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There is a constant shortage of red blood cells (RBCs) 
from sufficiently matched donors for patients who need 
chronic transfusion. Ex vivo expansion and maturation 
of human erythroid precursors (erythroblasts) from the 
patients or optimally matched donors could represent 
a potential solution. Proliferating erythroblasts can be 
expanded from umbilical cord blood mononuclear cells 
(CB MNCs) ex vivo for 106–107-fold (in ~50 days) before 
proliferation arrest and reaching sufficient number for 
broad application. Here, we report that ectopic expres-
sion of three genetic factors (Sox2, c-Myc, and an shRNA 
against TP53 gene) associated with iPSC derivation 
enables CB-derived erythroblasts to undergo extended 
expansion (~1068-fold in ~12 months) in a serum-free 
culture condition without change of cell identity or func-
tion. These expanding erythroblasts maintain immature 
erythroblast phenotypes and morphology, a normal 
diploid karyotype and dependence on a specific com-
bination of growth factors for proliferation throughout 
expansion period. When being switched to a terminal 
differentiation condition, these immortalized erythro-
blasts gradually exit cell cycle, decrease cell size, accu-
mulate hemoglobin, condense nuclei and eventually 
give rise to enucleated hemoglobin-containing erythro-
cytes that can bind and release oxygen. Our result may 
ultimately lead to an alternative approach to generate 
unlimited numbers of RBCs for personalized transfusion 
medicine.
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INTRODUCTION
The transfusion of red blood cells (RBCs) is the first documented 
form of cell therapy, practiced for over 100 years. Recently, labora-
tory generation of cultured RBCs (cRBCs) for transfusion has been 
investigated in order to help overcome limitations of donation-
based systems.1–3 Many anemia patients need frequent transfusion 

of RBC concentrates from best matched donors, which are dif-
ficult to find. Transfusion of RBCs from various donors overtime 
leads to development of alloimmunization. If are newable source 
of cRBCs derived from autologous or optimally matched donors 
can be established, it will greatly enhance the quality of life and 
lifespan of these patients. It is now possible to generate enough 
RBCs for in vivo studies from adult hematopoietic stem/progeni-
tor cells (HSPCs).4 HSPC-derived RBCs equal to one tenth of the 
cells in an RBC transfusion unit (containing ~2 × 1012 RBCs) were 
manufactured and tested in a person.4 In addition, recent studies 
using small-scale expansion suggested that it could be possible to 
generate 10–500 units from the HSPCs in one unit of umbilical 
cord blood (CB),5,6 even though RBCs within the CB (normally 
<150–200 ml) would not be enough for transfusion. Even with 
this theoretical upper-limit for possible expansion, the current 
protocol does not allow for the generation of sufficient RBCs ex 
vivo for transfusion-dependent patients who need repeated trans-
fusion of 1–4 units every 2–4 weeks. One potential approach is to 
first establish a renewable cell source, such as induced pluripo-
tent stem cells (iPSCs) from donors. Although human iPSCs can 
be reprogrammed from adult somatic cells and expanded ex vivo 
unlimitedly as embryonic stem cells (ESCs),7–9 their maintenance, 
direct differentiation to erythroid lineage, and terminal differen-
tiation remain inefficient.10–12 While we and others are continuing 
to improve this approach, we are also exploring other means to 
obtain erythroid precursors that can be expanded vastly for the 
purpose of generating large numbers of cRBCs for transfusion.

Definitive erythropoiesis occurs primarily in the fetal liver 
and postnatal bone marrow in mammals and is characterized by 
three distinct stages.13,14 The first stage consists of differentiation of 
HSPCs to erythroid progenitors. The earliest erythroid-restricted 
progenitor is the burst-forming unit erythroid (BFU-E) that gives 
rise to colony-forming unit erythroid (CFU-E). The second stage 
consists of morphologically recognizable erythroblasts that prog-
ress from pro-erythroblast to basophilic, polychromatophilic, and 
orthochromatic erythroblasts. During this stage, erythroblasts 
accumulate hemoglobin, expand cell numbers by limited (~3–4) 
cell divisions, decrease cell size, condense nuclei, and enucleate 
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to form young RBCs (reticulocytes). The third stage consists of 
reticulocyte maturation and RBC circulation. Mature RBCs enter 
the blood stream and circulate for 120 days in humans before 
being cleared.

Numerous investigators have tried to establish erythroid pro-
genitor/precursor cell lines from primary human blood cells with 
genetic modifications.15 Most of these genetically immortalized 
erythroid cell lines are of leukemic cell origin or transformed by 
in vitro genetic manipulation, and thus have defects on terminal 
differentiation and maturation, rendering them unsuitable for 
clinical application.16–18 Recently, mouse erythroblast lines have 
been established from in vitro differentiated ESCs or early mouse 
embryos that have normal in vitro or in vivo terminal maturation 
capabilities.19–21 These new findings suggest that embryonic stage 
erythroblasts process much higher proliferative or self-renewal 
capabilities than postnatal counterparts.

Adult somatic cells can be reverted to embryonic-like states, 
best exemplified by the iPSC technology.22 Recently, several stud-
ies reported that the original Yamanaka reprogramming fac-
tors (Oct4, Sox2, Klf4, and Myc), which are first used to convert 
somatic cells into iPSCs, can also convert fibroblasts to cardio-
myocytes or neural progenitors under culture conditions favoring 
the growth of the new cell types.23,24 It is suggested that the forced 
expression of the reprogramming factors may induce an epigenet-
ically unstable state of the cells, which can then adopt a different 
stable cell fate under specific culture conditions.23 These findings 
led us to hypothesize that postnatal erythroblasts with limited ex 
vivo expansion potential may be reprogrammed or converted into 
embryonic-like erythroblasts with extensive ex vivo expansion 
potential by forced expression of one or more reprogramming 
factors, followed by an optimal erythroblast expansion condition 
(instead of the ESC culture condition for iPSC derivation).

Here, we demonstrate that primary human CB-derived eryth-
roblasts with short-term ex vivo expansion potential can be repro-
grammed or induced to become erythroblasts with long-term 
extensive ex vivo expansion potential by ectopic expression of 3 to 
4 genetic factors. Despite prolonged ex vivo culture (>12 months), 
these immortalized/induced erythroblasts (iE) are karyotypi-
cally and phenotypically normal, remain dependent on a com-
bination of cytokines and hormone for survival and expansion. 
Most importantly, they preserve the capability to differentiate into 
functional enucleated and hemoglobinized erythrocytes in vitro 
after extended expansion in a defined serum-free condition. This 
method may eventually create unlimited sources of optimally 
matched cRBCs for transfusion medicine.

