United States Patent

US009511093B2

(12) (10) Patent No.: US 9,511,093 B2
Gregory et al. 45) Date of Patent: *Dec. 6, 2016
(54) COMPOSITIONS OF MESENCHYMAL STEM 5,759,830 A 6/1998 Vacanti et al.
CELLS TO REGENERATE BONE 5,770,193 A 6/1998 Vacanti et al.
5,770,417 A 6/1998 Vacanti et al.
(75) Inventors: Carl A. Gregory, Temp.le, X (US); g:ggg:ézg ﬁ ?;}ggg zgzgg Z: gi:
Darwin J. Prockop, Philadelphia, PA 5,863,531 A 1/1999 Naughton et al.
(as) 5,902,741 A 5/1999 Purchio et al.
5,944,754 A 8/1999 Vacanti
(73) Assignee: The Texas A & M University System, 6,027,744 A 2/2000 Vacanti et al.
College Station, TX (US) 6,123,727 A 9/2000 Vacant! et al.
2 > 6,139,574 A 10/2000 Vacanti et al.
6,143,501 A 11/2000 Sittinger et al.
(*) Notice: Subject to any disclaimer, the term of this 6,498,018 Bl  12/2002 Ca.rpe%lter
patent is extended or adjusted under 35 7,175,839 B1* 2/2007 Hiserodt ......ccooovvnnne.. 424/93.1
U.S.C. 154(b) by 435 days. 2002/0054901 A1* 52002 Gainey et al. ................ 424426
2004/0175366 Al 9/2004 Badylak
This patent is subject to a terminal dis- 2004/0176855 Al 9/2004 Badylak
claimer. 2005/0013870 Al 1/2005 Freyman et al.
2005/0013872 Al 1/2005 Freyman
. 2005/0025838 Al 2/2005 Badylak
(21)  Appl. No.: 12/730,022 2005/0043819 Al 2/2005 Schimidt et al.
. 2005/0054663 Al* 3/2005 Bennett et al. .............. 514/269
(22) Filed: Mar. 23, 2010 2005/0084494 Al*  4/2005 Prockop et al. ........... 424/146.1
2005/0181016 Al 8/2005 Freyman et al.
(65) Prior Publication Data 2005/0203636 Al 9/2005 McFetridge
2005/0256588 Al  11/2005 Sawa et al.
US 2010/0247494 Al Sep. 30, 2010 2005/0261181 A1* 11/2005 Wuet al. ..ccoceeveveennene 514/12
2006/0147433 Al 7/2006 Hiles
Related U.S. Application Data 2009/0054983 Al* 2/2009 Wuisman et al. ......... 623/16.11
(60) Provisional application No. 61/210,764, filed on Mar. FOREIGN PATENT DOCUMENTS
23, 2009. WO WO-92/19195 Al 11/1992
(51) Int. Cl WO WO0-95/05452 A2 2/1995
AQIN 63/00 (2006.01)
AOIN 65/00 (2009.01) OTHER PUBLICATIONS
g;;ﬁ :Zzg 888288 Castano-Izquierdo et al., J. Biomedic. Mater. Res., 82A(1):129-138
’ (2007).*
21,?;1]\(, §§g27(§5 881888 Temenoff et al., Wiley InterScience, pp. 235-244 (2004).*
A61K 35/12 2015'01 Gregory et al., Exp. Cell Res., 306:330-335 (2005).*
( 01 Gregory et al., J. Biol. Chem., 280:2309-2323 (2005).*
(52) US. CL de Boer et al., Bone, 34:818-826 (2004).*
CPC ....ccoee. AG6IK 35/28 (2013.01); C12N 5/0663 Wei et al., Arth. Rheum., 63(6):1707-1717 (2011).*
(2013.01); A61K 2035/124 (2013.01); CI2N Akune et al.,, “PPARgamma insufficiency enhances osteogenesis
2501/385 (2013.01); CI2N 2501/415 (2013.01) thr01_1gh osteoblast formation from bone marrow progenitors.” 2004,
(58) Field of Classification Search J Clin Invest 113:846-855.
None (Continued)
See application file for complete search history.
(56) References Cited Primary Examiner — Thomas J Visone
(74) Attorney, Agent, or Firm — Gardere Wynne Sewell
U.S. PATENT DOCUMENTS LLP
4,352,883 A 10/1982 Lim
4,353,888 A 10/1982  Sefton
4,678,470 A 7/1987 Nashef et al. 67 ABSTRACT
4,968,733 A 11/1990 Muller et al. . . .
4976.859 A 12/1990 Wechs The present invention encompasses an osteogenic compo-
5,041,138 A 8/1991 Vacanti et al. sition comprising mesenchymal stem cells pre-cultured in
5,082,670 A 1/1992 Gage et al. the presence of an agent that accelerates canonical Wnt
g’?ﬁj’gig ﬁ é? }gg% (S:lilz.nkggt ai al signaling therein. Also, provided are osteogenic composi-
5152881 A 101992 A. egbis-chgeetztl ’ tions incorporated into a biocompatible gel. The present
i ) invention provides methods for treating bone degeneration
5284761 A 2/1994 Aebischer et al. ention provides methods fi ng bone degeneratio
5,516,532 A 5/1996 Atala et al. or injury associated with a pathophysiological condition in
5,536,656 A 7/1996 Kemp et al. a mammal or for accelerating repair of a skeletal injury in a
2’2151;’(5)2? ﬁ 1 }‘;}ggg Eimel:(lson mammal by administering to the mammal or contacting the
5700854 A /1998 Grieéitlsf}(]iima of al site of injury with the osteogenic composition.
5,723,331 A 3/1998 Tubo et al.
5,736,372 A 4/1998 Vacanti et al.
5,741,685 A 4/1998 Vacanti 19 Claims, 28 Drawing Sheets



US 9,511,093 B2
Page 2

(56) References Cited

OTHER PUBLICATIONS

Bain et al., “Activated beta-catenin induces osteoblast differentia-
tion of C3H10T1/2 cells and participates in BMP2 mediated signal
transduction.” 2003, Biochem Biophys Res Commun 301:84-91.
Boland et al., “Wnt 3a promotes proliferation and suppresses
osteogenic differentiation of adult human mesenchymal stem cells.”
2004, T Cell Biochem 93:1210-30.

Boyden et al., “High bone density due to a mutation in LDL-
receptor-related protein 5.” 2002, N Eng J Med 346:1513-1521.
Castano-Izquierdo, et al., “Pre-culture period of mesenchymal stem
cells in osteogenic media influences their in vivo bone forming
potential.” 2007, Journal of Biomedical Materials Research Part A
82(1):129-138.

Damiens et al., “Anti-mitotic properties of indirubin-3'-monoxime,
a CDK/GSK-3 inhibitor: induction of endoreplication following
prophase arrest.” 2001, Oncogene 20:3786-3797.

Farmer, “Regulation of PPAR activity during adipogenesis” 2005,
Int J Obes (Lond). 29:S13-16.

Gong et al., “LDL receptor-related protein 5 (LRP5) affects bone
accrual and eye development.” 2001, Cell 107:513-523.

Gregory et al., “The promise of canonical Wnt signaling modulators
in enhancing bone repair” 2006, Drug News Perspect 19:445-452.
Krause, et al. “Pharmaceutical modulation of canonical Wnt sig-
naling in multipotent stromal cells for improved osteoinductive
therapy.” 2010, Proc Natl Acad Sci USA 107(9):4147-4152.

Liu et al., “Canonical Wnts function as potent regulators of
osteogenesis by human mesenchymal stem cells” 2009, J Cell Biol
185:67-75.

Liu et al., “Regulating the balance between peroxisome proliferator-
activated receptor gamma and beta-catenin signaling during
adipogenesis. A glycogen synthase kinase 3beta phosphorylation-
defective mutant of beta-catenin inhibits expression of a subset of
adipogenic genes.” 2004, J Biol Chem 279:45020-45027.

Meijer et al., “GSK-3-selective inhibitors derived from Tyrian
purple indirubins.” 2003, Chem Biol 10:1255-1266.

Rawadi et al., “BMP-2 controls alkaline phosphatase expression and
osteoblast mineralization by a Wnt autocrine loop.” 2003, J. Bone
Miner Res 18:1842-1853.

Tian et al., “The role of the Wnt-signaling antagonist DKK1 in the
development of osteolytic lesions in multiple myeloma.” 2003, N.
Engl. J. Med. 349:2483-2494.

Van Der Horst et al., “Downregulation of Wnt signaling by
increased expression of Dickkopf-1 and -2 is a prerequisite for
late-stage osteoblast differentiation of KS483 cells.” 2005, J Bone
Miner Res 20:1867-1877.

Datta, et al., “In vitro generated extracellular matrix and fluid shear
stress synergistically enhance 3D osteoblastic differentiation,”
PNAS, 103(8):2488-2493 (2006).

Holtorf, et al., “Ectopic bone formation in rate marrow stromal
cell/titanium fiber mesh scaffold constructs: Effect of initial cell
phenotype,” Biomater., 26:6208-6216 (2005).

Pham, et al., “The influence of an in vitro generated bone-like
extracellular matrix on osteoblastic gene expression of marrow
stromal cells,” Biomater., 29:2729-2739 (2008).

Quarles, et al. “Distinct Proliferative and Differentiated Stages of
Murine MC3T3-El Cells in Culture: An In Vitro Model of
Osteoblast Development,” 7(6):683-692 (1992).

Shin, et al., “Osteogenic differentiation of rat bone marrow stromal
cells cultured on Arg-Gly-Asp modified hydrogels without
dexamethasone and p-glycerol phosphate,” Biomater., 26:3645-
3654 (2005).

Datta, Neha et al., Effect of bone extracellular matrix synthesized in
vitro on the osteoblastic differentiation of marrow stromal cells;
Biomaterials, 26:971-977 (2005).

Van Den Dolder, Juliette, et al.; Bone formation by rat bone marrow
cells cultured on titanium fiber mesh: Effect of in vitro culture time;
Journal of Biomedical Materials Research 61(3): 350-358 (2002).

Cool, Simon M., Substrate Induction of Osteogenesis from Marrow-
Derived Mesenchymal Precursors; Stem Cells and Development,
14:632-645 (2005).

Sampath, T.K. et al. Dissociative extraction and reconstitution of
extracellular matrix components involved in local bone differentia-
tion; Proceedings of the National Academy of Sciences USA, vol.
78, No. 12, Dec. 1981, pp. 7599-7603.

Rodriguez, J. Pablo et al., Mesenchymal Stem Cells from
Osteoporotic Patients Produce a Type I Collagen-Deficient
Extracellular Matrix Favoring Adipogenic Differentiation; Journal
of Cellular Biochemistry 2000 79:557-565.

Dominia, L.V. et al. Isolation and chacteristics of the extracellular
matrix of cultured cells; Tsitologila, 30(3): (1988) 299-304 (abstract
only).

SIGMA Technical Bulletin, Cultured Cells Acellularization Kit for
ECM Preparation (2005), 3 pages.

Allen, Howard J. et al.; Role of Galaptin in Ovarian Carcinoma
Adhesion to Extracellular Matrix in Vitro; Journal of Cellular
Biochemistry, vol. 43 (1990), pp. 43-57.

Vlodavsky, Israel et al.; Endothelial cell-derived basic fibroblast
growth factor: Synthesis and deposition into subendothelial
extracellular matrix; Proceedings of the National Academy of
Sciences USA, vol. 84, Apr. 1987, pp. 2292-2296.

Badylak, Stephen E., The extracellular matrix as a scaffold for tissue
reconstruction; Cell & Development Biology, vol. 13, 2002, pp.
377-383.

Chastain, Sara R. et al., Adhesion of mesenchymal stem cells to
polymer scaffolds occurs via distinct ECM ligands and controls
their osteogenic differentiation; Journal of Biomedical Materials
Research Part A, 78(1): 73-85 (2006).

Gregory, C., et al., How Wnt Signaling Affects Bone Repair by
Messenchymal Stem Cells from the Bone Marrow, 2005, Ann. N.Y.
Acad. Sci., 1049: 97-106.

International Search Report for PCT Application No. PCT/US2010/
028332 Mailed May 20, 2010.

Asahina, I, et al, Human Osteogenic Protein-1 Induces
Chondroblastic, Osteoblastic, and/or Adipocytic Differentiation of
Clonal Murine Target Cells, 1996, Experimental Cell Research,
222: 38-47.

Austin, T., et al,, Blood A Role for the Wnt Gene Family in
Hematopoiesis: Expansion of Multilineage Progenitor Cells, 1997,
American Society of Hematology, 89: 3624-3635.

Chen, T., et al., Bone Morphogenetic Protein-2b Stimulation of
Growth and Osteogenic Phenotypes in Rat Osteoblast-like Cells:
Comparison with TGF-f, 1991, Journal of Bone and Mineral
Research, 6: 1387-1390.

Colter, D., et al., Rapid expansion of recycling stem cells in cultures
of plastic-adherent cells from human bone marrow, 2000, Proceed-
ings of the National Academy of Sciences, 97: 3213-3218.

De Bari, C., et al., Multipotent Mesenchymal Stem Cells From
Adult Human Synovial Membrane, 2001, Arthritis & Rheumatism,
American College of Rheumatology Published by Wiley-Liss, Inc.,
44: 1928-1942.

Deng, W., et al., In Vitro Differentiation of Human Marrow Stromal
Cells into Farly Progenitors of Neural Cells by Conditions That
Increase Intracellular Cyclic AMP, 2001, Biochemical and Bio-
physical Research Communications, 282: 148-152.

Dexter, T., et al., Haemopoietic Stem Cells and the Problem of
Self-renewal, 1984, Blood Cells, 10: 315-322.

Eaves, C., et al., Characterization of Human Hematopoietic Cells
with Short-Lived in Vivo Repopulating Activity, 2001, Annals New
York Academy of Sciences, 2002, 938: 63-71.

Friedenstein, A., et al., Fibroblast Precursors in Normal and Irra-
diated Mouse Hematopoietic Organs, 1976, Experimental Hema-
tology 4: 267-274.

Friedenstein, A., et al., Bone marrow osteogenic stem cells: in vitro
cultivation and transplantation in diffusion chambers, 1987, Cell
and Tissue Kinetics, 20: 263-272.

Fukuda, K., et al, Stem Cells as a Source of Regenerative
Cardiomyocytes, 2006, Circulation Research Journal of the Ameri-
can Heart Association, 98: 1002-1013.



US 9,511,093 B2
Page 3

(56) References Cited
OTHER PUBLICATIONS

Gregory, C., et al., The Wnt Signaling Inhibitor Dickkopf-1 is
Required for Reentry into the Cell Cycle of Human Adult Stem
Cells from Bone Marrow, 2003, The Journal of Biological Chem-
istry, 278: 28067-28078.

Gregory, C., et al., An Alizarin red-based assay of mineralization by
adherent cells in culture: comparison with cetylpyridinium chloride
extraction, 2004, Analytical Biochemistry, 329: 77-84.

Gregory, C., et al.,, Adult Bone Marrow Stem/Progenitor Cells
(MSCs) Are Preconditioned by Microenvironmental “Niches” in
Culture: A Two-Stage Hypothesis for Regulation of MSC Fate,
2005, Science’s STKE 294/pe37: 1-4.

Guilak, F., et al., Adipose-derived adult stem cells for cartilage
tissue engineering, 2004, Biorheology, 41: 389-399.

Gunn, W., et al., A Crosstalk Between Myeloma Cells and Marrow
Stromal Cells Stimulates Production of DKK1 and Interleukin-6: A
Potential Role in the Development of Lytic Bone Disease and
Tumor Progression in Multiple Myeloma, 2005, Stem Cells 24:986-
991.

Hong, J., et al., TAZ, a Transcriptional Modulator of Mesenchymal
Stem Cell Differentiation, 2005, Science, 309: 1074-1078.

Kim, S., et al., Neural differentiation potential of peripheral blood-
and bone-marrow-derived precursor cells, 2006, Brain Research,
1123: 27-33.

Kopen, G., et al., Marrow stromal cells migrate throughout fore-
brain and cerebellum, and they differentiate into astrocytes after
injection into neonatal mouse brains, 1999, Proceedings of the
National Academy of Sciences USA, 96: 10711-10716.

Kota, B., et al., An overview on biological mechanisms of PPARs,
2005, Pharmacological Research, 51: 85-94.

Krampera, M., et al., Mesenchymal stem cells: from biology to
clinical use, 2007, Blood Transfus, 5: 120-129.

Kuznetsov, S., et al., Circulating Skeletal Stem Cells, 2001, The
Journal of Cell Biology, 153: 1133-1139.

Larson, B., et al., Human Multipotent Stromal Cells Undergo Sharp
Transition from Division to Development in Culture, 2008, Stem
Cells, 26: 193-201.

Lucki, N., et al, Multiple Roles for Sphingolipids in Steroid Hor-
mone Biosynthesis, 2008, Lipids in Health and Disease, Subcellular
Biochemistry, vol. 49: pp. 387-412.

Mareschi, K., et al., Expansion of Mesenchymal Stem Cells Isolated
From Pediatric and Adult Donor Bone Marrow, 2006, Journal of
Biological Chemistry, 97: 744-754.

Pereira, R., et al., Cultured adherent cells from marrow can serve as
long-lasting precursor cells for bone, cartilage, and lung in irradi-
ated mice, 1995, Proceedings of the National Academy of Sciences
USA, 92: 4857-4861.

Pittenger, M., et al., Multilineage Potential of Adult Human
Mesenchymal Stem Cells, 1999, Science, 284: 143-147.

Prockop, D., Marrow Stromal Cells as Stem Cells for
Nonhematopoietic Tissues, 1997, Science 276:711-74.

Rosada, C., et al., The Human Umbilical Cord Blood: A Potential
Source for Osteoblast Progenitor Cells, 2003, Calcified Tissue
International, 72: 135-142.

Sampath, T., et al., Recombinant Human Osteogenic Protein- 1
(hOP- 1) Induces New Bone Formation in Vivo with a Specific
Activity Comparablew ith Natural Bovine Osteogenic Protein and
Stimulates Osteoblast Proliferation and Differentiation in Vitro,
1992, The Journal of Biological Chemistry 267: 20352-20362.
Sekiya, L, et al., Expansion of Human Adult Stem Cells from Bone
Marrow Stroma: Conditions that Maximize the Yields of Farly
Progenitors and Evaluate Their Quality, 2002, Stem Cells, 20:
530-541.

Sekiya, 1., et al., Adipogenic Differentiation of Human Adult Stem
Cells From Bone Marrow Stroma (MSCs), 2004, Journal of Bone
and Mineral Research, 19: 256-264.

Seo, M., et al., Differentiation of human adipose stromal cells into
hepatic lineage in vitro and in vivo, 2005, Biochemical and Bio-
physical Research Communications, 328: 258-264.

Takuwa, Y., et al., Bone Morphogenetic Protein-2 Stimulates Alka-
line Phosphatase Activity and Collagen Synthesis in Cultured
Osteoblastic Cells, MC3T3-E1, 1991, Biochemical and Biophysical
Research Communications, 174: 96-101.

Van Den Berg, D., et al., Role of Members of the Wnt Gene Family
in Human Hematopoiesis, 1998, Blood, 92: 3189-3202.

Wakitani, S., et al., Myogenic Cells Derived from Rat Bone Marrow
Mesenchymal Stem Cells Exposed to 5-Azacytidine, 1995, Muscle
& Nerve, 18: 1417-1426.

Woodbury, D., et al., Adult Rat and Human Bone Marrow Stromal
Cells Differentiate Into Neurons, 2000, Journal of Neuroscience
Research, 61: 364-370.

Worgall, T., Regulation of Lipid Metabolism by Sphingolipids,
2008, Subcellular Biochemistry, Lipids in Health and Disease, vol.
49, pp. 371-385.

Wozney, J., et al., Novel Regulators of Bone Formation: Molecular
Clones and Activities, 1988, Science, 242: 1528-1534.

Azizi, S., et al., Engraftment and migration of human bone marrow
stromal cells implanted in the brains of albino rats—similarities to
astrocyte grafts, 1998, Proceedings of the National Academy of
Sciences USA, 95: 3908-3913.

Bateman, J., et al,, Abnormal type I collagen metabolism by
cultured fibroblasts in lethal perinatal osteogenesis imperfecta,
1984, The Journal of Biological Chemistry, 217: 103-115.
Bateman, J., et al., A Frameshift Mutation Results in a Truncated
Nonfunctional Carboxyl-terminal Prod(1) Propeptide of Type I
Collagen in Osteogenesis Imperfects, 1989, The Journal of Biologi-
cal Chemistry, 264: 10960-10964.

Clement-Lacroix, P, et al., Lrp5-independent activation of Wnt
signaling by lithium chloride increases bone formation and bone
mass in mice, 2005, Proceedings of the National Academy of
Sciences, 102: 17406-17411.

