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Patients suffering from a wide variety of diseases may benefit
from cell-based therapies. Transplantation of nonimmuno-
genic cells may be able to functionally repair or replace
damaged tissue or missing cells with important roles. How-
ever, currently available cell-based therapies are limited in
scope and have almost exclusively relied on autologous and
allogenic sources of transplantable cells. Further prohibiting
their widespread use, donor-limited cells can be difficult
to obtain, have inadequate expansion capabilities, and may
result in graft-versus-host disease. Due to their inexhaustible
capability to expand and wide-ranging differentiation poten-
tial, human embryonic stem cells (hESCs) and the less
ethically controversial induced pluripotent stem cells (iPSCs)
hold great promise in serving as alternative cell sources for
regenerative medicine and may offer many advantages over
currently available cell-based therapies. They may help treat
diseases such as atherosclerosis, diabetes, stroke, liver, kidney
disease as well as a variety of hematologic and neurologic
disorders. This special issue focuses on the promise and
therapeutic potential of hESC/iPSCs in a wide variety of
diseases. It highlights important advances as well as common
problems that must be resolved before the therapeutic
potential of hESC/iPSCs becomes clinical reality.

One of the biggest safety considerations hindering clin-
ical application of hESC- and iPSC-based products is the
risk of tumor formation. Pluripotent cells like hESCs and
iPSCS harbor an intrinsic ability to divide and self-renew
without undergoing senescence. Many hESC-/iPSC-based
therapies are based on derivatives of the cells that are no

longer pluripotent, yet the risk of a surviving pluripotent cell
possibly contaminating the therapeutic cell preparation is a
major safety issue. Inefficient differentiation and incomplete
maturation top the list of hurdles that need to be overcome
in order to bring hESC-based therapies to the clinic. As
many articles in this special issue illustrate, directing the in
vitro differentiation of hESCs into therapeutically useful cell
types is a complex and often difficult process. From altering
cytokine cocktails and media formulations to using scaffolds
and 3-dimensional matrices, researchers have applied many
different strategies to increase the efficiency of producing the
desired cell types from hESCs and iPSCs. Also hampering
iPSC research, reprogramming efficiencies, and quality of the
resulting iPSC lines vary greatly and need to be optimized
before iPSCs can routinely be used to generate patient-
specific therapeutic cells. While these issues are being
resolved in cell culture labs, hESC-/iPSC-based therapies will
also have to undergo rigorous preclinical testing in suitable
animal models of disease. As the reader will discover in
the ensuing articles, some hESC-/iPSC-based therapies are
already being examined in animal models and showing signs
of therapeutic utility.

Beginning with a review article on tissue engineering,
the reader of this special issue will first learn about the
use of hESCs to generate chondrocytes, osteocytes, and
mesenchymal stromal cells for bone and vascular disease
therapies. The next two articles review cell-based therapies to
treat hematologic disorders and type 1 diabetes, respectively.
The first paper describes how hESCs/iPSC derivatives may
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be able to substitute for red blood cells, platelets, and various
subpopulations of immune surveying white blood cells. The
second article focuses on how hESC/iPSCs can be used to
generate insulin-producing islet cells and may be able to
functionally replace cells of a failing diabetic pancreas. Next,
the reader will learn about cardiovascular disease, ischemia,
and life-threatening damage to the heart muscle. Two back
to back review articles focus on how hESCs and more
specifically iPSCs can be used to generate cardiomyocytes
and how these powerful cells can improve the function
of a heart weakened by tissue damage. Highlighting the
far-reaching application of hESC-/iPSC-based therapies, the
next two articles move away from the heart and into the
brain. The first article introduces the reader to a broad range
of neurologic disorders including those with degenerative,
developmental, genetic, or metabolic roots. It describes how
patient-specific iPSCs can be used in disease models and
help develop new therapies. The second paper is a primary
research article that examines the therapeutic utility of hESC-
derived motor neuron progenitors in rodent models of
spinal muscular atrophy, amyotrophic lateral sclerosis, and
spinal cord injury. Capping off the broad therapeutic topics
covered in this special issue, the eighth and final paper is
a primary research article that brings us back to hESCs
themselves and their initial derivation. Ethical considerations
surrounding the destruction of human embryos provided
not only the impetus for the development of iPSCs but also,
as this final paper discusses, new derivation methods that
avoid the destruction of viable human embryos. From the
diverse collection of papers in this special issue, the reader
should gain a better understanding of why proponents of
hESC/iPSC research lobby so hard for continued research
and development. In the face of rising health care costs and
widespread clinical need, hESCs and/or iPSCs may one day
provide a cost-effective means for large-scale production of
therapeutic cells and revolutionize the field of regenerative
medicine.

Shi-Jiang Lu
Randall J. Lee

Claudio Napoli
Steve Oh

Erin A. Kimbrel
Qiang Feng
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Human embryonic stem cells (hESCs), which have the potential to generate virtually any differentiated progeny, are an attractive
cell source for transplantation therapy, regenerative medicine, and tissue engineering. To realize this potential, it is essential
to be able to control ESC differentiation and to direct the development of these cells along specific pathways. Basic science
in the field of embryonic development, stem cell differentiation, and tissue engineering has offered important insights into
key pathways and scaffolds that regulate hESC differentiation, which have produced advances in modeling gastrulation in
culture and in the efficient induction of endoderm, mesoderm, ectoderm, and many of their downstream derivatives. These
findings have lead to identification of several pathways controlling the differentiation of hESCs into mesodermal derivatives
such as myoblasts, mesenchymal cells, osteoblasts, chondrocytes, adipocytes, as well as hemangioblastic derivatives. The next
challenge will be to demonstrate the functional utility of these cells, both in vitro and in preclinical models of bone and vascular
diseases.

1. Introduction

Tissue engineering is an emerging field of research aimed
at regenerating functional tissues by combining cells with
a supporting substrate. Several different embryonic stem
cell lines and adult stem cell sources have been used for
this purpose [1–4]; however, some specific cell types may
give better results in particular applications. Amongst
them, human embryonic stem cells (hESCs) may consti-
tute an important new resource in tissue engineering, mainly
due to an extensive differentiation capacity and high pro-
liferative potential. Indeed, many adult organ-specific cells
and stem cells show a limited proliferative capacity and
lose their differentiated function after long-term in vitro
culture.

2. In Vitro Differentiation of ESC

This differentiation only takes place when the correct stim-
ulus is present in the culture media. Although all scientists
agree on the potential of hESC, it has also become clear that
pluripotency is a double-edged sword; the same plasticity
that permits hESC to generate hundreds of different cell types
also makes them difficult to control.

3. Strategies for Differentiating Human ESC
into Three Germ Layers

The basic methods of hESC differentiation are divided into
three categories.
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(1) Direct differentiation as a monolayer on extracellular
matrix proteins [5].

(2) Differentiation in coculture with stromal cells [6].

(3) The formation of 3D spherical structures in suspen-
sion culture, termed embryoid bodies (EBs) [7–11].

EB formation is the most common method for initiating
differentiation in culture due to its similarity to postim-
plantation embryonic tissue in vivo. It should be noted that
EB differentiation does not reconstitute the full array of
embryonic development, having no form of polarity or
“body plan” All three approaches for hESC differentiation
are efficient and have advantages and disadvantages. Each
method demonstrates that hESC can differentiate into a
broad spectrum of cell types in culture. EB has the advantage
of providing a three-dimensional structure, which enhances
cell-cell interactions that may be important for some devel-
opmental processes. Human ESCs have been successfully
differentiated into tissues derived from the three germ layers
by the use of all three methods [5, 18, 19].

4. In Vitro Chondrogenic Differentiation of
Human Embryonic Stem Cells

There are three distinct lineages that generate the skeleton:
the somites (axial skeleton), lateral plate mesoderm (limb
skeleton), and neural crest (skull and face). The skeleton con-
tains three specific cell types: chondrocytes in cartilage, and
osteoblasts and osteoclasts in bone. Whereas chondrocytes
and osteoblasts are of mesenchymal origin, the osteoclasts are
of hematopoietic lineage [20, 21].

There are two major modes of bone formation, or osteo-
genesis, and both involve the transformation of a pre-existing
mesenchymal tissue into bone tissue.

(1) Endochondral ossification is the process by which a
cartilage intermediate is formed and replaced by
bone.

(2) Intramembranous ossification is the direct conversion
of mesenchymal tissue into bone.

The main difference between these two methods of bone
formation is the presence of a cartilaginous phase in endo-
chondral ossification; the mesenchymal cells proliferate and
differentiate into prechondrocytes and then into chondro-
cytes. Chondrocytes are the first skeleton-specific cells to
appear during embryonic development. Chondrogenic dif-
ferentiation of condensed mesenchymal stem cells (MSCs),
orchestrated by high-mobility group-box gene Sox9, is the
initial event in skeletogenesis, and Runx2 controls chondro-
cyte maturation as well [22, 23].

Chondrogenic differentiation has been stimulated in se-
rum-free media containing exogenous cytokines and growth
factors, specifically the TGF-β superfamily, under conditions
that included 3-dimensional culture. The different studies
outlined in Table 1 clearly show that cartilage formation
can be achieved by using 3D culture; however, Jukes et al.’s
group was the first group to succeed in formation of hyaline
chondrocytes from mouse ESCs (mESCs) using a scaffold

in conjunction with TGF-β3. Furthermore, Jukes’ group
showed that a complete endochondral ossification can be
obtained in combination with matrix mineralization, when
hyaline chondrocytes formed in vitro are matured in vivo [4].
Despite the fact that cartilage has been formed in vitro, no
study has provided data showing endochondral ossification
obtained during in vitro culture of either MSCs or ESCs.

Tissue-engineered cartilage can be grown in vitro with
the use of cell-scaffold constructs and bioreactors [28]. The
study by Tigli et al. was designed to investigate the effects
of perfusion bioreactors on the chondrogenic potential of
engineered constructs prepared from porous silk fibroin
scaffolds seeded with hESC-derived MSCs. After four weeks
of incubation, constructs cultured in perfusion bioreactors
showed significantly higher amounts of glycosaminoglycans
(GAGs) (P < 0.001), DNA (P < 0.001), total collagen (P <
0.01), and collagen II (P < 0.01) in comparison to static
culture. Mechanical stiffness of constructs increased 3.7-
fold under dynamic culture conditions, and RT-PCR results
concluded that cells cultured in perfusion bioreactors highly
expressed (P < 0.001) cartilage-related genes when com-
pared with static culture. Distinct differences were noted in
tissue morphology, including polygonal extracellular matrix
structure of engineered constructs in thin superficial zones
and an inner zone under static and dynamic conditions,
respectively. The results suggest that perfusion bioreactors
can be used to modulate the growth of tissue-engineered
cartilage and enhance tissue growth in vitro.

5. In Vitro Differentiation of Human
Embryonic Stem Cells into Mesenchymal
and Osteogenic Lineages

Osteoblasts are differentiated from multipotent MSCs [29].
This differentiation process is regulated by several cytokines,
including BMPs, TGF-β, Wnt, and hedgehog [30]. BMP2 is
one of the most potent promoters of MSC differentiation
into osteoblasts in vitro and induces bone formation in vivo.
Runx2 is the master gene of osteoblast differentiation and
directly regulates the expression of osteocalcin and osteopon-
tin, which are two major components of bone matrix [31].

Protocols for directing the differentiation of ESCs to an
osteogenic lineage can be divided into at least two approaches
(Table 2 and Table 3). The first approach is based on reports
from a multistep differentiation of ESCs into an osteoblast
lineage. Barberi et al. were the first to differentiate hESCs
into a multipotent MSC-like cell population. The hESC-
derived MSCs were further differentiated into osteoblasts,
adipocytes, chondrocytes, and myoblasts [27]. Other groups
achieved an MSC-like differentiation by coculture of ESCs
with osteoprogenitor cells (OP9 cells) or the use of growth
factors. All protocols sort the MSC population using mes-
enchymal cell surface markers (Table 2).

The second approach differentiates ESCs into an osteo-
genic lineage without any MSC-like step, and all the proto-
cols are more or less the same. The protocols are generally
based on two steps; the first step includes EB formation, and
the second step consists of adherence culture where the EBs
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Table 1: In vitro models for direct differentiation of embryonic stem cells to chondrogenic lineages.

Days in EB
formation

Post EB
differentiation

Differentiation conditions
Chondrogenic markers
studied

Cells line(s) Reference

5
Encapsulation of EBs
in PEG hydrogel for
17 days

The EBs in hydrogel were
differentiated in presence of
chondrogenic medium (CM)
treated with BMP-2 and
TGF-β1

Type I, II, X collagen,
and osteocalcin.
Proteoglycans content
measurement

Mouse-D3 and
human-BG03

[12–15]

N/R
EB cells were seeded
on ceramic particles

Cells on the ceramic scaffold
was differentiated in vitro for
21 days in CM supplemented
with TGF-β3 and 21 days of in
vivo maturation

Morphology was studied
and proteoglycans
content was analyzed

Mouse-IB10,
human MSC, and
Goat MSCs

[4]

7 RA from day 2 EBs were plated
RA-treated EB outgrowth
culture was treated with
TGF-β3

D15: proteoglycans,
Col2a1, Sox9, Col10a1
and MMP13

Mouse-CGR8,
E14Tg2a, EFC1

[16]

28

After 4 weeks the EBs
were dissociated and
self-assembled for
additional 4 weeks

EBs were differentiated in
chondrogenic medium
supplemented with
combinations of TGF-β1,
TGF-β3, BMP-2, and IGF-1
(100 ng/mL)

Sox9, Col1a1, Col2a1 Human-BG01V [17]

Culture medium was high glucose Dulbecco’s modified Eagle’s medium supplemented with 1–5% foetal calf serum. Factors added for chondrocyte differen-
tiation: ascorbic acid, 50 μg/mL; Dex, 10 or 100 nM; proline, 40 μg/mL; sodium pyruvate, 100 μg/mL; ITS, 50 mg/mL; TGF-β, 10 ng/mL; RA, 10−7 M; BMP,
10 ng/mL (range, 10–800 ng/mL). Aggrecan, Sox9, type II collagen, type X collagen, and scleraxis were analyzed by PCR.
BMP: bone morphogenetic protein; Col: collagen; D: day(s); Dex: dexamethasone; EB: embryoid body; FGF: fibroblast growth factor; IGF: insulin-like growth
factor; MMP: Matrix metalloproteases; PEG: poly-ethylene glycerol; RA: retinoic acid; TGF-β: transforming growth factor-β; OC: osteocalcin.

Table 2: Models for differentiation of embryonic stem cells into multipotent mesenchymal stem cells.

Days in EB
formation

Differentiation
conditions

Selection Functional assay Markers studied Cells line(s) Reference

None

Coculture of hESC
with OP9 cells in
serum-containing
media

FACS
purification
with CD73+

Differentiation in
vitro to osteoblasts,
chondrocyte, and
adipocytes

Cell surface markers:
CD29, CD44, CD54,
CD73, CD90, CD105
D21: mineralization
D17: lipid droplets

Human-H1
and H9

[24]

None

Monolayer direct
differentiation in
presence of bFGF2
and PDGF AB

FACS
purification
with CD105+

and CD24−

Differentiation in
vitro to osteoblasts,
chondrocyte and
adipocytes

Cell surface markers:
CD29, CD44, CD49a,
CD105, CD166
D21: mineralization
D14: lipid droplets
D21: proteoglycans

Human-H1
and HUES9

[25]

None

Spontaneous
monolayer
differentiated cells
from hESC colonies

Serum (10%)
Differentiation in
vitro to osteoblasts
and adipocytes

Cell surface markers:
CD13, CD44, CD71,
CD73, CD105, CD166
After 3 weeks:
mineralizationa

D21: lipid droplets

Human-H1 [26]

None

Coculture of hESC
with OP9 cells in
serum containing
media

FACS
purification
with CD73+

Differentiation in
vitro to osteoblasts,
chondrocyte, and
myoblasts

Cell surface markers:
CD29, CD44, CD54 CD73,
CD90, CD105,
CD106, CD166, STRO1

Human-H1
and H9

[27]

Culture medium is α-minimal essential medium or Dulbecco’s modified Eagle’s medium. aIn this study they did not analyze the main osteoblastic markers by
PCR.
bFGF2: basic fibroblast growth factor-2; CD: cluster of differentiation; OP9: mouse stromal cells.
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Table 3: In vitro models for direct differentiation of embryonic stem cells into osteogenic lineages.

Days in EB
formation

Differentiation conditions Selection
Osteoblastic markers
studied

Cells line(s) Reference

1–6
Directed differentiation in
presence of osteogenic factors

Serum and osteogenic
factors

D21/35: mineralization
nodules, ALP, osteocalcin,
and type I collagen

Human-H9,
mouse ESCs

[32–34]

7 RA from day 2
RA treated EB outgrowth
culture was treated with BMP
plus osteogenic factors

RA and BMP-4 D12: mineralization
Mouse-CGR8,
E14Tg2a,
EFC1

[16]

3

Coculture of EBs with primary
bone-derived cells (hPBDs) for
14 days, in vivo bone formation
with BMP-2

Conditioned media
from hPBDs

D7 and 14: mineralization,
osteocalcin, collagen I,
osteopontin, BSP

Human-CHA3 [35]

5
The differentiation of single
cells was initiated with bioactive
glass

Serum and osteogenic
factors

D21: mineralization,
osteocalcin, ALP, and
cbfa-1/Runx2

Mouse-E14 [36]

4-5
Single cell suspension of EB was
directly differentiated in
presence of osteogenic factors

Serum, osteogenic
factors and MACS
sorting#

D21: mineralization,
osteocalcin, Cadherin-11,
and cbfa-1/Runx2

Human-H1,
H9 and
Mouse-CEE

[37–39]

Culture medium was α-minimal essential medium or Dulbecco’s modified Eagle’s medium, supplemented with 10–20% foetal calf serum. Factors added for
osteogenic differentiation: β-gly, 10 mM (range, 2–10 mM); ascorbic acid, 50 μg/mL; Dex, 10 or 100 nM; RA, 10−7 M; BMP, 100 ng/mL (range, 10–800 ng/mL).
Cbfa1, BSP, ALP, and OC were analyzed by PCR.
#In the mouse study cells were sorted by Cadherin-11 expression, and cDNA microarray was performed.
ALP: alkaline phosphatase; asc. Acid: ascorbic acid; BMP: bone morphogenetic protein; BSP: bone sialoprotein; Runx2: core binding factor α1; D: day(s); Dex:
dexamethasone; ES: embryonic stem; FGF: fibroblast growth factor; β-gly: β-glycerophosphate; RA: retinoic acid; OC: osteocalcin.

are either disrupted into a single cell population or plated
as EBs onto coated tissue culture plates with or without
osteogenic differentiation factors. To improve the osteogenic
differentiation, different approaches have been used. Kawa-
guchi et al. added retinoic acid (RA) in the EB step, followed
by BMP-2 during the monolayer differentiation [16]; in con-
trast, Kim et al. cocultured EBs with human primary bone-
derived cells to induce osteogenic differentiation [35]. Mon-
olayer differentiation typically requires 21 days, after which
the mineralization is observed by either Alizarin red or Von
Kossa staining. To demonstrate a successful differentiation of
ESCs into active osteoblasts, the expressions of osteoblastic
markers are analyzed (Table 3).

A recent publication describes a new method for produc-
ing skeletal muscle progenitor cells that can be further dif-
ferentiated into mature osteoblasts. This protocol generated
myogenic cells by culturing hESCs as EBs in serum-free me-
dia containing SB-431542, a small molecule inhibitor of the
TGF-β/Activin/Nodal signaling pathway [40]. As previously
described, EBs lead to the generation of endodermal, meso-
dermal, and ectodermal lineages. The study showed that
SB-431542-mediated inhibition of TGF-β/Activin/Nodal sig-
naling led to a decrease in the formation of endoder-
mal cell-types and a dramatic increase in the formation
of muscle cell-types, including skeletal muscle, at a fairly
high efficiency; 52% of experimental cells expressed MyoD.
This study is not only promising in its ability to produce
mesodermal skeletal muscle progenitors, but also in the
information it provides about the nature of hESC differen-
tiation.

For a protocol to be truly useful for clinical applications it
would ideally allow for the directed, homogeneous differenti-
ation of hESCs into the cell type of interest. This means that
the best differentiation strategies would avoid random and
heterogeneous differentiation steps such as those involved in
EB formation. Our recently published studies offer impor-
tant new directions for the development of future meso-
dermal differentiation strategies. The first study relies on
human EB formation for the initial stages of differentiation
[40]. We inhibited TGF-β/activin/nodal signaling during EB
formation using SB-431542 (SB) in serum-free medium. The
inhibition of the TGF-β signaling pathway led to selective
upregulation of several markers involved in mesoderm
induction and myogenic differentiation, as evidenced by en-
hanced gene expression of TBX6 and Myf5. Explant cultures
of EBs in serum-free medium containing SB led to the en-
richment of cells with a myogenic phenotype. Further, we
demonstrated MSC differentiation of SB-OG cells by the ad-
dition of FBS to the culture medium.

In a second study published by our group, we demon-
strate that stromal cells, obtained from hESC cultures by
their selective adherence to hyaluronic acid (HA), exhibit
characteristics of the hMSC phenotype, including known
surface markers, the ability to differentiate into osteo-
blasts and adipocytes, and formation of ectopic bone
when implanted with Hydroxyapatite/Tricalcium phosphate
(HA/TCP) subcutaneously in immune-deficient mice [41].
In this study no additional growth factors or cytokines were
used for the direct differentiation of hESCs into a homo-
geneous population of stromal cells, which had the same
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characteristics as bone-marrow-derived MSCs, including in
vivo bone formation.

As the potential range of stem cell applications in tissue
engineering continues to grow, appropriate scaffolding is
necessary to create tightly defined artificial microenviron-
ments for each target organ. These microenvironments de-
termine stem cell fate via control over differentiation. In this
study, we examined the effects of scaffold stiffness on embry-
onic mesenchymal progenitor cell behavior [42]. Mechan-
ically distinct scaffolds with identical microstructure and
surface chemistry were produced utilizing core-shell elec-
trospinning. The modulus of core-shell poly(ether sulfone)-
poly(ε-caprolactone) (PES-PCL) fibers (30.6 MPa) was more
than 4 times that of pure PCL (7.1 MPa). The growth of
progenitor cells on the two different scaffolds resulted in
two distinct populations. The lower modulus PCL fibers
provided a more appropriate microenvironment for chon-
drogenesis, evident by marked upregulation of chondrocytic
Sox9, collagen type 2, and aggrecan gene expression, and
production of a chondrocyte-specific extracellular matrix
glycosaminoglycan. In contrast, the stiffer core-shell PES-
PCL fibers supported enhanced osteogenesis by promoting
osteogenic Runx2, alkaline phosphatase, and osteocalcin
gene expression, as well as alkaline phosphatase activity.
These findings demonstrate that the microstructural stiffness
of a scaffold and the pliability of individual fibers may play a
critical role in controlling stem cell differentiation. This may
occur via regulation of distinct cytoskeletal organization
and subsequent intracellular signaling events that control
differentiation-specific gene expression.

The use of hESCs for tendon tissue engineering has just
begun to be explored. Chen et al. placed hESC-derived mes-
enchymal stem cells (hESC-MSCs) within a knitted silk-
collagen sponge scaffold and assessed the efficacy of this con-
struct in promoting tendon regeneration. When subjected
to mechanical stimulation in vitro, hESC-MSCs exhibited
tenocyte-like morphology and expressed the tendon-related
gene markers collagen types I and III, Epha4, and scleraxis, as
well as other mechanosensory structures and molecules, such
as cilia, integrins, and myosin. In ectopic transplantation, the
tissue-engineered tendon under in vivo mechanical stimulus
displayed more regularly aligned cells and larger collagen
fibers. This in turn resulted in enhanced tendon regeneration
in situ, as evidenced by better histological scores and supe-
rior mechanical performance characteristics. Furthermore,
cell labeling and extracellular matrix expression assays
demonstrated that the transplanted hESC-MSCs not only
contributed directly to tendon regeneration, but also exerted
an environment-modifying effect on the implantation site
in situ. Hence, tissue-engineered tendon can be successfully
fabricated through the seeding of hESC-MSCs within a
knitted silk-collagen sponge scaffold followed by mechanical
stimulation [43].

6. Embryonic-Derived Hemangioblasts

There is a great need for stem cell-derived treatment strate-
gies to stimulate both arteriogenesis and neoangiogenesis

during cardiovascular disease [44]. In this regard, heman-
gioblasts (HSs), which are the precursors of both hematopoi-
etic and endothelial cells, can be generated with well-
characterized functional properties by a novel technique
from single blastomere-derived stem cells that does not
require embryo destruction, thus minimizing ethical and
regulatory concerns [45, 46]. This process could have a great
therapeutic impact. A recent study reported the effects of
intravenous injection of bone marrow cells (BMCs) and HS,
supplemented with 1.0% vitamin E, 0.05% vitamin C, and
6% l-arginine, into the ischemic hindlimb of ApoE−/− dia-
betic and nondiabetic mice [47]. Blood flow was monitored
by a laser Doppler blood flow meter, and capillary density
was determined in sections of the adductor and semimem-
branous muscles with an anti-CD31 antibody. BMC or HS
alone and BMC plus HS increased blood flow and capillary
densities and decreased interstitial fibrosis. These effects
were amplified by additional MT, at least in part, through
the nitric oxide pathway, reduction of systemic oxidative
stress, and macrophage infiltration. Interestingly, telomerase
activity was increased by HS treatment. Thus, intravenous
HS intervention increased therapeutic angiogenesis in the
ApoE−/− diabetic mouse hindlimb. This is also consistent
with the evidence that HS from human embryonic stem
cells can generate multilayered blood vessels with functional
smooth muscle cells (Lu et al. [46]). On the other hand,
a very recent study shows that HSs remain epigenetically
plastic and require PRC1 to prevent neural gene expression
[48], and in another study, when HS derivatives were
obtained from induced human pluripotent stem cells, they
exhibited limited expansion and early senescence [49]. Fur-
ther therapeutic strategies may arise from other studies: one
that explores the possibility that multipotent progenitor cells
are resident in the human fetal aorta wall [49] and another on
transplantation of a tissue-engineered, vascularized human
cardiac muscle [50].

7. Conclusion

Scientists around the world are trying to understand the
control of hESC growth and lineage-specific differentiation.
These insights enable the reproducible generation of highly
enriched cell populations from a number of different lin-
eages. With these tools, we can now begin to test the function
of these cell types through the transplantation of highly
enriched, well-characterized populations into different pre-
clinical disease models. Access to lineage-specific progenitors
for transplantation will allow comparison to more mature
populations to determine which stage integrates best into
the adult tissue and which ultimately provides the most
benefit. The availability of highly enriched cell populations
from different lineages also provides an opportunity for
cell biologists to interact with tissue engineers to generate
culture systems that will more accurately mimic important
three-dimensional aspects of organogenesis. Such engineered
tissues may be more effective following transplantation and
may also support more efficient maturation of the different
cell types in culture. With these tools at hand, the therapeutic
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potential of hESCs is now ready to be tested for example
in the field of osteogenic lineages and regeneration of vas-
culature.
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The ability of human embryonic stem cells (hESCs) and induced pluripotent stem cells (iPSCs) to divide indefinitely without
losing pluripotency and to theoretically differentiate into any cell type in the body makes them highly attractive cell sources for
large scale regenerative medicine purposes. The current use of adult stem cell-derived products in hematologic intervention sets
an important precedent and provides a guide for developing hESC/iPSC based therapies for the blood system. In this review,
we highlight biological functions of mature cells of the blood, clinical conditions requiring the transfusion or stimulation of
these cells, and the potential for hESC/iPSC-derivatives to serve as functional replacements. Many researchers have already been
able to differentiate hESCs and/or iPSCs into specific mature blood cell types. For example, hESC-derived red blood cells and
platelets are functional in tasks such as oxygen delivery and blood clotting, respectively and may be able to serve as substitutes
for their donor-derived counterparts in emergencies. hESC-derived dendritic cells are functional in antigen-presentation and may
be used as off-the-shelf vaccine therapies to stimulate antigen-specific immune responses against cancer cells. However, in vitro
differentiation systems used to generate these cells will need further optimization before hESC/iPSC-derived blood components
can be used clinically.

1. Introduction

Human embryonic stem cells (hESCs) have been touted as
the future of regenerative medicine due to their potential
to differentiate into any cell type in the body. Unlike adult
or cord blood stem cells, hESCs are capable of expanding
indefinitely in culture without losing their pluripotency,
and this makes them an attractive cell source to be used
for the large-scale production of a variety of therapeutic
cell types [1]. The advent of human-induced pluripotent
stem cells (iPSCs) has added another dimension to the field
of regenerative medicine as it may allow patient-specific
therapies to be produced, thus reducing issues with HLA
mismatching and immunoincompatibility [2]. While each
has its own advantages and disadvantages, hESCs and iPSCs
represent two pluripotent cell sources with far-reaching

clinical potential in treating neurologic disorders, repairing
or replacing damaged tissues, and as detailed here, producing
transfusable blood components.

Hematopoietic stem cells (HSCs) located within the
bone marrow normally give rise to and are responsible for
replenishing all mature cells within the adult blood system
[3]. HSCs initially differentiate into multipotent progenitors
(MPPs) and then differentiate further into common myeloid
progenitors (CMPs) and common lymphoid progenitors
(CLPs). CMPs eventually give rise to erythrocytes, megakary-
ocytes/platelets, monocytes, and granulocytes while CLPs
produce natural killer, T, and B cells (Figure 1). Researchers
have already been able to obtain highly enriched populations
of in vitro generated blood components by differentiating
hESCs and/or iPSCs down particular hematopoietic lineages.
Each of the mature cell types within the blood system can
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Figure 1: Simplified schematic of hematopoietic differentiation. At the top, hESCs and/or iPSCs may be able to recapitulate hematopoietic
differentiation in vitro after initial differentiation into EBs and/or HBs intermediates. These culture-based intermediates differentiate into
cells similar to mesoderm-derived HSC/progenitors. The boxed region shows hematopoietic differentiation as it is thought to occur in vivo.
HSCs undergo successive stages of differentiation to give rise to progenitor cells in both the myeloid lineage (left side) and lymphoid lineage
(right side). These progenitors will undergo further differentiation to eventually give rise to mature cells within the peripheral blood.

be used for distinct clinical purposes, and this paper will
focus on the ability of hESCs/iPSCs to serve as substitutes
for primary cells in these endeavors.

2. Red Blood Cells

Erythrocytes or red blood cells (RBCs) are the most plen-
tiful cell type in the peripheral blood and are present at
a concentration of 5 × 1012 cells/liter(L) [4], which accounts
for approximately 40%–45% of the total blood volume
(Figure 2) [4, 5]. Despite the body’s seemingly abundant
capacity to produce RBCs, approximately 16 million units
of RBCs are collected and transfused annually into patients
[6], including those suffering from anemia (low RBC counts)
or massive blood loss due to trauma. Type (O)Rh-negative
“universal” RBCs are highly desirable for emergency situa-
tion where blood typing may not be possible and are usually
the first to be depleted when clinics encounter shortages in
their supplies. The derivation of (O)Rh-negative RBCs from
hESCs/iPSCs clearly offers an attractive option for alleviating
the constant shortage in donated RBCs.

Definitive erythropoiesis in the adult bone marrow is
a multistep process regulated by the cytokine, erythropoietin
(EPO). It begins when an HSC-derived CMP passes through
the megakaryocyte erythrocyte progenitor (MEP) stage and
commits to the erythroid lineage. The appearance of the

pronormoblast (also called proerythroblast or rubriblast)
marks the first stage of differentiation and is subsequently
followed by early, intermediate, and late normoblast (ery-
throblast) stages, at which time the nucleus is expelled
and the cell becomes a reticulocyte. Reticulocytes exit the
bone marrow and become fully mature RBCs within the
circulation, expressing adult forms of hemoglobin (α2β2)
and delivering oxygen to tissues of the body. They circulate
for about 120 days before they are engulfed by macrophages
and recycled (Figure 1) [5, 7].

Erythrocytes can be derived in vitro from a variety of
primary stem cell sources including umbilical cord blood
(CB), peripheral blood (PB), and bone marrow (BM) [8, 9].
Despite their utility, these primary cells still represent donor-
limited sources of blood substitutes. Human embryonic
stem cells (hESCs) represent an alternative stem cell source
for generating RBCs, one whose capacity for in vitro
expansion far exceeds that of BM, PB, or even CB. Two
different in vitro differentiation methods have been widely
used to generate RBCs from hESCs: (1) embryoid body
(EB) formation whereby hESCs are initially allowed to
cluster and form three-dimensional spheres prior to creating
single cell suspensions or (2) coculturing hESCs on top of
animal stromal feeder cell layers. For example, Chang et al.
successfully used an EB method to generate erythroid cells
from hESCs. The resulting RBCs still had not enucleated
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after 30–56 days in culture and mainly expressed embryonic
ε- and fetal γ-globins instead of the desired adult β-globin
[10]. In another study, Olivier et al. used sequential stroma
coculture steps to produce hESC-derived erythrocytes. In
the first step, FH-B-hTERT stroma (human fetal liver cells
immortalized with the catalytic subunit of telomerase reverse
transcriptase) was used to induce initial differentiation of
hESCs towards the hematopoietic lineage while MS5 cells
(murine BM stroma cells) were used to further induce their
differentiation towards erythrocytes. Despite their careful
multistep approach and large yields (0.5 to 5 × 107 cells),
the resulting cells had similar problems to those generated
by the EB method; they mainly expressed embryonic ε and
fetal γ globin isoforms, with only a limited amount of adult
β-globin being detectable [11].