RESULTS
Expansion of primary erythroblasts established from 
human CB mononuclear cells is limited
To establish a primary culture of erythroblasts from unfraction-
ated CB mononuclear cells (CB MNCs), we used a serum-free 
culture condition adapted from published reports.25,26 CB MNCs 
were seeded in a serum-free medium supplemented with cyto-
kines (SCF, Epo, IL-3, and IGF-I) and a hormone (a synthetic glu-
cocorticoid Dexamethasone or Dex). The cell number decreased 
in the first 5 days, likely due to cell death of lymphocytes and other 
myeloid cells. The cell number started increasing exponentially 

afterward (Figure 1a). After 2–5 weeks of expansion, nearly all 
the cells express early erythroid progenitor/precursor cell markers 
CD36 and CD45. About 70% of them coexpress erythroid specific 
marker glycophorin A (CD235a), consistent with the pro- and 
basophilic-erythroblast morphology (Figure 1b,c). A majority 
of the cells express low level of intracellular fetal hemoglonbin 
(HbF), which can be detected by FACS but not by lower sensitivity 
benzidine staining on cytospin slides (Figure 1b,c), as expected 
from the original neonatal CB sample and “stressed” erythro-
poiesis mimicked by the culture condition that upregulates fetal 
hemoglobin expression. These ex vivo-expanded cells are also 
relatively enriched for colony-forming unit-erythroid (CFU-E) 
progenitors (Figure 1d) compared to the starting population 
(CB MNCs). We previously used these proliferating erythroblasts 
(days 7–21 in culture) to derive human induced pluripotent stem 
cells (iPSCs).9 These primary erythroblasts can only proliferate ex 
vivo for about 1 month to reach 0.5–10 × 106-fold expansion (var-
ied among CB donors) (Figure 1a). This limitation has prompted 
us to devise approaches of enhancing erythroblast ex vivo expan-
sion by defined genetic factors, such as those used in reprogram-
ming them to iPSCs, which have unlimited self-renewal capacity.

Extensive ex vivo expansion of human erythroblasts 
after ectopic expression of reprogramming factors in 
CB-derived primary erythroblasts
The proliferating primary erythroblasts established from CB 
MNCs (~day 19 of expansion) were transduced with retroviral 
vectors for self-renewal reprogramming. Initial candidate factors 
included Oct4 (O), Sox2 (S), Klf4 (K), c-Myc (M) transgenes and 
anshRNA (P) against human TP53 gene. The four transgenes in 
the vectors we used happen to be mouse cDNAs in origin, which 
are highly similar to human orthologs and equally functional in 
human cells.27 Cultured expanded erythroblasts were transduced 
with all five factors together (OSKMP), combinations of four 
factors, or a green fluorescent protein control (Supplementary 
Figure S1). After gene transduction, we continued to culture 
transduced cells in the same erythroblast expansion medium. 
Only the cells transduced with all five factors (OSKMP) or a 
combination of four factors (SKMP) maintained proliferation 
for additional 60 days. The cells transduced with OSKMP then 
became adherent cells with non-erythroid phenotypes (data 
not shown) after >100 days of expansion (iE1; Figure 2a and 
Supplementary Table S1). The cells transduced with SKMP 
showed the fastest growth rate and highest expansion potential: 
up to 1068-fold in about 12 months and remaining in suspension 
culture throughout the whole expansion period (named as iE2; 
Figure 2a). All other four-factor combinations and the green flu-
orescent protein control did not induce extensive expansion, sug-
gesting the induced expansion is dependent on specific genetic 
factors. Our data suggest that OCT4 transgene is not necessary 
or even inhibitory to the induced erythroblast immortalization. 
To further delineate the essential genetic factors, we eliminated 
single factors from the SKMP 4-factor combination. Our data 
showed that three factors, Sox2, c-Myc, and p53shRNA (SMP, 
named iE3), are essential and sufficient for derivation of immor-
talized erythroblasts (iE) from CB, while Klf4 transgene is not 
required (Figure 2b).
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We further characterized iE cell lines after reprogramming 
and expansion for ≥50 days, especially the iE2 line derived 
by SKMP 4-factor combination that expanded longest (>12 
months). Cell surface marker expressions of iE2 cells were ana-
lyzed by flow cytometry at various time points (days 50, 84, 103, 
185, and 264) of expansion. The iE2 cells maintained imma-
ture erythroblast phenotype (CD45+CD36+CD235a+) in near 
100% of the cells throughout the expansion period (Figure 2c, 
Supplementary Figure S2a). The iE2 cells lacked multipotent 
HSPC marker (CD34), other myeloid (CD14 and CD15) or lym-
phoid (CD3 and CD19) markers (Figure 2c, Supplementary 
Figure S2a,b). To further substantiate their erythroid cell 
identity, we showed that nearly all iE2 cells express intracel-
lular fetal hemoglobin protein (HbF) at various time points 
of expansion similar to primary CB erythroblasts (Figures 1c 
and 2c), although the HbF level decreases slightly at later days 
of expansion (>180 days) (Figure 2c). We also examined iE2 cell 

morphology at different time points of expansion by Wright-
Giemsa and benzidine staining. As shown in Figure 2d, the cells 
in the iE2 culture morphologically resemble proerythroblasts or 
basophilic erythroblasts with large cell sizes (22.2 ± 0.7 µm, n = 
25), large nuclei and basophilic cytoplasm.21 They are benzidine 
negative, probably due to the low level of hemoglobin in the 
cells, below the detection by benzidine staining. Using the stan-
dard hematopoietic colony-forming assay in the methylcellulose 
culture system with multi-lineage hematopoietic cytokines (SCF, 
Epo, IL-3, and GM-CSF) and fetal bovine serum (FBS), we did 
not detect typical hematopoietic colonies such as BFU-E, CFU-
E, or myeloid CFUs, except some small cell clusters, suggesting 
that these iE2 cells are composed of erythroid precursor cells 
(proerythroblasts and basophilic erythroblasts). Under an FBS-
free methylcellulose culture supplemented with iE expansion 
cytokines (SCF, Epo, IL-3, IGF-1, and Dex), iE2 cells form colo-
nies at about 16% efficiency. The other iE cells also maintained 

Figure 1  Short-term expansion of primary erythroblasts derived from unfractionated human cord blood mononuclear cells (CB MNCs) in 
a serum-free culture condition. (a) Growth curves of erythroblast expansion cultures started with unfractionated CB MNCs in serum-free medium 
supplemented with SCF, IL-3, IGF-1, EPO, and Dexamethasone. Two curves represent two different CB donors. (b) Morphology of day 19 primary 
erythroblast expansion culture from CB MNCs after Wright-Giemsa and Benzidine staining. Majority of the cells have pro-erythroblast or basophilic-
erythroblast morphology and are benzidine negative. Scale bar: 10 µm. (c) FACS analysis of cell surface markers and intracellular hemoglobin expres-
sion phenotypes of day 19 primary erythroblast expansion culture from CB MNCs. (d) Colony-forming unit (CFU) types and numbers of 10,000 
primary culture cells at day 19 erythroblast expansion culture from CB MNCs. No myeloid CFUs and few burst-forming unit erythroid (BFU-E) colonies 
were observed. Approximately 4.5% of culture cells are CFU-E. ND: not detectable.

