meniscal defect one day to twelve
weeks after the implantation of GFP-positive green fluorescent protein under fluorescence” now reads “Representative macroscopic
appearance (Fig. 7-A) and histological sections (Fig. 7-B) of the meniscal defect one day to twelve weeks after the implantation of
GFP-positive synovial mesenchymal stem cells under fluorescence.”
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in approximately 60% of the cells adhering to the
defect to promote cartilage repair in rabbits (11).
This ‘local adherent technique’ can be performed
less invasively and without scaffolds compared with
other methods.

We hypothesized that this method will also be
useful in animals that are more closely related to
humans. The purpose of the present study was to
examine the usefulness of the local adherent tech-
nique with synovial MSC in pigs. The knee joints
of pigs are similar to those of humans in terms of
size (12) and cartilage-specific properties (13). In
this study, synovial MSC were transplanted into the
cartilage defect of pigs using the local adherent tech-
nique, and repaired cartilage was examined sequen-
tially arthroscopically, histologically and by delayed
gadolinium-enhanced magnetic resonance imaging
(MRI) of cartilage (AGEMRIC) (14,15).

Methods
Animals

All experiments were conducted in accordance with
the institutional guidelines for the care and use of
experimental animals of the Tokyo Medical and Den-
tal University (Tokyo, Japan) and Jichi Medical Uni-
versity (Tochigi, Japan). Nine male and six female
Mexican hairless pigs (National Livestock Breed-
ing Center, Ibaraki, Japan) were used. They were
13 months old, on average 33.5 kg in weight, and
skeletally mature, with the growth plates closed. All
pigs were bred under specific pathogen-free condi-
tions and had free access during the study period to
food and water in a post-operative care cage (40 cmin
width, 121 cm in length and 109 c¢m in height). One
wild-type pig and one transgenic green fluorescent
protein (GFP) pig (16) were used as donors for syn-
ovial MSC for transplantation. Two other pigs were
also used as sources for MSC for i vitro prolifera-
tion and differentiation assays. These four pigs were
killed on the day when the tissues were harvested.
Twelve other wild-type pigs were used as recipients.
For GFP observation, two pigs were killed on the day
MSC were transplanted, and for observation of 1,1’-
dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine
perchlorate (Dil; Molecular Probes, Eugene, OR,
USA) two pigs were killed at 7 days after transplanta-
tion. For arthroscopic, histologic and MRI analyzes,
three pigs were killed at 1 month, and five pigs were
killed at 3 months, after transplantation.

Cell isolation and culture

Synovial tissue was harvested from the suprapatellar
pouch, which overlays the non-cartilaginous areas of

_638912.indd 2

the femur, through an arthrotomy of the knee. The
tissue was digested in 3 mg/mL collagenase D solu-
tion (Roche Diagnostics, Mannheim, Germany) in
o~minimal essential medium (0MEM; Invitrogen,
Carlsbad, CA, USA) at 37°C for 3 h, filtered through
a 70-um nylon filter (Becton-Dickinson and Co.,
Franklin Lakes, NJ, USA) and the nucleated cells
plated in a 150-cm? culture dish (Nalge Nunc Inter-
national, Rochester, NY, USA) in complete culture
medium [cMEM containing 10% fetal bovine serum
(FBS), 100 U/mL penicillin, 100 pg/mL. streptomycin
and 250 ng/ml. amphotericin B (all from Invitro-
gen)] and incubated at 37°C with 5% humidified
CO,. The medium was changed to remove non-ad-
herent cells every 4-5 days and then cultured for 14
days as passage 0 without refeeding. To cryopreserve
the cells, they were resuspended at a concentration
of 2x 100 cells/mL in aMEM with 5% dimethyl-
sulfoxide (Wako, Osaka, Japan) and 10% FBS. Ali-
quots of 2 mL were frozen slowly in a Cryo 1°C
freezing container (Nalge Nunc International) and
cryopreserved at —80°C. To expand the cells, a frozen
vial of the cells was thawed, plated in 60-cm? cul-
ture dishes, and incubated for 4 days. Then the cells
were replated at 5X 10° cells/150-cm? culture dish
(passage 2) and cultured for an additional 14 days.
The nucleated cells derived from periosteum, muscle
and adipose tissue were isolated and expanded in the
same manner as those from synovium.