Our recently developed “hemangioblast” system offers a
clinically adaptable alternative to the above two methods and
has proven to be useful for the large-scale generation of RBCs
from hESCs [12–14]. Hemangioblasts (HBs) serve as the
common precursor to both hematopoietic and endothelial
cell lineages and therefore would be slightly upstream of
HSCs in the hematopoietic hierarchy depicted in Figure 1.
We found that hESCs can differentiate into HBs using a
serum-free methylcellulose-based medium. Going through
an intermediate HB stage prior to further differentiation
enables a large expansion of multipotent cells and facilitates
large-scale production of mature cell populations further
downstream. We generated approximately 1010 to 1011

erythroid cells per six-well plate of hESCs using this system
[14], which is over a thousandfold more efficient than the
method reported above by Olivier et al. [11]. Extended in
vitro culture on OP9 stromal cells facilitated enucleation in
up to 65% of our cells and increased the expression of adult
β-globin, allowing it to occur in up to 15% of the cells.
Despite this improvement, the majority of cells were still
found to express fetal and embryonic globin chains.

Several groups, including our own, have demonstrated
that human iPSCs can be used to generate erythrocytes [15–
18]; however, our study also revealed that virus-transduced
iPSCs contain intrinsic molecular and cellular abnormalities
that may hinder their clinical applicability [18]. An alterna-
tive approach for RBC generation that bypasses the need for
pluripotent stem cells altogether has recently been described
[19]. Szabo et al. used ectopic Oct4 to transdifferentiate
fibroblasts directly to CD45+ hematopoietic progenitors and
by exposing them to EPO were able to produce erythroid
lineage cells that expressed high levels of adult β-globin and
low levels of fetal ε-globin and were capable of enucleation
[19]. Further investigation will be required to determine
which starting cell source, hESCs, iPSCs, or Oct4-transduced
fibroblasts, will be the most useful for the development of in
vitro generated RBC substitutes.

3. Platelets

Platelets (thrombocytes) play a central role in hemostasis
(the stoppage of blood loss at sites of vascular injury) and
vascular repair. Their concentration of ∼3 × 1011/L makes

them the second most abundant cell type in the peripheral
blood, behind only RBCs (Figure 2) [4]. Platelets have a
rather short lifespan compared to RBCs though and last
only ∼9 days in the circulation [5]. A serious condition
called thrombocytopenia (platelet counts are <5 × 1010/L)
can occur if platelet production is somehow defective as in
patients with liver failure or leukemia, or if platelets are being
destroyed, as in patients undergoing chemotherapy [20].
Platelet transfusions can be given to those suffering from life-
threatening thrombocytopenia, yet transfusable platelets are
often in short supply due to high demand and limited shelf
life [20]. The inadequacies of donor-dependent programs
have caused scientists and clinicians to become increasingly
interested in developing alternative sources for functional,
transfusable platelets.

With no nucleus or DNA, platelets are actually cell
fragments, being generated through the shearing and frag-
mentation of large, multinucleate megakaryocyte (MK) pre-
cursors. MKs arise in the bone marrow and share a common
precursor with RBCs, the MEP (Figure 1). Progressive com-
mitment of MEPs to the megakaryocyte lineage is principally
regulated by thrombopoietin (TPO) and involves an increase
in expression of the cell surface markers CD41 (αIIb/β3
integrin, or glycoprotein GPIIb/IIIa) and components of the
GPIb/V/IX surface complex. Megakaryopoiesis also involves
a substantial increase in cell size (50 to 100 μm in diameter)
caused by the cytosolic accumulation of platelet-associated
proteins like von Willebrand Factor (vWF) [21] and nuclear
polyploidization, resulting in the accumulation of up to
128N in DNA content [21, 22]. Cellular processes on the
polyploid MK body called “proplatelets” begin to appear,
and their eventual fragmentation and release results in the
generation of platelets (Figure 1). The mechanism of platelet
generation from MKs (thrombopoiesis) is not completely
understood but appears to be extremely efficient in vivo, with
2,000–11,000 platelets being produced per MK [23].

In vitro megakaryopoiesis and thrombopoiesis was first
reported in 1995 using CD34+ HSCs as a starting cell
source [24], and several other studies have confirmed that
hematopoietic stem/progenitors isolated from PB, BM, and
CB are capable of producing MKs and functional platelets
using standard cell culture methods [25–27]. In an attempt
to recapitulate the BM microenvironment and provide more
natural growth conditions, novel three-dimensional culture
systems have recently been developed [28]. In one of these
systems, researchers used surgical grade woven polyester
fabric to create a 3D matrix within wells. In an improved
system, the same research group used inverted colloidal
crystals and polyacrylamide hydrogel to create a highly
porous, highly interconnected network of spherical cavities
within a 3D bioreactor. CD34+ cells were found to expand
and differentiate into MKs and platelets within both 3D
systems. Despite bioengineering advances, the limited in
vitro expansion capabilities of primary CD34+ cells make
these cells unable to replace donation as the principle source
of platelets. hESCs may therefore be a better starting cell
population for large-scale in vitro production.

The first study to report the in vitro production of MKs
from hESCs was published in 2006 using an OP9 coculture
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method [29], yet the MKs produced rarely generated any
proplatelet-like structures. Since then, Takayama et al. has
reported the successful generation of both MKs and func-
tional platelets from hESCs and, more recently, from iPSCs
[30, 31]. They cocultured hESCs or iPSCs on C3H10T1/2
stromal cells for 14-15 days, handpicked saclike structures
containing hematopoietic progenitors and replated single cell
suspensions onto fresh stroma in medium containing TPO,
stem cell factor (SCF), and heparin for 9–23 days. Polyploid,
CD41a/CD42b double positive MKs, emerged from these
cultures and produced platelets containing characteristic
morphology, as assessed by electron micrography [30].
A variety of in vitro tests confirmed platelet functionality, and
a laser-induced vascular injury model was used to show that
their iPSC-derived platelets readily incorporate into newly
developing thrombi in vivo [31].

The use of both serum and animal feeder layers
throughout these studies hinders the ability of this method
to be adapted for clinical use and handpicking ES sacs
adds considerable time and labor to the process as well.
Alternative methods will likely have to be developed for
clinical grade, large-scale production. Towards this end, we
have been able to use the HB system described above for
RBC as an alternative, serum- and feeder-free method for the
generation of MKs (Figure 3) [32]. Yet, similar to Takayama’s
studies, we also found that efficient platelet generation from
MKs still requires conventional stroma coculture. Our hESC-
derived platelets showed the ability to adhere to and spread
on fibrinogen, vWF, and type I collagen-coated surfaces, to
aggregate when stimulated with physiological agonists, and
to retract fibrin clots in vitro. A laser-induced thrombosis
model also confirmed that our hESC-platelets were capable
of contributing to newly forming thrombi in vivo [32]. If in
vitro differentiated hESCs are to become a major source of
transfusable platelets, future work will be needed in order to
determine a way to eliminate the need for stroma during the
MK to platelet step and to increase the efficiency of in vitro
thrombopoiesis as well.

4. White Blood Cells: Dendritic Cells

White blood cells (WBCs or leukocytes) only represent about
1% of the cells within the peripheral blood [4] (Figure 2),
yet they play extremely important roles in protecting the
body against viruses, bacteria, and the outgrowth of cancer
cells. Straddling the interface between innate and adaptive
immunity, dendritic cells (DCs) are one of the body’s three
main types of professional antigen-presenting cells (APCs).
DCs can stimulate specific T-cell responses against a variety
of disease-associated antigens and therefore, may be used in
the development of vaccine-based therapies [33, 34].

Human DCs originate from HSCs and can develop
through both myeloid and lymphoid lineage differentia-
tion pathways [35]. Myeloid (m) DCs arise from gran-
ulocyte-monocyte progenitor- (GMP-) derived monocytes
(Figure 1). They secrete interleukin (IL)12 in response to
activating stimuli and express toll-like receptors TLR2 and
TLR4. Lymphoid lineage-derived DCs (plasmacytoid (p)
DCs) have similar functional characteristics to mDCs, but

4× 109 − 1× 1010 WBCs

3× 1011 platelets

5× 1012 RBC

monocytes,
macrophages, DCs
granulocytes
NK cells
B cells
T cells

Figure 2: Number and type of cellular blood components per liter
of human peripheral blood. hESCs and/or iPSCs may be able to
serve as cost-effective, readily available substitutes for these various
components of the peripheral blood. Both RBCs and platelets
are frequently used in transfusions, but these donor-derived PB
components are often in short supply. WBCs represent a very small
percentage of PB cells, yet they serve critical functions in protecting
the body from various microbes and cancer cells. They may be used
in future cell-based therapies against cancer or HIV.

secrete interferon (IFN) α, and express TLR7 and 9 [35].
Immature DCs survive for weeks, sampling their surround-
ing environment in the skin, nose, lungs, gut, or peripheral
blood and using TLRs for pattern recognition on various
types of pathogens. Once in contact with a suitable antigen,
immature DCs become activated and undergo the process
of maturation, which involves proteolysing an antigen and
presenting its fragments on the DC surface using MHC class I
or II molecules. It also involves an upregulation in the expres-
sion of T-cell costimulatory receptors such as CD80 (B7.1),
CD86 (B7.2) [36], and CD40 [37]. Maturing DCs also upreg-
ulate expression of CCR7, a chemotactic receptor that helps
them migrate through the bloodstream to the spleen or into
the lymphatic system [38]. Fully mature DCs only survive for
a few days which is enough time for them to travel to the
lymph nodes and activate helper T cells, killer T cells, and B
cells.

Innovative work performed in the late 1990s provided the
proof of concept for clinical use of DCs as studies showed
that ex vivo generated DCs (from allogenic or autologous
BM or PB sources) could be loaded with melanoma-specific
antigens and stimulate antitumor immune responses once
injected into patients [39, 40]. Since then, other studies have
shown that DCs exposed to killed tumor cells can also elicit
specific cytotoxic CD8+ T-cell responses [41]. Given their
powerful immunostimulatory effects, over 200 clinical trials
are currently underway to explore the safety and efficacy of
DC-based vaccines for diseases such as melanoma, multiple
myeloma, type I diabetes, HIV, and hepatits C viral infections
(http://www.clinicaltrials.gov/).
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4 days 6–8 days

hESC/iPSCs Embryoid bodies (EBs) Hemangioblasts

RBCs MKs/platelets
Liquid culture

containing
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Liquid MK culture
containing

TPO, SCF, IL11

Stroma coculture
facilitates maturation

Stroma coculture
facilitates platelet

generation from MKs

Figure 3: A hemangioblast (HB) differentiation system may be used to generate mature blood cells from hESCs/iPSCs. Pluripotent hESCs
or iPSCs are first differentiated into EBs using a defined serum-free medium (Stemline II, Invitrogen) and vascular endothelial growth
factor (VEGF), bone morphogenic protein 4 (BMP4), and basic fibroblast growth factor (bFGF). After 4 days, EBS are disrupted and single
cell suspensions are replated into a serum-free, methylcellulose-based semisolid growth medium containing granulocyte colony-stimulating
factor (G-CSF), GM-CSF, IL3, IL6, SCF, FL, VEGF, TPO, and bFGF for the generation of small, spherical, HBs (all images, 10x). After
6–8 days, HBs are harvested and grown in liquid culture containing the indicated cytokines in order to produce RBCs and platelets. For
RBCs, subsequent coculture on stroma enhances enucleation and β-globin switching. For platelets, HBs are first differentiated into MKs in
a stroma-free manner. Subsequent stroma coculture facilitates generation of functional platelets from the MKs.

In April 2010, Provenge (Silpuleucil T, developed by Den-
dreon) became the first DC-based vaccine therapy to gain
full FDA approval and is a treatment option for patients with
metastatic castration-resistant prostate cancer [42]. This DC-
based vaccine utilizes an antigenic peptide derived from
prostatic acid phosphatase fused to the cytokine granulocyte
macrophage colony-stimulating factor (GM-CSF) for highly
efficient delivery and uptake by ex vivo cultured autologous
DCs [43]. Given the high cost of tailor-made autologous
or allogenic DC-based vaccines like Provenge [44], hESCs
may serve as a cost-effective alternative cell source for the
derivation and large-scale manufacture of antigen-primed
DCs.

Slukvin et al. were the first group to produce functional
DCs from hESCs and did so by using a 3-step differentiation
protocol adapted from the mouse ESC system [45]. They
cocultured hESCs on OP9 stroma cells for 9-10 days
to promote initial hematopoietic differentiation and then
transferred cells to suspension culture consisting of αMEM,
10% fetal calf serum, and GM-CSF for the next 8–10 days.
Live cells were purified and cultured in medium containing
GM-CSF + IL4 for an additional 7–9 days, during which
time human DCs emerged. Two other groups have since
reported the generation of hESC-derived myeloid-lineage
DCs using EB formation and have done so in a serum-free or
serum- and feeder-free manner [46, 47]. These hESC-derived
DCs had characteristic large eccentric nuclei, spiny dendritic
processes and expressed DC surface markers CD11c, CD40,
CD45, CD86, HLA class I, and HLA class II to varying
degrees. Yields ranged from 2 DCs per hESC in one study
[46] to 3–5 DCs per hESCs in a more recent study [47].

Despite subtle differences compared to monocyte-derived
DCs, hESC-derived DCs appear to be functional upon
maturation in assays measuring IL12p70 secretion, chemo-
taxis, antigen-uptake and proteolysis, induction of T-cell
proliferation, and stimulation of antigen-specific cytotoxic
CD8+ T-cell responses [46, 47].

When developing hESC-based DC vaccines, maturation
cocktails will need to be carefully chosen in order to elicit the
desired response in vivo. For example, prostaglandin E2 has
been shown to facilitate DC chemotaxis, yet it inhibits the
ability of DCs to secrete IL12p70 [48, 49]. This distinction
would have important consequences for DC-based therapies
in vivo since IL12p70 is essential for driving CD4+ T cells
towards a proinflammatory, antimicrobial Th1 response and
away from the opposing anti-inflammatory Th2 response.
Clinical application of hESC-derived DC vaccines will also
depend upon their performance in preclinical animal studies.
In vivo, preclinical testing of hESC-DCs has not yet been
reported, but studies performed with antigen-loaded autolo-
gous or allogenic DCs should provide a useful guide.

5. WBCs: Natural Killer Cells

Human natural killer (NK) cells are generated from HSC-
derived CLPs (Figure 1) and have a half-life of ∼7–10
days in the PB [50]. Their concentration of 1 × 108 cells/L
comprises ∼1-2% of WBCs, or 0.01-0.02% of all cells in
the PB [4]. NK cells belong to the innate immune system
and provide rapid, nonspecific responses against various
microbial infections and contribute to tumor cell detection
and elimination [50]. NK cells mount a protective response
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if they encounter a cell with insufficient MHC I expression,
yet, to prevent inappropriate cell killing, the procedure for
surveying MHC I expression is rather complex. In brief, if
a cell lacks sufficient self-MHC I molecules, interplay
between various activating and inhibitory signals helps
NK cells mount an appropriate protective response, either
cytokine release, natural cytotoxicity or antibody-dependent
cellular cytotoxicity (ADCC) [51].

The two main populations of NK cells, immature and
mature, are functionally distinct and can be discerned
based upon expression of various cell surface mark-
ers. Immature NK cells have high cytokine production
capacity and low cytotoxicity potential and are typi-
cally CD56bright/CD16low/KIRlow/CD94high [52]. Secretion
of cytokines by immature NK cells activates macrophages
and helps initiate a broad immunological response. In
contrast, mature NK cells display low cytokine pro-
duction capacity and high cytolytic potential and are
CD56dim/CD16high/KIRhigh/CD94low [52]. Their cytolytic
functions depend upon the release of granzyme and perforin
enzymes from internal granules, which in turn are respon-
sible for lysing and inducing apoptosis in target cells. The
transition from immature to mature NK cells is thought to
arise in secondary lymphoid tissues, yet the vast majority of
NK cells in the PB are the mature CD56dim CD16high cytolytic
type [53].

Endogenous NK cells may not detect and eliminate
cancer cells in vivo. In many patients, NK cell activity may
be reduced or defective, while in others, cancer cells have
developed mechanisms to evade NK cell detection (reviewed
in [51]). Nonetheless, studies published in the 1980s by
Rosenberg and colleagues showed that infusions of autol-
ogous lymphokine-activated killer (LAK) cells stimulated
ex vivo with IL2 were able to shrink tumors in patients
with a variety of different types of cancer [54, 55]. This
groundbreaking work stimulated considerable interest in
using NK cells clinically and a variety of approaches for
harnessing their cytotoxic capabilities. While the details of
these studies are reviewed elsewhere [51], ex vivo stimulation
and infusion of autologous or allogenic NK cells has been
used in experimental therapies for many different types of
cancers, and alterations to clinical protocols have increased
the success of this therapeutic approach. Currently, over
200 clinical trials are being performed to evaluate the safety
and efficacy of NK cell-based immunotherapy for leukemia,
lymphoma, melanoma, glioma, renal cell carcinoma, and
cancers of the breast, pancreas, lungs, head, and neck
(http://www.clinicaltrials.gov/). Results of these trials will
help establish the most effective strategies for harnessing
NK immunotherapeutic potential. The biggest hindrance to
these adoptive transfer approaches thus far appears to be the
difficulty in obtaining sufficient numbers of NK cells from
peripheral blood mononuclear or LAK cell collections [51].
The use of hESCs for in vitro generation of NK cells may
provide larger pools of suitable effector cells and thus be able
to overcome this hurdle.

In general, the differentiation of hESCs into lymphoid
lineage cells has proven to be more difficult than their
differentiation into myeloid lineage cells. Only one group,

led by Dan Kaufman at the University of Minnesota, has
been able to successfully and reproducibly derive functional
NK cells from hESCs [56, 57]. Their optimized 2-step differ-
entiation procedure begins by coculturing undifferentiated
hESCs on M210-B4 (a mouse BM-derived stroma cell line
that expresses laminin and collagen IV) for 17–20 days.
CD34+/CD45+ double positive cells, which represent <5% of
all cells, are then isolated from the culture and transferred
onto AFT024 stroma in medium containing SCF, flt3-ligand
(FL), IL7, and IL15. A highly enriched homogenous pop-
ulation of CD45+CD56+CD94+ NK cells typically emerges
after 30–35 days. In vitro assays showed that hESC-derived
NK cells produced in this manner were capable of secreting
IFNγ in response to IL12/IL18 stimulation and also displayed
potent natural cytotoxicity against K562 erythroleukemia
cells and ADCC against Raji cells [56]. These hESC-NK
cells were subsequently shown to harbor natural cytotoxicity
against other types of cancer cells and displayed in vivo
antitumor activity in a xenograft mouse model [57]. More
recently, this same group has been able to successfully
produce functional NK cells from iPSCs and showed that
they harbor anti-HIV activity [58]. Despite these exciting
findings, the requirement for two different types of stroma
coculture as well as the need to isolate rare CD34/CD45
double positive cells limits the utility of this approach
for large-scale, cost-effective, clinical grade production of
hESC/iPSC-generated NK cells. Further optimization will
need to be performed before such hESC/iPSC-derived NK
therapies can move into clinical trials.

6. WBCs: T Cells

As part of the adaptive immune system, T cells develop
in the thymus and can be stimulated to mount antigen-
specific immune responses against a variety of pathogens and
cancer cells. They are present at a concentration of ∼1 ×
109 cells/L of peripheral blood, thus representing ∼10% of
WBCs or 0.1% of all circulating blood cells (Figure 2) [4].
While a detailed background on T-cell biology is beyond
the scope of this paper, T cells can generally be divided
into five main subtypes based on function and cell surface
marker expression: effector or memory helper CD4+ T
cells [59]; effector or memory cytotoxic CD8+ T cells [59];
immunosuppressive regulatory T cells (Tregs) [60]; skin, gut,
or lung-resident γδ T cells [61]; rare, CD1d-restricted NK T
cells [62].

Clinical interest in T cells as therapeutic agents largely
revolves around the isolation and ex vivo expansion of
specific antigen-responsive helper and/or cytotoxic T-cell
subsets in order to generate a highly specific immune
response once infused into a patient. CD4+ helper T cells
will secrete particular cytokines in response to MHC
II-presented antigens while CD8+ cytotoxic T cells will
respond to MHC I-presented antigens and unload cytotoxic
enzymes to induce apoptosis in antigen-expressing target
cells. Adoptive T-cell therapy (ACT) was first described in
1988 as a treatment option for melanoma [63], and many
improvements have been and are still being made to increase
the utility, safety, and efficacy of ACT protocols [64–66].
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For example, hundreds of tumor-associated antigenic pep-
tides have been cloned [66] and enable the use of peptide-
pulsed APCs to stimulate T cells in vitro prior to their use
in patients. This approach has successfully been used to
produce antigen-specific T cells for treating melanoma, HIV,
leukemia, and other diseases [67–69]. Another strategy that
is being developed to improve ACT protocols involves the
use of genetic engineering to clone and artificially express
antigen-specific T-cell receptors (TCRs) in autologous T-cell
populations. This approach has been used successfully to
treat melanoma [70, 71] and is being developed for use in
HIV and leukemia therapies [72, 73].

The risks and complexities involved in exploiting the
adaptive immune system make T-cell-based therapies incred-
ibly expensive and still largely experimental. However, as
exemplified above, the power of ACT is large enough to
warrant efforts that might be able to streamline the therapy
or make it more cost effective. Towards this end, several
groups have devised protocols to differentiate T cells from
pluripotent human cell sources.

Extrapolating from results in various mouse studies, the
use of immobilized Notch ligand, such as delta-1 (DL1),
has proven to be an effective strategy for lymphopoietic
differentiation of human pluripotent cells [74–76]. For
example, Awong et al. showed that DL1-expressing OP9
stroma allowed CD34+ CB cells to differentiate into CD7+

T-cell progenitors. These pro-T cells could engraft into the
thymuses of NOD/SCID/γc−/− (NSG) mice and continue
differentiating down the T-cell lineage [75].

The first report that hESCs could be differentiated into
T cells was published in 2006 [77]. Galić et al. cultured H1
hESCs on regular OP9 cells for 7–14 days, whereupon CD34+

cells were isolated and injected into a Thy/Liv implant within
SCID or RAG2−/− mice. The hESC-derived cells were found
to differentiate into T cells within the thymus-like Thy/Liv
environment [77]. Galić et al. switched to an EB-based
method three years later and noted improvements in the
Thy/Liv-generated, hESC-derived T cells [78]. CD4+/CD8+

double positive cells began to appear within 4 weeks while
CD4+ single positive and CD8+ single positive cells that had
undergone TCR rearrangements emerged within 8 weeks
[78].

Another study published in 2009 showed that mature
T cells could be obtained from hESCs using a completely
in vitro culture system [79]. Timmermans et al. cocultured
H1 hESCs on OP9 cells in αMEM plus 20% fetal calf serum
for 12 days and observed the appearance of “hematopoietic
zones,” which appear to be similar to the ES sacs described for
megakaryocyte generation. They isolated CD34hiCD43lo cells
from these zones and replated them onto DL1-expressing
OP9 cells for 5 to 7 weeks in the presence of FL, SCF,
and IL7. CD45+CD7+CD117+cyCD3e+ T-cell progenitors
emerged within 6 days while CD4+/CD8+ double positive
cells emerged from a larger CD3e+CD5+ population within
14 days. After 30 days, CD3+ T cells that had undergone
TCR rearrangements were present and found to be func-
tional in assays examining their proliferation in response
to phytohemagglutinin and IFNγ production [79]. In total,
these differentiation protocols for T-cell generation have the

potential to be further developed for use with iPSCs, and one
day will hopefully be applicable to ACT protocols for human
immunotherapy.

7. Other WBCs: Granulocytes and B Cells

Other leukocyte populations, including granulocytes (neu-
trophils, eosinophils, basophils) and B cells, may have
utility as hESC-based therapies; however, interest in and/or
development of these cell populations has not been as great
as for other blood cell components. In vitro differentiation
of hESCs down the B-cell lineage has been demonstrated
in theory [80], yet detailed work is still needed in order to
optimize differentiation conditions and functionally charac-
terize the resulting cells. For granulocytes, the expense and
difficulty in bringing hESC-based therapies to the clinic may
not be warranted. For example, neutrophils are chemotactic
phagocytes that migrate to sites of infection and provide
protection against bacteria. Neutropenia (neutrophil counts
less than 5 × 108 cells/L) can cause an afflicted individual to
be at higher risk for developing infections. While allogenic
neutrophil transfusions were shown to alleviate the risk
of infections over thirty years ago, the use of antibiotic,
antiviral, and/or antifungal therapies has largely replaced
them in the clinic [81].

Nonetheless, two studies published in 2009 describe the
use of an EB-based method in order to generate CD11b+

neutrophils from KhES hESCs [82, 83]. These hESC-derived
neutrophils expressed varying levels of other neutrophil cell
surface markers and were slightly larger than those from the
peripheral blood [83]. Despite such subtle differences, they
were found to be functional in three in vitro assays evaluating
chemotaxis, phagocytosis, and production of reactive oxygen
species [82, 83]. One study also showed in vivo chemotaxis
of hESC-derived neutrophils in response to IL1β expressed
in an air-pouch inflammatory mouse model [82]. It remains
to be determined whether or not hESC-neutrophils (or
other types of granulocytes) will ever be developed for
use as transfusion reagents, but in vitro differentiation
systems for their generation may be useful for delineating
cytokine requirements for hematopoietic differentiation,
drug screening efforts, or elucidating molecular details of
certain inherited diseases.

8. Concluding Remarks and Perspectives

Peripheral blood components have many different therapeu-
tic applications, and hESCs have garnered a lot of interest as
a renewable cell source that can be used for their generation.
From RBCs and platelets being used in transfusions to treat
cytopenias to DCs, NK cells, and T cells being used in
immunotherapies to treat cancer and HIV, hESCs may be
useful for generating these mature cell types in abundant
supplies and in cost-effective ways (Table 1). Furthermore,
iPSCs may be able to generate these mature cell types from
a patient’s own cells, thus reducing immunological barriers
that plague cell-based therapies.

The field of regenerative medicine is still in its infancy,
yet some hESC-based therapies are starting to be tested in
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Table 1: Utility and current status of hESC/iPSC-derived blood components.

Cell type Therapeutic use Differentiation method Advantages Disadvantages

Erythrocytes
(RBCs)

Transfusions for severe
anemia or blood loss

EBs, HBs, and/or stroma
coculture

Potential for alleviating
shortages; production of
pathogen-free (O)Rh−

“universal donor” RBCs

Inefficient enucleation;
difficulties in switching to
adult-type (beta) globin forms

Platelets
Transfusions for critical
thrombocytopenia

Handpicking ES sacs with
2-step stroma coculture or
HB method with 1-step
stroma coculture

Potential for alleviating
supply shortages due to
high demand and limited
shelf-life

Reliance on stroma and
inefficiency/poor yield in MK to
platelet differentiation step

Dendritic cells
Antigen-specific vaccines
for cancer or HIV

EBs, serum- and
stroma-free culture
conditions

Cost-effective off-the-shelf
potential; stimulates
antigen- specific T-cell
response

Animal models needed to test in
vivo efficacy; may cause
undesired side effects

Natural killer
cells

Natural or
antibody-assisted
anticancer cytotoxicity

EBs with 2-step
stroma-coculture and
sorting of rare
CD34+/CD45+ cells

Animal models suggest
hES-derived NKs are highly
effective

Reliance on 2 steps of stroma
coculture; need for sorting may
hinder clinical scaleup

T cells
antigen-specific anticancer
or anti-HIV adoptive cell
transfer

handpicking hematopoietic
zones and 2-step stroma
coculture including delta
ligand expression

Cost-effective off-the-shelf
therapeutic potential

Not efficient, needs further
study; complex biology and high
in vivo risks

clinical trials. As of late 2010, two hESC-based therapies
have been granted Investigational New Drug (IND) status
by the FDA and have just recently entered (or will soon
be entering) phase I/II clinical trials. Geron’s GRNOPC1,
consisting of hESC-derived oligodendrocyte progenitor cells,
is being tested in clinical trials for treating subacute thoracic
spinal cord injuries (http://www.geron.com/). Advanced
Cell Technology’s hESC-derived retinal pigment epithelium
(RPE) cells (http://www.advancedcell.com/) will soon be
tested in 2 clinical trials. The first trial is for the treatment of
advanced Stargardt’s Macular Dystrophy, a form of juvenile
macular degeneration that often leads to blindness, and the
second trial is for dry age-related macular degeneration. The
safety and efficacy of these therapies in early clinical trials will
likely have a significant impact on the development of other
types of hESC-based therapies as well as the policies of the
FDA towards the use of any hESC-derivatives to treat human
disease.
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The incidence of diabetes and the associated debilitating complications are increasing at an alarming rate worldwide. Current
therapies for type 1 diabetes focus primarily on administration of exogenous insulin to help restore glucose homeostasis. However,
such treatment rarely prevents the long-term complications of this serious metabolic disorder, including neuropathy, nephropathy,
retinopathy, and cardiovascular disease. Whole pancreas or islet transplantations have enjoyed limited success in some individuals,
but these approaches are hampered by the shortage of suitable donors and the burden of lifelong immunosuppression. Here, we
review current approaches to differentiate nonislet cell types towards an islet-cell phenotype which may be used for larger-scale
cell replacement strategies. In particular, the differentiation protocols used to direct embryonic stem cells, progenitor cells of both
endocrine and nonendocrine origin, and induced pluripotent stem cells towards an islet-cell phenotype are discussed.

1. The Need for Islet Cell
Replacement Strategies

The World Health Organisation (WHO) estimates that 220
million people suffer from diabetes worldwide, while approx-
imately 3.4 million individuals died as a result of hypergly-
caemic complications in 2004. Administration of exogenous
insulin is the fundamental means of treating hyperglycaemia
in type 1 diabetes, but it does not restore the physiological
regulation of blood glucose. Additionally, patients with
poorly controlled type 2 diabetes are increasingly being pre-
scribed insulin therapy, with studies suggesting that intensive
insulin therapy even in newly diagnosed type 2 diabetes can
improve beta-cell survival and function compared with oral
hypoglycaemic agents [1]. However, tight glycaemic control,
with its inherent risk of hypoglycaemia, is required to prevent
many of the long-term complications of diabetes includ-
ing cardiovascular disorders, nephropathies, and diabetic
retinopathy. WHO figures show that 50% of people with
diabetes die of cardiovascular disease, while kidney failure
accounts for 10–20% of deaths. Given these shortcom-
ings, recent research has been directed towards establishing
cellular-based therapies that avoid the need for exogenous

insulin delivery by conventional injection or more modern
pump technology (see the study by Cohen and Shaw [2]).

Arguably one of the most attractive of these strategies
involves replacement of insulin-producing islet-cells by
transplantation therapy [3, 4]. The first successful transplan-
tation of isolated pancreatic islets was conducted in rodents
by Ballinger and Lacy in 1972 [5]. Although this study offered
hope that a cure for diabetes was possible, four decades later,
islet transplantation in humans is not commonplace. The
lack of fresh viable donor material coupled with problems of
immunocompatability and life-long immunosuppression to
prevent graft rejection has made the widespread application
of both techniques almost impossible [3, 4, 6].

Stem cells are found in multicellular organisms and
have the potential to differentiate into a variety of different
cell types. Stem cells are largely divided according to their
potency or ability to differentiate. Totipotent stem cells may
generate any somatic or germline cell, while pluripotent stem
cells may give rise to cells originating from any of the three
germ layers: endoderm, mesoderm, or ectoderm. The current
paper examines advances in the field of stem cell therapy for
the treatment of diabetes and outlines the varied approaches
that have been used to create insulin-producing cells. In
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Figure 1: Regulation of pancreatic development. (a) Pancreatic cells (both endocrine and exocrine) originate from the same Pdx-1 expressing
endodermal cells. The transcription factor Ngn3 is required for differentiation into an endocrine phenotype. Further development into
insulin-, glucagon-, or somatostatin-secreting cells is tightly regulated by a range of transcription factors as indicated in the figure. Pax,
NKX, Pdx-1, and Brn4 are homeodomain proteins which are generally involved in morphogenesis, while MafA and MafB are members of
the large Maf protein family which regulates pancreatic development. (b) Timescale showing emergence of islet hormone-producing cells in
the rodent embryo.

particular, the exploitation of developmental biology path-
ways, which are briefly outlined in the following, to direct
embryonic stem cells (ESCs) towards an insulin-producing
phenotype is examined. Alternative approaches including
the use of pancreatic adult stem cells, islet progenitor cells
of both endocrine and nonendocrine origin, and induced
pluripotent stem cells are also considered.