0
1 × 10−1

1 × 101

1 × 103

1 × 105

F
ol

d 
ex

pa
ns

io
n 

(lo
g 

sc
al

e) 1 × 107

20 40

Days of expansion culture

60 80
0

BFU-E CFU-E CFU-M/G/Mix

Non
detectable

100

200

C
ol

on
ie

s/
10

,0
00

 in
pu

t c
el

ls

300

400

500
Day 19 of expansion culture Day 19 of expansion culturea b

c

d

76.3

80.9

CD235a FITC

CD235a FITC

17.0

17.7

60.6

26.7

HbF FITC

74.1

73.1

C
D

36
 P

E
C

D
45

 A
P

C

m
Ig

G
 A

P
C

H
bA

 P
E

m
Ig

G
1 

P
E

Isotype

CD235a FITC

CD235a FITCmIgG FITC

24.0

25.7

97.1

2.89

Isotype

mIgG FITC

m
Ig

G
 P

E

HbF FITCmIgG1 FITC

Day 19

C
D

36
 P

E
C

D
45

 A
P

C
H

bA
 P

E

Day 39

Isotype

98.8

100

100

1

4

Molecular Therapy vol. 22 no. 2 feb. 2014 453



© The American Society of Gene & Cell Therapy
Ex vivo Extensive Expansion of Human Erythroblasts

immature erythroblast phenotype and morphology during the 
long-term expansion (Supplementary Figure S3). We have 
derived four iE cell lines (iE2, iE3, iE4, and iE5) using SMP or 
SKMP combinations of genetic factors from two different CB 

donors and one unstable cell line (iE1) with five genetic fac-
tors (OSKMP) (Supplementary Table S1). The true iE cell lines 
(iE2, iE3, iE4 and iE5) all showed similar growth and phenotypic 
properties (Figure 2a–c, Supplementary Figure S3). Among 

Figure 2  Extensive ex vivo expansion of human erythroblasts after ectopic expression of genetic factors in cord blood (CB)-derived primary 
erythroblasts. (a) Growth curves of human erythroblasts after retrovirus transduction with different combinations of genetic factors in day 19 CB 
primary erythroblasts. O: Oct4, S: Sox2, K: Klf4, M: c-Myc, P: p53shRNA, and green fluorescent protein (GFP). (b) Independent experiment showing 
growth curves of human erythroblasts after retrovirus transduction with different combinations of four and three genetic factors to further narrow 
down essential factors. (c) FACS analysis of cell surface markers and intracellular hemoglobin protein expression of iE2 cells at day 50, 84, 110, 127, 
and 185 of expansion culture. (d) Cell morphology in suspension culture well (left) or cytospin by Wright-Giemsa and benzidine staining (middle and 
right) of iE2 cells at days 132 and 295 of expansion culture. Almost all of the cells have proerythroblasts or basophilic-erythroblasts morphology and 
are benzidine negative suggesting low hemoglobin content. Scale bar: 10 µm.
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them, the iE2 cell line was most thoroughly characterized; there-
fore it was used for most of the following experiments.

iE cells maintain normal diploid karyotypes 
and growth factor dependence
The expanding iE2 and iE3 cells showed normal diploid karyo-
types at different days of expansion culture (up to 275 days), 
when analyzed by standard G-banding karotyping (Figure 3a–c, 
Supplementary Figure S3c). To examine if iE cells maintain their 
dependence on growth factors and hormone for proliferation, 
individual growth factors or hormone were taken out from the 
complete medium for the culture of iE2 cells that had already been 
expanded in full medium for 124 days. The growth curves after-
wards showed that iE2 cells are strictly dependent on SCF, Epo, 
and Dex for survival and long-term proliferation (Figure  3d), 
consistent with a previous report of extensively expanded mouse 
erythroblasts.21 We also examined the factor dependence of iE2 
cells at later days of expansion (day 271) and found their growth is 
still dependent on SCF, Epo, and Dex Supplementary Figure S4). 
To probe if expanded iE2 and iE3 cells are polyclonal or monoclo-
nal, we attempted to determine numbers of transgene insertion 
sites in the genome. We conducted Southern blot analysis of iE2 
(at two expansion time points) and iE3 cell lines together with 
the starting pCBE19 cells, using two different transgene probes to 
detect the presence of inserted transgenes in the digested genomic 
DNA Supplementary Figure S5). Our data revealed that each iE 
cell line is a clonal or semi-clonal population originating from one 
or two cells (with one or two insertions of each transgene in the 
genome). It is consistent with our observation that we saw a signif-
icant decrease of cell number in the first 5 days (data not shown) 

and slow cell number increase during the first 40 days after viral 
transduction (Figure 2a,b), suggesting only a small subset of the 
transduced cells with the right combination of multiple trans-
genes gain the ability to proliferate extensively. Eventually, one or 
two clones with favorable genetic modifications may dominate the 
culture due to growth advantage. However, there is no common 
integration site for each iE cell line, suggesting that a particular 
insertion site is not required for iE cell generation and expansion.

The expanded iE cells maintain transgenic 
reprogramming factor expression and express 
endogenous human SOX2, c-MYC and MYB genes
We examined the expression of retrovirus-mediated transgenes in 
iE2 cells by specific RT-PCR detecting (mouse) transgenes (primer 
sequences provided in Supplementary Table S4). The transgenes 
Sox2 and c-Myc were expressed in the iE2 cells at days 118 and 
207 of expansion (Figure 4a) while the Klf4 transgene was not 
expressed, consistent with its dispensable role for induction of 
extensive expansion (Figure 2b). We further examined the pres-
ence or absence of Klf4 transgene in the genome of iE2 cells by 
genomic PCR and found no mouse Klf4 transgene in the genome 
of iE2 cells (Figure 4b), suggesting the pMx-Klf4 did not transduce 
into the cells or transduced cells are selectively eliminated from the 
culture. To examine retroviral vector-mediated p53shRNA expres-
sion in iE2 cells, we took advantage of the fact that the p53shRNA 
vector coexpresses a puromycin resistance gene downstream of 
p53shRNA.28 In Figure 4c, the growth curve showed that iE2 cells 
are resistant to puromycin, suggesting p53shRNA is also consti-
tutively coexpressed with the puromycin resistance gene. We fur-
ther determined that human TP53 gene expression in iE2 cells was 

Figure 3  iE2 cells maintain normal diploid karyotypes and dependence on cytokines and hormone for proliferation even after long-term 
ex vivo expansion. (a–c) G-banding of iE2 cells at days 109, 159, and 275 of expansion showed normal karyotypes. At least 20 metaphases were 
examined for each sample. (d) Growth factor elimination experiments started at day 124 of iE2 expansion culture showed that the continuous sur-
vival and proliferation of iE2 cells is dependent on the combinational act of SCF (S), Epo (E), and Dexamethasone (D), while IGF-1 (I) and IL-3 (3) are 
not required for iE2 proliferation. Error bars represent standard deviation of three repeats.
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reduced by about twofold compared to primary erythroblasts by 
qRT-PCR (Figure 4d) and by array analysis (Supplementary Table 
S2). Furthermore, we determined that the protein levels of p53 in 
iE2 and iE3 cells were reduced by about two- to fourfold compared 
to the starting primary culture-expanded erythroblasts (pCBE19) 
by western blot analysis Supplementary Figure S6). The reduced 
level of p53 may be sufficient to maintain genome integrity of iE 
cells under the culture condition we used.

