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Human induced pluripotent stem cell derived erythroblasts can
undergo definitive erythropoiesis and co-express gamma and

beta globins
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The advent of reprogramming technologies and induced
pluripotent stem cells (Park et al, 2007; Takahashi et al,
2007; Yu et al, 2007; Lowry et al, 2008) have paved the way
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Summary

Human induced pluripotent stem cells (hiPSCs), like embryonic stem cells,
are under intense investigation for novel approaches to model disease and
for regenerative therapies. Here, we describe the derivation and character-
ization of hiPSCs from a variety of sources and show that, irrespective of
origin or method of reprogramming, hiPSCs can be differentiated on OP9
stroma towards a multi-lineage haemo-endothelial progenitor that can con-
tribute to CD144" endothelium, CD235a" erythrocytes (myeloid lineage)
and CD19" B lymphocytes (lymphoid lineage). Within the erythroblast
lineage, we were able to demonstrate by single cell analysis (flow cytome-
try), that hiPSC-derived erythroblasts express alpha globin as previously
described, and that a sub-population of these erythroblasts also express
haemoglobin F (HbF), indicative of fetal definitive erythropoiesis. More
notably however, we were able to demonstrate that a small sub-fraction of
HbF positive erythroblasts co-expressed HbA in a highly heterogeneous
manner, but analogous to cord blood-derived erythroblasts when cultured
using similar methods. Moreover, the HbA expressing erythroblast popula-
tion could be greatly enhanced (44-0 & 6:04%) when a defined serum-free
approach was employed to isolate a CD31" CD45" erythro-myeloid pro-
genitor. These findings demonstrate that hiPSCs may represent a useful
alternative to standard sources of erythrocytes (RBCs) for future applica-
tions in transfusion medicine.

Keywords: pluripotent stem cell, erythropoiesis, globin expression.

for a host of novel applications, including disease modelling
and regenerative therapies, which were previously inconceiv-

able. We have been able to demonstrate that human
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induced pluripotent stem cells (hiPSCs) can mimic early
developmental haemopoiesis to yield B lymphocytes (Car-
penter et al, 2011) and provide cardiomyocytes for heart
repair (Carpenter et al, 2012). Here, we have asked whether
human iPSCs can be used to mimic human developmental
erythropoiesis, including definitive erythropoiesis, and to
express adult haemoglobin (HbA), which would facilitate
potential applications in haematology and transfusion medi-
cine.

Developmental haemopoiesis is thought to proceed in
successive waves, each yielding haemopoietic progeny with
increased multi-lineage potential. Ultimately, intra-embry-
onic haemopoiesis yields a stem cell that will supply the
blood lineage throughout adult life (Dieterlen-Lievre et al,
1976; Cumano et al, 2001; Cumano & Godin, 2007), and
this has been shown to arise in the aorta-gonad-mesoneph-
ros (AGM) and other major arteries at around embryonic
day E10-5 in the mouse (de Bruijn et al, 2000) by a process
of endothelial to haemopoietic transition (Eilken et al, 2009;
Bertrand et al, 2010; Boisset et al, 2010; Kissa & Herbomel,
2010). Prospective haemopoietic stem cells then colonize the
fetal liver, spleen and, later, the bone marrow. Prior to this,
the first wave of haemopoiesis arises in the yolk sac at
around E7-0-E7-5 (Palis & Yoder, 2001; Baron, 2003), yield-
ing primitive erythrocytes (and primitive macrophages). A
second wave of haemopoiesis (at around E8-25) contributes
to the first definitive progeny of erythro-myeloid progenitors
(EMPs) (Palis ef al, 1999, 2001; England et al, 2011) and
slightly later at E9-0, to the first B-1 B and T lymphocytes
(Godin et al, 1993; Ghosn et al, 2011; Yoshimoto et al, 2011,
2012). Although arising in both the yolk sac and AGM, it is
still unclear whether the progeny from this first definitive
wave represents an independent progenitor to that of the
HSC.

If hiPSC are to be considered for future applications in
transfusion medicine, it is important to demonstrate that
hiPSC-derived erythropoiesis is capable of producing RBCs
that express adult globins, as has been described for mouse
ES cells (Wiles & Keller, 1991). Distinguishing features
between primitive and definitive erythropoiesis are the
expression of specific globins (Wood & Stamatoyannopou-
los, 1976; Stamatoyannopoulos, 2005; Sankaran et al,
2010a), specifically from the beta globin locus. &-globin
expression has been used to identify primitive erythroblasts
(Fraser et al, 2007), while y globin (both HBGI and HBG2)
is expressed in fetal definitive erythroblasts (Peschle et al,
1985; Johnson et al, 2000; Stamatoyannopoulos, 2005; Sank-
aran et al, 2010b). Erythrocytes from adult haemopoietic
stem cells typically express adult alpha and beta globin (8
or HBB in humans, or fmajor and Pminor or Hbb-bl and
Hbb-b2 in mouse). Previous attempts to describe beta globin
expression from hiPSCs include reverse transcription poly-
merase chain reaction (RT-PCR) and mass spectrometry (Lu
et al, 2008; Qiu et al, 2008; Lapillonne et al, 2010; Dias
et al, 2011; Kobari et al, 2012) that generally reveals a low