Bone marrow was aspirated from the tibial tuber-
osity. Periosteum was peeled off from the tibia. Muscle
was obtained from the quadriceps. Adipose tissue was
prepared from the subcutaneous fat around the knee.
Nucleated cells from the bone marrow were isolated
with a density gradient (Ficoll-Paque; Amersham
Biosciences, Uppsala, Sweden).

Colony-formation assay

Nucleated cells derived from synovium were plated at
0.5, 5, 50 and 500 X 103 cells/60-cm? dish, cultured
for 14 days, and stained with crystal violet. The opti-
mal initial cell density was determined based on the
following criteria: (a) the colony size was not affected
by contact inhibition, and (b) the greatest number of
colonies was obtained. We then harvested the cells
plated at optimal densities from the remaining dishes
and expanded them as mentioned above.

In vitro proliferation assay

Synovial MSC were plated at 5 X 103 cells/60-cm?
dish in complete culture medium and passaged
every 14 days. Cells from each passage were har-
vested and counted with a hemocytometer, and the
total accumulated cell number was calculated.
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In wirro differentiation assay

For chondrogenesis, 250 000 cells were placed in a
15-mL polypropylene tube (Becton-Dickinson and
Co.) and centrifuged at 450 g for 10 min. The
pellets were cultured in chondrogenesis medium
consisting of high-glucose Dulbecco’s modified
Eagle’s medium (Invitrogen) supplemented with
1 ug/ml. bone morphogenetic protein (BMP)-7
(Stryker Biotech, Hopkinton, MA, USA), 10 ng/
mL transforming growth factor (TGF)-B3 (R&D
Systems, Minneapolis, MN, USA), 100 nMm dex-
amethasone (Sigma-Aldrich Corp., St Louis, MO,
USA), 50 pug/mL ascorbate-2-phosphate, 40 ug/mL
proline, 100 pg/mL pyruvate and 1:100 diluted
ITS + Premix (6.25 ug/mL insulin, 6.25 pg/mL
transferrin, 6.25 ng/mL selenious acid, 1.25 mg/
mL bovine serum albumin and 5.35 mg/mL lino-
leic acid; BD Biosciences Discovery Labware, Bed-
ford, MA, USA). For microscopy, the pellets were
embedded in paraffin, cut into 5-um sections, and
stained with toluidine blue (17-19).

For adipogenesis, cells were cultured in adipogenic
medium, which consisted of complete medium supple-
mented with 100 nm dexamethasone (Sigma-Aldrich
Corp.), 0.5 mMm isobutyl-methylxanthine (Sigma-Al-
drich Corp.) and 50 um indomethacin (Wako), for 21
days. The adipogenic cultures were fixed in 4% para-
formaldehyde and then stained with fresh Oil Red O
solution (20).

For calcification, cells were cultured in calcifica-
tion medium, which consisted of a complete medium
of 1 nm dexamethasone, 20 mm B-glycerol phosphate
(Wako) and 50 pg/mlL. ascorbate-2-phosphate (Sig-
ma-Aldrich Corp.), for 21 days. The cells were fixed
in 4% paraformaldehyde and stained with 0.5%
Alizarin Red solution (21).

Dul labeling

Synovial MSC were resuspended at 1 X 10° cells/mL
in tMEM without FBS;, and a fluorescent lipophilic
tracer, Dil, was added at a final concentration of 5
uL/mL. After incubation for 20 min at 37°C and
two washings with phosphate-buffered saline (PBS),
Dil-labeled cells were resuspended in 100 pL. culture
medium (22).

Experimental set-up

The first pig was used for anatomical study and har-
vesting mesenchymal tissues to stock the MSC for
further analyzes. When pigs for the # vivo study were
prepared, cryopreserved synovial MSC were thawed
and expanded 2 weeks before transplantation. On
the day of transplantation surgery, all colony-forming

YT_A_638912.indd 3
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cells were harvested and suspended in 100 puL culture
medium and transplanted as described. Four pigs were
used for an early adhesion assay with transplantation
of GFP porcine synovial MSC (n = 2) (Figure 2A) and
Dil-labeled MSC (n = 2). Other pigs were analyzed by
arthroscopy every month, and two pigs were killed at
1 month after treatment for histologic, macroscopic
and MRI analyzes. Five pigs were killed at 3 months
after treatment and analyzed by histology and MRI
(Figure 2D).

