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(57) ABSTRACT 

Methods of inducing differentiation of mammalian bone 
marroW stromal cells into cells of multiple embryonic lin 
eages by contacting marroW stromal cells With precursor 
differentiation-inducing compounds followed by contacting 
the partially differentiated precursor cells With speci?c cell 
type differentiation-inducing compounds. In one embodi 
ment, the MSC derived precursor cell cultures comprise 
cells, at least some of Which simultaneously express markers 
that are characteristic of endodermal and ectodermal cell 
types. In another embodiment, the differentiated cells are 
insulin-secreting pancreatic islet cells. Precursor differen 
tiation-inducing compounds of the invention include anti 
oxidants such as, but not limited to, beta-mercaptoethanol, 
dimethylsulfoxide, butylated hydroXyanisole, butylated 
hydroXytoluene, ascorbic acid, dimethylfumarate, and 
n-acetylcysteine. Endodermal cell differentiation-inducing 
compounds of the invention include but are not limited to 
anti-oxidants and groWth factors including basic ?broblast 
groWth factor. Once induced to differentiate into a particular 
cell type, the cells can be used for cell therapy, gene therapy, 
or both, for treatment of diseases, disorders, or conditions 
associated With tissues of multiple embryonic origins. 
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MULTI-LINEAGE DIRECTED INDUCTION OF 
BONE MARROW STROMAL CELL 

DIFFERENTIATION 

BACKGROUND OF THE INVENTION 

[0001] Pluripotent stem cells have been detected in mul 
tiple tissues in the adult mammal, participating in normal 
replacement and repair, While undergoing self-reneWal (Hay, 
1966, Regeneration, Holt, Rinehart and Winston, NeW York; 
McKay, 1999, Nature Med. 51261-262; Lemiscka, 1999, 
Ann. NY. Acad. Sci. 8721274-288; OWens and Friedenstein, 
1988, Ciba Foundation Syp. 136, Chichester, UK. pp. 
42-60; Prockop, 1997, Science 276171-74; Ferrari et al., 
1998, Science 27911528-1530; Caplan, 1991, J. Orthop. Res. 
91641-650; Pereira et al., 1995, Proc. Natl. Acad. Sci. USA 
9214857-4861; KuZnetsov et al., 1997, Brit. J. Haemotology 
971561-570; Majumdar et al., 1998, J. Cell Physiol. 176157 
66; Pittenger et al., 1999, Science 2841143-147). A subclass 
of bone marroW stem cells is one prototype, capable of 
differentiating into osteogenic, chondrogenic, adipogenic 
and other mesenchymal lineages in vitro (OWens and 
Friedenstein, 20 1988, Ciba Foundation Symp. 136, Chich 
ester, U.K. pp. 42-60; Prockop, 1997, Science 276; 71-74; 
Ferrari et al., 1998, Science 27911528-1530; Caplan, 1991, 
J. Orthop. Res. 91641-650; Pereira et al., 1995, Proc. Natl. 
Acad. Sci. USA 9214857-4861; KuZnetsov et al., 1997, Brit. 
J. Haemotology 971561-570; Majumdar et al., 1998, J. Cell. 
Physiol. 176157-66; Pittenger et al., 1999, Science 2841143 
147). These pluripotent cells have been termed marroW 
stromal cells (MSCs), and have been used clinically to treat 
osteogenesis imperfecta (HorWitZ et al., 1999, Nature Med. 
51309-313). 
[0002] The discovery of stem cell populations in the 
central nervous system (CNS) has generated intense interest, 
since the brain has long been regarded as incapable of 
regeneration (Reynolds and Weiss, 1992, Science 25511707 
1710; Richards et al., 1992, Proc. Natl. Acad. Sci. USA 
8918591-8595; Morshead et al., 1994, Neuron 1311071 
1082). Neural stem cells (NSCs) are capable of undergoing 
expansion and differentiating into neurons, astrocytes and 
oligodendrocytes in vitro (Reynolds and Weiss, 1992, Sci 
ence 25511707-1710; Johansson et al., 1999, Cell 96125-34; 
Gage et al., 1995, Annu. Rev. Neurosci. 181159-192; Ves 
covi et al., 1993, Neuron 111951-966). The recent report 
demonstrating that NSCs can generate hematopoietic cells in 
vivo suggests that stem cell populations may be less 
restricted than previously thought (Bjornson, 1999, Science 
2831534-537). 
[0003] Adult MSC cells are both self-reneWing and mul 
tipotential (OWens and Friedenstein, 1988, Ciba Foundation 
Symp. 136, Chichester, UK. pp. 42-60; Prockop, 1997, 
Science 276; 71-74; Ferrari et al., 1998, Science 27911528 
1530; Caplan, 1991, J. Orthop. Res. 91641-650; Pereira et 
al., 1995, Proc. Natl. Acad. Sci. USA 9214857-4861; KuZ 
netsov et al., 1997, Brit. J. Haemotology 971561-570; 
Majumdar et al., 1998, J. Cell. Physiol. 176157-66; Pittenger 
et al., 1999, Science 2841143-147; SancheZ Ramos et al. 
Exp. Neurol. 2000 164(2) 247-56), thereby ful?lling many 
of the criteria of a stem cell population. 

[0004] Recent studies shoW that neural stem cells have 
broad developmental potential, contributing to the develop 
ment of blood as Well as to all germ layers in chimeric 
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embryos (Clarke, D. L. et al., Science (2000) 2881 1660 
1663). During early embryonic development of mammalian 
embryos, developing neural cells share features With devel 
oping islet cells. Aspeci?c characteristic of neural precursor 
cells is their expression of the protein nestin (U. Lendhal, L. 
D. Zimmerman, R. D. McKay Cell: 23, 585 (1990) as 
described in US. Pat. No. 5,338,839. Recently, researchers 
have found the stem cell marker nestin Within developing 
islet cells ZuleWski et al., 2001, Diabetes 501 521) and 
others report the differentiation of nestin-positive embryonic 
stem cells to insulin-secreting structures similar to pancre 
atic islets in mice (N. Lumelsky et al. supra) and humans 
(Assady et al., Diabetes 50, August 2001). HoWever, differ 
entiation of insulin-secreting islet-type cells from adult stem 
cells has not previously been demonstrated. Common 
mechanisms of control and shared nestin expression point to 
a close relationship betWeen pancreatic and neural progeni 
tors Which give rise to tissues of endodermal and ectodermal 
embryonic origin respectively. 
[0005] We have recently demonstrated that MSCs can be 
induced to differentiate into neuronal cells (D. Woodbury et 
al., 2000, J. Neur. Sci. Res. 61, 364). Differentiation of 
MSCs into astrocytes and glial cells (WO 99/43286) has also 
been demonstrated. These recent studies indicate that rat and 
human MSCs are capable of differentiating into non-mes 
enchymal derivatives, suggesting that intrinsic genomic 
mechanisms of commitment, lineage restriction and cell fate 
are mutable. Environmental signals apparently can elicit the 
expression of pluripotentiality that extends Well beyond the 
accepted fate restrictions of cells originating in classical 
embryonic germ layers. 

[0006] To de?ne the process of stem cell differentiation 
and elucidate underlying mechanisms, We have character 
iZed MSCs and developing neurons more extensively, de?n 
ing expression patterns for representative genes of different 
lineages and correlating expression With morphologic matu 
ration. Our observations indicate that the “undifferentiated” 
MSCs express germline, endodermal and ectodermal genes, 
as Well as the expected mesodermal genes. Neuronal differ 
entiation of the MSCs involves complex modulation of these 
different gene sets, rather than simple on-off sWitching of 
neural and non-neural genes. We noW describe, for the ?rst 
time, conditions Which permit the groWth and expansion of 
endodermal cells, particularly insulin-producing pancreatic 
islet cells, differentiated from adult bone marroW stromal 
cells (MSCs). MSCs constitute a novel source of pancreatic 
islet cells and represent the only adult cells used for this 
purpose. 