level of beta globin expression. This approach however does
not permit single cell analysis to define discrete sub-popula-
tions that would be expected from multiple waves of hae-
mopoiesis.

Here we describe the haematopoietic differentiation from
various hiPSC lines, generated in a variety of ways. We
describe the formation of a multi-potent CD34" haemato-
endothelial progenitor that can undergo definitive erythro-
poiesis, where arising erythroblasts express fetal haemoglobin
(HbF) and adult haemoglobin (HbA). Notably, expression
profiles assessed by flow cytometry revealed that hiPSC-
derived erythroblasts have a highly similar pattern to that
observed from cultured cord blood CD34"-derived erythro-
blasts, where erythroblasts express HbF, with a sub-popula-
tion of HBF"HbA" cells. We also describe defined conditions
that permit the isolation of a CD31" CD45" EMP, and show
that in extended culture on OP9 stroma, that erythroblasts
can exhibit enhanced co-expression of both HbF and HbA.
We also present karyotypic and genetic analysis of hiPSC
lines, and discuss potential safety considerations from
acquired genetic abnormalities in these cells.

Materials and methods

Derivation and culture of human iPS cells

Erythroid differentiation was studied with hiPSC lines
derived from a variety of sources. We used previously
reported hiPSC lines derived from human adult fibroblasts,
and new hiPSC lines derived from cord blood and adult
peripheral blood mononuclear cells, to assess the effects of
source and reprogramming strategy on erythroid develop-
ment. Fibroblast sources of hiPSCs (C19) were generated
using retrovirus essentially as previously reported (Takahashi
et al, 2007) and described by us elsewhere (Carpenter et al,
2011). HiPSCs derived from cord blood mononuclear cells
or erythroblasts were designated OC1 and CEIl respectively,
from cord blood CD34" cells were designated 03-1-03-3,
and from adult peripheral mononuclear cells designated
OPM2. Cord blood and adult peripheral blood was collected
anonymously, with informed written consent, following ethics
approval by the Oxford and Berkshire Research Ethics Com-
mittee and with Institutional R&D approval. All blood cells
were reprogrammed using OriP plasmids (pEP4EO2SCK2-
MEN2L and pEP4EO2SET2K) from Addgene (Cambridge,
MA, USA) as previously reported (Yu et al, 2009) where the
OPM2 line was generated without feeders, as described also by
Yu et al (2011).

Previously we have described hiPSC characterization and
routine passage (Carpenter et al, 2011) whilst we also
assessed pluripotency by teratoma formation, after transplan-
tation of 1 x 10°cells in 30% Matrigel™, under the
testicular capsule of anaesthetized non-obese diabetic severe
combined immunodeficiency (NOD SCID) mice. After 21 d,
teratomas were recovered, fixed, sectioned and stained with
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haematoxylin and eosin, using standard immuno-histochemi-
cal practice, prior to identification of tissues by microscopy.

Molecular karyotyping using SNP microarrays

For each sample, 200 ng DNA was hybridized to a CytoSNP-
12 v2.1 microarray following the manufacturer’s recom-
mended guidelines (Illumina Inc., San Diego, CA, USA).
Data analyses were performed using GenomeStudio V2011.1
(Ilumina Inc.) and Nexus v6.1 Discovery Edition (BioDis-
covery, Hawthorne, CA, USA). Please see Supplemental
Methods for assessment criteria.

Induction of haemopoietic differentiation of hiPSCs upon
co-culture with OP9 stroma

Here, we co-cultured all hiPSC lines on OP9 stroma, as orig-
inally described for hES cells (Vodyanik et al, 2005) and hiP-
SCs (Carpenter et al, 2011). After 10 d of co-culture with
OP9 stroma, we harvested the differentiated hiPSCs cells by
20 min digestion with collagenase Type IV (1 mg/ml) and
further trypsinization (0-05% for 10 min at 37°C). Cells were
further mechanically disrupted and then washed, and CD34"
cells isolated by magnetic-activated cell separation (MACS)
using CD34 microbeads (Miltenyi Biotec, Bisley, Surrey,
UK). Further assessment was conducted by live cell staining
for CD45, CD144 and CD31, performed in 100 pl phos-
phate-buffered saline (PBS) with 0-5% (w/v) bovine serum
albumin (BSA; Sigma-Aldrich, Dorset, UK) with 10 pl FcR
block agent (Miltenyi Biotec) on ice with 10-20 pl of rele-
vant antibody (details of all antibody clone identification in
Supplemental Methods).

