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The supply of transfusable red blood cells (RBCs) is not sufficient in many countries. If transfusable RBCs could be produced
abundantly from certain resources, it would be very useful. Our group has developed a method to produce enucleated RBCs
efficiently from hematopoietic stem/progenitor cells present in umbilical cord blood. More recently, it was reported that enucleated
RBCs could be abundantly produced from human embryonic stem (ES) cells. The common obstacle for application of these
methods is that they require very high cost to produce sufficient number of RBCs that are applicable in the clinic. If erythroid
cell lines (immortalized cell lines) able to produce transfusable RBCs ex vivo were established, they would be valuable resources.
Our group developed a robust method to obtain immortalized erythroid cell lines able to produce mature RBCs. To the best of
our knowledge, this was the first paper to show the feasibility of establishing immortalized erythroid progenitor cell lines able to
produce enucleated RBCs ex vivo. This result strongly suggests that immortalized human erythroid progenitor cell lines able to

produce mature RBCs ex vivo can also be established.

1. Introduction

Transfusion therapies involving RBCs, platelets, and neu-
trophils depend on the donation of these cells from healthy
volunteers. However, unpredictable adverse results can ensue
from transfusion therapies because of the donation of
cells from a very large number of anonymous volunteers.
For example, transfusion of blood products that include
hazardous viruses or prions is difficult to prevent completely,
because, occasionally, tests to detect them yield pseudo-
negative results. There is little doubt that RBCs, platelets, and
neutrophils produced ex vivo would be candidate materials to
replace cells donated from such a large group of anonymous
individuals.

The development of technologies such as PCR and gene
knockout that enable the manipulation of an organism’s
genetic material contributed tremendously to progress in
the life sciences in the final decades of the last century.
This century looks to continue this progress through the
development of further new technologies relating to cell
manipulation.

2. Discovery of Plasticity in Terminally
Differentiated Cells

It was believed for a long time that epigenetic modifications
in differentiated somatic cells were irreversible. This meant
that terminally differentiated cells could never return to
being immature cells. However, in 1962, it was reported
that the nuclei of somatic cells of an amphibian (frog) were
reprogrammed following transfer into enucleated unfertil-
ized eggs [1]. Following transfer of a somatic cell nucleus,
the egg could undergo cell division and differentiate to
produce an adult frog. This result clearly indicated that
epigenetic modifications in terminally differentiated somatic
cells were reversible. Dr. John Gurdon, who performed
this groundbreaking study, received the Albert Lasker Basic
Medical Research Award in 2009.

Initially, many biologists believed that this reversibility
of epigenetic modifications in terminally differentiated cells
was restricted to amphibian somatic cells and did not occur
in mammalian somatic cells. However, in 1997, a nuclear
transfer experiment in sheep in which somatic nuclei were
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transferred into unfertilized eggs showed that epigenetic
modifications in terminally differentiated mammalian
somatic cells were also reversible [2]. This experiment
famously resulted in the birth of the first live cloned sheep,
named “Dolly”.

3. Immortalization of ES Cells

The methodology for isolating and culturing mouse ES cells
was first developed in 1981 [3] and has aided research in
a wide range of biological studies. Dr. Martin Evans, who
developed the technology for establishing mouse ES cell
lines, was awarded a Nobel Prize in 2007 together with Dr.
Mario Capecchi and Dr. Oliver Smithies, who developed
homologous recombination technology in mouse ES cells.
As a result of these technical advances, functional analysis
of genes has progressed considerably using mice with gene
knockouts or other genetic modifications.

It is well known that mouse cells can be immortalized
simply by continuous in vitro culture, for example, using the
so-called “3T3 protocol”. One widely exploited example of an
immortalized cell line is NIH3T3, which continues to be used
in a wide range of experiments. In contrast, it is not possible
to immortalize human somatic cells in a similar manner and
this difficulty gave rise to the widespread assumption that
it would not be possible to establish human ES cell lines.
However, in 1998, 17 years after the first establishment of
mouse ES cell lines, it was reported that human ES cell lines
could also be produced by continuous in vitro culture [4].

4. Therapeutic Cloning

The ability to reprogram mammalian somatic cells by
nuclear transfer and to establish human ES cell lines stim-
ulated medical scientists to investigate the creation of ES cell
lines using nuclear transfer as a potential means of achieving
“therapeutic cloning”. If this technology could be established
as a viable therapy, then patients who would benefit from
somatic cell transplantation could be treated with nuclear-
transferred ES cells produced using their own somatic cells,
which would avoid the possibility of transplant rejection as
the cells possess the same major histocompatibility (MHC)
antigens as host tissue.

