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Fig. 5 - Enhancement of cardiomyogenic differentiation of 9-15¢ cells by co-cultivation with murine fetal cardiomyocytes.

A: Frequencies of cardiomyogenic differentiation in 9-15c cells, 9-15c¢ cells overexpressing the Csx and GATA4 genes (9-15¢-CG
cells), and 9-15¢-CG cells co-cultured with murine fetal cardiomyocytes. B: Cardiomyogenic differentiation of EGFP-positive
9-15¢-CG cells co-cultured with murine fetal cardiomyocytes. Left: Green fluorescence of EGFP-positive 9-15¢-GG cells. Right:
Same field visualized by phase-contrast microscopy merged with fluorescence image. C: RT-PCR analysis of the Csx, GATA4,
ANP, cTnl and G3PDH genes in 9-15c¢ cells (lanes 1-4) and 9-15¢-GG cells (lanes 5-8). 9-15¢ cells (lane 1) and 9-15¢-CG cells (lane 5)
were cultured with exposure to 5-azacytidine alone (lanes 2 and 6) or 5-azacytidine and conditioned medium of cardiomyocyte
cultures (lanes 3 and 7), or 5-azacytidine, conditioned medium of cardiomyocyte cultures, PDGF, retinoic acid, and fibronectin
coating on a dish (lanes 4 and 8) for 4 weeks. D: Ratio mRNA expression level of ANP and cTnl to G3PDH in C. The mRNA level of

9-15c¢ cells (lane 4) was regarded as equal to 100%.

induced by 5-azacytidine or microRNAs, whose key roles in
stem cell biology are just emerging [37], also seem to be
needed.

Adipogenic 3T3-L1 [38], osteogenic MC3T3-E1 [39], and
chondrogenic ATDCS cells [40] have been isolated from stem
cells with a mesenchymal nature. In addition, cardiomyogenic
precursors may be obtained from stem cells such as cardiac
stem cells, embryonic stem cells, and mesenchymal stem
cells. Fetal cardiomyocytes are differentiated cardiomyocytes,
but not stem cells that can proliferate in vitro. Recently,
cardiac stem cells capable of clonogenically self-renewing
have been isolated from the adult heart [41-43]. Some cardiac
stem cells also retain plasticity. The retention of plasticity, i.e.,
the ability to transdifferentiate into skeletal myocytes and
endothelium, of 9-15c cells overexpressing Csx/Nkx2.5 and
GATA4 supports the idea that these cells may be considered
cardiac stem or amplifying cells in terms of differentiation and

self-renewal. On the other hand, Csx/Nkx2.5 inhibits the
myogenic differentiation of C2C12 cells and promotes neuro-
nal differentiation [44]. This unexpected effect of Csx/Nkx2.5
may be due to differential effects of the gene in different cell
types, or of transient versus constitutive expression of the
infected gene; dependency of the differentiated phenotypes
on the gene expression period is observed for the Notch gene
[45,46] and noggin gene [47].

Cell transplantation has been attempted to improve cardiac
function in severe heart failure; MSCs have been transplanted
to functionally restore damaged or diseased tissue in animal
models, and mononuclear cells or myoblasts have been
injected into ischemic hearts clinically. MSCs are capable of
differentiating into many types of cells, and ‘cardiomyogenic
master genes’ are able to enhance the commitment or deter-
mine the path to cardiomyogenic differentiation of these
MSCs. The stemness of MSCs determined by single-cell
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marking in this study needs to be taken into consideration
when we are considering mesenchymal stem cell-based
therapy: we should pay attention to the possible unexpected
differentiation of donor MSCs such as osteogenesis or chon-
drogenesis in the implanted heart.

In conclusion, we demonstrated that cardiomyocytes were
stochastically differentiated from MSCs and that forced
expression of Csx/Nkx2.5 and GATA4 enhanced the commit-
ment or determined the path to cardiogenic differentiation of
these MSCs. Our findings suggest that single-cell-derived
MSCs overexpressing Csx/Nkx2.5 and GATA4 behave like
cardiac transient amplifying cells and that Csx/Nkx2.5 and
GATA4 could be interesting target molecules for enhancing
cardiogenesis of MSCs.
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Two MSCs: Marrow stromal cells and mesenchymal
stem cells
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Marrow stromal cells (MSC1) are able to generate a series of terminally-differentiated cells in vitro. Most
experiments are performed with heterogeneous stromal cells obtained by adherence to plastic culture dishes.
Since bone marrow-derived stromal cells are purified to a homogeneous population meeting the criteria for
non-hematopoietic stem cells, these cells have been termed “mesenchymal stem cells” and have the
capability of generating an array of cells. However, “mesenchymal stem cells” (MSC2) are also actual multi-
purpose cells capable of differentiating into cells of mesoderm-origin regardless of cell sources. MSC2 can be
recovered from a variety of other tissues, such as fat, muscle, menstrual blood, endometrium, placenta,
umbilical cord, cord blood, skin, and eye. The terms “mesenchymal stem cell” and “marrow stromal cell”
have been used interchangeably in emerging literature to describe cells that can be used in regenerative
medicine, thereby introducing a degree of confusion. In this review, we re-organize the understanding of the
two MSCs, describe their biology and differentiate between the two.
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Introduction

Two MSCs, i.e.. marrow stromal cells (MSC1) and mesen-
chymal stem cells (MSC2). are attracting a great deal of atten-
tion, as they represent a valuable source of cells for use in regen-
crative medicine, as well as offering an excellent model of cell
differentiaton in biology. However, confusion exists in the lit-
erature due to poor application or misuse ol the terms and no-
menclature.

In general. mesenchymal stem cells are multi-potential stem

cells that can ditferentiate into a variety of cell types (ref. http:/
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en.wikipedia.org/wiki/Mesenchymal_stem_cell). They have
been shown to differentiate. in vitro or inn vivo. into osteoblasts.
chondrocytes. myocytes, adipocytes and neuronal cell among
others. Mesenchymal stem cells have traditionally been obtained
from bone marrow. and have commonly been referred to as
“marrow stromal cells"(MSC1).

While the terms  marrow stromal cell”(or"stromal cell”) and
“mesenchymal stem cell” have frequently been used inter-
changeably, they are increasingly recognized as separate enti-

ties as:



Inflammation and Regeneration

1. Stromal cells (MSC1) are a highly-heterogenous cell popu-
lation, usually derived from bone marrow, consisting of mul-
tiple cell types with different potentials for proliferation and dif-
ferentiation.

2. Mesenchymal stem cells (MSC2) encompass cells derived
from other non-marrow tissues, such as fat, muscle, menstrual
blood, endometrium, placenta, umbilical cord, cord blood, skin,
and eye.

Bone marrow-derived mesenchymal stem cells or bone mar-
row stromal cells (MSC1) were discovered by Friedenstein in
1976, who described clonal, plastic-adherent cells from bone
marrow that were capable of differentiating into osteoblasts,
adipocytes, and chondrocytes. More recently, investigators have
demonstrated that mesenchymal stem cells (MSC2) per se can
be recovered from a variety of adult tissues and have the capac-
ity to differentiate into a variety of specialist cell types. This
review describes the recent advances in understanding of the two

MSC cells, their biology and ongoing investigation and use.