Assessing the haemo-endothelial and B cell lymphoid
potential across hiPSC lines on MS5 stroma

Briefly we used MS5 stroma (obtained from Professor Igor
Slukvin, University of Wisconsin, Madison, WI, USA) as
described previously (Carpenter et al, 2011) and in Supple-
mental Methods. For B cell lymphopoiesis, cells were supple-
mented with IL7 (20 ng/ml), IL3 (10 ng/ml), SCF (50 ng/
ml), and FLT3L 50 ng/ml (all from R&D Systems, Abingdon,
UK). For erythropoiesis, cells were supplemented with SCF
(50 ng/ml), EPO (3 u/ml), IGFI (40 ng/ml), IL3 (10 ng/ml)
and dexamethasone (1 pmol/l). Cells were then either stained
by immunohistochemistry for the presence of endothelial
networks using anti-CD146 antibody (AP conjugated) or
cells were harvested by collagenase and trypsin digestion as
above, prior to staining with the relevant conjugated anti-
bodies, CD45-allophycocyanin (APC) and CD10-phycoery-
thrin (PE), CD71-PE, CD235a-APC and anti-HLA Class I
antibody (all from BD Biosciences, Oxford, UK), and
(CD19-peridinin chlorophyll cyanin 5-5 (PerCPCy5-5) and
fluorescein isothicyanate (FITC) from eBiosciences, prior to

analysis by flow cytometry (using an LSR II from BD
Biosciences).

Assessing HbF and HbA haemoglobin expression profiles
across hiPSC-derived erythroblasts

CD34" multi-lineage progenitors were first isolated on OP9
stroma as described above, and then subjected to a differenti-
ation strategy based on that described for suspension cultures
(England et al, 2011). After MACS separation, CD34" cells
were introduced to either suspension culture in StemSpan
(Stem Cell Technologies, Vancouver, BC, Canada) with SCF
(50 ng/ml), EPO (3 u/ml), IGF1 (40 ng/ml), IL3 (10 ng/ml)
and dexamethasone (1 pmol/l). Cells were harvested on day
14 and freshly stained with CD235a-APC and 4',6-diamidi-
no-2-phenylindole (DAPI) (1 pg/ml) and, after three washes
in PBS, fixed in 4% (w/v) paraformaldehyde and permeabi-
lized prior to staining with 2.5 pl anti-alpha globin anti-
body-FITC conjugate (ab19191; Abcam, Cambridge, UK),
2-5 pl anti-HbF-PE conjugate (clone 2D12; BD Biosciences),
or anti-HbA (500 ng) (clone 4B8; Perkin Elmer, Cambridge,
UK) co-incubated with 1 pg of anti-IgG2b-Alex488
(Invitrogen, Life Technologies Corporation, Paisley, UK).
Experiments were repeated three times across four hiPSC cell
lines, with mean data from HbF'/HbA~ and HbF'/HbA*
populations presented. Cellular controls included fresh blood
from cord blood and adult peripheral blood, and mononu-
clear cells cultured in parallel with hiPSC-derived CD34"
cells.

Assessment of erythroid potential of hiPSCs differentiated
in defined conditions

hiPSC lines were grown to high density in mTeSR media,
prior to differentiation as described previously (Carpenter
et al, 2012), with additional supplementation of VEGF
(10 ng/ml) from day 4-8, and SCF (100 ng/ml), FLT3L
(100 ng/ml) TPO (20 ng/ml), IL3 (10 ng/ml) and IL6
(10 ng/ml) from day 8-12 (all from R & D Systems). The
presence of CD31" and CD45" cells on day 14, designated
EMPs, was confirmed by live cell immuno-histochemistry
using anti-CD31-PE conjugate (50 pl/ml) (Miltenyi Biotec)
and anti-CD45-488 conjugated antibodies (10 pl/ml) (Invi-
trogen) and fluorescence microscopy. Fluorescence-activated
cell sorting (FACS) analysis was used to confirm dual posi-
tive CD31" CD45". CD31" progenitors were isolated from
day 12 cultures by MACS separation, and erythropoiesis was
induced for a further 14 d by re-plating onto OP9 stroma in
alpha-minimal essential medium with 10% fetal calf serum
(FCS) and supplemented with SCF (100 ng/ml), EPO (2 u/
ml), IGF1 (40 ng/ml) and dexamethasone (1 pmol/l), with
half-feeds every 4 d. On day 26 of differentiation, cells were
stained and FACS analysis undertaken for HbF and HbA
assessment as described above.
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Results