Although an earlier report of successful therapeutic
cloning by a group in Korea proved false, it was recently
reported that primate ES cell lines have been established by
nuclear transfer technology [5]. Since unfertilized primate
eggs are much more fragile than those of rodents, it may
still take some time to establish the technology for use in
human therapeutic cloning. However, the prospect of using
such therapy no longer seems to be so distant.

5. A Search for Alternative Technologies to
Therapeutic Cloning

An important limitation to the use of therapeutic cloning
is that it requires unfertilized eggs. Human eggs are very
difficult to obtain, and, moreover, their use for this purpose
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also raises serious ethical issues. For these reasons, a search
has been initiated for alternative methodologies that avoid
nuclear transfer. One approach has been to search for factors
in unfertilized eggs that may be required for the repro-
gramming of transferred somatic nuclei. Another avenue
of research has been to elucidate which genes specifically
function in ES cells, since these genes may maintain the
undifferentiated state of ES cells, and thus might be able to
induce reprogramming of nuclei in terminally differentiated
somatic cells.

The research group led by Dr. Shinya Yamanaka reported
the first success in the latter approach. They were able
to induce differentiated mouse somatic cells to become
pluripotent stem cells by the application of four defined
factors [6]. The enforced expression of the transcription
factors Oct3/4, Sox2, Klf4, and c-Myc in terminally differ-
entiated somatic cells induced cellular reprogramming and
changed the cells into ES-like pluripotent stem cells. These
reprogrammed cells were named “induced pluripotent stem
(iPS) cells”. Subsequently, in the year after establishment of
human iPS cell lines was first reported, several other groups
also succeeded with this methodology [7-10]. Dr. Shinya
Yamanaka, who developed the method, was given the Albert
Lasker Basic Medical Research Award in 2009 together with
Dr. John Gurdon.

The mechanisms underlying the reprogramming of
terminally differentiated somatic cells following the enforced
expression of the four factors remain to be elucidated. It is
now known that expression of these factors after exogenous
introduction is completely suppressed in established iPS
cells. Thus, the factors seem to be required only for the repro-
gramming process but not for maintenance of pluripotency.
Regardless of the mechanisms involved, this discovery clearly
indicated that terminally differentiated somatic cells could
be reprogrammed without nuclear transfer into unfertilized
eggs and opened a new dawn for therapeutic cloning [11—
13].

6. Ex Vivo RBC Production from
Hematopoietic Stem/Progenitor Cells

The rapid progress relating to cell manipulation technology
described above prompted many scientists in various fields
to consider cell therapy using the cells produced and/or
manipulated ex vivo. The scientists in the field of hematology
are naturally aiming to produce the terminally differentiated
blood cells able to use in the clinic. RBC transfusion was
the first transplantation procedure to be established and is
now routine and indispensable for many clinical purposes.
However, in many countries, the supply of transfusable
materials is not always sufficient. In Japan, for example, the
supply of RBCs with an AB/RhD(—) phenotype is always
lacking, because individuals with this RBC phenotype are
rare. This problem of inequalities in the supply and demand
for RBCs has stimulated interest in the development of ex
vivo procedures for the generation of functional RBCs from
hematopoietic stem cells or progenitor cells.

The hematopoietic stem cells that are present in bone
marrow and umbilical cord blood are promising materials
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for ex vivo production of RBCs. In particular, umbilical cord
blood cells are readily available, as they are usually discarded.
Provided the mother of a neonate consents to use of the
umbilical cord, this material can provide a useful resource
without any further complicating critical or ethical concerns.

Neildez-Nguyen et al. reported that human erythroid
cells (nucleated cells) produced on a large scale ex vivo
could differentiate in vivo into enucleated RBCs [14]. They
developed a culture protocol to expand CD34" erythroid
progenitor cells based on a 3-step expansion of cells by
sequential supply of specific combinations of cytokines to
the culture medium [14]. This study demonstrated that ery-
throid progenitor cells produced ex vivo from hematopoietic
stem and/or progenitor cells could have a clinical application
as an alternative method for transfusing terminally differ-
entiated RBCs. Later, the same group described an ex vivo
methodology for producing fully mature human RBCs from
hematopoietic stem/progenitor cells [15]. The enucleated
RBCs produced by this approach are potentially even more
valuable, as they should be functional immediately after
transfusion without requiring time for enucleation as is
necessary with the erythroid cells.