Somatic stem cells

Somatic stem cells have been identified in hematopoietic?,
hepatic?, epidermal®, gastrointestinal®, neural>®, muscle®, and
bone marrow®® tissues. Many researchers have since demon-
strated the developmental pluripotency of these cells. Bone mar-
row-derived stem cells can be transdifferentiated into multilineage
cells, such as muscle” of mesoderm, lung'® and liver'®!V of en-
doderm, and brain'*'® and skin'? of ectoderm. Somatic stemn cells
are more desirable than embryonic stem (ES) cells for cell thera-
peutics because of ethical considerations and the possible im-
munologic rejection of ES cells. Mesenchymal stem cells have
become the most popular somatic stem cells in medicine and
biology, not least because of their high reproductive capability

in vitro.

Bone marrow stromal cells (MSC1)

The existence of non-hematopoietic cells in bone marrow was
first suggested by Cohnheim about 130 years ago'®. Bone mar-
row-derived stromal cells (IMSC1) can differentiate into most
somatic cells, including osteoblasts, chondrocytes, myoblasts,
cardiomyocytes'*", and adipocytes, when placed in appropri-
ate in vitro®® and in vivo environments>?, and thus are a useful
cell source for regenerative medicine®. Recent studies suggest
that MSC1 can also differentiate into a neuronal lineage™, and
murine bone marrow-derived adult progenitor cells can differ-
entiate into dopaminergic neuronal cells**, Since the use of

MSCT1 entails no ethical or immunological problems, and bone
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marrow aspiration is an established routine procedure, these cells
provide a useful and almost routine source of material for trans-
plantation and tissue repair or regeneration (Fig.1).
1) Osteogenesis

KUSA-AT1 cells, a murine marrow stromal cell line, are ca-
pable of generating mature bone in vivo?”. They are a unique,
mature osteoblast cell line and serve as a very suitable model for
in vivo osteogenesis. Bone forms in subcutaneous tissue after
subcutaneous injection of the cells into mice. The osteogenesis
by KUSA-A1 is not mediated by chondrogenesis and thus is
considered to be membranous ossification. Follow-up study on
the fate of bone by immortalized osteoblasts shows that the
ectopically-generated bone keeps its size and shape for 12
months®P. Furthermore, the implanted cells do not metastasize
like tumor cells. These unique characteristics of KUSA-A1 cells
provide an opportunity to analyze the process of membranous
ossification in detail.
2) Chondrogenesis

Chondrocytes differentiate from mesenchymal cells during
embryonic development® and the phenotype of the differenti-
ated chondrocyte is characterized by the synthesis, deposition,
and maintenance of cartilage-specific extracellular matrix mol-
ecules, including type II collagen and aggrecan®*Y. The pheno-
type of differentiated chondrocytes is rapidly lost since it is un-
stable in culture®. This process is referred to as “dedifferentia-
tion” and is a major impediment to use of mass cell populations
for therapy or tissue engineering of damaged cartilage. When
isolated chondrocytes are cultured in a monolayer at low den-
sity, the typical round chondrocytes morphologically transform
into flattened fibroblast-like cells, with profound changes in bio-
chemical and genetic characteristics, including reduced synthe-

sis of type II collagen and cartilage proteins™. When cultured
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three-dimensionally in a scaffold such as agarose, collagen, and
alginate, redifferentiated chondrocytes re-express the chondro-
cytic differentiation phenotype.

KUMS mesenchymal cells, a MSC1 line, generate hyaline
cartilage in vivo and exhibit endochondral ossification at a later
stage after implantation™. OP9 cells, another MSC1 line, de-
rived from macrophage colony-stimulating factor-deficient os-
teopetrotic mice, and also known to be niche-constituting cells
for hematopoietic stem cells, express chondrocyte-specific or -
associated genes, such as type II collagen 31, Sox9, and cartilage
oligomeric matrix protein at an extremely high level, as do KUMS
cells. OP9 micromasses exposed to TGF- 33 and BMP2 form
type Il collagen-positive hyaline cartilage within two weeks in
vivo. The unique characteristics of KUMS and OP9 cells pro-
vide an opportunity to analyze the process of endochondral ossi-
fication.

3) Cardiomyogenesis

It has been generally accepted that cardiac myocytes are un-
able to divide once cell proliferation ceases shortly after birth in
the mammalian heart, because mitotic figures have not been de-
tected in myocytes®™. Cardiomyocytes induce DNA synthesis in
vivo and in vitro®. Adult hearts often exhibit a polypoid struc-
ture, which results from stochastic accumulation of mutations
as cells pass through cell-cycle checkpoints*", Bone marrow-
derived stromal cells (MSC1) are able to differentiate into
cardiomyocytes in vitro and in vivo'®*0424) and a hierarchical
model has been proposed for this in vitro cardiomyogenic dif-
ferentiation. MSC1 in culture include a mixture of at least three
types of cells, i.e., cardiac myoblasts, cardiac progenitors and
multi-potential stem cells, and a follow-up study of individual
cells suggests that commitment of a single-cell-derived stem cell
toward a cardiac lineage is stochastic™. Furthermore, MSC1
over-expressing well-known master transcription factors, i.e.,
Csx/Nkx2.5 and GATA4, unavoidably undergo cardiomyogenic
fate and behave like transient amplifying cells. MSC1 also
transdifferentiate into cardiomyocytes in response to humoral
factors, such as demethylation of the genome, in addition to en-
vironmental factors (See the chapter “Epigenetic modifier as a
differeniiating inducer” .

4) Neurogenesis

MSC1 can exhibit neural differentiation when exposed to
demethylating agents': the cells differentiating into three types
of neural cells, i.e., neurons, astrocytes, and oligodendrocytes.
With exposure to basic fibroblast growth factor, nerve growth
factor, and brain-derived neurotrophic factor, the transdifferen-

tiation of human stromal cells is limited to neurons'. The change
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in gene expression during differentiation is global and drastic*™:
the differentiated cells no longer exhibit the profile of stromal
cells or the biphenotypic pattern of neuronal and stromal cells.
Osteoblasts capable of intra-membranous ossification are likely
to differentiate into neuronal lineages, but adipocytes do not'?.
Interestingly, the cranio-facial membranous bones develop from
the neural crest, which is of ectodermal origin. Development
naturally progresses from neural crest cells to terminally-differen-
tiated osteoblasts*®. The finding of in vitro differentiation from
mesoderm- to ectoderm-derived cells is thus the opposite of
the developmental process, i.e., from ectoderm- to mesoderm-
derived cells. Converting differentiated osteoblasts or MSC1 to
neuronal cells, a key future task for any cell-based therapy, would
thus oppose the usual direction of cell differentiation. This can
now be achieved by exposing stromal cells to neurotrophic fac-
tors, at least in vitro.

Dopaminergic neuron-associated genes, such as nurr] and wnt-
5a, are induced at an extremely high level in the neuronally-
differentiated stromal cells. Wnt5a and nurr! are involved in the
differentiation of mid-brain precursors into dopaminergic
neurons®*. It is quite significant that dopaminergic neurons can
be generated from MSCI, since they are one of the key targets

for regenerative medicine.