2. Development of the Endocrine Pancreas

The pancreas is formed during embryogenesis from fusion
of the dorsal and ventral primordia and has both exocrine
and endocrine functions [7]. The transcriptional regulation
of pancreas differentiation is shown in Figure 1. The adult
human pancreas is comprised of approximately 1 million
islets of Langerhans that form the endocrine portion of
the gland, constituting 2-3% of the total pancreatic mass
[8]. Acinar and ductal tissues largely comprise the exocrine
pancreas. Islets are anatomically complex microorgans com-
prised of heterogenous cell types that secrete insulin from the
beta-cell, glucagon from the alpha-cell, somatostatin from
the delta-cell, and pancreatic polypeptide (PP) from PP cells
[8].

During differentiation of the endocrine tissue, progenitor
cells coexpress various endocrine hormones prior to final
maturation into cells expressing a single hormone [7].

In rodent models, the first endocrine cells detected are
glucagon-secreting cells which are evident from approx-
imately embryonic day 9.5 [9, 10]. This is followed by
the presence of insulin-producing cells which coexpress
glucagon, while fully differentiated insulin-releasing beta-
cells and glucagon-secreting alpha-cells are observed from
day 14. Somatostatin-secreting delta-cells develop soon after-
wards, while PP-releasing cells are observed shortly before
the end of gestation at approximately day 18 when clustering
of cells to form islets is also observed [9, 10].

All endocrine cells originate from pancreatic and duo-
denal homeobox 1 (Pdx-1) expressing progenitor cells
(see Figure 1). During pancreatic development, Pdx-1 is
expressed in both endocrine and exocrine progenitors, but,
in the developed pancreas, Pdx-1 is generally observed in the
beta-cells and delta-cells [11]. The development of endocrine
cells is regulated by the basic helix-loop-helix (bHLH) tran-
scription factor Neurogenin 3 (Ngn3), with the inhibition of
Ngn3 in the pancreas at embryonic day 11.5 resulting in a
significant reduction in endocrine differentiation [12]. The
further development of specific islet hormone-expressing
cells is regulated by an additional range of transcription
factors [13]. In particular, beta-cell differentiation is largely
regulated by NK2 homeobox 2 (NKX2.2) [14]. For a more
complete review of pancreatic development, please see the
study by Kordowich et al. [15].
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3. Endocrine Progenitor Cells and
Beta-Cell Replication

Ngn3 is essential for the development of all endocrine cells
from Pdx-1-positive progenitors [13]. Ngn3 null mice lack
pancreatic islets and die of hyperglycaemia shortly after
birth [13]. Although generally associated with the developing
pancreas, it has been shown that adult islet cells express low
levels of Ngn3 and that this may play a role in regulating beta-
cell replication [16].

Beta-cells are capable of responding to changing phys-
iological requirements including pregnancy and obesity
which are associated with an increase in beta-cell mass and
insulin secretion [8, 17]. Animal studies have shown that
beta-cells self-duplicate (see review by Gonez and Knight
[18]), although the mechanisms behind this process are
poorly understood. Various compounds have been shown
to enhance beta-cell proliferation and mass. Most notably,
treatment with gastrin and epidermal growth factor (EGF)
has been shown to evoke significant improvements in the
number of insulin-producing cells present [19]. However,
the effects of such treatment are transient and short-lasting.
Therefore, the therapeutic use of beta-cells to create other
beta-cells is complicated and unlikely to be applicable on a
long-term basis in vivo.

The regeneration of beta-cells by existing beta-cells
takes place in association with pancreatic ductal cells [20].
However, debate exists as to whether ductal cells are true
progenitors for the development of pancreatic beta-cells. A
recent study labeled pancreatic ductal cells following duct
ligation in mice and concluded that these labeled cells
differentiated into beta-cells after 4 weeks [21]. Similar
studies have confirmed this result [22]. However, as a note of
caution, other work contradicts these findings and suggests
that ductal cells contribute to beta-cell neogenesis before,
but not after, birth [23, 24]. The presence of true endocrine
progenitors in the adult pancreas is, therefore, highly debat-
able, and many argue that the relative lack of constitutive
Ngn3 expression in adult endocrine cells would suggest
that beta-cell neogenesis originates from existing beta-cells.
However, work by Finegood and colleagues showed that
the rat pancreas was able to regenerate even after extreme
conditions of 90% pancreatectomy and pretreatment with
the beta-cell toxin streptozotocin [25]. This would suggest
that beta-cells are not the only source of beta-cell neogenesis
in the adult islet. Moreover, treatment of pancreatic ductal
cells with Glucagon-like peptide 1 (GLP-1) enhances beta-
cell proliferation and reduces apoptosis, in vivo and in vitro
[26]. Activation of the GLP-1 receptor is thought to improve
islet neogenesis by upregulating Pdx-1 expression in ductal
progenitor cells and may, therefore, prove useful in future
regenerative therapies [26].

The junction between the ductal epithelium and adja-
cent acinar cells houses centroacinar/terminal ductal cells
(CA/TD), which lack many markers of differentiated
endocrine cells [27]. However, these cells are positive for
progenitor cell transcripts including nestin and Sox9 [27].
Rovira and colleagues have recently shown that CA/TD
cells are capable of spontaneously developing into endocrine

or exocrine phenotypes and retain glucose-induced insulin
secretion. Moreover, it was suggested that these cells con-
tribute to the preservation of tissue homeostasis in the
murine pancreas [27].

4. Directed Differentiation of
Nonendocrine Progenitors

Given the common origin of the liver and pancreas and
shared progenitor cells, the liver has been examined as an
alternative source of islet progenitor cells. Under normal
circumstances hepatocytes are able to regenerate and prolif-
erate; however, chemical inhibition of this process results in
the production of a liver progenitor cell population which
is referred to as oval cells [28]. Oval cells share common
features of pancreatic progenitor cells and may be directed
towards an insulin-producing phenotype under appropriate
culture conditions [29], including culture in high-glucose
medium [30]. Hepatic expression of the Pdx-1 gene in the
liver of streptozotocin-induced diabetic mice has been shown
to result in the presence of insulin-positive cells in the liver
[31, 32]. However, this approach has been limited firstly, by
the toxicity associated with adenoviral delivery of the Pdx-
1 gene [31] and, secondly, by the high level of mortality
associated with Pdx-1 expression in the liver which lead to
hepatic dysmorphogenesis [33] and autodigestion of hepatic
cells which coexpressed exocrine enzymes and insulin [32].

In an attempt to overcome this complication, Kojima and
colleagues used a transcription factor located downstream
of Pdx-1 called B2/NeuroD to induce the neogenesis of
islet cells expressing all four major islet hormones in the
liver [32]. In a similar vein, the adenoviral delivery of
Ngn3 in combination with a beta-cell growth factor called
betacellulin to the liver of streptozotocin-induced diabetic
mice resulted in the production of islet-like cells releasing
insulin, glucagon, somatostatin, and pancreatic polypeptide
[34]. In both studies, the resulting islet-like cells were
reported to display glucose-stimulated insulin secretion and,
following in vivo transplantation, reversed streptozotocin-
induced diabetes for extended periods of time. Importantly,
the beta-like cells derived following viral transfection of
Ngn3 and betacellulin were found to originate from liver
oval cells by lineage tracing [32, 34]. Very recently, it was
found that transcription factors found in adult pancreatic
cells, most notably NKX6.1, which has been shown to be
essential in alpha- and beta-cell development in a variety of
organisms [35–37], promotes Pdx-1-induced liver to beta-
cell reprogramming, and such approaches may provide an
alternative means of directing hepatic cells to a beta-cell
phenotype [38].

5. Generation of Islet Cells from
Embryonic Stem Cells (ESCs)

The recent FDA approval of the first clinical trial using
human ESC in the United States has brought with it
renewed confidence that stem cell-based therapies may
become clinically tested. Given their pluripotent nature,
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ESCs were traditionally viewed as being a highly attractive
source of material which could be differentially directed
towards specific islet cell types by following established
developmental pathways. However, the production of a
single islet hormone-secreting or -expressing cell remains
difficult.

ESCs are isolated from the inner cell mass of a blastocyst.
In this undifferentiated state, it has been reported that
embryonic stem cells may express insulin naturally [39].
Cells containing the insulin gene may then be selected
and directed towards a beta-cell phenotype through various
culture conditions. Soria and colleagues were the first to
clone insulin-secreting cells from undifferentiated ESCs via
a “cell-trapping” technique [39]. This technique is based
on the principle that a greater yield of differentiated cells
will be obtained when a genetic marker is used. In this
instance, ESCs are transfected with a chimeric construct
which couples the insulin gene with a gene that confers
drug resistance (i.e., neomycin). Therefore, cells which
express the protein of interest (i.e., insulin) will also be
positive for the neomycin resistance gene [39]. These cells
displayed regulated insulin secretion in response to various
secretagogues in vitro, while clusters of these clones were
able to reverse hyperglycaemia induced by streptozotocin in
mice. The cell-trapping technique was found to obtain a
relatively pure population of insulin-positive cells expressing
the beta-cell markers Pdx-1, Nkx6.1, insulin, glucokinase,
glucose transporter 2 (GLUT-2), and Sur-1 [39]. However,
the production of functional beta-cells capable of responding
exclusively to glucose was not achieved.

An alternative approach developed by Lumelsky and
colleagues involves the production of insulin-secreting cells
from ESCs derived from colonies of nestin-positive embryoid
bodies [28]. Nestin is expressed in the embryo in developing
neurons. Neural and islet cells share phenotypic similarities,
and, therefore, nestin-positive cells are selected with the aim
of differentiating towards an islet cell phenotype [40]. Fol-
lowing a novel five-stage differentiation process, the resulting
insulin-producing cells were able to self-form clusters that
were reported to be anatomically similar to rodent islets in
vivo [28]. Further adaptations of this protocol showed that
glucose-dependent insulinotropic peptide (GIP) treatment
aided the differentiation process [41]. However, these cells
also coexpressed other islet hormones, and concerns have
been raised as to whether the altered culture conditions
detailed in the protocol are sufficient to achieve a true beta-
cell phenotype [42–45]. The detection of de novo insulin
secretion from these differentiated stem cells has also proved
difficult arising from the inherently high proportion of
insulin added to the culture medium [45].

Subsequent studies have focused on altering culture
conditions or differentiation process to produce insulin-
secreting cells from rodent ESCs. Culturing mouse ESCs
with inhibitors of phosphoinositide 3-kinase, an essential
intracellular signaling regulator, yielded cells that resembled
pancreatic beta-cells and which rescued glycaemic control in
diabetes mice [46]. The regulated expression of Pdx-1 was
also shown to aid in vitro differentiation of insulin-producing
cells from ESCs [47]. Furthermore, it was shown that Pax4

overexpressing ESCs showed significant improvements in
Ngn3, insulin, islet amyloid polypeptide, and Glut-2 mRNA
levels [48]. Despite these improvements in culture models
and differentiation processes, the production of a mature
and glucose-responsive beta-cell from ESCs remains elusive.
A summary of the culture conditions and differentiation
processes used to generate insulin-secreting cells from ESC
is given in Table 1.

The ESC studies described thus far have concentrated
on the use of undifferentiated or partially differentiated
ESCs [16–22]. Clinically, however, the use of partially
differentiated cells is limited by the possibility of tumour
formation. Rezania and colleagues sought to address this
issue by developing a differentiation protocol utilizing
feeder- and serum-free conditions to differentiate human
ESCs into glucagon-secreting cells that resemble mature
alpha-cells [49]. During early stages of the differentiation
process, the cells were reported to coexpress glucagon
and insulin. However, subsequent culture stages saw the
reduction of beta-cell markers and fortification of alpha-
cell characteristics including responsiveness to arginine [49].
Moreover, transplantation of these cells resulted in the release
of fully processed and biologically active glucagon following
fasting and amino acid stimulation [49]. It is hoped that
this protocol may be further developed in order to produce
mature beta-cells from ESCs.

6. Induced Pluripotent Stem Cells for
Islet Cell Generation

The directed reprogramming of somatic cells into a pluripo-
tent phenotype is referred to as induced pluripotency and is
outlined in Figure 2. In practice, this generally involves the
forced expression of specific factors including, for example,
transcription factors [50]. The resultant induced pluripo-
tent stem cells (iPSCs) share common features with ESCs
including high telomerase activity and hypomethylation of
gene promoters [51, 52] but may be seen as preferable to
ESCs as iPSCs can be patient specific, thereby, removing the
likelihood of rejection.

Recently the conversion of iPSCs originating from fibrob-
lasts to pancreatic beta-like cells was achieved through a
three-stage differentiation process [53]. Initially, embryoid
bodies were formed from a single cell suspension of
iPSC. Subsequently, the embryoid bodies were returned to
adherent cultures and allowed to undergo further sponta-
neous differentiation [53]. The final stage involved directed
differentiation in medium supplemented with laminin,
insulin, and nicotinamide [53]. These cells shared many
transcripts with native beta-cells including insulin, islet
amyloid polypeptide, and Pdx-1. Furthermore, transplan-
tation of these cells into diabetic mouse model provided
long-term correction of hyperglycaemia with attainment of
normal haemoglobin (Hb) A1c levels [53]. An additional
study by Zhang and colleagues employed identical culture
protocols to differentiate human ESCs and iPSCs into mature
pancreatic insulin-producing cells [54]. iPSCs were induced
from human fibroblasts into Pdx-1 expressing progenitor
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Table 1: Summary of approaches used to differentiate embryonic stem cells to insulin-producing cells.

Origin Differentiated from Markers Ref.

1 Mouse Embryoid bodies (Hanging Drop
Technique)

Pdx, Nkx6.1, insulin, GLUT2,
glucokinase, SUR1

[39]

2 Mouse Embryoid bodies
Nestin, Pdx1, Nkx6.1, Oct4, insulin,
glucagon

[28]

3 Mouse Embryoid bodies (addition of GIP to
culture medium)

Nestin, Pdx1; Nkx6.1, Pct4, insulin,
glucagon, GLUT2, SUR1, Kir6.2, GLP-1R

[41]

4 Human Definitive endoderm GSC, SOX17, FOX2A [64]

5 Human Embryoid bodies (use of knock-out
serum replacement)

Maf6, Nkx6.1, Isl-1; NeuroD, Pdx-1,
GLUT2, insulin, C-peptide

[53]
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Figure 2: Directed differentiation of embryonic stem cells (ESCs)
and induced pluripotent stem cells (iPSCs) towards a beta-cell
phenotype. ESCs are derived from the inner cell mass of the
blastocyst and have the potential to develop into any somatic cell
lineage. Studies have shown that ESCs can be differentiated towards
a beta-cell phenotype which releases insulin in response to stimuli
including glucose. iPS cells are derived as a result of the directed
reprogramming of somatic cells into a pluripotent phenotype. This
generally involves the forced expression of a gene or transcription
factor. iPSCs can be used to generate beta-like cells, while beta-cells
themselves can be used to produce iPSCs for further expansion of
the beta-cell population.

cells before final differentiation towards an insulin-secreting
phenotype. The differentiated cells were positive for Pdx-1,
MafA, GLUT2, insulin, and C-peptide [54]. These findings
may open the possibility of using patient-specific iPSCs for
cell replacement therapies in diabetes.

Interestingly, it has also been found that adult pancre-
atic beta-cells can be reprogrammed into iPSCs [55, 56].
Lentiviruses expressing the pluripotency markers Oct4, Sox2,
c-myc, and Klf4 were introduced into tagged mature beta-
cells, and their development was followed. It was found that
transfected beta-cells produced iPSCs that were positive for

markers of pluripotency and gave rise to a variety of cell types
of all germ layers in chimeric animals [55]. This observation
has been replicated using fibroblasts from patients with type
1 diabetes, which were induced to pluripotency and onwards
to an insulin-secreting cell type [56].

While iPSCs offer great hope for stem cell-based thera-
pies, the potential complications of this approach should not
be overlooked. Recently, Lister et al. report that iPSCs display
significant variations in reprogramming. Importantly, the
differentiation of iPSCs to trophoblasts caused significant
changes in DNA methylation that were maintained even after
full differentiation has been completed [57].

7. Future Perspectives

Significant advancements have been made in the con-
version of nonislet cells to islet hormone-secreting cells.
The majority of research has focused on the conversion
of non-beta-cells to beta-cells in an attempt to provide
cellular transplants affording insulin secretion, and ideally
glucose responsiveness, for the tight control of diabetes.
Given the observations that homotypic cells interactions are
sufficient to maintain normal patterns of insulin secretion
[58–60], the production of pure beta-cell populations from
ESC, progenitor cells, or iPS may well prove sufficient to
restore glucose homeostasis. However, at present, an ESC-
based approach to beta-cell generation is complicated by
the heterogenous nature of the differentiated cells which
express all four major islet hormones and lack of de novo
insulin secretion [21, 22]. Furthermore, the unacceptable
risk of teratoma formation [61] means that the therapeutic
application of ESC-derived islet cells is unlikely at least in
the near future. As such, further focus on feeder-free culture
systems is required and may improve the likelihood of ESC-
based therapies for the treatment of diabetes.

Initial studies on the use of endocrine and nonendocrine
progenitor cells to produce insulin-secreting populations
have proved promising. However, an incomplete under-
standing of the transcriptional regulation and debate over
what constitutes a true islet progenitor as well as how beta-
cells replicate and proliferate has made these findings difficult
to interpret in terms of their suitability for therapeutic
application. Recent work on iPSC has offered more hope
for the development of a cell replacement therapy for
diabetes. Moreover, there is a growing field of research on the
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directed differentiation of mesenchymal stem cells (MSCs)
towards a beta-cell phenotype. While MSC populations are
less expandable than ESC or iPS populations, they may be
obtained from bone marrow or adipose tissue and, therefore,
may be derived from the recipient and thus should alleviate
the need for immunosuppression. A great deal of time and
investment is currently being placed on new methods to track
and monitor the viability of stem cells after transplantation.
These include in vivo imaging techniques and cell labeling as
reviewed in detail by Rodriguez-Porcel [62]. These advances
will greatly aid with stem cell-based therapies for a host of
different disorders.

Despite the shortcomings associated with stem cell-based
approaches for islet-cell generation, the need for a genuine
cell replacement therapy for diabetes persists. The incidence
of diabetes is rapidly increasing worldwide, warranting a
range of approaches to tackle this life-threatening condi-
tion. The administration of exogenous insulin and incretin
mimetics (see review by Irwin and Flatt [63]) can certainly
alleviate hyperglycaemia in type 1 and poorly controlled
type 2 diabetes. However, these therapeutic approaches do
not offer an ideal long-term solution, and strict adherence
to treatment regimes and regular glucose monitoring are
required to prevent many of the devastating long-term
complications of diabetes. Islet and whole pancreas trans-
plantations are not a realistic large-scale solution. Therefore,
the directed differentiation of nonislet cell types may offer the
only large-scale alternative to produce a viable cure. While
the current protocols require development, this research
field is still in its infancy and is rapidly expanding with
new developments appearing on almost a monthly basis.
Moreover, the rapid advances in molecular and cellular
biology provide the continual promise of exciting new
mechanistic insights into cell development, differentiation,
and survival. Accordingly, stem cell-based approaches offer
great potential for the future and, with perseverance, may
ultimately provide a cure for diabetes [64].
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The ability of human pluripotent stem cells to differentiate towards the cardiac lineage has attracted significant interest, initially
with a strong focus on regenerative medicine. The ultimate goal to repair the heart by cardiomyocyte replacement has, however,
proven challenging. Human cardiac differentiation has been difficult to control, but methods are improving, and the process,
to a certain extent, can be manipulated and directed. The stem cell-derived cardiomyocytes described to date exhibit rather
immature functional and structural characteristics compared to adult cardiomyocytes. Thus, a future challenge will be to develop
strategies to reach a higher degree of cardiomyocyte maturation in vitro, to isolate cardiomyocytes from the heterogeneous pool of
differentiating cells, as well as to guide the differentiation into the desired subtype, that is, ventricular, atrial, and pacemaker cells. In
this paper, we will discuss the strategies for the generation of cardiomyocytes from pluripotent stem cells and their characteristics,
as well as highlight some applications for the cells.

1. Introduction

Human cardiomyocytes can be isolated from heart biopsies,
but the access to human heart tissue is very limited, and
the procedure is complicated; it is difficult to obtain viable
cell preparations in large quantities, and the cells obtained
do not beat spontaneously. Thus, physiologically relevant
in vitro models for human cardiomyocytes are currently
limited. This has led in the creation of alternative models,
such as isolation of cardiomyocytes from various newborn
animals or production of genetically engineered cell lines
overexpressing certain target proteins (e.g., ion channels) [1].
All of these models, however, share significant limitations
with respect to their basic physiological differences compared
to human cardiomyocytes as well as high costs and ethical
questions. A number of different human tissues have been
proposed as the source of stem cells able to generate new
cardiomyocytes (e.g., fetal cardiomyocytes, adult cardiac
progenitor cells, skeletal myoblasts, bone marrow-derived
stem cells, adipose-derived stem cells, umbilical cord-derived
stem cells, and pluripotent stem cells) [2]. The cardiac
differentiation potential of adult, multipotent, stem cells
found in fetal and adult tissues, however, is controversial

[3, 4]. This has been attributed to the limited plasticity
of adult stem cells, which precludes their differentiation
into functional cardiomyocytes. The only adult stem cells
that clearly have the potential to differentiate into beating
cardiomyocytes are cardiac progenitor cells [5]. In addition,
so far, only pluripotent stem cells have been shown in vitro
to efficiently differentiate into spontaneously contracting
cardiomyocyte-like cells [6–9].

Pluripotent stem cells have nearly unlimited self-renewal
capability in vitro and have the ability to differentiate
into all three germ layers and thus, in principle, can give
rise to all cell types of the human body [10]. Since the
first description of the isolation and characterization of
human embryonic stem cells (hESCs) from donor blastocysts
[11], there have been reports of differentiation of hESCs
to functional cardiomyocytes by multiple differentiation
methods. Recent breakthroughs in the field of induced
pluripotent stem (iPS) cell technology have demonstrated
that human iPS cells may provide an additional source for
in vitro differentiated cardiomyocytes, sharing similarities
with their hESC-derived counterparts [12–14]. Currently,
cardiomyocytes can be differentiated from pluripotent stem
cells by (1) spontaneous embryoid body (EB) differentiation
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in suspension, (2) coculture with mouse endoderm-like cells
(END-2 cells), or (3) guiding the cardiac differentiation with
defined growth factors either in suspension or in monolayer
culture [15].

Owing to the cardiac phenotype and the functional prop-
erties of the pluripotent stem cell-derived cardiomyocytes,
they can offer more physiologically and clinically relevant
reproducible human cell models than presently available.
In vitro differentiated cardiomyocytes may serve as models
to study early events of human cardiogenesis and have the
potential to be used in pharmaceutical drug discovery and
safety toxicology. Animal models currently widely used in
drug metabolism and toxicity studies are not fully reliable
predictors of human responses because of basic physiological
differences between species such as remarkably faster beating
rate of the mouse may override the effects of arrhyth-
mias which would be severe for human. It is anticipated
that pluripotent stem cell-derived cardiomyocytes will be
important in vitro tools for drug safety test which may
drastically facilitate drug development and generation of
safer drugs. In the field of cardiac regenerative repair, stem
cell-derived cardiomyocytes would facilitate the discovery
of small molecules promoting cardiomyocyte differentiation
to be used for the activation of endogenous cardiac stem
cells in clinical settings [15]. There is an urgent need
to standardize and validate assays involving pluripotent
stem cell-derived cardiomyocytes as well as to compare
these cardiomyocytes with established in vitro and in vivo
models in order to effectively determine the capabilities and
limitations of the new models in making accurate predictions
of the cardiac safety profile of new potential drugs during the
development [15, 16]. The ability to reprogram adult cells
to pluripotent stem cells and to genetically manipulate stem
cells presents opportunities to develop models of human
diseases [17, 18]. Until today, many severe diseases have been
studied in animal models, particularly using transgenic mice.
Although mouse models can provide valuable information,
differences between human and mouse physiology limit the
applicability of the results. iPS cells derived from patients
suffering from various cardiac diseases or disorders, such
as channelopathies or congenital heart disease [19, 20],
are anticipated to become important tools for studying
the mechanisms underlaying the disease pathogenesis and
investigations of new treatment opportunities. However, it
remains to be demonstrated that in vitro generated patient-
specific iPS cell-derived cardiomyocytes actually recapitulate
the appropriate disease phenotype observed in the adult
heart.

Adult human cardiomyocytes are considered terminally
differentiated cells. Although a small percentage of the
cardiomyocytes may have proliferation capacity, it is not
sufficient to replace injured or dead cardiomyocytes, for
example, following myocardial injury. In recent years, the
stem cell technology has raised hopes for new treatments
for cardiac tissue damage with limited regenerative capac-
ity. The possibility to apply pluripotent stem cell-derived
cardiomyocytes to repair damaged myocardium has been
demonstrated in preclinical studies to be a feasible approach
although many hurdles remain to be solved before these

developments can be translated to the clinic [21–28]. In
brief, the obstacles to be solved include the generation of
purified cell preparations that eliminate the risk of teratoma
formation, defining the optimal timing for cell transplan-
tation after myocardial infarction, the appropriate level of
maturation of the cell preparation, dose and mechanism of
delivery to facilitate successful engraftment, minimizing graft
cell death following transplantation, and avoiding immune
rejection of the graft [16]. Additionally, concerns remain
that currently available pluripotent stem cell-derived car-
diomyocyte preparations include myocytes with nodal, atrial,
and ventricular type of action potential (AP) properties
[8, 9]. This electrophysiological heterogeneity represents
both an opportunity and a challenge to the application
of stem cell-derived cardiomyocytes to cardiac repair. An
enriched preparation of nodal cells would be of potential
use in the formation of a biological pacemaker [29]. On
the other hand, nodal cells would be needed to exclude
from cardiomyocyte preparations for infarct repair, as their
sustained pacemaking activity and unique neurohormonal
responsivity could exacerbate the already elevated risk of
arrhythmias [30].

Efficient methods to induce differentiation to cardiomy-
ocytes that generate homogenous populations of cardiomy-
ocytes of adequate quality, reproducibly, and in large
quantities are a prerequisite for any of these applications.
Future cell therapies will also require defined cardiomyocyte
production protocols fulfilling the regulatory requirements.
In this paper, we describe the developmental progression
from a pluripotent stem cell state to cardiomyocyte and
provide an overview of protocols for cardiac differentiation
of pluripotent stem cells as well as enrichment strategies of
cardiomyocytes so far available.

2. Lessons from Heart Development

The earliest events of organogenesis during embryonic
development are the formation of the heart. Although
the knowledge regarding the molecular mechanisms that
govern cardiogenesis in humans is still in its infancy,
experimental animal models have been of great value for
identifying various molecular events and a number of key
regulators operating under the different stages of the early
cell commitment process during cardiogenesis. Studies in
mice and chick embryos have demonstrated that the heart
tissue is composed of three major mesoderm-derived cell
lineages: the cardiac myocyte, the vascular smooth muscle,
and the endothelial cell lineages. Soon after gastrulation,
a few days after fertilization, the three embryonic layers
form, the endoderm, the ectoderm, and the mesoderm. The
primitive streak is formed from primitive endoderm and is
the origin of many tissues. Cardiac progenitors form in the
posterior primitive streak [31]. Four main steps are required
to generate cardiomyocytes from pluripotent stem cells: (1)
formation of mesoderm, (2) the patterning of mesoderm
toward anterior mesoderm or cardiogenic mesoderm, (3)
formation of cardiac mesoderm, and (4) maturation of
early cardiomyocytes. The induction of pluripotent stem
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Figure 1: Diagram depicting sequential steps required for obtaining cardiomyocytes from pluripotent stem cells. Early mesoderm
differentiates via cardiac mesoderm and committed cardiac progenitors further to functional beating cardiomyocytes. Typical markers for
each step are indicated.

cell differentiation to cardiac fate following these steps can
be characterized by the expression of transcription factors,
such as T/Brachyury for primitive streak mesoderm, Mesp-
1 for cardiogenic mesoderm, and Nkx2.5, Tbx5/20, Gata-
4, Mef2c, and Hand1/2 for cardiac mesoderm [32–36].
Mesp-1 is thought to induce an epithelial-mesenchyme
transition in the epiblast and to bind directly to regulatory
DNA sequences in the promoters of many members of the
core cardiac regulatory network, including Nkx2.5 thereby
promoting development of mesoderm precursors of the
cardiovascular lineage as well as repressing the expression
of key genes regulating other early mesoderm derivatives
[37, 38]. Maturing cardiomyocytes can be identified by the
expression of cardiac structural proteins such as α-actinin,
α-myosin heavy chain (α-MHC), or the cardiac isoform of
Troponin-T (cTnT). By initiating the complex myocardial
cross-regulatory network, these factors are believed to be
involved in morphogenic events leading to the formation
of the heart. Figure 1 illustrates various steps in the differ-
entiation of pluripotent stem cells to cardiomyocytes and
indicates the possible cell populations that may be available
for isolation and expansion.

Cardiac development is a dynamic process that is tightly
orchestrated by the sequential expression of multiple signal
transduction proteins and transcription factors working in a
combinatory manner. A number of signaling pathways and
growth factors have been implicated in the development of
specialized cardiac subtypes, and among the most studied are
Wnts/Nodal, BMPs, and FGFs [39–42]. Since these factors
work optimally during certain time window and, in some
instances, antagonize cardiogenesis during other windows,
the timing of the addition to guide the pluripotent stem
cells in the desired differentiation direction must be carefully
optimized.

In addition, microRNAs (mir) have been recently iden-
tified as major contributors to the differentiation process
[43, 44]. MicroRNAs are 22-23 nt long ssRNA involved
in gene regulation and capable of inhibiting initiation of
translation and inducing mRNA degradation. The heart
expresses miR-1, miR-133, miR-206, and specifically miR-
208 [45, 46]. Furthermore, miR-143 and -145 also appear
important for cardiomyogenesis [47]. A recent study investi-

gated expression of miR-1 and miR-133 in mESCs and hESCs
and compared their potential to induce Nkx2.5 in embryoid
bodies and their influence on mesodermal differentiation.
miR-1 increased the proportion of beating aggregates and
thus appears to greatly enhance cardiac phenotype. On
the contrary, miR-133 promotes also early mesoderm dif-
ferentiation but inhibits further cardiac commitment [48].
Interestingly, both of these miRs are coexpressed from the
same cluster [49]. Identification of miRs regulating the
cardiac differentiation will offer another route for guiding the
differentiation of cardiomyocytes.

The first step (i.e., mesoderm induction) in cardiac
differentiation from pluripotent stem cells has been well
characterized. Numerous studies have demonstrated that
Wnts, BMPs, and transforming growth factor (TGF) β-
family member Nodal (or Activin A as a substitute of Nodal)
efficiently induce mesoderm [50, 51]. Although some of the
mechanisms that control for the next two steps in cardiac
differentiation (i.e., patterning to cardiogenic mesoderm and
the formation of cardiac mesoderm) have been characterized
in experimental animal embryos, knowledge about how
these mechanisms might be applied to pluripotent stem cell
cardiogenesis is still lacking. Nodal and Wnt inhibition have
been found to regulate the formation of cardiomyocytes
in xenopus and chick embryos [52–54] and seem to be
important for mouse ESC differentiation to cardiomyocytes
[55, 56]. Dickkopf-1 (Dkk-1) is often employed as a Wnt
antagonist at this stage of differentiation protocols [57].
Another important signaling pathway is mediated by the
transmembrane receptor Notch, which has been shown
to induce the expression of a combination of the growth
factors Wnt5a, BMP6, and Sfrp1, which increase the amount
of cardiac progenitors form an ESC-derived mesoderm
subpopulation [58]. The last step in the differentiation stages
to cardiomyocytes is the differentiation of committed cardiac
progenitors to beating cardiomyocytes, a process that often
occurs spontaneously in vitro and is poorly understood but
might be controlled by factors such as Wnt11 [56]. Taken
together, very little is known about the two crucial steps in
cardiogenesis from pluripotent stem cells that is, promotion
of mesendoderm to form committed cardiac mesoderm and
factors to give rise to cardiomyocytes.
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Table 1: Summary of prevalent cardiac differentiation methods.