7. Enucleation of Erythroid Progenitor Cells

The mechanism of erythroblast enucleation, a critical step
in RBC production, has not yet been fully elucidated
[16, 17]. The role of the interaction of erythroblasts with
other cells, such as macrophages, is a controversial topic in
this process [18—22]. Macrophages in retinoblastoma gene-
(Rb-) deficient embryos are unable to physically interact
with erythroblasts, and RBC production is impaired in
these embryos [21]. In addition, in vitro production of
enucleated RBCs from immature hematopoietic progenitor
cells proceeds efficiently in the presence [15] but not in the
absence [14] of feeder cells.

However, enucleation can apparently be initiated ex vivo
in erythroblasts that have been induced to differentiate in
vivo to a developmental stage that is competent for nuclear
self-extrusion [22, 23]. Consistent with these findings, our
group discovered a method to produce enucleated RBCs
efficiently ex vivo without use of feeder cells [24]. Our
system for expanding erythroid progenitor cells and inducing
efficient enucleation of those progenitor cells is shown in
Figure 1.

The method we developed included VEGF and IGF-
II in the culture medium [24]. These two factors have
been reported to promote the survival, proliferation, and/or
differentiation of hematopoietic progenitors [25-27]. Con-
sistent with these findings, these factors promoted the expan-
sion of erythroid progenitors [24]. However, a much more
important feature of our culture system is that it allowed
erythroid cells to differentiate to a developmental stage
competent for nuclear self-extrusion [24]. It has generally
been thought that efficient enucleation of erythroblasts is
largely dependent on signals mediated by cells in their
local environment [18-21]. However, the data we reported
demonstrate that the interaction of erythroblasts with other
cells is not necessary for efficient erythroblast enucleation
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FiGure 1: Culture protocol for the efficient production of enu-
cleated red blood cells without feeder cells from hematopoietic
stem/progenitor cells. Passage I~III are the steps to expand ery-
throid progenitor cells. Passage IV is the step to induce enucleation
of progenitor cells. SCF, stem cell factor; EPO, erythropoietin; IL-
3, interleukin-3. VEGE, vascular endothelial growth factor; IGF-
I1, insulin-like growth factor-Il; MAP, mixture of D-mannitol,
adenine, and disodium hydrogen phosphate dodecahydrate.

[24]. Signals mediated by humoral factors appear to be
sufficient for the efficient autonomous completion of ery-
throblast enucleation. In addition, since culture without the
use of feeder cells is technically easier and less expensive, the
method we developed has the potential to be a cost-effective
means of producing transfusable RBCs on a large scale from
immature hematopoietic stem/progenitor cells.

8. RBC Production from ES/iPS Cells

ES/iPS cells possess the potential to produce various differ-
entiated cells able to function in vivo, and thus represent
another promising resource for RBC production ex vivo.
Furthermore, since ES/iPS cell lines are immortalized, they
can be used repeatedly and have potential to produce abun-
dant differentiated cells in the quantities required for clinical
use. However, it will be important to carry out routing
screening of the ES/iPS cell lines for de novo chromosomal
aberrations and/or genetic mutations that may arise during
culture, before these long-term cell cultures are applied in
the clinic. Unsurprisingly, there is now a widespread and
enthusiastic debate on standardization of the characteristics
of ES/iPS cells for regenerative medicine protocols that
exploit these cell lines. In our opinion, since chromosomal
aberrations and genetic mutations are inevitable in long-
term cell cultures, only ES/iPS cell lines that have been
cultured for a limited period, for example, less than 30
passages, should be selected for clinical use.

Hematopoietic cells, including those in the erythroid
lineage, have been generated from mouse ES cells [28-31],
nonhuman primate ES cells [32-34], and human ES cells
[35—41]. Our group has also established a long term in vitro
method for culturing hematopoietic cells derived from ES
cells of the nonhuman primate, the cynomolgus monkey
[27]. Recently, abundant productions of mature RBCs from
human ES cells [42] and human iPS cells [43] were also
reported.



9. Establishment of Immortalized
Erythroid Progenitor Cell Lines Able to
Produce Enucleated RBCs

As described above, we can now produce mature RBCs
by in vitro culture of ES/iPS cells or the hematopoietic
stem/progenitor cells present in umbilical cord blood. In
practice, however, the efficiency of RBC generation varies
with the quality of the ES/iPS cell line, or the umbilical
cord blood sample. Since ES/iPS cell lines can be utilized
repeatedly, derivation of RBCs from ES/iPS cells appears to
be more practical. However, even with optimal experimental
procedures and the most appropriate ES/iPS cell line the
generation of abundant RBCs directly from ES/iPS cells is a
costly and time-consuming process. If immortalized human
erythroid progenitor cell lines can be established that have
efficient production of mature RBCs, they would provide a
much more useful resource than ES/iPS cell lines.