Epigenetic modifier as a differentiating
inducer

The demethylating agent, 5-azacytidine, is a cytosine analog
that has a remarkable effect on transdifferentiation of cells and
has been shown to induce differentiation of stromal cells into
cardiomyocytes, skeletal myocytes, adipocytes, and chondro-
cytes!®¥247 The effect of this low-molecular substance is not sur-
prising, since it is incorporated into DNA and has been shown to
cause extensive demethylation. The demethylation is attributable
to covalent binding of DNA methyltransferase to 5-azacytidine
in the DNA*, with subsequent reduction of enzyme activity in
cells resulting in dilution-out and random loss of methylation at
many sites in the genome. This may, in turn, account for the
reactivation of cardiomyogenic “master” genes, such as MEF-
2C, GATA4, dHAND, and Csx/Nkx2.5, leading to stochastic
transdifferentiation of MSC1 into cardiomyocytes. Use of 5-
azacytidine is beneficial, but since it may have drawbacks, i.e.,
gene activation leading to oncogenesis and undesired differen-
tiation, care must be exercised before using it to induce cells to
differentiate into target phenotypes. Immortalized cells, includ-
ing marrow stromal cells, have specific patterns of DNA methy-

lation. The established methylation pattern of cells is maintained



Inflammation and Regeneration

Source of mesenchymal stem celis Differentiation

Endometrium

Menstrual blood .
Chondrocytes/Cartilage

Umbilical cord and cord blood

Placenta
Osteocytes/Bone

Polydactyly

Adiopocytes/Fat

Skeletal muscle

88
é"?g NCCHD Bio-resource Project .
Cardiomyocytes/Heart

Neurons/Brain

Fig.2 Sources and differentiation of mesenchymal
stem cells

with considerable fidelity and silenced genes are stably inher-
ited throughout the culture period*-*V. The demethylating agent
induces differentiation by altering the original methylated pat-

tern and reactivating the silenced genes.

Mesenchymal stem cells (MSC2)

Tissues originating in the mesoderm include blood cells, blood
vessels, heart, bone, cartilage, fat, skeletal muscle, tendon, and
tissue mesenchyme. Blood cells in bone marrow are the elements
that create the concept of stem cells, but bone marrow includes
another cell group, i.e., mesenchymal stem cells (MSC2), which
possess adherent properties. These cells have the ability to dif-
ferentiate into a variety of cells and may have an organ mainte-
nance mechanism that serves as back-up. Human mesenchymal
stem cells (MSC2) are a useful source of cells for transplanta-
tion for several reasons: they have the ability to proliferate and
differentiate into mesodermal tissues and they entail no ethical
or immunological problems. MSC2 have been studied extensively
over the past three decades and numerous independent research
groups have successfully isolated them from a variety of sources,
most commonly from bone marrow!%?32_Yet, in addition to
bone marrow, almost all human tissues or organs can be a source
of mesenchymal stem cells, since they all have stroma or mesen-

chyme as well as parenchyma or epithelium.

Available mesenchymal cell lines and
mesenchymal cells in culture

MSC?2 have been extracted from fat, muscle, menstrual blood,
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endometrium, placenta, umbilical cord, cord blood, skin, and eye
(Fig.2). Moreover, the source tissues can be obtained without
difficulty from resected tissues at surgery and from birth deliv-
eries (hitp://www.nch.go.jp/reproduction/cellbank2.htm and
http://www.nch.go.jp/reproduction/cells/primary.html); men-
strual blood can be provided from volunteers. The placenta is
composed of amniotic membrane, chorionic villi and decidua,
each of which can be a source of different types of MSC2. Large
numbers of MSC2 can be easily obtained because the placenta is
usually provided for research purposes. Menstrual blood also
contains a large number of MSC2, although it is usually regarded
as waste material.

We have also isolated many specific cell lines from adhering
cells of mouse bone marrow (http://www.nch.go.jp/reproduction/
cellbank2.htm) as follows:

a. Multi-potential stem cell line: 9-15c¢ cells (originally KUM2
cells) have multi-potential allowing differentiation into bone,
fat, skeletal muscle, and myocardial cells through contin-
ued passage;

b. Oligo-potential cell lines: KUMO cells that lose the ability
to differentiate to myocardial cells but retain differentiation
1o bone, fat, and skeletal muscle and NRG cells that lose the
capability to differentiate into myocardial cells and skeletal
myocytes but retain differentiation to bone and fat;

c. Bi-potential cells: KUSA-O cells are capable of differenti-
ating into osteoblasts and adiopocytes;

d. Precursor cells: KUSA-A1 and H-1/A are osteoblasts and
preadipocytes, respectively. Adipogenic 3T3-L1°%, osteo-
genic MC3T3-E1%”, and chondrogenic ATDCS cells® have
been isolated from stem cells of a mesenchymal nature.

Focusing on human MSC2 derived from umbilical cord blood
(UCBMSC) as an example, isolation, characterization, and dif-
ferentiation of clonally-expanded UCBMSCs have been re-
ported®¢”, and UCBMSCs have been found to have multi-
potential®®. Most of the surface markers are the same as those
detected in their bone marrow counterparts*?, with both UCB-
and bone marrow-derived cells being positive for CD29, CD44,
CD355, and CD359, and negative for CD34 and CD117. Signifi-
cantly, the differentiation capacity of UCB-derived cells is unaf-
fected during establishment of a plate-adhering population of
cells from UCB.

Life span of MSC1 and MSC2

Marrow stromal cells (MSC1) and mesenchymal stem cells
(MSC2) are useful for cell transplantation. However, it is diffi-

cult to study and apply them because of their limited life span.
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One of the reasons for this is that normal human cells undergo a
limited number of cell divisions in culture and then enter a non-
dividing state called “senescence” %63, Human cells reach se-
nescence after a limited number of cell replications, and the av-
erage number of population doublings (PDs) of marrow-derived
mesenchymal stem cells has been found to be about 40*?, imply-
ing that it would be difficult to obtain enough cells to restore the
function of a failing human organ. Large numbers of cells must
be injected into damaged tissues to restore function in humans,
and cells sometimes need to be injected throughout entire or-
gans.

A system that allows human cells to escape senescence by
using cell-cycle-associated molecules may be used to obtain
sources of material for cell therapy®>. Both inactivation of the
Rb/p16INK4a pathway and activation of telomerase are required
for immortalization of human epithelial cells, such as mammary
epithelial cells and skin keratinocytes. Human papillomavirus
E7 can inactivate pRb, and Bmi-1 can repress pl6INK4a ex-
pression. Inactivation of the p53 pathway is also beneficial, even
if not essential, to extension of the life span®. Human marrow
stromal cell strains with an extended life span can be generated
by transduction of combination of TERT, and Bmi-1, E6 or E7*.
Cells with extended life span grow in vitro for over 80 PDs, and
their differentiation potential is maintained. Transfection of TERT
alone is insufficient to prolong the life span of marrow stromal
cells, despite TERT having been reported to extend the life span
of cells beyond senescence without affecting their differentia-
tion ability®”. Human stromal cells transfected with TERT and
Bmi-1, E6 or E7 do not transform according to the classical
pattern: they do not generate tumors in immunosuppressed mice;
they do not form foci in vitro; and they stop dividing after conflu-
ence. The possibility that gene-transduced stromal cells might
become tumorigenic in patients several decades after cell therapy
therefore cannot be ruled out. Nevertheless, these gene-modified
stromal cells may be used to supply defective enzymes to patients
with genetic metabolic diseases, such as neuro-Gaucher disease,
Fabry disease, and mucopolysaccharidosis, which have a poor
prognosis and are sometimes lethal. The “risk versus benefit”
balance is essential when applying these gene-modified cells
clinically, and the “risk” or “drawback” in this case is trans-
formation of implanted cells. These marrow stromal cells (MSC1)
with prolonged life span also provide a novel model for further

study of cancer and stem cell biology.