Gregory, C., et al., Enhanced Engraftment of Mesenchymal Stem
Cells in a Cutanecous Wound Model by Culture in Allogenic
Species-Specific Serum and Administration in Fibrin Constructs,
2006, Stem Cells, 24: 2232-2243.

Hofstetter, C., et al., Marrow stromal cells form guiding strands in
the injured spinal cord and promote recovery, 2002, Proceedings of
the National Academy of Sciences USA, 99: 2199-2204.

Horwitz, et al., Transplantability and therapeutic effects of bone
marrow-derived mesenchymal cells in children with osteogenesis
imperfecta, 1999, Nature America Inc., 5: 309-313.

Horwitz, E., et al., Clinical responses to bone marrow transplanta-
tion in children with severe osteogenesis imperfecta, 2001, Blood,
97: 1227-1231.

Jiang, Y., et al., Pluripotency of mesenchymal stem cells derived
from adult marrow, 2002, Nature, 418: 41-49.

Jope, R., Lithium and GSK-3: one inhibitor, two inhibitory actions,
multiple outcomes, 2003, Trends in Pharmacological Sciences, 24:
441-443.

Khillan, J., et al., Transgenic Mice That Express a Mini-gene
Version of the Human Gene for Type I Procollagen (COLIAI)
Develop a Phenotype Resembling a Lethal Form of Osteogenesis
Imperfects, 1991, The Journal of Biological Chemistry, 266: 23373-
23379.

Koc., O, et al., Allogeneic mesenchymal stem cell infusion for
treatment of metachromatic leukodystrophy (MLD) and Hurler
syndrome (MPSIH), 2002, Bone Marrow Transplantation, 30: 215-
222.

Krause, D., et al., Multi-Organ, Multi-Lineage Engraftment by a
Single Bone Marrow-Derived Stem Cell, 2001, Cell, 105: 369-377.
Kulkarni, N., et al., Orally Bioavailable GSK-3a/p Dual Inhibitor
Increases Markers of Cellular Differentiation In Vitro and Bone
Mass In Vivo, 2006, Journal of Bone and Mineral Research, 21:
910-920.

Morvan, F., et al., Deletion of a Single Allele of the Dkkl Gene
Leads to an Increase in Bone Formation and Bone Mass, 2006,
Journal of Bone and Mineral Research, 21: 934-945.

Nagaya, N., et al., Transplantation of Mesenchymal Stem Cells
Improves Cardiac Function in a Rat Model of Dilated
Cardiomyopathy, Circulation: Journal of the American Heart Asso-
ciation, 112: 1128-1135.



US 9,511,093 B2
Page 4

(56) References Cited
OTHER PUBLICATIONS

Nedergaard, J., et al., PPARy in the control of brown adipocyte
differentiation, 2005, Biochimica et Biophysica Acta, 1740: 293-
304.

Rosen, E., et al., PPARy is Required for the Differentiation of
Adipose Tissue In Vivo and In Vitro, 1999, Molecular Cell, 4:
611-677.

Spees., et al., Internalized Antigens Must Be Removed to Prepare
Hypoimmunogenic Mesenchymal Stem Cells for Cell and Gene
Therapy, 1989, Molecular Therapy, 9: 747-756.

Aho, A., et al., Incorporation and Clinical Results of Large
Allografts of the Extremities and Pelvis, 1994, Clinical
Orthopaedics and Related Research, 307: 200-213.

Alexopoulos, L., et al., Developmental and Osteoarthritic Changes
in Col6al Knockout Mice: The Biomechanics of Collagen VI in the
Cartilage Pericellular Matrix, 2009, National Institute of Health
Public Access, 60: 771-779.

Aro, H., et al., Clinical Use of Bone Allografts, 1993, Annals of
Medicine, 25: 403-412.

Becker, J., et al., Immunohistochemical Distribution of Collagens
Types IV, V, and VI and of Pro-collagens Types I and III in Human
Alveolar Bone and Dentine, 1986, The Journal of Histochemistry
and Cytochemistry, 34: 1417-1429.

Bennett, C., et al, Regulation of Wnt Signaling during
Adipogenesis, 2002, The Journal of Biological Chemistry, 277:
30998-31004.

Carraro, G., et al., Similar Sequence-Free Amplification of Human
Glyceraldehyde-3-Phosphate Dehydrogenase for Real Time RT-
PCR Applications, 2005, Molecular and Cellular Probes, 19: 181-
186 (Jun. 2005).

Chou, M., et al., Genomic Organization and Characterization of the
Human Type XXI Collagen (COL21A41) Gene, 2002, Genomics, 79:
395-401.

Cuomo, A, et al., Mesenchymal Stem Cell Concentration and Bone
Repair: Potential Pitfalls from Bench to Bedside, 2009, The Journal
of Bone and Joint Surgery, Incorporated, 91: 1073-1083.

De Boer, H., The History of Bone Grafts, 1988, Clinical
Orthopaedics and Related Research, 226: 292-297.

Derubeis, A., et al., Bone Marrow Stromal Cells (BMSCs) in Bone
Engineering: Limitations and Recent Advances, 2004, Annals of
Biomedical Engineering, 32: 160-165.

Dishowitz, M., et al., Notch Signaling Components are Upregulated
during Both Endochondral and Intramembranous Bone Regenera-
tion, 2011, Journal of Orthopaedic Research, 30: 296-303.

Doi, M., et al., Genome-wide Screening by ¢cDNA Microarray of
Genes Associated with Matrix Mineralization by Human
Mesenchymal Stem Cells in Vitro,2002, Biochemical and Biophysi-
cal Research Communications, 290: 381-390.

Dominici, M., et al., Minimal criteria for defining multipotent
mesenchymal stromal cells. The International Society for Cellular
Therapy position statement, 2006, Cytotherapy, 8: 315-317.
Edgar. R., et al., Gene Expression Omnibus: NCBI gene expression
and hybridization array data repository, 2002, Nucleic Acids
Research, 30, 207-210.

Einhorn, T., The Cell and Molecular Biology of Fracture Healing,
1998, Clinical Orthopaedics and Related Research, 355S, S7-S21.
Falster, A., et al., Physical Examination of Caffeine’s Effects on the
Enamel Surface of First Molar in New-Born Rats, 1992, Archives
of Oral Biology, 37: 111-118.

Fitzgerald, J., et al., A new FACIT of the collagen family:
COL21A1, 2001, Federation of European Biochemical Societies
Lett 505: 275-280.

Gregory, C., et al., Developmental Distribution of Collagen Type
XII in Cartilage: Association with Articular Cartilage and the
Growth Plate, 2001, Journal of Bone and Mineral Research, 16:
2005-2016.

Gregory, C., et al., Non-hematopoietic bone marrow stem cells:
Molecular control of expansion and differentiation, 2005, Experi-
mental Cell Research, 306: 330-335.

Gregory, C., Chapter 2 “Mesenchymal Stem Cells: From Culture to
Clinic” of Stem Cell Repair and Regeneration., H. Levicar N, N.A.,
Gordon, M.Y., Dimarakis, I., Ed., 2008, Imperial College Press,
London, vol. 3, pp. 21-43.

Gronthos, S., et al., Integrin Expression and Function on Human
Osteoblast-like Cells, 1997, Journal of Bone and Mineral Research,
12: 1189-1197.

Hadjiargyrou, M., et al., Transcriptional Profiling of Bone Regen-
eration Insight Into the Molecular Complexity of Wound Repair,
2002, The Journal of Biological Chemistry, 277: 30177-30182.
Imamura, Y., et al., The Pro-a3(V) Collagen Chain Complete
primary structure, expression domains in adult and developing
tissues, and comparison to the structures and expression domains of
the other types V and XI procollagen chains, 2000, The Journal of
Biological Chemistry, 275, 8749-8759.

Ingham, E., et al., Biological reactions to wear debris in total joint
replacement, 2000, Proc Inst Mech Eng H., 214: 21-37.

Iwaki, A., et al., Localization and Quantification of Proliferating
Cells During Rat Fracture Repair: Detection of Proliferating Cell
Nuclear Antigen by Immunohistochemistry, 1997, The Journal of
Biological Chemistry, 12: 96-102.

Kao, S., et al., A Review of Bone Substitutes, 2007, Oral and
Maxillofacial Surgery Clinics, 19: 513-521.

Keene, D., et al., Human Bone Contains Type III Collagen, Type VI
Collagen, and Fibrillin: Type III Collagen is Present on Specific
Fibers That May Mediate Attachment of Tendons, Ligaments, and
Periosteum to Calcified Bone Cortex, 1991, The Journal of
Histochemistry and Cytochemistry, 39: 59-69.

Kehrel, B., et al., Platelets Deficient in Glycoprotein I1Ib Aggregate
Normally to Collagens Type I and I11 But Not to Collagen Type V,
1993, Blood, 82: 3364-3370.

Krause, U., et al., Potential of Modulating Wnt Signaling Pathway
Toward the Development of Bone Anabolic Agent, 2011, Current
Molecular Pharmacology, S: 1-10.

Krause, U., et al., Assays of Osteogenic Differentiation by Cultured
Human Mesenchymal Stem Cells, 2011, Methods in Molecular
Biology, 698: 215-230.

Lisignoli, G., et al., Gene Array Profile Identifies Collagen Type XV
as a Novel Human Osteoblast-Secreted Matrix Protein, 2009, Jour-
nal of Cellular Physiology, 220: 401-409.

Marsell., R., et al., The biology of fracture healing, 2011, Injury, 42:
551-555.

Marsh, D., Concepts of Fracture Union, Delayed Union, and Non-
union, 1998, Clinical Orthopaedics and Related Research, 355S:
S22-S30.

Marvulli, D., et al., Spatial and Expression Temporal Changes of
Type VI Collagen During Mouse Development; 1996, Develop-
mental Dynamics 206: 447-454.

Mauney, J., et al., Role of Adult Mesenchymal Stem Cells in Bone
Tissue-Engineering Applications: Current Status and Future Pros-
pects, 2005, Tissue Engineering, 11: 787-802.

Moldes, M., et al., Peroxisome-proliferator-activated receptor y
suppresses Wnt/f-catenin signalling during adipogenesis, 2003,
Biochem J. 376: 607-613.

Morris, N., et al., Developmentally Regulated Alternative Splicing
of'the al (XI) Collagen Chain: Spatial and Temporal Segregation of
Isoforms in the Cartilage of Fetal Rat Long Bones, 2000, The
Journal of Histochemistry and Cytochemistry, 48: 725-741.
Nemoto, T., et al., Differential induction of collagens by mechanical
stress in human periodontal ligament cells, 2010, Archives of Oral
Biology, 55: 981-97.

Niyibizi, C., et al., Identification of the cartilage al(X 1) chain in type
V collagen from bovine bone, 1989, FEBS Letters, 242: 314-318.
Ode, A., et al., Toward biomimetic materials in bone regeneration:
Functional behavior of mesenchymal stem cells on a broad spec-
trum of extracellular matrix components, 2010, The Journal of
Biomedical Materials Research, 95A: 1114-1124.

Owen, M., et al., Stromal stem cells: marrow-derived osteogenic
precursors, 1988, Cell and Molecular Biology of Vertebrate Hard
Tissues, Ciba Foundation Symposium, 136: 42-60.

Pattyn, F., et al., RTPrimerDB: the Real-Time PCR primer and
probe database, 2003, Nucleic Acids Research, 31: 122-123.



US 9,511,093 B2
Page 5

(56) References Cited
OTHER PUBLICATIONS

Pattyn, F., et al., RTPrimerDB: the Real-Time PCR primer and
probe database, major update 2006, Nucleic Acids Research, 34:
D684-D688.

Phinney, D., et al., Plastic Adherent Stromal Cells From the Bone
Marrow of Commonly Used Strains of Inbred Mice: Variations in
Yield, Growth, and Differentiation, 1999, Journal of Cellular Bio-
chemistry, 72: 570-585.

Phinney, D., Biochemical Heterogeneity of Mesenchymal Stem Cell
Populations Clues to their Therapeutic Efficacy, 2007, Cell Cycle, 6:
2884-2289.

Phinney, D., et al., Donor Variation in the Growth Properties and
Osteogenic Potential of Human Marrow Stromal Cells, 1999, Jour-
nal of Cellular Biochemistry, 75: 424-436.

Phinney, D., et al., Concise Review: Mesenchymal Stem/
Multipotent Stromal Cells: The State of Transdifferentiation and
Modes of Tissue Repair—Current Views, 2007, Stem Cells, 25:
2896-2902.

Pinnell, S., Regulation of Collagen Biosynthesis by Ascorbic Acid:
A Review, 1985, The Yale Journal of Biology and Medicine, 58:
553-559.

Rihn, J., et al., Graft Options in Posterolateral and Posterior
Interbody Lumbar Fusion, 2010, Spine, 35: 1629-1639.

Roulet, M., et al., A comprehensive study of the spatial and temporal
expression of the col5al gene in mouse embryos: a clue for
understanding collagen V function in developing connective tissues,
2007, Cell Tissue Res 327, 323-332.

Rubery, P, Enhancing Allograft Bone Healing Through Gene
Therapy, 2010, Spine, 35: 1640-1647.

Schindeler, A., et al., Seminars in Cell & Developmental Biology,
2008, Seminars in Cell & Developmental Biology, 19: 423.
Schmidt, A., et al., TGF-f1 generates a specific multicomponent
extracellular matrix in human coronary SMC, 2006, European
Journal of Clinical Investigation, 36: 473-482.

Schwarz, E., et al., Bone implant interface, osteolysis and potential
therapies, 2004, J Musculoskel Neuron Interact, 4: 390-392.
Sekiya, 1., et al., BMP-6 Enhances Chondrogenesis in a Subpopu-
lation of Human Marrow Stromal Cells, 2001, Biochemical and
Biophysical Research Communications, 284: 411-418.

Sekiya, I, et al., In vitro cartilage formation by human adult stem
cells from bone marrow stroma defines the sequence of cellular and
molecular events during chondrogenesis, 2002, Proceedings of the
National Academy of Sciences USA, 99: 4397-4402.

Shapiro, F., Bone Development and Its Relation to Fracture Repair.
The Role of Mesenchymal Osteoblasts and Surface Osteobla, 2008,
European Cells and Materials, 15: 53-76.

Shegarfi, H., et al.,, Review article: Bone transplantation and
immune response, 2009, Journal of Orthopaedic Surgery, 17: 206-
211.

Sugrue, S., et al., Immunoidentification of Type XII Collagen in
Embryonic Tissues, 1989, The Journal of Cell Biology, 109: 939-
945.

Walchli, C., et al., Tissue-specific expression of the fibril-associated
collagens XII and XIV, 1994, Journal of Cell Science, 107: 669-681.
Yamaguchi, K., et al., Pro-a3(V) collagen chain is expressed in bone
and its basic N-terminal peptide adheres to osteosarcoma cells,
2005, Matrix Biology, 24: 283-294.

Yamazaki, M., et al., Spatial and Temporal Expression of Fibril-
Forming Minor Collagen Genes (Types V and XI) during Fracture
Healing, 1997, Journal of Orthopaedic Research, 1997, 757-764.
Issack et al., Role of Wnt Signaling in Bone Remodeling and
Repair; Hospital for Special Surgical Journal (2008) 4: 66-70,
published online Dec. 8, 2007.

Sikavitsas, et al. Pre-culture period of mesenchymal stem cells in
osteogenic media influences their in vivo bone forming potential,
Journal of Biomedical Materials Research Part A, Published Jan. 31,
2007, vol. 82, pp. 129-138.

Jokoby, William B., and Pastan, Ira H., Cell Culture, Methods in
Enzymology, vol. LVIIL, published by Academic Press, Inc., pp.
62-72.

Gregory, et al. dkk-1-derived Synthetic Peptides and Lithium
Choloride for the Control and Recovery of Adult Stem Cells from
Bone Marrow; published Jun. 4, 2004; Journal of Biological Chem-
istry, vol. 280, No. 3, pp. 2309-2323.

Gregory, C. A., Prockop, D. J., Fundamentals of Culture and
Characterization of Mesenchymal Stem/Progenitor Cells (MSCs)
from Bone Marrow Stroma; Culture of Human Stem Cells, 2007,
pp. 207-232.

Hak, D. J., Removal of Broken Hardware, Journal of the American
Academy of Orthopaedic Surgeons, vol. 16, No. 2, Feb. 2008, pp.
113-120.

Rosemont, I. L., Chapter 6 from United States Bone and Joint
Decade: The burden of musculoskeletal diseases and musculoskel-
etal injuries; American Academy of Orthopedic Surgeons, 2008, pp.
123-162.

Farrell, E., et al., “A collagen-glycosaminoglycan scaffold supports
adult rat mesenchymal stem cell differentiation along osteogenic
and chondrogenic routes,” Tissue Engineering, 12(3):459-468
(20006).

Marston, WA, et al.,, “The efficacy and safety of Dermagraft in
improving the healing of chronic diabetic foot ulcers,” Diabetes
Care, 26:1701-1705 (2003).

Datta, N, et al., “Effect of bone extracellular matrix synthesized in
vitro on the osteoblastic differentiation of marrow stromal cells,”
Biomaterials, 26:971-977 (2005).

* cited by examiner



U.S. Patent

Dec. 6, 2016

Sheet 1 of 28

US 9,511,093 B2

ALP

"

Dkk=1 dose ing mL%)

W00 200 300 400

gy

500

OFG secreted (pg ool day'}
o
=
g

1 il
4 | *
]
0 100 250 500
Dkk-1 dose {ng mL-)

}qu
ok bbdoo

{arbitrary unlis}

=3 =]

Wk

o 3

fed (pg celf* day*} | -

0.0030
0.0025
0.0020
0.0075

_§ 00010

0 l 1 10
Troghtazone dosa {(pM)

100

| gomas

0

P % *

1 =k
(6] 1 10 100
Troglitazone dose (M)

Figure 1



U.S. Patent Dec. 6, 2016 Sheet 2 of 28 US 9,511,093 B2

o

a. -

£ 42,

£5 08

f%m .

ggm- |

£ 021 u m

2 0 S RS W
O o @ o o
g a £ © &
Q

" Oltred O (ipid)  Akzarin red S {minera

Figure 2



U.S. Patent Dec. 6, 2016 Sheet 3 of 28 US 9,511,093 B2

GWo662
=
[
o
e
. Q _,
> 1 @ =
r [=
Degradation g
TCF

Loees Oste0 =
N e
(Q b

@O

o)
= Z
© o
=

C GSKIp D
C GAPDH
N et Whole GSK3j |
M PPARY C GSK3p
Nuglet (sitver) b
80-100 kDa 12 € GAPDH |

Figure 3



U.S. Patent Dec. 6, 2016 Sheet 4 of 28 US 9,511,093 B2

a.
5 E
£ z
o =z
2 )
0 ; ”
[l
[
&
N j
Q |
s 8
= Group %G1 /1S 1 G2
= DMSO 87.39/ 9.75/2.88
S B10200 87.34 1 10.16 / 2.41
o BIO800 88.63/ 8.91/2.46
@ GW1.0 86.05/10.70/3.25

GW10.0 87.65/ 9.36/2.99
b O GWA662 BIC
: 2 w (™
a

1 10 200 800

- 40 kDa
potential procaspase 3

caspase 3

cleaved caspase 3

o —— - —-

GAPDH

Figure 4



U.S. Patent Dec. 6, 2016 Sheet 5 of 28 US 9,511,093 B2

A BLP sty par ondi [arbilrary unids) B OPG sboreled (pg oo day')
z

10.8]

D cells per well (thousands)

LR
TV 500
406
£ 1N : 00
0004 1 200
} 100
o | 0

Figure 5



U.S. Patent Dec. 6, 2016 Sheet 6 of 28 US 9,511,093 B2

DMSO

§ «sphingomyalin biosynthesis <thrombirt receptor activity |
| sstaaroyi-CoA-dasaturase activity  -prostaniod metabolism 1

sublquitin-depandent protein *prostaglandin metabolism  §
| catabolisny «phosphalipid scrambling

Supplemental Table 3
_Figure 22 .

§ sneutrophil chemotaxls « membrane

« collagan {Supp. Table 4) §

§ +matrophage chemoiaxis
leukocyte chemotaxis | . ynt signaling
“lymphocyte chemotaxis | . gNaA processing
*chemokine activity

 <inflammatory response
A slever '
ASupplemnental Table 4 and § \

Supplemental Yable 2

Figurg

Figure 23 and 25

Figure 6



US 9,511,093 B2

Sheet 7 of 28

Dec. 6, 2016

U.S. Patent

0O

I

339°
siun Aegigee
Aiaaooas sV

aeogns

AIGA0208 SYY

Figure 7



U.S. Patent Dec. 6, 2016 Sheet 8 of 28 US 9,511,093 B2

a. day 0 day 10 day 20
8 days 1 l l

5,000 calis per cm? !

cobirol media Confluancy, control media or
add osteogenic media conlaining
plasmal ascorbale
thrombin B-glycerophosphate
riix 11050 dexamathasons

b.