Several mouse and human erythroid cell lines have been
established. However, to the best of our knowledge, there is
no cell line that can efficiently differentiate into enucleated
RBCs. It is generally difficult to establish hematopoietic cell
lines from adult hematopoietic stem and progenitor cells,
as both are sensitive to DNA damage and are unable to
maintain the lengths of telomere repeats on serial passage
[43]. In contrast, ES cells are relatively resistant to DNA
damage and maintain telomere lengths on serial passage
[44]. Therefore, these characteristics of ES/iPS cells may
be advantageous for the establishment of cell lines, since
differentiated cells derived from ES/iPS cells may retain them.
In fact, an erythroid cell line has been established from in
vitro-differentiated GATA-1-deficient mouse ES cells [45].

Recently, we developed a robust method to obtain differ-
entiated cell lines following the induction of hematopoietic
differentiation of mouse ES cells (Figure 2) and established
five independent hematopoietic cell lines using this method
[46]. Three of these lines exhibited characteristics of ery-
throid cells, and they were designated mouse ES cell-derived
erythroid progenitor (MEDEP) cell lines. Although their
precise characteristics varied, each of the MEDEP lines
could differentiate in vitro into more mature erythroid cells,
including enucleated RBCs. Following transplantation into
mice suffering from acute anemia, MEDEP cells proliferated
transiently and subsequently differentiated into functional
RBCs. Treated mice showed a significant amelioration of
acute anemia. In addition, MEDEP cells did not form tumors
following transplantation into mice. This paper was the first
to demonstrate the feasibility of establishing immortalized
erythroid cell lines able to produce mature RBCs.

After the work above, we have continuously cultured
the established MEDEP cell lines so as to observe whether
the characteristics of them were stable. After long-term
cultures for more than one and a half year, all MEDEP cell
lines maintained the characteristics able to differentiate into
mature erythroid cells producing hemoglobin abundantly
(Figure 3). Of note, the characteristics of one of the MEDEP
cell lines, MEDEP-BRC5, have changed to that able to
produce enucleated RBCs very efficiently; that is, more
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Embryonic stem cells

Phase I: Feeder cells (OP9), VEGF and IGF-II
culture for 4 days

Phase II: Feeder cells (OP9), SCF, EPO, IL-3 and dexamethasone
culture for approximately 2 months
Phase III: SCE, EPO, IL-3 and dexamethasone
culture in the absence of feeder cells

Phase IV: Essential factor(s) alone
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FIGURE 2: Culture protocol to establish erythroid progenitor cell
lines from embryonic stem cells. In most cases, the cells failed to
proliferate within two months of the initial induction of differentia-
tion from ES cells. Induced cells that could proliferate continuously
for approximately two months (60 days) were subsequently cultured
in the absence of OP9 cells and in the presence of hematopoietic
humoral factors. Cells that could proliferate in the absence of
OP9 cells were cultured further. Approximately four months after
the initial induction of differentiation of the cells, we evaluated
the factors that were essential for the proliferation of each cell
line. VEGF, vascular endothelial growth factor; IGF-II, insulin-like
growth factor-II; SCF, stem cell factor; EPO, erythropoietin; IL-3,
interleukin-3.
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FiGURE 3: In vitro differentiation of a MEDEP cell line, MEDEP-
BRC5. MEDEP-BRCS5 cells cultured continuously for more than
one and a half year was analyzed. The in vitro differentiation
of MEDEP-BRC5 was performed by culture for four days after
deprivation of stem cell factor and addition of erythropoietin. (a)
Cell pellets before and after in vitro differentiation. Red cell pellet
indicates abundant hemoglobin production in the cells. (b) Flow
cytometric analyses. Before and After, the cells before and after
in vitro differentiation; CD71, transferrin receptor; TER119, a cell
surface antigen specific for mature erythroid cells.
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FIGURE 4: In vitro enucleation of a MEDEP cell line, MEDEP-BRCS5. The in vitro differentiation of MEDEP-BRC5 was performed as described
in Figure 3. (A) Flow cytometric analyses. Before and After, the cells before and after in vitro differentiation. Percentages of propidium
iodide-negative viable cells are shown. TER119, see Figure 3. SYTO16, a cell membrane-permeable fluorochrome dye to stain nucleic acids.
Following in vitro differentiation, 52% of the cells were TER119-positive and SYTO16-negative cells, that is, the cells lacking nuclei. (B)

Morphology of cells collected from the a, b, and ¢ fractions shown in (A). Scale bars indicate 20 ym.

than 50% of the cells were the enucleated RBCs following
the induction of differentiation into mature erythroid cells
(Figure 4). This result demonstrates that the interaction of
erythroid progenitor cells with other cells is not necessary
for efficient enucleation.