Differentiation of mesenchymal stem cells

Retroviral labeling of individual cells is a useful clonal assay

.72 -

A Grows factors

Grows factors

( ’}; MSCs
L;}J Transient amplifying cells
Cardiac myoblasts

!

Cardiac myocytes

Fig.3 Model of stem cell differentiation

A. Deterministic model.
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to monitor lineage commitment at the single cell level. At present,
several models have been proposed in which hematopoietic lin-
eage determination is driven intrinsically®®, extrinsically®, or
both™. The issue of the mechanism and the extent of cellular
differentiation that occurs when stem cells begin to differentiate
is the area of furthest advanced research. Two models have been
proposed: a deterministic model, in which differentiation is gov-
erned by the microenvironment (including growth factors and
cytokines), and a stochastic model, in which differentiation, self-
replication and the direction of differentiation emerge somewhat
randomly (Fig.3A,B). The different models arise from different
conceptions of mesenchymal stem cells. The mesenchymal stem
cell (MSC2) line is stochastically committed toward the cardiac
lineage, and following this commitment, they proliferate as tran-
sient amplifying cells and differentiate into cardiac myocytes
(Fig.30).

Considering stem cell transplant as a therapy, when mature
cells arising from hematopoietic stem cells are needed, as in

marrow transplant, there are no problems attending cellular dif-
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ferentiation. However, in the case of cells that serve to originate
cells of several different organs, as in the case of mesenchymal
stem cells, there is a possibility for differentiation to cells not
needed in the treatment. Ectopic tissue may therefore emerge
from implanted mesenchymal stem cells, especially where the
buffering system from a given site is lost and the stem cells be-
gin to differentiate randomly into cells differing from the im-

planted site, thereby creating unwanted ectopic tissue.

Conclusion

Mesenchymal stem cells can be isolated from bone marrow
by standardized techniques and expanded in culture through many
generations, while retaining their capacity to differentiate along
set pathways when exposed to appropriate conditions. This prop-
erty opens up therapeutic opportunities for the treatment of le-
sions in mesenchymal tissues, and protocols have been devised
for the treatment of defects in articular cartilage’”, bone’, tendon’,
and meniscus™ and for bone marrow stromal recovery™ and
osteogenesis imperfecta’.

In this context, we prefer to use the word “stroma”’ rather
than “mesenchymal stem cells” for accuracy and to avoid con-
fusion. In the field of hematopoiesis, marrow stroma were origi-
nally treated as “second class citizens” 7, and represented a
niche field. Today, marrow stroma are a “major player” in re-
generative medicine and stem cell biology and are no longer
viewed as a peripheral field of research. In addition, there is also
a rapidly growing body of research into the biology and poten-
tial use of true “mesenchymal stem cells” derived from other
human tissues, which are showing significant promise for future
therapy, reparation or regeneration of human tissues and organs.

Clearly, this field is in its relative infancy, our understanding
is at present limited but the potential benefits are great. We should
perhaps, therefore, remember that the unexpected and unrivalled
potential of MSCs to differentiate into a wide variety of cells
represents a gift not a privilege and, with respect to the two MSCs,
we should recognise and welcome their role in medicine with

the words “with great power comes great responsibility” .
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ABSTRACY

Retinal progenitor cells (RPUs) are immature precursors
that can differentiaiy info refinsl nevrens. including photo-
receptors. Recently, it has been reported that bone marrow-
derived eells may also he capable of differentiation into cells
of central nervous system lineage. inclnding retinal neuwrons.
We compuared these bwvo eell types to evaluate thelr potential
as a source of colls for vetimal fransplantation. Marrow
stromal eells {MBCs) and macrephages were isolated from
enbanced groen fluorescence profein mice. MSCs were «ul-
tured with brain-derived neurotrophie factor, nerve growth
factor, and hasic fibroblast growth facter te induce nepronal
differentiation. BPCs were ceultured under the same condi-
tions or with 0% fetal bovine serum. Newvronal marker
expression was exandined and compared hetween MSCs and
R¥PCs. MECs, macrophages, and RPCs were alsn enltored

with explanted retinas from vhodopsin kunewkeut mce W
stady their potential for retinal Integration. MBCs expressed
nesronal and retins-specific markers by reverse tramscrip-
tion-padymerase chain reaction and immunocytochamisiry.
Both types of cells migrated info retinal explants and ex-
pressed newrofilament 208, ghial fibrillary acidic profein,
protein Kinase C-g, and recoverin, R¥Cs expressed rhodop-
siiy, 2 plustereceptor marker we never detected in MBCs. &
majority of bone marrow derived-macrophages differenti-
ated into vells that resersbled microglia, rather than neural
cells, in the explanted retina. This study shows that RPCs
are likely to he a preferred eddl fype for retinal transplan-
tation studies, compared with BMSCs. However, MS8Us muay
remain an atfractive candidate for autelogous transplonta-
tion, STEM CELLS 2006,24:2270-2278

INTRODUCTION

Marrow stromal cells (M8Cs) are 2 population of multipotent
mesenchymal stem cells distinot from hematopoietic siem cells.
MSCs were originally reported to contribute to the microenvi-
romment of bore marrow and o be necessary for the prolifera-
Hon of hbematopoietic stem cells {13 It has recently been shown
that M5Cs van differentiate into varivus cell Hineages, including
bone {2, 3], muscle {4}, fat {3}, cartilage {6}, cardicmyocytes
[7-9], and hepatocytes [10]. Recenily, some studics claimed that
MSCs could differentisle cells expressing markers of neurons
and gha in viwo [11-171 MSCs also have the capacity to
migrate into the uninjured [18] and discased brain {19, 20] and
spinal cord {21, 221 Interestingly, studiecs show that MSCs
differentiate into cells expressing markers of photorecoptors and
ghia in the retina {23, 241

The two major clndcal subtypes of retinal degeneration
{RD} arc retinitis pigmentosa and age-related macular degener-
ation. A hallmark of these diseases is photoreceptor cell degen-
eration, resuling In visual loss, Mo offective restorative treat-
ment exists for cither RD subtype, Previously, we reported that
brain-derived progenifor cells can migrate and diffcrentiale into
cells expressing markers of matwe peuarons and ghia when
grafted to the retina of mice and rats with RD [23-29], Despite
incorporation into the host reting and morphelogical similariiies
to various retinad cell types, the Wransplanted cells falled w
express retina-speeific markers in cach of these studies. Re-
cently, the transplaniation of stem and progenitor cells isolaled
from relina has shown promise a5 a sirategy for photorzceptar
replacement [26, 28, 30-32]. Many mammalian tissues, incled-
ing the relina, contgin stem or progenitor cells that can be
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isolated. propagated, and grafied into animal models of RD {286,
32} The goal of retinal transplantation is the replacement of
dead or discased host cells with healthy, functional donor cells.
in the present study, we investigated whether MSCs could
cffectively differentiate lnto retinal cells by using a cockiud] of
brain-derived neurotrophic factor (BDNF), nerve growih factor
{NGE), and basiz fibroblast growih factor (bFGF), which {as we
previously reponted) induces MSC differentiation into peurons
{17]. Bevause there are reposts of the differentiation of micro-
ghial cells into neurons {33} and bone marrow-derived marro-
phages into braln microglia {34, 35], we examined the differ-
entiation of macrophages when grafted into the retina. Here, we
compared the potential of retinal progenitor cells (RPCs) and
MBUs for use in retinal transplantation studics.