Transplantation of synovial MSC into the
cartilage defects

All pigs underwent general anesthesia, and the medial
femoral condyle was approached through a medial
parapatellar incision. Full-thickness osteochondral
defects (8 X 8 mm square and 2 mm deep; approxi-
mately 1.5 mm cartilaginous and 0.5 mm bony part)
were created with various sizes of drills in the weight-
bearing area of the medial femoral condyles in both
knees, 10 mm below the terminal ridge. When the
defects were created, bleeding was not observed, and
a procedure to stop bleeding from the bottom of the
defect was not required.

The right knee of each pig was treated with MSC
and the left knee served as a vehicle internal control.
The MSC were harvested and collected from the cul-
ture dishes several hours before transplantation, and
harvested MSC were suspended in a 50-mL. conical
tube containing 40 mL culture medium. Just before
the transplantation, the tube was centrifuged for
5 min at 1500 r.p.m., and the supernatant was
removed. Centrifuged MSC were suspended in 100
UL culture medium. The transplanted cell num-
ber was a maximum of 5.3 X107, a minimum of
2.2 X 107, and on average 3.8 X 107,

The cartilage defect was faced upward, and its
position was held manually. A suspension of pre-
pared MSC in 100 pL culture medium was placed
into the defect through an 18-gauge needle. Culture
medium alone (100 puL) was placed into the defects
in the left knee in the same manner. After 10 min,
the incisions were closed without washing the inside
of the knee joint. After the anesthetic wore off, the
pigs were allowed to walk freely without fixation. To
reduce the risk of infection, we avoided the use of an
immune SuUppressor.

For killing the pigs, an overdose intravenous
injection of KCI was used under adequately deep
general anesthesia. For macroscopic analyzes, all
samples at 1 month (#=3) and 3 months (n=5)
were evaluated with the International Cartilage
Repair Society (ICRS) macroscopic score (23) (see
the supplementary tables).
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Arthroscopy

All knees were observed with arthroscopy (Linvatec
8180A camera console surgical video equipment,
with LIS8430 for the light source; Zimmer Inc.,
Warsaw, IN, USA) at 1, 2 and 3 months after trans-
plantation. An arthroscope, a probe and a shaver
system were inserted through longitudinal incisions
at the medial and lateral sides of the patella ten-
don. All arthroscopic observations were evaluated by
Oswestry arthroscopy score (23) (see the supplemen-
tary tables). For arthroscopic observation of GFP
MSC, a newly developed fluorescence arthroscope
(Olympus Medical Systems Corp., Tokyo, Japan) was
used.

Histologic analyzes

The samples were cut into a thickness of a 1.5-cm
square with 5 mm containing a defect, fixed in
4% paraformaldehyde, and decalcified with 0.5 M
ethylene diamine tetra acetic acid (EDTA; pH 7.5)
for 3 days at 4°C. Paraffin sections were stained
with Safranin O. All samples were evaluated with a
modified Wakitani score (11) (see the supplementary
tables).

dGEMRIC

Before histologic analyzes, medial femoral condyles
were collected and pre-contrast MRI was performed.
An MRI system at 1.5Tesla (Signa HDx; GE Health-
care, UK) was used with a custom-made micro-
imaging coil. Each specimen was pre-treated with
0.5 mm gadopentate dimeglumine (Gd-DTPA%;
Magnevist®; Schering, Berlin, Germany) in 0.9%
normal saline overnight at 4°C with continuous stir-
ring. The next day the samples were removed from
refrigeration, and post-contrast MRI was performed
at room temperature. R1 was defined as the recip-
rocal of the T1 value. The R1 measurement was
performed using a fast-spin echo inversion-recovery
(FSE-IR) sequence (2400 ms repetition time, 18
ms echo time, six inversion times of 50-2000 ms,
30 X 30 mm field of view, 1.0-mm section thickness,
512 X 512 matrix). The difference between the pre-
Gd-enhanced R1 value and the post-Gd enhanced
R1 value (AR1) indicated the glycosaminoglycan
(GAG) concentration (14). Color-coded ARI-
calculated heat maps of the cartilage were generated
using MATLAB (Mathworks, Natick, MA, USA)
with a mono-exponential curve fit. Blue represents
a high content of GAG, and red a low content. For
R1 measurements, the region of interest (ROI) for
repaired tissue was defined as the area where both
sides were connected between native and repaired

338912.indd 4

cartilage; the bottom was the interface between bone
and repaired cartilage, and the top was the super-
ficial surface of the repaired cartilage. The ROI for
native cartilage was drawn over the full-thickness
weight-bearing areas of the femoral condyle at both
sides of the repair site, about 3 mm from the lateral
edge of the repair site (14,15).