[0007] A number of disease states are associated With 
organs of endodermal lineage Which include the liver, stom 
ach, intestine, pancreas, and other endocrine glands. Type 1 
and Type 2 diabetes and chronic pancreatitis result from the 
anatomical and functional loss of insulin-producing beta 
cells and the ductal and acinar cells, respectively, While 
uncontrolled proliferation of the ductal cells leads to pan 
creatic carcinogenesis. The replacement of these cells 
through regeneration or transplantation could offer lifelong 
treatment for diabetics and for patients With chronic pan 
creatitis. HoWever, a major problem in implementing treat 
ment is the lack of suf?cient pancreatic/islet cell tissue for 
transplantation. The present invention of?cers the potential 
of generating siZable quantities of insulin-producing cells 
from adult bone marroW stromal cells. 
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[0008] Gut malignancies and in?ammatory bowel diseases 
are major causes of morbidity and mortality. The cell 
differentiation techniques disclosed herein may be utiliZed to 
gain neW insights about initiation, progression and treatment 
of tumorigenesis and offer neW strategies to increase the 
absorptive function of the intestine. 

[0009] Liver transplantation is the treatment of choice for 
many liver diseases. Unfortunately, the supply of donor 
organs is limiting and therefore many patients cannot bene?t 
from this therapy. Therapeutic liver re-population With bone 
marroW derived cells holds the hope of overcoming the 
shortage in donor livers. 

[0010] Despite the crucial need for obtaining endodermal 
cells for treatment a number of diseases, disorders, and 
conditions, associated With tissues of endodermal lineage, 
no method has previously been available for obtaining large 
numbers of endodermal cells Without encountering the tech 
nical and ethical hurdles involved in obtaining adult human 
or fetal tissue. The present invention overcomes that need, 
offering the potential of generating siZable quantities of 
endodermal tissue from adult bone marroW stromal cells. 

[0011] While previous studies have demonstrated that 
intrinsic genomic mechanisms of commitment, lineage 
restriction and mesenchymal cell fate of MSCs are mutable, 
it Was unexpected that these adult cells could be induced to 
differentiate to cells associated With tissues of endodermal 
lineage including the liver, stomach, intestine, pancreas, and 
other endocrine glands. 

SUMMARY OF THE INVENTION 

[0012] In one aspect of the invention, a cell culture is 
provided that comprises cells, at least some of Which simul 
taneously express polypeptide or mRNA markers that are 
characteristic of at least ectodermal and endodermal cells. 
Useful ectodermal markers include but are not limited to 
nestin, tau, neuron speci?c enolase, glial ?brillary acidic 
protein, especially nestin. Useful endodermal markers 
include but are not limited to ceruloplasmin. According to 
another aspect of the invention, at least some cells of the 
culture simultaneously express the neuronal marker nestin 
and an endodermal marker, such as ceruloplasmin. 

[0013] According to another aspect of the invention there 
is provided a method of producing a nestin-positive endo 
dermal/neuronal precursor cell capable of differentiation 
into cells of at least endodermal or ectodermal lineage. 

[0014] The present invention includes a method of induc 
ing differentiation of an isolated marroW stromal cell into an 
endodermal cell, particularly a pancreatic islet cell. The 
method comprises contacting the isolated marroW stromal 
cell With at least one endodermal/neuronal precursor differ 
entiation-inducing compound thereby producing a nestin 
positive endodermal/neuronal precursor cell. The endoder 
mal/neuronal precursor cell is contacted With at least one 
endodermal differentiating inducing compound, particularly 
an insulin-secreting pancreatic islet differentiation-inducing 
compound. This induces differentiation of the isolated mar 
roW stromal cell into an endodermal cell, particularly an 
insulin-secreting pancreatic islet cell. In one embodiment, 
the at least one insulin-secreting pancreatic islet differentia 
tion-inducing compound comprises a de?ned insulin secret 
ing pancreatic islet differentiation-inducing medium. 
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[0015] In one aspect, the isolated marroW stromal cell is a 
rat cell. Preferably, the isolated marroW stromal cell is a 
human cell. 

[0016] In one aspect, the nestin-positive pancreatic/neu 
ronal precursor differentiation-inducing compound is an 
anti-oxidant. In another aspect, the anti-oxidant is selected 
from the group consisting of beta-mercaptoethanol, dimeth 
ylsulfoxide, butylated hydroxytoluene, butylated hydroxya 
nisole, ascorbic acid, dimethylfumarate, and n-acetylcys 
teine. In one aspect, the pancreatic islet differentiation 
inducing compound is an anti-oxidant. In another aspect, the 
anti-oxidant is selected from the group consisting of beta 
mercaptoethanol and butylated hydroxyanisole. In yet 
another aspect, the pancreatic differentiation-inducing anti 
oxidant is beta-mercaptoethanol. In another aspect, the pan 
creatic islet differentiation-inducing anti-oxidant is buty 
lated hydroxyanisole. 

[0017] The pancreatic islet cell differentiation-inducing 
compound is also a groWth factor in another aspect. In a 
preferred aspect, the groWth factor is basic ?broblast groWth 
factor. 

[0018] The invention further includes a method of pro 
ducing an isolated insulin-secreting pancreatic islet cell. The 
method comprises isolating a marroW stromal cell, contact 
ing the marroW stromal cell With at least one endodermal/ 
neuronal precursor differentiation-inducing compound that 
differentiates the marroW stromal cell into a nestin-positive 
endodermal/neuronal precursor cell and contacting the nes 
tin-positive endodermal/neuronal precursor cell With at least 
one differentiation-inducing compound that induces the nes 
tin-positive precursor cell to differentiate into an isolated 
pancreatic islet cell, thereby producing an isolated pancre 
atic islet cell. 

[0019] According to another aspect of the invention there 
is provided a method of producing an isolated nestin 
positive endodermal/neuronal precursor cell capable of dif 
ferentiating into an insulin producing pancreatic islet cell. 
The method comprises isolating a marroW stromal cell and 
contacting a isolated marroW stromal cell With at least one 
endodermal/neuronal precursor differentiation-inducing 
compound thereby producing an isolated nestin-positive 
endodermal/neuronal precursor cell capable of differentiat 
ing into an isolated insulin producing pancreatic islet cell To 
induce insulin producing pancreatic islet cell differentiation, 
the isolated endodermal/neuronal precursor cell is contacted 
With at least one insulin-secreting pancreatic islet differen 
tiation-inducing compound. This induces differentiation of 
the isolated endodermal/neuronal precursor cell into an 
isolated insulin-secreting pancreatic islet cell. 

[0020] The invention further includes a method of pro 
ducing an isolated endodermal cell. The method comprises 
isolating a marroW stromal cell, contacting the marroW 
stromal cell With at least one endodermal/neuronal differ 
entiation-inducing compound that partially differentiates the 
marroW stromal cell into a nestin-positive precursor cell and 
contacting the nestin-positive endodermal/neuronal precur 
sor cell With at least one endodermal differentiation-induc 
ing compound that induces the endodermal/neuronal pre 
cursor cell to differentiate into an isolated endodermal cell, 
thereby producing an isolated endodermal cell. 

[0021] In addition, the invention includes a method of 
treating a human patient having a disease, disorder or 
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condition associated With tissues of endodermal origin, 
particularly of pancreatic origin. The method comprises 
obtaining a bone marroW sample from a human donor, 
isolating stromal cells from the bone marroW sample, induc 
ing the stromal cells to differentiate into nestin-positive 
endodennal/neuronal precursor cells and inducing the nes 
tin-positive endodermal/neuronal precursor cells to differ 
entiate into isolated endodermal cells, particularly insulin 
secreting pancreatic islet cells, and administering the 
isolated endodermal cells to the body of the human patient. 
The presence of the isolated endodermal cells, particularly 
insulin-secreting pancreatic islet cells, in the body of the 
human patient effects treatment of the disease, disorder or 
condition of endodermal origin, particularly pancreatic ori 
gm. 

[0022] In one aspect, the disease, disorder or condition 
associated With a tissue of endodermal origin is selected 
from the group consisting of Type I diabetes, Type II 
diabetes, pancreatitis, in?ammatory boWel disease, stomach 
cancer, colon cancer, colo-rectal cancer and liver disease. 

[0023] In another aspect, prior to administering the iso 
lated endodermal cells, particularly insulin-secreting pan 
creatic islet cells, the isolated endodermal cells are trans 
fected With an isolated nucleic acid encoding a therapeutic 
protein or peptide, particularly insulin Wherein, When the 
protein or peptide is expressed in the cells, the protein or 
peptide serves to effect treatment of the disease, disorder or 
condition. 

[0024] In an alternative aspect, the endodermal cells, 
particularly pancreatic islet cells are transfected With an 
isolated nucleic acid encoding a cytokine, a chemokine, 
insulin, glucagon, another endocrine hormone, a trophic 
protein, a groWth factor, an antibody, and a tumor toXic 
protein. 