Fibrir coverad

monolayer *— | incovered
monolayer
Day 10
| e
£2
z o
g5
S E
§
&
=
.38
588
=358

Figure 8



U.S. Patent Dec. 6, 2016 Sheet 9 of 28 US 9,511,093 B2

GWI662 (UM] BID (nM)

ARS rocovery
arblirary units

Figure 9



U.S. Patent Dec. 6, 2016 Sheet 10 of 28 US 9,511,093 B2

Figure 10



U.S. Patent Dec. 6, 2016 Sheet 11 of 28 US 9,511,093 B2

i - Woee2 M

Figure 11



U.S. Patent

Dec. 6, 2016

Sheet 12 of 28

US 9,511,093 B2

a.
day -8 day10 d
y day 0 day 5 y ay 15
| 8 days | l l l
' ascorbate | ascorbate
B-glycerophosphate B-glycerophosphate
DMSO, BIO or GW9662 1x10-®M dexamethasone
5,000 cells per cm? confluency
b.
day 6 day 12 day 17
day O ly Y Y
| | )
I ascorbate confluency
B-glycerophosphate
1x10M dexamethasone
DMSO, BIO or GW9662
5,000 cells per cm?
C.
day 42 day 50
day 14 day 28 day 46
we N e
| !
| * 1 million cells  + 1 million cells < 1 million cells -« sacrifice

« calvarial lesion
* 1 million cells on
wound

injected

injected

injected

* tetracycline

Figure 12

» tetracycline



U.S. Patent Dec. 6, 2016 Sheet 13 of 28 US 9,511,093 B2

Figure 13



U.S. Patent Dec. 6, 2016 Sheet 14 of 28 US 9,511,093 B2

blood vessel area (pm?)

1 ] ;
g -4 : &’

BIO nM GWOEEZ M

Figure 14



US 9,511,093 B2

Sheet 15 of 28

Dec. 6, 2016

U.S. Patent

buifip
auojade

uocijoelxa
Ww10J0.10]142

Gl @inbi4

1sebip
uisdiay

)sabip
AWAZUD
uonoaLsal

slafkejouowl
2siuaboayso
JSaAley




U.S. Patent Dec. 6, 2016 Sheet 16 of 28 US 9,511,093 B2

Figure 16




US 9,511,093 B2

Sheet 17 of 28

Dec. 6, 2016

U.S. Patent

L 91 SL v €L C1 L1

0l

/| @inbi4

(sAwp) ewp
6 8 L 8

i

o
<
o~
-~

(0001 X) J3qunu (139

oor’l

009'1

008’1



US 9,511,093 B2

Sheet 18 of 28

Dec. 6, 2016

U.S. Patent




US 9,511,093 B2

Sheet 19 of 28

Dec. 6, 2016

U.S. Patent

6

| ainbi4




U.S. Patent Dec. 6, 2016 Sheet 20 of 28 US 9,511,093 B2

1

7TAIPM

relative ALP activity per cel

250 2500
[7AIPM] nM

Figure 20



U.S. Patent

Dec. 6, 2016

Sheet 21 of 28

US 9,511,093 B2

Function Score
Membrane part 27 5164
Inerinsic to membrane 260127
Imcegral o membrane 23.6473
RIMA binding 20.2434
RNA processing 12.477%
RN A matabolic process 18.8374
mRBN& processing 18.3935%
Nem brane 17.862%
Recaptor acuvity 16.5581
m RNA metabolic process 16.1885
Nuclear body 16.0694
Intrace llular part 15.3647
Transmembrane receptor activity 15.2685
Regutation of Ras GTPase activity 15.2184
Regulation of GTPase activity 14.6535
Mudeoplasm part 14 _206%
Nuclear part 13.7130
Imeracellular organells 13.5684
RM A splicing 13.4278
Signal transducer activity 13.3653
Wiolecular transducer activity 13.3653
Mudear mRMNMA splicing, via spliceosome 13.3416
Regulation of ARF GTPase activity 13.2798
Nucleotide binding 13.1939
Collagen 13.1082
GTPase activator activity 12.9198
ARF GTPase activator activity t2.77244
G protein coupled receptor protein signaling pathway 12.0761
Protein localization 12.0587
GTPase regulator activity 11.8750
Response to stimulus 11.8577
G procin caupled receptor activity 1137330
Macromolecule localization 11.4025
Cellular macromolecule metabolic process 11.3837
Nudear speck 11.3583
Nucieus 11.3502
Ras GTRase activator actiwity 11,0715
Plasma membrane 11.0066
lmrune response 10.9738&
Cytoplasm 10.8564
Muscle thin filament tropomyosin 10.7406
Protein binding 107210
Intrinsic to plasma membrane 10.7024
Protein farnesyltransferase acrivity 10.3374
Protein amino acid farnesylatian 10.33743
Hemidesmosome 10.3374
Integral to plasma membrane 10.3207
Cellular protein metabaolic process 10.1287
Binpolymer metabolic process 9.863843
Rhodopsin-like receptor activizy 9.82835
Extracellular region 5.67791
Intracellular membrane-bounded organelle 5.62580
Macromolecule metabolic process 5.45201
Protein modification process 9,20919
Plasma membrane part S.0B%48
Ierace fular transport 9.01382
Ubiquitin-protein ligass activiny B.B97 70
Acid-amino acid ligase activity B.72389
Zinc ion binding B8.68187
small conjugating protein ligase activity 8.47253
Meuromuscular junction development 8.26452
Cellular_component 8.15432

Figure 21A
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Function Score

Transmembrane transporter activity 8.14914
MNADPH wquinone reductase activity 811148
Polytene chromosome chromocenter 211148
N egative regulation of Rho protein signal transdugion 811148
Establishment of localization in cell 8.01233
ATP-dependent helicase activity 7.Bo262
Binding 774701
Transporter activity 7713
Hetarogeneous nuclear ribonucleoprotein complex 7.57409
Galgl to endosome transport 7.36078
Wt receptor signaling pathway through beta-catenin 7.36078
Mudeic acid binding 7.21703
Posttranslational protein modification 7.18282
Regulation of small GTPase mediated signal transduction 7.13642
Metal ion transport 713251
Ligase activity, forming carbon-nitrogen bonds 7.00821
Localization E.BO30Y
Mediator complex 6.78123
Transition metal ion binding 877774
Ubiguitin-dependent protein catabolic process 6.7413%
Extracellular space 6.6436%
Double-stranded DA binding 6.62313
Polynuclectide adenylyltransferase activity 6.61430
Farnesyltranstransferase activity 6.61480
Receptor tyrosine kinase binding 6.61480
Beta-N-acetylhexosaminidase activity 5.61480
Vesicle 5.61480
Organells 5.61480
Protain import into mitachondrial matrix £.61480
Fitwrillar collagen 6.60614
Camera-type eye morphogenesis 560614
Modification-dependent protein catabolic process 6.548599
Multicellular organismal process 549379
Channel activity 5.48427

Enrichment scores are derived from Pvalues {10700 25% o poyalue against the probability that a givers
gene dustered based on chance alone).

Figure 21B
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Fold changes

Protein Gene  Accession No. BIO200 BIOBOD GW1  GWI0 Major locationffunction
Collagen lat COLIAY 217430 x at 2.75 2.79 2 3 Abundant in bone
Collagen lal COLIAL 202311 s at 2.36 2.2 2.05 2.25
Colfagen 1a2 COLIA2 225664 at 2.38 1.88 179 3.93 Abundant in bone
Coliagen ifla?  COL3AY 232458 at 312 122 104 2.8 Presentin bone
Collagen Va5 COL4AS 213110 s at w2 05 w285 184 =1.29 Lowahsent inbone
Callagen Va3 COL543 52755 5 at 1.91 112 1.52  3.34 Presentlow in bone
Cotlagen VI at COLSAY 212051 s_at 1.92 1.66 1.8% 323 Present in bone
Coliagen VI af COLSAT 212940 s at 2.05 1.66 1.4 2.99
Collagen VIa2 COL6A2 209156 s at 1.96 1.91 238 2.71 Presentin bone
Coflagen Wilal COLBAT 221152 at 1.42 112 407 157 Lowin bone
Collagen WllaZ2 COLBA2 52651 at 2,12 243 .14 1.24 Low in bone
Colflagen Xal COLI0AT 217428 5 at 1.65 218 1.37 147 Present in mature hone
Collagen Xla1  COL11AT 2289271 x at  ~1.5%4 102 228 501 Canilage restricted
Collagen Xlat COL11AT 37982 at wd 2 w3 29 5.57 4.02
Coffagen XifalT COLI2AY 231766 s at 2.38 188 179 383 Present in hone
Colfagen Xila? COLYI2AY 225664 at 1.5 1.2% 1.23 2.79
Coflagen Xffa? COLI2AT 231879 _at 2.1 1.62 1.13 4
Collagen XIWal COL14AT 212865 s at w347 =459 w228 2.2 DAarrow stroma
Colagen XVal COLIRAY 203477 3t «1 .83 wl 25 2.03 204 Some osteablasts
Aggrecan ACAN 217161 x-at 1.08 1.2 1.3 2.7 Cantilage resticed
Fibronectin FN1 1538159 at 1.88 1.87 7.2 2.6 Synthesizing bone

Bone-relatad collagens are italicized inthe first two columns; high abundanee bone-related collagers are bold.
Significant fold increases are presented inbold In columre 4-8; significant fold decreases are presented in ftalic

Figure 22
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Function Scare

Highly dowrn-regulated in BlO-treated MSCs, moderately down-regulated in GW9662-treated MSCs.

Thrambin receptor activity 28,0655
Trans-1,2-dihydrobenzene-1,2-diol dehydrogenase activity 28.0695
3-Alpha-hydrosysteroid dehydrmgenase (A-specific) activity 22.5322
Prostanaid metabolic process 17.3850
Prostaglandin metabalic process 17.3850
Phospholipid scrambling 14,8662
Phospholipid scramblase activity 14.8662
Bile acid binding 14.8662
Acetylgalacrosaminyltransferase activity 13.6365
Platelet-derived growth factor receptor activity 12.6591
Response t0 dsRNA 12.65%1
Prostaglandin E receptor activity 12.6591
Indole and derivative metabolic process 12,6591
indole derivative metabolic process 12.6591
Regulation of ossification 12.3625
Carboxylic acid binding 146.9963
3",5%-Cyclic-nucleotide phosphodiesterase activity 10.7854
Steroid dehydrogenase activity, acting on the CH-OH group of donors, MAD or NADP as acceptor 10.3329
Cydlic-nuclectide phosphodiesterase activity 10.3329
Adenylate kinase activity 5.65717
Integrin complex B.75613
Highly down-regulated in GWSE62 treated MSCs, moderately down-regulated in BIO-treated MSCs

Sphingomyelin hiosynthetic process 21.4244
Extracellular region 18.6676
Sphingomyelin synthase activity 16.4884
Ceramide cholinephosphotransferase activiyy 16.4884
Tytoplasmic part 16.1805
Stearoyl-CoA 9-desaturase activity 12,2139
intracellular part 11,1996
Intracellular organelle part 10.5470
Y-form DMA binding 9.62809
Trarscription, RNA-dependent 9.62809
Negative requlation of retroviral genome replication 9.62869
Ubiquitin-dependent protein <atabolic process 9.55400
Endoplasmic reticulum 5.43858
Modification-dependent protein catabolic process 935670
Golgi-associated vesicle 8.85415
Signal transduction 8.86723
Extracellular region part 8.62576
Nucleasome assembly 8.5%450
Protein import 848681
Nuclensome 8.18840
Regulation of defense response to virus by host 8.02484
Extracellular space 7.53858

Enrichment scores are derived from P V‘alﬂﬂS“Oveﬂﬁm‘ nt * « Pyalue agairst the probability that a given gene clustered based on
chance alone),

Figure 23
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Function Sore

Positive regulation of epidermal growth factor receptor activity B3.2622
Neutrophil chemotaxis 70.0108
G protein-coupled receptor binding 687485
Chemokine activity 679314
Fever B5.5733
Chemokine receptor hinding 65.4480
Regulation of protein secretion 58.0544
Epidermal growth factor receptor activating ligand activity 524821
Leukocyte chemotaxis 50.0283
Epidermal growth factor recepror binding 48.2312
Response o wounding 44179

Respiratory burst 437386
Heat generation 437386
Positive regulation of phosphoryl atian 437127
Positive reguiation of cell gycle 42,6954
Leukocyte migration 40.3008
Infiammatory response 401391
Pasitive regulation of phosphate metabolic process 384481
Regulation of interleukin-6 biosynthetic process 38.38%6
Plasminogen activator activity 374817
Pasitive regulation of interleukin-6 biosynthetic process 374817
Macrophage chemotaxis 374817
Lymphocyte chemotaxis 374817
Induction of programmed cell death in response to chemical stimulus 33.7693
Regulation of short-term neuronal sypaptic plasticity 337693

Enrichrment scores are derlvid from P values {10y e0reiment 2609 .. b value against the probability that a given
gene dustered based on chanee alonel

Figure 24
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Ligand DIASO* GW1.0% GWIDD* BIO200 BIO80D
IL-1 beta' 4.5 w% 1% 45 x 10™ BDL HC NC
e 1.6 x 1% 35 % 10" &8 x 107 NC KC
XeLd 0.01 £.001 7.2% 10% MC [l
CXCL2t 0.01 0.0016 SBx10% NC NC
CXeLs? 0.07 0,005 BOL NC NC

BOL, below detectable levels; NC, mo sigrificant change.
“Nanograms seireted per eall per 48 b
TELISA intra-assay variation <7.5%.
*ELISA intra-assay variation <5%.
SELISA. intra<assay variation <10%.

Figure 26
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Treatment 1 2 3 Mean 5D P (Student’s £ test)
M5S0 235 141 206 164 48.13 Versus ODMSO
BlG20D 12 52 0 21.33 27.23 0.0057
B1080D 11 G 31 14 15.72 0,003

GW1.0 362 183 247 260.67 s0.4a7 ns
GWI10.0 mn 215 232 262.67 68.36 ns

ns, not significant.

Figure 27
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1
COMPOSITIONS OF MESENCHYMAL STEM
CELLS TO REGENERATE BONE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is claims priority under 35 U.S.C.
§119(e) to U.S. Provisional Application No. 61/210,764,
filed Mar. 23, 2009, which is hereby incorporated by refer-
ence in its entirely herein.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made, in part, using funds obtained
from the U.S. Government (National Institutes of Health
Grant Nos. R21DK071780 and P20RR020152-01), and the
U.S. Government therefore has certain rights in this inven-
tion.

BACKGROUND OF THE INVENTION

In vitro and in vivo hMSCs can differentiate into osteo-
blasts, adipocytes, and chondrocytes (Friedenstein et al.,
1976, Exp Hematol 4:267-274; Friedenstein et al., 1987,
Cells Tiss Kin 20:263-272; Pereira et al., 1995, Proc Natl
Acad Sci 92:4857-4861; Pittenger et al., 1999, Science
284:143-147; Sekiya et al., 2002, Proc Natl Acad Sci USA
99:4397-4402; Sekiya et al., 2004, J Bone Miner Res
19:256-264) but they also adopt a stromal role, by providing
extra cellular matrix components, cytokines, and growth
factors for paracrine tissue support (Dexter et al., 1984
Blood Cells 10:315-39; Austin et al., 1997 Blood 89:3624-
3635; VanDenBerg et al. 1998, Blood 92:3189-3202). As the
presumptive precursors of osteoblasts, hMSCs and related
cell lines provide a convenient cell culture model for the
study of osteogenic tissue repair in an experimentally acces-
sible system (Gregory et al., 2004, Anal Biochem 329:77-
84). Early studies, employing cultures of osteogenic pro-
genitors have yielded a wealth of information describing the
molecular events that modulate osteogenic differentiation. A
critical finding of these studies is that positive signaling by
the canonical wingless (Wnt) pathway is essential for dif-
ferentiation into osteoblasts (Bain et al., 2003, Biochem
Biophys Res Commun 301:84-91; Rawadi et al., 2003, J.
Bone Miner Res 18:1842-1853; Gregory et al., 2006, Drug
News Pers 19:445-452). In the canonical Wnt signaling
pathway, secreted Wnt ligands bind to the receptor frizzled
(Frz) and the co-receptor lipoprotein-related protein 5 and 6
(LRP-5/6) on the target cell. Activation of Frz recruits the
cytoplasmic bridging molecule, disheveled (Dsh), so as to
inhibit the action of glycogen-synthetase-kinase-3f
(GSK3p). Inhibition of GSK3p decreases phosphorylation
of p-catenin, preventing its degradation by the proteosome.
Stabilized p-catenin acts on the nucleus by activating T-cell
factor/lymphoid enhancing factor mediated transcription of
target genes that elicit a variety of effects including induc-
tion of differentiation and in some cases, proliferation.
Canonical Wnt signaling is tightly regulated by a combina-
tion of positive induction through the binding of the Wnt
ligand and negative regulation through numerous mecha-
nisms including the secreted glycoprotein dickkopf-1 (Dkk-
1) (Tian et al., 2003, N. Engl. J. Med. 349:2483-2494).

The clinical significance of Wnt signaling in osteogenesis
has been highlighted by reports that mutations in LRPS that
prevent Dkk-1 binding, cause abnormally high bone density
(Boyden et al., 2002, N Eng J Med 346:1513-1521) and
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mutations that render LRPS functionally null cause a form of
osteoporosis (Gong et al., 2001, Cell 107:513-523).

MSCs from human bone marrow have the capacity to
regenerate bone when administered at the site of injury.
However, their efficacy is limited because the cultures of
MSCs employed are frequently functionally heterogeneous.
Therefore a proportion of the administered cells do not
contribute to repair of the bone tissue.

In many cases, serious bone trauma does not heal because
the damage is too severe to permit the normal process of
repair. Serious non-healing bone injuries are usually treated
by one or a combination of the following techniques;
prosthetic implantation, e.g. plates, pins, or screws, bone
graft using autologus explantation, then implantation at the
site of injury, or bone morphogenic protein (BMP) implan-
tation. Prosthetic implants are generally straightforward and
can be effective, but the body cannot maintain the material
as it does with bone tissue. Therefore, weight bearing
prosthetics are susceptible to wear. Furthermore, in some
cases bone degradation occurs at the site and the implants
can be rejected. Bone autografts have the obvious drawback
of requiring donor material, limiting the size of the implant.
BMPs can accelerate the inherent healing capacity of bone,
but if the bone is destroyed, BMPs cannot repair the injury.

There is a need in the art for novel therapeutic formula-
tions of MSCs. Specifically, the prior art is deficient in
compositions of MSCs effective to stimulate osteogenesis at
a site of bone degeneration or bone injury. The present
invention fulfills this long-standing need and desire in the
art.

SUMMARY OF THE INVENTION

The invention provides a composition comprising a mes-
enchymal stem cell (MSC) pre-cultured in the presence of an
agent that activates canonical Wnt signaling therein.

In one embodiment, the composition further comprises a
biocompatible lattice. In one embodiment, the biocompat-
ible lattice is a clotted plasma.

In one embodiment, the agent that activates canonical
Wt signaling therein is an inhibitor of glycogen synthetase
kinase-3-beta. In one embodiment, the inhibitor of glycogen
synthetase kinase-3-beta selected from the group consisting
of bromo-indirubin-oxime, bromo-indirubin-3'-mono-oxide
(BIO), 7-azaindolyl-pyrazinylmaleimide (7AIPM), and a
combination thereof.

In one embodiment, the agent that activates canonical
Wnt signaling therein is an inhibitor of peroxisome prolif-
erator-activated receptor gamma. In one embodiment, the
inhibitor of peroxisome proliferator-activated receptor
gamma is 2-chloro-5-nitro-N-phenylbenzamide (GW9662).

In one embodiment, the pre-cultured MSC exhibits at
least one characteristic of a bone cell.

In one embodiment, pre-cultured MSC is partially differ-
entiated into a primitive osteoblast.

The invention also provides a composition comprising a
mesenchymal stem cell (MSC) and an agent that activates
canonical Wnt signaling therein.

The invention provides a method of treating bone degen-
eration or injury associated with a pathophysiological con-
dition in a mammal. The method comprises administering to
the mammal in need thereof an effective amount of a
composition comprising a mesenchymal stem cell (MSC)
pre-cultured in the presence of an agent that activates
canonical Wnt signaling therein, thereby treating the bone
degeneration or injury in the mammal. Preferably, the mam-
mal is a human.
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In one embodiment, the method further comprises read-
ministering a composition comprising a mesenchymal stem
cell (MSC) pre-cultured in the presence of an agent that
activates canonical Wnt signaling therein.

In one embodiment, the composition comprising a mes-
enchymal stem cell (MSC) pre-cultured in the presence of an
agent that activates canonical Wnt signaling therein is read-
ministered about every two weeks.

In one embodiment, the step of administering the com-
position comprising a mesenchymal stem cell (MSC) pre-
cultured in the presence of an agent that activates canonical
Whnt signaling therein comprises injecting or implanting the
cell into the site of bone degeneration or injury.