Stanistical analyzes

To assess differences, Wilcoxon rank-sum tests were
used except for MRI analysis. For MRI analysis,
the paired t-test was used. A value of P<<0.05 was
considered significant.

Results
Characteristics of porcine synovial cells as MSC

The initial cell-plating density to produce the opti-
mal colony number was determined to be 5X 103
cells/60-cm? dish (Figure 1A). Three cell lineages
derived from three different pigs maintained their
proliferation potential over 20 passages (Figure
1B). Colony-forming cells derived from porcine
synovium displayed a trilineage potential, differ-
entiating into chondrocytes and adipocytes, and
osteocytes, when cultured in their respective dif-
ferentiation media (Figure 1C). In wvitro chondro-
genesis assays demonstrated that cartilage pellets
of colony-forming cells derived from synovium
were the heaviest among those derived from the
other mesenchymal tissues (Figure 1D). These
results indicated that colony-forming cells derived
from porcine synovium had similar characteristics
to those of MSC, and the highest chondrogenic
potential compared with cells derived from the
other tissues examined.

Local adherent technique for transplantation of MSC

After expanding for 14 days (Figure 2A), colony-
forming cells derived from synovium of the tg-GFP
pig expressed GFP (Figure 2B). A drop of MSC
suspension through a needle (Figure 2Ci) could
be detected with the GFP arthroscopy system
(Figure 2Cii). After placement of the MSC suspen-
sion for 10 min, the bottom of the cartilage defect
looked foggy (Figure 2Ciii) and GFP MSC were
still detected in the cartilage defect (Figure 2Civ),
even though the irrigation fluid was flushed from
the tip of the arthroscope (see the supplementary
movies). Dil-labeled MSC were also traced (Figure
2D,E) and remained in the cartilage defect at 7 days
(Figure 2F), but they could not be found at 1 and
3 months.
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Arthroscopic and macroscopic observation

At 1 month, a thin membrane covered the cartilage
defects only in the MSC-treated knees (Figure 3A).
At 2 months, a thicker white membrane covered the
defects in the MSC-treated knees, while the carti-
lage defects were enlarged in the control knees. At
3 months, the defects were covered with cartilage
tissue in the MSC-treated knees. In contrast, the
defects were further enlarged in the control knees.
Arthroscopic observation was easier in the MSC-
treated knees at all time-points because intra-articular
adhesion and synovial hypertrophy were less in the
MSC-treated knees compared with the control knees.
The Oswestry arthroscopy score improved over the
course of time, and a significant difference between
the two groups was observed at 3 months (Figure
3B). Similar results were obtained with the macro-
scopic evaluation (Figure 3C). The ICRS score for
macroscopic observation was significantly higher in
the MSC-treated knees than in the control knees
(Figure 3D). We found no complications through-
out this cell transplantation study in the knees
examined.
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Figure 1. Characteristics of porcine synovial MSC. (A) Colony formation. (B) Proliferation. (C) In witro chondrogenesis, adipogenesis and
calcification. (D) Comparison of the chondrogenic potential among MSC derived from various mesenchymal tissues. *P<0.05 (n=5)
between synovium and each of the other tissues by Wilcoxon rank-sum test.

Histologic analyzes

At 1 month, membranous tissue completely covered
the defects only in the MSC-treated knees (Figure 4A).
At 3 months, newly synthesized cartilage matrix was
observed in every sample in the MSC-treated knees. In
contrast, there was no cartilage matrix in the control
knees (Figure 4B). Furthermore, cartilage defects
were further enlarged in the control knees. Higher
magnified observations demonstrated a columnar
arrangement of chondrocytes with lacunae in the
repaired cartilage in the MSC-treated knees (Figure
4C,D). The modified Wakitani score for histologic
analysis of cartilage repair was significantly higher in
the MSC-treated knees than in the control knees at
3 months (Figure 4E).