[0025] The present invention further includes a method of 
treating a human patient in need of endodermal cells, 
particularly insulin-secreting pancreatic islet cells. The 
method comprises obtaining marroW stromal cells from a 
human patient, propagating the marroW stromal cells in 
culture under conditions that induce their differentiation, 
inducing the stromal cells to differentiate into nestin-positive 
endodermal/neuronal precursor cells, inducing the nestin 
positive endodermal/neuronal precursor cells to differentiate 
into isolated endodermal cells, particularly insulin-secreting 
pancreatic islet cells, transplanting the endodermal cells into 
the human patient in need of the endodermal cells, thereby 
treating the human patient in need of endodermal cells. 

[0026] A preferred embodiment of the invention includes 
an isolated endodermal cell, particularly an insulin-secreting 
pancreatic islet cell, transfected With a therapeutic protein or 
peptide. The endodermal cell is isolated by the method of 
inducing differentiation of an isolated marroW cell into an 
endodermal cell, particularly an insulin-secreting pancreatic 
islet cell, as recited above. The endodermal cell is then 
transfected With an isolated nucleic acid encoding a thera 
peutic protein or peptide that, When eXpressed, Will effect 
treatment of a disease, disorder, or condition associated With 
a tissue of endodermal origin, particularly pancreatic origin. 
In an aspect of the invention, the therapeutic protein or 
peptide encoded by the isolated nucleic acid is a cytokine, a 
chemokine, insulin, glucagon, another endocrine hormone, a 
trophic protein, a groWth factor, an antibody, or a tumor 
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toXic protein. The invention encompasses diseases, disor 
ders, or conditions of organ systems of endodermal lineage 
including, but not limited to, Type I diabetes, Type II 
diabetes, pancreatitis, in?ammatory boWel disease, stomach 
cancer, colon cancer, colo-rectal cancer and liver disease. 

[0027] In one aspect, the transfected endodermal cell, 
particularly an insulin-secreting pancreatic islet cell, made 
by this method is a rodent cell. In another aspect the 
transfected endodermal cell is a rat cell. In a preferred 
aspect, the transfected cell made by this method is a human 
cell. 

[0028] The invention also includes endodermal cells, par 
ticularly insulin-secreting pancreatic islet cells, made by the 
method of inducing differentiation of isolated marroW cells 
into nestin-positive endodermal/neuronal precursor cells and 
inducing the nestin-positive endodermal/neuronal precursor 
cells into endodermal cells, particularly insulin-secreting 
pancreatic islet cells. The method comprises contacting the 
isolated marroW stromal cells With at least one differentia 
tion-inducing compound Which induces the isolated marroW 
cells to differentiate to nestin-positive endodermal/neuronal 
precursor cells. Contact betWeen the nestin-positive endo 
dermal/neuronal precursor cells and at least one endodermal 
differentiation-inducing compound, in particular an insulin 
secreting pancreatic islet cell inducing compound, induces 
differentiation of the nestin-positive endodermal/neuronal 
precursor cells into the endodermal cells of the invention, 
particularly insulin-secreting pancreatic islet cells. 
[0029] In an aspect, the endodermal cells, particularly 
insulin-secreting pancreatic islet cells, made by this method 
are rodent cells. In another aspect, the endodermal cells, 
particularly insulin-secreting pancreatic islet cells, are rat 
cells. In a preferred aspect, the endodermal cells, particularly 
insulin-secreting pancreatic islet cells, made by this method 
are human cells. 

[0030] The invention also includes an isolated endodermal 
cell, particularly an insulin-secreting pancreatic islet cell, 
produced by a method comprising isolating a marroW stro 
mal cell and contacting the isolated marroW stromal cell 
With at least one endodermal/neuronal precursor differen 
tiation-inducing compound that induces the isolated marroW 
stromal cell to differentiate into an isolated nestin-positive 
endodermal/neuronal precursor cell. The nestin-positive 
endodermal/neuronal precursor cell is contacted With at least 
one endodermal differentiation-inducing compound. This 
induces the isolated nestin-positive endodermal/neuronal 
precursor cell to differentiate into an isolated endodermal 
cell, particularly an insulin-secreting pancreatic islet cell 
[0031] The invention also includes an isolated transfected 
endodermal cell, particularly an insulin-secreting pancreatic 
islet cell, produced by a method comprising inducing dif 
ferentiation of an isolated marroW cell into an endodermal 

cell, particularly an insulin-secreting pancreatic islet cell, as 
recited above. The endodermal cell is then transfected With 
an isolated nucleic acid encoding a therapeutic protein or 
peptide that, When eXpressed, Will effect treatment of a 
disease, disorder, or condition associated With a tissue of 
endodermal origin, particularly pancreatic origin. In an 
aspect of the invention, the therapeutic protein or peptide 
encoded by the isolated nucleic acid is a cytokine, a chemok 
ine, insulin, glucagon, another endocrine hormone, a trophic 
protein, a groWth factor, an antibody, or a tumor toXic 
protein. 
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[0032] In an aspect, the transfected endodermal cell is 
rodent cell. In another aspect, the transfected endodermal 
cell is a rat cell. In a preferred aspect, the transfected 
endodermal cell is a human cell. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0033] The foregoing summary, as Well as the following 
detailed description of the invention, Will be better under 
stood 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 pre 
ferred. It should be understood, hoWever, that the invention 
is not limited to the precise arrangements and instrumen 
talities shoWn. 

[0034] FIG. 1. Undifferentiated MSCs express genes rep 
resentative of all germ layers. Messenger RNA Was har 
vested from undifferentiated MSCs, converted to cDNA, and 
target genes Were ampli?ed using speci?c primer pairs (see 
Table 1 for symbol and primer sequences). Ampli?cation 
resulted in a single band in each reaction Where cDNA target 
Was provided (RT+). Control lanes, Where no RTase Was 
present during the cDNA synthesis reaction, did not yield 
product. Kilobase ladder (Kb) and X/Hind III DNA (M) 
Were employed as markers. 

[0035] FIG. 2. Neuronal differentiation of MSCs alters the 
pattern of gene expression. RNA Was harvested from undif 
ferentiated MSCs (S) or from MSC-derived neurons (N) 48 
hours after neuronal induction. RT-PCR Was performed to 
amplify gene products representing speci?c germ layers. 
Neuronal induction decreased expression of ceruloplasmin, 
NMDA receptor glutamate binding subunit, and protamine2 
signi?cantly, While expression of aldolase C, SMZZO. and 
syntaxin Was less affected. The level of expression of APP 
Was not changed by neuronal induction. )t/Hind III DNAWas 
used as M. W. marker 

[0036] FIGS. 3A-B. MSC-derived neurons express the 
neuronal marker NF-M. A. RNA Was harvested from undif 
ferentiated MSCs maintained in SFM (SFM) and from 
MSCderived neurons maintained in NIM (NIM) for 24 
hours. RT-PCR performed With primers speci?c for NF-M 
yielded a single band from MSC-derived neurons. A very 
faint band corresponding to the NF-M product Was also 
detected in cells maintained in SFM. RT-PCR of RNA 
derived from the cerebellum of adult rats yielded a NF-M 
product of the same siZe, demonstrating speci?city of the 
reaction. Equal ampli?cation of noggin (inset) indicates 
equivalence of cDNA target. )t/Hind III DNA Was used as 
M.W. marker B. NF-M message Was undetectable in 
MSCs maintained in SFM, but is just above the level of 
detection in cells exposed to NIM at 5 hours. The level of 
expression of NF-M increased dramatically after a 24-hour 
exposure to NIM. )t/Hind III DNAWas used as M. W. marker 

(M) 
[0037] FIGS. 4A-B. Neuronal differentiation alters 
expression of neural genes. A. RT-PCR analysis Was utiliZed 
to assess expression of neuroglial genes during the initial 48 
hours of neuronal differentiation. APP expression in undif 
ferentiated MSCs (S), MSC-derived neurons at 24 hours 
(N-24) and 48 hours (N-48) post-induction remained con 
stant. GFAP and NeuroD (NeD) mRNA levels Were elevated 
in MSCs and decreased as neuronal differentiation pro 
ceeded. Message for the neuronal markers NF-M and tau 
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Were undetectable in MSCs but increased With ongoing 
neuronal differentiation. tau message Was present in multiple 
isoforms (bracketed bands). )t/Hind III DNA Was used as M. 
W. marker B. RT-PCR folloWed by high resolution 
electrophoresis revealed three distinct bands corresponding 
to knoWn splice variants of tau message that Were present in 
MSC-derived neurons at 48 hours post-induction No 
signal Was discernible in undifferentiated MSCs. SiZes (bp) 
of loW M. W. fragments of Kilobase ladder (Kb) are indi 
cated. 

