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HepG2-conditioned medium (CM) facilitates early differentiation of murine embryonic stem cells (mESCs) into
hematopoietic cells in two-dimensional cultures through formation of embryoid-like colonies (ELCs), by-
passing embryoid body (EB) formation. We now demonstrate that three-dimensional (3D) cultures of alginate-
encapsulated mESCs cultured in a rotating wall vessel bioreactor can be differentially driven toward definitive
erythropoiesis and cardiomyogenesis in the absence of ELC formation. Three groups were evaluated: mESCs in
maintenance medium with leukemia inhibitory factor (LIF, control) and mESCs cultured with HepG2 CM
(CM1 and CM2). Control and CM1 groups were cultivated for 8 days in early differentiation medium with
murine stem cell factor (mSCF) followed by 10 days in hematopoietic differentiation medium (HDM) con-
taining human erythropoietin, m-interleukin (mIL)-3, and mSCF. CM2 cells were cultured for 18 days in HDM,
bypassing early differentiation. In CM1, a fivefold expansion of hematopoietic colonies was observed at day 14,
with enhancement of erythroid progenitors, hematopoietic genes (Gata-2 and SCL), erythroid genes (EKLF and
b-major globin), and proteins (Gata-1 and b-globin), although z-globin was not expressed. In contrast, CM2
primarily produced beating colonies in standard hematopoietic colony assay and expressed early cardiomyo-
genic markers, anti-sarcomeric a-actinin and Gata-4. In conclusion, a scalable, automatable, integrated, 3D
bioprocess for the differentiation of mESC toward definitive erythroblasts has been established. Interestingly,
cardiomyogenesis was also directed in a specific protocol with HepG2 CM and hematopoietic cytokines making
this platform a useful tool for the study of erythroid and cardiomyogenic development.

Introduction

Hematopoiesis in the early mouse embryo has been
recapitulated by in vitro differentiation culture of human

and murine embryonic stem cells (mESCs) by which meso-
dermal cells commit to the hematopoietic lineage before giv-
ing rise to other blood cells [1–7]. During embryogenesis,
hematopoietic cells originate from the lateral plate mesoderm
in an ordered program of development occurring in conjunc-
tion with cells of the cardiovascular system and share a com-
mon precursor, the hemangioblast [8–11]. The study of the
hemangioblast, hemogenic endothelial cells and endothelial-
to-hematopoietic transition [12–14] is critical to the under-
standing of related pathologies and for the development of a
robust and reliable in vitro method of ESC differentiation to-
ward cells, such as red blood cells (RBCs), which may be used
in future clinical translational protocols [15–17].

Current protocols for in vitro production of RBCs from
ESCs are fragmented and involve multiple (three) stages: (1)
maintenance/expansion of undifferentiated ESCs, (2) sponta-
neous differentiation through formation of embryoid bodies
(EBs) incorporating all three germ layers, and (3) dissoci-
ation of EBs with re-plating for terminal differentiation to
desired lineages [16,18]. Ideal conditions for such cultures
are not fully identified but result in sub-optimal control of
differentiation and heterogeneity [19,20]. To date, the most
efficient protocols for generation of oxygen-transporting,
enucleated RBCs from ESCs require co-culture with feeder
cells and a complex, fragmented multi-step process requir-
ing at least 1 month of culture, which renders such protocols
impractical and difficult to scale up [16,17]. EB cavitation
during the process also results in cell loss and further re-
duces the yield and quality of cellular products [21,22].
In contrast to these two-dimensional (2D) cultures, three-
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dimensional (3D) systems can produce a controllable and
scalable high cell-density culture of ESCs with a reduction
in shear stress to cells that still maintain the capacity to
terminally differentiate [23–26]. However, these methodol-
ogies for directed differentiation involved EB formation
[25,26] and generated heterogeneous cell types [20] that
were unsuitable for potential therapeutic applications. Fur-
thermore, 3D cultures with increased cell density face mass
transport limitations in static conditions resulting in an in-
homogeneous environment, and a decrease in total cell
output [27]. To overcome these limitations, we and others
use bioreactors to accommodate dynamic ESC culture con-
ditions and enable large-scale production [26,28–32].