Method description
Differentiation

efficiency %
Stem cell type Reference

Spontaneous embryoid body method <10%
hESC
hiPSC

Kehat et al. [6]
Zhang et al. [12]

END-2 method
Insulin depletion, PGI2, p38 MAPK inhibition

20%–25%
hESC
hiPSC

Passier et al. [68], Graichen et al. [71]
Freund et al. [70]

Guided differentiation method
Activin A, BMP4

>30%
hESC
hiPSC

Laflamme et al. [27]
Takahashi et al. [17]

Guided differentiation method
Activin A, BMP4, bFGF, VEGF, Dkk-1

40%–50% hESC Yang et al. [57]

Spontaneous EB-differentiation

Suspension culture
of EBs

EBs plated on to
coated surface

END-2 differentiation -Serum
-Insulin
+MAPK inhibitor
+PGI2

Freeder-free culture on matrigel

Suspension culture of EBs

Pluripotent
stem cells

Direct cardiac differentiation

Coculture
or

END-2-CM

Growth factors
BMP2
BMP4
Activin A
bFGF
Wnt3a etc.

Figure 2: Schematic overview outlining differentiation approaches currently used for cardiomyocyte differentiation from pluripotent stem
cells. The embryoid body approach has, thus far, been the most utilized way to obtain beating cardiomyocytes from pluripotent stem cells
and the formation of three-dimensional cell aggregates initiates and facilitates the differentiation process. Generally, cells are transferred
to suspension cultures, or in order to obtain more stable and reproducible cell aggregates, the embryoid bodies are formed using the
hanging-drop or the forced aggregation method. Using the END-2 approach, cardiomyocyte differentiation is triggered either by coculture
of pluripotent stem cells, with END-2 cells or by embryoid body formation in suspension culture using END-2 conditioned medium. The
depletion of serum and insulin has been shown to facilitate cardiogenesis in this approach, and it can be further enhanced by inhibiting
p38 MAPK pathway by a specific inhibitor or by adding prostaglandin I2. In the guided differentiation approach, undifferentiated pluripotent
stem cells are cultured under feeder cell-free conditions or in suspension culture after embryoid body formation. Cardiac differentiation is
induced with various growth factors, such as BMP2, BMP4, Activin A, bFGF, and Wnt3a.

3. Cardiac Differentiation of Pluripotent
Stem Cells

Table 1 and Figure 2 summarizes the differentiation ap-
proaches currently used for cardiomyocyte differentiation
from pluripotent stem cells.

3.1. Embryoid Body Formation and Spontaneous Cardiomyo-
cyte Differentiation. The initial observation that hESCs could
mature into spontaneously contracting cardiomyocyte-like
cells was reported ten years ago when hESCs were cultured
in suspension and formed three-dimensional aggregates
called embryoid bodies [6, 59]. Within the embryoid body,
derivatives of the three germ layers (ectoderm, endoderm,

and mesoderm) develop spontaneously. Within these mixed
population of cells contracting areas with functional prop-
erties of cardiomyocytes can be detected. Cardiomyocytes
are one of the first cell types induced from pluripotent
stem cells in embryoid bodies, where cell to cell interactions
stimulate the expression of markers for mesodermal and
early cardiac cell lineages [60]. Typically, the embryoid
bodies are plated on a matrix-coated tissue culture plate for
further differentiation, and within a few days after plating,
contracting outgrowths with cardiomyocyte characteristics
can be observed [10]. As for human iPS cells, cardiomyocyte
induction using embryoid body method was reported for
the first time in 2009 [12]. The spontaneous differentiation
of cardiomyocytes from pluripotent stem cells in embryoid
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bodies is considered to be rather inefficient usually under
10% and is highly cell line dependent [6].

Cardiomyocyte induction in the embryoid body-based
differentiation system has also proven quite variable partly
due to the heterogeneity among the aggregates that may,
for example, differ in size and morphology. One strategy
to address this issue was by adoption of the hanging drop
method generally used with mESC [61]. However, this
method has not been very successful with hESCs regardless
of more consistency in the embryoid body formation. As an
alternative, the forced-aggregation method was introduced,
in which a defined number of dissociated hESCs were
centrifuged into a round-bottomed ultra-low attachment 96-
well plate which allowed for better control of the embryoid
body size [62]. Although this method was quite reproducible,
as well as considered fairly practical and efficient, the
forced-aggregation method was not originally developed for
cardiomyocyte differentiation [62].

At that time when embryoid body cardiac differentiation
method was introduced, limited information regarding the
mechanisms underlying cardiogenesis in human pluripotent
stem cells was available. Later, it has become evident that the
differentiation process can be manipulated by the addition of
growth factors, morphogenes, or by transgenic modifications
to direct the pluripotent stem cells toward the cardiac
cell fate. Spontaneous differentiation of hESCs, cultured
as aggregates or embryoid bodies, has been shown to be
enhanced by demethylating agent 5-aza-deoxycytidine [61].
By using the embryoid body cardiac differentiation method
with 5-aza-deoxycutidine, between 8% and 70% of the
embryoid bodies showed beating areas, and 2% to 70% of the
beating areas consisted of cardiomyocytes [61]. Low oxygen
tension has been shown to increase the number of cardiomy-
ocytes from hESCs in bioreactors. Cardiac differentiation
at 4% oxygen increases the total cell number by 30%–47%
as well as some cardiac markers when compared with 20%
oxygen [63]. Electrical stimulation with EB differentiation
method has also been shown to enhance cardiac differ-
entiation of hESCs through mechanisms associated with
the intracellular generation of ROS [64]. Although many
other approaches have been used to generate cardiomyocytes
from pluripotent stem cells, the embryoid body formation
in suspension cultures remains widely applied method to
induce cardiomyocyte differentiation largely due to its simple
and inexpensive nature.

3.2. Coculture of Pluripotent Stem Cells with Cardioinductive
Cell Types. Another approach for cardiac differentiation was
inspired by developmental studies indicating the critical
role of anterior endoderm in the cardiac induction of
adjacent mesodermal structures [65–67] and has been widely
applied to induce cardiomyocyte differentiation in vitro.
The method is based on coculture of pluripotent stem cells
with a visceral endoderm-like cell line (END-2), derived
from mouse P19 embryonal carcinoma (EC) cells, which
results in the formation of beating clusters of cells that also
display characteristics of cardiomyocytes [9, 68]. The cardiac
differentiation efficiency of the method can be enhanced

in the absence of serum and with ascorbic acid. Ascorbic
acid has been shown to upregulate late-stage markers of
cardiogenesis [69]. Others as well as our group has found
that this differentiation method works comparably well with
iPS cell lines [70]. An END-2 conditioned media (END-2-
CM) system has also been demonstrated to induce robust
differentiation of cardiomyocytes in hESC-derived embry-
oid bodies [71–73]. Cardiomyocyte differentiation from
pluripotent stem cells occurs within 12 days of co-culture
with END-2 cells. Based on cardiomyocyte phenotype and
electrophysiology, the majority of pluripotent stem cell-
derived cardiomyocytes resemble human fetal ventricular
cardiomyocytes [9]. However, the cardiac differentiation
efficiency from standard END-2 co-culture experiments is
usually fairly low.

Based on the knowledge from developmental biology,
the cardioinductive signals are thought to originate from
direct cell to cell contact and/or secreted factors from the
END-2 cells which stimulate the presence of embryonic
endoderm [71]. Although the exact mechanism of END-
2 cardiac induction is still unclear, the transcriptome and
secretome of END-2 cells have been described [74, 75].
Cardiac induction by END-2-CM can be at least partly
mimicked by insulin depletion [72], inhibition of p38 MAPK
[66], and addition of prostaglandin E [73]. END-2 cells
have been shown to clear insulin from the medium and to
secrete more PGI2 than any other type of mouse cells which
lack the cardiac inductive effect [72, 73]. Interestingly high
concentrations of insulin appear to favor differentiation to
neuroectoderm, and blocking p38 MAPK further enhances
cardiac differentiation [71]. p38 MAPK signaling has been
found to be highly active for the neuroectoderm formation
and to be inhibitor of cardiomyogenesis, and thus blocking
of this pathway may favor meso/endoderm differentiation
[71]. These modifications to the END-2 co-culture protocol
have been reported to result in preparations of 20%–25%
cardiomyocytes. Identifying further cardiomyocyte inducing
factors from the END-2 cells may provide opportunities to
develop defined and more efficient process of differentiation
for the induction of stem cells to cardiomyocytes and cardiac
progenitors. Recently, a method for inducing maturation by
replating the cardiomyocytes initially differentiated in co-
culture with END-2 cells on to fresh END-2 cells followed
by a short three-dimensional culturing step was described
[76]. The method enables cardiomyocyte maintenance for
up to 1 year with increasing maturation in terms of their
electrophysiological properties as well as increase in the
number of pacemaker cells.

3.3. Guided Cardiomyocyte Differentiation with Specific Fac-
tors. The signaling pathways regulating the cardiogenesis can
be recapitulated in cell culture by the addition of specific
growth factors such as FGFs, BMPs, and Wnts. Several
studies have shown that combinations of BMP4, Wnt3a
and Activin A induce gastrulation-like events and meso-
/endoderm development in pluripotent stem cells [77–79].
At least a part of the cardioinductive activity of anterior
endoderm is mediated by growth factors belonging to the
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TGFβ-superfamily [80, 81], and a guided cardiac differen-
tiation involving two TGFβ-family members, Activin A and
BMP4, has been described [27]. In this approach, based on a
high-density monolayer, pluripotent stem cells are cultured
in a feeder cell-free system and cardiomyocyte differentiation
is induced by a defined serum-free medium, supplemented
sequentially with BMP4 and Activin A. The growth factors
are then removed, and the cells are maintained in serum-
free medium for an additional 2-3 weeks in the absence of
exogenous growth factors. Spontaneously contracting areas
are generally observed approximately 10 days after induction
with Activin A, and enzymatically dissociated preparations
at three weeks after induction typically consist of >30%
cardiomyocytes [27]. Both hESCs and iPS cells have been
differentiated to cardiomyocytes by using this approach [17,
27].

Another protocol also involves TGFβ-family molecules
but also exploits the important roles of canonical Wnt signal-
ing in cardiogenesis. Canonical Wnt signaling exerts stage-
dependent effects on cardiac differentiation: it is required
for mesoderm induction but must be inhibited later for
the induction of precardiac mesoderm [55, 56]. Based on
this information, a guided embryoid body differentiation
protocol was developed involving induction of a primitive
streak-like population in addition to formation of cardiac
mesoderm with Activin A, BMP4, bFGF, and VEGF followed
by cardiac specification with the Wnt inhibitor, Dkk-1 [57].
This protocol has been described to produce populations
consisting of ∼40%–50% cardiomyocytes. The protocol was
further enhanced by sorting the differentiating cultures for
an early cardiovascular progenitor based on expression of
the Flk-1 (also known as KDR). The early differentiating
embryoid bodies include two KDR+ populations: an early
hemangioblast population (i.e., hematopoietic and endothe-
lial progenitors) and another multipotent cardiovascular
progenitor population that can be distinguished at 5-6 days
after induction based on their differential expression of
KDR and the stem cell marker c-kit [82]. In particular,
if KDRhigh/c-kit+ cardiovascular progenitors are selected by
fluorescence-activated cell sorting (FACS) at this timepoint
and then replated in monolayer cultures, they subsequently
differentiate into highly enriched preparation of cardiomy-
ocytes, endothelial cells, and smooth muscle cells. Mesendo-
derm formation has also been induced by Wnt3A, an
activator of the canonical Wnt/β catenin signaling pathway in
cardiac differentiation protocol [60]. In this protocol, hESCs
were transiently treated with Wnt3A or BMP4, in the initial
steps of embryoid body formation, and then subsequently
decreased the amounts of serum and insulin in the culture
medium [60].

Another recent report described the cardiac differen-
tiation of pluripotent stem cells with BMP2, acting in a
combinatorial manner with Wnt3, whose expression was
triggered by the morphogen, to drive pluripotent stem
cells toward an early mesodermal and cardiogenic fate
in vitro. BMP2-induced Oct-4+ and SSEA-1+ cells give rise
to endo/mesendodermal cells secreting cardiogenic factors,
further directing the cell fate toward a cardiac phenotype
when plated on MEFs releasing bFGF [5]. The addition of

PDGF or VEGF to BMP2-induced SSEA-1+ cells cultured on
MEFs further directs the fate of the cells toward a smooth
muscle and endothelial phenotype.

Chemical biology offers alternative means for discovering
novel cellular signaling molecules mediating pluripotent
stem cell cardiogenesis. As a consequence, high-throughput
molecular screening technology has been exploited to search
for compounds with the potential to induce cardiomyo-
genesis in vitro. To date, a few studies have published
results from such screening approaches, describing the
identification of novel small molecules that appear to
stimulate the generation of cardiomyocytes from pluripotent
stem cells, including cardiogenols, ascorbic acid, isoxazolyl-
serines, sulfonyl hydrazones, and DMSO [69]. All of these
molecules were identified based on their ability to upregulate
late-stage markers of cardiogenesis. While some clearly have
many effects on cells such as DMSO and ascorbic acid, others
are probably more selective. Whether these factors have
direct role in cardiogenesis or if they stimulate certain other
cell populations which in turn activate cardiac development
remains to be determined.

3.4. Cardiac Progenitor Cells. A growing evidence suggest
that all three major cardiac cell lineages may arise from a
common multipotent cardiovascular progenitor cell popu-
lation originating in primitive streak and displaying specific
expression of markers such as Flk-1, c-kit, and Isl-1 [5, 57,
82–84]. These cardiovascular progenitor cells have recently
also been identified in early pluripotent stem cell derivatives
[5, 57]. Due to their proliferative capacity in culture, these
cell populations would be ideal for upscaling in vitro.
Furthermore, these early cardiac restricted precursor cells
would allow for the establishment of progenitor cell based in
vitro models for uncovering the early events of cardiogenesis.
Strategies that might improve cardiomyocyte yields through
stimulation of proliferation of committed progenitors might
also be valuable. Information in regard to the signals that
stimulate the replication of committed progenitors is still
lacking; however, activation of canonical Wnt signaling has
been demonstrated to expand the pool of Nkx2.5+, and Isl1+

early cardiac progenitors [39, 54, 60, 85], and the activation
of the Notch pathway in immature cardiomyocytes has been
shown to prolong their period of replicative competence [86,
87]. Other suggested mediators that might hold committed
progenitors in a proliferative state are the GSK-3 inhibitor
BIO [88], p38 MAPK inhibition [89], and the PI3K/Akt
pathway [90].

4. Enrichment Strategies of Stem
Cell-Derived Cardiomyocytes

Despite the tremendous progress in the development of
current cardiac differentiation protocols, none of the cur-
rently available protocols results in homogenous populations
of cardiomyocytes. One of the challenges over the last
years has been to develop robust isolation techniques that
allow scalable purification of cardiomyocytes and specific
cardiac subtypes. The most straightforward approach is
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mechanical isolation based on manual dissection of the
spontaneously contracting cardiac cells. The microdissected
cells from even relatively low-purity cell population can
include up to 70% cardiomyocytes [6, 9, 24]. Another fairly
exploited approach presenting significant improvements to
the enrichment process is Percoll density gradient cen-
trifugation, which takes advantage of the unique buoyant
properties of cardiomyocytes. Percoll centrifugation can
result in a three- to sevenfold enrichment of cardiomyocytes
and has been applied for enzymatically dispersed cells from
embryoid bodies and for guided differentiation protocols
[7, 22, 27, 77]. However, these enrichment protocols have
disadvantages in regard to insufficient purity, fairly labor
intensive procedure, and lack of scalability.

A recent study utilized an endogenously expressed
surface marker, ALCAM, to isolate cardiomyocytes from a
mixed population of differentiated cells [78]. This approach,
however, has proven rather challenging for purifying car-
diomyocytes from pluripotent stem cells due to the limita-
tion of available cardiomyocyte-specific cell-surface markers.
Another recent study demonstrated that a fluorescent dye
labeling mitochondria could be used to selectively mark
human pluripotent stem cell-derived cardiomyocytes and,
subsequently, utilized in the enrichment of cardiomyocytes
(>99% purity) by fluorescence-activated cell sorting [91].
Other recent reports have demonstrated the guided differ-
entiation and subsequent isolation of an early population
of cardiovascular progenitors, expressing Oct4, SSEA-1, and
Mesp1. The isolation of the progenitors was based on cell
sorting using an anti-SSEA-1 antibody allowing separation of
cells expressing mRNAs and proteins encoding mesodermal
and cardiac markers [5, 92].

To date, the highest levels of cardiac purity have been
obtained using genetic selection techniques. In this strat-
egy, undifferentiated pluripotent stem cells are genetically
modified to carry either a reporter gene, usually a green
fluorescence protein (EGFP) or mammalian selection gene
(e.g., antibiotic resistance) under the transcriptional control
of a cardiac-specific promoter. The transgenic cells are then
induced to differentiate and selected based on activation of
the cardiac-specific promoter. While the major disadvantage
of this approach is that it entails the usual risks of genetic
modification (e.g., insertional oncogenesis), it is capable of
a significant degree of cardiac enrichment [79, 93]. Genetic
selection based on activation of either the human α-MHC
[94, 95] or MLC2v [96, 97] promoters has been shown to
generate populations of >90% human pluripotent stem cell-
derived cardiomyocytes. To sum up, most of the recently
published cardiomyocyte enrichment studies demonstrate
the advantages of using the transgenic strategy based on
cardiac-specific drug resistance selection, either alone or in
a combination with the reporter gene approach [73, 98, 99].
The influence of other cell types on cardiac differentiation is
one aspect still to be further studied to determine at which
state purification would be optimal [100]. While generally
considered useful for in vitro applications, improvements
and/or alternative strategies need to be developed to over-
come the additional hurdles before introducing genetically
modified cells into clinical cell therapy.

5. Characteristics of Pluripotent Stem
Cell-Derived Cardiomyocytes

During recent years, a number of published studies have
described the basic characteristics of pluripotent stem
cell-derived cardiomyocytes. In these reports, cell analysis
has been based on the expression of specific molecular
markers for cardiomyocytes, structural architechture, and
functionality. Although substantial heterogeneity has been
reported, in general, 30%–60% of the cells in isolated beating
areas display markers and other features of cardiomyocytes
[6, 101–103]. Pluripotent stem cell-derived cardiomyocytes
usually have less defined rod shape compared to their
mature adult counterparts. In addition, pluripotent stem
cell-derived cardiomyocytes display multinucleation at a
very limited frequency (<1%) [101] compared to adult
human cardiomyocytes (20%). At the ultrastructure level
pluripotent stem cell-derived cardiomyocytes show clearly
idenfiable sarcomeres with A, I, and Z bands and intercalated
discs with gap juctions and desmosomes, and these cells
share similarities with adult cardiomyocytes although the
myofibrillar and sarcomeric organization indicate an imma-
ture phenotype in the stem cell-derived population [6, 61,
101, 102]. In the vicinity of the sarcomeres, mitochonrdia are
also present.

On a molecular level, several markers expressed by
cardiomyocytes are also expressed by pluripotent stem
cell-derived cardiomyocytes, including transcription fac-
tors, structural proteins, hormones, ion-channels, and tight
junction proteins [6–9, 61, 67, 103]. Expression of early
cardiac-specific transcription factors involved in cardiogen-
esis such as GATA-4, Nkx2.5, Isl-1, Tbx-5, Tbx-20, and
Mef2c is generally observed also in the pluripotent stem
cell-derived cardiomyocytes [6, 7, 61, 67, 103]. In addition
to structural proteins including sarcomeric proteins α-
actinin, cardiac troponins T, and I, sarcomere myosin heavy
chain (MHC), atrial- and ventricular myosin light chains
(MLC-2A and MLC-2V), desmin, and tropomyosin, gap
junction proteins are also expressed [7–9]. The presence
of other cardiac and muscle-specific proteins including
atrial natriuretic peptide (ANP), creatine kinase-MB, and
myoglobin has also been described in several reports [7,
104]. Troponin complex is located on the thin filament
of striated muscles and regulates muscle contraction in
response to alterations in intracellular calcium ion concen-
trations.

More important, however, are the functional charac-
teristics of the cells, and different pharmacological and
electrophysiological approaches have been used to exam-
ine these properties. As in mature cardiomyocytes, the
trigger for contraction in pluripotent stem cell-derived
cardiomyocytes is a rise in intracellular calcium [9, 105].
However, the regulation of intracellular calcium handling
has been shown to differ between pluripotent stem cell-
derived cardiomyocytes and mature adult cardiomyocytes,
most likely due to the apparently immature sarcoplasmic
reticulum which has been suggested to be caused by
lack of expression of phospholamban and calsequestrin,
which are two of the main intracellular calcium handling
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proteins [105–107]. One major advantage of cardiomyocytes
derived from pluripotent stem cells is that they can be
maintained in culture for extended time periods even
months without losing their spontaneous contractile capac-
ity. Although pluripotent stem cell-derived cardiomyocytes
show unambiguous cardiac-type action potentials (AP),
these cells exhibit comparatively immature AP parameters
such as automaticity, a slower AP upstroke, and a rela-
tively depolarized maximum diastolic potential [8, 108].
Several studies have demonstrated that pluripotent stem
cell-derived cardiomyocytes exhibit spontaneous contrac-
tile activity that could be modulated by drugs such as
isoproterenol and carbachol, and thus these cells respond
to alpha/beta-adrenergic- and muscarinic stimuli further
indicating that the cells express specific surface membrane
receptors coupled to a signaling pathway that activate ion
channels, membrane transporters, and myofilament proteins
[6, 7, 103]. In contrast to a typical mature cardiomyocyte
characteristic increase in contraction amplitude in response
to increased stimulation in the (i.e., the force-frequency
relation) in the adult myocardium, pluripotent stem cell-
derived cardiomyocytes have been reported to respond in
the opposite manner and display negative force-frequency
relations [104].

In general, cardiomyocyte induction from pluripo-
tent stem cells results in mixtures of ventricular-like,
atrial-like, and pacemaker-like cells defined by intracellu-
lar electrophysiological measurements of action potentials
(APs). As shown in voltage-clamp studies, pluripotent
stem cell-derived cardiomyocytes exhibit expected ionic
currents, such as fast sodium current, L-type calcium
current, pacemaker currents, as well as transient outward
and inward rectifier potassium currents [9, 108] Interest-
ingly, different differentiation protocols seem to affect the
ratios of these cardiac cell types. While most differenti-
ation protocols based on embryoid bodies/cell aggregates
result in more or less equal numbers of ventricular- and
atrial-like cells, cardiac induction by END-2 co-culture
generally results in cell population where the majority
of the cardiomyocytes display ventricular-like phenotype
based on morphological and electrophysiological parameters
[9].

In summary, based on the gene expression profile and
the structural-, electrophysiological-, and pharmacological
properties of the pluripotent stem cell-derived cardiomy-
ocytes they possess immature phenotype and appear to
have an immature sarcoplasmic reticulum function. The
cardiac phenotype of iPS cell-derived cardiomyocytes seems
to be comparable to that of hESC-derived cardiomyocytes
[17]. Pluripotent stem cell-derived cardiomyocytes have been
shown to mature over time in culture but without carrying
through to full maturity. Thus, additional research is needed
to find novel strategies to mature pluripotent stem cell-
derived cardiomyocytes in vitro. Nevertheless, even if some
functional properties of pluripotent stem cell-derived car-
diomyocytes apparently differ from the mature cells present
in adult myocardium the in vitro generated cardiomyocytes
have a basal functionality and can still provide a useful model
for molecular cardiology.

6. Conclusion and Future Perspectives

Cardiac differentiation is a dynamic process consisting of
complex signaling network, and although various signaling
pathways and growth factors have been implicated in the
development of specialized cardiac subtypes, only limited
information about the mechanisms underlaying cardiogen-
esis in human pluripotent stem cells is currently available.
Thus, the differentiation of pluripotent stem cells toward
cardiomyocytes is still poorly defined compared with the
other cell fates. A number of differentiation protocols have
been described to generate cardiomyocytes from pluripotent
stem cells. Collectively, various cardiac differentiation studies
demonstrate how the exposure of various growth factors
to pluripotent stem cells, at an accurate timing and dose,
is essential for directing the differentiation process from
early mesendoderm via mesoderm towards a more specific
cardiac fate. Despite the recent advances in the cardiac
differentiation protocols, in most settings the cardiomyocyte
differentiation is uncontrolled and inefficient remaining
less than 10% [69]. Most of the iPS cell lines generated
to date are subject to viral integration that may have
an impact on the cardiogenesis of these cells. However,
human iPS cells appear to have a cardiac potential highly
comparable to hESCs, and iPS cells can be differentiated
into cardiomyocytes using similar differentiation protocols
[17]. Based on the variations of the protocols used and
the efficiency at which pluripotent stem cells differentiate
to cardiomyocytes, it appears that pluripotent stem cell
lines including both hESC and iPS cell lines behave quite
differently, implicating that the specific pluripotent stem
cell line utilized might affect the final result. Thus, each
pluripotent cell line may require a specific differentiation
protocol for efficient induction of cardiogenesis further
complicating the overall assignment. Evidently, a more in-
depth understanding of these mechanisms will improve the
yields of pluripotent stem cell-derived cardiomyocytes for
large-scale and clinical application.

The stem cell-derived cardiomyocytes described to date,
generally resemble fetal cardiomyocytes exhibiting immature
functional and structural characteristics compared to adult
cardiomyocytes and mature only slowly in cell culture.
Furthermore, the differentiated cells are mixed populations
of noncardiac cells and cardiomyocytes with several subtypes
(e.g., ventricular-, atrial-, and nodal type) and maturation
stages. Currently, we are also lacking efficient ways to guide
the cardiac subtype differentiation as well as to isolate
cardiomyocytes and subtypes of cardiomyocytes from the
heterogeneous pool of differentiating cells. Thus, efficient
enrichment strategies for cardiomyocytes as well as different
cardiac sub-types are urgently needed. A recent study
provided a strategy for the enrichment of cardiomyocytes
and in particular, the generation of a specific subtype of
cardiomyocytes, nodal-like cells, without genetic modifica-
tion. They utilized the activator of Ca2+-activated potassium
channels of small and intermediate conductance (SKCas)
on embryonic stem cells leading to induction of cardiac
mesoderm and cardiomyocyte specification resulting in a
strong enrichment of pacemaker-like cells [109].
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Most of the current cardiac differentiation methods pro-
duce beating aggregates, but for many purposes, monolayer
cardiac differentiation would be optimal. However, it has
been shown that cell-to-cell interactions in the embryoid
body and aggregate structures stimulate the expression of
markers for mesendoderm and early cardiac cell lineages,
which argues in favor of the three-dimensional cell aggre-
gates for optimal pluripotent stem cell differentiation to
cardiac myocytes [60]. Nevertheless, the current differenti-
ation protocols produce cardiomyocytes that possess many
promising capabilities and have wide-spread utility for basic
research as well as pharmaceutical industry. In future, stem
cell-derived cardiomyocytes are anticipated to have an enor-
mous impact on the treatment of heart disease. The ability
to induce iPS cells has raised the possibility to reprogram
somatic cells to an alternative differentiated fate without first
becoming a stem cell. Recently, it was shown that a com-
bination of three transcription factors (Gata4, Mef2c, and
Tbx5) reprogrammed cardiac or dermal fibroblasts directly
into spontaneously contracting cardiomyocytes, expressing
cardiac-specific markers [110]. These induced cardiomy-
ocytes offer another important option to research, drug dis-
covery and cell therapy towards cardiovascular regeneration.
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Induced pluripotent stem (iPS) cells are generated by reprogramming human somatic cells through the forced expression of several
embryonic stem (ES) cell-specific transcription factors. The potential of iPS cells is having a significant impact on regenerative
medicine, with the promise of infinite self-renewal, differentiation into multiple cell types, and no problems concerning ethics
or immunological rejection. Human iPS cells are currently generated by transgene introduction principally through viral vectors,
which integrate into host genomes, although the associated risk of tumorigenesis is driving research into nonintegration methods.
Techniques for pluripotent stem cell differentiation and purification to yield cardiomyocytes are also advancing constantly.
Although there remain some unsolved problems, cardiomyocyte transplantation may be a reality in the future. After those
problems will be solved, applications of human iPS cells in human cardiovascular regenerative medicine will be envisaged for
the future. Furthermore, iPS cell technology has generated new human disease models using disease-specific cells. This paper
summarizes the progress of iPS cell technology in cardiovascular research.

1. Introduction

Cardiovascular disease remains a major cause of mortality
in developed countries, with severe heart failure being the
leading cause of cardiac death [1]. There is no fundamen-
tal therapy for refractory heart failure other than heart
transplantation, which is not regarded as a robust option
because of the associated problems such as too few donors
and immunological rejection [2]. A clear need, therefore,
exists for novel therapies for severe cardiovascular disease,
and recent advances in stem cell biology have indicated that
regenerative medicine might meet that need in the future.

Stem cells are defined by the characteristics of self-
renewal and differentiation capability to multiple tissues.
These cells thus hold great promise as a source for cell
transplantation therapy. Embryonic organs rapidly develop,
and embryonic cells have a strong proliferation potential.
In particular, embryonic stem (ES) cells that are established
from the inner cell mass of the morula stage of mammalian
embryos are regarded as a powerful cell source for clinical
application because of their promising growth potential and
pluripotency. However, there are major obstacles with the
use of human ES cells such as bioethical issues surrounding

the destruction of a fertilized egg and immune rejection due
to alloantigens following transplantation. Adult organs are
also seen as a potential source of somatic stem cells with the
ability to proliferate and differentiate into the specific cells
in each tissue and thus help to maintain tissue homeostasis
and organ healing after injury. Adult heart, for instance,
contains cardiac stem cells that can be differentiated into
mature cardiomyocytes and vascular cells, and is, therefore, a
candidate source for cardiac cell transplantation therapy [3,
4]. However, there are not sufficient numbers of somatic stem
cells in adult organs and the proliferation and differentiation
ability of somatic stem cells is limiting compared to that of
ES cells.

The recent generation of induced pluripotent stem (iPS)
cells has created new hope in the field of regenerative
medicine for overcoming the dilemma of ES cells. iPS cells
can be generated from somatic cells by introducing defined
reprogramming factors (Oct3/4, Sox2, Klf4, c-Myc, Nanog,
and Lin28) in various mammals including mouse, rat, pig,
monkey, and human [5–10]. These cells have the two crucial
stem cell characteristics of self-renewal and pluripotency.
In addition, the ethical issues associated with generating
iPS cells are trivial compared to those for ES cells because
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the sacrifice of an embryo is dispensable, and the use of the
recipient’s own cells eliminates the risk of immune rejection
generally associated with transplantation. Because of these
tremendous benefits, iPS cells hold great promise as a novel
cell source for regenerative medicine. Moreover, the unique
characteristics harbored in the genetic information of almost
every adult cell could allow the creation of patient-specific
pluripotent stem cells, which can be then dedicated to any
cell type in vitro. Consequently, iPS cell technology has
raised concerns in the fields of disease pathogenesis and drug
discovery [11–13].

2. iPS Induction Methods

ES cells have the ability to proliferate infinitely and can
differentiate into the cell types of all three germ layers
with germ line transmission [14]. The first human ES cells
were successfully generated in 1998 [15]. Human iPS cells
were established in 2007 by the transduction of various
gene cocktails [6, 7]. The characteristics of iPS cells are
quite similar to those of ES cells in terms of morphology,
proliferation ability, patterning of global gene expression,
and the epigenetic status of promoter regions for stem-cell-
specific transcription factors. As a matter of course, these iPS
cells also can differentiate into cells of the three germ layers
in vitro and in vivo.

For iPS cell technology to realize its significant promise
for advanced regenerative medicine, several difficult prob-
lems must be addressed. The original method of generating
iPS cells involves the transduction of core transcription
factors into somatic cells by retroviral vectors with the
accompanying insertion of transgenes into the host genome.
These transgenes could theoretically disrupt the native genes
and/or alter normal gene expression. Although the expres-
sion of such viral-mediated exogenous genes are virtually
silenced once the cells are fully reprogrammed into iPS cells,
small but sustained leakage of transgene expression or the
reactivation of those transgenes occasionally disturbs the
differentiation and maintenance of an undifferentiated state
[16]. In particular, oncogenic transgene reactivation such as
that of c-Myc could increase the risk of tumor formation after
transplantation of the iPS-derived cells [17]. In addition, the
detail mechanism of reprogramming is not yet elucidated
sufficiently, and the reprogramming efficiency of somatic
cells is still low. These problems need to be at least minimized
before the application of iPS technology in the clinical setting
can proceed.