[0038] FIGS. 5A-B. MSC-derived neurons express tau 10 
days after induction. MSC-derived neurons Were ?xed and 
processed immunocytochemically for tau expression. A. 
Intensely tau-positive neuron (<) displays contracted cell 
body and long processes studded With varicosity-like sWell 
ings (arroWs) While neighboring cells lack both neuronal 
morphologies and strong tau staining. B. tau-positive MSC 
derived neuron (>) exhibits an extremely long process Which 
terminates in a groWth conelike structure (arroW). Neigh 
boring cells shoW varying intensities of tau staining indica 
tive of heterogeneous level of expression of this neuronal 
marker. Magni?cation 200x. 

[0039] FIGS. 6A-D. MSC-derived neurons express 
TOAD-64, [3-tubulin III and synaptophysin. MSC-derived 
neurons Were ?xed 10 days after differentiation and pro 
cessed immunocytochemically for neuronal markers. MSC 
derived neurons express (A) TOAD-64, (B) [3-tubulin III, 
and (C) synaptophysin, With intense staining in the varicos 
ity-like sWellings (arroWs). Magni?cation 200x. D. RTPCR 
for synaptophysin Was performed on RNA harvested from 
undifferentiated MSCs (S) and MSC-derived neurons 24 
(N-24) and 48 (N-48) hours postinduction. A signal indicat 
ing the presence of synaptophysin message is not detected in 
MSCs, but becomes increasingly evident With progressing 
neuronal differentiation. 

[0040] FIGS. 7A-D. MS C-derived neurons express 
enZymes required for neurotransmitter biosynthesis. MSC 
derived neurons Were ?xed at 10 days post-induction and 
processed immunocytochemically. A, B. Cells exhibiting 
neuronal morphologies shoW intense staining for CHAT (>), 
While ?at stromal-like cells (arroW) do not. The perinuclear 
staining pattern is particularly evident in the bipolar neuron 
in A. C, D. A subpopulation of cells express TH (>), While 
the majority of MSC-derived neurons (arroW) do not express 
this protein. Magni?cation 200x. 

[0041] FIGS. 8A-C. Neuronal differentiation is reversible 
morphologically and transcriptionally. A. MSC-derived neu 
rons at 24 hours post induction display neuronal morpholo 
gies With highly refractile cell bodies and long process like 
extensions. B. Same cells as in A. 24 hours after NIM 
WithdraWn. Cell bodies have ?attened and processes have 
been WithdraWn, yielding cells With stromal morphologies. 
Magni?cation 200x. C. Morphologic reversion is accompa 
nied by changes in gene expression, identi?ed by RT-PCR. 
Ceruloplasmin, protamine2, GFAP, and NeuroD are 
expressed at higher levels in reverted cells (R48) than in 
MSC-derived neurons (N-48) at 48 hours post-induction. 
The level of expression of APP and SM22 cc is unaltered by 
the reversion process. 

[0042] FIG. 9A is a graph depicting ?uorescent cell 
sorting of passage 1 rMSCs using mouse monoclonal anti 
bodies that speci?cally bind With cell surface marker CD11b 
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(CDll/integrin alpham/Mac-l alpha chain; Pharmingen, 
San Diego, Calif.) (un?lled peaks). The secondary antibody 
used Was anti-mouse antibody conjugated With ?uoresceine 
isothiocyanate (FITC). An isotype control is included in 
each experiment to identify background ?uorescence (?lled 
peaks). Number of cells analyZed (Events) is plotted on the 
Y-axis, While intensity of staining is plotted on the X-axis. 

[0043] FIG. 9B is a graph depicting ?uorescent cell sort 
ing of passage 1 rMSCs using mouse monoclonal antibodies 
that speci?cally bind With cell surface marker CD45/leuko 
cyte common antigen (Pharmingen) (un?lled peaks). The 
secondary antibody is anti-mouse antibody conjugated With 
?uoresceine isothiocyanate (FITC). An isotype control is 
included in each experiment to identify background ?uo 
rescence (?lled peaks). Number of cells analyZed (Events) is 
plotted on the Y-axis, While intensity of staining is plotted on 
the X-axis. 

[0044] FIG. 9C is a graph depicting ?uorescent cell 
sorting of passage 1 rMSCs using mouse monoclonal anti 
bodies that speci?cally bind With cell surface marker CD90/ 
Thy-1/CD90.1/Thy1.1 (Pharmingen) (un?lled peaks). The 
secondary antibody is anti-mouse antibody conjugated With 
?uoresceine isothiocyanate (FITC). An isotype control is 
included in each experiment to identify background ?uo 
rescence (?lled peaks). Number of cells analyZed (Events) is 
plotted on the Y-axis, While intensity of staining is plotted on 
the X-axis. The data disclosed herein demonstrate that the 
?uorescence intensity is greater (shifted to the right) When 
rMSCs are incubated With CD90 antibody (un?lled), as 
compared to control antibody (?lled), indicating that the vast 
majority of cells in the rMSC cultures express CD90, 
consistent With their undifferentiated state. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0045] The novel methods of the subject invention are 
based on the discovery MSC stem cells, Which We have 
previously shoWn to be capable of differentiating into neu 
ronal cells, express germline, ectodermal, endodermal and 
mesodermal genes prior to neurogenesis. (Woodbury, et 
al.—submitted for publication). That is, MSCs are not 
undifferentiated but rather “multi-differentiated.” The 
expression of genes characteristic of the endoderm, e.g. 
ceruloplasmin, by MSCs prior to neurogenesis Was unex 
pected and MSCs represent the ?rst adult stem cells used for 
the purpose of generating cells of endodermal lineage. 

[0046] According to the present invention, marroW stro 
mal cells are contacted With at least one endodermal/neu 
ronal differentiation-inducing agent that mediates partial 
differentiation of the cells into precursor cells Which express 
the speci?c marker nestin. The nestin-positive precursor 
cells prepared according to the methods described herein 
have the potential to differentiate into cells of neuronal 
and/or endodermal lineage. 

[0047] MSC cultures simultaneously express a Wide array 
of mRNA and protein markers that are normally associated 
With cells of multiple distinct developmental lineages 
including neural (ectodermal), vascular/hematopoietic 
(mesodermal), muscle (mesodermal) and endoderm lin 
eages. Mesodermal cells include, for example, connective 
tissue cells, (e.g. ?broblasts), bone, cartilage (e.g. chondro 
cytes), muscle (e. g. myocytes), blood and vessels, lymphatic 
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and lymphoid organ cells, pleura, pericardium, kidney, 
gonad and peritoneum. Ectodermal cells include, for 
example, epidermal cells such as those of the nail, hair, 
glands of the skin, nervous system, external organs (e.g. eyes 
and ears) and the mucosal membranes (e.g. mouth, nose, 
anal, vaginal). Endodermal cells include, for example, those 
of the pharynx, respiratory tract, digestive tracts, bladder, 
liver, pancreas, and urethra. 