hiPSC derivation and characterization

Derivation of multiple hiPSC lines was undertaken for a sys-
tematic assessment of erythropoiesis and to demonstrate
expression of HbF and HbA at a single cell level. We used
previously reported lines (C18 and C19) derived from
human adult fibroblasts (Carpenter et al, 2011), and new
lines using OriP plasmid vectors (Yu et al, 2009) to assess
whether erythropoiesis was more or less efficient between

approaches. New lines were derived from cord blood mono-
nuclear cells (OC1) or cord erythroblasts (CE1) after 7 d
expansion in conditions that promote erythroid growth. The
reprogramming regime is included for lines generated with
OriP vectors (Fig 1A). We also reprogrammed adult periph-
eral blood mononuclear cells in the absence of feeders
(OPM2). In all conditions tested, hiPSC colonies were appar-
ent from day 9 onwards, and this was especially obvious in
chemically defined conditions because adherent cells were
easily identified (Fig 1B). Colonies were picked from day 21
onwards and expanded as lines using mTeSR media without

(A) PB MNCs
Day0 Day2 Day16
4 days | 1 1 |
! ! l |
Medium ~ SP34* DMEM F12 mTeSR

Cytokines STF366RGM N2B27-100 + PCALY
E c-mto Matrix Gel/fibronectin
CD34+ nucleofector (programme U008)

Nucleofected with pEN2L(7-3 ug) + pET2K (3-8 ug)

STF366RGM: N2B27-100 : PCALY:

SCF (100 ng/ml) 1x N2 PD0325901 (0-5 umol/l)
TPO (20 ng/ml) 1x B27 CHIR99021 (3 umol/l)
FIt3 (100 ng/ml) 1x PIS A-83-01 (0-5 umol/l)

0-1 mmol/l NEAA
0-1 mmol/l 2ME
100 ng/ml bFGF

IL-3 (10 ng/ml)

IL-6 (10 ng/ml)

IL-6R (10 ng/ml)
(B) GM-CSF (100 ng/ml)

LIF (10 ng/ml)
Y27632 (10 umol/l)

Fig 1. Reprogramming of human hiPSC lines from various sources (fibroblasts and blood) using retrovirus and plasmids. (A) Generation of
hiPSC lines using OriP episomal plasmids with a small molecule approach that is independent of mouse embryo fibroblast feeders. (B) hiPS colo-
nies can be observed within 14 d, shown as bright field images on Day 9 and 14. A typical hiPSC/embryonic stem cell morphology (compact col-
onies and high nucleus-cytoplasm ratio) can be observed by day 22. (C) Once hiPSC lines were established, these were then confirmed to express
stem cells markers, Nanog, Oct4, SSEA4 and TRA-1-60. (D) hiPSC lines were shown to be pluripotent, as demonstrated by teratoma formation
in vivo and contribution to the three germ layers: glandular (endoderm) neuronal (neuro-ectoderm) and cartilage (mesoderm) tissues. hiPSC,
human induced pluripotent stem cells; PB MNCs, peripheral blood mononuclear cells.
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feeders. By passage 6, the generated lines were tested for the
ES-specific antigens SSEA4, TRA-1-60, Oct4 and Nanog. The
peripheral blood-derived hiPSC line OPM2, is shown as a
representative example (Fig 1C). All selected lines were dem-
onstrated to be pluripotent, and form teratomas in vivo
(Fig 1D).

Molecular karyotyping and genetic analysis

When analysed by G banding, all lines that were tested were
cytogenetically normal, except for C18, which carried a bal-
anced reciprocal translocation and was not considered fur-
ther. Molecular analysis using the CytoSNP-12 v2.1
microarray (Illumina Inc), showed that all of the assessed cell
lines harboured a subset of copy number variants (CNVs)
that have been noted previously in the Database of Genomic
Variants (http://dgv.tcag.ca/dgv/app/home). In addition, we
identified genomic rearrangements in six of the nine cell lines
originating from the same donor. These acquired (Class II)
rearrangements ranged in size from a single exon deletion of
PLXDCI (validated by direct sequencing, in three of the nine
cell lines, data not shown) to a mosaic 82 Mb region of
copy neutral loss of heterozygosity (cnLOH) involving chro-
mosome bands 17p13.1-13.3 (see Table S1). Of particular
note were copy number (CN) losses involving the large
CSMDI gene, seen in four of the nine cell lines. Here we
show a representation of the CNV within the CSMD1 gene
(Fig 2A) and demonstrate its effect on transcript size across
hiPSC lines. O31 (not used later in erythroid differentiation
studies) and CE1 were shown to have truncated transcripts
as resolved by RT-PCR and agarose electrophoresis (Fig 2B).
OC1 and OPM2 represent controls. Figure 2C shows in brief
the various CNV mutations observed in lines derived from a
single donor, where Class I (somatic) and Class II (acquired)
mutations can be identified. A more complete list document-
ing CN and cnLOH events of CNVs is given in Table SI.