In one embodiment, the bone degeneration or injury is
associated with a cancer. In one embodiment, the cancer is
an osteosarcoma, multiple myeloma or a breast or prostate
cancer metastasizing to the bone.

In one embodiment, the bone degeneration or injury is
associated with osteoporosis, osteogenesis imperfecta, or
severe cranial injury. In one embodiment, the bone injury is
a bone fracture or break.

The present invention provides a method of accelerating
repair of a skeletal injury in a mammal. The method com-
prises directly contacting the site of the skeletal injury with
an effective amount of a composition comprising a mesen-
chymal stem cell (MSC) pre-cultured in the presence of an
agent that activates canonical Wnt signaling therein thereby
accelerating bone repair. Preferably, the mammal is human.

The invention provides a mesenchymal stem cell (MSC)
pre-cultured in the presence of an agent that activates
canonical Wnt signaling therein, wherein the MSC exhibits
an elevated osteogenic characteristic compared to an other-
wise identical MSC not pre-cultured in the presence of said
agent.

The invention provides an MSC-derived lattice compris-
ing extracelluar matrix secreted from an MSC pre-cultured
in the presence of an agent that activates canonical Wnt
signaling therein that has been induced to differentiate to
exhibit at least one characteristic of a bone cell.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing summary, as well as the following detailed
description of the invention, will be better understood when
read in conjunction with the appended drawings. For the
purpose of illustrating the invention, there are shown in the
drawings embodiment(s) which are presently preferred. It
should be understood, however, that the invention is not
limited to the precise arrangements and instrumentalities
shown.

FIG. 1, comprising FIGS. 1A and 1B, is a series of
illustrations depicting the effect of Dkk-1 (FIG. 1A) or the
PPARYy agonist, troglitazone (FIG. 1B) on alkaline phos-
phatase (ALP) activity and osteoprotegerin (OPG secretion.
ALP activity was visualized by staining and measured by
colorimetric assay. OPG was measured from the medium by
ELISA. Values were normalized to cell number. Data rep-
resent meansxSD (n=6), p<0.05%, p<0.01**.

FIG. 2, comprising FIGS. 2A through 2C, is a series of
illustrations depicting the effects of $-glycerophosphate and
ascorbic acid on osteogenesis alone and when provided with
a bone morphogenic protein, dexamethasone, or various
PPARy agonists. FIG. 2A, which includes 3 bar graphs,
depicts ALP activity from monolayers of hMSCs obtained
from 3 different donors (A, B, and C) after being exposed to
complete media (CCM, see none), CCM with osteogenic
base media (OBM) supplemented with 5 mM [-glycero-
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phosphate and 50 ug-mL~" ascorbic acid (see osteo), OBM
supplemented with various concentrations (in ng-mL~") of a
bone morphogenic protein 2 (see BMP100 or BMP200), or
dexamethasone (10~% M, see dex). Note that the ALP levels
are substantially raised by OBM treatment and can be
improved further by high concentrations of BMP100 or
BMP200 (n=3). FIG. 2B depicts the effect of 50 uM of
various PPARYy agonists on ALP activity measured by colo-
rimetric assay. All values were normalized to cell number.
Data are expressed as means with standard deviations (n=6).
Pioglitazone (pio), rosiglitazone (ros), ciglitazone (cig), and
troglitazone (trog) were used. FIG. 2C includes two images
demonstrating that in the presence of high concentrations of
PPARY agonists, osteogenic cultures of hMSCs initiate adi-
pogenesis rather than osteogenesis. After 20 days of differ-
entiation in OBM containing 10~° M dex and 10 pM
troglitazone, cultures show Oil Red O-positive lipid islands
(left) and only weak mineralization (Alizarin red S [ARS)]
staining, right).

FIG. 3, comprising FIGS. 3A through 3D, is a series of
images depicting the effects of BIO and GW. FIG. 3A
demonstrates that BIO and GW are predicted to up-regulate
Wt signaling by direct inhibition of GSK3f or by ablating
PPARY mediated negative crosstalk respectively. FIG. 3B is
an image of a fluorescent microscopy of hMSCs with
counterstained nuclei (pico-green, left) or cy-3 labeled anti-
[-catenin stained nuclei (right). FIG. 3C depicts immunob-
lots of cytosolic GSK3p (C GSK3f), nuclear p-catenin (N
[-cat) and nuclear PPARy (N-PPARY) on extracts of hMSCs
treated with BIO or GW. Blots were normalized for cytosolic
proteins with GAPDH (C GAPDH) and for nuclear proteins
by silver stain. FIG. 3D depicts immunoblots of whole cell
and cytosolic extracts of hMSCs.

FIG. 4, comprising FIGS. 4A and 4B, is a series of images
depicting cell cycle analysis of vehicle, BIO-, and GW-
treated cells after 8 days in culture. FIG. 4A is an image
depicting DNA content measured by propidium iodide
incorporation, followed by fluorescent activated cell sorting.
All cultures had similar cell cycle profiles, with the pre-
dominant population in G1, suggesting a degree of contact
inhibition. Although cells treated with 800 nM BIO were
semiconfluent, the cell cycle status of these hMSCs was
similar to the other groups, suggesting cell cycle inhibition
that was not related to culture density. Representative cul-
tures of control, BIO-, and GW-treated cells counterstained
with eosin are presented with the cell cycle profiles to
demonstrate the relative culture densities. FIG. 4B is an
image depicting immunoblots of cleaved caspase-3
(Asp175) on whole cell extracts of hMSCs treated with BIO
or GW. There is no evidence of caspase 3 processing. Note
the potential cross reactivity with procaspase 3. Blots were
normalized with GAPDH.

FIG. 5, comprising FIGS. 5A through 5D, is a series of
images depicting hMSCs incubated in osteogenic media
with BIO or GW. After 8 days of culture, ALP activity was
measured (FIG. 5A) and normalized to cell number (FIG.
5D). OPG and Dkk-1 was measured from the media by
ELISA (FIGS. 5B and 5C). Data are means+SD (n=6),
p-values p<0.05%, p<0.01%*,

FIG. 6 is a Venn diagram summarizing the major microar-
ray analysis results. Human MSCs were treated with 200 or
800 nM BIO or 1.0 or 10.0 uM GW9662 in osteogenic
media for 8 days. RNA was then extracted and subjected to
Affimetrix microarray analysis. Results were subjected to
hierarchical clustering, and three main clusters were evi-
dent—up-regulated in GW9662 and BIO when compared to
controls, up-regulated in control cells when compared to
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BIO and GW9662 groups, and profoundly down-regulated
in GW9662 treated cells, but modestly up-regulated in
BIO-treated cells when compared to controls. The genes
within each cluster were then sorted based on their gene
ontology tags (GO tags). The Venn diagram represents the
clusters, and the text represents the major GO tag designa-
tions within the clusters. Details are presented in supple-
mental tables. Note that the P values for the clustering were
extremely low (in the order of 1x10-6 to 1x10-100),
demonstrating that the probability of a given set of genes
clustering due to random occurrence was virtually zero.

FIG. 7, comprising FIGS. 7A and 7B, is a series of images
depicting hMSCs incubated in osteogenic media containing
BIO or GW for 8 days. The cultures then received dex
containing osteogenic media for a further 15 days (FIG.
12A). Cultures were stained for calcium with ARS. For
semi-quantification, the stain was re-extracted and measured
spectrophotometrically. Both BIO (FIG. 7A) and GW (FIG.
7B) pre-treatment enhanced mineralization.

FIG. 8, comprising FIGS. 8A and 8B, is a series of imaged
depicting osteoinductive properties of clotted human
plasma. Confluent cultures were partially overlaid with
clotted plasma. FIG. 8A is an image depicting osteogenic
medium containing dex or control medium, and differentia-
tion proceeded for 10-20 days. FIG. 8B is an image dem-
onstrating that after 10 days, cultures were stained with ARS
to visualize calcium. When treated for 10 days, only the
hMSCs in contact with the plasma mineralized.

FIG. 9, comprising FIGS. 9A and 9B, is a series of images
depicting cultures incubated in osteogenic media containing
dex and BIO or GW (FIG. 12B). After 17 days, monolayers
were stained for calcium with ARS (FIG. 9A). For semi-
quantification, the stain was re-extracted and measured
spectrophotometrically (FIG. 9B).

FIG. 10, comprising FIGS. 10A through 10D, is a series
of' images depicting immunohistochemistry of 24-h-old cal-
varial lesions loaded with GFP-labeled hMSCS. (10A and
10B) GFP-labeled hMSCs administered above the lesion
(arrowed). (10C and 10D) Immunocytochemistry for
hMSCs by using an anti-human (-2 microglobulin antibody.
The staining is localized exclusively to the GFP-labeled
hMSCs, with the expected membranous distribution (10D
Inset).

FIG. 11, comprising FIGS. 11A and 11B, is a series of
images depicting 3 mm diameter calvarial defects induced in
nude mice. One million hMSCs pretreated with BIO or GW
were mixed with plasma and administered to the bone
lesion. Subsequent doses were injected at 14 day intervals
until day 50 (FIG. 12C). FIG. 11A depicts x-rays of
explanted crania. For the GW group, specimens representing
the range of the standard deviations are presented. FIG. 11B
depicts the ratio of lesioned to contralateral (intact side)
radio-opacity calculated by image analysis software. Data
are meanstSD (n=6, n=5 for mock) p-values *<0.05,
**<0.01.

FIG. 12, comprising FIGS. 12A through 12C, is a series
of imaged depicting experimental timelines. FIG. 12A
depicts an assay of BIO and GW pretreatment on late-stage
osteogenesis. FIG. 12B is an assay simultaneous BIO and
GW treatment on late-stage osteogenesis. FIG. 12 C is an
assay of in vivo bone repair.

FIG. 13, comprising FIGS. 13A through 13D, is a series
of images depicting new bone formation in the GW treated
groups. FIG. 13A is an image depicting a hematoxylin and
eosin (H&E) stained longitudinal sections at the diameter of
the lesions. New bone can be observed in the GW treated
injuries. FIG. 13B is an image depicting an ultraviolet
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microscopy of transverse sections for tetracycline (new
bone) deposition (arrowed). FIGS. 13C and 13D is a series
of images depicting immuno-histochemical staining of
hMSCs embedded in new bone of the GW treated calvaria.
Unstained murine osteoblasts (mOB) are also visible.

FIG. 14, comprising FIGS. 14A and 14B, is a series of
images demonstrating that GW treatment did not affect the
ability of MSCs to initiate angiogenesis at trauma sites. FIG.
14A is an image demonstrating that blood vessels were
identified on hematoxylin/eosin-stained sections (arrowed)
corresponding to 0.5 mm either side of the diameter of the
lesion. FIG. 14B is an image depicting six pm sections that
were surveyed every 30 um and blood vessel area was
calculated. Data are means+SD (n=3 animals).

FIG. 15 is a schematic of a representative extraction
process for the extraction of a biocompatible lattice from
hMSCs.

FIG. 16, comprising FIGS. 16A through 16D, is a series
of images of Extracellular Matrix (ECM) that was extracted
from MSC’s after three or six weeks of osteogenic differ-
entiation following the protocol shown in FIG. 15. Short-
term culture produces malleable constructs (FIGS. 16A,
16B), whereas increased calcification after long-term culture
creates more brittle material (FIG. 16C, 16D). Trypsin-
treated ECM (FIGS. 161A, 16C) is more fibrous than
untreated ECM (FIG. 16B, 16D). Bar=1 mm.

FIG. 17 is a chart demonstrating that both untreated and
trypsin-treated matrices were able to sustain cell viability.
One million GFP-positive MSC’s were seeded onto matrices
in CCM. After four days, cultures were changed to osteo-
genic medium. Cell numbers stabilized after osteogenic
differentiation (n=5 or 4, respectively).

FIG. 18, comprising FIGS. 18A through 18H, is a series
of images depicting fluorescence microscopy of constructs
seeded with GFP-positive MSC’s showing even population
of the surface of untreated (FIGS. 18A-18C) and trypsin-
treated matrices (FIGS. 18D-18F, 40x). Electron micros-
copy showed the presence of regular fibrils in untreated
(FIG. 18G) and treated matrices (FIG. 18H, original mag-
nification: 5000x).

FIG. 19, comprising FIG. 19A through FIG. 19F, is a
series of images depicting fluorescence imaging confirming
presence of GFP-positive MSC’s after 17 days of co-culture
on untreated (FIG. 19A) or trypsin-treated matrices (FIG.
19D). Alkaline phosphatase (ALP) staining of constructs
revealed ALP activity on the matrices (FIG. 19B and FIG.
19E) when compared to non-stained controls (FIG. 19C and
FIG. 19F). Note the higher density of the trypsin-treated
samples (FIG. 19D-FIG. 19F) when compared to the
untreated samples (FIG. 19A-FIG. 19C, original magnifica-
tion: 100x).

FIG. 20, is a chart depicting the influence of the Wnt
modulator 7AIPM on osteogenic differentiation was exam-
ined by treating monolayers of MSC’s with osteogenic
medium containing increasing doses of the compound or
vehicle. After four days, alkaline phosphatase (ALP) activity
and cell numbers were measured. A typical biphasic dose
dependant effect was observed.

FIG. 21, comprising FIGS. 21A and 21B, is a series of
images depicting the gene ontology categorization of up-
regulated genes in GW9662- and BIO-treated hMSCs.

FIG. 22 is a chart summarizing the differential expression
of collagens and extracellular matrix components in hMSCs
following treatment with GW9662 or BIO.

FIG. 23 is a chart depicting gene ontology categorization
of down-regulated genes in GW9662- and BIO-treated
hMSCs.
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FIG. 24 is a chart depicting gene ontology categorization
of up-regulated genes in BIO-treated hMSCs.

FIG. 25 is a chart depicting inflammatory cytokine
expression in hMSCs treated with GW9662 or BIO.

FIG. 26 is a chart depicting confirmation of GW9662
microarray data by ELISA.

FIG. 27 is a chart depicting cell counts from lesioned
calvaria after 50 days of treatment.

DETAILED DESCRIPTION

The present invention relates to the discovery that mes-
enchymal stem cells (MSCs) can be manipulated in culture
to possess desirable characteristics and therefore can be
useful in therapy of a desired disease. For example, the
MSCs can be used to treat diseases or disorder of the bone.
This is because the MSCs of the invention can be manipu-
lated to possess desirable osteogenic characteristics.

In one embodiment, the invention provides an osteogenic
composition comprising MSCs pre-cultured in the presence
of an agent that accelerates canonical Wnt signaling therein.
In some instances, the osteogenic composition comprises a
biocompatible gel to incorporate the MSCs therein. An
example of a biocompatible gel is clotted plasma. In some
instances, the pre-cultured MSC may be partially differen-
tiated into primitive osteoblasts.

In one embodiment, the agent that accelerates canonical
Wt signaling is an inhibitor of glycogen synthetase kinase-
3-beta (GSK3p). An example of a GSK3[ inhibitor includes
but is not limited to bromo-indirubin-oxime, bromo-indiru-
bin-3'-mono-oxide (BIO), 7-azaindolyl-pyrazinylmaleimide
(7AIPM), and the like.

In one embodiment, the agent that accelerates canonical
Wnt signaling is an inhibitor of peroxisome proliferator-
activated receptor y (PPARy). An example of a PPARy
inhibitor is 2-chloro-5-nitro-N-phenyl-benzamide
(GW9662).

The present invention provides methods for treating bone
degeneration or injury associated with a pathophysiological
condition in a mammal by administering to the mammal or
contacting the site of injury with the osteogenic composition
of the invention.

The invention also provides methods of accelerating
repair of a skeletal injury in a mammal by administering to
the mammal or contacting the site of injury with the osteo-
genic composition.

MSCs treated according to the invention can significantly
accelerate the repair of bone without the necessity for
prosthetic reconstruction, or the requirement for donor bone
tissue. The method of the invention therefore has great
utility in simplifying the treatment of traumatic bone injury.
Furthermore, this method can dramatically accelerate the
healing of less severe fractures, allowing recipients to regain
mobility after a shorter duration.

DEFINITIONS

As used herein, each of the following terms has the
meaning associated with it in this section.

The articles “a” and “an” are used herein to refer to one
or to more than one (i.e. to at least one) of the grammatical
object of the article. By way of example, “an element”
means one element or more than one element.

The term “about” will be understood by persons of
ordinary skill in the art and will vary to some extent on the
context in which it is used.
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“Alloantigen” is an antigen that differs from an antigen
expressed by the recipient.

As used here, “biocompatible” refers to any material,
which, when implanted in a mammal, does not provoke an
adverse response in the mammal. A biocompatible material,
when introduced into an individual, is not toxic or injurious
to that individual, nor does it induce immunological rejec-
tion of the material in the mammal.

As used herein, the term “biocompatible lattice,” is meant
to refer to a substrate that can facilitate formation into
three-dimensional structures conducive for tissue develop-
ment. Thus, for example, cells can be cultured or seeded
onto such a biocompatible lattice, such as one that includes
extracellular matrix material, synthetic polymers, cytokines,
growth factors, etc. The lattice can be molded into desired
shapes for facilitating the development of tissue types. Also,
at least at an early stage during culturing of the cells, the
medium and/or substrate is supplemented with factors (e.g.,
growth factors, cytokines, extracellular matrix material, etc.)
that facilitate the development of appropriate tissue types
and structures.

“Bioactive agents,” as used herein, can include one or
more of the following: chemotactic agents; therapeutic
agents (e.g., antibiotics, steroidal and non-steroidal analge-
sics and anti-inflammatories (including certain amino acids
such as glycine), anti-rejection agents such as immunosup-
pressants and anti-cancer drugs); various proteins (e.g., short
term peptides, bone morphogenic proteins, collagen,
hyaluronic acid, glycoproteins, and lipoprotein); cell attach-
ment mediators; biologically active ligands; integrin binding
sequence; ligands; various growth and/or differentiation
agents and fragments thereof (e.g., epidermal growth factor
(EGF), hepatocyte growth factor (HGF), vascular endothe-
lial growth factors (VEGF), fibroblast growth factors (e.g.,
bFGF), platelet derived growth factors (PDGF), insulin
derived growth factor (e.g., IGF-1, IGF-II) and transforming
growth factors (e.g., TGF@ I-III), parathyroid hormone,
parathyroid hormone related peptide, bone morphogenic
proteins (e.g., BMP-2, BMP-4; BMP-6; BMP-7; BMP-12;
BMP-13; BMP-14), sonic hedgehog, growth differentiation
factors (e.g., GDF5, GDF6, GDF8), recombinant human
growth factors (e.g., MP52, and MP-52 variant rhGDF-5),
cartilage-derived morphogenic proteins (CDMP-1; CDMP-
2, CDMP-3)); small molecules that affect the upregulation of
specific growth factors; tenascin-C; hyaluronic acid; chon-
droitin sulfate; fibronectin; decorin; thromboelastin; throm-
bin-derived peptides; heparin-binding domains; heparin;
heparan sulfate. Suitable effectors likewise include the ago-
nists and antagonists of the agents described above. The
growth factor can also include combinations of the growth
factors described above. In addition, the growth factor can
be autologous growth factor that is supplied by platelets in
the blood. In this case, the growth factor from platelets will
be an undefined cocktail of various growth factors. If other
such substances have therapeutic value in the orthopedic
field, it is anticipated that at least some of these substances
will have use in the present invention, and such substances
should be included in the meaning of “bioactive agent” and
“bioactive agents” unless expressly limited otherwise. Pre-
ferred examples of bioactive agents include culture media,
bone morphogenic proteins, growth factors, growth differ-
entiation factors, recombinant human growth factors, carti-
lage-derived morphogenic proteins, hydrogels, polymers,
antibiotics, anti-inflammatory medications, immunosup-
pressive mediations, autologous, allogenic or xenologous
cells such as stem cells, chondrocytes, fibroblast and pro-
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teins such as collagen and hyaluronic acid. Bioactive agents
can be autologus, allogenic, xenogenic or recombinant.

The term “biologically compatible carrier” or “biologi-
cally compatible medium” refers to reagents, cells, com-
pounds, materials, compositions, and/or dosage formula-
tions which are suitable for use in contact with the tissues of
human beings and animals without excessive toxicity, irri-
tation, allergic response, or other complication commensu-
rate with a reasonable benefit/risk ratio.

As used herein, the term “bone condition (or injury or
disease)” refers to disorders or diseases of the bone includ-
ing, but not limited to, acute, chronic, metabolic and non-
metabolic conditions of the bone. The term encompasses
conditions caused by disease, trauma or failure of the tissue
to develop normally. Examples of bone conditions include,
but are not limited, a bone fracture, a bone/spinal deforma-
tion, osteosarcoma, myeloma, bone dysplasia, scoliosis,
osteoporosis, osteomalacia, rickets, fibrous osteitis, renal
bone dystrophy, and Paget’s disease of bone.