[0048] The untreated MSC cultures of the invention simul 
taneously express an unexpectedly Wide variety of mRNA 
and polypeptide lineage markers in a pattern different from 
naturally occurring differentiated cells. Thus, the MSC cell 
cultures of the invention can be characteriZed by the pres 
ence or absence of the markers. Such markers include, for 
example, the endodermal marker ceruloplasmin, the meso 
dermal marker SM22ot, the germline marker protamine and 
ectodermal aldolase C, amyloid precursor protein, NMDA, 
glutamate binding subunit and syntaxin. In the mixed cul 
ture, not all markers Will be present in all cells, e.g. some 
markers may be absent due to differences in developmental 
state, culture conditions, etc. All cultures contacted With the 
endodermal/neuronal precursor-inducing compound of the 
invention Will express the ectodermal marker nestin and at 
least one marker characteristic of endodermal lineage e.g. 
ceruloplasmin. 
[0049] Expression of markers from different lineages in 
the resulting cultures can be due to multiple cell types Within 
the culture or can result from a multi- or pluri-potent cell 
capable of many distinct patterns of expression and physi 
ological roles. Clonal lines may be isolated and RT-PCR 
expression pro?le carried out on each. Expression of a Wide 
variety of lineages Within clonal lines indicates that differ 
entiated cells are derived from a multi-potent cell. The 
unique, multifarious expression characteristics of MSCs 
suggest a multifunctional, multipotential differentiation 
capability. 
[0050] GroWth media can be enhanced With a Wide variety 
of compounds including but not limited to retinoic acid, 
dimethylsulfoxide (DMSO), cAMP activators such as for 
skolin, isobutylmethylxanthine and dibutyryl cAMP, anti 
oxidants such as beta-mercaptoethanol, dimethylsulfoxide, 
butylated hydroxytoluene, butylated hydroxyanisole, ascor 
bic acid, dimethylfumarate, N-acetylcysteine and cytokines 
such as basic ?broblast groWth factor, epidermal groWth 
factor, and nerve groWth factor. 

[0051] The nestin-positive precursor cells prepared 
according to the methods described herein have the potential 
to differentiate into cells of neuronal and/or endodermal 
lineage, particularly pancreatic lineage, and may further be 
genetically modi?ed. Thus, the cell differentiation methods 
disclosed herein provide entirely neW strategies for repairing 
or replacing damaged or diseased tissues associated With 
organs of endodermal lineage such as the liver, stomach, 
intestine pancreas and other endocrine glands. 

[0052] The invention includes a method of inducing iso 
lated marroW stromal cells to differentiate into endodermal 
cells, in particular, pancreatic islet cells. Generally, cells are 
isolated from a donor, stromal cells are obtained therefrom, 
usually using a cell-sorting method, and the stromal cells are 
subsequently cultured in vitro. The donor may be a rat, for 
example, or the donor may be a human. The invention is 
intended to encompass a mammalian donor and should not 
be limited to the speci?c donors disclosed herein. 
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[0053] 
[0054] In one embodiment, to induce partial differentia 
tion of at least some of the undifferentiated MSCs to 
endodermal/neuronal precursor cells, the undifferentiated 
MSCs are pre-treated With an effective amount of at least 
one endodermal/neuronal precursor-inducing compound 
Which is introduced into the cell culture for a period of time. 
The length of time may vary according to the precise method 
being contemplated and should not be construed as limiting 
the invention in any Way. After pretreatment exposure to the 
endodermal/neural precursor-inducing compound, the cells 
are transferred to a serum-free medium containing an effec 
tive amount of the same endodermal/neuronal precursor 
inducing compound resulting in partial differentiation of the 
marroW stromal cells to nestin-positive endodermal/neural 
precursor cells. 

[0055] In preferred embodiments of the invention, anti 
oxidants serve as the endodermal/neuronal precursor-induc 
ing compounds, including but not limited to [3-mercaptoet 
hanol, dimethylsulfoxide, butylated hydroxytoluene, 
butylated hydroxyanisole, ascorbic acid, dimethylfumarate, 
and n-acetylcysteine. Particularly preferred is [3-mercapto 
ethanol. Antioxidants as used herein should be construed to 
include all antioxidants, as Well as other compounds Which 
induce the proliferation of nestin-positive MSCs. 

Induction of Endodermal/Precursor Cells 

[0056] Cell cultures and clonal lines of the nestin positive 
precursor cells of the invention retain a broad pattern of gene 
expression including simultaneous expression of markers 
normally associated With cells of the neural and endodermal 
lineages. For example the simultaneous expression of the 
neuronal marker nestin and the endodermal marker cerulo 
plasmin as detected by reverse transcriptase polymerase 
chain reaction (RT-PCR) con?rms that these nestin-positive 
cells are indeed multi-potent precursor cells capable of 
differentiating into cells of ectodermal and endodermal 
lineage. 
[0057] 
[0058] To induce the insulin-secreting pancreatic islet 
phenotype from adult stem cells according to one embodi 
ment of the present invention, MSCs are pre-treated With an 
effective amount of at least one endodermal/neuronal pre 
cursor-inducing compound that is introduced into the cell 
culture for a period of time. The length of time may vary 
according to the precise method being contemplated and 
should not be construed as limiting the invention in any Way. 
After pre-treatment exposure to the at least one endodermal/ 
neuronal precursor differentiation-inducing compound, the 
cells are transferred to a serum-free medium containing an 
amount of the same endodermal/neuronal precursor-induc 
ing compound to provide an environment that promotes 
vigorous proliferation of nestin-positive endodermal/neu 
ronal precursor cells. Nestin-positive precursor cells are then 
transferred to a medium containing at least one pancreatic 
islet differentiation-inducing compound to provide an envi 
ronment that promotes proliferation of differentiated pan 
creatic cell types. Pancreatic morphology in precursor cells 
becomes evident after exposure to the pancreatic islet dif 
ferentiation-inducing compound and becomes more evident 
steadily over time. Pancreatic islet marker expression also 
becomes apparent after treatment, in particular, insulin 
secretion. Differentiated pancreatic cell types eventually 
express other pancreatic markers knoWn to those skilled in 
the art, such as glucagon. 

Induction of Pancreatic Phenotype 

Jun. 5, 2003 

[0059] In one aspect of the invention, the pancreatic islet 
differentiation-inducing compound for inducing differentia 
tion of nestin-positive endodermal/neuronal precursor cells 
to insulin-secreting pancreatic islet cells is a groWth factor. 
In a preferred embodiment, the groWth factor is basic 
?broblast groWth factor (bFGF). The invention contemplates 
other groWth factors including but not limited to insulin-like 
groWth factor, epidermal groWth factor and nicontinamide. 

[0060] Progressive differentiation of the nestin-positive, 
partially differentiated endodermal/neuronal precursor cells 
to insulin-secreting pancreatic islet cells corresponds With a 
decrease in nestin expression and an increase insulin pro 
duction, indicating that differentiated insulin-secreting pan 
creatic islet cells are produced. Further characteriZation can 
be accomplished using knoWn immunocytochemical and 
antibody techniques. For example, immunocytochemical 
analysis of insulin-secreting pancreatic islet cells generated 
in vitro reveals that the cells also express other proteins that 
are associated With naturally-differentiated pancreatic islet 
cells. 

[0061] The invention also includes a method for producing 
an isolated pancreatic islet cell from isolated marroW stro 
mal cells. The method comprises differentiating an isolated 
marroW stromal cell in the same general manner as recited 
above, thereby producing an isolated insulin-secreting pan 
creatic islet cell. 

[0062] The differentiated insulin producing pancreatic 
cells generated as described herein may be further tested to 
determine their viability in vivo. The insulin producing islet 
cells may be transplanted, using sterile technique and knoWn 
and accepted procedures, into individual experimental ani 
mals, typically implanted beneath the kidney capsule as 
disclosed in Us. Pat. No. 6,001,647. 

[0063] The invention further includes a method of treating 
a human patient having a disease, disorder, or condition of 
the pancreatic endocrine system by administering the dif 
ferentiated insulin-secreting pancreatic islet cells of the 
invention to the body of the patient. 

[0064] The methods disclosed herein encompass introduc 
tion of differentiated insulin-secreting pancreatic islet cells 
and/or other endodermal cells in cell-based therapeutics 
Where a patient is in need of the administration of such cells. 
The differentiated cells are preferably administered to a 
human. When isolated insulin-secreting pancreatic islet cells 
are administered to a patient With diabetes, the insulin 
secreting pancreatic islet cells Will bene?cially in?uence 
cells Which are already present in the pancreatic system. For 
example, insulin-secreting pancreatic islet cells Which are 
introduced into the body of the patient may be used to 
replace non-functioning and/or damaged pancreatic islet 
cells. 

[0065] Thus, the methods disclosed herein induce marroW 
stromal cell differentiation into endodermal cells, particu 
larly insulin-secreting pancreatic islet cells. Such methods 
are crucial in the development of cell-based therapeutics for 
treatment of diabetes. Indeed, prior to the present invention, 
the lack of sources of pancreatic cells that can be introduced 
into the pancreas of a human patient, has severely impeded 
the development of Type I and Type II diabetes therapeutics. 
The adult marroW stem cells constitute a unique and novel 
source for the production of pancreatic cells for the treat 
ment of diabetes. 
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[0066] The cells produced by the methods disclosed herein 
are useful in the treatment of Type I diabetes Which afflicts 
tWo million patients due to pancreatic islet cell damage and 
requiring insulin injection. It is estimated that thirty-?ve 
million patients With Type II diabetes associated With non 
responsiveness of target tissues to insulin are treated by 
insulin injection, a signi?cant portion of Which may be 
replaced through the use of the generated pancreatic islet 
cells. 