Our previous work demonstrated that HepG2 conditioned
medium (CM), obtained from cultures of the human hepa-
tocarcinoma cell-line HepG2, enhanced mesoderm forma-
tion from mESCs [33,34] in the absence of EB formation
[31,35,36], and facilitated early differentiation of hemato-
poietic cells in standard, monolayer 2D cultures [36]. We
have recently developed an integrated bioprocess for the
expansion and differentiation of mESCs using encapsulation
and a rotating wall vessel (RWV) bioreactor system in a
single-step process that does not require formation of EBs or
the disruption of cell aggregates, and results in 3D tissue
formation [31,32]. We now extend these studies and describe
an efficient, integrated bioprocess for in vitro erythropoiesis
from mESCs that (1) facilitates 3D culture through encap-
sulation of undifferentiated mESCs in alginate hydrogels, (2)
uses CM to efficiently stimulate mesoderm formation, (3)
bypasses EB formation, and (4) involves culture in an RWV
bioreactor that requires minimal handling (cell passaging is
not required) and which is scalable and automatable in a cost-
effective manner. Our results demonstrate a viable platform
for the convenient study and application of definitive ery-
throid development from mESCs based on early exposure to
murine stem cell factor (mSCF) and, interestingly, also en-
ables the study of the competitive developmental pathway
used in hematopoiesis and cardiomyogenesis in the presence
of hematopoietic cytokines.

Materials and Methods

Cell cultures

Cell lines and encapsulation of mESCs. Undifferentiated
mESCs (E14/TG2-a cell line; ATCC; P < 20) were culti-

vated according to standard mESC culture protocol [31,33]
before the encapsulation process. Maintenance of HepG2
cells (ATCC, HB-8605; P < 80) and preparation of CM was
done as previously described [33]. Undifferentiated mESCs
(10 · 106 cells) were suspended in 4 mL sterile-filtered
(0.2 mm) alginic acid (w/v) and 0.1% (v/v) gelatin solution
[both from Sigma-Aldrich; diluted in phosphate-buffered
saline (PBS), pH 7.4] [31]. The cell-gel solution was passed
through a peristaltic pump (Model P-1; Amersham Bio-
sciences) and dropped using a 25-gauge needle into sterile
alginate gelation solution (100 mM CaCl2; Sigma) with
10 mM HEPES (Sigma) and 0.01% (v/v) Tween (Sigma) at
pH 7.4 with magnetic stirring. The alginate-encapsulated
cells remained in gently stirred CaCl2 solution for 6–10 min,
and were then washed twice with PBS.

Bioprocessing of 3D mESCs. A total number of 1 · 107

undifferentiated mESCs were encapsulated in alginate hy-
drogel to produce 500 cell beads (approximately 2 · 104

cells per bead; bead diameter = 2.5 mm), and the beads were
cultured in a 50 mL RWV HARV bioreactor (Synthecon),
with daily replenishment of medium. Three groups were
assessed simultaneously in RWV culture (Table 1). The
control group consisted of undifferentiated mESCs encap-
sulated and cultured for 3 days in standard maintenance
medium with leukemia inhibitory factor (LIF) as previously
described [31,33], followed by 8 days in early differentiation
medium (EDM) containing Iscove’s modified Dulbecco’s
medium (IMDM; Invitrogen), 15% FBS (Gibco), 2 mM l-
glutamine (Gibco), 0.45 mM a-monothio-glycerol (MTG;
Sigma), 10 mg/mL bovine insulin, 5.5 mg/mL human trans-
ferrin, 5 ng/mL sodium selenite (ITS liquid media supple-
ment; Sigma), and 50 mg/mL ascorbic acid (Sigma), and
supplemented 40 ng/mL mSCF (R&D Systems). Thereafter,
the cells were cultured for 10 days in hematopoietic differ-
entiation medium (HDM) directed toward erythropoiesis
consisting of EDM with mSCF supplemented with 10 ng/mL
mIL3 and 3 U/mL human erythropoietin (hEPO) (all from
R&D Systems; modified from previous studies [36,37]). The
first experimental group (CM1) consisted of undifferentiated
mESCs encapsulated and cultured for 3 days in a 1:1 (v/v)
mixture of HepG2 CM and standard maintenance basal me-
dium (BM) [33,36], followed by 8 days of culture in EDM
with mSCF and 10 days in HDM, described earlier. The
second experimental group (CM2) was similarly cultured
for 3 days in a 1:1 (v/v) mixture of HepG2 CM and BM,
followed by direct culture in HDM (bypassing the early

Table 1. Experimental Plan

Experimental conditions

2D 3D
Experimental
groups Maintenance Maintenance Early differentiation Late differentiation