As used herein, the term “bone marrow stromal cells,”
“stromal cells,” “mesenchymal stem cells,” “mesenchymal
stromal cells” or “MSCs” are used interchangeably and refer
to a cell derived from bone marrow (reviewed in Prockop,
1997), peripheral blood (Kuznetsov et al., 2001), adipose
tissue (Guilak et al., 2004), umbilical cord blood (Rosada et
al., 2003), synovial membranes (De Bari et al., 2001), and
periodontal ligament (Seo et al., 2005). MSCs are charac-
terized by their ability to adhere to plastic tissue culture
surfaces (Friedenstein et al.; reviewed in Owen & Frieden-
stein, 1988), and by being an effective feeder layers for
hematopoietic stem cells (Eaves et al., 2001). In addition,
MSCs can be differentiated both in culture and in vivo into
osteoblasts and chondrocytes, into adipocytes, muscle cells
(Wakitani et al., 1995) and cardiomyocytes (Fukuda and
Yuasa, 2006), into neural precursors (Woodbury et al., 2000;
Deng et al., 2001, Kim et al., 2006; Mareschi et al., 2006;
Krampera et al., 2007). Mesenchymal stem cells (MSCs)
may be purified using methods known in the art (Wakitani
etal., 1995; Fukuda and Yuasa, 2006; Woodbury et al., 2000;
Deng et al., 2001; Kim et al., 2006; Mareschi et al., 2006;
Krampera et al., 2007).

“Differentiation medium” is used herein to refer to a cell
growth medium comprising an additive or a lack of an
additive such that a stem cell, adipose derived adult stromal
cell or other such progenitor cell, that is not fully differen-
tiated when incubated in the medium, develops into a cell
with some or all of the characteristics of a differentiated cell.

As used herein “endogenous” refers to any material from
or produced inside an organism, cell or system.

“Exogenous” refers to any material introduced from or
produced outside an organism, cell, or system.

“Encoding” refers to the inherent property of specific
sequences of nucleotides in a polynucleotide, such as a gene,
a cDNA, or an mRNA, to serve as templates for synthesis of
other polymers and macromolecules in biological processes
having either a defined sequence of nucleotides (i.e., IRNA,
tRNA and mRNA) or a defined sequence of amino acids and
the biological properties resulting therefrom. Thus, a gene
encodes a protein if transcription and translation of mRNA
corresponding to that gene produces the protein in a cell or
other biological system. Both the coding strand, the nucleo-
tide sequence of which is identical to the mRNA sequence
and is usually provided in sequence listings, and the non-
coding strand, used as the template for transcription of a
gene or cDNA, can be referred to as encoding the protein or
other product of that gene or cDNA.
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As used herein, a “graft” refers to a cell, tissue or organ
that is implanted into an individual, typically to replace,
correct or otherwise overcome a defect. A graft may further
comprise a scaffold. The tissue or organ may consist of cells
that originate from the same individual; this graft is referred
to herein by the following interchangeable terms:
“autograft”, “autologous transplant”, “autologous implant”
and “autologous graft”. A graft comprising cells from a
genetically different individual of the same species is
referred to herein by the following interchangeable terms:
“allograft”, “allogeneic transplant”, “allogeneic implant”
and “allogeneic graft”. A graft from an individual to his
identical twin is referred to herein as an “isograft”, a
“syngeneic transplant”, a “syngeneic implant” or a “synge-
neic graft”. A “xenograft”, “xenogeneic transplant” or
“xenogeneic implant” refers to a graft from one individual to
another of a different species.

By “growth factors” is intended the following non-limit-
ing factors including, but not limited to, growth hormone,
erythropoietin, thrombopoietin, interleukin 3, interleukin 6,
interleukin 7, macrophage colony stimulating factor, c-kit
ligand/stem cell factor, osteoprotegerin ligand, insulin, insu-
lin like growth factors, epidermal growth factor (EGF),
fibroblast growth factor (FGF), nerve growth factor, ciliary
neurotrophic factor, platelet derived growth factor (PDGF),
and bone morphogenetic protein at concentrations of
between picogram/ml to milligram/ml levels.

As used herein, the term “growth medium” is meant to
refer to a culture medium that promotes growth of cells. A
growth medium will generally contain animal serum. In
some instances, the growth medium may not contain animal
serum.

An “isolated cell” refers to a cell which has been sepa-
rated from other components and/or cells which naturally
accompany the isolated cell in a tissue or mammal.

Unless otherwise specified, a “nucleotide sequence
encoding an amino acid sequence” includes all nucleotide
sequences that are degenerate versions of each other and that
encode the same amino acid sequence. Nucleotide
sequences that encode proteins and RNA may include
introns.

An “isolated nucleic acid” refers to a nucleic acid segment
or fragment which has been separated from sequences which
flank it in a naturally occurring state, e.g., a DNA fragment
which has been removed from the sequences which are
normally adjacent to the fragment, e.g., the sequences adja-
cent to the fragment in a genome in which it naturally
occurs. The term also applies to nucleic acids which have
been substantially purified from other components which
naturally accompany the nucleic acid, e.g., RNA or DNA or
proteins, which naturally accompany it in the cell. The term
therefore includes, for example, a recombinant DNA which
is incorporated into a vector, into an autonomously repli-
cating plasmid or virus, or into the genomic DNA of a
prokaryote or eukaryote, or which exists as a separate
molecule (e.g., as a cDNA or a genomic or cDNA fragment
produced by PCR or restriction enzyme digestion) indepen-
dent of other sequences. It also includes a recombinant DNA
which is part of a hybrid gene encoding additional polypep-
tide sequence.

In the context of the present invention, the following
abbreviations for the commonly occurring nucleic acid bases
are used. “A” refers to adenosine, “C” refers to cytosine,
“G” refers to guanosine, “T” refers to thymidine, and “U”
refers to uridine.



US 9,511,093 B2

11

As used herein, the term “multipotential” or “multipoten-
tiality” is meant to refer to the capability of a stem cell of the
central nervous system to differentiate into more than one
type of cell.

As used herein, the term “modulate” is meant to refer to
any change in biological state, i.e. increasing, decreasing,
and the like.

The terms “precursor cell,” “progenitor cell,” and “stem
cell” are used interchangeably in the art and herein and refer
either to a pluripotent, or lineage-uncommitted, progenitor
cell, which is potentially capable of an unlimited number of
mitotic divisions to either renew itself or to produce progeny
cells which will differentiate into the desired cell type.
Unlike pluripotent stem cells, lineage-committed progenitor
cells are generally considered to be incapable of giving rise
to numerous cell types that phenotypically diftfer from each
other. Instead, progenitor cells give rise to one or possibly
two lineage-committed cell types.

As used herein, “scaffold” refers to a structure, compris-
ing a biocompatible material, that provides a surface suitable
for adherence and proliferation of cells. A scaffold may
further provide mechanical stability and support. A scaffold
may be in a particular shape or form so as to influence or
delimit a three-dimensional shape or form assumed by a
population of proliferating cells. Such shapes or forms
include, but are not limited to, films (e.g. a form with
two-dimensions substantially greater than the third dimen-
sion), ribbons, cords, sheets, flat discs, cylinders, spheres,
3-dimensional amorphous shapes, etc.

The term “stromal cell medium™ as used herein, refers to
a medium useful for culturing ADAS cells. An example of
a stromal cell medium is a medium comprising DMEM/F 12
Ham’s, 10% fetal bovine serum, 100 U penicillin/100 pg
streptomycin/0.25 pg Fungizone. Typically, the stromal cell
medium comprises a base medium, serum and an antibiotic/
antimycotic. However, ADAS cells can be cultured with
stromal cell medium without an antibiotic/antimycotic and
supplemented with at least one growth factor. Preferably the
growth factor is human epidermal growth factor (WhEGF).
The preferred concentration of hEGF is about 1-50 ng/ml,
more preferably the concentration is about 5 ng/ml. The
preferred base medium is DMEM/F12 (1:1). The preferred
serum is fetal bovine serum (FBS) but other sera may be
used including horse serum or human serum. Preferably up
to 20% FBS will be added to the above media in order to
support the growth of stromal cells. However, a defined
medium could be used if the necessary growth factors,
cytokines, and hormones in FBS for stromal cell growth are
identified and provided at appropriate concentrations in the
growth medium. It is further recognized that additional
components may be added to the culture medium. Such
components include but are not limited to antibiotics, anti-
mycotics, albumin, growth factors, amino acids, and other
components known to the art for the culture of cells.
Antibiotics which can be added into the medium include, but
are not limited to, penicillin and streptomycin. The concen-
tration of penicillin in the culture medium is about 10 to
about 200 units per ml. The concentration of streptomycin in
the culture medium is about 10 to about 200 pg/ml. How-
ever, the invention should in no way be construed to be
limited to any one medium for culturing stromal cells.
Rather, any media capable of supporting stromal cells in
tissue culture may be used.

“Transplant” refers to a biocompatible lattice or a donor
tissue, organ or cell, to be transplanted. An example of a
transplant may include but is not limited to skin cells or
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tissue, bone marrow, and solid organs such as heart, pan-
creas, kidney, lung and liver. Preferably, the transplant is a
human neural stem cell.

A “vector” is a composition of matter which comprises an
isolated nucleic acid and which can be used to deliver the
isolated nucleic acid to the interior of a cell. Numerous
vectors are known in the art including, but not limited to,
linear polynucleotides, polynucleotides associated with
ionic or amphiphilic compounds, plasmids, and viruses.
Thus, the term “vector” includes an autonomously replicat-
ing plasmid or a virus. The term should also be construed to
include non-plasmid and non-viral compounds which facili-
tate transfer of nucleic acid into cells, such as, for example,
polylysine compounds, liposomes, and the like. Examples of
viral vectors include, but are not limited to, adenoviral
vectors, adeno-associated virus vectors, retroviral vectors,
and the like.

“Expression vector” refers to a vector comprising a
recombinant polynucleotide comprising expression control
sequences operatively linked to a nucleotide sequence to be
expressed. An expression vector comprises sufficient cis-
acting elements for expression; other elements for expres-
sion can be supplied by the host cell or in an in vitro
expression system. Expression vectors include all those
known in the art, such as cosmids, plasmids (e.g., naked or
contained in liposomes) and viruses that incorporate the
recombinant polynucleotide.

Whnt proteins form a family of highly conserved secreted
signaling molecules that regulate cell-to-cell interactions
during embryogenesis. The terms “Wnts” or “Wnt gene
product” or “Wnt polypeptide” when used herein encompass
native sequence Wnt polypeptides, Wnt polypeptide vari-
ants, Wnt polypeptide fragments and chimeric Wnt poly-
peptides.

The term “agonist” refers to an agent or analog that binds
productively to a receptor and mimics its biological activity.
The term “antagonist” refers to an agent that binds to
receptors but does not provoke the normal biological
response. Thus, an antagonist potentiates or recapitulates,
for example, the bioactivity of patched, such as to repress
transcription of target genes. The term “Wnt antagonist” as
used herein refers not only to any agent that may act by
directly inhibiting the normal function of the Wnt protein,
but also to any agent that inhibits the Wnt signaling pathway,
and thus recapitulates the function of Wnt. The term “Wnt
agonist” likewise refers to an agent which antagonizes or
blocks the bioactivity of Wnt, such as to increase transcrip-
tion of target genes.

Description

The present invention provides methods for treating
MSCs with an agent that enhances Wnt signaling in the
MSC so that the treated MSC exhibits an enhanced osteo-
genic characteristic compared to an otherwise identical MSC
not treated with the agent. The treated MSC produced by the
methods of the invention are useful in providing a source of
cells for research or transplantation. Thus, in one aspect, the
invention provides a method of treating MSCs to enhance
the capacity of the MSCs for osteogenic cytotherapy com-
prising contacting the cells with an agent that enhances Wnt
signaling in the cell.

The present invention relates to the discovery that con-
tacting an MSC with an agent that enhances Wnt signaling
in the cell enhances the osteogenic characteristic of the
MSC. Preferably, the MSC is human MSC. In some
instances, the agent can be contacted with any desirable cell
having the ability to differentiate into a bone cell to increase
the osteogenic characteristic of the cell.
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The cells of the invention are useful for treating a bone
degeneration or bone injury in a mammal. In some instances,
the bone degeneration or injury may be associated with a
cancer. The cancer may be a solid cancer, for example
osteosarcoma, or a disseminated cancer, e.g., multiple
myeloma, or a cancer that metastasizes to the bone, such as,
breast cancer or prostate cancer. Also, the bone degeneration
or injury may be associated with or may result from osteo-
porosis, osteogenesis imperfecta, or severe cranial injury. In
addition, the bone injury may result from a fracture or a
break from trauma resulting from osteoporosis, osteogenesis
imperfecta or cranial injury or may result from another
trauma.

Pre-Treatment

The invention comprises the treatment of a cell having the
potential to differentiate into a bone cell to enhance the
osteogenic characteristic of the cell. Preferably, the cell
having the differentiation potential is an MSC. While the
invention is not bound by any theory of operation, it is
believed that treatment of the MSC with an agent that
enhances Wnt signaling in the cell enhances the osteogenic
characteristic of the cell.

Accordingly, the present invention provides osteogenic
compositions or formulations of mesenchymal stem cells
(MSC) that are conditioned into becoming predominantly
osteogenic upon administration in humans or animals. In
one embodiment, the MSCs are pre-cultured in the presence
of an agent that enhances Wnt signaling in the cell. In
another embodiment, the agent that enhances Wnt signaling
in a cell is an inhibitor of, for example, glycogen synthetase
kinase-3-beta (GSK313), peroxisome proliferator-activated
receptor y (PPARY), or a combination thereof. An example of
a GSK3p inhibitor includes but is not limited to bromo-
indirubin-oxime, bromo-indirubin-3'-mono-oxide (BIO),
7-azaindolyl-pyrazinylmaleimide (7AIPM), and the like. An
example of a PPARY inhibitor is 2-chloro-5-nitro-N-phenyl-
benzamide (GW9662).

In some instances, the MSC is contacted with an agent
that enhances Wnt signaling in the cell in a culturing
medium. The culturing medium generally comprises a base
media. Non-limiting examples of base media useful in the
methods of the invention include Minimum Essential
Medium Eagle, ADC-1, LPM (Bovine Serum Albumin-
free), F10(HAM), F12 (HAM), DCCM1, DCCM2, RPMI
1640, BGJ Medium (with and without Fitton-Jackson Modi-
fication), Basal Medium Eagle (BME—with the addition of
Earle’s salt base), Dulbecco’s Modified Eagle Medium
(DMEM—without serum), Yamane, IMEM-20, Glasgow
Modification FEagle Medium (GMEM), Leibovitz [-15
Medium, McCoy’s SA Medium, Medium M199 (M199E—
with Earle’s sale base), Medium M199 (M199H—with
Hank’s salt base), Minimum Essential Medium FEagle
(MEM-E—with Earle’s salt base), Minimum FEssential
Medium Eagle (MEM-H—with Hank’s salt base) and Mini-
mum Essential Medium Eagle (MEM-NAA with non essen-
tial amino acids), among numerous others, including
medium 199, CMRL 1415, CMRL 1969, CMRL 1066,
NCTC 135, MB 75261, MAB 8713, DM 145, Williams’ G,
Neuman & Tytell, Higuchi, MCDB 301, MCDB 202,
MCDB 501, MCDB 401, MCDB 411, MDBC 153. A
preferred medium for use in the present invention is DMEM.
These and other useful media are available from GIBCO,
Grand Island, N.Y., USA and Biological Industries, Bet
HaEmek, Israel, among others. A number of these media are
summarized in Methods in Enzymology, Volume LVIII,
“Cell Culture”, pp. 62-72, edited by William B. Jakoby and
Ira H. Pastan, published by Academic Press, Inc.
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Additional non-limiting examples of media useful in the
methods of the invention can contain fetal serum of bovine
or other species at a concentration of at least 1% to about
30%, preferably at least about 5% to 15%, mostly preferably
about 10%. Embryonic extract of chicken or other species
can be present at a concentration of about 1% to 30%,
preferably at least about 5% to 15%, most preferably about
10%.

In another embodiment, the invention provides a method
for differentiating an MSC that has been pre-treated with an
agent that enhances Wnt signaling in the cell to express at
least one characteristic of a cell of the bone lineage. In some
instances, the MCSs are plated to a useful density, including
but not limited to a density of about 1,000 to about 500,000
cells/cm?; incubating the cells in a chemically defined
culture medium. In one aspect, the MSCs are differentiated
to express at least one protein characteristic of a bone cell.
In another aspect, the MSCs are differentiated to exhibit a
morphological characteristic of a bone derived cell.

Differentiation media useful in the methods of the inven-
tion may contain one or more compounds of interest, includ-
ing, but not limited to, antibiotics, compounds that are
osteoinductive, osteoconductive, or promote growth or dif-
ferentiation, such as bone morphogenetic proteins or other
growth factors. Examples of bone morphogenetic proteins
include, but are not limited to, osteogenic protein-1, BMP-5,
osteogenin, osteoinductive factor and bone morphogenetic
protein-4 (Asahina et al. (1996) Exp Cell Res 222:38-47;
Takuwa (1991) Biochem Biophys Res Com 174:96-101;
Chen (1991) J Bone Min Res 6:1387-1390; Sampath (1992)
J Biol Chem 267:20352-20362; Wozney et al. 1988 Science
242:1528-1534, the contents of which are incorporated
herein by reference), and the like.

The presence of the differentiated cells of the invention
may be detected by a variety of techniques including, but not
limited to, flow cytometric, immunohistochemical, in situ
hybridization, and/or other histologic or cellular biologic
techniques. See, for example, Kopen et al., 1999, Proc Natl
Acad Sci 96:10711-10716.

Cells exhibiting at least one characteristic of a bone cell
of the invention may be introduced into the bone of a human
or animal subject at the site of surgery or fracture. Intro-
duction of an osteogenic cell of the invention to bone is
useful in the treatment of bone fractures and bone disorders,
including osteoporosis. Thus, in another aspect, the inven-
tion is directed to a method of improving a mammal’s bone
structure, comprising: a) culturing MSCs in a composition
which comprises a medium capable of supporting the
growth of MSCs and differentiation inducing amounts a
differentiation agent in combination with an agent that
enhances Wnt signaling in a cell; b) introducing the treated
MSC into a surgery or fracture site of a mammal in need
thereof mammal.

Preferably, the MSCs are isolated from the mammal into
which the treated MSC are to be introduced. However, the
MSCs may also be isolated from an organism of the same or
different species as the mammal. The mammal may be any
organism having bone tissue. Preferably the mammal is a
human.

Genetic Modification

The cells of the invention may be stably or transiently
transformed with a nucleic acid of interest prior to intro-
duction into a surgery or fracture site of the mammal.
Nucleic acid sequences of interest include, but are not
limited to those encoding gene products that enhance the
growth, differentiation and/or mineralization of bone cells.
For example, an expression system for bone morphogenetic
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protein 4, can be introduced into the MSCs in a stable or
transient fashion for the purpose of treating non-healing
fractures or osteoporosis. Methods of transformation of
MSCs are known to those skilled in the art, as are methods
for introducing cells into a bone at the site of surgery or
fracture.

In cases in which a gene construct is transfected into a
cell, the heterologous gene is operably linked to regulatory
sequences required to achieve expression of the gene in the
cell. Such regulatory sequences typically include a promoter
and a polyadenylation signal.

The gene construct is preferably provided as an expres-
sion vector that includes the coding sequence for a heter-
ologous protein operably linked to essential regulatory
sequences such that when the vector is transfected into the
cell, the coding sequence will be expressed by the cell. The
coding sequence is operably linked to the regulatory ele-
ments necessary for expression of that sequence in the cells.
The nucleotide sequence that encodes the protein may be
cDNA, genomic DNA, synthesized DNA or a hybrid
thereof, or an RNA molecule such as mRNA.

The gene construct includes the nucleotide sequence
encoding the beneficial protein operably linked to the regu-
latory elements and may remain present in the cell as a
functioning cytoplasmic molecule, a functioning episomal
molecule or it may integrate into the cell’s chromosomal
DNA. Exogenous genetic material may be introduced into
cells where it remains as separate genetic material in the
form of a plasmid. Alternatively, linear DNA which can
integrate into the chromosome may be introduced into the
cell. When introducing DNA into the cell, reagents which
promote DNA integration into chromosomes may be added.
DNA sequences which are useful to promote integration
may also be included in the DNA molecule. Alternatively,
RNA may be introduced into the cell.

The regulatory elements for gene expression include: a
promoter, an initiation codon, a stop codon, and a polyade-
nylation signal. It is preferred that these elements be oper-
able in the cells of the present invention. Moreover, it is
preferred that these elements be operably linked to the
nucleotide sequence that encodes the protein such that the
nucleotide sequence can be expressed in the cells and thus
the protein can be produced. Initiation codons and stop
codons are generally considered to be part of a nucleotide
sequence that encodes the protein. However, it is preferred
that these elements are functional in the cells. Similarly,
promoters and polyadenylation signals used must be func-
tional within the cells of the present invention. Examples of
promoters useful to practice the present invention include
but are not limited to promoters that are active in many cells
such as the cytomegalovirus promoter, SV40 promoters and
retroviral promoters. Other examples of promoters useful to
practice the present invention include but are not limited to
tissue-specific promoters, i.e. promoters that function in
some tissues but not in others; also, promoters of genes
normally expressed in the cells with or without specific or
general enhancer sequences. In some embodiments, promot-
ers are used which constitutively express genes in the cells
with or without enhancer sequences. Enhancer sequences
are provided in such embodiments when appropriate or
desirable.