To establish safer iPS cells, several novel methods are
being investigated that do not involve transgene insertions
into the host genome. Various gene-delivery systems have
been developed for the reprogramming of human somatic
cells into iPS cells [18–24]. In addition, some chemical
compounds can raise the reprogramming efficiency and
reduce the required number of the transducing factors to
generate iPS cells [25–28]. There are many reports of somatic
cells being reprogrammed to iPS cells, although most cases
involve dermal fibroblasts obtained from a dermal punch
biopsy, which leaves a small scar on the donor’s skin. Such

skin biopsies should be avoided to generate human iPS
cells. Recently, we and several other groups reported novel
methods for generating iPS cells less invasively from human
circulating peripheral blood cells [29–32]. Our method uses
Sendai viral systems to deliver the reprogramming factors
[33]. Sendai virus is categorized as a negative-strand RNA
virus that cannot integrate into the host genome, but can
highly infect activated T cells [34]. It is very important for
human clinical usage to obtain the nonintegration human
iPS cell easily, stably, and efficiently and attenuate the
physical invasion for donors to obtain somatic cells. These
improved methods can be helpful to extend the indication of
generating iPS cells and to be easily accessible to realize the
future clinical application of the iPS technology.

3. Differentiation into Cardiomyocytes from
Pluripotent Stem Cells

ES cells and iPS cells can give rise to all cell types of all three
germ layers, using quite similar methodologies to control
the differentiation. In the conventional method, ES cell
differentiation is performed through embryoid bodies (EBs),
which are aggregates of ES cells maintained in suspension
cultures. In this section, we focus on the differentiation
systems for generating cardiomyocytes from ES cells and iPS
cells.

A recent report indicated no significant difference in the
fundamental characteristics of cardiomyocytes differentiated
from either ES or iPS cells [35–38]. However, the efficiency
of cardiogenesis from ES and iPS cells is still too low and not
sufficiently stable to realize the goals of cardiac regenerative
medicine. Generally considered, the mechanisms of in vitro
differentiation from pluripotent stem cells are similar to
the regulatory mechanisms of normal early development.
To improve the efficiency of in vitro cardiogenesis, various
screens for essential signalling molecules in normal heart
development have been performed. Among several signal
proteins associated with cardiac development, canonical
Wnt/beta-catenin [39–42], activin/nodal [43, 44], and BMP
signaling [45–51] have the crucial roles in normal heart
development, and supplementation of those molecules into
ES/iPS cell differentiation systems could significantly boost
the efficiency of cardiogenesis. Moreover, it also seems that
bidirectional stimulation in these pathways is necessary at
different developmental stages [52, 53].

We previously reported that transit inhibition of BMP
signaling very early during differentiation is crucial for
cardiogenesis in murine ES cells [54]. Whole-mount in
situ hybridization for various BMP antagonists on mouse
embryos at different developmental stages revealed that
noggin, a BMP antagonist, was expressed only briefly in the
heart-forming area. This phenomenon was also observed in
early embryos of chick and Xenopus, suggesting a conserved
mechanism in heart development [55, 56]. We proposed
that administration of noggin before the EB formation stage
would mimic its transient and strong expression during
early gastrulation. Indeed, noggin administration around EB
formation day led to a marked increase in cardiogenesis
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from murine ES cells. Other BMP antagonists also act to
increase cardiomyocyte differentiation efficiency, indicating
that transient relief from the intrinsic BMP signal is critical
for cardiomyocyte induction.

We also identified growth factors crucial for embry-
onic premature cardiomyocytes through the screening of
global gene expressions in noggin-treated mouse ES cell-
derived cardiomyocytes by microarray analysis [57]. We
found that the expression level of csf3r, which encodes the
granulocyte colony-stimulating factor receptor (G-CSFR),
was significantly higher in cardiomyocyte-differentiating ES
cells [58], and confirmed that both G-CSFR and G-CSF were
specifically but transiently expressed in embryonic mouse
heart at the midgestational stage. When extrinsic G-CSF
was administered to ES/iPS cell-derived cardiomyocytes, it
markedly augmented their proliferation. These findings indi-
cated that G-CSF is critical for cardiomyocyte proliferation
and could be used to boost the yield of cardiomyocytes from
ES/iPS cells for their potential application in regenerative
medicine.

To some extent, we can manage to differentiate pluripo-
tent stem cells into cardiomyocytes effectively and control the
proliferation of premature cardiomyocytes. However, human
heart is a large organ, and huge numbers of cardiomyocytes
would be needed for human cardiac regenerative therapy,
requiring even more sophisticated methods for cardiomy-
ocyte generation. To this end, prominent differences have
been demonstrated in the ability to differentiate into specific
lineage cells among iPS cell [59]. Moreover, their response to
various growth factor and cytokine stimulations also varied
markedly among cell lines. Recent studies have also demon-
strated that the characteristics of iPS cells are influenced
by the derived somatic cells according to their epigenetic
memory [60–62]. It would, therefore, be preferable to
ascertain which cell lines are the best sources of iPS cells for
each lineage cell differentiation and what is the best way to
select such iPS cell lines before starting the differentiation.

4. Stem Cell-Based Cardiac Regeneration

ES and iPS cells both have the potential to be a definite cell
source for regenerative therapy because they can proliferate
infinitely. In the cardiovascular field, regenerative cell ther-
apy using pluripotent cells is expected to complement rather
than replace heart transplantation in the future [12, 63, 64].
Molecular biological and physiological studies have demon-
strated that ES and iPS cell-derived cardiomyocytes have
the required cardiovascular function [65–67]. iPS cells can
differentiate into several types of cardiomyocytes including
atrial, nodal, and ventricular cells, with similar properties
to native cardiomyocytes. Cardiomyocytes derived from iPS
cells properly express typical ion channels with the expected
functional responses to several ion channel blockers [68].
There are also many reports that the transplantation of either
cardiomyocytes or cardiac progenitor cells derived from
human ES cells into infarcted rodent heart could improve
cardiac function [50, 69, 70]. Transplanted ES/iPS cell-
derived cardiomyocytes were integrated into the infarcted

host heart and supplied working muscles functioning coop-
eratively, while the molecules secreted in a paracrine or
autocrine fashion from transplanted cells are also important.
It was also reported that the transplantation of iPS cells
into the postinfarcted heart of immunocompetent mouse
significantly recovered the cardiac function of failing heart
and transplanted cells were successfully differentiated into
cardiomyocytes, smooth muscles, and endothelial cells in
the heart [71]. The precise mechanisms underpinning these
successful cell transplantations remain unclear. However,
accumulating evidence indicates that the transplantation
of iPS cell-derived cardiomyocytes will be a viable future
alternative for treating diseased heart.

One of the most critical issues in these efforts is how to
eliminate undifferentiated ES/iPS cells from the transplant-
ing cells. Undifferentiated pluripotent stem cells implanted
into the recipient body increase concerns about tumors
like teratoma emerging from the transplanted cells [72].
Although it is not yet determined whether terminally differ-
entiated cells or progenitor cells are better for cell transplants,
undifferentiated pluripotent stem cells need to be eliminated
from the equation before transplantation in any case to
relieve the risk of tumorigenesis. A variety of purification
methods for ES/iPS cell-derived differentiated cells have been
developed, with most involving gene manipulation to label
the selection marker such as GFP regulated under a specific
promoter [73, 74]. However, gene modification in itself could
also induce tumorigenesis. The ideal method to purify the
cells would, therefore, not use genetic manipulation. We
recently obtained highly pure (>99% purity) human ES/iPS
cell-derived cardiomyocytes by fluorescence-activated cell
sorting with the fluorescent dye that labels mitochondria
[75]. This method involves no gene modification and could
be used in the clinical setting. In addition, cell surface
proteins in nascent cardiomyocytes and cardiomyogenic
progenitors have been defined as non genetic selection
markers for cardiomyocytes in the mouse ES/iPS cells [43,
76–80]. Such methodology to purify the objective cells
is constantly advancing the goals for cardiac regenerative
therapy. Long-term followup is necessary to analyze recipient
safety and prognosis, and all cell transplantation should be
tested in a large animal model before clinical usage.

5. Genetic and Epigenetic Profile of iPS Cell and
iPS Cell-Derived Cardiomyocyte

There are several concerns about using iPS cell for regen-
erative medicine, because accumulating genetic and epi-
genetic profiles proved there remain important problems.
Initial study about epigenetic memory showed that iPS
cells derived from adult murine tissues harbour residual
DNA methylation signatures characteristic of their somatic
tissue of origin, which favours their differentiation along
lineages related to the donor cell, which suggest an epigenetic
memory of the tissue of origin that may have influence on
directed differentiation for applications in disease modelling
or treatment [61]. In terms of pluripotent stem cell-
derived cardiomyocyte, iPS cell-derived cardiomyocytes are



4 Stem Cells International

transcriptionally highly similar to ES cell-derived cardiomy-
ocytes, but iPS cell-derived cardiomyocyte also still possesses
the same somatic signature [81]. Exome analysis revealed
that hiPS cells acquire genetic modifications in addition
to epigenetic modifications which suggest extensive genetic
screening should become a standard procedure to ensure
hiPS cell safety before clinical usage [82]. Surprisingly latest
research showed that abnormal gene expression in some
cells differentiated from iPSCs can induce T-cell-dependent
immune response in syngeneic recipients in contrast to
derivatives of ESCs [83]. The expression of these abnormal
minor antigens also may be due to epigenetic difference
between iPS cells and ES cells. These data suggests that
extensive genetic and epigenetic screening should become a
standard procedure to ensure hiPS cell safety before clinical
use.

6. Investigation of Patient-Specific iPS Cells

Another expectation for iPS cells is the generation of human
disease-specific pluripotent stem cells, since established iPS
cells have identical genetic mutations to the source tissue.
Patient-specific iPS cells can differentiate into any type of cell,
allowing us to directly and repetitively analyse the diseased
cells in vitro. We now need to establish a revolutionary
assay system to elucidate the disease pathogenesis and to use
these patient-specific cells as a novel tool for drug screening
in combination with personalized medicine. Generally, it is
difficult or impossible to take large samples from specific
patient tissues like neurons and cardiomyocytes and, even if
possible, such terminally differentiated cells cannot prolifer-
ate sufficiently in vitro. For that reason, researchers in this
field eagerly await this kind of promising stem cell.

To date, many kinds of patient-specific iPS cells have
been generated to diseases such as adenosine deaminase
deficiency, the Schwachman-Bodian-Diamond syndrome,
Gaucher’s disease, the Duchenne and Becker muscular
dystrophy, Parkinson’s disease, Huntington’s disease, type
1 diabetes mellitus, Down’s syndrome, the Lesch-Nyhan
syndrome, amyotrophic lateral sclerosis, spinal muscular
atrophy, and Fanconi’s anemia [84–88]. According to these
previous reports, iPS cells generated from a patient suffering
from early-onset disease are more likely to closely reproduce
the disease phenotypes. Recently, cardiac disease-specific iPS
cells were also reported. One line is specific for the LEOPARD
syndrome, which is an autosomal dominant developmental
disorder belonging to a relatively prevalent class of inherited
RAS-mitogen-activated protein kinase signalling diseases
with pleomorphic effects on several tissues and organ
systems [89]. The patient has a mutation in the PTPN11
gene, which encodes the SHP2 phosphatase. A major dis-
ease phenotype in patients with the LEOPARD syndrome
is hypertrophic cardiomyopathy. This study showed that
cardiomyocytes derived from LEOPARD syndrome iPS cells
are spontaneously hypertrophied in vitro and have a higher
degree of sarcomeric organization compared with cardiomy-
ocytes derived from human ES cells or wild-type iPS cells.
They concluded that these features correlate with a potential

hypertrophic state in patients. The other reported disease-
specific iPS cell line mimics congenital long QT syndromes
(LQTs) [90], which are heritable diseases associated with
prolongation of the QT interval on an electrocardiogram
and a high risk of sudden cardiac death due to ventricular
tachyarrhythmia. The authors generated iPS cells from two
patients with LQTs type 1 (LQTs 1), who have mutations
in the KCNQ1 gene encoding the repolarizing potassium
channel mediating the delayed rectifier I (Ks) current.
Individual cardiomyocytes derived from LQTs 1 patients
showed prolonged action potentials compared with cells
from control subjects. Moreover, cardiomyocytes derived
from patients with LQTs 1 had an increased susceptibility to
catecholamine-induced tachyarrhythmia, and the phenotype
was attenuated by beta-blockade, which is one of the
most important clinical features of these syndromes. The
study showed that LQTs 1 patient-specific iPS cell-derived
cardiomyocytes totally reproduced the diseased phenotypes
in a clinical setting.

These studies into patient-specific iPS cells indicate a
tremendous potential for our increased understanding of
pathogenesis. Such technologies will be the basis for novel
industries in drug development and diagnostics.

7. Conclusions

Although iPS cells are artificial pluripotent stem cells, they
can produce chimeric animals in mouse and rat, and a
tetraploid complementation experiment demonstrated that
mouse iPS cells have the ability to autonomously generate
full-term mice. These results clarified the existence of
pure pluripotent stem cells in iPS cells. Methods for the
generation of iPS cells have now undergone tremendous
and steady improvements. Although some problems remain
such as genetic mutation during reprogramming, incomplete
epigenetic reprogramming, and undesired gene expression,
iPS cells could be applicable for regenerative medicine in
the future after solving those problems. Studies of disease
pathogenesis and drug discovery using this technology have
already been undertaken and will shed light on the discovery
of novel treatments for fatal cardiovascular diseases.
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Many human neurological diseases are not currently curable and result in devastating neurologic sequelae. The increasing
availability of induced pluripotent stem cells (iPSCs) derived from adult human somatic cells provides new prospects for
cellreplacement strategies and disease-related basic research in a broad spectrum of human neurologic diseases. Patient-specific
iPSC-based modeling of neurogenetic and neurodegenerative diseases is an emerging efficient tool for in vitro modeling to
understand disease and to screen for genes and drugs that modify the disease process. With the exponential increase in iPSC
research in recent years, human iPSCs have been successfully derived with different technologies and from various cell types.
Although there remain a great deal to learn about patient-specific iPSC safety, the reprogramming mechanisms, better ways to
direct a specific reprogramming, ideal cell source for cellular grafts, and the mechanisms by which transplanted stem cells lead
to an enhanced functional recovery and structural reorganization, the discovery of the therapeutic potential of iPSCs offers new
opportunities for the treatment of incurable neurologic diseases. However, iPSC-based therapeutic strategies need to be thoroughly
evaluated in preclinical animal models of neurological diseases before they can be applied in a clinical setting.

1. Introduction

Human neurological diseases including stroke, neurodegen-
erative disorders, neurotrauma, multiple sclerosis (MS), and
neurodevelopmental disorders are caused by a loss of neu-
rons and glial cells in the brain or spinal cord. They usually
cause morbidity and mortality as well as increase social
and economic burdens of patients and their caregivers [1].
Stroke is one of the leading cause, of death and the primary
cause of morbidity and long-term neurological disability.
The burden of the age-related neurodegenerative diseases
including Alzheimer’s disease (AD), other dementias, and
Parkinson’s disease (PD) is expected to increase dramatically
as the life expectancy and aging population rise worldwide
[2]. Neurodegenerative diseases represent a large group
of heterogeneous disorders characterized by progressive
degenerative loss of specific neuron subtypes over time:
cortical neurons in AD, dementia with Lewy bodies, or
frontotemporal lobar degeneration, midbrain dopaminergic
neurons in PD, striatal GABAergic neurons and cortical
neurons in Huntington’s disease (HD), cerebellar neurons
in spinocerebellar degeneration, and upper and lower motor

neurons in amyotrophic lateral sclerosis (ALS) [3]. Nonneu-
ronal cells also contribute to the progression of neurodegen-
eration [4]. By contrast, rapid cell loss and destruction of
larger areas of central nervous system (CNS) tissue are seen
in acute lesions, such as in acute ischemic or hemorrhagic
stroke, traumatic brain injury, and spinal cord injury (SCI).
The CNS has limited capacity of regenerating lost tissue in
both cases and require strategies to manage the neurological
deficits caused by the neural tissue destruction. However,
conventional therapies of many neurological diseases provide
only limited benefit by alleviating certain symptoms. The
chronic use of these drugs is often associated with serious
side effects, and none seems to modify the natural course of
these diseases [5]. Many attempts have been made to develop
neuroprotective drugs to reduce the CNS injury, but the
translation of neuroprotection from experimental therapies
to clinical setting has not been very successful [6]. Although
the adult brain contains small numbers of stem cells in
restricted areas and acute neurological insults stimulate
a basal rate of neural progenitor/precursor proliferation
and differentiation, they do not contribute significantly to
functional recovery. Moreover, adult neurogenesis may be
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defective in neurodegenerative diseases [7]. Along with the
development of stem cell technologies, transplantation of
stem cells or their derivatives is a future therapeutic option
for human neurological diseases.

Stem cells are characterized by the ability to renew
themselves (self-renewal) through mitotic cell division and
differentiate into a diverse range of specialized cell types [8].
These cells are classified into three types according to their
capacity to differentiate into specialized cells (potency). The
first type is totipotent stem cells, which can be implanted
in the uterus of a living animal and give rise to an entire,
viable organism. The second type is pluripotent stem cells
such as embryonic stem cells (ESCs) that are isolated from
the inner cell mass of blastocysts and induced pluripotent
stem cells (iPSCs) artificially derived from a nonpluripotent
cell, typically an adult somatic cell through reprogramming.

Pluripotent stem cells can give rise to every cell of an
organism except extraembryonic tissues, such as placenta
[8]. ESCs can become all cell types while adult stem cells
(ASCs) are thought to be limited in differentiating into
different cell types of their tissue of origin. ASCs are found
rarely in mature tissues; therefore, isolation of these cells
from adult tissue is challenging; however, ESCs can be
grown in cell culture. This difference is crucial for stem
cell replacement therapies because large numbers of cells
are needed for therapeutic applications. The tissues derived
from the patient’s own ASCs are currently believed less likely
to initiate rejection after transplantation. This is significant
for solving immune rejection problem of cell replacement
therapies.

The third type is multipotent stem cells that only
generate specific lineages of cells. Neural stem cells (NSCs)
are multipotent stem cells which are derived from neural
tissues [9]. These cells are self-renewing and differentiate into
lineage-specific neural precursor or progenitor cells (NPCs)
that can give rise to all cell types (neurons, astrocytes, and
oligodendrocyes) of the nervous system through asymmetric
cell division.

The potential applications of stem cell therapies for
treating neurological disorders are enormous. Many labora-
tories are focusing on stem cell treatments for CNS diseases,
including SCI, stroke, ALS, PD, MS, and epilepsy [10–16].

Finally, clinical trial on stem cell therapy for treatment
of neurological disorders was started. Autologous bone
marrow stem cells and mesenchymal stem cells are used
for treatment of amyotrophic lateral sclerosis. In addi-
tion, Geron Corp has started clinical trial using hESC-
derived oligodendrocyte progenitor cells for spinal cord
injury (http://clinicaltrials.gov/). However, ethical concerns,
immune rejection of grafted stem cells, and tumor formation
limit the use of human ESCs.

The development of iPSCs in recent years may bypass the
ethical controversies and rejection problem using autologous
stem cells, albeit tumor formation stands as a challenge for
cell-replacement therapy [17]. Various neural cell types have
been differentiated from human or rodent iPSCs generated
by the reprogramming of different somatic cells, mainly
skin fibroblasts [18–20]. IPSCs have also been differenti-
ated to NPCs [21, 22]. In terms of cell morphology and

pluripotency, iPSCs closely resemble ESCs. Several groups
have successfully generated a wide range of iPSCs from
patients with neurodevelopmental and neurodegenerative
diseases [23–25]. Patient-specific iPSCs overcome the graft
rejection problem providing an autologous cell source.
Genetic correction of patient-specific iPSCs derived from
the patients with neurogenetic disorders may be required
before the transplantation process. Patient-specific iPSCs
also represent a valuable tool to dissect the poorly under-
stood mechanisms of neurogenetic and neurodegenerative
diseases. As mentioned above, animal studies alone cannot
unravel the complexities of the human brain and alternative
approaches for disease modeling are required. The failure to
translate the promising results of preclinical neuroprotection
studies to the clinic setting may be due to many factors
including species differences, brain complexity, age, patient
variability, and disease-specific phenotypes that cannot easily
be modelled in chosen nonhuman experimental systems
[26, 27]. Cellular modeling studies and chimeric mouse
models based on iPSCs may overcome these barriers [12, 28].
Finally, patient-specific iPSCs may be most relevant cell
source for drug screening and development as they take
into consideration the patient’s background, the affected cell
type, and the developmental time [24, 29]. In this review,
we summarized the recent advancements in iPSC generation,
their capacity for differentiation toward neural lineages, and
iPSC-based transplantation and disease modeling attempts
for neurological diseases.

2. The Generation of iPSCs

2.1. History of iPSCs. IPSCs were initially derived from
mouse embryonic and adult fibroblasts by overexpression
of particular transcription factors, which have become
famous as the “Yamanaka factors.” To identify transcriptional
regulators capable of reprogramming adult somatic cells into
pluripotent cells, Shinya Yamanaka and his coworkers tested
24 candidate genes which were known to be pluripotency-
associated. After elimination of irrelevant factors, a mini-
mum of four factors remained that were minimally required
to generate mouse iPSCs. These factors are Octamer 3/4
(OCT3/4), SRY-box containing gene 2 (SOX2), cytoplasmic
Myc protein (c-MYC), and Krueppel-like factor 4 (KLF4)
[30]. Specific ESC markers including Oct3/4, Nanog, E-Ras,
Cripto, Dax1, and Zfp296 and Fgf4 were used to confirm that
pluripotent stem cells were obtained. Only a year later, the
successful derivation of hiPSCs from fibroblasts was reported
by two different groups. Yamanaka’s group used retroviral
vectors encoding OCT4 (also known as Pou5F1), SOX2,
KLF4, and c-MYC while the group of James Thomson used
lentiviral vectors encoding OCT4, SOX2, NANOG, and Lin-
28 to reprogram human fibroblasts for revealed of iPS cells
[31, 32].

2.2. IPSC Technology. Generation of iPCS from somatic cells
is a complicated process that is affected by many factors such
as the source of the initial cell type (type of the somatic
cell used for reprogramming), the particular cocktail of
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Figure 1: Potential applications of patient-specific pluripotent stem cells in neurological diseases.

factors used for reprogramming, as well as the methods for
delivery of reprogramming factors and culture conditions
(see Figure 1).

2.2.1. Initial Cell Type. In addition to fibroblasts, iPSCs
have now been generated from a large variety of somatic
cell populations. Cell types that have been used for iPSCs
derivation include keratinocytes [33], pancreatic β cells [34],
neural cells [35], mature B and T cells [36], melanocytes [37]
hepatocytes [38], amniotic cells [39, 40], and cells derived
from adipose tissue [41, 42]. However, so far only fibroblasts
have been used to generate iPSCs from patients suffering
from neurological diseases.

The inherent differences among the cell types that have
been used for reprogramming may affect the efficiency of
iPSC generation as well as the quality of the generated
iPSCs. For instance, iPSCs derived from mouse embryonic
fibroblasts or hepatocytes exhibit a lower tendency to form
teratomas when compared to iPSCs derived from mouse tail-
tip fibroblasts [43]. Depending on the cell type used for
reprogramming, reprogramming can be achieved with dif-
ferent efficiencies and kinetics. For instance, human primary
keratinocytes reprogrammed 100-fold more efficiently and
twofold faster as compared to human fibroblasts [33]. The
kinetics of reprogramming may also vary for different species
if related cell types are used. While 20–25 days were neces-
sary to reprogram human skin fibroblasts, only 8–12 days
were sufficient for mouse embryonic fibroblasts. Thus, the
appropriate choice of cell type is a crucial aspect that should

be considered before starting reprogramming experiments:
cells used for reprogramming should be accessible easily
with minimal risk procedures and should be available in
large quantities, in addition to showing high reprogramming
efficiencies and iPSC derivation speed.

2.2.2. Reprogramming Factors. Reprogramming factors, such
as OCT4, SOX2, KLF4, c-MYC, Nanog, and LIN28, have
putative roles in ESC development. OCT4 seems to be the
essential reprogramming factor for most initial cell types
[44]. Sox2 synergistically activates Oct-Sox enhancers with
Oct3/4 and regulates the expression of pluripotent stem
cell-specific genes [45]. However, Sox2 in itself is not an
essential factor for the generation of iPSCs because the
absence of Sox2 can be compensated for by transforming
growth factor β (TGF β) inhibitors or high level of Oct4
[44, 46, 47]. KLF4 is highly expressed in mouse ESCs and
constitutes an important factor for reprogramming of mouse
somatic cells, yet human fibroblasts could be successfully
reprogrammed in the absence of KLF4 [31]. Much of the
tumorigenic properties of iPSCs might be caused by c-MYC,
which increases the efficiency of iPSC generation but also
has ongogenic potential [48]. Instead of c-MYC and KLF,
the factors Nanog and LIN28 were also successfully used for
reprogramming. Nanog appears not to be an essential factor
but it increases the efficiency of reprogramming [49].

As many of the current reprogramming factors tend
to endow iPSCs with tumor formation capacity, it is
necessary to find new reprogramming factors that lack
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tumorigenicity. Specific chemicals, such BIX-01294 (BIX),
which is a G9a histone methyltransferase (G9a HMTase)
inhibitor [50] 5-aza-2′-deoxycytidine (5-azadC), valproic
acid (VPA), and kenpaullone [51], have been used to replace
oncogenic reprogramming factors [52, 53]. In addition, a
wide range of microRNAs, which are crucially involved
in maintenance, differentiation, and lineage determination,
have recently been identified in ESCs. These studies have
shown that microRNAs can contribute to the pluripotency
machinery [54, 55] and that they can facilitate reprogram-
ming synergistically with OCT4, SOX2, and KLF4. Most
importantly, they can replace c-MYC, which has the greatest
tumorigenic potential among reprogramming factors [56].
Recent studies also demonstrated that the p53/p21 pathway
plays an important role in iPSC generation and acts as a
barrier for tumorigenicity [34, 57–60]. It could be shown
that knockdown of p53 results in increased iPSCs genera-
tion efficiency. Lin-28, overexpression, which is a negative
regulator of miRNA biogenesis, and p53/p21 pathways also
increased iPSC formation. Therefore, miRNAs involved in
p53 signaling could be used for reprogramming process
without genetic modification of the donor cells.

2.2.3. Delivery Method. Retroviral and lentiviral vectors
have been widely used for the delivery of reprogramming
factors. Critical steps in iPSC generation include that repro-
gramming factors can be efficiently overexpressed in the
somatic cell type that is chosen for reprogramming and
that expression of the exogenously applied reprogramming
factors is silenced once the cells have been transformed
to a pluripotent stage. Retroviruses efficiently infect only
proliferating cells, but expression of reprogramming factors
is silenced in the ESC stage. Lentiviral vectors on the
other hand infect dividing as well as nondividing cells. Yet,
a major disadvantage of lentiviral vectors is that repro-
gramming factors are not efficiently silenced once the cells
reach pluripotency. Major disadvantages, which both vector
systems have in common, is that they contain oncogenic
transcription factors and that they randomly integrate into
the genome of infected cells. Adenoviral vectors, which
do not integrate into the infected cells genome have also
been used to deliver reprogramming factors [34]. Yet, their
infection efficiency is much lower than retroviral systems.

New strategies have been suggested to generate safe
and less tumorigenic iPSCs by using nonviral methods
or by omitting the oncogenic factors c-MYC and KLF4
[31, 48]. Therefore, attempts have been made to derive
iPSCs by using plasmids rather than viruses [61] or by
removal of transgenic sequences from the host genome after
successful reprogramming using recombination-based exci-
sion systems, such as Cre-loxP recombination or PiggyBac
transposition [61–63]. Cre-loxP recombination efficiently
removes exogenously delivered reprogramming factors from
their genomic integration sites in iPSCs [63]. An advantage
of the PiggyBac system, however, is that the transposon
is able to excise itself without leaving a footprint at the
integration locus of the reprogrammed cell genome whereas
at least one loxP site remains after Cre-loxP recombination.
For this reasons, PiggyBac transposition might be superior to
Cre-LoxP recombination.

Viral free methods have been explored to deliver
reprogramming factors by transfecting cells with standard
transfection methods, such as liposomes. However, these
approaches have a limited efficiency that may be overcome
through the recent development of polycistronic vectors.
OriP/EBNA1 vectors derived from the Epstein-Barr virus
were used to transfect human somatic cells with episomes
[64]. However, the efficiency of iPSC generation was
very low, and reprogramming factors expression gradually
decreased when expressed from OriP/EBNA1 episomal vec-
tor transfection.

Other nonviral delivery methods including RNA and
protein transfection have also been tried for iPS generation.
Recently, Warren et al. could show that human somatic
cells converted to iPSCs by using synthetic mRNAs [65].
This system is simple and efficient, but again has increased
oncogenic potential due to relative high levels of c-MYC
expression. Protein transduction may be an alternative
way for iPSCs generation without genetic interference.
Drosophila antennapedia peptide, the herpes simplex virus
VP22 protein, and the HIV TAT protein transduction motif
are the most widely used proteins in this approach [66].
Besides those, small molecule carriers (SMoCs) [67] and cell-
penetrating peptides (CPP) [68, 69] have also been used to
carry reprogramming factor proteins into host cells [70].

2.2.4. Culture Conditions. A major problem in iPSC genera-
tion for therapeutical us is that xenogenic products are used
at multiple steps in current protocols for iPSC generation
and maintenance. For instance, fetal bovine serum (FBS)
containing media processed with animal-derived enzymes
(e.g., trypsin) are used to maintain primary cultures of
the human somatic cells that are to be reprogrammed.
Xenogenic contamination might also occur when viruses are
used to transduce somatic cells with reprogramming factors.
Feeder cell layers of mitotically inactivated mouse embryonic
fibroblasts plated on gelatin of animal origin and culture
media containing serum substitutes, such as knockout serum
replacement (KO-SR), are used for the growth and selection
of reprogrammed iPSC colonies and their maintenance.
Therefore, xeno-free alternatives to those products have been
tested for the derivation and maintenance of human embry-
onic stem cell (hESC) lines [19, 71]. Recently, immortalized
human fibroblast lines have been shown to be permissive
for iPSC generation [72], and reprogramming of human
fibroblasts under xeno-free conditions could be achieved at
efficiencies that were similar to conditions when animal-
derived products were used [73].

For all these reasons, strict quality control procedures
related to the culture of iPSCs are crucial, especially if the
generated iPSCs are intended to be delivered to human
subjects. Another common problem in cell culture work
is mycoplasma contamination, and contamination tests
should be performed on iPSCs and all other cells that were
used during their derivation. This control is particularly
critical because mycoplasma infection has been shown to
dramatically change stem cell viability and function. Another
problem is the tendency of cells in culture to become
genetically instable, and karyotype analysis on iPSCs should
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be performed, particularly after extended serial passaging
[23].

2.2.5. Validation of iPSCs. Patient-specific iPSCs should
validated and subjected to rigorous quality controls before
deemed pluripotent. Therefore, a test for pluripotency
should be performed by testing for the presence of pluripo-
tency markers in human iPSCs that will be used in
cell theraoy. These markers include cytoplasmic alkaline
phosphatase and cell surface markers such as the stage-
specific embryonic antigens (SSEA) SSEA-3, SSEA-4 and
the tumor recognition antigens (TRA) TRA-1–60 and TRA-
1–81. Immunocytochemistry and flow cytometry can be
routinely used to assay the expression of these pluripotency
markers. Pluripotent iPSCs and hESCs also endogenously
express the nuclear transcription factors OCT4, SOX2,
and NANOG and endogenous expression of these factors
must be distinguished from expression of the exogenously
introduced factors that might have been delivered during the
reprogramming procedure. Oligonucleotide primers specific
for either the endogenous or exogenous factors can be
designed and used in RT-PCR in order to solve this problem.
In addition, gene expression profiling can also be used
to test for the presence of pluripotency markers. Most
of the characteristic genes, which are associated with the
pluripotent state, have been identified by microarray studies
using hESCs. Therefore, the expression of these pluripotency
markers can be analyzed by performing multiple standard
quantitative RT-PCR, specialized RT-PCR arrays, or by using
microarray platforms. Important for cell replacement ther-
apy, the differentiation potential of iPSCs and hESCs should
also be tested. A simple method to check for pluripotency
of iPSCs and hESCs is to test for their ability to form
embryoid bodies (EBs) in vitro while a more stringent test
would comprise an examination of their teratoma formation
potential in vivo [23].

2.2.6. Neural Differentiation from iPSCs. The use of iPSCs for
the treatment of neurological disorders requires that iPSCs
can differentiate into the relevant neuronal subtypes that
should be replaced or repaired by the therapy. The extended
knowledge of neural development has provided a good
opportunity to generate neural cells from iPSCs, and neurons
of different parts of the neural tube have been successfully
generated, including spinal motoneurons [74], midbrain
dopaminergic neurons [75], spinal cord interneurons [76],
purkinje and granule cells of the cerebellum [77, 78],
hypothalamic neurons [79], and cortical pyramidal neurons
[80, 81]. Those studies have revealed that ESC neurogenesis,
much like in neural induction during embryonic devel-
opment, is regulated by the coordinated actions of bone
morphogenetic proteins (BMP), Wnt, fibroblast growth
factor (FGF), and insulin-like growth factors (IGF) signaling
pathways. Neural induction in ESCs and specification of
ESC-derived neural progenitors follow the same order of
signals as in vivo, and proper timing of exposure to these
factors can give rise to well-defined neuronal populations.