MATERIALS aND METHODS

Experimental Animals

All experiments were performed in adherence with the ARVO
{Association for Research in VWisicn and Ophihalmology) State-
mient for the Use of Animals in Ophthalmic and ¥ision Research
and with the Schepens Eve Rescarch Tnstinge Animal Care and
Use Commitiec (Boston, MA) Rhodopsin knockowt mice
{rho—/~ mice; TS3TBI6 background, provided by Peter
Humphries, University of Dublin, Trinily College, Dublin, Ire-
tand) and postnatal day 1 {P1) enhunced greesn fluorescence
protein (EGEFP) mice {CS7BL/G background; Dr. Masaru Dkabe,
University of Osaka, Osaka, Japan) were cuthanized by €O,
gas,

Isolation of MB(Cs and Macrephages

Humeri, femurs, and tibias were obtained from Pl EGFP mijce
and divided into small picces. These smull pleces were cultured
in Dulheceo’™s modified Bagle™s medium (DMEMYE-12 with
10% fetal bovine serum {FBS), and the uonadherent cells were
removed by replacement of the media. After approximately 2
weeks, the adherent cells became confluent and were incubated
with trypsin for 3 minutes and removed from the fask. Al cell
cultures were maintained at 37°C, 5% CO,.

After two or three passages, bone marrow-derived adherent
cells were incubated with wrypsin for 3 minutes o gencrate a
single-cell suspension. Cells (1 % 10% were lnbeled with phy-
coerythrin-conjugated antibody against CDiib {1:30, marker
for macrophages; BD Biosciences PharMingen, San Diego,
hitpAwww.bdbiosciences.com} and Cy-3-conjugated antibody
against CD45 (1:50, matker for hematopoivtic vells; BD Bio-
seiences PharMingen). To isolate MSCs (CB4S5 ™. CBHB ) and
macrophages (CD43™, CDLib*)} from bone marrow-derived
adberent cells, cell sorting was performed {data not shown).
After sorting, the isolated MBCs and macrophages were cultured
in 20% FBS for 2-3 days and then used for the subsequent
experiments.

RPC Line

RPCs harvested from the reting of P1 EGFP mice were isolated
znd maintained in culture as previously deseribed [32]. Briefly,
retinas were surgicully removed. The tissue was finely minced
with two scalpel blades (no. 10}, these whaole reting homoge-
nates were incubated in 0% collagenase, and a single-cell
suspeasion was obtubmed. Dissociated cells were then cultured in

DMEM/F-12 supplemented with B27 {Invitrogen, Carlsbad,
CA, httpflorww invitrogencom} and 20 ng/mi of cpidermal
growth facior (EGF). The neurospheres that were generated
conld in turn be dissociated and subcultured to generate new
spheres {26, 321,

Neural Differentiation and Characterization

of MS(s

Te examine the differentiation of GFP-uxpressing MSCs In
vitra, MSCs were incubaied with typsin for 3 minutes fo
generale a single-cel] suspension. Cells {1 % 10°) were plated on
gight-well poly(D-Iysiac)laminin-costed chamber shides (BD
Bioscicnens, San Josz, CA, hitpr//www bdblosciences.cons) in
DMEM/F-12 medivim supplemented with 25 ngiml BDNF
{R&D Systems, Minncapolis, btipffwww. ndsystems.com}, 40
ng/ml MGF (R&D Systems), ond 20 ng/mé bFGF {(R&D Sys-
tenisy and were fixed with 4% pasformaldehyde (PFAY at 2
werks afier plating. The cells were blocked in 1% hovine serum
albumin {Sigma-Aldrich, 8t Louis, hilp/Fwww sigmaaidrich.
com} + 0.2% Triton-100 {Sigma-Aldrich} and then incubated
for 2 bours with primary anstibody 1o Ki67 {1:100, ccll prolif-
eration marker; Vector Laboratories, Burlingame, €A, hiip//
www . vectorfabs.com}, nestin {1:3, fmmature newronal marker;
Developmiental Studies Hybridoma Bank, Towa City, 1A, http#/
wwwaiowa.cdu/-~dshbwww/), glial fibrillary agidic protein
{GFAPY (1:30, astrocyte marker, Dake), MAP-2 {1:500, neuro-
nal markers; Sigma-Aldrich), anti-protein kinsse € {PKCr«
£1:200, bipolar cell marker; Santa Cruz Bistechnology, Inc,
Santa Cruz, CA, hitpéfswww.scbtoeom), 2D4 rhodopsia (1:500,
rod photoreceptor marker; kind gift of Dr. R. Molday, Univer-
sity of British Columbia, Vancouver, BC, Canada), and recov-
erin antibodies (121,800, photorecepior and bipolar cell marker;
Chemicon International, Temecula, TA, hitpfwww.chemicon.
com), After rinsing in phosphate-buffercd saline (PBS {8.1 M]}.
samples were incvbated in Cy3-conjugated species-specific 1gG
{1:800) for ¥ hour. Samples were rinsed again und then cover-
siipped in polyvinyl sfoohel-1,4-diazabicyclo {2.2.2) oclanc
{PY A-Diabeo) with 4 S-diamidino-2-phenylindele (DAPL) and
viewed under fluorescent iHuminatfion. As a control, the un-
treated MBCs swere fixed with 4% PFA and labeled with the
samge antibadies,

Differentiation and Characterization of RP{Us

To examine the differentiation of GFP-expressing RPCs in vitro,
RPC spheres were incubated with trypsin for | minuie io gen-
crate o single-cell suspension. Iniwo separoie experiments, eelly
(1 ¥ 10% were plated on vight-well poly{D-lysineYlaminin-
coaled chamber shides (BD Bibsciences) in DMEM/F-12 rme-
dism supplemented either with 10% FBE or with BDNF, RGF,
and bFGF {the same growth factors used in MECs differentia-
tion experiments {171 and were then fixed with 4% PFA at 1
sday and 2 weeks after plating. The cells were then reacted and
prepared with the antibodies described for MSCs.