At present, the mechanism underlying the establishment
of differentiated cell lines from ES cells has not been elu-
cidated. Nevertheless, the data we reported clearly indicate
that useful erythroid cell lines can be reproducibly obtained
from mouse ES cells. Given that differentiation strategies
developed for mouse ES cells often differ from those applied
to human ES cells [47], the method we developed [46] may
not be directly applicable to human ES cells and will require
some modification.

10. iPS Cells as a Source for
Establishing Immortalized Erythroid
Progenitor Cell Lines

To establish the MEDEP cell lines, we screened eight types
of mouse ES cell line and succeeded in establishing MEDEP
cell lines from three of these [46]. By extrapolation from
this result, it may be that many more human ES cell
lines than currently available worldwide will be necessary
to establish usable erythroid cell lines. In this context, the
establishment of human iPS cell lines [7-10] should help
to solve the problem of a potential shortfall, since human
iPS cells have very similar characteristics as human ES
cells.



Therefore, we attempted to establish human iPS cell
lines and were able to establish a number of human iPS
cell lines using fibroblast-like cells derived from neonatal
tissues [48]. Fortunately, we were able to induce abundant
numbers of hematopoietic cells from some of these iPS cell
lines and also to establish immortalized hematopoietic cell
lines from the induced hematopoietic cells (unpublished
results). Currently, we are investigating the characteristics of
these immortalized hematopoietic cell lines. Some seem to
be erythroid cell lines.

11. Clinical Application of Erythroid
Progenitor Cell Lines

We reported that MEDEP cells did not exhibit tumorigenic-
ity in vivo [46]. Nevertheless, the tumorigenic potential of
any human erythroid cell line will need to be thoroughly
analyzed prior to clinical use [49, 50]. In addition, it may
be advisable to engineer these cells in such a way that they
are eliminated if a malignant phenotype arises for any reason
[51].

Alternatively, the use of terminally differentiated cells
that no longer have the capability of proliferating should
allow clinical applications of ES/iPS cell derivatives without
the associated risk of tumorigenicity. Thus, for example,
RBC:s lack nuclei following terminal differentiation and are
highly unlikely to exhibit tumorigenicity in vivo. As such,
even if the original ES/iPS cells and/or their derivatives
possessed abnormal karyotypes and/or genetic mutations,
they might, nonetheless, be useful for clinical applications,
provided that they can produce enucleated RBCs. Indeed,
the MEDEP lines included many cells possessing abnormal
karyotypes; however, the vast majority of the cells in each cell
line, nevertheless, differentiated into mature erythroid cells
and transplantation of these cells significantly ameliorated
anemia [46].

As described in this paper, various methods have been
developed that enable the ex vivo production of enucleated
RBCs from human hematopoietic stem/progenitor cells [14,
15, 24] and ES/iPS cells [42, 43]. Therefore, once appropriate
erythroid progenitor cell lines have been established, it
should be possible to apply these methods for producing
enucleated RBCs ex vivo. Since RBCs are much smaller than
normal nucleated cells, RBCs produced ex vivo could be
selected by size prior to use in the clinic so as to exclude
nucleated cells, for example, by filtration. In addition, X-ray
irradiation might be useful for eradicating any contaminat-
ing nucleated cells without affecting the RBCs.

Another potential obstacle to the clinical use of ES/iPS
cell derivatives is that of immunogenicity [52, 53]. Trans-
planted MEDEP cells could not ameliorate acute anemia
in mouse strains other than those from which each indi-
vidual cell line was derived or in immunodeficient mice
[46], suggesting immunological rejection in heterologous
strains. Hence, the clinical application of erythroid cell lines
will require use of many cell lines that express different
major histocompatibility (MHC) antigens. However, ex vivo-
generated RBCs need to be compatible with ABO and
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RhD antigens alone. Furthermore, the establishment of an
immortalized human erythroid cell line lacking the genes
to produce A, B, and RhD antigens would be a very
useful resource for clinical application, since such a cell line
would produce O/RhD(—) RBCs, which would, in theory, be
transfusable into all individuals.

12. Conclusions

It is now highly likely that immortalized human erythroid
progenitor cell lines able to produce enucleated RBCs can be
established in the near future. We believe that the transfusion
of RBCs produced ex vivo from such cell lines will become a
standard procedure in the clinic.

References

[1] J. B. Gurdon, “Adult frogs derived from the nuclei of single
somatic cells,” Developmental Biology, vol. 4, no. 2, pp. 256—
273,1962.