We next examined the expression of the endogenous human 
OCT4, SOX2, KLF4 and c-MYC genes in both primary eryth-
roblasts and iE2 cells by RT-PCR specific for the human genes 
(primer sequences provided in Supplementary Table S4). SOX2 
is not expressed in primary CB erythroblasts but is upregulated in 
iE2 cells at both days 118 and 207 of expansion (Figure 4e). The 
c-MYC gene is expressed in both primary erythroblasts and iE2 
cells. OCT4 and KLF4 genes are not expressed in either primary 
erythroblasts or iE2 cells, suggesting the iE2 cells did not contain 
pluripotent cells. We also examined the expression of human MYB 
gene which has been implicated in embryonic erythroblast self-
renewal21 by qRT-PCR. MYB gene expression is slightly upregu-
lated (~3-fold) compared to primary erythroblasts (Figure 4f).

Global gene expression profile of iE2 cells
To gain insights of molecular identity and mechanisms of extensive 
expansion of iE cells, we compared the genome-wide gene expres-
sion profiles of iE2 cells to primary CB erythroblasts expanded 

from CB MNCs (pCBE19: the starting cells of iE2) and to an 
erythroleukemia-derived human cell line (TF-1) that expresses the 
CD34 marker. Gene expression profiles of fetal and adult CD34+ 
HSPCs as well as human ESC and iPSCs were also included for 
comparison. Unsupervised hierarchical clustering heatmap-den-
drogram revealed that iE2 cells (two samples) are clustered closely 
with pCBE19 (four samples), suggesting that iE2 cells maintained 
the cell identity of the original starting cell population. The iE2 
cells are distinctly different from the erythroleukemia cell line TF-1 
that is clustered closer with CD34+ HSPC cells (two samples). 
The iPSCs (four samples) that are reprogrammed by essentially 
the same factors are clustered together with ESCs and distinctly 
separated from iE2 cells (and other blood cells) (Figure 4g). This 
global gene expression analysis confirmed that the immortalized 
iE2 cells closely resemble the proliferating erythroblasts (at day 
19) and are different from other immortalized cell lines such as 
TF-1 and reprogrammed iPSCs. To see if iE2 cells share some of 
the self-renewal factors of ESCs/iPSC or HSPCs, we selected two 
sets of genes that are known to be preferentially expressed in ESC/
iPSCs22 or CD34+ HSPCs29 and compared their expression pat-
terns among these cell types using the above mentioned micro-
array data (Supplementary Figure S7). This comparison further 
demonstrated that iE2 cells (and the starting pCBE19 cells) do not 
express most ESC/iPSC specific factors (Supplementary Figure 
S7a). This analysis suggests that iE2 cells upregulate some genes 
associated with HSPCs (Supplementary Figure S7b).

Figure 4  Gene expression studies of iE2 cells. (a) Expression of (mouse) transgenes in iE2 cells after long-term expansion at days (d) 118 and 207 
detected by RT-PCR. P: plasmids with the transgene cDNA. (b) Genomic PCR detecting the mouse Sox2 and Klf4 cDNA in genomic DNA. mSox2cDNA 
is present in iE2 genome (upper panel) but mKlf4 cDNA is absent in iE2 genome (lower panel). iPSC is a human iPSC line derived using pMX-mSox2, 
mKlf4, mOct4, and mMyc vectors. (c) Puromycin resistance of iE2 cells during expansion suggesting continuous expression of p53shRNA from the 
integrated retroviral vector. (d) qRT-PCR analysis of human TP53 gene expression of primary day 19 culture-expanded cord blood (CB) erythroblasts 
(pCBE19), iE2 and iPSC cells. (e) iE2 cells upregulate endogenous human SOX2 gene expression and maintain c-MYC gene expression at both days 118 
and 207 of expansion culture. (f) qRT-PCR analysis of human MYB gene expression of primary day 19 culture-expanded CB erythroblasts (pCBE19) and 
iE2 cells. (g) Dendrogram and heatmap of unsupervised hierarchical clustering analysis of global gene expression profiles of various cell types. Distance 
numbers on the top right represent the value of Pearson distance (1-R) determined by Pearson correlation algorithms. iE2 cells are clustering with 
pCBE19 cells while TF-1 cells are clustering with CD34+ HSPCs. ESC/iPSCs are clustering together and separated from all blood cells.
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The comparison of global gene expression profiles between 
iE2 cells and primary CB erythroblasts (pCBE19) provided 
some interesting candidate genes for further investigation into 
their roles in the reprogrammed erythroblast self-renewal by 
defined factors. The top differentially expressed genes are listed 
in Supplementary Tables S1 and S3. Interestingly, several SOX 
family members (including SOX2, SOX6, SOX4, and SOX21) are 
upregulated at significant levels in iE2 cells compared to pri-
mary CB erythroblasts (Supplementary Table S3, RT-PCR in 
Figure 4e). Similarly, the MYB gene expression was found upreg-
ulated in iE2 cells by array analysis (Supplementary Table S3) 
and by RT-PCR (Figure 4f). Similarly by both assays, TP53 gene 

expression was found attenuated in iE cells. Several hemoglo-
bin genes such as HBB, HBA, and HBZ are substantially down-
regulated in iE2 cells compared to primary CB erythroblasts 
(Supplementary Table S2), which are confirmed by qRT-PCR 
analysis (Supplementary Figure S8) suggesting some de-differ-
entiation of iE2 cells from pCBE19.

Extensively proliferating iE cells maintain the ability 
to differentiate into enucleated erythrocytes after 
prolonged ex vivo expansion
To test the ability of extensively proliferating human iE cells to 
terminally differentiate into enucleated erythrocytes in vitro, we 

Figure 5  Terminal differentiation potential of iE2 cells. (a) Cell number kinetics of iE2 cells in differentiation culture. (b) Cell diameter kinetics 
of iE2 cells in differentiation culture. Cell diameters are measured using imageJ software from cytospin images of differentiation culture at different 
time points. (c) Benzidine positive cells percentage during differentiation culture. Benzidine positive cells are identified and counted in the cytospin 
images of differentiation culture stained with Benzidine (yellow) and Giemsa (dark blue) (as shown in Figure 5d); at least 100 were counted for each 
sample. (d) Bright field images of Wright-Giemsa staining and benzidine staining of cytospin slides prepared from iE2 cell differentiation culture at 
different time points. Red arrows mark representative enucleated erythrocytes found at day (d) 16 of maturation. Scale bar: 20 µm. (e) Multichannel 
immunofluorescence microscopy images of iE2 cell differentiation culture at different time points. Red: DRAQ5. Green: CD235a-FITC. Red arrows 
mark enucleated erythrocytes. Red arrows mark representative enucleated erythrocytes. Scale bar: 20 µm. Fluorescence images were taken using 
Nikon Eclipse TE2000-U inverted microscope with 40×ELWD Plan Fluor/0.6 objective at 25 °C and a Qimaging Micropublisher 5.0 digital camera 
with QCapture software (Version 3.1.2). (f) Cell pellets of iE2 cells before and 16 days after differentiation culture. Shown data are representatives of 
five independent experiments.