Morphometry of Differentisted Cells

Ineach of the three culiure conditions {MSCs with BDNF, NGF,
and bFGE, RPCx with 10% FBS: and RPCx with BDNF, NGF,
and BFGF), quantitative morphometry was performed by count-
ing positive cells from g total cell number of af feast 200 cells
per well in randomiy selected wells, selected based on DAPL
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labeling (n = 5). In this counting study, cells {1 X 16%) were
plated on eight-well polyib-lysineYaminin-coated chumber
stides {BD Biosciences). Five of eight wells were randomly
chosen {(by @ masked observer}, and all cells in the wells were
counted. Nestin-positive cclls from RPCy were counted at day 1,
and MSCs and RPCy positive for other markers were counted
after 2 weeks of treatment,

Reverse Transeription-Polymerase Chain Reaction
Analysis of M8Cs

For reverse transcription-polymerase chain reaction {RT-PCR)
analysis, total RNA was extracted wsing TRIzol {Invitrogen)
from MSCs grown in the presence or absence of BDNF, NGF,
and bFGF in poly{-lysine)laminin-voated culture dishes (BD
Bioscienees) and from P1 EGFP mice retina for a positive
vonirol. First-strand ¢DNA was propared from total RNA by
reverse wanscriptase using oligoddT) primers. To deteet nestin,
B-tubulin class 111 (BT newronal marker), Map2, GFAP,
PKC-w, recoverin, aad rhodopsin, primers were used as de-
seribed In Table 1

Reiinal Organ Culture

Retinal vrpan culture was performed as previously described
[36-38] with minor modifications. Brietly, cyes were caucke-
ated from rhodopsin knockout {tho—/—) mice and transferred to
ice-vold Hanks™ balanved salt solution (Invitrogen). The retinas
were separated from the retingl pigment epithelium and placed
onio Millicell-CM membrane culture inserts {dlameter 30 mm,
pore size 0.4 pm: Millipore Corporation, Billerica, MA, hitp#
www.millipore.com) with the ganglion cell layer downward.
The inserts with neural reting were placed in six-well plates
containing approximately 1 m¥well of medivm containing
DMEM/F-17 supplemented with B27 ncural supplement (n-
vitragen), 2 mM L-glutamine {Sigma-Aldrich), 2,000 U of ny-
statin {Invitrogen}, and 10 pl/ml penicillin-streptomycia (Sig-
ma-Aldrich). Organ culiures were smaintained at 37°C, 3%: CO;
and fed every 2-3 days.

Explant Coculture

The host retinas weore explanted from rho—7/— mice {48 wecks
of age). Cell suspensions {1 g, § ¥ 10% cells/pl) containing (a)
RPCs {n = 12); (by MBCs with {n = 12} or withomt {n = G}

pretregiment with BDNF, NGF, and bFGE for 1 week: and {c}
macrophages {n = 63 were added to the retinas using a pipetie
immediately after isolation of recipient retinas. We placed the
grafted cells onto the surface of retinal explonts wsing a 200-ul
pipette. The cetls were spread put over the entire surface of the
explant, confirmed by viewing under fluorescent Qlwmination.
The explanted ratinas were cultured for § week,

Tissue Preparation

After 1 week in explant coculture, the explanted retinas were
fixed with 4% PFA, followed by cryoprotection with 20%
sucrose. The retinas were sectioned at 12 pum on a eryostat.
Sections were stained with neurofilament {NF} 200 {111,000,
nenronal marker; Sigma-Aldrich), OFAP, PKC-a, recoverin,
and rhodopsin anttbodies as described above. Afier fizxalion with
PFA and sucrose, some wholo-mount retinas were stained with
biotin-Griffonia simplicifolia (O8)-lectin {5 pg/ml, microglia
and macrophages marker; Sigma-Aldrich) for 13 minutes and
NE200 antibody for 2 hours. After rinxing in PBS, samples were
respectively incubated in Cy3-conjugated streptavidin {Jackson
ImwnunoRescarch Labomatories, Inc.. West Grove, PA, hitp//
www jacksonimmuno.com) and Cy3-conjugated species-spe-
cific IgG {1:800} for 1 hour. Samples were rinsed again and then
coverslipped in PVA-Diabeo and viewed nader fluorescent illo-
mination,

Resvrrs

Characterization of M8Us

When grown on conventional subsirates in media supplemented
with 10% FBS, GFP-transgenic M8Us oxhibited high levels of
endogenous green fluorescence {(Fig. 14} The untreated MSCs
did not cxpress nestin, Map2, GFAP, PKC-w, recoverin, o
rhodopsin {data not shown). To examine differentintion in vitro,
medium without 10% FBS was supplemented with BDNF,
NGE, and bFGFE. After 2 weeks of culture under differentiation
conditions, M8Cs differentiated into cclls with ncuronal mor-
phologies and neurile-like processes {Fig. 1B} and also formed
spheres (Fig. 1€ Subpoprations of MSCs expressed nestin
{Fig. 1D-1F), Map2 (Fig. 1G-11), GFAP {Fig. 1§-1L), PKC-e
{Fig. IM—10}, and recoverin {Fig. 1P-IR). These markers are
consisient, although not conclusive, with differsatiation nto

Table L Primers vyed for reverse transeription-polymerase chain reaction analysis

Lenes Primwer sequences (-3 Product size (hp) Temperature {7
et F. AACTGGCACACCTCAAGATGT 235 50
wstin R TCAAGGGTATTAGGCAAGGGE
GRAP #: CACGAAUGAGTOCCTAGAGC 234 &0
ol R: ATGGTRATGCCGGTTITICTIIC
F: ACCTCAACCACCTOGTATOG 344 60
T8l R: TOCTGTTCTIGCTCTGGATG
Mao2 F: CTGGACATCAGCCTCACTCA 164 50
Mup2 RAATAGGTGCCCTGTGACTTC
PKRE 2 COCATTCCAGAAGGAGATGA 212 &0
hi-g ®: TICCTOTCAGCAAGCATCAC
; 7 ATGGGGAATAGCAAGAGCGG 170 &0
Recoverin R: GAGTCCGGGAAAAACTIGGAATA
. F TCACCACCACCCTOTATACA 216 6(1
Rbodopsin

R: TOATCCAGGTGAAGACCACA

Abbreviations: bp, base pair; F, forwasd; GFAP, glial fbrillary acidic protein; PKC, protein kinuse C; R, reverse; TB, tubulia.
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retinal neurens. Interestingly, these impunopositive cells alse
showed morphological exidence suggestive of differemiation
into imemature photoreceptors, bipolar cel] types. glial cells, and
neuronal cells {Fig. IF, 1, 1L, 10, IR} We could not find any
rhodopsin-positive cells from treated MSCs.

Characterization of RPCy

When grown op conventionsl substraies in medivm supple-
mented with EGF, GFP-transgenic RPCs exhibited high levels
of endogenous green fluoresconce {Fig. 2A% and maintained aa
undifferentinted state characterized by uhiquitous Kis7? and pes-
tin knmanoreactivity {Fig. 2B, 2C). Cells could be maintained in
this state for up 10 1 year or 50 passages as newrospheres. To
cxamine differentiation in vitro, medinm without EGF was
supplemented with 109% FBS. After 2 weeks culture ander
differentiation conditions, the coils were analyzed invwmunory-
tochemically. The number of Ki67™ cells markedly decrensed
{duata not shown), and subpopulations expressed GFAP (Fig.
2B} Map2 {Fig. 2E), PKC-a (Fig. 2F), recoverin {Fig. 2G), or
rhodopsin (Fig. ZH3. These markers arz consistent with diftar-
entiation inta rod photoreceptors, bipolur cells. and Muller glia,
all of which are krown to be bom late In retinogenesis. More-