The cells of the present invention can be transfected using
well known techniques readily available to those having
ordinary skill in the art. Exogenous genes may be introduced
into the cells using standard methods where the cell
expresses the protein encoded by the gene. In some embodi-
ments, cells are transfected by calcium phosphate precipi-
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tation transfection, DEAE dextran transfection, electropora-
tion, microinjection, liposome-mediated transfer, chemical-
mediated transfer, ligand mediated transfer or recombinant
viral vector transfer.

In some embodiments, recombinant adenovirus vectors
are used to introduce DNA with desired sequences into the
cell. In some embodiments, recombinant retrovirus vectors
are used to introduce DNA with desired sequences into the
cells. In other embodiments, standard CaPO,, DEAE dex-
tran or lipid carrier mediated transfection techniques are
employed to incorporate desired DNA into dividing cells. In
some embodiments, DNA is introduced directly into cells by
microinjection. Similarly, well-known electroporation or
particle bombardment techniques can be used to introduce
foreign DNA into the cells. A second gene is usually
co-transfected or linked to the therapeutic gene. The second
gene is frequently a selectable antibiotic-resistance gene.
Standard antibiotic resistance selection techniques can be
used to identify and select transfected cells. Transfected
cells are selected by growing the cells in an antibiotic that
will kill cells that do not take up the selectable gene. In most
cases where the two genes co-transfected and unlinked, the
cells that survive the antibiotic treatment contain and
express both genes.

In another embodiment, the cells of the invention can be
genetically modified, e.g., to express exogenous genes or to
repress the expression of endogenous genes. In accordance
with this embodiment, the cell is exposed to a gene transfer
vector comprising a nucleic acid including a transgene, such
that the nucleic acid is introduced into the cell under
conditions appropriate for the transgene to be expressed
within the cell. The transgene generally is an expression
cassette, including a coding polynucleotide operably linked
to a suitable promoter. The coding polynucleotide can
encode a protein, or it can encode biologically active RNA,
such as antisense RNA or a ribozyme. Thus, the coding
polynucleotide can encode a gene conferring, for example,
resistance to a toxin, a hormone (such as peptide growth
hormones, hormone releasing factor, sex hormones, adreno-
corticotrophic hormones, cytokines such as interferons,
interleukins, and lymphokines), a cell surface-bound intra-
cellular signaling moiety such as cell-adhesion molecules
and hormone receptors, and factors promoting a given
lineage of differentiation, or any other transgene with known
sequence.

The expression cassette containing the transgene should
be incorporated into the genetic vector suitable for deliver-
ing the transgene to the cell. Depending on the desired end
application, any such vector can be so employed to geneti-
cally modify the cells (e.g., plasmids, naked DNA, viruses
such as adenovirus, adeno-associated virus, herpesvirus,
lentivirus, papillomavirus, retroviruses, etc.). Any method of
constructing the desired expression cassette within such
vectors can be employed, many of which are well known in
the art, such as by direct cloning, homologous recombina-
tion, etc. The desired vector will largely determine the
method used to introduce the vector into the cells, which are
generally known in the art. Suitable techniques include
protoplast fusion, calcium-phosphate precipitation, gene
gun, electroporation, and infection with viral vectors.

It should be understood that the methods described herein
may be carried out in a number of ways and with various
modifications and permutations thereof that are well known
in the art. It should also be appreciated that any theories set
forth as to modes of action or interactions between cell types
should not be construed as limiting this invention in any
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manner, but are presented such that the methods of the
invention can be more fully understood.
Scaffold

The cells of the invention may be introduced alone or in
admixture with a composition useful in the repair of bone
wounds and defects. Such compositions include, but are not
limited to bone morphogenetic proteins, hydroxyapatite/
tricalcium phosphate particles (HA/TCP), gelatin, poly-L-
lysine, and collagen.

MSCs can be derived in great quantities from the recipi-
ent’s bone marrow and, using the novel culture conditions,
can be induced to differentiate into an osteoprogenitor cell
with great capacity to regenerate bone. Confined in biocom-
patible gels such as, but not limited to, clotted plasma, the
cells build new bone at the site and induce the infiltration of
new blood vessels which is a critical requirement for bone
growth). The treated MSCs also produce a countless number
of secreted growth factors, cytokines and structural proteins,
including, but not limited to collagen I and BMP2. Since the
new material is real bone, and the cells are from the recipient
or a compatible donor, rejection and maintenance is not an
issue.

The present invention includes using a scaffold to deliver
cells to the desired tissue. The cells can be seeded onto or
into a three-dimensional scaffold and administered in vivo in
a mammal, where the seeded cells proliferate on the frame-
work and form a replacement tissue in vivo in cooperation
with the cells of the mammal.

In some aspects of the invention, the scaffold comprises
extracellular matrix, cell lysate (e.g., soluble cell fractions),
or combinations thereof, of the desired cells. In some
embodiments, the scaffold comprises an extracellular matrix
protein secreted by the cells of the invention. Alternatively,
the extracellular matrix is an exogenous material selected
from the group consisting of calcium alginate, agarose,
fibrin, collagen, laminin, fibronectin, glycosaminoglycan,
hyaluronic acid, heparin sulfate, chondroitin sulfate A, der-
matan sulfate, and bone matrix gelatin. In some aspects, the
matrix comprises natural or synthetic polymers.

The invention includes biocompatible scaffolds, lattices,
self-assembling structures and the like, whether biodegrad-
able or not, liquid or solid. Such scaffolds are known in the
art of cell-based therapy, surgical repair, tissue engineering,
and wound healing. Preferably the scaffolds are pretreated
(e.g., seeded, inoculated, contacted with) with the cells,
extracellular matrix, conditioned medium, cell lysate, or
combination thereof. In some aspects of the invention, the
cells adhere to the scaffold. The seeded scaffold can be
introduced into the mammal in any way known in the art,
including but not limited to implantation, injection, surgical
attachment, transplantation with other tissue, injection, and
the like. The scaffold of the invention may be configured to
the shape and/or size of a tissue or organ in vivo. For
example, but not by way of limitation, the scaffold may be
designed such that the scaffold structure supports the seeded
cells without subsequent degradation; supports the cells
from the time of seeding until the tissue transplant is
remodeled by the host tissue; and allows the seeded cells to
attach, proliferate, and develop into a tissue structure having
sufficient mechanical integrity to support itself.

Scaffolds of the invention can be administered in combi-
nation with any one or more growth factors, cells, drugs or
other and/or components described elsewhere herein that
stimulate tissue formation or otherwise enhance or improve
the practice of the invention. The cells to be seeded onto the
scaffolds may be genetically engineered to express growth
factors or drugs.
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In another preferred embodiment, the cells of the inven-
tion are seeded onto a scaffold where the material exhibits
specified physical properties of porosity and biomechanical
strength to mimic the features of natural bone, thereby
promoting stability of the final structure and access and
egress of metabolites and cellular nutrients. That is, the
material should provide structural support and can form a
scaffolding into which host vascularization and cell migra-
tion can occur. In this embodiment, the desired cells are first
mixed with a carrier material before application to a scaf-
fold. Suitable carriers include, but are not limited to, calcium
alginate, agarose, types I, II, IV or other collagen isoform,
fibrin, poly-lactic/poly-glycolic acid, hyaluronate deriva-
tives, gelatin, laminin, fibronectin, starch, polysaccharides,
saccharides, proteoglycans, synthetic polymers, calcium
phosphate, and ceramics (i.e., hydroxyapatite, tricalcium
phosphate).

The external surfaces of the three-dimensional framework
may be modified to improve the attachment or growth of
cells and differentiation of tissue, such as by plasma coating
the framework or addition of one or more proteins (e.g.,
collagens, elastic fibers, reticular fibers), glycoproteins, gly-
cosaminoglycans (e.g., heparin sulfate, chondroitin-4-sul-
fate, chondroitin-6-sulfate, dermatan sulfate, keratin sul-
fate), a cellular matrix, and/or other materials such as, but
not limited to, gelatin, alginates, agar, and agarose.

In some embodiments, it is important to re-create in
culture the cellular microenvironment found in vivo. In
addition, growth factors, osteogenic inducing agents, and
angiogenic factors may be added to the culture medium prior
to, during, or subsequent to inoculation of the cells to trigger
differentiation and tissue formation by the cells following
administration into the mammal.

Therapy

The present invention discloses that the induction of
canonical Wnt signaling in an MSC to enhance the osteo-
genic characteristic of the cell. Induction of Wnt signaling
can be accomplished by inhibition of GSKf, inhibition of
PPARY, or a combination thereof. Indication of Wnt signal-
ing accelerates osteogenic differentiation by MSCs in vivo
and in vitro and partially differentiates them into primitive
osteoblasts. It is contemplated that these drugs increase bone
mineral levels in a variety of bone degenerative diseases
including osteoporosis, some forms of malignant bone dis-
ease, some forms of osteogenesis imperfecta and also in the
treatment of serious skeletal injuries.

The present invention provides compositions and meth-
ods for enhancing the osteogenic characteristic of MSCs.
Accordingly, the MSCs treated using the methods of the
invention can significantly accelerate the repair of a bone
injury, disease, or disorder. In some instances, the MSCs of
the invention can treat a bone injury, disease, or disorder
without the necessity for prosthetic reconstruction, or the
requirement for donor bone tissue. Thus, the invention has
a great utility in simplifying the treatment of bone injury.
Furthermore, the methods can dramatically accelerate the
healing of less severe fractures, allowing recipients to regain
mobility after a shorter duration.

The invention also provides a method of treating bone
degeneration or injury associated with a pathophysiological
condition in a mammal, comprising administering to the
mammal an effective amount of the osteogenic composition
of the invention to accelerate bone repair, thereby treating
the bone degeneration or injury. In one embodiment, the
method comprises readministering the osteogenic composi-
tion periodically. Particularly the osteogenic composition
may be readministered about every two weeks.
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Administration of the osteogenic composition of the
invention may comprise injecting or implanting the same
into the site of bone degeneration or injury. In one aspect the
bone degeneration or injury may be associated with a cancer.
Examples of a cancer are an osteosarcoma, multiple
myeloma or a breast or prostate cancer metastasizing to the
bone. In another aspect the bone degeneration or injury may
be associated with osteoporosis, osteogenesis imperfecta, or
severe cranial injury. In yet another aspect the bone injury
may be a bone fracture or break.

In yet another embodiment of the present invention there
is provided a method for accelerating repair of a skeletal
injury in a mammal, comprising directly contacting the site
of the skeletal injury with an effective amount of the
osteogenic composition described herein to accelerate bone
repair. In one embodiment, the method comprises recontact-
ing the site of injury with the osteogenic composition
periodically. An example of periodic recontact is about every
two weeks. In one embodiment, the step of directly contact-
ing the site of injury comprises injecting or implanting the
osteogenic composition directly therein. Also, the skeletal
injury may be a bone fracture or break. In addition, the
skeletal injury may be associated with osteoporosis, osteo-
genesis imperfecta, or severe cranial injury.

Also, the present invention also provides methods of
treating bone degeneration or injury associated with a patho-
physiological condition using the osteogenic compositions
provided herein. The cells comprising the composition are
mixed with plasma and administered into a site of bone
wound or site of bone degeneration by injection or surgical
implantation. If desired, cells are re-administered about
every 14 days by injection. This procedure accelerates
angiogenesis and bone healing faster than untreated MSCs.

Based upon the present disclosure, MSCs can be isolated
and expanded in culture in vitro to obtain sufficient numbers
of cells for use in the methods described herein provided that
the MSCs are cultured in a manner that enhances Wnt
signaling in the cells thereby enhancing osteogenic charac-
teristic of the cell. For example, MSCs can be isolated from
human bone marrow and cultured in complete medium
(DMEM low glucose containing 4 mM L-glutamine, 10%
FBS, and 1% penicillin/streptomycin) in hanging drops or
on non-adherent dishes. However, the invention should in no
way be construed to be limited to any one method of
isolating and culturing medium. Rather, any method of
isolating and culturing medium should be construed to be
included in the present invention provided that the MSCs are
cultured in a manner that promotes Wnt signaling in the cell
thereby enhancing osteogenic characteristic of the cell.

Any medium capable of supporting MSCs in vitro may be
used to culture the MSCs. Media formulations that can
support the growth of MSCs include, but are not limited to,
Dulbecco’s Modified Eagle’s Medium (DMEM), alpha
modified Minimal Essential Medium (a¢MEM), and Roswell
Park Memorial Institute Media 1640 (RPMI Media 1640)
and the like. Typically, 0 to 20% fetal bovine serum (FBS)
or 1-20% horse serum is added to the above medium in order
to support the growth of MSCs. However, a defined medium
can also be used if the growth factors, cytokines, and
hormones necessary for culturing MSCs are provided at
appropriate concentrations in the medium. Media useful in
the methods of the invention may contain one or more
compounds of interest, including but not limited to antibi-
otics, mitogenic or differentiation compounds useful for the
culturing of MSCs. The cells may be grown at temperatures
between 27° C. to 40° C., preferably 31° C. to 37° C., and
more preferably in a humidified incubator. The carbon
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dioxide content may be maintained between 2% to 10% and
the oxygen content may be maintained between 1% and
22%. However, the invention should in no way be construed
to be limited to any one method of isolating and culturing
MSCs. Rather, any method of isolating and culturing MSCs
should be construed to be included in the present invention
provided that Wnt signaling is enhanced in the cells.

Another embodiment of the present invention encom-
passes the route of administering MSCs to the recipient of
the transplant. MSCs can be administered by a route which
is suitable for the placement of the transplant, i.e. a biocom-
patible lattice or a donor tissue, organ or cell, to be trans-
planted. MSCs can be administered systemically, i.e., par-
enterally, by intravenous injection or can be targeted to a
particular tissue or organ, such as bone marrow. MSCs can
be administered via a subcutaneous implantation of cells or
by injection of the cells into connective tissue, for example,
muscle.

The cells of the invention may be administered into a host
in order in a wide variety of ways. Preferred modes of
administration are parenteral, intraperitoneal, intravenous,
intradermal, epidural, intraspinal, intrasternal, intra-articu-
lar, intra-synovial, intrathecal, intra-arterial, intracardiac,
intramuscular, intranasal, subcutaneous, intraorbital, intra-
capsular, topical, transdermal patch, via rectal, vaginal or
urethral administration including via suppository, percuta-
neous, nasal spray, surgical implant, internal surgical paint,
infusion pump, or via catheter. In one embodiment, the agent
and carrier are administered in a slow release formulation
such as a direct tissue injection or bolus, implant, micropar-
ticle, microsphere, nanoparticle or nanosphere.

MSCs can be suspended in an appropriate diluent. Suit-
able excipients for injection solutions are those that are
biologically and physiologically compatible with the MSCs
and with the recipient, such as buffered saline solution or
other suitable excipients. The composition for administra-
tion can be formulated, produced and stored according to
standard methods complying with proper sterility and sta-
bility.

The dosage of the MSCs varies within wide limits and
may be adjusted to the individual requirements in each
particular case. The number of cells used depends on the
weight and condition of the recipient, the number and/or
frequency of administrations, and other variables known to
those of skill in the art.

The cells described herein can be used in combination
with any known technique of tissue engineering, including
but not limited to those technologies described in patents
and publications including U.S. Pat. Nos. 5,902,741 and
5,863,531 to Advanced Tissue Sciences, Inc. as well as, but
not limited to: U.S. Pat. No. 6,139,574, Vacanti et al.
Vascularized Tissue Regeneration Matrices Formed By
Solid Free Form Fabrication Techniques; U.S. Pat. No.
5,759,830, Vacanti et al. Three-Dimensional Fibrous Scaf-
fold Containing Attached Cells For Producing Vascularized
Tissue In Vivo; U.S. Pat. No. 5,741,685, Vacanti, Parenchy-
mal Cells Packaged In Immunoprotective Tissue For
Implantation; U.S. Pat. No. 5,736,372, Vacanti et al. Bio-
degradable Synthetic Polymeric Fibrous Matrix Containing
Chondrocyte For In Vivo Production Of A Cartilaginous
Structure; U.S. Pat. No. 5,804,178, Vacanti et al. Implanta-
tion Of Cell-Matrix Structure Adjacent Mesentery, Omen-
tum Or Peritoneum Tissue; U.S. Pat. No. 5,770,417, Vacanti
et al. Three-Dimensional Fibrous Scaffold Containing
Attached Cells For Producing Vascularized Tissue In Vivo;
U.S. Pat. No. 5,770,193, Vacanti et al. Preparation of Three-
Dimensional Fibrous Scaffold for Attaching Cells to Pro-
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duce Vascularized Tissue In Vivo; U.S. Pat. No. 5,709,854,
Griffith-Cima et al. Tissue Formation By Injecting A Cell-
Polymeric Solution That Gels In Vivo; U.S. Pat. No. 5,516,
532, Atala et al. Injectable Non-Immunogenic Cartilage And
Bone Preparation; U.S. Pat. No. 5,855,610, Vacanti et al.
Engineering Of Strong, Pliable Tissues; U.S. Pat. No. 5,041,
138, Vacanti et al. Neomorphogenesis Of Cartilage In Vivo
From Cell Culture; U.S. Pat. No. 6,027,744, Vacanti et al.
Guided Development and Support Of Hydrogel-Cell Com-
positions; U.S. Pat. No. 6,123,727, Vacanti et al. Tissue
Engineered Tendons And Ligament; U.S. Pat. No. 5,536,
656, Kemp et al. Preparation Of Tissue Equivalents By
Contraction Of A Collagen Gel Layered On A Collagen Gel;
U.S. Pat. No. 5,144,016, Skjak-Braek et al. Alginate Gels;
U.S. Pat. No. 5,944,754, Vacanti Tissue Re-Surfacing With
Hydrogel-Cell Compositions; U.S. Pat. No. 5,723,331, Tubo
et al. Methods And Compositions For The Repair Of Articu-
lar Cartilage Defects In Mammals; U.S. Pat. No. 6,143,501,
Sittinger et al. Artificial Tissues, Methods For The Produc-
tion And The Use Thereof; all of which are incorporated
herein by reference.

Transplantation

The invention provides an osteogenic composition com-
prising MSCs pre-cultured in the presence of an agent that
accelerates canonical Wnt signaling therein. In using the
osteogenic compositions of the invention, one of ordinary
skill in this art is well able to formulate the composition with
a suitable pharmaceutical carrier, if necessary, for injection
or implantation and to determine whether injection or
implantation is the most effective means of introducing the
osteogenic composition to the site of bone degeneration or
injury. Also, one of ordinary skill in the art is well able to
determine a sufficient dosage of the osteogenic composition
to inject or implant into a mammal. Dosage would be based
on at least the location, extent and severity of bone degen-
eration or injury and on the pathophysiological condition
associated therewith.

The present invention encompasses methods for admin-
istering cells of the invention to an animal, including a
human, in order to treat a disease where the introduction of
new, undamaged cells will provide some form of therapeutic
relief.

The skilled artisan will readily understand that MSCs can
be transplanted into a recipient whereby upon receiving
signals and cues from the surrounding milieu, the cells can
further differentiate into mature cells in vivo dictated by the
neighboring cellular milieu. Alternatively, the MSCs can be
differentiated in vitro into a desired cell type and the
differentiated cell can be administered to an animal in need
thereof.

The invention also encompasses grafting MSCs in com-
bination with other therapeutic procedures to treat disease or
trauma in the body. Thus, MSCs can be co-grafted with other
cells, both genetically modified and non-genetically modi-
fied cells which exert beneficial effects on the patient.
Therefore the methods disclosed herein can be combined
with other therapeutic procedures as would be understood by
one skilled in the art once armed with the teachings provided
herein.

The MSCs of this invention can be transplanted into a
patient using techniques known in the art such as i.e., those
described in U.S. Pat. Nos. 5,082,670 and 5,618,531, each
incorporated herein by reference, or into any other suitable
site in the body.

Transplantation of the cells of the present invention can be
accomplished using techniques well known in the art as well
as those described herein or as developed in the future. The
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present invention comprises a method for transplanting,
grafting, infusing, or otherwise introducing the cells into a
mammal, preferably, a human. Exemplified herein are meth-
ods for transplanting the cells into bone tissue of various
mammals, but the present invention is not limited to such
anatomical sites or to those mammals. Also, methods that
relate to bone transplants are well known in the art and are
described for example, in U.S. Pat. No. 4,678,470 and U.S.
Pat. No. 5,571,083, teaches methods for transplanting cells
to any anatomical location in the body.