Control BM + LIF (3 days) BM + LIF (3 days) EDM + mSCF (8 days) HDM (10 days)
CM1 BM + LIF (3 days) BM + HepG2 CM (3 days) EDM + mSCF (8 days) HDM (10 days)
CM2 BM + LIF (3 days) BM + HepG2 CM (3 days) HDM (18 days)

Three mESCs groups were assessed: (1) control (3 days’ standard maintenance medium and then 8 days’ early differentiation medium),
(2) CM1 (3 days’ CM and then 8 days’ early differentiation medium), and (3) CM2 (3 days’ CM, bypassing early differentiation). All
underwent hematopoietic differentiation with hEPO, mIL-3, and mSCF to 21 culture days.

2D, two-dimensional; 3D, three-dimensional; BM, basal medium; EDM, early differentiation medium; HDM, hematopoietic
differentiation medium; LIF, leukemia inhibitory factor; mESC, murine embryonic stem cell; mSCF, murine stem cell factor.
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differentiation step) for 18 days (Table 1). In preliminary
experiments, 3D-encapsulated mESCs exposed only to CM
throughout the 21 day RWV culture period (with LIF added
in the first 3 days only) was also evaluated as an additional
control group.

Live and dead assay

Viability of cells within the alginate hydrogels was ob-
served using two-colour fluorescent Live/Dead Assay (Mo-
lecular Probes) as per manufacturer’s instructions. Briefly,
4 mM EthD-1 and 2 mM calcein AM solution was prepared in
PBS and added to the alginate-encapsulated cells, with 30 min
incubation at room temperature in the dark. The cell-hydrogel
beads were washed twice with PBS and visualized under an
Olympus BX51 microscope (Olympus). Images were captured
using the F-view unit (Soft Imaging System GmbH) with U-
MNIBA3 (FITC) and U-MWIY2 (Texas Red) filters. Image
staining intensity was quantified with Image J analysis software
[38] (National Institute of Health).

MTS assay

Growth kinetics of encapsulated cells was evaluated by
the Cell Titer 96 Aqueous One Solution Reagent MTS assay
(Promega). MTS solution (20mL) in 100mL fresh medium
was added to five hydrogel beads and incubated for 3 h
before assessment of the resultant color change (absorbance
at 490 nm) using an enzyme-linked immunosorbent assay
reader (ELx808; BIO-TEK).

Metabolic analysis

Culture supernatant (1.5 mL) was collected every 3 days
and concentrations of glucose, glutamine, ammonia, lactate,
and pH level were assessed using a Bio-Profile Analyzer
400 (Nova-Biomedical). Fresh medium in culture, without
cells, served as the control.

Cell immunophenotyping

Fifty alginate cell-hydrogel beads were collected and
dissolved in a sterile depolymerization buffer consisting of
50 mM tri-sodium citrate dehydrate (Fluka), 77 mM sodium
chloride (Fisher Scientific), and 10 mM HEPES (Sigma) for
15–20 min by gentle stirring. After dissolution, de-capsulated
cells were washed twice with PBS. A cell suspension (100mL)
of 1 · 106 cells/mL was prepared in PBS, loaded into a cuvette
well of a cytocentrifuge (Hettich Rotina 46R), and spun for 3 min
at 130 g. Cells were incubated with directly conjugated anti-
mouse CD-71 fluorescein isothiocyanate-immunoglobin (FITC;
clone RI7217) and anti-mouse TER119 phycoerythrin (PE;
clone TER-119) antibodies (all from Biolegend) in PBS buffer
containing 2% (v/v) FBS and 0.1% (w/v) sodium azide (Sigma).
Isotype controls (all from Biolegend) IgG2ak-FITC (Clone
RTK2758) and IgG2b-PE (Clone RTK4530) were used.

Immunohistochemistry of beating colonies formed from
the colony-forming unit (CFU) assay of the CM2 group was
performed after a gentle washing step to remove methyl-
cellulose, followed by fixing with paraformaldehyde for 1 h.
Primary antibody, rabbit anti-mouse sarcomeric a-actinin
(1:100 polyclonal) and secondary antibody, goat-anti-rabbit
IgG-FITC (1:150) were used as per manufacturer’s in-

structions (all from Abcam). Samples were washed twice in
PBS (Gibco) and mounted using Vectashield TM with
1.5 mg/mL 4¢,6¢ diamidino-2-phenylindole (DAPI) (Vector
Laboratories). Cells and colonies were visualized on an
Olympus BX51 microscope, and images were captured
using the F-view unit (GmbH) with U-MNIBA3 (FITC) and
U-MWIY3 (PE) filters. Image staining intensity was quan-
tified with Image J analysis software [38] (NIH). Images
were not manipulated.