dGEMRIC

The cartilage defects showed predominantly red
(lower glycosaminoglycan concentration) in both
the MSC and control knees at 1 month (Figure
5A). At 3 months, they changed to blue (higher gly-
cosaminoglycan concentration) in the MSC-treated
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Figure 2. Experimental set-up and local adherent technique for MSC transplantation. (A) Schematic drawing for arthroscopic transplantation
and detection of GFP MSC. (B) Synovial MSC from the transgenic GFP pig used to visualize delivery and adhesion of cells in the defect
under phase-contrast and fluorescent illumination. (C) Arthroscopic view during transplantation of GFP MSC into the cartilage defect.
Arrows indicate the MSC suspension leaving the needle. Arrowheads indicate the margin of the cartilage defect. (D) Schematic drawing
for histologic, MRI and other arthroscopic analyzes. (E) Full-thickness cartilage defect (left) and Dil-labeled MSC suspension dropped
into the defect (right). (F) Fluorescent images of cartilage defect sections 7 days after transplantation of Dil-labeled MSC.

knees, while remaining red in the control knees. The
average R1 value for ROI (Figure 5B) was higher
in the MSC-treated knees than in the control knees
(Figure 5C).

Discussion

One of the principal findings of the study was the
high chondrogenic potential of MSC from synovium
in pigs. In this study, iz vizro chondrogenesis assays
demonstrated that cartilage pellets of MSC from syn-
ovium were heavier than those from bone marrow,
muscle, periosteum and adipose tissue in pig. We have

638912.indd 6

reported similar results previously in humans (4), rats
(5) and rabbits (22). These findings suggest that MSC
derived from synovium have a high chondrogenic
potential irrespective of animal species.

The n vitro chondrogenic potential was evaluated
by the weight of the pellet. During 7z vitro chondrogen-
esis of MSC, the pellets increased in size and weight.
In contrast, the DNA vyield per pellet decreased over
time. The radioactivity per DNA in the cells, assessed
by pre-labeling with 3H-thymidine, was stable dur-
ing m vitro chondrogenesis of MSC. Consequently,
the increase in pellet size could be attributed to the
production of extracellular matrix (ECM) and not
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Figure 3. Arthroscopic and macroscopic analyzes of cartilage
defects with and without transplanted MSC. (A) Sequential
arthroscopic view at 1, 2 and 3 months. (B) Quantification of
arthroscopic view of cartilage defect. *P<0.05 by Wilcoxon rank-
sum test. (C) Representative macroscopic features. (D)
Quantification of macroscopic features of cartilage defect.
#*P<0.05 by Wilcoxon rank-sum test.

to the proliferation of the cells (19,24). Pellet weight
is always correlated with the expression of cartilage-
related mRNA, such as COL2A1, with proteoglycan
staining by Safranin O, type II collagen by immu-
nostaining, and protein expression of chondroitin
4-sulfate by enzyme-linked immunosorbent assay
(ELISA) (4-7,17-19,25). Furthermore, the results
of in wvirro chondrogenesis reflected the results of
in vivo chondrogenesis in that undifferentiated MSC
were transplanted into cartilage defects, and carti-
lage matrix production by MSC was evaluated after
4 weeks in rabbits (6). All the results demonstrate
that the weights of the pellets are quantitative indica-
tors for chondrogenesis of MSC.

In vitro chondrogenesis appears to be most suc-
cessful when a combination of dexamethasone,
TGF-B and BMP is used in MSC derived from bone
marrow (18), synovium (19), muscle (26), perios-
teum (27) and adipose tissue (28). However, our
current results do not exclude the possibility that a
different combination of growth factors may induce

YT_A_638912.indd 7
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a more effective chondrogenesis dependent on MSC
sources.

To track the cells, we used both GFP and Dil
systems. The use of GFP cells is advantageous in
that dead GFP cells are not detected. In this study,
GFP synovial MSC were derived from the Jinhua
pig, and the recipients used were Mexican hairless
pigs. This was a major mismatch transplantation
model, because Jinhua and Mexican hairless pigs
have a high independency of gene profile as a result
of inbreeding (29). Therefore, the analysis of trans-
plantation of GFP cells was limited for the obser-
vation of arthroscopic transplantation of synovial
MSC, because we wanted to avoid the possibility
of an immune reaction after adherence of the cells.
The use of GFP cells is disadvantageous in that GFP
is often undetectable after processing for histology,
especially in the case of paraffin embedding (30). To
solve these problems, we used the Dil system to track
the transplanted cells.