[0067] The ability to groW functioning islet cells in vitro 
from the bone marroW stromal cells of an individual repre 
sents a major technical breakthrough and facilitates the use 
of neW strategies for treating and studying insulin-dependent 
diabetes. For example, in accordance With the subj ect inven 
tion, neW cultured islets from diabetic individuals can be 
implanted in a patient as a Way to control or eliminate the 
patient’s need for insulin therapy because the cultured islets 
and/or islet cells are able to produce insulin in vivo. 

[0068] 
[0069] Additional methods employ cultures optimiZed to 
induce differentiation of the nestin-positive endodermal/ 
neuronal precursor cells of the invention into other cells of 
endodermal lineage including but not limited to gut epithe 
lium and liver cells. 

Induction of Other Endodermal Phenotypes 

[0070] By employing various combinations of factors at 
different stages, different seeding densities and at different 
times, MSC cultures may be optimiZed to preferentially 
induce differentiation to various desired cell fates. In addi 
tion, factors produced by the MSC cultures in the course of 
differentiation Which augment groWth of a particular cell 
type can be isolated, sequenced, cloned, produced in mass 
quantities, and added to MSC cultures to facilitate groWth 
and targeted differentiation of those cultures. The relevant 
factors are identi?ed by concentrating MSC culture super 
nates from early, intermediate and late stages of differentia 
tion and testing for the ability of these concentrates to 
augment MSC groWth and differentiation into the target 
population. Positive effects for the desired cell type are 
correlated With molecular constituents in the concentrates by 
tWo-dimensional gel electrophoresis of positive and nega 
tive supernates, puri?cation and N-terminal sequencing of 
spots present only in the positive concentrates and subse 
quent cloning and expression of the genes encoding these 
factors. 

[0071] The invention further includes a method of treating 
a human patient having a disease, disorder, or condition 
associated With tissues of endodermal origin by administer 
ing particular differentiated endodermal cells of the inven 
tion to the body of the patient. The methods disclosed herein 
encompass introduction of differentiated endodermal cells in 
cell-based therapeutics Where a patient is in need of the 
administration of such cells. The differentiated cells are 
preferably administered to a human. The precise site of 
administration of the differentiated cells Will depend on any 
number of factors, including but not limited to, the site of a 
lesion to be treated, the type of disease being treated, the age 
of the human and the severity of the disease, and the like. 
Determination of the site of administration is Well Within the 
skill of the arstisan versed in the administration of cells to 
animals. 

[0072] As a result, these MSC derived precursor cells 
create a potential therapeutic treatment for a variety of other 
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diseases associated With of endodermal origin, including but 
not limited in?ammatory boWel disease, stomach cancer, 
colon cancer, colo-rectal cancer and liver disease. Determi 
nation of the site of administration is Well Within the skill of 
the artisan versed in the administration of cells to mammals. 
Cells may be introduced by direct injection, by using a 
shunt, or by any other means used in the art for the 
introduction of compounds into any of several organ sys 
tems. 

[0073] Tissue Engineering 

[0074] The subject invention also greatly facilitates 
genetic engineering of endodermal cells, particularly islet 
cells, to resist subsequent immunological destruction. For 
example, cultured islet cells can be transformed to express 
a protein or peptide Which Will inhibit or prevent the 
destructive immune process. Other useful proteins or pep 
tides may be expressed. In addition, expression of speci?c 
autoantigens, such as GAD, 64 kD islet cell surface antigens 
(see Payton et al., 1995), or any other markers identi?ed on 
the differentiated pancreatic cells, can be eliminated by 
standard gene knock-out or selection procedures to produce 
differentiated pancreatic cells Which are not susceptible or 
are less susceptible to auto-immune attack. Methods for 
producing such mutant or knock out cell lines are Well 
knoWn in the art and include, for example, homologous 
recombination methods disclosed in Us. Pat. Nos. 5,286, 
632; 5,320,962; 5,342,761; and in WO 90/11354; WO 
92/03917; WO 93/04169; WO 95/17911, all of Which are 
herein incorporated by reference for this purpose. 

[0075] Moreover, the subject invention contemplates the 
in vivo use of in vitro groWn MSCs to produce pancreas-like 
structures or an “ecto-pancreas” organ that exhibits func 
tional, morphological and histological characteristics similar 
to those observed in a normal pancreas. Thus, the ability to 
produce a functional “ecto-pancreas” in vivo from in vitro 
groWn pancreatic cells can be used to treat, reverse or cure 
a Wide variety of pancreatic diseases. 

[0076] De?nitions 

[0077] 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. 

[0078] As used herein, “stromal cells”, “isolated marroW 
stromal cells” and “MSCs” are used interchangeably and are 
meant to refer to the small fraction of cells in bone marroW 
Which can serve as stem cell-like precursors of osteocytes, 
chondrocytes, adipocytes and various other cell types and 
Which are isolated from bone marroW by their ability adhere 
to plastic dishes. MarroW stromal cells may be derived from 
any animal. In some embodiments, stromal cells are derived 
from primates, preferably humans. 

[0079] As used herein, the term “isolated” referring to a 
cell is meant to refer to a cell Which has been separated from 
its natural environment. This term includes gross physical 
separation from its natural environment, e.g., removal from 
the donor animal, e.g., a rat or human. When used to refer 
to a population of cells, the term “isolated” includes popu 
lations of cells Which result from proliferation of the isolated 
cells of the invention. For uses requiring a pure population 
of the endodermal cells produced by the present invention, 
particularly insulin-secreting pancreatic islet cells, the dif 
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ferentiated cells of the invention can be isolated from a 
mixture of cells by several methods known in the art. 

[0080] As used herein, the term “anti-oxidant” is meant to 
refer to those substances that inhibit oxidation or reactions 
promoted by oxygen or peroxides. Examples of anti-oxi 
dants include, but are not limited to, beta-mercaptoethanol, 
dimethylsulfoxide, butylated hydroxytoluene, butylated 
hydroxyanisole, ascorbic acid, dimethylfumarate, and n-ace 
tylcysteine. 

[0081] As used herein, the terms “bene?cial protein or 
peptide” and “therapeutic protein or peptide” are used 
interchangeably and are meant to refer to a protein or 
peptide, for example insulin, Which can compensate for the 
protein encoded by a defective gene and/or insuf?cient gene 
expression that is causally linked to the disease or symptoms 
of the disease, disorder or condition characteriZed by a gene 
defect. The presence of the protein alleviates, reduces, 
prevents or causes to be alleviated, reduced or prevented, the 
causes and/or symptoms that characteriZe the disease, dis 
order or condition. 

[0082] As used herein, a disease, disorder or condition 
Which can be treated With a bene?cial or therapeutic protein 
or peptide is meant to refer to a disease, disorder or condition 
that can be treated or prevented by the presence of a protein 
Which alleviates, reduces, prevents or causes to be allevi 
ated, reduced or prevented, the causes and/or symptoms that 
characteriZe the disease, disorder or condition. Diseases, 
disorders and conditions Which can be treated With a ben 
e?cial protein or peptide include diseases, disorders and 
conditions characteriZed by a gene defect as Well as those 
Which are not characteriZed by a gene defect but Which 
nonetheless can be treated or prevented by the presence of 
a protein Which alleviates, reduces, prevents or causes to be 
alleviated, reduced or prevented, the causes and/or symp 
toms that characteriZe the disease, disorder or condition. 

[0083] The term “isolated nucleic acid” should be con 
strued to refer to a nucleic acid sequence, or segment, or 
fragment Which has been puri?ed from the sequences Which 
?ank 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 puri?ed from other components Which 
naturally accompany the nucleic acid, e.g., RNA or DNA or 
proteins Which naturally accompany it in the cell. 

[0084] As used herein, “transfected cells” is meant to refer 
to cells to Which a gene construct has been provided using 
any technology used to introduce nucleic acid molecules 
into cells such as, but not limited to, classical transfection 
(calcium phosphate or DEAE dextran mediated transfec 
tion), electroporation, microinjection, liposome-mediated 
transfer, chemical-mediated transfer, ligand mediated trans 
fer or recombinant viral vector transfer. 