Hematopoietic CFU assay

After 21 days culture in the RWV, a cell suspension con-
taining 2 · 105 cells/mL was collected by dissolving alginate cell
hydrogels in a sterile depolymerization buffer as outlined earlier.
The cells were then plated in standard methylcellulose hemato-
poietic colony-forming medium containing IMDM supple-
mented with 15% FBS, 2 mM l-glutamine, 150mM MTG, 1%
BIT (1% BSA, 10mg/mL Insulin, and 200 mg/mL Transferrin;
Stem Cell Technologies), 150 ng/mL mSCF, 30 ng/mL mIL-3,
30 ng/mL hIL-6, 3 U/mL hEPO (all from R&D), and 1% basic
methylcellulose medium (Stem Cell Technologies). Cell sus-
pensions were placed on low-adherence 35 mm Petri dishes
(VWR International Ltd.) and cultivated for an additional 14
days at 37�C with 5% CO2 in a humidified incubator. Resultant
colonies were scored and counted using standard criteria for
burst-forming unit-erythroid (BFU-E), CFU-erythroid (CFU-E),
CFU-granulocyte, macrophage (CFU-GM), and CFU-granulo-
cyte, erythrocyte, monocyte, megakaryocyte (CFU-GEMM).
Colonies were individually plucked for further analysis.

Wright–Giemsa staining

Cytospins (1 · 106 cells/mL) from CFUs of control and
CM1 groups were prepared, stained with Wright–Giemsa
(Sigma; 10 s), and subsequently washed in deionized (DI)
water for 2 min. Cells were visualized with an Olympus
BX51 microscope; images were captured using the DP50
camera (Olympus) and not manipulated after capture.

Reverse transcriptase-polymerase chain reaction

Cell pellets from de-capsulated beads and CFUs were
stored at - 80�C before RNA extraction using the total RNA
isolation kit (Qiagen Ltd.). Single-stranded cDNA synthesis
was performed with 1 mg total RNA using a random primer
and AMV reverse transcriptase with an RNase inhibitor
(Promega). The subsequent polymerase chain reaction was
performed as previously described [36] with primers de-
tailed in Table 2.

Western blot analysis

Total protein extracted from CFUs of control mESCs,
CM1, and CM2 groups was quantified using the BCA�
Assay Kit (Thermo Fisher Scientific). BSA (Sigma) was used
as a known protein standard. Protein blotting reactions were
performed as previously described [36]. Primary antibodies
used were rabbit anti-mGata-1 polyclonal (1:2,000), rabbit
anti-mz-globin polyclonal (1:2,000), chicken anti-mb-major
globin polyclonal (1:2,000), and rabbit anti-mGAPDH
polyclonal (1:20,000). Secondary antibodies, anti-rabbit, and
anti-chicken polyclonal IgG were conjugated to Horseradish
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peroxide (HRP; 1:10,000 was used for each antibody, all
antibodies were from Santa Cruz Biotechnology).

Statistical analysis

All experiments were done in quadruplicate (n = 4) on
three separate occasions (n = 3), and each value represents
mean – standard deviation. Statistical significance was evalu-
ated using two-way analysis of variance (ANOVA) with P
values £ 0.05 considered significant.

Results

Alginate-encapsulated mESCs exposed to HepG2
CM and hematopoietic cytokines have enhanced
viability and proliferation yet similar metabolism

Viability of encapsulated mESCs within the alginate hy-
drogels was determined using a two-color fluorescence live/
dead assay that measures intracellular esterase activity and
plasma membrane integrity. At day 3, encapsulated undif-
ferentiated mESCs were observed in small cell aggregates of
20 mm (Fig. 1). However, during early differentiation and
terminal hematopoietic differentiation, more and larger vi-
able cell aggregates were formed after 20 days of culture
with the largest observed in CM2 (200mm) > CM1 > Control
(100 mm), indicating that nutrient mass transport limitations
were not experienced within the hydrogels. Cells of the
CM2 group had the highest viability ( > 95%), 2.3-fold
higher than that of the control group (1 · ; CM1 1.5-fold). A
higher proliferation rate was observed for CM2 and CM1
when compared with that of the control from 6 days until 15
days of culture before reaching a plateau phase; CM2 had
the highest number of cells at the end of culture with an
approximately 15-fold expansion (Fig. 1B). Correlating with