[2] 1. Wilmut, A. E. Schnieke, J. McWhir, A. J. Kind, and K. H.
S. Campbell, “Viable offspring derived from fetal and adult
mammalian cells,” Nature, vol. 385, no. 6619, pp. 810-813,
1997.

[3] M. J. Evans and M. H. Kaufman, “Establishment in culture
of pluripotential cells from mouse embryos,” Nature, vol. 292,
no. 5819, pp. 154-156, 1981.

[4] J. A. Thomson, J. Itskovitz-Eldor, S. S. Shapiro et al., “Embry-
onic stem cell lines derived from human blastocysts,” Science,
vol. 282, no. 5391, pp. 1145-1147, 1998.

[5] J. A. Byrne, D. A. Pedersen, L. L. Clepper et al., “Producing
primate embryonic stem cells by somatic cell nuclear transfer,”
Nature, vol. 450, no. 7169, pp. 497-502, 2007.

[6] K. Takahashiand S. Yamanaka, “Induction of pluripotent stem
cells from mouse embryonic and adult fibroblast cultures by
defined factors,” Cell, vol. 126, no. 4, pp. 663-676, 2006.

[7] K. Takahashi, K. Tanabe, M. Ohnuki et al., “Induction of
pluripotent stem cells from adult human fibroblasts by defined
factors,” Cell, vol. 131, no. 5, pp. 861-872, 2007.

[8] M. Wernig, A. Meissner, R. Foreman et al., “In vitro repro-
gramming of fibroblasts into a pluripotent ES-cell-like state,”
Nature, vol. 448, no. 7151, pp. 318-324, 2007.

[9] J. Yu, M. A. Vodyanik, K. Smuga-Otto et al., “Induced
pluripotent stem cell lines derived from human somatic cells,”
Science, vol. 318, no. 5858, pp. 1917-1920, 2007.

[10] I. H. Park, R. Zhao, J. A. West et al., “Reprogramming of
human somatic cells to pluripotency with defined factors,”
Nature, vol. 451, no. 7175, pp. 141-146, 2008.

[11] R. Zhao and G. Q. Daley, “From fibroblasts to iPS cells:
induced pluripotency by defined factors,” Journal of Cellular
Biochemistry, vol. 105, no. 4, pp. 949-955, 2008.

[12] J. C. I. Belmonte, J. Ellis, K. Hochedlinger, and S. Yamanaka,
“Induced pluripotent stem cells and reprogramming: seeing
the science through the hype,” Nature Reviews Genetics, vol.
10, no. 12, pp. 878883, 2009.

[13] L. U. W. Miiller, G. Q. Daley, and D. A. Williams, “Upping
the ante: recent advances in direct reprogramming,” Molecular
Therapy, vol. 17, no. 6, pp. 947-953, 2009.

[14] T. M. A. Neildez-Nguyen, H. Wajcman, M. C. Marden et
al., “Human erythroid cells produced ex vivo at large scale
differentiate into red blood cells in vivo,” Nature Biotechnology,
vol. 20, no. 5, pp. 467-472, 2002.



Stem Cells International

[15] M. C. Giarratana, L. Kobari, H. Lapillonne et al., “Ex vivo
generation of fully mature human red blood cells from
hematopoietic stem cells,” Nature Biotechnology, vol. 23, no.
1, pp. 69-74, 2005.

[16] J. C. M. Lee, J. A. Gimm, A. J. Lo et al., “Mechanism of protein
sorting during erythroblast enucleation: role of cytoskeletal
connectivity,” Blood, vol. 103, no. 5, pp. 1912-1919, 2004.

[17] P.D. Kingsley, J. Malik, K. A. Fantauzzo, and J. Palis, “Yolk sac-
derived primitive erythroblasts enucleate during mammalian
embryogenesis,” Blood, vol. 104, no. 1, pp. 19-25, 2004.

[18] O. Ohneda and V. L. Bautch, “Murine endothelial cells
support fetal liver erythropoiesis and myelopoiesis via distinct
interactions,” British Journal of Haematology, vol. 98, no. 4, pp.
798-808, 1997.

[19] N. Yanai, Y. Sato, and M. Obinata, “A new type-II membrane
protein in erythropoietic organs enhances erythropoiesis,”
Leukemia, vol. 11, no. 3, pp. 484-485, 1997.

[20] M. Hanspal, Y. Smockova, and Q. Uong, “Molecular identifi-
cation and functional characterization of a novel protein that
mediates the attachment of erythroblasts to macrophages,”
Blood, vol. 92, no. 8, pp. 2940-2950, 1998.