Deriving multi-lineage haemo-endothelial progenitors
across hiPSC lines

Previously we have described a system that can yield CD34"
progenitors capable of forming endothelium, erythroid cells
and B lymphocytes (Carpenter ef al, 2011) and so we
employed this method to stringently assess haemo-endothe-
lial potential across hiPSC lines. A haemato-endothelial sub-
population that is positive for CD43, and thus committed to
the haemopoietic lineage (Vodyanik ef al, 2006) was identi-
fied after 10 d co-culture with OP9 stoma (Fig 3A). After
MACS selection of CD34" cells, containing a CD34"CD43"
subpopulation, they were seeded onto MS5 stroma under
erythroid or lymphoid conditions. All hiPSC lines tested are
able to undergo multi-lineage differentiation towards endo-
thelium (seen in all conditions) that stained positive for
CD146 (Fig 3B), erythroid cells that were positive for CD71
and CD235a (Fig 3C) and B lymphocytes that co-expressed

CD10 and CD19 (Fig 3D), whilst a bright field image of B
lymphocytes growing on MS5 stroma, from CEl hiPSC, is
also shown in Fig 3D. Mean data for contribution to these
lineages is also provided to demonstrate that all lines tested
can give rise to red blood cells and endothelium. Mean data
for B cell differentiation is extremely robust for hiPSC line
C19 (at 3-4% SEM 0-33 n =6), and B cell differentiation
was confirmed for CE1 (at 1-4% n = 1) and OPM2 lines (at
2:5% n =2). A brightfield image in Fig 3D demonstrates
typical morphology of B lymphocytes within the MS5
stroma.

Erythropoiesis across hiPSC lines derived

To rigorously assess erythropoiesis across hiPSC lines, we
first characterized general phenotypic features after 10 d dif-
ferentiation on OP9 stroma and 14 d in erythroid condi-
tions. Differentiated hiPSC lines co-expressed CD71 and
CD235a (Glycophorin A) (Fig 4A) and have comparable lev-
els of purity (Fig 4B), although hiPSCs from fibroblasts
(C19) may underperform in this assay, contributing to a
lower proportion of CD235a"CD71" erythroblasts when
compared to blood-derived hiPSCs. Most notably for diag-
nostics and applications in transfusion medicine, is that
when compared to normal cellular counterparts, umbilical
cord blood (UCB) and adult peripheral blood, Class I HLA
expression was down-regulated, on iPS-derived erythroblasts,
but not on CD235a~ mononuclear cells, and this was seen
across all lines tested (Fig 4C). We also demonstrated that
hiPSC-derived erythroblasts express a range of surface anti-
gens associated with red cells, and at comparable levels to
fresh UCB and adult peripheral blood (Supplemental 2 Fig-
ure S1b), except for CD71, which remained high. Erythro-
blasts from both CD34-derived and hiPSC-derived sources
were heterogenous and remained nucleated, as revealed by
Leishman’s stain (Supplemental 2 Figure S1b).

Of particular interest in this study, is whether erythro-
blasts from different hiPSC sources express HbF and HDbA.
We assessed the globin expression profiles of erythroblasts
from hiPSC lines, compared to relevant controls, using the
nCounter Analysis System (Nanostring Technologies, Seattle,
WA, USA) where individual mRNA molecules can be visual-
ized and counted directly. Quantitative data for human glo-
bin expression is provided in Supplemental 2, Table S2,
which highlights high-level expression of { and & globin
(embryonic) as well as oo and vy globin (fetal) for hiPSC-
derived RBCs expanded in StemPro34, whilst B globin
(adult) expression is low at 1-2% of UCB CD34-derived
RBC expression levels.