For histologic and other analyzes, we created car-
tilage defects and left the suspension of MSC on the
defects for 10 min in an open arthrotomy. For GFP
analysis, after the cartilage defects were created in
an open arthrotomy, the joint capsule and skin were
sutured, then the suspension of MSC was placed on
the defects through the needle while we observed
the defect with an arthroscope, and the suspension
was left for 10 min. Fluorescence arthroscopy dem-
onstrated that GFP MSC remained in the cartilage
defects, even though the irrigation fluid was flushed
from the tip of the arthroscope.This indicates that the
method we used makes it possible to transplant MSC
into the cartilage defects through a small incision by
arthroscopy, with minimal invasiveness. Although a
GFP-detecting endoscopy system for the airway has
been reported previously (31), this system still seems
to be unpopular. Our study is the first report demon-
strating GFP cells in joints with arthroscopy.

In this study, the number of MSC adhering to
the cartilage defect was not quantified. In our previ-
ous ex vivo study using human and rabbit samples, a
suspension of synovial MSC was placed on the full-
thickness defect of the articular cartilage fragment,
and approximately 60% of the cells were attached
to the defect within 10 min (11). A recent study
reported that the addition of magnesium to the cell
suspension increased the number of synovial MSC
attached to the cartilage defect i wvizro and i vivo
(32). In our pig study, the medium for MSC suspen-
sion contained 1 mm magnesium, and we estimated
that more than 60% of the cells adhered to the car-
tilage defect.

The cartilage defect we created might be better
called an osteochondral defect rather than a cartilage
defect. We tried to create a full thickness cartilage
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50 in the MSC-treated knees at 3 months and in the control from the opposite sides. Borders of the original defect are shown by both 106
51  arrowheads. (C) Magnified histology of the indicated area. (D) High magnification of the indicated area. (E) Quantification of histologies 107
52 of cartilage defect. *P<0.05 by Wilcoxon rank-sum test.

54 defect, but it was not technically easy to do with pre-
55  cision. Therefore, we preferred to create the osteo-
56  chondral defect in order to be sure all the cartilage
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108
109

was removed, because any remaining cartilage would 110
affect the outcome of this study. We also thought that 111
if we could repair an osteochondral defect with our 112
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Figure 5. Evaluation with dGEMRIC. (A) Representative images. Arrows indicate the bottoms of the repair tissue. (B) ROI for repaired cartilage
(solid-line area) and for native cartilage (dotted-line areas). (C) Quantification of R1 values at 3 months. *P<0.05 by paired ttest.

method, we could also repair a full thickness cartilage
defect through further abrading of the full thickness
cartilage defect to create an osteochondral defect.
By penetrating the subchondral bone, host bone
marrow MSC would have migrated into the defect.
Because bone marrow MSC also have chondrogenic
potential (33), the effect of bone marrow MSC would
not have been negligible in our study. However, we
were able to demonstrate the higher effect of synovial
MSC, because the control defects were not repaired
at all. The depth of the osteochondral defect may
have affected the result of the repair. Chang et al.
(34) compared the histologic score of the spontane-
ous repair of the defect between a 2-mm and 5-mm
depth of osteochondral defect in pigs for 36 weeks,
and the score of the 2-mm defect was better than
that of the 5-mm osteochondral defect. In our study,

‘YT_A_638912.indd 9

a 2-mm osteochondral defect consisting of 1.5 mm
in the cartilage and 0.5 mm in the subchondral bone
was created, and the influence of the subchondral
bone defect would have been less than that when the
subchondral bone was penetrated deeper.

In this study, Dil-labeled cells were detected at 1
week, but not at 4 and 12 weeks. The process of car-
tilage repair was observed within at least 3 months.
These findings suggest that transplantation of synovial
MSC secretes some trophic factors to enhance car-
tilage repair rather than directly differentiating into
chondrocytes. According to our recent report, in a
co-culture of rat nucleus pulposus cells and human
synovial MSC, a species-specific microarray revealed
that gene profiles of the nucleus pulposus were altered
markedly, with suppression of genes related to matrix
degradative enzymes and inflammatory cytokines (35).
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Identification of the trophic factors by synovial MSC
in a cartilage defect model is required in a future
study.