[21] A.Tavarone, E. R. King, X. M. Dai, G. Leone, E. R. Stanley, and
A. Lasorella, “Retinoblastoma promotes definitive erythro-
poiesis by repressing Id2 in fetal liver macrophages,” Nature,
vol. 432, no. 7020, pp. 1040-1045, 2004.

[22] B. T. Spike, A. Dirlam, B. C. Dibling et al., “The Rb
tumor suppressor is required for stress erythropoiesis,” EMBO
Journal, vol. 23, no. 21, pp. 4319-4329, 2004.

[23] H. Yoshida, K. Kawane, M. Koike, Y. Mori, Y. Uchiyama,

and S. Nagata, “Phosphatidylserine-dependent engulfment by

macrophages of nuclei from erythroid precursor cells,” Nature,

vol. 437, no. 7059, pp. 754-758, 2005.

K. Miharada, T. Hiroyama, K. Sudo, T. Nagasawa, and Y. Naka-

mura, “Efficient enucleation of erythroblasts differentiated in

vitro from hematopoietic stem and progenitor cells,” Nature

Biotechnology, vol. 24, no. 10, pp. 1255-1256, 2006.

[25] H.P. Gerber and N. Ferrara, “The role of VEGF in normal and
neoplastic hematopoiesis,” Journal of Molecular Medicine, vol.
81, no. 1, pp. 20-31, 2003.

[26] C. C. Zhang and H. F. Lodish, “Insulin-like growth factor 2
expressed in a novel fetal liver cell population is a growth
factor for hematopoietic stem cells,” Blood, vol. 103, no. 7, pp.
2513-2521, 2004.

[27] T. Hiroyama, K. Miharada, N. Aoki et al., “Long-lasting in
vitro hematopoiesis derived from primate embryonic stem
cells;,” Experimental Hematology, vol. 34, no. 6, pp. 760-769,
2006.

[28] G. Keller, M. Kennedy, T. Papayannopoulou, and M. V. Wiles,
“Hematopoietic commitment during embryonic stem cell
differentiation in culture,” Molecular and Cellular Biology, vol.
13, no. 1, pp. 473—-486, 1993.

[29] T. Nakano, H. Kodama, and T. Honjo, “Generation of
lymphohematopoietic cells from embryonic stem cells in
culture,” Science, vol. 265, no. 5175, pp. 1098-1101, 1994.

[30] T. Nakano, H. Kodama, and T. Honjo, “In vitro development

of primitive and definitive erythrocytes from different precur-

sors,” Science, vol. 272, no. 5262, pp. 722-724, 1996.

S. Carotta, S. Pilat, A. Mairhofer et al., “Directed differentia-

tion and mass cultivation of pure erythroid progenitors from

mouse embryonic stem cells,” Blood, vol. 104, no. 6, pp. 1873—

1880, 2004.

[24

(31

(32]

(33]

[39]

[40]

(46]

(47]

E Li, S. Lu, L. Vida, J. A. Thomson, and G. R. Honig, “Bone
morphogenetic protein 4 induces efficient hematopoietic
differentiation of rhesus monkey embryonic stem cells in
vitro,” Blood, vol. 98, no. 2, pp. 335-342, 2001.

K. Umeda, T. Heike, M. Yoshimoto et al., “Development
of primitive and definitive hematopoiesis from non-human
primate embryonic stem cells in vitro,” Development, vol. 131,
no. 8, pp. 1869-1879, 2004.

R. Kurita, E. Sasaki, T. Yokoo et al., “Tal1/Scl gene transduction
using a lentiviral vector stimulates highly efficient hematopoi-
etic cell differentiation from common marmoset (Callithrix
jacchus) embryonic stem cells,” Stem Cells, vol. 24, no. 9, pp.
2014-2022, 2006.

D. S. Kaufman, E. T. Hanson, R. L. Lewis, R. Auerbach, and
J. A. Thomson, “Hematopoietic colony-forming cells derived
from human embryonic stem cells,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 98, no.
19, pp. 10716-10721, 2001.

K. Chadwick, L. Wang, L. Li et al., “Cytokines and BMP-4
promote hematopoietic differentiation of human embryonic
stem cells,” Blood, vol. 102, no. 3, pp. 906-915, 2003.

C. Cerdan, A. Rouleau, and M. Bhatia, “VEGF-A augments
erythropoietic development from human embryonic stem
cells,” Blood, vol. 103, no. 7, pp. 2504-2512, 2004.