Figure 1. Diffecontintion and charsctazs-
tion of marrow steoma? cedl $MSOS) in vitm,
Undifferentisted GFP™ MSOs grows in Dul-
becco’s modified Eagle’s medium with 10%
fetal bovise sernum, viewed snder fuores-
wein isothiocyanse fhnmastion {A) MSCy
cultured in serum-fize madivm with heain-
derived nensoteophic factyr, areve growih
factor, snd basic fibroblust growth factor for
14 days {B-R} After 2 weeks of gulture
under differentiation conditions. MACs moe-
phologically  differentiated into  neuronal
shape and had nevronagd processes (81 and
also formed spheres (), Constitutive GFP
exprassion (B, (2, ], M. P watibodyiorto-
keratin-3 Bumunoreactvity for nestin (£,
MapZ2 (H), GFAP (K, PKC-x ¢, and re-
coveetn (1), und mereed Bnuges (F, 1.1, O,
Ry Abbreviations: GFAP, ¢ligd fibrillary
acidic protein; GFP, green flunrescent pro-
teim PKL, prolein kinase C.

over, these imununopositive wells also showed morphological
evidence suggestive of knmature photoreceptor differentiation,
as well as of ather retinal cell wypes (Fig. 2D-2H.

Cuaantitative Evaluation of Differentinted Cell
Numbers: M5Cs Versus RPCs

To examing the optimal source of cells for retinal transplanto-
tion, quantitative cvaluation of differentiation int> neuronal and
retimal cells was carried oot using cell connting as previously
described {39,

Afer 2 weeks of BDNF, NGF, and BFGF treatment, the
percentages of surviving MSCs cxprossing nestin, Map2,
GEAP, PKC-«, and recoverin were 3.35%, 3.237%, 142%,
3.97%, and 13.%%, respectively. The percentages of nestin-,
Map2-, GFAP-, PKC-w-. recoverin-, and vhodopsin-positive
cells from RPCs trzated with 10% FBS were Q0.5%, 152%,
54.45%, 12.9%, 23.0%, and 3.17%, respectively. The rates of
nestin-, Map2-, GFAP-, PKC -, recoverin-, and thadopsin-
positive cells from RPCs treated with BDNF, MGF, and bFGF
were 89.2%, 29.4%, 10.9%, 28.2%, 22.3%., and 2.25%., respee-

tively (Fig. 3AL
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Figure 2. Diffecentiation and chucacierization of retinal progenitor coll
{(RPCsy in vitn RPOs formod green {luorescent profein-positive neu-
rospheres (A RPUS cultured in the abszage of 2pidernial growih fackoy
aad 8 the preseace of 10% fetaf bovine servm For 148, Cror 14 (D-H;
days. The cells wire su

ined for Kis7 (83, nestin (O}, GFAR 1)), Map2
PR {8 mooverin €0, and rhwdopsin (. Abbreviations:
GFAP, phal Ghoillary actdis peotein; MISC, marcow siromad vell; PK
profeia kisase €.

RT-PCR Analysis of BDNF, NGF, and

bFGE Treatment

Semiquantitative BT-PCR analysis was varried out to determine
the ciisct of BDNF, NGF, and bEGF on MSUs (Fig. 38). M
without tremtment showed only wesk mcoverin expression.
(MSCs without treatinent did aot expross sestin, BT-11, Map2,
GEFAP, PKC-a, or thodopsin.) After 2 weeks of BDNF, NGF,
and BFGF weatment, MSCs expressed nestin, BT-U1L Map.
GEAP, PRC-w, and revoverin. Rhodopsin expression was not
found. Recoverin exprass d in treated MBCs

3 Was inoreas

Macrophages Differentiated into Microglia After
Cocullure with Explanted Retinos

After coculture with explanted fho—/— meouse retivas, maceo-
phages were viewed by fluorescent iHumination at 3 and 7 days.
Macrophages migrated into the retina and assumed morphology
very reaumiscent of microglind cells (Fig. 48~-4C) The cocul-
tured macrophages also expressed G8-lectin, @ matker of mi-
croglia (Fig. 40-41% Thers was no evidencs of neuronal dif-

ferentintion upos  immusooytochemical  and  morphalogical
analvses {data oot shown),

. i
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Figure & Comparisen of BMSUs sad BPCs. (AR The number of cells
differeatiated into retinad cells: compwrdion of maow stromal cell
{MSTs) and RPCs. 1n tis study, nestin-positive cells svere opunted ot
duy 1, and other markers cells were counizd at 2 weeks after reatrnent.
(B Effect of BDNF, NGF, and bPFGF on trsnscdption of retinal csll
markess, Seipiguantitative reverse wanseripion-polyinerase chaln reuc-
tion apalysis was carried out to determina the effect of BDNF, NOF, apd
PFGF on MSCs. MSUs withont treatment showed ondy weak mceveris
expression. (M without weatnwent did aol express nestin, BT,
Muapl, GFAP, PKC-o, and rhodopsin completety.) After 2 wesks of
BONF, NGF, and HPOF trestment, trested MSCs exprossed nestin,
BY-HI, Mapl, GFAP, PRC-«. and recovesin however, thodopsin ax-
pression was not found, Recovertn expression was ingreased in geated
MSCs. Abbreviations: BDNF, brzin-derived newrotrophiv factor; KFGF,
basic fibrobiast gromvth facior, BMSC, bone musorow stronwd ool bp
base puirs BT, B-wbalin class HL FBS, fowad bovine serom: GF
grovwth facton GFAP, ghis fibrHary acidic protein; NGF, parve growih
factor: PRL, proleln kimase O BPC, retinal progopitor el

Migration and Differentiation of MSUs

At 1 weck in coculiure, MBCs with and without pretreatment of
BDNF, NGF, und bFGF migraiad into explanted tho—/— retina
itig. 5A) MECs without pretrcatment did not show marpho-
togical or lmmunocytochemical evidence of neural differentia-
von {data oot shown). On the other hand, pretreated MSCx
showed morphological and imammocylochemicad evideace of

neurenal differentiabon. Prewreated MSCs migrated e ex-
plamed retinas (Fig. 3A) and cxpressed NF2QD (Fig. 38-3C3,
GFAP {Fig. 3H-35, PKC-w (Fig. 53K-5M), and recoverin (Fig.

a CrLs

-81 -



Tormita, Morl, Maruywma et al.