0
0 5 10 15 20

0.5

1

1.5

F
ol

d 
ex

pa
ns

io
n

10

12

14

16

18

20

22

24

0 5 10

Days of maturation culture

Day 0 Day 5

iE2 (d203) iE2 (d203)
maturation

d16

iE2 (d260) iE2 (d203)
maturation

d16

Day 10 Day 16

15 20

C
el

l d
ia

m
et

er
 (

µm
ol

/l)

0

20

40

60

80

100

0 10 20

B
en

zi
di

ne
 p

os
itv

e 
(%

)

2

2.5

3

3.5

4
a

d

e

f

b c

Molecular Therapy vol. 22 no. 2 feb. 2014 457



© The American Society of Gene & Cell Therapy
Ex vivo Extensive Expansion of Human Erythroblasts

adapted a mouse stromal cell (OP9) coculture system for ery-
throid terminal differentiation.30,31 SCF, IL-3, IGF-1, and Dex were 
excluded from the terminal differentiation condition, while Epo, 
FBS, and holo-transferrin were supplemented. We examined the 
cell number kinetics, cell size distribution, hemoglobin accumula-
tion and enucleation efficiency during the differentiation process.

The cell number kinetics showed iE2 cells (examined between 
expansion days 100–200) gradually stopped proliferation during 
the in vitro terminal differentiation, resulting in a net expansion 
of ~2- to 3-fold in 16 days (Supplementary Figure S5a) similar to 
primary erythroblasts expanded from CB MNCs (Supplementary 
Figure S9a). Cell diameters of maturating iE2 cells gradually 
decreased from 22.2 ± 0.7 µm (n = 25) at days 0 to 13.1 ± 1.0 µm (n = 
25) at day 16 of differentiation culture (Figure 5b). Benzidine stain-
ing on cytospin slides showed differentiating iE2 cells accumulated 
hemoglobin from day 5 and increased hemoglobin accumulation 
(benzidine positive percentage) during the differentiation period 
(Figure 5c,d). We used several independent methods to detect ter-
minally differentiated enucleated erythrocytes. Wright-Giemsa and 
Benzidine staining detected hemoglobin-containing enucleated 

erythrocytes as early as day 10 of differentiation culture (Figure 5d) 
and increased in percentage at day 16. To be more unambiguous 
and quantitative, we used DRAQ5 (a cell permeable fluorescent dye 
specific for DNA)32 to detect the presence or absence of nuclei in 
combination with erythrocyte cell surface marker CD235a to detect 
and quantify enucleated erythrocytes using both fluorescence 
microscopy and flow cytometry. Fluorescence microscopy images 
of stained differentiated cells at different time points showed small 
CD235a positive (green circle) cells without DRAQ5 positive nuclei 
(red dot) increased in number during the differentiation (Figure 
5e). Using flow cytometry, we quantified that the enucleation effi-
ciency (CD235a+DRAQ5−) increased gradually from days 0 to 16 
of differentiation culture (30.8 ± 3.6% at day 16, n = 4) (Figure 6a,c). 
Erythroid terminal differentiation also accompanies cell surface 
marker changes. Flow cytometry analysis showed marked down-
regulation of CD45 and upregulation of CD235a, consistent with 
in vivo erythroid terminal differentiation (Figure 6b). Importantly, 
the kinetics and efficiency of terminal differentiation and enucle-
ation of iE2 cells are very similar to those of primary culture-
expanded CB erythroblasts (Supplementary Figure S9b–d). Blood 

Figure 6  Flow cytometry analysis of intact cells after terminal differentiation from iE2 cells. (a) Flow cytometry analysis of CD235a (Glycophorin 
A), DRAQ5 (a cell permeable fluorescent dye after binding DNA) (b) Flow cytometry analysis of CD235a (Glycophorin A) and CD45 cell surface stain-
ing during differentiation culture. (c) Percentages of enucleated erythrocytes (CD235a+DRAQ5−) quantified by flow cytometry of 4 independent 
experiments (n = 4), error bars represent standard error (SE).
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group antigens are upregulated on the cell surface of differentiated 
RBCs. We examined Duffy blood group antigen (hDARC) expres-
sion on iE2 cells before and after terminal differentiation. iE2 cells 
at day 335 of expansion culture do not express hDARC on cell sur-
face (Supplementary Figure S10a). After 16 days of terminal dif-
ferentiation culture, we detected 72.7% of enucleated erythrocytes 
express hDARC on their cell surface (Supplementary Figure S10b) 
suggesting normal terminal differentiation of iE2 cells. The iE3 cells 
at day 190 of expansion can also be induced to terminally differenti-
ate into enucleated erythrocytes, albeit at a lower efficiency than iE2 
cells (Supplementary Figure S11).

To provide further evidence that iE2 cells uniquely maintain 
normal terminal differentiation potential as compared to eryth-
roleukemic cell line, we performed similar differentiation experi-
ments with the growth factor–dependent human cell line TF-1. The 
TF-1 was first induced into erythroblast-like cells by culturing with 
Epo for 8 days (Supplementary Figure S12a). The Epo-treated 
TF-1 cells were then used for the gene expression array analysis 
as well as terminal differentiation assay by plating onto the same 
OP9 coculture terminal differentiation condition. In contrast to 
iE2 cells, TF-1 cells did not stop growing (Supplementary Figure 
S12b) and essentially no enucleated erythrocytes can be detected 
by flow cytometry or fluorescence microscopy 16 days after dif-
ferentiation culture (Supplementary Figure S12c,d). Therefore, 
the immortalized iE2 cells are distinct from leukemic cell lines by 
maintaining normal terminal differentiation potential.

Quantitative RT-PCR showed dramatic upregulation of HBG 
(hemoglobin gamma gene) expression during iE2 terminal differ-
entiation and a less dramatic upregulation of HBE (hemoglobin 
epsilon gene), HBB (hemoglobin beta gene) and HBD (hemoglo-
bin delta gene) expression (Figure 7a, Supplementary Figure S8). 
The major hemoglobin genes expressed in differentiated iE2 cells 
are HBA and HBG, whose protein products form the fetal hemo-
globin (HbF, α2γ2). high-performance liquid chromatography 
analysis showed predominantly fetal hemoglobin (HbF) proteins 
in day 16 differentiation cells from iE2 cells (Figure 7b). To study 
the functionality of differentiated cells from iE2 cells, we mea-
sured the oxygen equilibrium curve of day 16 differentiated cells 
from iE2 cells and compared to normal adult blood (Figure 7c). 
Differentiated erythrocytes from iE2 cells showed a highly similar 
but slightly left-shifted hyperbolic curve compared to that of nor-
mal adult blood, suggesting a higher affinity to oxygen of differen-
tiated cells from iE2 (p50 = 15.5) than normal adult blood (p50 = 
24.6). This result is consistent with predominant fetal hemoglobin 
expression in differentiated cells from iE2.