these higher cell densities later in the culture, the pH level
initially was 7.5 and gradually declined to 7.3 (Fig. 2). In
contrast, nutrient consumption kinetics showed a significant
reduction from 23 to 0 mM and from 4.5 to 0.15 mM, for
glucose and glutamine, respectively, even at day 3 of culture
with a commensurate accumulation of lactate and ammonia.
The kinetics was indicative of the high metabolic activity of
alginate-encapsulated cells within the RWV bioreactor
cultures. Interestingly, despite these drastic changes in nu-
trients and metabolites, the viability and proliferation of
cells in culture (Fig. 1) was adequately supported by me-
dium exchange every 3 days. Although the CM2 group had
a similar proliferation profile to that of CM1 (both were
higher than the control), there was a significant difference in
pH level, glutamine consumption, lactate and ammonia
production between CM2 and both CM1 and control on day
11 (when mESCs and CM1 were exposed to HDM) and at
the end of the culture, indicative of the lower metabolic
requirements of maturing cells within CM2 at these time
points. In summary, encapsulation and culture in a RWV
bioreactor facilitated high viable cell densities at 21 days,
with a total output of 1.5 · 108 cells total in 500 hydrogel
beads (15-fold expansion), minimal mass-transport effects,
and the potential for control and optimization of metabolic
parameters.

Directed hematopoietic differentiation is dependent
on early exposure to mSCF, whereas
cardiomyogenic differentiation occurs with early
exposure to mSCF, mIL-3, and hEPO

Gene expression analysis was performed on the de-
capsulated cells at days 1, 4, 9, and 15 of culture (Fig. 3A).
Expression of the pluripotency gene, Oct-4, was maintained

Table 2. Description of Polymerase Chain Reaction Primers

Reverse transcriptase polymerase chain reaction primers

Genes Forward 5¢-3¢ Reverse 5¢-3¢ Length (bp)
PCR

cycles

Pluripotency
Oct-4 TGTGGACCTCAGGTTGACT CTTCTGCAGGGCTTTCATGT 181 27

Cardiomyogenic progenitors
Gata-4 CTCCTACTCCAG CCCCTACC GTGGCATTGCTGGAGTTACC 571 30
a-MHC ACCGTGGACTACAACAT CTTTCGCTCGTTGGGA 285 33

Mesoderm
Brac-T AAGGAACCACCGGTCATCG CGTGTGCGTCAGTGGTGTGTAATG 321 27
Flk-1 CCTGGTCAAACAGCTCATCA AAGCGTCTGCCTCAATCACT 599 30

Hematopoietic progenitors
Gata-2 TGCAACACACCACCCGATACC CAATTTGGACAACAGGTGCCC 336 35
SCL TAGCCTTAGCCAGCCGCTCG GCGGAGGATCTCATTCTTGC 277 35

Erythroid
EKLF ACCACCCTGGGACAGTTTCT GAAGGGTCCTCCGATTTCAG 519 35
Gata-1 ATGCCTGTAATCCCAGCACT TCATGGTGGTAGCTGGTAGC 581 35
bH1-globin TTTGCACACTTGAGATCATCTC GGTCTCCTTGAGGTTGTTCCATG 610 30
b-globin ATGGTGCACCTGACTGATGCTG GGTTTAGTGGTACTTGTGAGCC 447 30