Several groups have reported in vitro differentiation of
neural cells from human iPSCs using the embryoid body

formation method. The earliest recognizable cell type in the
neural lineage is the neural ectoderm. The differentiation of
human iPSCs including patient-specific iPSCs into neural
ectoderm cells [82] has been demonstrated by positive
staining for NES [83], increased expression of PAX6, and
neural cell adhesion molecule mRNAs [31, 84]. Yamanaka’s
group could also show that human iPSCs can differentiate
into βIII-TUBULIN-positive neurons as well as GFAP-
positive astrocytes [32, 48].

2.2.7. The Equivalency of iPSC to ESC. IPSCs and ESCs share
major properties such as self-renewal and pluripotency; that
is, they are capable of producing cells of all kind of tissues
and organs [40, 85]. IPSCs and ESCs have a similar pheno-
type because their gene expression patterns and epigenetic
makeup are highly similar [86, 87]. Recent studies, which
compare human and mouse ESCs, however, have shown that
being phenotypically similar does not necessarily include
that they are functionally equivalent. Because pluripotency
is controlled by different signaling pathways in human and
mouse ESCs, they cannot be considered to be functionally
equivalent [88]. On the contrary, however, it has been
demonstrated that human iPSCs and hESCs might rely on
the identical signaling pathways [89] in order to ensure their
pluripotency and that early cell fate decisions are controlled
by similar mechanisms [90]. Therefore, these studies suggest
that human iPSCs and ESCs are functionally equivalent.

3. IPSCs Derived from the Patients with
Neurological Diseases

The generation of human iPSCs offers new approaches to
model and cure human diseases. In 2008, Park et al., for
the first time, created patient- as well as disease-specific
iPSCs from skin fibroblasts of patients that suffered from
a variety of genetic diseases, including adenosine deami-
nase deficiency-related severe combined immunodeficiency,
Gaucher disease type III, Duchenne (DMD) and Becker
muscular dystrophy (BMD), Parkinson disease (PD), Hunt-
ington’s the disease (HD), juvenile-onset, type 1 diabetes
mellitus, Down syndrome (DS)/trisomy 21, and the carrier
state of Lesch-Nyhan syndrome [82]. Similarly, bone marrow
mesenchymal cells of a male patient with Shwachman-
Bodian-Diamond syndrome were used to create iPSCs.
Disease-specific genetic defects have been characterized in
iPSCs derived from patients suffering from monogenic
diseases. Patient-specific iPSCs share major morphological,
molecular, and developmental features with human ESCs,
they form teratomas in immunodeficient mice and show
multilineage differentiation capacity [82]. The differentia-
tion of patient-specific iPSCs into specific neural cell types,
however, has not been investigated in the study by Park et
al. (2008). Subsequently, several groups have also successfully
generated a wide range of iPSCs from patients with genetic,
metabolic, cardiac, and hematological diseases [101, 102]. A
list of neurological disorders, including neurodevelopmental
and neurodegenerative diseases, that were used to generate
patient-specific iPCSc is summarized in Table 1.
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Table 1: Patient-specific pluripotent stem cells in neurological diseases.

Disease Disease gene/molecular defect Generated neural cell type
Disease-specific
genotype/phenotype in iPSCs
and/or generated neural cells

Reference

SMA (type 1) SMN Motor neuron Decreased neuronal survival Ebert et al. [91]

FD IKBKAP NCPC Impaired neuronal
differentiation and migration

Lee et al. [92]

HD Huntingtin Striatal neuron Enhanced caspase activity and
neurotoxicity

Zhang et al. [93]

NSC
Upon growth factor
deprivation in iPSC-derived
NSCs 72 CAG repeats in iPSCs

Park et al. [82]

FA Frataxin — GAA·TTC triplet repeat
instability in iPSCs

Ku et al. [94]

ALS Multifactorial Motor neuron L144F polymorphism of
SOD1 gene

Dimos et al. [95]

PD Multifactorial vmDopaminergic neuron Not evaluated Cooper et al. [96]

Dopaminergic neuron Not evaluated Soldner et al. [62]

Not evaluated Park et al. [82]

AS UBE3A Neuron/astrocyte UBE3A repression Chamberlain et al. [97]

PWS Imprinting defect Neuron/astrocyte-like Decreased SNORD116
expression in iPSCs

Yang et al. [98]

— Methylation imprint in iPSCs Chamberlain et al. [97]

DS Trisomy 21 — Decreased tumor formation
by iPSCs

Baek et al. [99]

Trisomy 21 in iPSCs Park et al. [82]

BMD Dystrophin — Not shown Park et al. [82]

DMD Dystrophin — Deletion of exons 45–52 in
iPSCs

Park et al. [82]

— Deletion of exons 4–43 in
iPSCs

Kazuki et al. [100]

Amyotrophic lateral sclerosis (ALS), Angelman syndrome (AS), Becker muscular dystrophy (BMD), Down syndrome (DS), Duchenne muscular dystrophy
(DMD), familial dysautonomia (FD), Friedreich’s ataxia (FA), Huntington disease (HD), I-κ-B kinase complex-associated protein (IKBKAP), neural
crest precursor cell (NCPC), neural stem cell (NSC), Parkinson disease (PD), Prader-Willi syndrome (PWS), small nucleolar RNA (snoRNA) HBII-85
(SNORD116), survival motor neuron (SMN), superoxide dismutase 1 (SOD1), spinal muscular atrophy (SMA), ubiquitin protein ligase E3A (UBE3A), and
ventral midbrain (vm).

3.1. Early-Onset Genetic Neurological Disorders. Certain
monogenic neurological diseases are characterized by young
childhood-onset, such as spinal muscular atrophy (SMA)
and familial dysautonomia (FD). These diseases are auto-
somal recessive and are caused by the loss of function
of a single specific gene, and rapid disease progression
occurs within the first years of life. SMA is a group of
autosomal recessive diseases caused by loss or mutations in
the survival motor neuron (SMN) genes [24]. SMA type
1 is caused by mutations in the survival motor neuron1
gene (SMN1), leading to reduced SMN protein levels and
a selective dysfunction of motor neurons, although the
pathogenesis of the disease and its specificity to the spinal
motor neurons are not fully understood. Recently, Ebert et
al. successfully established iPSCs from a type 1 SMA patient
and his unaffected mother, and showed that patient-specific
iPSCs expanded robustly in culture and retained the capacity
to generate differentiated neural tissue and motor neurons
while maintaining the disease genotype and phenotype of
selective motor neuron death [91]. Although the behavior of

these cells in vivo remains to be identified, patient-specific
iPSCs represent a novel and promising resource to study the
mechanisms of SMA. Further functional studies, including
electrophysiological experiments and coculture studies with
motor neurons derived from SMA-iPSCs and muscle fibers,
are needed. It has been proposed that more iPSC clones from
other patients and control cases will reduce the concern that
the observed phenotype could be a consequence of intrinsic
iPSC variability [24, 91].

Lee and coworkers recently established iPSCs from
another fatal neurodegenerative disease, FD, that results from
an aberrant splicing of the IkB kinase complex-associated
protein (IKBKAP) [92]. FD, also known as hereditary
sensory and autonomic neuropathy III (HSAN-III) or Riley-
Day syndrome, is a sensory and autonomic neuropathy that
affects the development and survival of sensory, sympathetic,
and parasympathetic neurons [103]. Lee et al. showed
that iPSC-derived neural crest precursor cells from three
FD patients had low levels of IKBKAP expression and
exhibit neuronal differentiation and migration defects [92].
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In addition, comparative transcriptome analyses revealed
significantly reduced expression levels of several transcripts
in FD-derived iPSCs when compared to human control
iPSCs. Among the candidates validated by quantitative PCR,
many genes were involved in peripheral neurogenesis and
neuronal differentiation [92].

Ku et al. have reported the derivation of patient-specific
iPSCs from skin fibroblasts of two Friedreich’s ataxia patients
by transcription factor reprogramming [94]. Friedreich’s
ataxia is an autosomal recessive neurodegenerative disease
caused by a mutation in the FXN gene encoding the mito-
chondrial protein frataxin [104]. The neurodegeneration
in the dorsal root ganglia, accompanied by the loss of
peripheral sensory nerve fibres and degeneration of the
posterior columns of the spinal cord, is a hallmark of the
disease and is responsible for the typical combination of signs
and symptoms that are specific to Friedreich’s ataxia [105].
The mutant FXN gene contains GAA·TTC triplet repeat
hyperexpansions within the first intron. Long GAA·TTC
repeats cause heterochromatin-mediated gene silencing and
loss of frataxin expression in FD patients. Ku et al. showed
that FXN gene repression is maintained in FD patient-
specific iPSCs derived from fibroblasts [94]. Using these
cells, Ku et al. showed that the silencing of the mismatch
repair enzyme MSH2 prevents repeat expansion, providing
a possible molecular explanation for repeat instability in
Friedreich’s ataxia.

Patient-specific iPSCs have also been derived from dis-
eases in which genomic imprinting is affected and which are
accompanied by neurological symptoms [97, 98]. Angelman
syndrome results from the loss of the maternal copy of the
E3 ubiquitin ligase (UBE3A) and goes along with mental
retardation, seizures, sleep disturbance, and ataxia. The sister
syndrome, Prader-Willi syndrome, is caused by a similar
loss of paternally inherited genes and maternal imprinting.
This syndrome is a neurological disorder characterized by
neonatal hypotonia, failure to thrive, hypogonadism and
short stature, mild to moderate mental retardation, and
compulsive hyperphagia in early childhood that leads to
morbid obesity [98]. Chamberlain et al. derived iPSCs
from patients with Angelman and Prader-Willi syndrome,
providing a promising cellular model of these neuroge-
netic disorders [97]. The authors were able to differentiate
functional neurons from a total of three iPSC lines. IPSC
derived from the patients with Prader-Willi syndrome retain
high level of DNA methylation in the imprinting center
of the maternal allele and show concomitant reduced
expression of the disease-associated small nucleolar RNA
HBII-85/SNORD116 [98].

Two research groups have recently established iPSCs from
patients with Down’s syndrome (DS), a frequent genetic
cause of mental retardation in humans, occurring in 1 out
of 700 births [82, 99]. This syndrome is an autosomal
chromosomal abnormality caused by the presence of an
additional third copy of chromosome 21 and is also known
as trisomy 21. IPSCs derived from skin fibroblasts of two
DS patients showed the characteristic trisomy 21 anomaly
[82]. Baek et al. injected iPSCs generated from a DS indi-
vidual into an immunodeficient mouse [99]. The resulting

teratomas show trisomy 21, which results in suppression
of angiogenesis while control mice had considerable tumor
growth due to blood vessel formation. These experiments
provide an explanation for the relatively low incidence of
most solid tumors in DS patients. Consistently, the expres-
sion of DS candidate region-1 (DSCR1), which encodes a
protein that suppresses vascular endothelial growth factor-
mediated angiogenic signaling by the calcineurin pathway,
was increased in DS tissues [99].

3.2. Late-Onset Genetic Neurological Disorders. In addition
to early-onset genetic disorders, patient-specific iPSCs have
also been obtained from patients with late-onset neurode-
generative diseases including HD, PD, and ALS. Interest-
ingly, fibroblasts obtained from elderly patients could be
reprogrammed with similar efficiency as those obtained
from younger patients [62, 95]. Park et al. showed the
presence of expanded (CAG)n polyglutamine triplet repeat
sequences in the proximal portion of the huntingtin (Htt)
gene in iPSCs derived from a HD patient [82]. HD is a
dominantly inherited fatal neurodegenerative disease caused
by a CAG repeat expansion in the first exon of the gene Htt.
The genotype and phenotype of neurons derived from HD
patient-specific iPSCs was recently extensively investigated
by Zhang et al. [93]. Currently there is no cure for HD. The
HD-specific iPSC line studied by Zhang et al. was originally
derived from an HD patient with a 72-repeat CAG tract
in the study by Park et al. [82]. HD-specific iPSCs can
be differentiated to NSCs and further to striatal neurons
exhibiting the genotypic and phenotypic changes that are
specific to HD [93]. The endogenous HD mutation persisted
in all cell types, and the stability of the CAG trinucleotide
repeats in NSCs and striatal-differentiated neurons derived
from iPSCs ensures the consistency and reproducibility for
the use of these cells as HD model. NSCs derived from
HD-specific iPSCs show enhanced caspase 3/7 activity and
cellular toxicity upon growth factor withdrawal compared to
normal control NSCs [93].

In contrast to HD, the vast majority of ALS and PD cases
are sporadic. Yet, the study of rare familial forms of these
neurodegenerative diseases can also provide valuable infor-
mation about the pathogenesis of age-related sporadic forms
of ALS and PD as both familial and sporadic cases share
common phenotypic traits, such as the involvement and loss
of specific neuron subpopulations. ALS is a progressive fatal
neurodegenerative disease affecting upper and lower motor
neurons. In 2008, Dimos et al. generated patient-specific
iPSCs derived from skin fibroblasts of two elderly sisters with
ALS-associated mutations in the gene encoding superoxide
dismutase (SOD1) [95]. One of the cases clinically exhibited
the signs of ALS. Using an in vitro differentiation protocol,
the authors differentiated motor neurons from embryoid
bodies formed by patient-specific iPSCs. Within the same
cultures glial cells could also be identified. Genotypic analysis
revealed a L144F polymorphism in SOD1 gene both in
patient-specific iPSCs and iPSC-derived motor neurons
[95]. However, disease-specific phenotypic pathologies in
the differentiated neurons and glial cells remain to be
identified. Following the generation of iPSCs from skin



8 Stem Cells International

fibroblasts of a sporadic PD patient by Park et al., another
recent study showed the generation of iPSCs from the skin
biopsy materials of five sporadic PD patients [62, 82]. The
authors were successful in differentiating the iPSC lines into
human dopaminergic neurons. Using the same iPSC lines, a
more recent study has further optimized the differentiation
protocol to obtain human ventral midbrain dopaminergic
neurons [96].

4. Modeling Neurological Diseases with
Patient-Specific iPSCs

In neurology, most of the current knowledge about disease-
related neuronal phenotypes is gathered from postmortem
studies because obtaining live brain tissue is limited. This
creates a problem for understanding disease progression
and development, because postmortem samples only rep-
resent the end-stage of the disease. In addition, aspects
of the pathology that are observed in these samples could
be secondary and not faithfully reflect the exact disease
phenotype on a cellular level [24]. Therefore, knowledge of
human neuropathological abnormalities and their progres-
sion during the course of a disease is similarly limited. Inter-
species differences make it difficult to accurately simulate
human neurological diseases in animal models. Therefore,
disease modeling by recapitulating the diseases phenotype
in vitro and in defined cell populations is an important
advancement and would make it possible to understand
cellular mechanisms of the neurodegenerative diseases [23].
Reprogramming of somatic cells which are taken from rare,
monogenic neurogenetic disorders or familial and sporadic
multifactorial neurodegenerative disease backgrounds offer
a unique opportunity for patient-specific studies and for
studies on the cellular level in vitro [25, 82]. Naturally,
investigation of multifactorial diseases has been more chal-
lenging because of their more complex genetic backgrounds
and because they are usually influenced by environmental
factors [24]. Many studies have been reported that include
the generation of iPSCs-derived neural cells but only few of
them were able to recapitulate the phenotype of a disease in
the iPSC-derived neural population.

Incomplete disease modeling using iPSCs has first been
reported in autosomal recessive neurodegenerative diseases
by Ebert et al. it showed that SMA-iPSCs-derived neural cells
undergo selective neuronal death, which could be reversed
by adding the compounds known to raise the production of
SMN protein [91]. However, fully functional neurons show-
ing the disease phenotype could not be produced. Although
these cells show a decreased amount of mRNA transcripts,
reduced SMN protein levels could not be demonstrated
in adult cell type. This study is a proof-of-concept study
for iPSCs technology but an incomplete disease model in
itself [91]. FD results from an aberrant splicing of IKBKAP
transcripts, which has recently been modeled using patient-
specific iPSCs [92]. In this study defective IKBKAP splicing
decreased neurogenesis and affected migration of iPSCs
derived neural precursors. However, similar to the SMA
study, decreased protein production could not be observed
in fully mature cell [92].

Subsequently, iPSCs have also been established from the
patients with late-onset neurodegenerative diseases. Dimos
et al. successfully directed differentiation of iPSCs which were
generated from cells of two familial ALS patients. The iPSCs
were able to differentiate into motor neurons expressing
appropriate motor neuron markers such as Hb9 and ISLET
but no disease phenotype was observed [95]. The generation
of patient-specific iPSCs from sporadic ALS cases has not
been reported so far. Jaenish and his colleagues reported
that dopaminergic neurons could be derived from iPSCs that
were generated from sporadic PD patients [62]. However,
no gross loss of dopaminergic neurons was reported, indi-
cating that additional stressors may be required to reveal
phenotypes of neurodegenerative diseases with late-onset. A
vast majority of PD cases are sporadic; however, the study
of rare family forms of the disease that are associated with
specific gene mutations can provide valuable information on
the general disease mechanisms, which might be relevant for
sporadic forms as well. Different genes including α-synuclein
(SNCA), PARKIN, and DJ-1 have been associated with famil-
ial PD cases. It would be interesting to see whether iPSCs
or their derivatives generated from familial PD cases could
exhibit specific disease genotypes and phenotypes in vitro.

5. Drug Screening with Patient-Specific iPSCs
and Their Derivatives

Another potential impact of human iPSC research is the use
of patient-specific cells for the process of drug discovery.

The ability to analyze drug responses in vitro provides an
invaluable tool for testing candidate neurotherapeutic agents
in patient-specific iPSC-based disease models [106].

The drug discovery process is time consuming and costly
because of high attrition rates and protracted research and
development cycles. Many candidate drugs that have signifi-
cant effect on animal models fail to show significant benefits
in clinical trials [29]. Tests based on human cells would
avoid potential interspecies variations and, as such, predict
more precisely any potential adverse effects in humans [24].
High-throughput drug screening using immortalized human
cell lines was a major step forward for the development
of new drug therapies. Although immortalized are cheap,
easy to grow, and reproducible, they may not accurately
reflect the normal physiological conditions [29]. Therefore,
human iPSCs and their differentiated derivatives hold a great
promise for gaining new insights into the mechanisms of
human neurological diseases and for drug screening. Patient-
specific iPSCs posses a significant advantage as they faithfully
reflect the patient’s genetic background, the affected cell type,
as well as the developmental time [24].

The feasibility of exploring the therapeutic action of
candidate drugs for human neurological diseases in vitro
using patient-specific iPSCs has been demostrated. A study
by Ebert et al. provides a proof-of-principle for the use
of iPSC in drug screening by using the SMA patient-
specific iPSCs or their derivatives [91]. In this study iPSC-
derived motor neurons were treated with valproic acid or
tobramycin, two drugs that increased the expression of both
full-length and truncated versions of the SMN protein. SMA-
specific iPSCs treated with either of these drugs also showed
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a significant increase in SMN protein levels compared to
untreated control cells. This exciting observation suggests
that similar approaches could be used to test the efficacy
of candidate drugs before they are administered to patients.
Subsequently, Lee et al. (2009) tested the effects of three
candidate drugs on aberrant IKBKAP splicing, neuronal
differentiation, and migration defects in FD-specific iPSCs
and neural crest precursor cells (NCPCs) derived from
these iPSCs [92]. The plant hormone kinetin resulted in
a marked reduction of the mutant IKBKAP splice form
whereas epigallocatechin gallate or tocotrienol exposure did
not provide significant improvements. The kinetin-mediated
decrease in mutant IKBKAP was associated with an increase
in correctly spliced IKBKAP levels and the ratio of normal
to mutant transcript [92]. Although short-term (1 or 5
day) kinetin treatment of FD-iPSC-derived NCPCs did not
result in a prominent increase in neuronal differentiation
or improve neuronal migration, long-term (28 days) kinetin
treatment induced a significant increase in the percentage
of differentiating neurons. However, kinetin had no effect
on NCPC migration suggesting an incomplete restoration
of the disease phenotype [92]. These results show the great
potential of patient-specific iPSCs in drug screening for the
treatment of human neurological diseases.

Possible toxic effects of candidate drugs are often missed
in rodent cells and animal models in general due to specific
interactions with human biological processes that cannot be
accurately recapitulated in these assay systems [29]. Human
iPSCs are thus also an important tool for toxicological testing
of drugs and for the identification of environmental factors
[107]. The current challenge is the lack of a gold standard for
human cell-based toxicity tests. The lessons learnt from the
hESC-based assays may be valuable for the standardization
and optimization of iPSC-based neurotoxicologic assays. In
this context, the choice of reprogramming factors used to
reprogram cells, options for reprogramming factor delivery,
selection of target cell type, conditions for reprogramming
of cells, and culture conditions should be thoughtfully
considered for the establishment of iPSCs-based toxicity
tests [107]. Beside establishing standards for quality control,
technical challenges such as low efficiency, high heterogeneity
and variability, and time-consuming and costly methods for
the generation and maintenance of iPSCs need to be solved.
It also remains to be determined whether artificial in vitro
systems such as iPSC-based assays can actually faithfully
predict the toxicity of drugs in a complex in vivo setting [29].

6. Therapeutic Potential of Patient-Specific
iPSCs in Neurological Diseases

As summarized above, the recent advances in deriving
iPSCs from patients offer new and exciting possibilities for
biomedical research and clinical applications, as these cells
could be used for autologous transplantation in neurological
diseases.

There are two main strategies for using iPSCs to treat
neurological disorders. The first is to produce new neurons
to replace those lost during disease progression. The second

is to produce glial cells that could protect neurons from
ongoing degeneration by expressing and secreting critical
humoral factors, for example, growth factors. Park et al.
showed that growth factor-expressing glial cells can con-
tribute to motor neuron protection in ALS mice. This study
underlines the important fact that (micro-) environmental
conditions should also be considered in cell-based therapies
and might include the delivery of glial cell types along with
neurons.

As summarized before, iPSCs derived from patients
with chronic neurological diseases can be successfully dif-
ferentiated into different types of neural cells, neuronal
subtypes, or neural cell precursors in vitro [13, 62, 91–
93, 95, 115]. In addition, the results of in vivo experimental
transplantation studies suggest that engrafted neurospheres
derived from human iPSCs are able to differentiate to
various types of neural cells such as neurons, astrocytes, and
oligodendrocytes in the central nervous system of embryonic
mice [114]. Upon transplantation into the fetal mouse brain,
NPCs derived from mouse iPSCs migrate into various brain
regions and differentiate into glia and neurons, including
glutamatergic, GABAergic, and catecholaminergic subtypes
[110]. IPSCs or their derivatives are thus capable to integrate
into preexisting functional neuronal circuitries in the CNS.
Electrophysiological recordings and morphological analysis
demonstrate that the grafted neurons display normal neu-
ronal activity and are functionally integrated into the host
brain. These results support the idea that the transplantation
of iPSCs or iPSC-derived NSCs could be efficiently used to
treat chronic neurological diseases or for neurorestoration
in the chronic phase of acute neurological diseases such as
stroke and neurotrauma. Indeed, several recent studies that
tested this idea in experimental models of stroke, PD, and
SCI indicate the therapeutic potential of human or rodent
iPSCs (Table 2). The results of a few studies also suggest
that transplanted iPSCs or their derivatives are capable of
participating and integrating with the preexisting functional
neuronal circuitries in the CNS.

Fetal tissue transplantation for PD has given way to
cell replacement therapy for neurodegenerative diseases
[116]. PD is mainly caused by the degeneration of mes-
encephalic substantia nigra dopaminergic neurons and a
progressive loss of dopaminergic neurotransmission in the
caudate and putamen of the neostriatum [117]. Patients
exhibit motor dysfunction such as tremor, rigidity, and
bradykinesia, as well as disturbances in sleep and cognition.
To date, L-DOPA and other dopamine agonists provide
relief of major symptoms but are only effective in the
early course of the disease. Deep brain stimulation of the
subthalamic nuclei is an additional therapeutic option for
PD patients, but requires surgical intervention. While all of
these treatments provide symptomatic relief, none of them
is able to change the course of the disease or inhibit its
progression [5, 117]. Thus, there is a clear need for restorative
and regenerative approaches, including cell-based therapies.
The restoration of dopaminergic neurons in patients with
PD via implantation of embryonic midbrain tissue was
taken from animal experiments to clinical applications, but
showed only a limited efficacy. Recent studies from several
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Table 2: iPSC-based cell-replacement therapy in preclinical animal models of neurological diseases.

Disease Species Model Transplanted cells Delivery route Outcome Reference

PD

Rat 6-OHDA mbDA PGCs derived
from hiPSCs

Transplantation

Long-term survival
Differentiation to DA
neurons
Tumor-like cells at the site
of graft

Cai et al. [108]

Rat 6-OHDA PD patient iPSC-
derived DA neurons

Transplantation Improved motor behavior
Hargus et al.
[109]

Rat 6-OHDA iPSC-derived DA
neurons

Transplantation Improved motor behavior
Wernig et al.
[110]

Rat 6-OHDA iPSC-derived DA
neurons

Transplantation Improved motor behavior
Swistowski et al.
[19]

Stroke

Rat MCAO iPSCs + FG
Direct injection to
infarct
area/subdural

Decreased infarct size
Improved motor
performance
Decreased inflammatory
cytokines

Chen et al. [111]

Mouse MCAO Mouse iPSCs Transplantation Tridermal tumorigenesis
Kawai et al.
[112]

Mouse MCAO Mouse iPSCs Transplantation

Increased teratoma risk
and volume
Increased MMP9 and
pVEGFR2

Yamashita et al.
[113]

SCI Mouse Contusion model iPSC-derived
neurospheres

Transplantation
(contusion area)

Remyelination and
functional recovery

Tsuji et al. [114]

6-hydroxydopamine (6-OHDA), dopaminergic (DA), fibrin glue (FG), induced-pluripotent stem cell (iPSC), matrix metalloproteinase-9 (MMP9), midbrain
(mb), middle cerebral artery occlusion (MCAO), Parkinson’s disease (PD), phosphorylated vascular endothelial growth factor receptor2 (pVEGFR2),
progenitor cell (PGC), and spinal cord injury (SCI).

groups have reported the beneficial effect of iPSCs trans-
plantation on behavioral deficits in 6-hydroxydopamine-
(6-OHDA) lesioned rats as evaluated by amphetamine-
and apomorphine-induced rotational asymmetry [108–110].
Human iPSC line, PD-specific iPSCs, or mouse iPSCs
were used in these studies. Transplanted human iPSC-
derived midbrain dopaminergic cells survived long term in
the graft region and gave rise to midbrain dopaminergic
neurons [108]. The PD-specific iPSC-derived dopaminergic
neurons survived at high numbers, showed arborization, and
mediated functional effects in 6-OHDA-lesioned rats [109].
However, only a few DA neurons developed projections into
the host striatum at 16 wk after transplantation whereas PD-
specific iPSC-derived nondopaminergic neurons sent axonal
projections to specific near and remote target areas in the
adult brain. Wernig et al. pursued a different strategy and
transplanted mouse iPSC-derived dopaminergic neurons
[110]. The contamination of undifferentiated iPSCs and
subsequent teratoma formation after transplantation was
a major complication that was revealed in this study.
They concluded that the contamination of undifferentiated
cells was the most likely reason viral transcripts were not
detected in teratoma tissues. The risk of tumor forma-
tion from the grafted cells was minimized by separating
contaminating undifferentiated pluripotent cells from com-
mitted neural cells using fluorescence-activated cell sorting
[110]. Following the transplantation of human iPSC-derived
dopaminergic neurons to 6-hydroxydopamine-lesioned rats,

no teratoma formation was observed [19]. These results
suggest the importance of the developmental stage or level
of differentiation of transplanted cells for the success of cell-
replacement studies.

Despite advances in medical and surgical care, current
clinical therapies for SCI are limited. SCI can affect relatively
young people who often become a huge burden to themselves
and society due to high medical costs throughout their
lives. Rationales for therapeutic use of stem cells for SCI
include replacement of damaged neurons and glial cells,
secretion of trophic factors, regulation of gliosis and scar
formation, and enhancement of axon regeneration [14].
However, the availability of clinically suitable cell sources for
human application has been hindered by both technical and
ethical issues [15]. The potential therapeutic effect of the cell-
replacement by iPSCs in SCI has recently been shown by
Tsuji et al. in mouse spinal contusive injury model [114].
When the authors sorted the safe (without contamination
of undifferentiated iPSCs) iPSC-derived neurospheres and
transplanted them into the mouse spinal cord 9 days after
contusive injury, these cells gave rise to all three neural
lineages without forming teratomas or other tumors.

Furthermore, transplanted cells also contributed to
endogenous remyelination, induced the axonal regeneration
and axonal outgrowth of host serotonergic fibers, and
promoted the recovery of locomotor function. In contrast
to this, the transplantation of iPSC-derived neurospheres
sorted as unsafe exhibited teratoma formation and even had
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detrimental effects on the functional recovery following SCI
[114]. The therapeutic potential of iPSCs in traumatic brain
injury remains unexplored.

Acute stroke is the second or third most common cause
of death and the primary cause of morbidity and long-term
neurological disability worldwide. The only FDA-approved
treatment for stroke is the use of the thrombolytic agent,
tissue-plasminogen activator. This therapy is very limited
due to a narrow therapeutic time window and the risk of
hemorrhagic complications. The regeneration of the brain
after damage is active even weeks after stroke occurs, which
might provide a rational for cell-replacement therapy [116].
Transplantation of stem cells or stem cell-derived progenitors
has long been seen as a therapeutic solution to repair
the damaged brain and shown to be safe and effective
in ischemic stroke animal models. However, conclusive
evidence in patients is still lacking. As only small randomized
controlled trials with ischemic stroke patients exist. Thus, it
is too early to know whether stem cell transplantation can
improve the functional outcome and comprehensive, well-
designed trials are needed [10]. The derivation of human
iPSCs may offer a new possibility for cell-based therapies
of stroke-induced brain damage. In a rat stroke model
(middle cerebral artery occlusion), Chen et al. showed that
the direct injection of iPSCs into damaged areas of rat cortex
significantly decreased the infarct size and improved the
motor function as evaluated by the animals performance
in rotarod and grasping tasks [111]. Furthermore, subdural
transplantation of iPSCs mixed with fibrin glue as a less
invasive delivery route could also effectively reduce the total
infarct volume and greatly improve the behavior of cerebral
ischemic rats. This treatment regime also had positive effects
on attenuating inflammatory cytokine expression due to
cerebral ischemia. However, contrary results were obtained
in another study using a similar cerebral ischemia model in
mice, which was not able to show any beneficial effect of
mouse iPSC transplantation [112].

Moreover, transplanted undifferentiated iPSCs formed
tridermal tumorigenesis in ischemic mouse brain, sug-
gesting a facilitating and promoting effect of the postis-
chemic microenvironment for the development of tumors.
IPSCs grafted into ischemic brains formed teratoma with
higher probability and larger volume as compared to those
formed in intact brain tissue. The expression of matrix
metalloproteinase-9 and phosphorylated vascular endothe-
lial growth factor receptor2 are significantly increased in
iPSC-derived tumors in the ischemic mouse brain [113]. The
effect of postischemic microenvironment on tumorigenesis
may be specific to the differentiation status of transplanted
cells similar to those shown for hESC-derived NPCs [118].
These results suggest that the safety of iPSCs should be
critically evaluated not only under normal condition, but
also in specific pathological conditions such as experimental
cerebral ischemia. Daadi et al. showed the potential of human
ESC-derived NSCs in a neonatal brain hypoxia animal model
[119]. Hypoxic-ischemic brain injury in newborn infants is
a major cause for cerebral palsy, neurological disability, and
epilepsy. Stem cell-based therapy has the potential to rescue
and replace the ischemic tissue caused by hypoxic-ischemic

injury and to restore function of the nervous system [120].
The relevance of these findings for the use of iPSCs remains
to be studied. The generation of iPSCs from human neonatal
tissues may offer a promising cell source for cell-replacement
therapy in infants [121].

7. Limitations of iPSC Technology

7.1. Limitations of Generating of iPSC. As outlined above, the
major limitation of iPSC-based therapies is its tumorigenic
potential. Current differentiation methods are not efficient
enough to transform all iPSCs, and undifferentiated cells
remain in the preparation [110, 122, 123]. This problem can
be overcame by designing positive-negative selection using
fluorescent-activated cell sorting (FACS) or drug selection
approaches [114].