To resolve globin expression profiles at a single cell level,
and more specifically that of fetal and adult haemoglobin, we
firstly assessed o globin expression against CD235a, and
observed that a majority of erythroblasts express high levels
of o globin (50-80% depending on lines) and have a very
similar pattern of staining to cultured UCB CD34"-derived

© 2014 The Authors. British Journal of Haematology published by John Wiley & Sons Ltd. 439
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Fig 2. Genomic analysis reveals common copy number variations across hiPSC-derived lines. Two hundred nanograms of DNA was hybridized
to a CytoSNP-12 v2.1 and data analyses was performed using GenomeStudio V2011.1 and Nexus v6.1. A representation for the copy number
variant occurring at del8p23.2 is shown in A, which was confirmed by genomic polymerase chain reaction, that revealed truncated transcripts for
the CSMD genes, across several hiPSC lines (B). (C) A schematic identifying the mutations across hiPSC lines from one donor (OC, O3 and CE
lines), which are common to more than one line, and indicate the presence of somatic mutations (common to all lines) and acquired or Class II
mutations that arose independently during culture.

erythroblasts (Fig 5A). Next we wanted to determine the
HbF expression profile of hiPSC-derived erythroblasts, plot-
ted against CD235a (Glycophorin A). Here (Fig 5B) we
found that staining profile between cultured UCB-derived

440

CD34" cells and hiPSC-derived erythroblasts was similar,
although there was a lower proportion of cells double posi-
tive for CD235a and HbBF in the hiPSC samples (5-20%)
compared with the control UCB CD34" (29-4 + 5:1%). Of
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Fig 3. Multi-lineage haemopoietic differentiation of hiPSC lines upon OP9 co-culture. (A) Human induced pluripotent stem cells (hiPSC) lines
from a variety of sources were assessed for their haemopoietic potential. hiPSC colonies were harvested and co-cultured on OP9 stroma for 10 d.
Haemopoietic progeny arising after 10 d co-culture with OP9 were harvested by collagenase/trypsin treatment and analysed for the appearance of
markers typical of haemogenic endothelium committed to the haemopoietic lineage that includes staining for CD34" with CD43", and CD43"
with CD144" and CD31". CD34" cells were isolated by magnetic-activated cell separation, and seeded onto MS5 feeders and exposed to either
(B) CD146" networks, (C) lymphoid (SCF, FIt3L, IL7 and IL3) or (D) erythroid (SCF, EPO, IGF, IL3 and dexamethasone) conditions for a fur-
ther 21 d. Here we see the appearance of either CD19°CD10" B lymphocytes or CD71* CD235a" erythroblasts, as well as CD146" endothelial
networks, indicating that all hiPSC lines differentiate into a multi-lineage progenitor that is capable of haemato-endothelial differentiation. Mean

data are provided in the far right panels where n = 2-3, and standard deviation is shown.

particular note was the high level of HbF expression in UCB
CD34*-derived erythroblasts, which suggests a bias towards
expression of HbF, during in-vitro culture.

Additional experiments were aimed at assessing adult or
HbA globin expression, as a further indicator for definitive
erythropoiesis, and to identify a potentially better source
of erythroblasts for therapeutic applications. To accurately
monitor HbF and HbA co-expression by flow cytometry,
we firstly generated a stringent gating strategy developed
using appropriate cellular controls (Fig 5). Here we used
fresh cord blood and peripheral blood as positive controls
for HbA expression, and K562 erythro-myeloid cells as a

negative control. HbF however, was high in K562 cells,
with a minor population evident in adult and cord blood
as described previously (Prus & Fibach, 2013). When these
criteria were applied to assess erythroblasts across hiPSC
lines, co-expression of HbF and HbA was seen in a small
sub-population of hiPSCs (1-2%), in a manner that is
highly heterogeneous, but in this sub-population Pglobin
expression was substantially higher than negative fractions,
and mirrored that observed for cord blood CD34"-derived
erythroblasts. Levels of HbF'HbA™ and HbF'HbA" frac-
tions are given across hiPSC lines from three independent
experiments.
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Fig 4. Systematic analysis reveals efficient erythropoiesis across hiPSC lines, and down regulation of Class I HLA. Here we describe erythropoiesis
across all human induced pluripotent stem cells (hiPSC) lines, from CD34" multi-lineage progenitors (from OP9 co-culture), differentiated in
liquid culture in StemSpan medium with EPO, SCF, IGF-1, and dexamethasone. Efficient erythropoiesis was demonstrated (A and B) for OCl1-,
OCELl-, and OPM2-derived erythroblasts that reached nearly 80% purity. Populations from C19 had a significantly lower proportion of CD235a"
erythroblasts. When assessed for Class I HLA down-regulation (C), across lines, Class I HLA expression was low on CD235a" erythroblasts, and
in line with that seen for cellular controls, frozen umbilical cord blood (UCB), fresh UCB and fresh adult peripheral blood.