DISCUSSION
The ex vivo culture of primary CB MNCs in a serum-free medium 
supplemented with several erythroid-promoting cytokines and 
glucocorticoid results in production of erythroblasts by up to 
2 × 107-fold, much greater than from adult blood MNCs.25,26,33–37 
However, this level of expansion can only generate, theoreti-
cally, RBC numbers equivalent to 50–100 units of RBC concen-
trates. Here, we report that ectopic expression of 3 to 4 genetic 
factors in CB primary erythroblasts (which normally only have 
transient and limited self-renewal capability) turns them into 
immortalized erythroblasts (iE) that can self-renew/proliferate for 

months. The iE cells maintain their phenotype as floating large, 
CD36+CD45+CD235a+ immature erythroblast cells with a nor-
mal karyotype throughout the whole expansion culture period 
(≥1068-fold in 12 months), suggesting that iE cells are self-renewing 
ex vivo. These iE cells retain their ability to terminally differentiate 
into enucleated RBCs that are highly hemoglobinized and are able 
to bind and release oxygen in response to oxygen partial pressure, 
even after 1034-fold expansion, they remain entirely dependent on 
the combinatorial action of SCF, Epo, and glucocorticoid signal-
ing for their survival and proliferation. The global gene expression 
profiling studies showed that iE cells closely resemble the primary 
proliferating erythroblasts. During the preparation of this paper, 
another group reported immortalization of human erythroid pro-
genitor cell lines from hiPSCs and CB cells by inducible expression 
of TAL1 and HPV16-E6/E7 viral genes after lentivirus-mediated 
stable gene transfer and coculture with OP9 cells.18 It is intriguing 
that different sets of transgenes can have similar effects. Whether 
the cell lines established by two different methods have similar 
properties and differentiation potential remains to be investigated.

So far, we achieved the reprogrammed self-renewal of human 
erythroblasts using retroviral vectors expressing Sox2, c-Myc, and 
anshRNA reducing the expression of TP53. These same vectors 

Figure 7  Functional hemoglobin characterization of iE2 terminal 
differentiation cells. (a) qRT-PCR of HBG and HBB gene expression dur-
ing iE2 differentiation culture. (b) Cation-exchange high-performance 
liquid chromatography analysis for hemoglobin tetramers composition 
of iE2 cells before differentiation (day 0) (left), day 16 differentiation 
culture of iE2 cells (middle) and a healthy adult peripheral blood (PB) 
control (right). (c) Oxygen equilibrium curves of day 16 differentiation 
culture cells of iE2 cells (triangle) or a healthy adult PB control (square) 
measured by a Hemox-Analyzer.
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have been used to enhance iPSC derivation when used together 
with another retroviral vector expressing Oct4. It is interesting to 
note that adding Oct4 transgene is not essential for reprogrammed 
self-renewal of erythroblasts. The c-Myc and the attenuation of 
TP53 activity have been shown to play important roles in erythroid 
precursor proliferation.38–40 Although these two genetic factors are 
commonly associated with tumorigenesis and cell transformation, 
they are insufficient to transform normal human cells.41 Our results 
suggest that by a combination of other genetic factors and specific 
culture conditions, immortalization of lineage specific precursor 
cells can bypass the cell transformation and maintain the normal 
phenotypes and functionality. In our system, the retroviral vector-
mediated expression of c-Myc transgene may be downregulated 
after the induction of terminal differentiation, consistent with the 
notion that downregulation of Myc is essential for terminal ery-
throid differentiation.40 Further studies are needed to clarify this 
issue. Sox family transcription factors play important roles in stem/
progenitor cell regulations in many tissues;42 we have detected 
the upregulation of several Sox family members in iE cells, most 
notably SOX2, whose activity is required for iE derivation. Further 
studies are needed to understand their functions in reprogrammed 
self-renewal of lineage-committed precursor cells. The same or 
similar factors may be able to immortalize other functional lineage 
precursors. This approach may provide unlimited in vitro supply of 
wide variety cell types for cell therapy or drug discovery.

Since the final product of this approach is enucleated RBCs, the 
potential negative impact or risk of the retroviral expression of c-Myc 
or other genetic factors is minimal, as long as they will not interfere 
with erythroid terminal differentiation. The residual nucleated cells 
in the final matured population can be eradicated by irradiation or 
filtered out by de-leukocyte filtration.2 We have only achieved effi-
cient enucleation of primary and immortalized erythroblasts with 
mouse stromal cell coculture system that is not scalable or suitable 
for clinical applications. Among the three iE cell lines (iE2, iE3, and 
iE4) we tested for terminal differentiation, two of them (iE2 and iE3) 
can maturate into hemoglobinized and enucleated erythrocytes at 
varying efficiency (Figure 5 and Supplementary Figure S12), while 
iE4 underwent cell death in the terminal differentiation system we 
used (data not shown) (Supplementary Table S1). We are investi-
gating the underlining molecular mechanisms for this difference. 
In the future, some of the oncogenic transgenes may be replaced by 
non-oncogenic genes or small molecules to make the iE cells bet-
ter at maintaining normal terminal differentiation function. We are 
now working on improving the ex vivo enucleation efficiency of iE 
cells under a stromal-free condition by testing the addition of can-
didate genetic factors and/or small molecules, such as survivin and 
vacuolin-1.43,44 In recent years, alternative methods such as episomal 
vectors, mRNA or microRNA combinations were also reported for 
reprogramming somatic cells to iPSCs. We are now testing if these 
non-integration methods would provide sufficient or sustained 
gene expression to reprogram erythroblasts to a self-renewing state. 
Ultimately, we will also apply this erythroblast self-renewing method 
to adult blood cells, which were shown to be 10- to 50-fold less effi-
cient to be reprogrammed to iPSCs than the counterpart CB cells.45

Human CB has been widely banked worldwide both in public 
and private organizations, representing a wide variety of ethnicity 
and genetic background.46–48 The iE cells derived from these CB 

sources can be screened for optimal match to chronic transfusion-
dependent patients. Because of the essentially unlimited ex vivo 
expansion potential of iE cells, these optimally matched iE cells can 
be expanded, stored, transported and matured into mature RBCs 
for transfusion with reduced risk of alloimmunization.49 The deri-
vation of iE cells from healthy O and Rh-negative (O-) donors, and 
their subsequent expansion and maturation, will potentially pro-
vide universal RBCs for transfusion in emergency situations where 
blood supply and typing is limited. This unlimited supply of ex vivo 
generated human RBCs may also serve as an in vitro model for 
studying malaria infection and antimalaria drug discovery. In light 
of this, we demonstrated that matured cells from iE cells highly 
express Duffy antigen, the receptor for malaria parasite.50

MATERIALS AND METHODS
Human CB samples. Use of anonymous human CB samples for labora-
tory research was approved by the Johns Hopkins University Institutional 
Review Board. Human primary CB MNCs are obtained from anonymous, 
healthy donors and then isolated in our lab using Ficoll-Paque Plus (P = 
1.077) or directly purchased from AllCells, LLC (AllCells, Emeryville, CA).