The cells may also be encapsulated and used to deliver
biologically active molecules, according to known encap-
sulation technologies, including microencapsulation (see,
e.g., US. Pat. Nos. 4,352,883; 4,353,888; and 5,084,350,
herein incorporated by reference), or macroencapsulation
(see, e.g., U.S. Pat. Nos. 5,284,761; 5,158,881; 4,976,859;
and 4,968,733; and International Publication Nos. WO
92/19195; WO 95/05452, all of which are incorporated
herein by reference). For macroencapsulation, cell number
in the devices can be varied; preferably, each device contains
between 10°-10° cells, most preferably, about 10° to 107
cells. Several macroencapsulation devices may be implanted
in the patient. Methods for the macroencapsulation and
implantation of cells are well known in the art and are
described in, for example, U.S. Pat. No. 6,498,018.

The dosage of the MSCs varies within wide limits and
may be adjusted to the individual requirements in each
particular case. The number of cells used depends on the
weight and condition of the recipient, the number and/or
frequency of administration, and other variables known to
those of skill in the art.

The number of MSCs administered to a patient may be
related to, for example, the cell yield after processing. A
portion of the total number of cells may be retained for later
use or cyropreserved. In addition, the dose delivered
depends on the route of delivery of the cells to the patient.
In one embodiment of the invention, a number of cells to be
delivered to the patient is expected to be about 5.5x10* cells.
However, this number can be adjusted by orders of magni-
tude to achieve the desired therapeutic effect.

The mode of administration of the cells of the invention
to the patient may vary depending on several factors includ-
ing the type of disease being treated, the age of the mammal,
whether the cells are differentiated or not, whether the cells
have heterologous DNA introduced therein, and the like.
The cells may be introduced to the desired site by direct
injection, or by any other means used in the art for the
introduction of compounds administered to a patient suffer-
ing from a particular disease or disorder.

The MSCs may also be applied with additives to enhance,
control, or otherwise direct the intended therapeutic effect.
For example, in one embodiment, the cells may be further
purified by use of antibody-mediated positive and/or nega-
tive cell selection to enrich the cell population to increase
efficacy, reduce morbidity, or to facilitate ease of the pro-
cedure. Similarly, cells may be applied with a biocompatible
matrix which facilitates in vivo tissue engineering by sup-
porting and/or directing the fate of the implanted cells.

Prior to the administration of the MSCs into a patient, the
cells may be stably or transiently transfected or transduced
with a nucleic acid of interest using a plasmid, viral or
alternative vector strategy. The cells may be administered
following genetic manipulation such that they express
gene products that intended to promote the therapeutic
response(s) provided by the cells.

The use of MSCs for the treatment of a disease, disorder,
or a condition provides an additional advantage in that the
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MSCs can be introduced into a recipient without the require-
ment of an immunosuppressive agent. Successful transplan-
tation of a cell is believed to require the permanent engraft-
ment of the donor cell without inducing a graft rejection
immune response generated by the recipient. Typically, in
order to prevent a host rejection response, nonspecific
immunosuppressive agents such as cyclosporine, methotrex-
ate, steroids and FK506 are used. These agents are admin-
istered on a daily basis and if administration is stopped, graft
rejection usually results. However, an undesirable conse-
quence in using nonspecific immunosuppressive agents is
that they function by suppressing all aspects of the immune
response (general immune suppression), thereby greatly
increasing a recipient’s susceptibility to infection and other
diseases.

The present invention provides a method of treating a
disease, disorder, or a condition of bone by introducing
MSCs or differentiated MSCs of the invention into the
recipient without the requirement of immunosuppressive
agents. The present invention includes the administration of
an allogeneic or a xenogeneic MSCs, or otherwise an MSC
that is genetically disparate from the recipient, into a recipi-
ent to provide a benefit to the recipient. The present inven-
tion provides a method of using MSCs or differentiated
MSCs of the invention to treat a disease, disorder or con-
dition without the requirement of using immunosuppressive
agents when administering the cells to a recipient. There is
therefore a reduced susceptibility for the recipient of the
transplanted MSC or differentiated MSC of the invention to
incur infection and other diseases, including cancer relating
conditions that is associated with immunosuppression
therapy.

The following examples further illustrate aspects of the
present invention. However, they are in no way a limitation
of the teachings or disclosure of the present invention as set
forth herein.

EXAMPLES

The invention is now described with reference to the
following Examples. These Examples are provided for the
purpose of illustration only, and the invention is not limited
to these Examples, but rather encompasses all variations
which are evident as a result of the teachings provided
herein.

The following experiments were performed to investigate
the role of Wnt signaling and osteogenesis by human MSCs.
An inhibitor of GSK3p that would be predicted to mimic
Wnt signaling through direct stabilization of p-catenin
(bromo-indirubin-3'-mono-oxime, BIO) and an inhibitor of
PPARy (GW9662, or GW) that would be predicted to
attenuate inhibitory crosstalk from the adipogenic axis and
therefore also enhance Wnt signaling (Farmer, 2005, Int J
Obes (Lond). 29:13-16; Akune et al., 2004, J Clin Invest
113:846-855; Liu et al., 2004, J Biol Chem 279:45020-
45027) were compared. It was observed that both BIO and
GW increased in vitro mineralization, but expression of
early osteogenic markers was biphasic, with higher doses
becoming inhibitory. When implanted into mice harboring
calvarial defects, hMSCs pre-treated with GW substantially
accelerated healing. It was observed that GW treatment
significantly reduced expression of chemokines that may
exacerbate neutrophil and macrophage mediated cell rejec-
tion. These data suggest that use of PPARYy inhibitors during
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the preparation of hMSCs substantially and reliably
enhances the capacity of hMSCs for osteogenic cytotherapy.

Example 1

Pharmaceutical Modulation of Canonical Wnt
Signaling in Multipotent Stromal Cells for
Improved Osteoinductive Therapy

Human mesenchymal stem cells (hMSCs) from bone
marrow are regarded as putative osteoblast progenitors in
vivo and differentiate into osteoblasts in vitro. Positive
signaling by the canonical wingless (Wnt) pathway is criti-
cal for the differentiation of MSCs into osteoblasts. In
contrast, activation of the peroxisome proliferator-activated
receptor-y (PPARY) mediated pathway results in adipogen-
esis. Experiments were designed to compare the effects of
glycogen-synthetase-kinase-3 (GSK3p) inhibitors and
PPARYy inhibitors on osteogenesis by hMSCs. Both com-
pounds altered the intracellular distribution of f-catenin and
GSK3f in a manner consistent with activation of Wnt
signaling. With osteogenic supplements, the GSK3f inhibi-
tor bromo-indirubin-3'-monooxime (BIO) and the PPARy
inhibitor GW9662 (GW) enhanced early osteogenic mark-
ers, alkaline phosphatase (ALP) and osteoprotegerin (OPG)
by hMSCs and transcriptome analysis demonstrated upregu-
lation of genes encoding bone-related structural proteins. At
higher doses of the inhibitors, ALP levels were attenuated,
but dexamethasone-induced biomineralization was acceler-
ated. When hMSCs were pretreated with BIO or GW and
implanted into experimentally induced non-self healing cal-
varial defects, GW treatment substantially increased the
capacity of the cells to repair the bone lesion. Furthermore,
it was observed that GW treatment significantly reduced
expression of chemokines that may exacerbate neutrophil
and macrophage mediated cell rejection. These data suggest
that use of PPARy inhibitors during the preparation of
hMSCs may enhance the capacity of the cells for osteogenic
cytotherapy.

The materials and methods employed in the experiments
disclosed herein are now described.

Tissue Culture

Iliac crest bone marrow aspirates (2 mL) were drawn in
accordance with institutional review board approval. Mes-
enchymal stem cells were prepared from the mononuclear
fraction of the aspirates as previously described (Colter et
al., 2000, Proc Natl Acad Sci USA 96:7294-7299; Sekiya et
al., 2002, Stem Cells 20:530-541).

Human MSCs were cultured in a-MEM (Invitrogen,
Carlsbad, Calif.) containing 20% (vol/vol) FBS (Atlanta
Biologicals), 100 units'mL-1 penicillin, 1 pg-ml-1 strepto-
mycin, and 4 mM L-glutamine. For expansion, cells were
plated at an initial seeding density of 100 cells/cm2 and
allowed to divide for six to eight doublings until 40-50%
confluent. For repassage and experiments, MSCs were
recovered with trypsin/EDTA mixture (Invitrogen).

Early Osteogenic Differentiation and Alkaline Phosphatase
Assays

MSCs were plated in 6-well plates at an initial plating
density of 100 cells per cm® and cultured in standard
complete media for 6 days until semi-confluence (approxi-
mately 5,000 cells per cm?). Osteogenic base media con-
sisting of complete media containing 5 mg mL~' B-GP and
50 ug mL™' ascorbate-2-phosphate (Sigma, Poole, Dorset,
UK) and the appropriate inhibitor or vehicle was then used
to induce early osteogenic differentiation. Assays were
allowed to proceed for 8-10 days with changes of media
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every 2 days. ALP assays were performed as previously
described (Gunn et al., 2005, Stem Cells 24:986-991).
Cell Cycle

Profiles were generated by fluorescence activated cell
sorting (Beckman Coulter FC500) and analyzed with Mul-
tiCycleAV (Pheonix Flow Systems) software.
Array Analysis

Transcriptome arrays were performed using Affimetrix
apparatus and HG-U133 Plus 2.0 chips. Cytokine arrays on
conditioned media were performed using a human cytokine
array (RayBiotech) and analyzed using a digital imager
(Versadoc, Bio Rad, Hercules, Calif.).
ELISAs

ELISA for CXCL6, Dkk-1, GROa, GROf, and OPG
were carried out by using nonbiotinylated polyclonal capture
antibodies and biotinylated detection antibodies that were
commercially acquired (R&D Systems and PromoKine) on
Nunc Immunosorp coated 96-well plates (Fisher Life-
sciences). The biotinylated capture antibodies were detected
by using horseradish peroxidase-conjugated streptavidin and
TMB substrate (Pierce). ELISA for IL-1b were performed
by using commercially acquired kits.
Protein Extraction, Gel Electrophoresis and Western Blot-
ting

Nuclear extracts were performed by Triton extraction and
differential centrifugation as previously described (Gregory
et al., 2003, J Biol Chem 278:28067-28078). Proteins were
electrophoresed and blotted onto nitrocellulose using the
Novex electrophoresis system (Invitrogen, Carlsbad, Calif.).
Late Stage Osteogenesis and ARS Staining

Mature osteogenic assays were performed in 6 well
format as previously described (Gregory et al., 2004, Anal
Biochem 329:77-84).
Clotted Plasma Co-Culture

Confluent monolayers of MSCs were generated in wells
of a 12 well tissue culture plate. Human plasma was added
to each well so as to cover approximately 30% of the surface
area. After the plasma had clotted osteogenic assays were
then performed using standard media preparations.
Calvarial Lesions

MSCs were cultured in the presence of osteogenic base
media containing the appropriate inhibitor or vehicle. After
8 days, they were suspended in human plasma and admin-
istered to nude mice that had received a circular lesion in the
cranium. Subsequent doses of cells were administered by
direct injection in plasma/thromboplastin mix.
X-Ray Imaging and Quantification

Cranial bones were imaged by x-ray under anaesthesia
(Faxitron M20). Digital images were be captured on a digital
plate and processed on a phosphorimager reader (PMI,
Biorad) and processed by volume analysis software (Quan-
tity One, Biorad).
Histochemistry and Immunocytochemistry

For f-catenin localization studies, hMSCs were stained
with a c¢y-3 conjugated anti-[3-catenin antibody (clone 15BS,
Sigma, St. Louis, Mo.) and nuclei were counterstained with
pico-green dye (Invitrogen). Specimens were processed as
paraffin blocks and 8 pm longitudinal sections were pre-
pared, deparaffinized and rehydrated, then stained with
hematoxylin and eosin (Sigma). For immunocytochemistry,
sections were probed with an anti-human [3-2-microglobulin
antibody. An upright fluorescent microscope (Eclipse
H600L, Nikon) fitted with a high performance camera
(Retiga 2000R) and image analysis software (NiSElements,
Nikon) was employed for imaging.
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Tetracycline Tracing of In Vivo Calcium Deposition

The tetracycline was imaged using an upright fluorescent
microscope (Eclipse H600L, Nikon) fitted with a high
performance camera (Retiga 2000R) and analyzed using
NiSElements software (Nikon). Embedding, sectioning and
mounting was carried out on non-decalcified material.
Semi-Quantitative Blood Vessel Measurements

Calvaria were fixed, decalcified and sectioned in paraffin
and stained with hematoxylin and eosin as described. Using
NIS-Elements image analysis software, the surface area of
blood vessels in a defined ROI was calculated and totaled.
The values were expressed as the mean of total blood vessel
area from 3 animals per group.

Calvaria were fixed, decalcified, and sectioned in paraffin
and stained with hematoxylin and eosin as described. Two-
dimensional regions of interest (ROI) were carefully defined
and normalized for all specimens. For this purpose, 6-pm-
thick longitudinal serial sections were prepared, and those
sections containing tissue up to and including 0.5 mm above
and below the diameter of the lesion. These were included
in the measurements. A 6-um section was counted every 30
um (34 sections) within the entire region of interest, which
consisted of the longitudinal thickness of the lesion (the
thickness of the bone and adjacent fibrous tissue) by the
original width of the lesion in one dimension (3 mm) and 0.5
mm above and below the original diameter of the lesion in
the final dimension. Using NIS-Elements image analysis
software, the surface area of blood vessels in the 2D ROI
was calculated for each section and totaled. The values were
expressed as the mean of total blood vessel area from three
animals per group.

The results of these experiments are now described.
The Effect of Dkk-1 and PPARy Agonists on the Expression
of ALP

To confirm that Wnt signaling is necessary for the differ-
entiation of hMSCs into osteoblasts, MSCs were incubated
in osteoinductive media containing no dexamethasone (dex),
for 8 days and measured activity of alkaline phosphatase
(ALP). Although it is conventional to add dexamethasone
for osteogenesis, given its powerful pleiotropic effects and
the observation that early osteogenic markers such as ALP
can be activated without its presence (FIG. 2A), initial
experiments were performed in the absence of dexametha-
sone. When the Wnt inhibitor Dkk-1 was added to block
canonical Wnt signaling, ALP activity was attenuated (FIG.
1A). PPARY activity was examined on osteogenesis since the
PPARYy activity enhances adipogenesis whilst inhibiting the
Wnt mediated osteogenic axis of differentiation (Boland et
al., 2004, 1 Cell Biochem 93:1210-30; Farmer, 2005, Int J
Obes (Lond). 29:13-16). ALP function was dose-depend-
ently down-regulated upon incubation with troglitazone, and
also other synthetic PPARy agonists (FIG. 1B, FIG. 2).
The Effect of GSK3 and PPARy Inhibition on Intracellular
Redistribution of GSK3f and p-Catenin

The next experiments were designed to examine whether
inhibition of GSK3p would mimic Wnt signaling through
direct stabilization of f-catenin, and inhibition of PPARy
that would blunt inhibitory crosstalk from the adipogenic
axis therefore also resulting in enhancement Wnt signaling
(FIG. 3A) (Farmer, 2005, Int J Obes (Lond). 29:13-16;
Akune et al., 2004, J Clin Invest 113:846-855; Liu et al.,
2004, J Biol Chem 279:45020-45027). The inhibitors BIO
and GW were chosen due to their specificity for GSK3f and
PPARYy respectively (FIG. 3A). Incubation of both inhibitors
with MSCs under osteogenic conditions resulted in
increased levels of nuclear p-catenin (FIG. 3B, 3C) and
depletion of GSK3p from the cytoplasm (FIG. 3D). Inter-
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estingly, cytosolic depletion of GSK3f occurred, even
though the proposed mechanism of BIO or GW does not
predict up-regulation of a Wnt/FrzZLRP/Dsh receptor com-
plex. Without wishing to be bound by any particular theory,
both nuclear localization of p-catenin and depletion of
cytosolic GSK3f are consistent with enhancement of
canonical Wnt signaling. Furthermore, incubation of hMSCs
in either BIO or GW reduced nuclear levels of PPARY, also
suggesting that the canonical Wnt axis was predominating in
the treated cells.

The Effect of GSK3 and PPARy Inhibition on the Expres-
sion of ALP, OPG and Dkk-1:

To examine whether the up-regulation of Wnt signaling
by the inhibitors affected early stage osteogenesis by MSCs,
they were incubated in osteogenic medium lacking dex but
containing BIO or GW. After 8 days of culture, ALP activity
and the secretion of OPG were measured. Both inhibitors
induced the ALP activity, but this was observed at low doses
of inhibitor; in the case of BIO, the maximal effect was
observed between 100-200 nM and for GW, the effect
occurred at doses between 0.5 and 1.0 uM. At higher doses,
exceeding 400 nM BIO or 1.0 uM GW, ALP activity
dropped back to control levels (FIG. 5A). Secretion of OPG
rose in a dose dependent manner upon incubation with BIO,
but reached maximal stimulation at 0.5 uM GW (FIG. 5B).
It has been speculated that arrest of canonical Wnt signaling
occurs during terminal differentiation of osteoprogenitor
cells and Dkk-1 has been implicated in this process (van der
Horst et al., 2005, J Bone Miner Res 20:1867-1877; Liu et
al.,, 2009, J Cell Biol 185:67-75). Dkk-1 secretion was
reduced in all cases, with maximal inhibition occurring at
concentrations that induced highest ALP activity (FIG. 5C).
Even though Dkk-1 levels were slightly elevated GW and
BIO doses, they remained significantly lower than the con-
trol. A substantial reduction of hMSC yield was evident
when exposed to concentrations greater than 400 nM of
BIO. This effect did not seem to arise from canonical Wnt
signaling since GW elicited the same effects on [-catenin,
GSK3f redistribution and stimulation of early osteogenic
markers without reduction in cellular yield. Although BIO is
highly specific for GSK3f, (Meijer et al., 2003, Chem Biol
10:1255-1266) the parent molecule; indirubin monooxime
has been shown to inhibit cyclin dependent kinases at high
concentrations (Damiens et al., 2001, Oncogene 20:3786-
3797). Cell cycle analysis demonstrated that hMSCs treated
with 800 nM BIO exhibited a similar DNA profile to those
that are heavily contact inhibited, suggesting that high doses
of BIO inhibit mitosis (FIG. 4A). The absence of apoptotic
morphology, a pre-G1 peak (FIG. 4B) and no detectable
levels of cleaved caspase 3 confirmed apoptosis was also not
responsible for the reduced cell yield.

The Effects of GSK3p and PPARy Inhibition on the Tran-
scriptome of hMSCs

Inhibition of GSK3f and PPARYy appeared to increase the
level of Wnt signaling concomitantly with increased OPG
secretion and ALP activity. These observations suggested
that the inhibitors had enhanced the early stages of osteo-
genesis through acceleration of canonical Wnt signaling at
the expense of PPARYy activity. To examine this phenomenon
in more detail, hMSCs were incubated in osteogenic media
lacking dex, but containing high (800 nM BIO and 10 uM
GW) and low (200 nM BIO and 1.0 uM GW) doses of the
inhibitors. After 8 days of culture, RNA microarrays were
performed on the hMSCs. Initial inspection of the datasets
demonstrated that they shared similarities with a similar
study involving human fibroblasts and Wnt3a suggesting
that canonical Wnt signaling had been accelerated. It was
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observed that KIf-6, caldesmon-1, gamma-aminobutyric
acid B receptor-2, synaptotagmin like-2 were significantly
up-regulated in Wnt3a treated fibroblasts and both BIO and
GW treated hMSCs. Protocadherin-7, PR domain contain-
ing-1, gremlin-1, collectin subfamily member-12, stannio-
calcin-2 were significantly up-regulated in Wnt3a treated
fibroblasts and BIO treated hMSCs only (GW, no change).
Fibroblast growth factor-7, high mobility group AT-hook 2,
CdkS and Abl enzyme substrate-1, amyloid beta precursor
protein-binding family B2 were significantly up-regulated in
Wnt3a treated fibroblasts GW treated hMSCs only (BIO, no
change). Transducin-like enhancer of split-1 were signifi-
cantly up-regulated in Wnt3a treated fibroblasts but down-
regulated in both BIO and GW treated hMSCs.