[0085] The term “differentiation” as used herein, should 
be construed to mean the induction of a differentiated 
phenotype in an undifferentiated cell by coculturing the 
undifferentiated cell in the presence of a substantially homo 
geneous population of differentiated cells, in the presence of 
products of differentiated cells or in the presence of an 
inducer of cell differentiation. 
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[0086] The term “endodermal cell” as used herein should 
be construed to mean a cell expressing a phenotype char 
acteristic of a cell normally associated With a tissue derived 
from the endodermal embryonic germ layer. 

[0087] The term “endodermal/neuronal precursor cell” as 
used herein should be construed to mean an MSC partially 
differentiated such that it expresses nestin and has the 
potential to further differentiate into an endodermal and/or a 
neuronal cell phenotype. 

[0088] The term “endodermal/neuronal precursor-induc 
ing compound” as used herein is meant to refer to those 
compounds capable of inducing differentiation of a stromal 
cell into a nestin-positive endodermal/neuronal precursor 
cell. 

[0089] The term “insulin-secreting pancreatic islet cell” as 
used herein should be construed to mean an MSC differen 
tiated such that it expresses the pancreatic islet marker 
insulin. 

[0090] The term “neuron” as used herein should be con 
strued to mean a nerve cell capable of receiving and con 
ducting electrical impulses from the central nervous system. 
A nerve cell or “neuron” typically comprises a cell body, an 
axon, axon terminals, and dendrites and is derived from the 
ectodermal embryonic germ layer. 

[0091] The term “endodermal differentiation-inducing 
compound” is meant to refer to those compounds capable of 
inducing differentiation of a nestin-positive endodermal/ 
neuronal precursor cell into an endodermal cell. These 
compounds include, but are not limited to antioxidants, 
trophic factors, and groWth factors. 

[0092] The term “pancreatic islet differentiation-inducing 
compound” is meant to refer to those compounds capable of 
inducing differentiation of a nestin-positive endodermal/ 
neuronal precursor cell into a pancreatic islet cell. These 
compounds include, but are not limited to antioxidants, 
trophic factors, and groWth factors. 

[0093] The invention is further described in detail by 
reference to the folloWing speci?c examples. These 
examples are provided for purposes of illustration only, and 
are not intended to be limiting unless otherWise speci?ed. 
Thus, the invention should in no Way be construed as being 
limited to the folloWing examples, but rather, should be 
construed to encompass any and all variations Which 
become evident as a result of the teaching provided herein. 

EXAMPLES 

[0094] In a particular embodiment set forth as folloWs, 
adult rat stromal cells are expanded as undifferentiated cells 
in culture for a suf?cient number of passages to indicate their 
proliferative capacity. This exemplary treatment protocol 
induces the stromal cells to exhibit a pancreatic phenotype 
including pancreatic islet cell morphology and expression of 
various pancreatic-speci?c markers. 

[0095] Human marroW stromal cells treated using the 
novel protocol exempli?ed herein differentiate into pancre 
atic cells similarly to rat MSCs. Thus, the protocol is not 
limited to rodent stromal cells. By use of the strategies 
exempli?ed herein, mammalian marroW stromal cells can be 
induced to differentiate into insulin-secreting pancreatic islet 
cells. 
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[0096] Cultures 

[0097] Rat MSCs are originally cultured in alpha-Modi 
?ed Eagle’s Medium (alpha-MEM) supplemented With 20% 
PBS, 2 mM L-glutamine, 100 units per milliliter penicillin, 
100 milligrams per milliliter streptomycin and 25 nano 
grams per milliliter amphotericin B. For each passage the 
cells are plated at about 8,000 cells per square centimeter 
and groWn to con?uency. At passage 6 the cells are trans 
ferred to DMEM (pH 8.0)/20% FBS Without additional 
supplementation, and maintained beyond passage 14. Sub 
con?uent cultures of rat and human MSCs are maintained in 
DMEM/20% PBS. 

[0098] TWenty-four hours before induction of partial dif 
ferentiation to nestin-positive precursor cells, medium is 
replaced With a pre-induction medium consisting of DMEM, 
20% FBS and 1 millimolar B -mercaptoethanol. The cells 
are then transferred to a serum free endodermal/neuronal 
precursor induction medium composed of DMEM and 1-10 
millimolar 13-mercaptoethanol. Under these circumstances, 
the cells begin to express nestin indicating that they are 
partially differentiated, potentially endodermal and/or neural 
precursors. To effect further differentiation to pancreatic islet 
cell phenotype, the partially differentiated nestin-positive 
endodermal/neuronal precursor cells are transferred to 
serum-free DMEM containing 1-10 mM B-mercaptoethanol 
With and Without 10 nanograms/ml basic ?broblast groWth 
factor (bFGF). 

[0099] In parallel preparations, the precursor induction 
medium is composed of DMEM and 200 micromolar buty 
lated hydroxyanisole and the nestin-positive endodermal/ 
neuronal precursor cells are transferred to serum-free 
DMEM containing 1-10 mM butylated hydroxyanisole With 
and Without 10 nanograms/ml bFGF. 

[0100] Pancreatic/Neuronal Precursor Characterization 

[0101] rMSCs are initially maintained in sub-con?uent 
cultures in pre-induction media supplemented With 1 mM 
beta-mercaptoethanol (BME) for 24 hours. Under these 
conditions no changes in morphology are evident. To effect 
differentiation into pancreatic/neuronal precursor cells, the 
cells are transferred to serum-free medium containing 1-10 
millimolar BME (SFM/BME). Within 5 hours of exposure 
to SFM/BME the cells begin to express nestin. 

[0102] 
iZation 

Insulin-Secreting Pancreatic Islet Cell Character 

[0103] Nestin-positive endodermal/neuronal precursor 
cells from the precursor induction medium are transferred to 
serum free medium containing 1-10 mM mercaptoethanol 
With bFGF (SFM/BME/bFGF) and Without bFGF (SFM/ 
BME). The expression of nestin decreases over time as the 
cells mature and eventually differentiate to insulin-secreting 
pancreatic islet cells. This is associated With a concomitant 
increase in insulin secretion by the differentiated cells. 

[0104] To examine the effects of different anti-oxidants in 
mediating the induction of differentiation in MSCs to endo 
dermal/neuronal progenitors, rMSCs may be treated With 
other anti-oxidants, e.g., dimethylsulfoxide (DMSO), buty 
lated hydroxyanisole (BHA), or butylated hydroxytoluene 
(BHT), ascorbic acid, dimethylfumarate, n-acetyleysteine, 
and the like, both alone and in combination With each other. 
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[0105] Clonal Analysis 
[0106] To determine Whether individual rMSCs exhibit 
stem cell characteristics of self-reneWal and pluripotential 
ity, individual clones are analyZed. To establish clones, 
rMSCs are plated at approximately cells per square centi 
meters, groWn to 50-150 cells per colony, isolated With 
cloning cylinders, transferred to separate Wells and eventu 
ally to individual ?asks. Stem cell characteristics are con 
?rmed When single cells replicate as typical rMSCs and 
differentiate into insulin secreting pancreatic islets cells after 
treatment. 

[0107] Human Stromal Cells Differentiate into Insulin 
Secreting Pancreatic Islet Cells 

[0108] The pancreatic and/or neuronal cell potential of 
MSCs is not unique to rodents as can can be demonstrated 
by previous experiments using MSCs obtained from humans 
(hMSCs). In those studies, hMSCs Were isolated from a 
healthy adult donor and groWn in vitro (Bjornson et al., 
1999, Science 283:534-537). hMSCs resembled their rodent 
counterparts, groWing as large ?at cells in the undifferenti 
ated state. Human marroW stromal cells subjected to the 
pancreatic differentiation protocols disclosed Will attain pan 
creatic islet cell characteristics in a time frame similar to that 
observed for rMSCs. 

[0109] Western Blot 

[0110] Thirty milligrams of protein extract from untreated 
(U), BME induced (I), and BME/bFGF-induced (II) rMSC 
pancreatic cultures are separated on a 4%-20% gradient 
acrylamide gel and electrophoretically transferred to a nylon 
membrane. The Western blot is probed for insulin expression 
using an anti-insulin monoclonal antibody folloWed by 
secondary antibody conjugated With horse radish peroxidase 
(HRP). Color development is performed using enhanced 
chemiluminescence reagents. 