Primary erythroblast expansion culture from CB MNCs. After thawing, 
frozen CB MNCs (5 × 106/ml) were cultivated in serum-free medium 
(50% Iscove’s modified Dulbecco’s medium (IMDM) with 50% Ham’s F12 
(Invitrogen, Carlsbad, CA), synthetic lipids (Invitrogen), insulin-transfer-
rin-selenium supplement (Invitrogen) and 5 mg/ml bovine serum albumin 
(Sigma, St Louis, MO), 50 µg/ml of ascorbic acid (Sigma) and 2 mmol/l 
GlutaMax (Invitrogen) supplemented with Epo (2 U/ml; R&D systems, 
Wiesbaden, Germany), Dexamethasone (Dex, 1 µmol/l; Sigma), insulin-
like growth factor 1 (IGF-1; 40 ng/ml), stem cell factor (SCF; 100 ng/ml; 
Peprotech, Rocky Hill, NJ), and holo-transferrin (100 µg/ml; Sigma), 
termed “erythroblast expansion medium” in gelatin-coated wells. Primary 
cultures of erythroblasts established after several days were kept <1 × 106 
cells/ml by daily cell counting and partial medium changes. Proliferating 
erythroblasts can be frozen and thawed at high efficiency (~90%).

Derivation and expansion culture of immortalized erythroblast cell 
lines. Four retroviral vectors pMXs-Oct4, pMXs-Sox2, pMXs-Klf4, and 
pMXs-cMyc expressing four reprogramming factors (encoded by the 
mouse genes, used in the original studies by Dr Shinya Yamanaka)22 were 
obtained from Addgene (www.addgene.org), along with the pMKO.1 
puro p53shRNA retroviral vector encoding shRNA against TP53 gene 
(Plasmid#10672). Retrovirus production and transduction were done as 
previously described.27 After 2 days of transduction, transduced cells were 
washed with phosphate-buffered saline (PBS) and plated at a density of 
1 × 105 cells/well in 12-well gelatin-coated plates in the erythroblast expan-
sion medium. Total medium changes were performed every other day for 
the first 4 weeks after transduction. After the cells became proliferating 
constantly, only partial medium change and cell passaging every 2–3 days 
were performed to keep cell density ≤5 × 105 cells/ml.

Flow cytometry and fluorescence microscopy. For flow cytometry analysis 
of erythroblasts in expansion, we harvested the cells, washed with PBS, and 
resuspended the cell pellet in PBS for antibody staining. We used CD235a-
FITC (BD Biosciences, San Jose, CA), CD36-PE (BD Biosciences), hDARC-
PE (R&D system), CD34-FITC (Invitrogen), and CD45-APC (Invitrogen) 
to characterize expanding cells. Dead cells were excluded from analysis by 
7-AAD (Viaprobe, BD Biosciences) staining. For intracellular hemoglo-
bin staining, cultured cells were fixed by incubation with PBS containing 
4% formaldehyde for 15 minutes at room temperature, and washed twice 
with PBS. The fixed cells were permeabilized by incubation with 0.25% 
Triton X-100 in PBS for 5 minutes and washed twice with PBS. To pre-
vent non-specific antibody binding, cells were pre-blocked by incubation 

460 www.moleculartherapy.org vol. 22 no. 2 feb. 2014

www.addgene.org


© The American Society of Gene & Cell Therapy
Ex vivo Extensive Expansion of Human Erythroblasts

with 10% bovine serum albumin in PBS for 30 minutes at room tempera-
ture and washed once. The cells were then incubated with fluorochrome-
conjugated monoclonal antibodies HBB-PE (specific to HbA; Santa Cruz 
Biotechnology, Santa Cruz, CA; catalog no. sc-21757) and HBG-FITC (spe-
cific to HbF; Invitrogen; catalog no. MHFH01) or appropriate isotype IgG 
controls diluted in 3% bovine serum albumin/PBS for 30 minutes at room 
temperature and washed twice with PBS. The stained cells were analyzed 
using FACSCalibur flow cytometer (BD Biosciences) and FlowJo software 
(TreeStar, Ashland, OR). At least 50,000 events were collected and analyzed. 
The percentages of gated cell populations (gates are based on the background 
staining of isotype-matched antibodies) among the total live cells are shown.

For flow cytometry and fluorescence microscopy analysis of terminal 
maturation culture of erythroblasts, we harvested suspension cells from 
OP9 coculture at different time points of maturation, washed with PBS 
and stained with CD235a-FITC, CD45-PE, and DRAQ5 (Cell Signaling 
Technology, Danvers, MA). Fluorescence images were taken using Nikon 
Eclipse TE2000-U inverted microscope with 40×ELWD Plan Fluor/0.60 
objective (Nikon, Melville, NY) and a Qimaging Micropublisher 5.0 digital 
camera with QCapture software (Version 3.1.2), and merged and labeled 
with Photoshop CS5 (version 12.0.3) (Adobe Systems, San Jose, CA).

Morphological analysis. Cells were spun onto glass slides (Superfrost 
white microscope slides; Fisher Scientific, Pittsburgh, PA) using Shandon 
Cytospin 4 (Thermo Scientific, Waltham, MA), stained with Benzidine 
(3,3′-dimethoxybenzidine; Sigma) and Wright-Giemsa stains (Hema 3, 
Fisher Scientific, Hampton, NH) as previously described.21 Bright field 
images were taken with Nikon Eclipse TE2000-U inverted microscope and 
processed with Photoshop CS5 and ImageJ (NIH, Bethesda, MD).

Karyotyping. Karyotyping analyses of iE cells were carried out as previ-
ously described.9,27 Briefly, cells were incubated with 0.1 μg/ml of colcemid 
for 2 hours, resuspended in 0.075 mol/l KCl, incubated for 20 minutes at 
37 °C, and then fixed in 3:1 methanol/acetic acid. After Giemsa staining, 
karyotypes of normal human chromosomes were examined by a certified 
cytogeneticist at the 400-band level of resolution or above.