Most patient-specific iPSCs have been generated by
lentiviruses or retroviruses containing reprogramming fac-
tors, which both lead to genomic integration of the transgene
and which may not get silenced efficiently at the pluripotent
stage. Moreover, reactivation of the silenced transgenes can
cause undesirable side effects in reprogrammed cells. Thus,
avoiding genomic integration may be a crucial step in the
derivation of safe iPSCs for cell replacement therapy and
can be achieved by improving transgene-free or nonviral
methods [124, 125].

Several groups put considerable effort in working out
nonviral delivery methods, such as using chemicals that can
improve efficiency in order to derive iPSCs [52, 70, 126, 127].
One of these studies showed that a chemical approach could
significantly improve (200-fold) the efficiency of viral iPSC
generation from human fibroblasts therefore providing a
way towards the development of safer, more efficient, and
nonviral methods for reprogramming human somatic cells
[128].

For regenerative medicine, human iPSCs and hESCs are
promising cell sources. They have the common ability to
differentiate into all three germ layers; however, one recent
study revealed that heterogeneity in gene expression levels
is much greater among hiPSCs than among hESCs. It is
also suggested that human iPSCs occupy an alternate and
less stable pluripotent state. Moreover, human iPSCs display
slower growth kinetics and impaired directed differentiation
when compared to hESCs [129].

According to recent studies, many mouse iPSCs are also
prone to epigenetic abnormalities and sustain a transient
epigenetic memory of their donor cells [130, 131]. Therefore,
together with development of optimized differentiation
methods, a careful analysis of genomic and epigenetic
integrity of human iPSCs is required for generating homoge-
nous adult-like cells capable of in vivo function. In addition,
the variability that has long been observed between different
human ESC lines can be even more dramatic in human iPSCs
because of their diverse origins and the different modes of
derivation [132]. Thus, variability between human iPSCs
requires the development of specific protocols for nearly
every iPSC line generated. In two recent studies, neurons
were generated from fibroblasts by directed reprogramming
without an intermediary ESC-like state [133, 134]. In
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addition to cell reprogramming without reversion to a
pluripotent stem cell state, in vivo reprogramming has also
been reported [135]. Thus, a better understanding of the
mechanisms controlling reprogramming of somatic cells
such as transdifferentiation bears the potential for faster and
wider practical applications in cell therapy than iPSCs might.

Another challenge of iPSC technology is that the process
of well-characterized and carefully validated iPSC line gen-
eration is a time-consuming process. The lag between the
initiation of reprogramming and cell delivery to a patient
might render the process inappropriate for therapeutic
applications, for instance in acute organ failure or injury
[124].

In addition to the difficulty of isolating the optimal
cell type that has the best potential for transplantation,
poor survival rates, limited self-renewal, and limited hom-
ing/migration after transplantation should be taken into con-
sideration to improve iPSCs based-approaches [136, 137].

7.2. Clinical Limitations of iPSCs in Neurological Disorders.
IPSCs cell-based therapies are still in their infancy. Therefore,
numerous hurdles must be overcome before they can be used
in clinical applications.

So far, iPSCs technology has been used to investi-
gate monogenetic neurodegenerative diseases and some
promising data have been published providing a new way
to understand the pathology of the diseases. However,
multifactorial neurodegenerative disease modeling has not
been performed yet. One of the questions concerning iPSC-
based disease modelling is whether late-onset diseases like
AD and PD can be efficiently recapitulated in vitro within
a few days of cell culture or whether the exposure to
different types of environmental factors or genetic stress
to the cells is necessary for revealing the desired disease
phenotype. One study related to PD showed that iPSCs
derived from sporadic PD patients do not display apparent
abnormalities when compared with wildtype neurons [62].
Most of the neurodegenerative diseases develop in a noncell-
autonomous manner requiring the interaction of different
cell types [4, 138]. Recent findings indicate that astrocytes
may play a role in the specific degeneration of spinal
motor neurons in ALS [139, 140]. The effect of different
cell types on disease development were studied in mouse
and human ALS models. ESCs were engineered to carry
ALS-specific SOD1 mutation and differentiated into both
motor neurons and astrocytes that were supposed to interact
during disease development. The coculture of both cells
types caused a prominent cell death in motor neurons
indicating that astrocytes contribute to the pathophysiology
of ALS [141–143]. Noncell autonomous mechanisms have
also been implicated in other neurodegenerative disorders
such as spinocerebellar ataxia [144, 145]. Thus, efficient
coculture systems should be developed to test for these
effects. However, current technologies for differentiation of
iPSCs are limited to a few functional cell types and are not
very efficient. In neurodegenerative disease modeling from
iPSCs, genetic information, environment, and senescence
all take part in the neurodegeneration process and thus
achieving relevant conditions in vitro would be crucial.

8. Future Prospects

Despite a large body of current research, iPSC technology is
still in its infancy. There are many limitations that have to
be solved before clinical trials for treatment of neurological
disorders can be performed. For monogenic diseases, which
require gene targeting to repair mutant alleles, new targeting
strategies need to be developed concomitantly [100]. A
recent study reported that the use of zinc-finger nucleases can
correct genetic defect by homologous recombination with
high efficiency in iPSCs and hESCs [146] and may be an
appropriate and efficient method for correction of genetic
defect in human cells.

IPSCs technology needs to be standardized in order to
create medically relevant cells. For the translation of iPSCs
into therapeutics and human clinical applications, current
good manufacturing practices (cGMP) will also be necessary
[106]. The scientific community, the government, and/or
private organizations are responsible for the implementation
of guidelines. This is essential to accelerate the global
movement towards safer iPSCs in an academic, clinical, or
private sector.

So far, most of the iPSCs lines have been exposed to
animal products either in direct or indirect ways, which could
make these cells improper for transplantation.

Therefore, cGMP standards have to construct standard-
ized animal-free methods for the derivation of iPSC lines
[106]. Human iPSCs can be generated under serum and
feeder cell-free conditions bringing iPSCs an important step
closer to clinical applications [21, 147].

An alternative to the feeder cell-free culture method has
been established by using autologous skin fibroblasts derived
from the same patient, which provides an appropriate source
of feeder cells [148, 149]. Additionally, as well as devel-
oping serum/feeder-free conditions and autogenic feeder
cells, effective cryopreservation procedures are essential to
facilitate cell banking for future applications [150].

Nonviral and transgene-free reprogramming methods
have been significantly improved, yet the cancer-causing
potential of safe iPSCs still needs to be evaluated in animal
models before clinical applications in humans. Besides small
animals such as mice and rats, iPSC therapies need to be
validated in large animal models which are anatomically
and physiologically more relevant to humans. IPSCs have
been generated from monkeys [151–153] and pigs [154,
155] which are better models for preclinical transplantation
studies.

The safety and efficacy of cell-based therapies for neu-
rodegenerative diseases also depend on the method of cell
administration. One study has suggested that intranasally
administered cells could pass through the blood-brain bar-
rier [156, 157]. Therefore, this kind of noninvasive methods
for cell delivery to the CNS needs to be further explored for
iPSCs.

9. Conclusion

Since the first generation of human iPSCs, a large number
of patient-specific iPSC lines have been developed. Recently,
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iPSC studies have exploded and the potential application of
these cells in establishing disease models, drug screening,
and cell transplantation-based therapy have been widely
recognized. IPSCs have distinct advantages over hESC such
as the lack of ethical restrictions and immune rejection
of the graft. In addition to their direct therapeutic use in
cell replacement therapy, disease modeling is most likely
the most important aspect of iPSC technology. IPSCs are
the patient’s own cells and therefore the best possible
source for cell transplantation treatment provided that
their genetic program can be changed for the treatment
of neurodegenerative diseases. Human iPSCs hold great
promise for the treatment of incurable neurodevelopmental
and neurodegenerative diseases. Furthermore, iPSC-based
cell therapy may contribute to neurorepair in the chronic
phase of acute CNS injuries such as stroke and neurotrauma.
However, iPSC technology still faces specific difficulties such
as low efficiency and high variability. Finally, iPSC-based
therapeutic strategies need to be evaluated in preclinical
animal models of neurological diseases before clinical trials.
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Motor neuron loss is characteristic of many neurodegenerative disorders and results in rapid loss of muscle control, paralysis, and
eventual death in severe cases. In order to investigate the neurotrophic effects of a motor neuron lineage graft, we transplanted
human embryonic stem cell-derived motor neuron progenitors (hMNPs) and examined their histopathological effect in three
animal models of motor neuron loss. Specifically, we transplanted hMNPs into rodent models of SMA (Δ7SMN), ALS (SOD1
G93A), and spinal cord injury (SCI). The transplanted cells survived and differentiated in all models. In addition, we have also
found that hMNPs secrete physiologically active growth factors in vivo, including NGF and NT-3, which significantly enhanced
the number of spared endogenous neurons in all three animal models. The ability to maintain dying motor neurons by delivering
motor neuron-specific neurotrophic support represents a powerful treatment strategy for diseases characterized by motor neuron
loss.

1. Introduction

Human embryonic stem cells (hESCs) can differentiate into
any cell type, are amenable to genetic manipulation, and
readily self-renew in vitro. Directed differentiation of hESCs
into high purity populations of a defined cell type can be
used to design effective treatments that are both cell and
site specific. Stem cell-based transplantation is an inherently
combinatorial therapeutic approach, in that it not only
replaces dead or dying cells, but also provides a substrate
for endogenous growth, bridges gaps where tissue is lost to
injury or disease, and provides neurotrophic support for the
endogenous environment.

Amyotrophic lateral sclerosis (ALS), spinal muscular
atrophy (SMA), and spinal cord injury (SCI) are all diseases
of motor neuron loss that could potentially benefit from
transplantation of hESC-derived cells. ALS is the most
common form of motor neuron disease [1] and can be either
sporadic or familial [2–5]. Approximately 5–10% of those

diagnosed have a positive family history of the disease [1, 6].
Although the etiology of the sporadic form of ALS is largely
unknown [5], the familial form has a strong genetic linkage
to point mutations in either TAR DNA-binding protein 43
(TDP-43), FUS/TLS, or the Cu/Zn superoxide dismutase 1
(SOD1) genes [7]. The average age of onset is between 40 and
60 years, and the disease is generally fatal within 1–5 years
of onset [1, 6]. SMA is also characterized by motor neuron
loss and is the leading genetic cause of infantile death [8, 9].
The disease manifests by roughly 6 months of age in the most
severe cases (type I), and death follows in ∼2 years without
supporting intervention [9, 10]. It is caused by a deletion
or mutation in the Survival Motor Neuron (SMN1) gene
[9, 11] in approximately 1 of every 10,000 live births [9, 10].
SCI involves several degenerative processes including but not
limited to axonal and cellular damage to the motor neuron
compartment [12]. Each of these three neurodegenerative
diseases is characterized by the progressive loss of muscle
control and death of motor neurons within the spinal cord.
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Because the adult central nervous system (CNS) has a limited
ability to repair itself, therapeutic strategies have focused
on ameliorating secondary cellular degeneration [12, 13],
promoting endogenous repair mechanisms [14–16], and cell
replacement [12, 17–19].

There is much evidence that transplantation of stem and
progenitor cells into the CNS produces functional improve-
ment even in the absence of functional integration. Human
neural stem cells constitutively secrete the neurotrophins
NGF, BDNF, and GDNF that promote growth of injured
axons following spinal cord injury [14, 20]. At least a portion
of the functional recovery seen after transplantation of
hESC-derived oligodendrocyte progenitor cells into models
of SCI has been attributed to secretion of growth factors
by the transplanted cells [12, 20–22]. This data indicates
that growth factors secreted by transplanted stem cells can
significantly influence pathogenesis of the diseased/injured
spinal cord [20].

We have previously documented a method to differenti-
ate hESCs into high purity populations of human embryonic
stem cell-derived motor neuron progenitors (hMNPs) [20].
In this study, we sought to investigate whether hMNPs secrete
growth factors that have neurotrophic effects on neurons
in culture and in three different models of motor neuron
loss. We demonstrate that hMNPs secreted physiologically
active growth factors in vitro and in vivo and significantly
enhanced the number of endogenous neurons following
transplantation in all three animal models of motor neuron
loss. From a therapeutic perspective, these observations
indicate that cell transplantation benefits pathogenesis by
growth factor secretion, in addition to cell replacement.

2. Materials and Methods

2.1. Ethics Statement. All animal work was carried out in
accordance with the UCI Institutional Animal Care and
Use Committee (2007-2725). Animals received appropriate
postsurgical care including subcutaneous saline, prophylactic
Baytril (2.5 mg/kg/d, s.c.; Bayer, Shawnee Mission, KS),
and Buprenorphine (0.025 mg/kg/d, s.c.; Western Medical
Supply, Los Angeles, CA) for three days. Animals were
inspected for weight loss, dehydration, discomfort, and
autophagia, with appropriate veterinary care as needed.
Research involving human participants was approved by the
UCI Institutional Review Board (2008-6467) and the UCI
Medical Center with written informed consent. All work
involving human embryonic stem cells was approved by the
UCI Human Embryonic Stem Cell Research and Oversight
Committee (2007-5645).

2.2. Derivation of hMNPs from hESCs. hMNPs were derived
from hESC lines hCSC14, hCSC14-CL1 (California Stem
Cell, Inc., Irvine, CA) at passages 15–17 and H7 at passages
26–38. hESCs were expanded on Matrigel (BD Biosciences,
San Jose, CA) for 1–3 weeks in StemBlast media (Cal-
ifornia Stem Cell, Inc., Irvine, CA) supplemented with
20 ngbFGF/mL (Millipore, Billerica, MA). Cells were then

transferred to ultra low-binding dishes (Corning, NY) and
suspended in motor neuron (MN) differentiation media,
which consisted of osmolarity adapted DMEM : F12 mixture
(260 mOsm) supplemented with Glutamax, B27 supplement
(Gibco-Invitrogen, Carlsbad, CA), insulin 10 μg/mL, sodium
selenite 1 ng/mL, transferrin 10 μg/mL (Sigma Aldrich, St.
Louis, MO), MgSO4 0.5 Mm, and bFGF 5 ng/mL (Millipore,
Billerica, MA). Cells were exposed to this media for 5 days,
supplemented with 10 μM retinoic acid (RA; from 20 mM
stock solution in DMSO, Sigma-Aldrich, St. Louis, MO).
Cultures were fed daily for the duration of RA treatment,
then every 2 days for 16 subsequent days. At day 21,
cell clusters were transferred to adherent laminin substrate
(20 μg/cm2). At day 28, the conditioned media was collected
for in vitro assays, or the cells were prepared for transplanta-
tion. Subsets of cells were plated onto laminin coated 4-well
chamber slides (Nunc; Fisher Scientific, Pittsburgh, PA) for
immunocytochemical profiling.

2.3. Preparation of MN-Astrocyte Cocultures. To assess matu-
ration into a motor neuron phenotype, hMNPs were plated
onto primary astrocytes on day 28 and allowed to mature
for 3 weeks thereafter according to previously published
protocols [20] and Dr. John Weiss of UC, Irvine. Briefly,
astrocyte cultures were prepared from cerebral cortices of
early postnatal (1–3 day) mice. After removing cortices,
the tissue was dissociated and plated at a density of about
2 × 104 cells/cm2, in media consisting of Eagle’s minimal
essential medium (MEM, Earle’s salts, supplied glutamine
free; serum; Gibco; Grand Island, NY), supplemented with
10% heat-inactivated horse serum (Gibco), 10% fetal bovine
serum (Gibco), glutamine (2 mM; Gibco), glucose (total
25 mM), and epidermal growth factor (final concentration
10 ng/mL) in 15 mm Primaria-coated culture plates (Falcon;
Franklin Lake, NJ). Cultures were maintained in a 37◦C/5%
CO2 incubator. Under these conditions, there is virtually
no neuronal survival, the astrocyte monolayers generally
become confluent after ∼2 weeks. After confluence, the
astrocyte monolayers were seeded with hMNP sat a density of
50,000 cells/cm2. Subsequently, media was exchanged twice
a week. Mature motor neurons were immunostained and
characterized as below.

2.4. Immunocytochemical Labeling. Immunocytochemistry
was performed using standard protocols, as described
previously [20]. The following proteins were evaluated:
anti-TUJ1 (1 : 1000), anti-HB9 (1 : 100; MNR2 Ab from
DSHB Developmental Studies Hybridoma Bank), anti-Islet1
(1 : 200), anti-GFAP (1 : 500) anti-SMI32 (1 : 1000), and anti-
ChAT (1 : 100; Millipore at 4◦C overnight). Primary antibody
application was followed by fluorescent secondary antibody
application (Alexafluor-488 or -594 conjugated; Invitrogen,
Carlsbad, CA).

2.5. Primary Cortical Cultures. Mixed primary cortical
cultures were prepared from postnatal day 1 Sprague-
Dawley rats for neurite outgrowth with and without hMNP-
conditioned media (CM) or MN differentiation media
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(without conditioning) as previously described in Rossi et
al. [20]. Briefly, the cortex was mechanically dissociated,
trypsinized, and spun at 1500 g for 5 minutes. The pellet
was resuspended in Neurobasal media (Invitrogen, Carlsbad,
CA). 40,000 cells were plated onto poly-L-lysine coated
chamber slides for neurite outgrowth [23]. After seeding, the
chamber slides were fed for the next 2 days with Neurobasal
media supplemented with 10 ng/mL FGF until neuronal
attachment.

2.6. In Vitro Growth Factor Secretion Assay. To determine
whether hMNP-conditioned media had neurotrophic effects
on neurite outgrowth, MN differentiation media was condi-
tioned for 48 hours in the presence of hMNPs and removed
for presentation to cortical neurons. Primary cortical neu-
rons were fed with either MN differentiation media or
hMNP-CM diluted 1 : 1 with MN differentiation media (n =
4/group). MN differentiation media (without condition-
ing) consisted of osmolarity adapted DMEM : F12 mixture
(260 mOsm) supplemented with Glutamax, B27 supple-
ment (Gibco-Invitrogen, Carlsbad, CA), insulin 10 mg/mL,
sodium selenite 1 ng/mL, transferrin 10 mg/mL (Sigma
Aldrich, St. Louis, MO), MgSO4 0.5 mM, and bFGF 5 ng/ml
(Millipore, Billerica, MA) [20].

2.7. Transplantation of hMNPs ALS Model. The SOD1 G93A
mutant mice were supplied and bred for ALS-TDI by
GTC Biotherapeutics. Immune suppression was initiated
48 hours before procedures and consisted of a mixture of
FK506/Rapamycin, 1 mg/kg of each. A laminectomy was
performed at lumbar level L2 across two vertebral bodies
at 60 days old. For transplantation, 32 G Hamilton needles
with 30◦ bevels were used. A total of 40,000 hMNPs or CTS
(vehicle) were injected intraspinally. Each injection was a
total volume of 1 μL, at a dose of 10,000 cells/μL/injection.
Animals were survived to 110 days old.

Mice were divided into two groups of treated (transplan-
tation with hMNPs; n = 25) and vehicle control (vehicle-
injected; n = 25) groups that were evaluated up to the
end stage for protein expression and histological evaluation
of donor cell phenotype. Furthermore, 1 group of animals
(composed of 15 mice for both hMNP treated and vehicle
control SOD1 G93A mice) were analyzed for histological
quantification and 1 group of animals were analyzed for
molecular analysis (composed of 10 mice for both hMNP
treated and vehicle control SOD1 G93A mice).

SMA Model. At postnatal day 1, Smn−/−; SMNΔ7+/+;
SMN2+/+ (hereafter referred to as Δ7SMN) pups were
cryoanesthetized, and a laminectomy was performed in the
upper lumber region. A glass-pulled tip attached to a Hamil-
ton syringe was secured to a stereotactic apparatus and a total
of 20,000 hMNPs (10,000 cell/uL) or volume equivalent of
vehicle was transplanted bilaterally into the spinal cord [24].
Mice were divided into treated (transplantation with hMNPs;
n = 11) and vehicle control (vehicle-injected; n = 4) groups
that were evaluated up to the end stage for histological
analysis. Animals were survived up to 14 days old following
transplant.

SCI Model. Adult, female Sprague-Dawley rats (Charles
River Laboratories, San Diego, CA) were anesthetized using
Ketamine (100 mg/kg) and Xylazine (10 mg/kg, i.p.: West-
ern Medical Supply, Los Angeles, CA) and underwent a
T3 laminectomy. A 200 kD bilateral contusion injury was
delivered using an Infinite Horizons Impactor (Precision
Systems and Instruments, Lexington, KY). Animals received
a solution of 5 mL ringers, 0.02 mL Baytril, and 0.4 mL
diluted buprenorphine subcutaneously 2 days postinjury.
Animals were also bladder expressed twice a day for min-
imum of 3 days, then as needed. Twenty-four hours prior
to transplantation, animals began daily immunosuppression
with cyclosporine A (20 mg/kg/d, s.c.; Bedford Laboratories,
Bedford, OH). Animals also received antibiotic treatment of
Baytril (0.02 mL) beginning one day prior to transplantation
and continued throughout post-op. Seven days after spinal
cord injury, animals received a transplantation of hMNPs;
following reexposure of the laminectomy site, the spinal
process of T2 was immobilized, and a 10 μL Hamilton syringe
(Hamilton, Reno, NV) with a 33 G beveled needle was
lowered into the spinal cord using a stereotactic manipulator
arm. A total of 100,000 hMNPs or CTS (vehicle) was injected
in a total of four sites, 2 bilateral injections cranial and caudal
to the injury site (0.5 mm lateral, 1.2 mm deep) to target the
ventral horn. Each injection consisted of a total volume of
1 μL, at a dose of 25,000 cells/μL [20].

Mice were divided into two groups of treated (transplan-
tation with hMNPs; n = 30) and vehicle control (vehicle-
injected; n = 30) groups that were evaluated up to the end
stage for protein expression and histological evaluation of
donor cell phenotype. Furthermore, animals were split into
2 groups; the first group was (composed of 20 mice for both
hMNP-treated and vehicle control SCI mice) analyzed for
histological quantification and the second group of animals
was analyzed for molecular analysis (composed of n =
10 mice for both hMNP-treated and vehicle control SCI
mice). Animals were survived up to 3 months following
transplant.

2.8. Immunohistochemical Analyses of hMNPs. Animals were
sacrificed via transcardiac perfusion with 4% paraformalde-
hyde. The tissue was cryopreserved in 27% sucrose, and the
cords were sectioned into 1 mm blocks and embedded in
OCT compound. Tissue was cryosectioned at 20 μm and
mounted onto gelatin-coated slides. Tissue sections were
blocked with 10% NDS in PBS and permeabilized with 0.1%
Triton X-100. To determine the fate of the transplanted
hMNPs, sections were processed for multiple markers.
Primary antibodies were added overnight at 4◦C for Ku80
(1 : 300; Abcam), Islet-1 (1 : 200; Abcam), biotinylated NeuN
(1 : 200; Millipore), p75 (1 : 200, Santa Cruz Biotechnology,
Santa Cruz, CA), and ChAT (1 : 100; Millipore). Donkey
antirabbit conjugated with biotin (1 : 250; Invitrogen), Strep-
tavidin 594 (1 : 250; Invitrogen), Streptavidin 488 (1 : 250;
Invitrogen), or goat antirabbit Alexa Fluor-488/-594 (1 : 250;
Invitrogen) was used for 2 hours at room temperature as
secondary antibodies.
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2.9. Neuronal Sparing Analysis. The spinal cords from all
three animal models were analyzed for neuronal sparing.
Every tenth slide, spaced 200 μm apart, was processed in
order to visualize the length of the spinal cord [20]. IHC
staining was performed on tissue slides using mouse anti-
NeuN (1 : 200; Millipore) primary antibodies to identify
neurons and rabbit anti-Ku80 (1 : 300; Abcam) primary anti-
bodies to identify human nuclei. Serial sections were labeled
with human nuclear antigen to ensure no human cells were
included in the analysis. For motor neuron sparing analysis,
mouse anti-ChAT (1 : 100; Millipore) primary antibodies
and rabbit anti-Ku80 (1 : 300; Abcam) primary antibodies
were used. The antibodies were diluted in PBS, incubated
overnight at 4◦C. Vector ABC Biotin Kit and Vectastain
DAB Substrate Kits were used for secondary detection.
Hoechst was used as a nuclear counterstain. Following IHC
staining, the tissue was imaged using an Olympus AX-80
microscope. Images were taken of transverse sections of
the ventral horns using MicroFire software. NeuN-positive
neurons were quantified up to 2 mm cranial and 2 mm
caudal to the injury epicenter or transplant site. The number
of neurons was quantified using ImageJ software. Each image
was opened individually and changed to an 8-bit image. Each
image was then inverted, then the brightness and contrast
was adjusted to the Auto setting, which made the gray areas
darker and neurons were more easily visible. Then, threshold
was adjusted from Default to MaxEntropy setting. Finally,
the Nucleus Counter plug-in was used to detect pixels, the
smallest particle size set to 400 and largest particle size set
to 2000. Background subtraction and watershed filter were
used in the plug-in. The plug-in then showed the black and
white image of the neurons with a number indicating that
it was counted and a summary table of the total counts. If a
cell double stained positive for both NeuN and Ku80, then
that cell was not used in quantification. Statistical analysis
was performed using a Student’s t-test (2 tailed distribution
and two sample equal variance).

2.10. ELISA. Transplanted spinal cords were analyzed for
growth factor expression using ELISA. Fresh epicenter blocks
were flash frozen and then homogenized. Samples were
homogenized in ice cold T-Per Protein Extraction Reagent
(Pierce Biotechnology, Rockford, IL). Samples were kept at
−20◦C until analyzed with BCA protein assay. Triplicate
supernatant samples were used to determine total protein
levels present within the tissue using a BCA protein assay
kit (Pierce, Rockford, IL). Optical densities were read on
a THERMOmax ROM v1.72 plate reader at 450 nm, and
the respective protein levels were quantified in comparison
to a bovine serum albumin (BSA) standard curve. The
ELISA kits used were NT-3 Emax Immuno Assay System
(Promega), NGF Emax ImmunoAssay System (Promega),
VEGF human ELISA kit (Invitrogen), NT-4 AccuBind ELISA
kit (MonoBind, Inc.).

3. Results

3.1. In Vitro Differentiation. At day 28, the day of trans-
plantation, 93 ± 2.3% of cells expressed the neuronal axon

marker TUJ1 (Figure 1(a)), 96 ± 1.7% of the cells expressed
the motor neuron marker Islet-1 (Figure 1(b)), and 97 ±
2.6% of cells expressed the motor neuron marker HB9
(Figures 1(c) and 1(d)). Less than 1% of cells expressed the
astrocyte marker GFAP (Figure 1(a)) and no cells expressed
the mature motor neuron marker ChAT at day 28. No Oct4
positive stem cells could be identified on or after day 28 of
the differentiation protocol.

To assess maturation in vitro, hMNPs were plated
on astrocytes and allowed to mature for a subsequent
3 weeks following day 28 of the differentiation protocol
(Figures 1(e) and 1(f)). Astrocytes did not immunostain
for the motor neuron markers SMI-32 (Figure 1(e)) and
ChAT (Figure 1(f)), but were evident by hoescht staining.
Quantification of astrocyte positive cells was therefore not
performed. The neurofilament marker SMI-32 (Figure 1(e))
was expressed by 97.7 ± 1.53% of the cells and 96.6 ± 4.4%
of the cells expressed the mature motor neuron marker ChAT
(Figure 1(f)); while HB9 expression decreased significantly
(P < .001; 6 ± 4.4%) from the day 28 differentiation
profile. Motor neuron maturation was further demonstrated
by kainate-stimulated uptake of Co2+ ions by Ca2+ permeable
AMPA channels (not shown).

3.2. In Vivo Differentiation. Human nuclear (Ku80) antigen-
positive cells were detected in all transplanted animals of all
3 animal models and did not migrate from the transplant
sites cranial and caudal to the injection sites (Figure (2)).
Human cells (Figures 2(a) and 2(c)) double stained with
the young motor neuron marker Islet-1 (Figure 2(b)) and
were observed in the ventral horns of hMNP treated but
not in vehicle control Δ7SMN animals. In Δ7SMN animals,
human nuclear antigen-positive cells did not double label
with markers for the mature motor neuron markers ChAT or
SMI-32, indicating that their limited time in vivo (13 days)
is insufficient for differentiation of transplanted hMNPs.
However, human cells were found within the SOD1 G93A
and SCI animals, in which animals were survived for up to
2 and 3 months, respectively, after transplantation. Human
cells were colabeled with neuronal and motor neuron
markers such as NeuN (Figure 2(d)), p75 (Figure 2(e)) and
ChAT (Figure 2(f)), consistent with a motor neuron lineage
of a mixed maturation state. Many human nuclear antigen-
positive cells extended TUJ1-positive processes. TUJ1 tissue
staining was absent in no-primary and no-secondary anti-
body controls. Transplanted cells did not extend axons into
the periphery or form neuromuscular junctions with host
tissue, as expected.

3.3. In Vitro Growth Factor Secretion. Rossi et al [20]
have previously shown that hMNP’s secrete various growth
factors. To investigate the neurotrophic potential of hMNP
secretions, we performed functional assays of hMNP secre-
tions on cortical neurons in vitro (Figure 3). Neurite length
of cortical neuron cultures exposed to hMNP-conditioned
media (Figure 3(a)) was compared to neurite length of cor-
tical neuron cultures exposed to control MN differentiation
media only (without conditioning) (Figure 3(b)) and was
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Figure 1: hMNP differentiation in vitro. At day 28, GFAP+ astrocytes ((a) red) were rare within TUJ1+ ((a) green) cultures. The majority
of TUJ1+ cells ((b, d) red) double stained for the motor neuron lineage marker Islet-1 ((b) green) and HB9 ((c, d) green). After 3 weeks of
subsequent growth, cells displayed a mature, branched morphology consistent with mature motor neurons, and expressed the mature motor
neuron markers SMI-32 ((e) green) and ChAT ((f) green). Counterstain in blue (a, d, e) and red (f). Bar = 50 μm.

found to be significantly greater (P < .05; (Figure 3(c)).
Neurite length of cortical neuron cultures exposed to hMNP-
conditioned media was 250μm ± 27μm, and neurite length
of cortical neuron cultures exposed to MN differentiation
media only was 151μm ± 32μm.

3.4. In Vivo Growth Factor Secretion. The presence of growth
factors NGF, NT-3, VEGF, and NT-4, in the spinal cord of
animals was assessed in whole protein extracts via ELISA
(Figure 4). The levels of NGF protein were significantly
greater (P < .05) in hMNP-transplanted animals (76.3 ±
3.0 pg/mL) as compared to vehicle control animals (68.1 ±
2.0 pg/mL; Figure 4(a)). Similarly, the levels of NT-3 protein

were significantly greater (P < .05) in hMNP-transplanted
animals (66.5 ± 7.2 pg/mL) as compared to vehicle control
animals (50.5 ± 3.1 pg/mL; Figure 4(b)). There was no
significant difference (P > .05) in the level of VEGF
between the vehicle control (387.8± 13.3 pg/mL) and hMNP
transplanted animals (382.9 ± 13.9 pg/mL; Figure 4(c)).
Interestingly, NT-4 levels were significantly greater (P <
.01) in the vehicle control animals (98.0 ± 4.5 μg/mL), as
compared to hMNP-transplanted animals (79.3± 3.4 μg/mL;
Figure 4(d)).

3.5. Neuronal Sparing. The average number of neurons in
the hMNP treated group and vehicle control group of all
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Figure 2: hMNP differentiation in vivo. Human nuclear (Ku80) antigen-positive cells were detected in all treated animals of all 3 animal
models and colabeled with different motor neuron differentiation markers. Human nuclear (Ku80) antigen-positive cells (a, c) double stained
with Islet-1 ((b) red), NeuN ((d) NeuN in red, human nuclei in green), p75 ((e) p75 in red, human nuclei in green), or ChAT ((f) ChAT in
blue, human nuclei in brown), consistent with a motor neuron lineage of mixed maturation state. Bar = 50 μm.

3 animals was assessed for endogenous neuronal sparing
(Figure 5). In SCI and SOD1 G93A hMNP-treated animals
cranial to the injury/injection epicenter, there were 38 ± 3
and 43 ± 5 endogenous neurons counted, respectively. The
average number of neurons in the vehicle control group
of SCI and SOD1 G93A animals cranial to injury/injection
epicenter was 29 ± 2 and 27 ± 3, respectively. Cranial to the
injury/injection epicenter, the hMNP-treated group showed
a significant sparing of neurons compared to the vehicle
control group in SCI (Figure 5(a); P < .01) and SOD1
G93A animals (Figure 5(c); P < .05). The average number of
neurons in the hMNP-treated group of SCI animals caudal
to the injury/injection epicenter was 36 ± 4. The average

number of neurons in the vehicle control group of SCI
animals caudal to the injury/injection epicenter was 37 ± 3.
The hMNP-treated group did not demonstrate statistical sig-
nificance in neuronal sparing in SCI or SOD1 G93A animals
caudal to the injury/injection epicenter. Therefore, caudal
to the injury/injection epicenter, neuronal sparing was not
affected by the transplantation of hMNPs, whereas hMNP
transplantation (Figure 5(e)) did spare neurons cranial to
the injury/injection epicenter and the vehicle control did not
(Figure 5(f)).