House-keeping
GAPDH CATCACCATCTTCCAGGAGC ATGCCAGTGAGCTTCCCGTC 500 27

Oct-4, octamer-binding transcription factor-4; Gata-1, -2, and -4, glutamyl-tRNA(Gln) amidotransferase subunit A -1, - 2, and -4; a-
MHC, alpha myosin heavy chain; Brac-T, brachyury transcription factor T-gene; Flk-1, fetal liver kinase-1; SCL/Tal-1, stem cell leukemia/
T-cell acute lymphocytic protein 1; EKLF,- erythroid-like kruppel factor; bH1-globin, hemoglobin beta-H1 chain; b-globin, beta-major
globin; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; PCR, polymerase chain reaction.
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in the control group until at least day 4, indicating that at
least some pluripotent capacity was retained, which was in
contrast to the CM1 and CM2 groups exposed to the HepG2
CM. During differentiation, the mesoderm genes, Brachyury
(Brac-T) and Flk-1, were clearly expressed early at day 4
and 9 in the CM1 and CM2 groups with delayed expression
at day 15 in the control group, consistent with the known
effects of HepG2 CM in enhancing mesoderm formation
[33,36]. Expression of the early hematopoietic and erythroid
genes Gata-2, SCL, and EKLF was earlier in CM1 and CM2
compared with that of the control, with the highest con-
sistent expression in CM1. Interestingly, although Gata-4
increased from day 4 in all conditions, a distinct high in-
tensity band was observed in CM2 at day 15 of culture in
conjunction with maintained expression of Flk-1 and co-
incident with a fall in all hematopoiesis-specific genes, in
particular Gata-2, which peaked at day 9; this expression
pattern was suggestive of cardiomyogenic gene upregula-
tion under the influence of hematopoietic cytokines within
the differentiation medium. The enhanced hematopoietic
maturation in CM1 by day 15 was supported by the in-
creased expression of erythroid antigens CD71 (2.6-fold
higher) and TER119 (1.8-fold higher) compared with that
of CM2 (1.4-fold CD71, 1.1-fold TER119) and control
(1 · ) groups (Fig. 3B). These results suggested that the
conditions of CM1 were most conducive to directed ery-
throid differentiation and that of CM2, which bypassed the

early differentiation stage, expressed a more prominent
cardiomyogenic signature on direct exposure to hemato-
poietic cytokines.

Early exposure to mSCF favored definitive erythroid
colony development, whereas early exposure
to mSCF, mIL-3, and hEPO resulted
in cardiomyogenic beating colonies (‘‘CFU-Beat’’)

At the end of the 21-day culture period, de-capsulated
terminally differentiated cells were re-plated in methylcel-
lulose with a hematopoietic cytokine cocktail in CFU assay
to assess functionality. The control group formed mostly
myeloid progenitors, identified by formation of CFU-GM
colonies, confirmed by Wright–Giemsa staining showing
macrophages (Fig. 4A). In contrast, a higher number of he-
matopoietic progenitor colonies, consisting mostly of ery-
throid colonies, BFU-E, and CFU-E, was achieved from the
CM1 group after 14-day methylcellulose culture (Fig. 4B;
P £ 0.01) with a fivefold enhancement compared with that of
control and CM2 groups. Macrophages with nucleated eryth-
rocytes (nE) were observed in cytospins of CM1, indicative of
erythroid islands needed to support BFU-Es [39] (Fig. 4A).
Interestingly, despite the early exposure to mSCF, mIL-3, and
hEPO and the hematopoietic cytokine cocktail inherent in
standard methylcellulose CFU assay, beating colonies (‘‘CFU-
Beat’’) dominated the CFU assay of CM2 (Supplementary

FIG. 1. Morphology, via-
bility, and proliferation of
three-dimensional (3D)-
murine embryonic stem
cells (mESCs). (A) Re-
presentative mESC-beads
on (i) day 3 and (ii) day 20.
Magnification: 4 · ; Scale:
500mm. (iii) day 20 viability
in composite images of Cal-
cien AM (iii’) and nonviable
cells (Ethidium homodimer-
1;) (iii’’); negative controls in
insets. Magnification: 20 · .
Scale: 200mm. (B) Cell pro-
liferation over 21 days [mean
number of cells – standard de-
viation (SD); n = 3, *P £ 0.05].
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Video S1; 22 beats per minute observed; Supplementary Data
are available online at www.liebertpub.com/scd). CFU-Beats
were only observed in the CM2 group, with a small population
of mixed hematopoietic colonies formed (16% of total). En-
capsulated mESCs exposed only to HepG2 CM for 21 days in
the RWV bioreactor did not form CFU-Beats (data not shown).
Fluorescence staining for anti-sarcomeric a-actinin confirmed
cardiomyogenic differentiation in the CFU-Beat (Fig. 4A).
Further gene (Fig. 4C) and protein analysis (Fig. 4D) of CFUs
from CM1 showed higher Gata-2, SCL, and b-major globin
gene expression as well as protein expression of the early
erythroid marker Gata-1 and b-globin with lack of z-globin,
confirming that hematopoietic differentiation toward the de-
finitive erythroid lineage was successfully achieved. In con-
trast, expression of Gata-4 and a- MHC genes was only
observed from colonies collected from CM2, indicative of the
dominant cardiomyogenic differentiation pathway in CFU-
Beats on exposure to standard hematopoietic cytokines of the
CFU assay. CFUs from the control group expressed early
hematopoietic markers, Gata-2 and SCL, without expression of
erythroid genes or proteins, confirming that the hematopoietic
differentiation program was committed toward hematopoietic-
myeloid lineage. These results indicated that, in this 3D sys-
tem, early exposure of mESCs to mSCF directed definitive