RNA extraction and quantitative RT-PCR. Total RNA was extracted from 
expanded primary erythroblasts or immortalized erythroblasts cultures 
using RNeasy Kit (Qiagen, Valencia, CA) and treated with DNA-free kit 
(Ambion, Austin, TX) to get rid of residual DNA contamination. Total 
RNA (1 µg) was reverse transcribed into cDNA by using oligodT and 
Superscript III (Invitrogen), followed by RNase H digestion. The quantitative 
PCR (Q-PCR) assays were performed using TaqMan assays from Applied 
Biosystems (ABI, Foster City, CA) in StepOnePlus Quantitative PCR instru-
ment (Life Technologies). Specifically, the probes used in this manuscript 
are as follows: HBG1/2 (hemoglobin, gamma A/G): Hs00361131_g1; HBB 
(hemoglobin, beta): Hs00747223_g1; HBZ (hemoglobin, zeta): Hs00923579_
m1; HBA (hemoglobin, alpha): Hs00361191_g1; HBE (hemoglobin, epsi-
lon): Hs00362216_m1; HBD (hemoglobin, delta): Hs00426283_m1; MYB: 
Hs00920556_m1; TP53: Hs01034249_m1; and GAPDH: 4352934E (a con-
stitutive endogenous gene control). All experiments were performed in trip-
licate and a non-template control (lacking cDNA template) was included in 
each assay. Relative gene expression was normalized to GAPDH.

Gene expression microarray analysis. Human Gene 1.0 ST Genechip 
microarrays (Affymetrix, Santa Clara, CA) were hybridized to examine the 
global gene expression of iE2, pCBE19, TF-1, CD34+ cells and ESC/iPSCs. 
Total RNA was prepared as described in the RNeasy Mini Kit (Qiagen) and 
treated with DNA-free kit (Ambion) to get rid of residual DNA contamina-
tion. All samples were processed at the Johns Hopkins Deep Sequencing & 
Microarray Core Facility. Briefly, cDNA was synthesized by the one round 
amplification protocol for total RNA following Affymetrix’ specifications, 
and Ambion WT Expression Kit (www.affymetrix.com) as described in 
the manufacturer’s instruction manual. All arrays were hybridized for 16 
hours at 45 °C with rotation (60 rpm) as described by Affymetrix in their 

GeneChip Expression Wash, Stain and Scan User Manual (www.affymetrix.
com). Fluorescent signals were obtained by using Affymetrix’ GeneChip 
Scanner 3000 7G and default parameters described in the manufacturer’s 
GeneChip Expression Analysis Technical Manual. Images were analyzed 
using the Affymetrix Command Console version 3 (AGCC v3.0) software, 
and processed with the Expression Console PLIER algorithm at the manu-
facturer’s specifications. RMA Log2 signal values, for all probe sets, were 
summarized for gene-level analysis in the Partek Genomics Suite (Partek, St 
Louis, MO). Gene expression data from the human microarray, described 
above, were analyzed using Partek Genomic Suite and Spotfire DecisionSite 
software (TIBCO Software, Palo Alto, CA). The mean-subtracted normal-
ized values underwent unsupervised hierarchical clustering in Spotfire 
(Pearson correlation algorithms) to compare cell types’ gene expression in 
a heatmap-dendrogram plot (color spectrum indicates relative expression 
where lower = blue; higher = red). Raw microarray data are available in 
NCBI’s GEO database via accession number GSE44136 (http://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?token=btavbmasyaawsni&acc=GSE44136).

TF-1 cell culture. Human TF-1 leukemia cell line was cultured in RPMI 
1640 medium (Invitrogen) containing 10% FBS (Hyclone, Logan, UT) and 
1 ng/ml GM-CSF (Peprotech, Rocky Hill, NJ). To induce the erythroid dif-
ferentiation of TF-1 cells, GM-CSF was replaced by human Epo (3 U/ml) 
for 8 days in the culture medium.

OP9 stromal cell culture. OP9 cells were expanded in 20% FBS (Hyclone) 
in α-MEM (Invitrogen) with 4 mmol/l of l-glutamine and 1% penicillin-
streptomycin (Invitrogen). OP9 cells were irradiated at 78 Gy using a 
gamma-irradiator before plating onto gelatin-coated culture wells for 
coculture with erythroblasts to induce terminal maturation.

Induction of erythroid terminal differentiation. To induce terminal dif-
ferentiation, proliferating erythroblasts (primary or immortalized) were 
washed in PBS twice and reseeded at 1 × 106 cells/ml in serum-free medium 
supplemented with Epo (3 U/ml), holo-transferrin (200 μg/ml), and 10% 
FBS (Hyclone) on irradiated OP9 stromal cell layers. Suspension cells were 
counted and collected for analysis at different time points. TF-1 cells were 
induced to terminal differentiation by the same way as iE cells and pCBE19.

Hemoglobin analysis. Hemoglobin tetramer fractions were measured by 
high-performance liquid chromatography using a Bio-Rad Variant II Hb 
analyzer (Bio-Rad Laboratories, Hercules, CA) in accordance with manu-
facturer’s recommendations. Oxygen equilibrium curves were determined 
using a Hemox-Analyzer (TCS Scientific, New Hope, PA) in accordance 
with manufacturer’s recommendations.

Statistical analysis. Results are presented as the mean ± the standard 
errors of means, performed at least in triplicates. Data were analyzed with 
the Student’s t-test (two-sided, unequal variance). A P value of <0.05 was 
considered significant.

Additional materials and methods can be found in Supplementary 
Materials and Methods.

SUPPLEMENTARY MATERIAL
Figure S1. Retroviral transduction efficiency of primary CB-expanded 
erythroblasts.
Figure S2. Cell surface marker expression and morphology of iE2 
cells at additional days of expansion culture.
Figure S3. Characterization of additional iE cell lines.
Figure S4. Growth factor elimination experiments.
Figure S5. Southern blot analysis for detecting transgene integra-
tions in iE cells after retrovirus-mediated stable gene transfer.
Figure S6. Western blot analysis of p53 protein levels.
Figure S7. Gene expression analysis of the selected genes related 
to (a) pluripotent stem cells (PSC) self-renewal, or (b) hematopoietic 
stem/progenitor cell (HSC) self-renewal.
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Figure S8. qRT-PCR of (a) α like and (b) β like hemoglobin gene ex-
pression of primary culture-expanded erythroblasts (pCBE19), iE2 cells 
and terminally differentiated iE2 cells.
Figure S9. Terminal differentiation (maturation) culture of primary 
CB culture-expanded erythroblasts (day 19 of expansion from CB 
MNCs).
Figure S10. Analysis of human Duffy blood group antigen (hDARC) 
expression.
Figure S11. Terminal differentiation(maturation) culture of iE3 cells 
(at day 190 of expansion).
Figure S12. Human erythroleukemia cell line TF-1 cells do not ter-
minally differentiate in terminal differentiation (maturation) condition.
Table S1. Summary of iE cell lines generated from two CB donors.
Table S2. Selected genes with down-regulated expression in immor-
talized erythroblasts (iE2) compared to cultured CB primary erythro-
blasts (pCBE19).
Table S3. Selected genes with up-regulated expression in immortal-
ized erythroblasts (iE2) compared to cultured CB primary erythroblasts 
(pCBE19).
Table S4. Primer sequences and PCR parameters used for RT-PCR of 
mouse and human genes.
Materials and Methods.
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