We have shown that transplantation of synovial
MSC into cartilage defect promotes cartilage repair
in pigs. To the best of our knowledge, only Ando ez al.
(36) have previously reported the effect of transplan-
tation of synovial MSC into cartilage defects in a pig
model. They cultured synovial MSC at a high density
in growth medium containing ascorbate 2-phosphate,
to form a complex of the cultured cells and the extra-
cellular matrix. After detaching the tissue-engineered
construct by application of shear stress using gentle
pipetting, the constructs were implanted into the
cartilage defect (36). Comparing Ando et al’s study
(36) and ours, our method is simpler, and we provide
several kinds of novel information during the process
of cartilage repair.

We have reported previously that placing a syn-
ovial MSC suspension on the osteochondral defect
for 10 min promotes cartilage regeneration in rabbits.
Histologic analyzes demonstrated that the osteochon-
dral defect was initially filled with cartilage matrix
at 4 weeks, then the border between the bone and
cartilage moved upward, and finally the thickness of
the regenerated cartilage became similar to that of
the neighboring cartilage in rabbits (11,32). In the
pig study, after transplantation of synovial MSC, the
cartilage defect was first covered with a membrane at
4 weeks, then the cartilage matrix emerged, although
the repair of the subchondral bone was not observed.
These findings may indicate different processes of
cartilage repair between rabbits and pigs.

After placement of the MSC suspension, consist-
ing of on average 38 million cells in 100 pL, for 10
min, although the inside of the knee joint was filled
with irrigation fluid flushed from the tip of the arthro-
scope, the bottom of the cartilage defect looked foggy
through conventional light arthroscopy (Figure 2Ciii).
This was possible because the cartilage defect was
mostly covered with synovial MSC. The color of the
suspension of synovial MSC was similar to that of
the cartilage defect after placement of the MSC sus-
pension for 10 min, which supports our speculation.
For clinical application, we can guess the existence
of MSC without labeling, by arthroscopic observa-
tion if a high concentration of MSC suspension is
prepared.

dGEMRIC requires more effort than conventional
MRI because it requires twice as many imagings both
before and after contrast agent administration. How-
ever, AGEMRIC can provide information about the
thickness of repaired cartilage and glycosaminoglycan
concentration (14,15). In this study, we confirmed
the usefulness of AGEMRIC for cartilage repair. To
the best of our knowledge, this is the first study to

_638912.indd 10

analyze porcine cartilage repair by dGEMRIC and
to compare its histologic results.

Although transplantation of synovial MSC
induced cartilage repair compared with control
knees, cartilage repair was not yet complete at
3 months. We can suggest three reasons for this. First,
3 months was too short a time to mature the cartilage
defect in this model. Even in our rabbit study, it took
6 months to repair the cartilage defect after trans-
plantation of synovial MSC (22). In porcine stud-
ies by others, it seems that cartilage repair was not
complete at 6 months after bone marrow MSC trans-
plantation (37-39). Because of the limitation of our
animal facility, we could not perform observations
for more than 3 months in this study. Second, we
created the cartilage defect in both knees, and all pigs
were free in the cage. Therefore, both knees could
not avoid bearing weight. Third, allogeneic synovial
MSC were used in this study to prevent variability
of porcine MSC.

However, this study is valuable because we have
demonstrated the ability of synovial-derived MSC to
repair cartilage in the porcine knee relative to vehicle-
treated knees. Furthermore, the potential problems
in this study, as mentioned above, can be overcome if
and when this therapy is applied in humans, because
weight bearing can be controlled on the treated knee,
and autologous cells can be prepared to expand in
autologous human serum (7).