erythroid maturation, whereas early exposure to mSCF, mIL-3,
and hEPO resulted in functional cardiomyogenic differentia-
tion preferentially even on direct exposure to hematopoietic
cytokines in standard hematopoietic CFU assay.

Discussion

We have described an integrated single-step 3D bioprocess
for the efficient and directed generation of definitive ery-
throid and cardiomyogenic cells from alginate-encapsulated
mESCs in the absence of standard EB or embryoid-like
colony-formation. The formation of erythroid progenitors and
beating colonies based on early exposure to hematopoietic
cytokines was most interesting and indicated a differential
effect of the hematopoietic cytokines IL-3 and EPO (in
combination with SCF) toward cardiomyogenesis in the ab-
sence of specific cardiomyogenic factors, whereas SCF alone
was most conducive to erythropoiesis from the mesoderm
stage of development. This 3D system, more reflective of
in vivo events than 2D systems, will be instructive as an in
vitro model of erythropoiesis, in the study of the hemangio-
blast and in the competitive hematopoietic-cardiomyogenic
developmental pathways. It could also provide a viable, robust,
automatable, and scalable platform for large-scale production
of stem cell-derived RBCs, and other ESC-derived cellular
products, in translational protocols.

The ability to monitor and modulate pH, glucose/glutamine
consumption, lactate and ammonia production is instrumental
in controlling and standardizing cell growth and differen-
tiation outputs [40]. Although a drastic decline in glucose/
glutamine concentrations and an accumulation of metabolic by-
products was observed, the pH level (7.3) was acceptable [41]
during the culture period and indicated that the feeding schedule
was practical. Indeed, low-glucose conditions may be more
suitable for ESC differentiation and growth [42–45], and are
conducive to myeloid and erythroid growth [46] with glutamine-
deficient conditions inducing erythroid differentiation [47,48].
Although glucose uptake increases during cardiomyogenesis
[49], low glucose conditions can also support cardiomyogenic
differentiation [50]. The effect of pH on cardiomyogenesis is not
elucidated, but lower pH levels may induce formation of the three
germ layers during ESC culture [51], and erythroid differentia-
tion accelerates with increasing extracellular pH (range 7.1–7.6)
[52]. The day 11 and 21 time points of the culture indicated
altered metabolism of cells in the CM2 condition, leading to
cardiomyogenesis and a future study of metabolic pathways in
this model system may, therefore, be informative. The degree to
which these parameters affect speed, type, quality, and homo-
geneity of cell differentiation, especially in 3D tissue culture,
needs to be explored.

Early exposure of encapsulated mESCs to SCF in CM1
followed by continuous SCF and addition of EPO and IL-3
directed definitive erythropoiesis and is consistent with what
is already known about the actions of these cytokines on
hematopoietic stem and progenitor cells and erythroid de-
velopment. SCF increases cell survival and proliferation of
early erythroid progenitors and precursors toward CFU-E,
and at the proerythroblast stage [53]. At later maturational
stages, its main role is to prevent apoptosis and induce
proliferation [54]. In synergy with EPO and SCF, more
primitive erythroid progenitors require IL-3 to survive and
proliferate in vitro [55]. EPO dramatically increases the

FIG. 2. pH, nutrient, and metabolite concentrations in su-
pernatants. pH, glucose, and glutamine levels decreased
during 21 days of culture in all groups, concomitant with
lactate and ammonia accumulation by day 3 when cells were
exposed to differentiation medium. Differences were ob-
served in CM2 on day 11 and at the end of culture, day 21.
*P £ 0.05.
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FIG. 4. Clonogenic capacity.
(A)(i) CFU morphology (beat-
ing area in black circle). (ii&iii)
Wright–Giemsa (Mac = macro-
phages; nE = nucleated erythro-
cytes) and immunostaining of
plucked colonies [(ii) anti-
sarcomeric a-actinin-FITC,
(iii) DAPI, (iv) composite
image]. Negative control in-
sets. Magnification: 20 · .
Scale: 200 mm. (B) Summary
of CFUs (mean cell num-
ber – SD, n = 3; **P < 0.01).
(C) CFU gene expression. (D)
Western blot of CFUs. (Ne-
gative controls = no antibody/
cDNA/protein loaded).