Demonstrating definitive erythropoiesis in defined
conditions

Previously we have described an efficient protocol for directed
differentiation of hiPSCs towards the cardiovascular lineage
(Carpenter et al, 2012). Here we aimed to test whether this sys-
tem could also be adapted to provide erythroblasts in a defined,
serum and feeder-free approach. As VEGF is known to promote
erythropoiesis from pluripotent sources (Cerdan et al, 2004)
we tested whether the addition of VEGF (and subsequently with
haematopoietic then erythroid cytokines, see Fig 6A) to differ-
entiating cardiovascular cultures could promote erythropoiesis
and if the erythroblasts formed could express HbF and HbA.
Figure 6B shows a differentiating culture of hiPSCs and dem-
onstrates the presence of cells co-expressing CD31" and CD45"
that appeared to be weakly dual-positive. This was confirmed
by MACS using anti-CD31 microbeads, and subsequent flow
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cytometry analysis (Fig 6C) where the CD31"CD45" popula-
tion, considered the EMP (Palis ef al, 1999; England et al,
2011; McGrath et al, 2011) is also positive for CD235a". This
can be induced four-fold by exposure to VEGF from day 4-8
(0-3667 £+ 0-15vs. 1-53 £ 0-43 n = 3).

We also wanted to assess the impact of co-culture with OP9
stroma, which has been shown to induce B globin expression
(Choi et al, 2012). When cells were purified by MACS using
anti-CD31 beads, and co-cultured on OP9 stroma under ery-
throid conditions, they were shown to undergo erythropoiesis
and give rise to haemoglobinized eryhthroblasts after 14 d
(Fig 7). When erythroblasts from defined differentiation con-
ditions were assessed specifically for HbF and HbA expression,
we observed (as for haematopoietic differentiation on OP9
stroma) that hiPSC-derived erythroblasts co-express HbF and
HbA, but did so at much improved levels, whereby nearly all

© 2014 The Authors. British Journal of Haematology published by John Wiley & Sons Ltd.
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CD235a" erythroblasts were HbE" (72-9 + 5-81%) and a sig-
nificant proportion of these co-expressed HbF"™ HbA™
(44-0 £ 6-04%). This was confirmed by significantly enhanced
levels of HBB mRNA as determined using the Nanostring assay
(Supplemental 2).

Discussion

We have demonstrated here that hiPSCs, generated from mul-
tiple different sources are capable of generating a multi-lineage

© 2014 The Authors. British Journal of Haematology published by John Wiley & Sons Ltd.
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haemato-endothelial progenitor, contributing towards mye-
loid, lymphoid and endothelial lineages. Additionally we show
that hiPSCs, when analysed at a single cell level, are able to
undergo definitive erythropoiesis where erythroblasts express
HbF and HbA. This observation, of high expression levels of
HbF and HbA in a small sub-population (1-2%) of erythro-
blasts from pluripotent sources, is unique in human studies.
When we assessed defined conditions for definitive erythro-
poiesis, we observed an EMP (CD317CD45") that was
enhanced four-fold by supplementation with VEGF, could
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proliferate on OP9 stroma to generate erythroblasts that
co-express HbF and HbA to
(44-0 + 6-04%) and was expressed in a manner analogous to
UCB CD34-derived erythroblasts. These findings demonstrate
that, irrespective of the reprogramming strategy or source of

much higher levels

tissue (adult fibroblast versus perinatal or adult mononuclear
cells), hiPSCs are suitable for multi-lineage haematopoiesis,
and that definitive erythropoiesis can be reproducibly
observed, using a variety of strategies and regardless of issues
such as epigenetic memory (Kim et al, 2010; Stadtfeld et al,
2012). Furthermore, we show that across iPSC lines, erythro-
blasts lack expression of Class I HLA, which mirrors normal
erythropoiesis, and has important implications both for diag-
nostics and transfusion medicine. Given that there is still much
controversy regarding the derivation of B cells from pluripo-
tent stem cells (Martin et al, 2008), it is of note that B cell lym-
phopoiesis was demonstrated from multiple hiPSCs sources.
Additionally, we have described various somatic and
acquired mutations across hiPSCs lines, where some CNVs
are common in hiPSC lines, as
(Martins-Taylor et al, 2011). Of the acquired genomic rear-

described  previously
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rangements reported here, a number of the genes involved
have been associated with cancer or cell growth. For exam-
ple, the 82 Mb region of ¢cnLOH in a single cell line
included TP53, a well known tumour suppressor gene that is
mutated in the germ-line in Li-Fraumeni syndrome (Srivast-
ava et al, 1990), and somatically in a range of other cancers,
reviewed elsewhere (Hainaut & Wiman, 2009). LINC00290
lies is a region of recurrent chromosomal alterations identi-
fied in adrenocortical tumours (Letouze et al, 2012). Muta-
tions within the CSMDI gene investigated here have been
associated with aggressive tumour formation (Scholnick &
Richter, 2003; Farrell ef al, 2008; Kamal et al, 2010) and it
has been shown previously to have potential tumour sup-
pressor activity (Tang et al, 2012). Although truncated in the
CE line used in this study, the impact of this mutation is
unclear, although it did not prevent efficient (or definitive)
erythropoiesis. These findings highlight the importance of
assessing hiPSC-derived tissues for genomic aberrations,
however it is envisaged that efficient enucleation during ter-
minal differentiation of erythropoiesis will help to negate any
safety concerns that may arise from such somatic or acquired

© 2014 The Authors. British Journal of Haematology published by John Wiley & Sons Ltd.
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mutations. Of note, it has been recently shown that enucle-
ation is possible in hiPSC-derived erythroblasts, in vivo
(Kobari et al, 2012).