Irrespective of dose, differentially transcribed genes clus-
tered into 2 general groups with strong statistical signifi-
cance (p<0.0001 for all cases, FIG. 6); up-regulated in GW
and BIO treated cells compared to the vehicle control (I) and
up-regulated in the vehicle control compared to BIO and
GW (II). Gene clusters were sorted into gene ontology (GO)
tags based on known function. The majority of GO tags in
cluster I (FIG. 21) consisted of membrane, mRNA process-
ing, and intracellular rearrangement-related functions as
well as collagen and extracellular matrix (ECM) groups. The
Wnt/p-catenin GO group was also significantly represented
in this cluster. Upon examination of individual fold-changes
for differentially expressed ECM genes it was evident that
collagens and ECM proteins found in bone tissue were
up-regulated whereas those found in other tissues were
reduced or unchanged (FIG. 24). Of interest was the down-
regulation of matrix metalloproteinase I, matrix gla-protein
and oncostatin M, all associated with inhibition of osteo-
genesis or bone catabolism. Cluster II consisted mainly of
genes responsible for steroid and lipid processing (FIG. 23).
Of note was the prevalence of prostaglandin and lipid
modifying enzymes in this cluster because these processes
often provide ligands for PPARy (Kota et al., 2005, Phar-
macol Res 51:85-94) as well as enrichment of sphingomy-
elin and ceramide related genes, which are strongly associ-
ated with lipid and steroid homeostasis (Lucki et al., 2008,
Subcell Biochem 49:387-412; Worgall, 2008, Subcell Bio-
chem 49:371-385).

The Effect of GSK3 and PPARy Inhibition on Late Stage
Osteogenesis

Extended periods of incubation in BIO and GW in the
absence of dex did not induce biomineralization, so there-
fore experiments were designed to measure the effect of the
inhibitors in its presence. Initially, experiments were con-
ducted to examine whether pre-treatment of hMSCs with
inhibitors BIO (200 and 800 nM) and GW (1.0 and 10.0 uM)
in the presence of p-glycerophosphate (3-GP) and ascorbate
for 8 days followed by 15 days in the same media supple-
mented with dex affected mineralization of the cultures. If
BIO or GW function to accelerate the cells through the
immature stages of osteogenesis and partially to maturity,
hMSCs exposed to these conditions would be expected to
respond more rapidly to the steroid-dependent mature osteo-
blast transition. After differentiation, calcium content was
visualized by Alizarin Red S (ARS) staining and the dye was
extracted and quantified. At the doses tested, and in a
dose-dependent manner, BIO and GW enhanced dex-in-
duced differentiation into biomineralizing osteoblasts (FIG.
D.

The next experiments were performed to examine
whether withdrawal of the Wnt stimulus caused by BIO and
GW was necessary for the hMSCs to progress to a dex-
dependent biomineralizing phenotype. Human MSCs were
pre-cultured with BIO and GW in the presence of p-GP,
ascorbate and dex for 17 days. Once again, inhibitor treat-
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ment enhanced dex-induced biomineralization (FIG. 9) sug-
gesting that the action of BIO and GW enhances the early
stages of osteogenesis and removal of the stimulus is not
required to complete the process. Data from both experi-
ments suggest that Wnt modulation is necessary to induce an
early osteoprogenitor-like phenotype in hMSCs and this
process can occur simultaneously with terminal differentia-
tion.
Clotted Human Plasma is a Biocompatible and Osteoinduc-
tive Vector for Administration of hMSCs

In anticipation of in vivo experiments testing the potential
efficacy of the inhibitor treated hMSCs for the repair of
bone, a number of matrices for cell administration was
examined. It was observed that clotted human plasma sus-
tained the survival and proliferation of hMSCs in, vitro and
also accelerated steroid-induced biomineralization. When
monolayers of hMSCs are partially covered with a meniscus
of clotted human plasma, the cells in contact with the plasma
mineralize faster than the uncovered portion of the mono-
layer when dex-containing osteogenic media is provided
(FIG. 8).
The Effects of GSK3f and PPARYy Inhibition on Repair of an
Experimental Induced Cranial Defect in Mice

Given that BIO and GW accelerated osteogenic differen-
tiation by human MSCs in vitro, experiments were con-
ducted to test whether the treated hMSCs could repair a
critical bone defect in vivo. Human MSCs were cultured in
the presence of osteogenic medium lacking dex, but con-
taining BIO (200 and 800 nM) or GW (1.0 and 10.0 uM).
Calvarial lesions were generated in nude mice and 1x10°
hMSCs, mixed with human plasma were applied followed
by thromboplastin to initiate gelling. The scalp was sutured
and the animals were allowed to heal. Initially, short-
duration experiments were performed to monitor distribu-
tion of the hMSCs, and to ensure the cells had survived the
implantation process. GFP-labeled hMSCs were adminis-
tered and mice were sacrificed after 24 h. Upon histological
analysis, a substantial number of GFP-labeled, healthy
hMSCs had formed a thick layer over the injury and adjacent
bone tissue (FIG. 10A, 10B). The hMSCs could be readily
detected with an antibody for membrane localized human
-2 microglobulin (FIG. 10C, 10D). Robust antibody-de-
tection of unmanipulated hMSCs, rather than lentiviral
labeling was favored in long term experiments because very
low passage hMSCs could be utilized, rather than geneti-
cally tagged preparations that had undergone a number of
passages. Long term experiments were performed for 50
days with further doses of hMSCs administered at day 14, 28
and 42 by direct injection of a plasma:hMSC mixture under
the scalp (FIG. 11A). At day 50, the crania were explanted
and x-ray images of the calvarial lesions were taken. The
digitized images were then analysed densitometrically to
quantify the degree of bone accrual (FIG. 11B). The lesioned
side was compared with the contralateral side and data were
expressed as the ratio of radio-opacity on the lesioned side
to the contralateral side. Surprisingly, GW, significantly
improved the ability of MSCs to repair cranial lesions when
compared to MSCs that were not drug treated. Upon histo-
logical analysis, new bone formation was detected in the
GW groups and in the case of the 10 uM GW group, marrow
sinusoids were evident in the newly formed bone (FIG. 13A)
which could be identified by tetracycline incorporation
(FIG. 13B). In contrast, there was no significant sign of bone
repair in the mock groups that received plasma alone, and
control hMSC groups, that received cells treated with
DMSO or BIO. When the sections were stained with anti-
-2 microglobulin, isolated clusters of hMSCs from only
control and GW groups were detected (FIGS. 13 C and
13D). However, no more than a few hundred cells could be
counted throughout the entire lesion, suggesting that the
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majority of cells had either died or migrated away. In both
control groups and in the GW treated groups, blood vessels
were detected, demonstrating that GW treatment had not
affected the ability of MSCs to initiate angiogenesis at
trauma sites (FIG. 14A).

Enhanced compatibility of the GW-treated hMSCs for the
osteogenic niche could explain the increased efficacy. How-
ever, upon further inspection of the microarray data, a minor
cluster was identified where genes were profoundly down-
regulated in GW-treated MSCs as compared to the control.
This cluster was highly enriched for inflammatory mediators
including IL1, IL8, and chemokines of the CXCL family
(FIG. 25). These data could be validated by ELISA assay of
supernatents from treated hMSC cultures (FIG. 26). Because
nude mice are able to elicit a macrophage and neutrophil
mediated response, it is probable that the GW treated MSCs
were protected by reduced expression of chemoattractants.
MSCs for Regenerating Bone

Cultures of hMSCs are inherently heterogeneous, with the
individuals of the population possessing different propensi-
ties for osteogenesis, chondrogenesis, adipogenesis or pro-
liferation. Heterogeneity can arise from the nature of the
donor, the number of past cell doublings, and cell density.
Evidence suggests that the history of a given hMSC, with
respect to the number of cell doublings, and past exposure
to different levels of cell density can in most cases affect the
propensity of a given cell to divide or differentiate (Sekiya
etal., 2002, Stem Cells 20:530-541; Gregory et al., 2005, Sci
STKE 294:pe37; Larson et al., 2008, Stem Cells 26, 193-
201). This apparently stochastic distribution of cellular
characteristics can be controlled in part by the addition of
cytokines, growth factors and/or drugs. Given that both Wnt
signaling and blunting of the adipogenic axis is necessary
for the initiation of osteogenic processes in MSCs, experi-
ments were designed to investigate the role of small mol-
ecule inhibitors in controlling the events. The results pre-
sented herein demonstrate that Wnt signaling could be
increased in MSCs by either direct inhibition of GSK3f or
by inhibiting the master regulator of adipogenesis, PPARy.
These observations supported the widespread notion that
negative crosstalk occurs between the canonical Wnt and
PPARYy axis, regulated in part by the transcription factor TAZ
(Hong et al., 2005, Science 309: 1074-1078). At lower
doses, expression of early osteogenic markers in hMSCs
could be significantly enhanced by treatment with either
inhibitor but this was attenuated at higher doses. In contrast,
when hMSCs were pre-treated or simultaneously treated
with BIO or GW, and subjected to dex-dependent osteogen-
esis, mineralization was upregulated in a dose-dependent
manner. A simple interpretation of these results lead to the
conclusion that endogenous canonical Wnt signaling can
enhance osteogenesis. However, it is possible that the high-
serum culture system used in the present experiments reflect
a situation with modest osteogenic and adipogenic stimuli
affecting a balanced steady state on the cells. The presence
of GW and BIO therefore, disrupt the balance of the culture
in favor of the osteogenic lineage. In contrast, high concen-
trations of PPARYy agonists in our osteogenic cultures con-
taining dex initiate adipogenesis rather than osteogenesis.

When implanted into experimentally induced calvarial
defects in mice, GW treated hMSCs profoundly improved
healing and induced angiogenesis. Although vehicle treated
hMSCs could not significantly enhance bone repair, angio-
genesis was also induced suggesting that even vehicle
treated hMSCs had survived at the site for a duration
sufficient to initiate the process. Although the efficacy of
GW treated hMSCs is probably due to enhanced osteogenic
propensity and angiogenic properties, substantial down-
regulation of immune-chemokines is also likely to extend
their survival. In some instances, the survival of GW or BIO
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treated hMSCs was transient. Without wishing to be bound
by any particular theory, it is believed that the transplanted
cells provide a supporting role for host cells. In agreement
with this observation, it has recently been demonstrated that
a population of hMSCs with a enhanced endogenous canoni-
cal Wnt signaling serves to enhance synergistically the
ostoegenic capacity of co-administered hMSCs with a lesser
degree of Wnt signaling (Liu et al., 2009, J Cell Biol
185:67-75).

hMSCs treated with GW, an inhibitor of PPARy, had
increased their osteogenic propensity without blunting
viability or their ability to performancillary tasks such as
angiogenic stimulation. The modified cultures are essen-
tially a combination of stromal stem cells and osteoblasts,
with properties of both. Therefore, hMSCs prepared in this
manner are a unique and rationally designed cytotherapeutic
with profoundly enhanced efficacy for bone repair.

Example 2

Novel Biocompatible Matrices for In Vivo Delivery
of MSCs for Bone Repair

In the case of critical size defects, there is a need to
regrow bone to reestablish stability and support in the area
of injury. Current treatment involves the use of metallic
implants, but this treatment sometimes carries with it serious
side effects due to the foreign nature of the implant. The
following experiments were designed to determine methods
for the production of a biocompatible osteoinductive matrix
that maintains viability and functionality when administered
to the patient.

hMSCs are multipotent cells with the ability to differen-
tiate into many cell types, including osteoblasts. These cells
are usually extracted from adult bone marrow and easily
expanded and differentiated in culture using established
methods. The differentiation of hMSC’s into osteoblasts has
been shown to rely upon Wnt signaling and this information
is important for their use in repairing bone. Secreted extra-
cellular matrix (ECM) can be extracted from hMSC cultures
that have been induced to differentiate into osteoblasts.
Furthermore hMSC’s can be successfully co-cultured with
the extracted matrix and induced to become osteoblasts.
Treatment with the Wnt-modulator, 7AIPM, was found to
have increased osteoinductive characteristics.

The materials and methods employed in the experiments
disclosed herein are now described. hMSCs from two dif-
ferent donors. This was done by growing hMSC’s isolated
from adult bone marrow as a monolayer on 15 cm dishes in
complete culture medium (CCM) consisting of 80% c-mini-
mal essential medium, 20% fetal bovine serum (FBS), 2 mM
L-glutamine, 100 U/mL Penicillin, and 100 pg/ml. Strepto-
mycin. The dishes were kept at 37° C. and media changes
were performed 3 times a week. After one week, the media
was switch to an osteogenic media that is composed of CCM
plus 5 mM f-glycerol phosphate, 50 pg/ml. ascorbate-2-
phosphate, and 1 nM dexamethasone. Cells were allowed to
continue to grow for 3 or 6 additional weeks with media
changes as described elsewhere herein. The ECM secreted
by the hMSC’s was then scraped off the culture dishes and
extracted as set forth in FIG. 15.

The next experiments were designed to measure cell
viability and differentiation ability of co-cultured hMSCs
(e.g., GFP hMSCs) with the matrices collected elsewhere
herein. Briefly, a total of 4 samples treated with trypsin and
5 untreated samples of matrix were placed in round bottom
tubes. The GFP hMSCs were cultured as stated before for
approximately 10 days. These cells were then washed with
phosphate buffered saline (PBS) and lifted from their dishes
using trypsin. After counting, 1 million cells were added to
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each sample of matrix. Cells were co-cultured with matrix
samples in CCM for 3 days. On day 4 the media was
changed to an osteogenic media as described elsewhere
herein except for the absence of dexamethasone. After 17
total days of culture, dexamethasone was added to the media
and the cells were grown for an additional 25 days for a total
0t'42 days. Samples of the media were obtained each day for
analysis. Fluorescence intensity of the constructs was mea-
sured for each of the first 17 days to determine cell numbers
and viability. Media samples from days 4-9 were analyzed
for OPG using an enzyme-linked immunosorbent-assay
(ELISA). Microscopic photographs of the constructs were
taken on day 10. Portions of some of the constructs were
frozen on day 17 and were then sectioned. Samples were
screened for GFP-positive cells and analyzed for alkaline
phosphatase activity.

In order to characterize the influence of 7AIPM on
osteogenic differentiation, hMSC’s from two donors were
cultured as described elsewhere herein with the addition of
varying concentrations of the compound or vehicle to the
media. Samples of the media were collected daily for
analysis. These samples were analyzed for the presence of
OPG and Dkk-1 using ELISA. Alkaline phosphatase activity
of the monolayers and cell numbers were measured using a
spectrophotometer.

The results of these experiments are now described. The
data suggests that hMSC’s were successfully co-cultured
with the extracted matrices. This is evidence by the stabili-
zation of fluorescence intensity. Furthermore, results indi-
cate that these cells were induced to become osteogenic.
Indications of this include the increase in OPG concentration
detected by ELISA as well as by the presence of ALP
detected in the sections of the constructs. Based on the
appearance of physical properties of the matrix it appears
that 3 weeks of culture is optimal for producing useful
samples. Finally, 7AIPM was found to have increased
osteogenic characteristics as shown by the increased ALP
activity and OPG concentration as well as the decrease of
Dkk-1 concentration (FIG. 20).

The disclosures of each and every patent, patent applica-
tion, and publication cited herein are hereby incorporated
herein by reference in their entirety.

While this invention has been disclosed with reference to
specific embodiments, it is apparent that other embodiments
and variations of this invention may be devised by others
skilled in the art without departing from the true spirit and
scope of the invention. The appended claims are intended to
be construed to include all such embodiments and equivalent
variations.

What is claimed:

1. A population of pre-conditioned mesenchymal stem
cells, wherein the population of pre-conditioned mesenchy-
mal stem cells is produced by:

culturing mesenchymal stem cells in a conditioning

medium lacking dexamethasone and comprising an
effective amount of an inhibitor of peroxisome prolif-
erator-activated receptor y (PPAR-vy) for 5 to 14 days so
as:
(a) to inhibit regulation of adipogenesis in the mesen-
chymal stem cells,
(b) to induce the mesenchymal stem cells to exhibit:
(1) early or primitive osteoblastic characteristics
without undergoing terminal differentiation,
(i1) an upregulation in gene expression for collagen
types I, 111, V, VI, XI, and XII, and
(iii) downregulation or depletion of cytosolic glyco-
gen synthase kinase 3f3, and
(c) to not induce mineralization,
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wherein the pre-conditioned mesenchymal stem cells
exhibit (a), (b), and (c¢) when removed from the con-
ditioning medium.

2. The population of pre-conditioned mesenchymal stem
cells of claim 1, further comprising one of either a biocom-
patible lattice and a biocompatible gel.

3. The population of pre-conditioned mesenchymal stem
cells of claim 2, wherein the biocompatible lattice is clotted
plasma.

4. The population of pre-conditioned mesenchymal stem
cells of claim 1, wherein said inhibitor is 2-chloro-5-nitro-
N-phenyl-benzamide (GW9662) provided in an amount of
about 10 uM.

5. The population of pre-conditioned mesenchymal stem
cells of claim 1, wherein said mesenchymal stem cells are
retrieved from at least one of the group consisting of adult
bone marrow, adipose tissue, peripheral blood, umbilical
cord blood, synovial membrane, and periodontal ligament.

6. The population of pre-conditioned mesenchymal stem
cells of claim 5, wherein said inhibitor of peroxisome
proliferator-activated receptor y is 2-chloro-5-nitro-N-phe-
nyl-benzamide (GW9662).

7. The population of pre-conditioned mesenchymal stem
cells of claim 1, wherein said conditioning medium further
comprises beta glycerophosphate and ascorbate.

8. The population of pre-conditioned mesenchymal stem
cells of claim 1, wherein said conditioning medium is
provided after the mesenchymal stem cells have been
allowed to divide in vitro for about six to eight doublings.

9. A composition comprising:

a biocompatible lattice; and

a population of pre-conditioned mesenchymal stem cells

comingled with the biocompatible lattice, wherein the
population of pre-conditioned mesenchymal stem cells
is produced by:

culturing mesenchymal stem cells in a conditioning

medium lacking dexamethasone and comprising an
effective amount of an inhibitor of peroxisome prolif-
erator-activated receptor y (PPAR-vy) for 5 to 14 days so
as:
(a) to inhibit regulation of adipogenesis in the mesen-
chymal stem cells,
(b) to induce the mesenchymal stem cells to exhibit:
(1) early or primitive osteoblastic characteristics
without undergoing terminal differentiation,
(i1) an upregulation in gene expression for collagen
types I, 111, V, VI, X1, and XII, and
(ii1) downregulation or depletion of cytosolic glyco-
gen synthase kinase 3f3, and
(c) to not induce mineralization,
wherein the pre-conditioned mesenchymal stem cells
exhibit (a), (b), and (c¢) when removed from the con-
ditioning medium.

10. The composition of claim 9, wherein said pre-condi-
tioned mesenchymal stem cells are suspended in a biologi-
cally compatible diluent prior to comingling with the bio-
compatible lattice.
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11. The composition of claim 9, wherein said composition
is stored.

12. A composition comprising:

a three-dimensional scaffold; and

a population of pre-conditioned mesenchymal stem cells

comingled with the three-dimensional scaffold,
wherein the population of pre-conditioned mesenchy-
mal stem cells is produced by:

culturing mesenchymal stem cells in a conditioning

medium lacking dexamethasone and comprising an
effective amount of an inhibitor of peroxisome prolif-
erator-activated receptor y (PPAR-vy) for 5 to 14 days so
as:
(a) to inhibit regulation of adipogenesis in the mesen-
chymal stem cells,
(b) to induce the mesenchymal stem cells to exhibit:
(1) early or primitive osteoblastic characteristics
without undergoing terminal differentiation,
(i1) an upregulation in gene expression for collagen
types I, 111, V, VI, XI, and XII, and
(iii) downregulation or depletion of cytosolic glyco-
gen synthase kinase 3f3, and
(c) to not induce mineralization,
wherein the pre-conditioned mesenchymal stem cells
exhibit (a), (b), and (c¢) when removed from the con-
ditioning medium.

13. The population of pre-conditioned mesenchymal stem
cells of claim 1, wherein the conditioning medium is pro-
vided for about eight to ten days with periodic changes in the
conditioning medium.

14. The composition of claim 12, wherein the pre-condi-
tioned mesenchymal stem cells are initially self-renewed
and expanded by dividing without the conditioning medium
for six to eight doublings in vitro.

15. The population of pre-conditioned mesenchymal stem
cells of claim 1, wherein the mesenchymal stem cells are
initially seeded in vitro at a density of up to about 100
cells/cm? and allowed to divide for six to eight doublings
without the conditioning medium.

16. The composition of claim 12, wherein the pre-condi-
tioned mesenchymal stem cells seeded on the three-dimen-
sional scaffold are suspended in a biologically compatible
diluent prior to utilization.

17. The population of pre-conditioned mesenchymal stem
cells of claim 1, wherein the conditioning medium further
comprises about 5 mM beta-glycerophosphate and about 50
ng/ml. ascorbate-2-phosphate.

18. The population of pre-conditioned mesenchymal stem
cells of claim 1, wherein the pre-conditioned mesenchymal
stem cells exhibit reduced secretion in dickkopf-1.

19. The population of pre-conditioned mesenchymal stem
cells of claim 1, wherein the pre-conditioned mesenchymal
stem cells further exhibit reduced secretion of one or more
inflammatory mediators, including at least one of IL-1, IL-8,
and chemokines of a CXCL family, the reduced secretion
being compared to non pre-conditioned mesenchymal stem
cells.