M. A. Vodyanik, J. A. Bork, J. A. Thomson, and I. I. Slukvin,
“Human embryonic stem cell-derived CD34 cells: efficient
production in the coculture with OP9 stromal cells and
analysis of lymphohematopoietic potential,” Blood, vol. 105,
no. 2, pp. 617-626, 2005.

L. Wang, P. Menendez, C. Cerdan, and M. Bhatia, “Hemato-
poietic development from human embryonic stem cell lines,”
Experimental Hematology, vol. 33, no. 9, pp. 987-996, 2005.
L. Wang, P. Menendez, E Shojaei et al, “Generation of
hematopoietic repopulating cells from human embryonic
stem cells independent of ectopic HOXB4 expression,” Journal
of Experimental Medicine, vol. 201, no. 10, pp. 1603-1614,
2005.

E. N. Olivier, C. Qiu, M. Velho, R. E. Hirsch, and E.
E. Bouhassira, “Large-scale production of embryonic red
blood cells from human embryonic stem cells,” Experimental
Hematology, vol. 34, no. 12, pp. 1635-1642, 2006.

S. J. Lu, Q. Feng, J. S. Park et al., “Biologic properties and
enucleation of red blood cells from human embryonic stem
cells,” Blood, vol. 112, no. 12, pp. 4475-4484, 2008.

H. Lapillonne, L. Kobari, C. Mazurier et al., “Red blood
cell generation from human induced pluripotent stem cells:
perspectives for transfusion medicine,” Haematologica, vol. 95,
no. 10, pp. 1651-1659, 2010.

P. M. Lansdorp, “Role of telomerase in hematopoietic stem
cells,” Annals of the New York Academy of Sciences, vol. 1044,
pp. 220-227, 2005.

M. J. Weiss, C. Yu, and S. H. Orkin, “Erythroid-cell-specific
properties of transcription factor GATA-1 revealed by phe-
notypic rescue of a gene-targeted cell line,” Molecular and
Cellular Biology, vol. 17, no. 3, pp. 1642-1651, 1997.

T. Hiroyama, K. Miharada, K. Sudo, I. Danjo, N. Aoki,
and Y. Nakamura, “Establishment of mouse embryonic stem
cell-derived erythroid progenitor cell lines able to produce
functional red blood cells,” PLoS ONE, vol. 3, no. 2, Article
ID e1544, 2008.

B. E. Reubinoff, M. E. Pera, C. Y. Fong, A. Trounson, and A.
Bongso, “Embryonic stem cell lines from human blastocysts:
somatic differentiation in vitro,” Nature Biotechnology, vol. 18,
no. 4, pp. 399-404, 2000.



(48]

[49

[50]

T. Fujioka, N. Shimizu, K. Yoshino, H. Miyoshi, and Y.
Nakamura, “Establishment of induced pluripotent stem cells
from human neonatal tissues,” Human Cell, vol. 23, no. 3, pp.
113-118, 2010.

G. Vogel, “Ready or not? Human ES cells head toward the
clinic,” Science, vol. 308, pp. 1534—1538, 2005.

H. Hentze, R. Graichen, and A. Colman, “Cell therapy and
the safety of embryonic stem cell-derived grafts,” Trends in
Biotechnology, vol. 25, no. 1, pp. 24-32, 2007.

M. Schuldiner, J. Itskovitz-Eldor, and N. Benvenisty, “Selective
ablation of human embryonic stem cells expressing a ”suicide”
gene,” Stem Cells, vol. 21, no. 3, pp. 257-265, 2003.

M. Drukker and N. Benvenisty, “The immunogenicity of
human embryonic stem-derived cells,” Trends in Biotechnol-
ogy, vol. 22, no. 3, pp. 136-141, 2004.

A. S. Boyd, Y. Higashi, and K. J. Wood, “Transplanting stem
cells: potential targets for immune attack. Modulating the
immune response against embryonic stem cell transplanta-
tion,” Advanced Drug Delivery Reviews, vol. 57, no. 13, pp.
1944-1969, 2005.

Stem Cells International



	Introduction
	Discovery of Plasticity in TerminallyDifferentiated Cells
	Immortalization of ES Cells
	Therapeutic Cloning
	A Search for Alternative Technologies toTherapeutic Cloning
	Ex Vivo RBC Production fromHematopoietic Stem/Progenitor Cells
	Enucleation of Erythroid Progenitor Cells
	RBC Production from ES/iPS Cells
	Establishment of ImmortalizedErythroid Progenitor Cell Lines Able toProduce Enucleated RBCs
	iPS Cells as a Source forEstablishing Immortalized Erythroid Progenitor Cell Lines
	Clinical Application of ErythroidProgenitor Cell Lines
	Conclusions
	References