With regard to developmental erythropoiesis, globin
expression is known to undergo changes associated with both
maturational switching and lineage switching (Stamatoyan-
nopoulos, 2005; Sankaran et al, 2010a). Whilst expression of
embryonic globins (¢ and {) and o globin predominate in
primitive erythropoiesis (Fraser et al, 2007, 2010) and in plu-
ripotent sources of erythroblasts (Lu et al, 2008; Qiu et al,
2008; Lapillonne et al, 2010; Dias et al, 2011; Kobari et al,
2012), gamma (y) globin expression is also widely reported.
Here however, y globin is associated with a lineage switch
from primitive to definitive erythropoiesis (England et al,
2011; McGrath et al, 2011). Previous reports show generally
low levels of HBB transcript by RT-PCR or protein by mass
spectrometry (Qiu et al, 2008; Lapillonne et al, 2010). This is

© 2014 The Authors. British Journal of Haematology published by John Wiley & Sons Ltd.
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unsurprising, because protocols for pluripotent stem cell dif-
ferentiation generally recapitulate the primitive wave of
erythropoiesis where embryonic globins are largely expressed
(Lu et al, 2008). We show that by direct quantification
(Nanostring Assay), that a variety of embryonic globins are
expressed that include { and €. However, upon assessment of
single cells by FACS profiling, we were able to uniquely iden-
tify a small sub-population of erythroblasts that co-express
both HbF and HbA (HbA antibody specific to B globin),
therefore suggesting definitive erythropoiesis. This is entirely
consistent with the first definitive wave of haemopoiesis and
definitive erythropoiesis, and which results in an EMP capa-
ble of differentiating to express HbF and HDbA in model
systems (England et al, 2011; McGrath et al, 2011).

When we assessed defined conditions for definitive erythro-
poiesis, an EMP (CD317CD45") could be identified, which
was enhanced four-fold by supplementation with VEGF. VEGF
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has been shown to promote endothelial expansion in such cells
(Yang et al, 2008) and is also known to promote erythropoiesis
(Cerdan et al, 2004). Importantly for clinical applications, this
method was serum-free and feeder-free, and was highly permis-
erythropoiesis, ~yielding CD235a*
erythroblasts that were predominantly HbF', and that
co-expressed both HbF" and HbA' (44-0 £ 6:04%). The
observation of a CD31"CD45" progenitor arising from the endo-

sive for definitive

thelial vessels within the defined culture conditions closely mir-
rors the formation of the EMP from yolk sac endothelium
during the first definitive wave of erythropoiesis (Palis et al,
1999; England et al, 2011; McGrath et al, 2011). Improved
switching of globin expression from HbF to HbA during ery-
throid expansion on OP9 stroma mirrors that reported by Kobari
et al (2012), who demonstrated induction of HbA expression in
hiPSC-derived erythroblasts in vivo. HbF expression is unlikely
therefore to be a barrier to clinical use, but instead its expression
may yet serve as an indicator for the definitive erythroid lineage,
that may be then induced to express HbA.

In conclusion, we have demonstrated that hiPSCs lines,
derived in a variety of ways, can all yield a multi-lineage hae-
mato-endothelial progenitor that can be used to model early
developmental haemopoiesis, such as B cell lymphopoiesis and
erythropoiesis. We have also demonstrated formation of a
EMP that can undergo definitive erythropoiesis to co-express
HbF and HbA. The capacity of hiPSCs to undergo definitive
erythropoiesis analogous to that observed from cord blood
implies that hiPSCs could 1 d be considered for clinical use.
However, there are many hurdles to be overcome before this
will be widely applicable, particularly with regard to logistics of
scale-up for manufacture, whilst safety concerns will also be
paramount. After reprogramming of somatic cells and exten-
sive proliferation in culture, efficient enucleation in vitro dur-
ing terminal differentiation will be critical. However, as hiPSCs
can mirror many aspects of early developmental haematopoi-
esis, they do represent a potential alternative to donor tissue
for future applications in transfusion medicine.
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