In conclusion, an # vitro chondrogenesis assay
revealed that MSC from synovium had a higher
chondrogenic potential than that from other mesen-
chymal tissues in pig, as has been found in other spe-
cies (4,5,22). Through the use of transgenic porcine
GFP-expressing synovial MSC and a new fluores-
cence arthroscopy system, we were able to visualize
the actual delivery and adhesion of the cells in the
cartilage defect. We utilized dGEMRIC to obtain
detailed serial images of cartilage repair produced by
MSC. Sequential arthroscopic, histologic and MRI
analyzes demonstrated that the cartilage defect was
first covered with a membrane, and then the carti-
lage matrix emerged after transplantation of synovial
MSC (Figure 6).
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1 Supplementary material for Nakamura T er al. Arthroscopic, histologic, and MRI analyzes of cartilage repair 57
2 after a minimally invasive method of transplantation of allogeneic synovial mesenchymal stem cells into car- 58
3 tilage defects in pigs, Cytotherapy, 2012 59
4 Supplemental movie 1. Arthroscopic view of dripping suspension of GFP pig synovial MSC into the car- 60
5 tilage defect in pig. Irrigation fluid was drained out of the knee joint. 61
6 Supplemental movie 2. Arthroscopic view of defect 10 min after the suspension of GFP pig synovial MSC 62
7 which remained on the cartilage defect. The knee joint was filled with irrigation fluid that was flushed from 63
8 the tip of the arthroscope. 64
9 Supplemental tables. Oswestry arthroscopy score, ICRS macroscopic score, and modified Wakitani score. 65
10 66
11 67
12 . 68
13 Supplementary Table 1. Oswestry arthroscopy score. Supplementary Table 2. ICRS macroscopic score. 69
14 0aS Points Carulage repair assessment ICRS Points 70
15 Graft level with surrounding cartilage Degree o1 deled lepair 71
16 Level 2 In level with sunoundng cartilage 4 72
17 Raised 1 75% repair ot deled deplh 3 73
18 Below 0 50% repair of deled depth 2 74
19 Integral en wdh surrounding cadbge 25% repair ot deled depth 1 75
Complete 2 0% lepair of deled depth 0
20 Minor disruption (<25% of area) 1 Integral on to border zone 76
21 Major disruption (>25% of area) 0 Complete integral on wit h Surrounding cartilage 4 77
22 Appearance of surface 2 Demarcating border<I mm 3 78
23 Smooth 2 3/4th of grafl integrated, 1/4th 2 79
24 Fine tronds 1 with a notable border>1 mm width 80
Severe 1ronda. Iibnllalon 0 1/2 of graft integrated with surrounding 1
25 Color of graft cartilage, 1/4 with a notable border>1 mm 81
26 Pearly, hyaline-ITke 2 From no contact to 1/4th o1 graft 0 82
27 White 1 integrated with smounding cartilage 83
28 Yellow bone 0 Macroscopic appearance 84
29 Stillness on probing 2 Intact smoot n surface 4 85
Normal compared to adjacent cartilage 2 Sfibrillated surface 3
30 Softer 1 Small, scattered tissures or cracs 2 86
31 Very soft/hard 0 Several, small or few but large fissures 1 87
32  Total 0-1 Tdal degeneration of grafted area 0 88
33 overall repair assessment 89
34 Code 1: normal 12 90
35 Grade II: nearly normal 11-8 91
Grade III:abnormal 7—4
36 Giade 1V: severely abnormal 31 92
37 93
38 94
39 95
40 96
41 97
42 98
43 99
44 100
45 101
46 102
47 103
48 104
49 105
50 106
51 107
52 108
53 109
54 110
55 111
56 112
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1 Supplementary Table 3. Modified wakitani score. 57
2 Category Points 58
3 59
4 Cell morphology 60
5 Hyaline carnlage 4 61
6 Mostly hyaline carnilage 3 62
7 Mostly fibrocartilage 2z 63
8 Mostly non-cartilage 1 64
9 chncart.z‘lqge only 4 0 65
Matrix-staining (metachromasia)
10 Normal (compared with host adjacent cartilage) 3 66
11 Slightly reduces 2 67
12 Markedly reduced 1 68
13 No metachromatic stain 0 69
14 Surface regulariny® A 70
15 Smooth (> 3/4) 3 71
16 Moderate (1/2 to 3/4) 2 72
17 Irregular {1/4 10 1/2} 1 73
18 Severely Irregular (<1/4) 0 74
19 Thickness of cartilage® 75
20 2/3 1o 4/3 3 76
21 513 1o 4/3 2 77
29 1/3 10 2/3 or>5/3 1 78
23 <18 o . ‘ 79
Integration of donor witti host adjacent cartilage
24 Both edges integrated 2 80
25 One edge integrared 1 81
26 Nezther edge integrated 0 82
27 Total maximum 15 83
28 84
29 aTo.tal smooth area of the reparative cartilage i:ompared with the 85
entire area of the cartilage defect. PAverage thickness of the repar-
;? ative cartilage compared with that of the surrounding cartilage. Zg
32 88
33 89
34 90
35 91
36 92
37 93
38 94
39 95
40 96
41 97
42 98
43 99
44 100
45 101
46 102
47 103
48 104
49 105
50 106
51 107
52 108
53 109
54 110
55 111
56 112
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