The average number of neurons in the hMNP treated
group in Δ7SMN animals cranial to the injection epicenter
was 304 ± 30. In the vehicle control group, the average
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Figure 3: hMNPs cause neurite branching in vitro. Neurite length was significantly longer (P < .05) in cortical neuron cultures exposed to
hMNP-conditioned media (a) for 7 days as compared to cortical neuron cultures exposed to control MN differentiation media (b). (c) The
length of neurites in cultures exposed to hMNPconditioned media as compared to those exposed to control media was significantly higher
(P < .05). Bar = 50 μm.

number of neurons cranial to injection epicenter was 304
± 46. Cranial to the injection epicenter, the hMNP-treated
group did not demonstrate a significant sparing of neurons
compared to the control group (Figure 5(d)). The average
number of neurons in the hMNP-treated group in Δ7SMN
animals caudal to the injection epicenter was 386 ± 18.
However, average number of neurons in the vehicle control
group caudal to the injection epicenter was 282± 29. Caudal
to the injection epicenter, the hMNP-treated group showed
statistical significance in neuronal sparing (Figure 5(d); P <
.05). Therefore, cranial to the injection epicenter, neuronal
sparing was not affected by the transplantation of hMNPs,
whereas hMNP transplantation did spare neurons caudal to
the injection epicenter.

3.6. Motor Neuron Sparing. The average number of ChAT
positive cells in the hMNP treated and vehicle control groups
was compared to examine whether neuronal sparing may

have included endogenous motor neurons (Figure 5(b)). The
average number of ChAT-positive cells within the ventral
horn in SCI animals of the hMNP-transplanted group cranial
to the injury/injection epicenter was 12 ± 2. The average
number of ChAT positive cells within the ventral horn
in SCI animals of the vehicle control group cranial to
the injury/injection epicenter was 7 ± 2. The number of
ChATpositive cells cranial to the injury/injection epicenter in
the hMNP treated group was significantly greater (P < .05)
than that of the vehicle control group, demonstrating that
hMNP transplantation resulted also in the specific sparing
of endogenous motor neurons. There was no significant
difference in the number of ChAT positive cells caudal to the
injury/injection epicenter, although there is a trend towards
increased sparing. The number of ChAT-positive cells caudal
to the injury/injection epicenter in the hMNP treated group
was 13 ± 2. The number of ChAT-positive cells caudal to the
injury/injection epicenter in the vehicle control group was 9
± 2.
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Figure 4: hMNPs secrete physiologically active growth factors in vivo. ELISA data of NGF (a), NT-3 (b), VEGF (c), and NT-4 (d) protein
levels in the thoracic spinal cord transplanted region of SCI rats. Data is expressed as mean ± standard error. ∗P < .05; ∗∗P < .01. n = 6
hMNP; n = 9 vehicle.

4. Discussion

Transplantation is an inherently combinatorial therapeutic
approach, as it may provide neurotrophic support for the
endogenous environment, and cell phenotype-related ben-
efits such as replacement of dead or dying cells, a substrate
for endogenous growth, or a tissue bridge for endogenous
growth. The relative contribution of neurotrophic support
and phenotypic benefits conferred by a transplant is difficult
or impossible to discern for transplants that consist of mixed
lineages. In this study, we investigated the neurotrophic
effects of a high purity motor neuron lineage graft in three
animal models of motor neuron loss. We demonstrate that
hMNPs secreted physiologically active growth factors in
vitro and in vivo and significantly enhanced the number
of spared endogenous neurons following transplantation in
three animal models of motor neuron loss. The ability to
maintain dying motor neurons by delivering motor neuron-
specific neurotrophic support represents a powerful treat-
ment strategy for diseases characterized by motor neuron
loss.

Motor neurons respond to neurotrophic cues and express
and secrete various growth factors [25]. Our data indicate
that hMNPs secrete NT-3, and NGF, and our previous
publication further indicates that they secrete VEGF and NT-
4 [20]. NT-3 and VEGF have known beneficial effects on CNS
pathogenesis [16, 26]. Furthermore, our in vitro data demon-
strate that hMNP-conditioned media enhanced elongation
and branching of cortical neurites, demonstrating that the
growth factor secretions from hMNPs were physiologically
relevant.

Our transplantation studies further confirm that hMNPs
have physiologically relevant neurotrophic effects in the
vicinity of the transplant. hMNP transplantation into SMA,
ALS, and SCI animal models resulted in beneficial effects
on injury pathogenesis, as evidenced by a greater num-
ber of spared endogenous neurons in all three animal
models. Although the growth factors secreted by hMNPs
in vivo have been implicated in neuronal survival [16,
26], the mechanisms underlying their interaction with the
endogenous environment are unknown. Their mechanism
of action may be direct, or indirect, as trophic support
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Figure 5: hMNP transplantation spares endogenous neurons. (a) Comparison of NeuN positive cells in cranial (n = 13 hMNP; n = 15
vehicle) and caudal (n = 14 hMNP; n = 15 vehicle) transverse sections in SCI animals. (b) Comparison of ChAT positive cells in cranial
(n = 10 hMNP; n = 12 vehicle) and caudal (n = 9 hMNP; n = 12 vehicle) transverse sections of ventral horns in SCI animals. (c)
Comparison of NeuN positive cells in cranial transverse sections of SOD1 G93A animals (n = 5 hMNP; n = 5 vehicle). (d) Comparison
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of glial cells and/or modulation of the immune or glial
response may have contributed to survival of endogenous
neurons. Neurons within regions of pathology upregulate
p75 neurotrophin receptors (p75NTR) and downregulate
tyrosine-related kinase receptors (TrkRs) [16, 26]. The
p75NTR binds the precursor forms of neurotrophins and has
been implicated in apoptosis, while TrkRs bind mature forms
of neurotrophins and have been implicated in beneficial
neurotrophic effects [16, 26]. hMNP-secreted growth factors
may prevent, inhibit, or counteract neurotrophic action at
the p75NTR and/or enhance activation and/or upregulation
of TrkRs, enhancing downstream neurotrophic effects.

This study directly assessed the potential of a cell-based
therapeutic to confer neurotrophic benefit to regions of
pathogenesis in the absence of phenotypic benefit. hMNP
transplants did not extend processes to reinnervate distant
muscles, so their neurotrophic benefit to the diseased or
injured spinal cord could be investigated in isolation from
phenotypic benefits conferred by a transplant. These findings
further our understanding of the neurotrophic benefits
of hMNP transplantation. Nonetheless, efforts to mature
transplanted hMNPs and enhance axonal projection to target
muscles are important to maximize the benefits of this cell
population.
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We report the derivation and characterization of two new human embryonic stem cells (hESC) lines (CU1 and CU2) from
embryos with an irreversible loss of integrated organismic function. In addition, we analyzed retrospective data of morphological
progression from embryonic day (ED) 5 to ED6 for 2480 embryos not suitable for clinical use to assess grading criteria indicative
of loss of viability on ED5. Our analysis indicated that a large proportion of in vitro fertilization (IVF) embryos not suitable for
clinical use could be used for hESC derivation. Based on these combined findings, we propose that criteria commonly used in IVF
clinics to determine optimal embryos for uterine transfer can be employed to predict the potential for hESC derivation from poor
quality embryos without the destruction of vital human embryos.

1. Introduction

Human embryonic stem cells (hESCs) are the ultimate model
for in vitro study of cell growth and differentiation and the
most promising candidates for cell therapy in regenerative
medicine due to their high proliferative capacity and ability
to differentiate into lineages of all three embryonic germ
layers [1]. hESCs are rapidly emerging as valuable screening
platforms for drug toxicity and tools for drug discovery [2–
4].

Recent advances in generation of induced pluripotent
stem (iPS) cells [5–8] have shifted focus from hESC to iPS
cells as more likely candidates for clinical use, as they have
the potential to generate patient-specific therapy and avoid
the unwanted immune response in the host [5]. However,
in a recent study the question of developmental equivalence
between hESC and human iPS cells was raised. Using gene

expression profiling, it was demonstrated that despite the fact
that hESC and human iPS cells share pluripotency markers,
their expression signatures are distinct [9]. It is unresolved
whether the small percentage of genes that is differentially
expressed could result in a biologically significant difference
[5, 10]. Importantly, two recent studies demonstrated that
iPS cells retain an epigenetic memory relating to their cells
of origin that restricts their differentiation potential [11,
12]. While iPS cell technology does seem a very promising
avenue for bringing stem cell therapy to the bedside, it is
important to continue studying hESC, because it is difficult
to predict whether hESC or iPS cells will be more effective for
therapeutic application.

hESC lines are conventionally derived from the inner cell
mass (ICM) of viable human preimplantation embryos. Our
group has proposed one of several strategies for derivation
of hESC without the destruction of viable embryos [13].
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During routine in vitro fertilization (IVF) procedures, a
large proportion of embryos fail to develop properly [14–16]
and are discarded because they are unsuitable for embryo
transfer [17, 18]. We and others have found that many of
these embryos have suffered an irreversible loss of integrated
organismic function and have defined them on that basis
as nonviable or organismically dead [19, 20]. In our study,
such ED6 embryos did not progress upon extended in
vitro culture although more than 80% of them contained
living cells as assessed by the use of vital dyes [20]. Thus,
we have proposed that hESC lines could be derived from
these nonviable embryos and have suggested that ethical
guidelines for essential organ donation could be employed
for the clinical application of this paradigm [13, 20–22].
To date, two groups have successfully derived hESC from
poor quality embryos that were nonviable by our criteria.
In the first report, a single, stable hESC line was derived
from 132 arrested embryos [23], and in the second, eleven
lines were derived from 413 poor quality embryos rejected
for clinical use [24]. All 12 hESC lines were karyotypically
normal and pluripotency and their differentiation potential
was demonstrated both in vitro and in vivo.

Our objectives were first to extend this work by deriving
new hESC lines from discarded, nonviable embryos at
ED6 and secondly to define morphological criteria for
nonviability a day earlier, on ED5, in order to allow the earlier
derivation of hESC when a greater number of viable cells are
likely to be present. Here, we describe two new hESC lines
derived from nonviable ED6 embryos and in a retrospective
study identify a subgroup of nonviable, cavitated embryos
with the potential to yield hESC lines. By targeting derivation
efforts on this subgroup, derivation success rate might be
increased.

2. Materials and Methods

2.1. Feeder Cells and Culture Media. Commercial irradiated
CF1 mouse embryo fibroblasts (MEFs)(Global Stem Cell,
Rockville, MD) were plated on 0.1% gelatin (Sigma Aldrich,
St Louis, MO) coated 4-well dishes (NUNC, Rochester, NY)
at 150,000 cells per well. MEFs were cultured in MEF media
consisting of DMEM (Invitrogen, Carlsbad, CA), 10% FBS
(Hyclone, Logan, UT), 100 mM L-glutamine (Invitrogen),
and 1% penicillin/streptomycin (Invitrogen).

hESC derivation media consisted of Knockout DMEM
(Invitrogen), 17% Knockout Serum Replacement (KSR,
Invitrogen) with 3% FBS (Hyclone), 10 ng/mL bFGF (Invit-
rogen), 100 μM beta-mercaptoethanol (Invitrogen), 100 mM
nonessential amino acids (Invitrogen), 1 mM L-glutamine
(Invitrogen), and 1% penicillin/streptomycin (Invitrogen).
hESCs were cultured in the same media with the exception
of 20% KSR, 20 ng/mL bFGF, and no FBS. Quinn’s HEPES
medium (Q-HEPES) and Quinn’s Advantage Protein Plus
Blastocyst Medium (QBlast) (both from Sage Media, Cooper
Surgical, Pasadena, CA) were used for embryo recovery or
washes and short-term culture, respectively.

2.2. Embryos. Approvals were obtained from the Institu-
tional Review Board (IRB) and the Embryonic Research

Committee at Columbia University to collect nonviable
embryos. The embryos were generated by IVF for the pur-
pose of treating infertile couples with assisted reproduction
at the Center for Women’s Reproductive Care (CWRC). For
all embryos used in this study, patients’ written consent was
obtained prior to the IVF procedure and patients’ records
were deidentified. Patients agreed to allow research to be
performed upon any and all nonviable embryos destined to
be discarded. In total, 375 embryos from 87 patients were
declared nonviable and were available for this study. Only
embryos meeting criteria of nonviability were subject to
attempted hESC derivation.

All patients underwent routine controlled ovarian hyper-
stimulation with human gonadotropins to effect follicle
growth and development. Oocyte retrieval, fertilization, and
assessment of embryo development were performed by
CWRC as previously described [20]. On embryonic day 6
(ED6), embryos that had arrested or failed to divide normally
were rejected for clinical use by the CWRC laboratory. They
were transported to the laboratory as previously described
[20] and used for hESC derivation.

2.3. Embryo Plating and Outgrowth Culture. Embryos were
recovered as previously described [20] and placed in 20 μL
drop cultures with QBlast. Assessment was performed under
phase and brightfield optics to determine the morpholog-
ical categories [20] and to triage embryos for derivation.
Derivation was attempted only for 159 embryos that showed
signs of compaction and/or cavitation. These embryos were
treated with acid Tyrode’s (AT) (Sigma) solution to remove
the zona pellucida (ZP), washed briefly in Q-HEPES and
plated onto dishes of inactivated MEFs in hESC derivation
media, and incubated at 37◦C in 5% CO2 in air. Media
was changed every second day. Outgrowths displaying hESC-
like morphology were observed 2–14 days postplating. When
hESC lines were successfully established, hESC derivation
media was exchanged for hESC culture media to prevent
spontaneous differentiation. Initial passaging of outgrowths
and subsequent established hESC lines was carried out
by microdissection (“cut and paste” subculture). Typically,
microdissection was performed every 5–7 days; cystic and
differentiated material was removed and undifferentiated
areas of colonies were cut into several pieces, collected by
aspiration and transferred onto fresh feeders.

2.4. Immunofluorescence. hESC colonies and adhered em-
bryoid bodies were fixed in Formalin-Free Fixative (Sigma)
or 3.7% formaldehyde in PBS for 20 minutes, permeabilized
with 0.1% Triton in PBS for 10 minutes for intracellular
stains and blocked with 10% goat/horse serum for 45
minutes. Cells were incubated with primary antibody at
room temperature for 1 hour, washed, and incubated with
an appropriate secondary antibody for 30 minutes. After
washing, the nuclei were stained with 4,6-diamidino-2-
phenylindole dilactate (DAPI, Invitrogen) for 2 minutes,
and the cultures were observed on a fluorescent micro-
scope (IX81, Olympus, Center Valley, PA). Oct3/4 antibody,
neuron-specific beta-III tubulin (TuJ-1) antibody and goat
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IgG secondary antibody were from R&D Systems (Min-
neapolis, MN). Stage-specific embryonic antigen-3 (SSEA-
3), SSEA-4, tumor rejection antigen 1–60 (TRA 1–60), TRA
1–81 antibodies, and mouse IgG/IgM secondary antibody
were from Chemicon/Millipore (Billerica, MA). Alpha-1-
fetoprotein (AFP) antibody was from DakoCytomation
(Glostrup, Denmark), and smooth muscle actin (SMA) anti-
body was from Invitrogen.

2.5. Quantitative Real-Time Reverse-Transcription Polymerase
Chain Reaction (qRT-PCR). Total RNA was extracted from
hESC and embryoid bodies using RNeasy mini-kits (Qiagen,
Valencia, CA), followed by treatment with DNase (Invitro-
gen). Total RNA was reverse-transcribed into cDNA with
random hexamers using SuperScript III First-Strand Syn-
thesis System (Invitrogen). Expression of POU5F1/OCT4,
SOX2, NANOG, BRACHYURY, AFP and PAX6 was quan-
tified using the ABI Prism 7900 real-time system (Applied
Biosystems, Foster City, CA) and normalized to the expres-
sion of housekeeping gene glyceraldehyde-3-phosphate-de-
hydrogenase (GAPDH). Standard cycling conditions were
used for all assays (TaqMan chemistry, Applied Biosystems).
Primer sequences for the human NANOG gene [25] were 5′-
TGAGCTGGTTGCCTCATGTTAT-3′ (forward primer), 5′-
GAAGGAAAAGTATCAAGAAATTGGGATA-3′ (reverse
primer), 5′-ATGCAGGCAACTCA-3′ (FAM/non-fluores-
cent quencher labeled MGB probe) (Applied Bi-osystems).
Primers and probes for POU5F1/OCT4 (Hs00742896 s1),
SOX2 (Hs00602736 s1), T/BRACHYURY (Hs00610080 m1),
AFP (Hs00173490 m1), PAX6 (Hs00240871 m1), and GAPDH
(4310884E, VIC/TAMRA labeled) were purchased from Ap-
plied Biosystems.

2.6. In Vitro Differentiation Assay. Near confluent hESCs
were microdissected as described, transferred to nonadher-
ent plates and allowed to differentiate spontaneously by
embryoid body formation in Knockout DMEM (Invitrogen),
supplemented with 20% FBS (Hyclone), 100 μM beta-
mercaptoethanol (Invitrogen), 100 mM nonessential amino
acids (Invitrogen), 1 mM L-glutamine (Invitrogen), and
1% penicillin/streptomycin (Invitrogen). Embryoid bodies
were cultured up to 5 weeks with media change twice per
week. For gene expression analyses, embryoid bodies were
harvested on days 4, 8, 14, and 21. For immunofluorescence,
embryoid bodies were transferred to gelatin-coated glass-
bottom culture dishes (MatTek, Ashland, MA) after 3 weeks
and cultured for an additional week to achieve differenti-
ated cell outgrowth. For histology, embryoid bodies were
harvested after 5 weeks, washed with PBS, fixed in 3.7%
formaldehyde in PBS, and embedded in paraffin. Ten μm-
thick sections were stained with hematoxylin-eosin (HE) or
Masson’s trichrome.

2.7. In Vivo Differentiation Assay. For the generation of
teratomas, contents of two wells of a subconfluent 6-well dish
(approximately 105-106 cells) were subcutaneously injected
per mouse into the neck region of 4–6 weeks old SCID beige
mice (Harlan, Indianapolis, IN) (n = 4 per experimental

group). Animals were palpated weekly for development of
tumors. 12 to 14 weeks postinjection, suspected tumors were
removed, fixed in 4% paraformaldehyde or Bouin’s fixative
solution and embedded in paraffin. Ten μm-thick sections
were stained with HE, Masson’s trichrome, or processed for
immunohistochemistry. All experiments involving labora-
tory animals were performed under protocols approved by
the Columbia University Institutional Animal Care and Use
Committee.

2.8. Karyotyping. Standard G-band karyotyping was per-
formed by Columbia University Cytogenetics Laboratory.

2.9. Retrospective ED5/ED6 Data. With IRB approval, de-
identified records of human embryos generated for IVF were
examined. Morphological progression from ED5 to ED6 was
analyzed retrospectively in embryos that were not suitable for
clinical use on ED5 and were reevaluated on ED6. Embryos
transferred or cryopreserved on ED5 were also included in
the analysis. Most of the embryos analyzed were in group cul-
ture, thus morphological categories from ED5 and ED6 were
compared as cohort populations. Morphological categories
used in the CWRC for clinical grading on ED5 and ED6
were deg = degenerated (an embryo showing pronounced
signs of degeneration), frag = fragmented, 1C = single-celled
embryo (1C), MC = multicell (embryo containing 2 or more
blastomeres with or without cellular fragmentation), comp
= embryo showing some sign of compaction, EB = embryo
with a small cavity, the first sign of blastocyst formation, B
= embryo with a large cavity and HB = hatching blastocyst,
embryo with a large cavity and at least one cell protruding
through the ZP. All embryos in categories B and HB, which
represent blastocyst formation, were given overall grades of
good, fair, or poor and in addition, the quality of inner cell
mass (ICM) and trophectoderm (TE) was graded from A
to D. This is in accordance with the American Society for
Reproductive Medicine/Section for Assisted Reproduction
Technologies blastocyst grading system, per standard CWRC
practice.

3. Results

3.1. Derivation and Characterization of New hESC Lines. In
our previous study, we categorized nonviable ED6 embryos
on the basis of gross morphology and determined the
number of vital and nonvital cells contained in each embryo
[20]. Although morphological categorization was generally
of limited value in predicting cell number, a higher number
of living cells was associated with cavitation, suggesting
that cavitation might predict greater potential for success
of hESC derivation. This is in line with a previous study
where derivation efficiency was lower for cleavage-arrested
embryos than for embryos arrested following cavitation
[26]. In preliminary experiments (data not shown), we
observed little or no attachment when early-arrested non-
viable embryos were plated on MEFs. Thus nonviable ED6
embryos were triaged using morphological categories as
previously described [20], and only embryos showing signs
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Figure 1: Nonviable ED6 embryos, showing cavitation but either no or highly abnormal ICMs, initial outgrowths, and typical colony
appearance. Brightfield images of embryos used for CU1 (a) and CU2 (b) hESC derivation. Phase contrast images of representative initial
outgrowths two (c), five (d), or 14 days (e) postplating and typical established hESC colonies (f, g, h). Scale bar = 20 μm (a, b); 100 μm (c–h).

of compaction and/or cavitation with no or an abnormal
ICM (159/375) were plated on MEFs to attempt hESC
derivation. Initial embryo outgrowths were observed from
2 to 14 days after plating on MEFs. In total, 83 embryos
gave rise to primary colonies (p0); of these 69 outgrowths
deteriorated prior to first passaging, 14 survived the first
passage, three survived the second passage, and two survived
the third passage and beyond, resulting in the hESC lines
CU1 and CU2 (Figure 1). Both CU1 and CU2 hESC colonies
display typical stem-cell-like morphology. Karyotype analy-
sis revealed a normal female karyotype for CU1 at passage
9. CU2 showed a normal female karyotype at passage 8
(46, XX) with a low level of mosaicism for chromosome 18
monosomy (3/31 cells; Supplementary Figure S1 available
online at doi: 10.4061/2011/765378). Self-renewal capacity
was demonstrated by successfully propagating both hESC
lines for more than 30 passages.

Characterization of CU1 and CU2 hESC lines demon-
strated the presence of specific hESC markers of the undif-
ferentiated state [25] such as transcription factor POU5F1/
OCT4, keratan surface antigens TRA-1–60 and TRA-1–81,
glycolipid antigen SSEA-4, and the absence of glycolipid anti-
gen SSEA1, commonly expressed upon hESC differentiation
(Figure 2 and Supplementary Figure 2). Similar expression
of cell surface antigens was noted for the previously char-
acterized CHB1 line, established from a cleavage-arrested
poor quality embryo [26]. Quantitative real-time RT-PCR
was used to assess the expression of genes in undiffer-
entiated CU1 and CU2 hESC lines and in differentiated
embryoid bodies derived from them. The CHB1 line was

used as a control for comparison of gene expression levels
in undifferentiated hESC and in differentiated embryoid
bodies (Figure 3). Quantitative real-time RT-PCR analysis
demonstrated similar or higher levels of expression of plu-
ripotency genes POU5F1/OCT4, NANOG, and SOX2 in
undifferentiated CU1 and CU2 cells when compared with
undifferentiated CHB1 line (Figure 3). Upon differentiation
into embryoid bodies, the expression of POU5F1/OCT4,
NANOG, and SOX2 was downregulated while the markers
of differentiation BRACHYURY (mesodermal lineage); alpha
fetoprotein (AFP; endodermal lineage), and PAX6 (ectoder-
mal lineage) were upregulated in both CU1 and CU2 hESC
lines (Figure 3). Similarly, differentiated embryoid bodies
expressed neuron-specific beta-III tubulin (TUJ-1), AFP, and
smooth muscle actin (SMA) as assessed by immunofluo-
rescence (Figure 2 and Supplementary Figure 2). Both CU1
and CU2 lines differentiated into derivatives of all three
embryonic germ layers in vitro. CU1 and CU2 hESC were
injected into SCID beige mice (n = 4 per experimental
group) and no palpable tumors were detected from 12 to
14 weeks postinjection. The analyses of suspected tumors
revealed the presence of hibernoma (3 out of 8) at the
site of injection while no teratomas were identified upon
histological examination (data not shown).

3.2. Retrospective Analysis of Embryo Progression. Having
established that nonviable ED6 embryos retain the capacity
to give rise to hESC lines, albeit at low frequency, we carried
out a retrospective chart analysis of the morphological
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Figure 2: Characterization of CU1 hESC line. Immunohistochemical analysis with DAPI counterstain revealed that hESC colonies expressed
pluripotency markers POU5F1/OCT4 (a), SSEA-4 (b), TRA1-60 (d), TRA-1-81 (e) (green fluorescence) and were negative for differentiation
marker SSEA-1 (c). hESC cultured as embryoid bodies differentiated into all three germ layers. Hematoxylin and eosin (f), Masson’s
trichrome (g), immunohistochemistry for neuron-specific beta-III tubulin (TUJ-1) (h), alpha fetoprotein (AFP) (i), and smooth muscle
actin (SMA) (j) Scale bar = 100 μm.

categories in embryos generated for clinical use. Our goal
was to increase the efficiency of hESC derivation by the
earlier identification (ED5) of embryos that do not improve
further but still have the capacity to give rise to hESC lines.
Embryo scoring is used as a prognostic tool in IVF treatment;
here we compared embryo scores at ED5 with scores at ED6
to assess morphological criteria that would be indicative
of nonviability on ED5. We have analyzed and compared
morphological categories from ED5 and ED6 as cohort
populations since embryos were scored in group culture
rather than individually. From a starting number of 3554
embryos, 446 were transferred or cryopreserved on ED3 and
were not part of further analysis. Of 3108 embryos evaluated
on ED5, 628 were transferred or cryopreserved (all good
quality embryos meeting criteria for transfer) (Figure 4). The
remaining 2480 embryos were deemed unsuitable for clinical
use on ED5 and were reevaluated on ED6. Upon reevaluation
on ED6, 192 transfer-quality embryos were cryopreserved
while the remaining 2288 embryos were discarded as being
unsuitable for clinical use. Of these, 915 were graded as
blastocysts or hatching blastocysts not of transfer quality
and were thus given grades for overall quality and ICM/TE
quality (Table 1). Most of these embryos were classified as
poor (898/915; >99%) and only 17/915 (less than 0.02%)
were graded as good or fair quality on ED6. Therefore,
embryo quality at ED5 is highly correlated with embryo
quality at ED6 indicating that criteria for nonviability could
be established at ED5.

4. Discussion

In this study, we derived two new hESC lines from ED6
nonviable embryos with the overall derivation efficiency of
1.25% (2/159) for compacted and/or cavitated embryos. This
is in line with derivation efficiencies previously reported

for nonviable, organismically dead or poor quality embryos:
0.75–2.66%. Not surprisingly, these derivation efficiencies
are somewhat lower than derivation success rates from viable
blastocysts (6–50% depending on culture conditions) [27,
28].

We have demonstrated that CU1 and CU2 lines show
properties of hESC and differentiate into derivatives of all
three embryonic germ layers in vitro. However, differen-
tiation in vivo failed as no teratomas were isolated. This
is in contrast with previous reports of hESC lines derived
from nonviable embryos that were shown to give rise to
differentiated tissues in vivo [23, 26] but in agreement with
several other studies that have reported lack of teratoma
formation or lack of in vivo differentiation for lines derived
from embryos of low quality [29–31]. In our case, the failure
of teratoma formation may be due to technical limitations
or could represent a restriction in developmental potential,
although the in vitro differentiation studies would argue
against the latter explanation. Additional investigation will
be required in order to determine whether failed in vivo
differentiation or a lower success of teratoma formation
is a property of hESC derived from nonviable embryos.
Nevertheless, hESC lines derived from arrested nonviable
embryos, including those reported here show characteristics
and in vitro differentiation potential comparable to hESC
derived from surplus viable embryos [23, 26].

Abnormal karyotypes have been reported in hESC after
extended periods of culture, frequently involving chro-
mosomes 12, 17, and X as well as other chromosomes,
including chromosome 18, less frequently [32, 33]. These
chromosomal anomalies are thought to be the result of
adaptive changes that occur with long-term culture. The
low level of mosaicism for monosomy 18 observed in CU2
could have arisen during culture, but because it was observed
in cells at an early pass number, it could also have been
present in the embryo used to derive the cell line. Although
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Figure 3: Gene expression analysis by qRT-PCR. Expression of pluripotency markers POU5F1/OCT4 (a), SOX2 (b), NANOG (c) and
differentiation markers BRACHYURY (e), AFP (f), and PAX6 (g) in undifferentiated CU1, CU2, and CHB1 hESC colonies (hESC) and
corresponding embryoid bodies (EmB) harvested on days 4, 8, 14, and 21 (EmBd4, EmBd8, EmBd14, and EmBd21, resp.). Expression levels
were normalized to expression of GAPDH.

Table 1: Quality scores of 915 embryos graded B (blastocysts) or HB (hatching blastocysts) on ED6 and deemed unsuitable for clinical use.

ED6 ICM/TE scorea

ED6 grade AB BB BC BD CB CC CD DB DC DD Total

Good 1 1

Fair 5 1 2 4 1 1 1 16

Poor 1 2 3 223 113 20 76 460 898

Total 1 5 2 2 5 227 113 21 77 461 915
a
The first letter represents the quality of the ICM and the second letter the quality of TE.

a high level of aneuploidy might be expected in arrested or
abnormal embryos, this has generally not been the case in
hESC derived from them (see [26]; this study), indicating
that there are embryos with normal karyotypes, or at least
embryos containing some cells with normal karyotypes,
among poor quality embryos.

By the derivation of CU1, we have demonstrated that
poor quality DC blastocysts on ED6 can retain their capac-
ity to give rise to hESC (Figure 1(a)). The CU2 line origi-
nated from a poor quality ED6 embryo with a small cavity
(Figure 1(b)) which was not given grades for the ICM/TE
quality. From our previous study, we can estimate that
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Figure 4: Comparison of embryo morphology on ED5 and ED6.
Morphological categories on ED5 and ED6 are shown by percentage
in stacked columns. Numbers indicate the number of embryos in
each category. HB = hatching blastocyst, B = blastocysts, EB = early
blastocyst, comp = compacted, MC = multicell, 1C = one cell, deg =
degenerated.

poor quality cavitated embryos contain between 5 and 64
living cells at ED6 [20]. In our retrospective analysis, we
have focused on further defining criteria of developmental
arrest for ED5 embryos to improve derivation efficiency
from nonviable embryos. Our analysis shows that only a
small proportion of embryos deemed unsuitable for embryo
transfer at ED5 improve to transferable quality by ED6
(192/2480; 7.7%). This suggests that the majority of embryos
could be considered nonviable and that if embryos were
individually cultured, a minimum clinical grade could be
identified on ED5 that would correlate with lack of viability
on ED6. By targeting derivation efforts on a subgroup of
nonviable embryos that have no potential to improve with
extended in vitro culture and yet could yield hESC lines,
success rates could be increased.

We have observed that published criteria for deeming
embryos poor quality are quite variable [31, 34–37] as several
of these reports lacked sufficient information to conclude
whether embryos used for derivation had an irreversible loss
of integrated organismic function. Two studies report on
hESC derivation from discarded day 3 embryos with low
morphological scores [34] or poor quality day 3 embryos
[36] that develop into blastocysts after 48 hours culture.

Recently, a universal minimum information (MI) convention
for reporting on hESC derivation was proposed [38, 39]
and used in a study to classify poor quality blastocysts
that subsequently yielded 17 hESC lines [37]. However,
it remains unclear which of the 17 blastocysts were from
cleavage embryos cultured for 48 hours versus thawed
blastocysts and thus from arrested versus surplus embryos.
While information on the quality of an embryo used to
establish hESC lines should be readily available, it would be
practical if the blastocyst grading system proposed in this
MI convention included overall embryo quality scores such
as those employed in IVF clinics. Information on quality of
embryos used for hESC derivation would be pertinent to
eventual therapeutical application in that patients could be
fully informed as to the source of cells used in their therapy.

In summary, we derived and characterized two new
hESC lines from discarded, nonviable ED6 embryos. Our
retrospective study suggests that the grading system currently
in use could be employed for the early identification of
irreversibly arrested embryos suitable for hESC derivation at
ED5. Embryos with such characteristics could be used for
large-scale derivation of hESC without the destruction of
vital human embryos.

5. Conclusions

Previously, we proposed that the ethical criteria applied to
essential organ donation could be extended to derivation
of hESC lines from embryos with an irreversible loss of
integrated organismic function produced during routine
in vitro fertilization. This study shows the feasibility of
deriving hESC lines from such embryos using standard
grading systems for identification of suitable embryos. Eth-
ical considerations and the current legislative climate make
alternative sources for deriving genetically diverse hESC lines
for research and therapeutic purposes a priority.
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