[0111] The blot is then stripped and probed for nestin 
expression using anti-nestin polyclonal antibody. Again, the 
secondary antibodies are BRP-conjugated, and color is 
developed using ECL reagents. 

[0112] 
[0113] Cultured rMSCs are ?xed With 4% paraformalde 
hyde, incubated With primary antibody overnight at 4° C., 
incubated With secondary antibody for one hour, folloWed 
by exposure to avidin-biotin complex for one hour at 25° C. 
DiaminobenZidene (DAB) serves as chromogenic substrate 
for HRP. 

[0114] FM1-43 Labeling 
[0115] Cultures are treated With DMSO/BHA in serum 
free media (SFM) for approximately 4 hours. The cells are 
maintained for an additional 30 minutes in arti?cial cerebral 
spinal ?uid (aCSF)/BHA. Cells are labeled in aCSF con 
taining I millimolar FM1-43 and 75 mM KCI for 60 sec 
onds. The labeling mixture is removed, the cultures are 
Washed tWice With aCSF, and the cells are incubated in aCSF 
for 60 minutes to reduce background staining. Cultures are 
?xed With 4% paraformaldehyde, and soaked for 24 hours in 
phosphate buffered saline (PBS) before analysis. 
[0116] Stromal Cell CharacteriZation 

[0117] Rat mesenchymal stromal cells (rMSCs) are iso 
lated from the femurs of adult rats and propagated in vitro 
(AZiZi et al., 1998, Proc. Natl. Acad. Sci. USA 9513908 
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3913). The data disclosed from previous experiments shown 
in FIG. 9A demonstrate that the distribution of cells stained 
With antibody to CD19B (un?lled) does not differ from that 
of isotype control (?lled), indicating the rMSC cultures do 
not contain signi?cant numbers of contaminating CD11b 
expressing cells. The absence of hematopoietic precursors in 
the stromal cell cultures prepared according to the method of 
the invention may also be veri?ed. FIG. 9B also demon 
strates that in previous studies, the intensity of staining does 
not differ betWeen CD45 antibody (un?lled) and control 
(?lled) pro?les, indicating that rMSCs cultured according to 
the present invention methods are not contaminated by 
CD45-expressing cells. Fluorescent cell sorting at passage 1 
also demonstrates that the cells are negative for CD11b 
(FIG. 9A), and CD45 (FIG. 9B), Which are cell surface 
markers associated With lymphohematopoietic cells. Rat 
MSCs also express CD90 (FIG. 9C), consistent With their 
undifferentiated state. 

[0118] At the outset of the pancreatic differentiation dis 
closed elseWhere herein, untreated rMS Cs are further char 
acteriZed by staining for the cell surface markers CD44 and 
CD71. Cells positive for CD44 and CD71 expression, are 
consistent With previous reports (Pittenger et al., 1999, 
Science 5 284:143-147; Bruder et al., 1998, Clin. Orthop. 
Relat. Res. 355S1S247-S256). To the best of Applicants’ 
knowledge, this is the ?rst report that peripheral mesenchy 
mal cells can differentiate into cells of endodermal lineage 
in vitro. In particular, the present invention provides meth 
ods of directing differentiation of MSCs into insulin pro 
ducing pancreatic islet cells in vitro. MSCs are useful in the 
treatment of a Wide variety of diseases disorders and con 
ditions, and these cells offer signi?cant advantages over 
other so-called “stem” cells. That is, bone marroW cells are 
readily accessible and provides a reneWable population 
Which can be expanded in vitro thereby alloWing complex 
gene manipulations to be performed for ex vivo gene 
therapy and/or for cell therapy for endodermal diseases, 
disorders or conditions that require administering cells to the 
site of an endodermal organ. Furthermore, autologous trans 
plantation overcomes the ethical and immunologic concerns 
associated With the use of fetal tissue. Moreover, MSCs 
groW rapidly in culture, precluding the need for immortal 
iZation, and are capable of differentiating into cells normally 
derived from multiple lineages including insulin producing 
pancreatic islet cells produced according to the protocols 
disclosed herein. 

[0119] The folloWing observations suggest that untreated 
MSCs are “multidifferentiated” and that further differentia 
tion to speci?c phenotypes, for example neuronal or pan 
creatic phenotypes, comprises quantitative modulation of 
gene expression rather than simple on-off sWitching of 
phenotypically speci?c genes. 

[0120] MSCs normally differentiate into bone, cartilage, 
muscle, tendon and fat, classical mesenchymal derivatives 
(OWen, 1988; Beresford, 1989; Young et al., 1998; Pittenger 
et al., 1999). We recently found that MSCs can be induced 
to overcome their mesenchymal fate and differentiate into 
neurons in vitro (Woodbury et al., 2000). Treatment With a 
relatively simple, fully de?ned medium elicited neuronal 
differentiation of approximately 80% of the cells. Within 
?ve hours, the MSCs formed characteristic refractile spheri 
cal cell bodies, extended typical long neuritic processes 
exhibiting terminal expansions and ?lopodia. The treated 
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MSCs expressed the neuroepithelial gene product, nestin, 
transiently, the neuronal products neuro?lament M (NF-M), 
tau and Neu-N de novo, and increased expression of neuron 
speci?c enolase (NSE). These unanticipated observations 
indicate that MSCs may be useful in the treatment of a 
number of neurological diseases, and raise basic questions 
regarding stem cell biology and mechanisms of differentia 
tion. In addition, the discovery that developing islet cells 
also express nestin ZuleWski et al., 2001, Diabetes 50: 
521) points to the potential of MSCs as sources of insulin 
producing pancreatic islet cells. 

[0121] MSCs Express Diverse Genes 

[0122] To begin characteriZing the undifferentiated MSCs 
more fully, We examined expression of a representative 
spectrum of genes that included those speci?c for diverse 
lineages. Our initial microarray screen of cultured dissoci 
ates revealed that the MSCs expressed many genes associ 
ated With differentiated cells. The expressed genes Were not 
limited to mesodermal lineages, but included genes repre 
sentative of all germ layers. 

[0123] To con?rm this unexpected observation, We 
assayed transcript levels by RT-PCR, focusing on prototypi 
cal genes speci?c for different germ layers. In addition to 
expression of expected mesodermal messages, such as 
SM22ot, RT-PCR revealed mRNA for endodermal cerulo 
plasmin, ectodermal syntaxin, aldolase C, glutamate recep 
tor binding protein and APP (amyloid precursor protein), 
and germline protamine2 (FIG. 1; Table 1). Omission of 
RTase in controls eliminated PCR products, con?rming that 
the signals observed in the experimental groups Were 
derived from RNA transcripts and not contaminating 
genomic DNA (FIG. 1). 
[0124] Expression of additional mRNA species identi?ed 
by microarray, including mesodermal myosin and leptin, and 
neural N-methyl-D-aspartate receptor subunit 1 (NMDA RI) 
Was also con?rmed by RT-PCR. 

[0125] Gene Expression During Neuronal Differentiation 

[0126] While the expression of diverse gene products 
characteristic of distinct lineages by “undifferentiated” 
MSCs Was unexpected, it may re?ect extensive plasticity 
intrinsic to this stem cell population. Differentiation to 
specialiZed cell types, in turn, might be expected to differ 
entially alter transcription of subsets of these messages. To 
examine this contention, We subjected MSCs to the neuronal 
differentiation protocol, harvested RNA after 48 hours, and 
assessed expression of the foregoing prototypical target 
genes by RT-PCR. In fact, neuronal differentiation signi? 
cantly altered the pattern of gene expression. Induction 
decreased the transcription of germline protamine2 to unde 
tectable levels. Similarly, endodermal ceruloplasmin dra 
matically decreased. Perhaps unexpectedly, NMDA receptor 
binding protein also decreased. Expression of the neural 
genes aldolase C and syntaxin exhibited modest decreases, 
as did muscle-speci?c SM22ot. Among the genes surveyed, 
only APP expression remained unchanged as the MSCs 
assumed neuronal morphologic characteristics, alloWing this 
signal to serve as an internal control, con?rming that equal 
amounts of cDNA Were present in each reaction. 

[0127] We had previously found that the neuron-speci?c 
intermediate ?lament, NF-M is expressed by MSC-derived 
neurons, but not by undifferentiated MSCs (Woodbury et al., 


