Fignre 4. Macropbuges difforentiatad 8o
spderpglia after wansplantation to explanted
retings. Rho- /-~ mice retine of 3 Ay and 7
(B, Ly days. Macropbsees migrated into reb
ina und morphodogiostly changed thelr shape
1o that resembling mivrogha (a1 Confo-
b «13-F) images soep ot | werk after oraft-
ing: constintive green fluowmscon protwin
exprossion (D4, macrophage/microghia anti-
body/oyiokeratin-3  bnmunoreactivity (B,
and moneped oages 13

NF20Q

Figure 3. Migration and differentd
prefrented marrow strorsal cell £MSCs} it
explanted retinas of rho—/— mice. A lwge
surabey of MSCS migrated oo explanied
retiras of thof— mice (AL Bpi-Dluiwessent
tK-Py and confecal {B-J) bmages of the
sxpression of aewrsd and  plastorevepior
markers by pretrzated MBCs that ware
grafied oato explanted retinus feom rho—{—
mive, seen al 1 week after grafting: const-
wtbve green fhuwescent profein expy )
B, E, H, K, Ny, matibedyioytokersin- 3 in-
oumaeractivity for NF2OD ), Fr {whale
mourd), GFAP (1), PRO-a (L9, recovenn
0y, and meegad images (53 G, 30 M, Py
Abheewiations: GCL., gnoglion cell fayer
GFAPR, glial fibeiliary scidic profen: INL,
inner muciear layer, NF, mourofilament;
8., outer auckeny faven PEC, pratsis K-
nuse €

PREC-a

Recoverin

SN-3P) We also found morphological evidence of seuronal Migration and Differemtiation of RPC

diffeventiation {Fig. 5B-5P). However, we could not find any Ar b week in corulture, RPCs migrated into all rotinal faming
rhosdopsin-positive cells ameng coculiure. pretreated MSCs. adjavent s the graft afier addition to the outer reting and showe
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GFAP
PRC-ox
Recoverin
morphological evidence of pegronal differentiaticn (Fig. 6D-

61y, GFP™ donor cells coexpressed a sumber of markers indic-
ative of pheeotypic maturation, including GFAP (Fig. HA-5
PKC-a (Fig. 6D-6F) and recoverin (Fig. 8G-6D. In the
vho—/— mice, the mod marker rhodopsin was not detected in
sither grafted RPCs or the host outer nuciear layer.

1

The results presenied here demoenstrate that M3Cs treated
with BDME, NGF, and bPGF van differentiate into setinal
cells exprossing Map2, BT-UHI, GFAP, PKC-a, and recaveria
by immunoeytewhemistry and RT-PCR. In the explanted ret-
ina, pretreated MSCs showed differentiation into retinal cells
wapressing NF200, GFAP, PEC-a. and recoverin, although
nonpztreated MSCs did not shaw any evidence of differen-
tiation ioto retinal oells. This shows thal teatment with
growih faclors {as in our proviews report (171 s very Im-
portant for neural induction of M3Cs. Maorzover, our data
show that using growth factors promoted newrcnal differen-
uation over glial differentiation in RPCs (Fig. 3A) In the
preseat study, BPCs clearly showed a higher level of differ-
entiation into retinal cells pompared with MSCs. Induced
MECs expressed neuronzl and glial markers and worpholog-
ieally differentiated inlo nouron- and glia-like cells; however,
RPCs shownd better mnphological diffsrentiation and also
expressed rhodopsin (Figs. 1, 23 Although a subpopulation
of MSCr differsutizied sorphologically dnte neuronal-like
cells and expressed nearonal markers, the majority remaine

undifferentisted both in terms of morpholegy and markey
sxpression during the ttme course examsined. The Jack of
rhodepsin cxpression in vive and in vitro by MSCs may be an
impediment to their use in photoreceptor replacement. One
must be cognizant of the fact that the abseace of svidence is
not evidence of absence. The lack of differemiation ia viro
indicaies that the aptimal conditions have yet to be deter-
mined. This s especially true in the case of RPC photore-
septor differentiation. which we have shown to be dependant
upon specific conditions in vive, The fact that RPCs failed
cxpress rhodopsia afier migradon into explants is not sur-
prising. comsidering that our previous siudies found no evi-
dence for rhodopsin among BPCs wansplasted 1o vho—{—

Figure 6. Bigration amd dilferentiation of
prefreated ratinal propenitor cells (RPCs)
into explunted retiras of rho—/— mice. Con-
foent fmmges of the expression of neural and
photoreveptor markess by RPCs grafting @
expiantad retinas of rho—/— mige. seon 4t 1
week aller praliing, constlutive greesn fluo-
respent protein expression (A, I3, £, anti-
body/oyiokeratin-3  immunorzactivity  for
GFAP (B, PRC.ex (Fy, meovedds (H), and
marged fmages (O, Fo DL Abbaeviations:
GICL., panglion cell layer; GFAPR, gliad fibrl-
lary scidic protein; INL, inner ruclear fayer,
MR, marrow stromal coll; ONL, outer ny-

-

clear faver; PKC, protein kinase C

mice in vive (32]. The same study showed that RPCs ex-
pressed rhodopsin in another mwuse strain with RD, the C3H
mouse {321

As with provious studics i the brain 134, 33}, owr rosuls

showed that macrophages migrated into explanted rotina and ap-
pewred to differentiate o microgha. Although a prov

5 TEpOTt
showed thal microglia have polential for newronal differentiation
1337, we did not find evidence of differentiztion o nourcon) or
ghiad cells in our explant study. Parther studies will be needed o
determine the newronal potential of macrophages and microgha.
From a clinical perspective, MSCUs are 2 good source for stem
well transplantation. Bose marrow cell transplantation is already an

spproved therapy for some kinds of hemato iseases and has
the advantage of the possibifity of autologous ool transplantation.
Morcover, because yeoent reports have shown that MBCs have the
capraity to modulate allogeneic cellular immumnity 40, 417 MSCs
may be useful for allogencic transplantation.

Cell fusion has reeently been proposed as the underlylag
explanation fer the apparent plasticity and “transdifferentation”™
of stem cells, incinding MSCs. Thix raises questions sbout the
mecharistos of transdifferentiation in viro and in vive [42, 435
Evidence against ool fusion has begun fo mmount; recont
studics reported that MSCs van undergo transdifferemiation

logical

inio various organ cell typues, lncluding weurons. without
fusion {10, 44, 43}, We bolieve that our results cannot be
attributed 1o cell fusion; this study shows that MSO differ-
entintion into post-mitotic neuronal and retinaf cells oocurred

in oz conuoled cullure enviropment Revest studies bave
shown that MSCs have a potential of transdifferentiation as
cultured MSCs express mosodermal, endodermal, ectoder-
wmal, and germline genes. xuggesting the potential to differ-
entiate it all these cell types [46-48). Moreover, our
provious study (171, using the same metheds for neuronal
induction as this study, showed ncursectodermat induction.
ncural differentintion, and caleium vptake in response 1o o
depotarizing stimulus from haman MSCs. It has alse beea
sctaslermal induction and slectrophysio-

reported thal neuro
logical vharacteristics of midbrain dopaminergic, serotonsr-
gic, and CABA-ergic peursas arize from treated MSCs [10)
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CONCLUSION

The present study shows that RPCs have clear advantages over
MECs in potential reting! transplantation applications, Fist, no
evidence was found for MBSO differeatiation into rod photorecep-
tors. Serond, RPCs showed mome completr differzntiation into
retinal cell subtypes than did MSCs, and this occurred at a signif-
icantly higher rate. Finally, we have previously reporied that nee-
ronal pragenitor cells {MPCs) have inbarent bmmune privilege,
suggesting Incressed mesistance of allogeacke NPC grafis o host
rejection (49, 501 Such findings sugpest the possibility that RPCs
paossess immwne privilege propesies as well, MSCs alse have
significant therapoatic potential in transplantation medicine be-
cause they can b readily obtained thwough a well-cstablished
chinical procedure. They are relatively casy o isolale and oxpand

for antologons transplantation without the need for impmposup-
pression or the risk of rejection. In this comparizon study, we
submit that RPCx possess significant advantages for differontiadon
into relnad cells comopared with MSCs,
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