FIG. 3. Gene and protein assess-
ment of 3D alginate-encapsulated
mESCs. (A) Time course of gene ex-
pression by reverse transcriptase-
polymerase chain reaction. Negative
controls consisted of sample without
cDNA. [M] = maintenance stage. (B)
Immunohistochemistry of erythroid
markers CD71 and TER119 at day 15
of culture. Negative controls in insets.
Magnification: 20 · . Scale: 200mm.
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number of CFU-E and erythroid precursors up to the stage
of basophilic erythroblasts, mainly by preventing apoptosis
[56]. The observation that early exposure to all three cyto-
kines was most conducive to cardiomyocyte development
rather than erythropoiesis may provide further insights into
morphogens and patterning in response to these cytokines
during embryogenesis [57] as well as the impact they have
on combined pathological states of cardiac and bone marrow
tissues in the adult.

One of the first key events that precedes the emergence of
hematopoietic cells in in vitro studies of mESCs is the ex-
pression of the early mesoderm marker, Brac-T, and the
coincident appearance of vascular endothelial growth factor
(VEGF)-independent cells which form transitional meso-
derm colonies of Brac-T + Flk1 + cells [58]. Flk-1 (VEGFR2)
-positive cells from the primitive streak in early embryo-
genesis represent one of the earliest mesoderm precursors
that are capable of forming cardiac [9], endothelial, and
primitive erythroid cells [59]. The next stage is a Brac-
T + Flk1 + VEGF-responsive blast (BL)-colony forming cell
(CFC) that forms colonies of Brac-T-Flk1 + SCL + cells
containing the hemangioblast, generating both endothelial
and hematopoietic (either primitive and/or definitive)
progeny [1,3]. Our current findings of Brac-T and Flk-1
upregulation, with variable SCL expression, in CM1 and
CM2 from day 9 to 15 suggests hemangioblast development
in the 3D culture [60]. The spontaneous formation of CFU-
Beats after early and continued exposure to hematopoietic
cytokines and without further adaptation, apart from stan-
dard hematopoietic methylcellulose CFU assay, was un-
expected and suggested that cardioprogenitor commitment
had occurred in 3D RWV by day 21 in CM2. Previously
described cardiovascular-CFCs (CV-CFCs) from day 4.25
Flk-1 + multipotential cardiovascular progenitors were likely
generated by a different progenitor population, had cardiac
and vascular potential (rather than cardiac and hematopoietic
potential as observed here), and occurred only after primary
culture in cardio-conductive medium with subsequent sec-
ondary liquid culture in order to expand cells and induce
contractions [9]. Although it is possible that other factors in
HepG2 CM were instrumental in cardiomyogenesis (eg, fi-
bronectin and myosin, heavy chain 3 [61]), there was dif-
ferential maturation toward erythropoiesis in the absence of
IL-3 and EPO, and on exposure of mESCs to CM alone for
21 days in the RWV bioreactor, no CFU-Beats were observed
(data not shown), indicating that HepG2 CM mainly played a
role in inducing earlier onset mesoderm formation [33,36]
rather than having a critical role in the cardiomyogenic de-
velopmental pathway. Hematopoietic cytokines affect cardi-
omyogenic differentiation. In murine embryos, EPO triggers
cardiomyocyte proliferation [62]; its receptor is detected by
E10.5 until day E14.5 [62,63], and IL-3 can induce endo-
thelial cell formation as well as stimulate and chemo-attract
smooth muscle cell proliferation and migration [64]. The
formation of mixed lineage hematopoietic cells in the same
cultures as CFU-Beats suggests that this may be a good
system for future studies on common progenitor cells in-
volved in cardiomyocyte and hematopoietic development in
the early embryo, the role of the hemangioblast, the inter-
action of different cytokines and morphogens at specific
timepoints, and the influence of the 3D microenvironment
and metabolism.

In summary, we have established a 3D erythropoietic and
cardiomyogenic differentiation culture system, bypassing
standard EB formation using alginate-encapsulated mESCs
cultivated in a RWV bioreactor. This 3D culture platform has
demonstrated the importance of SCF, EPO, and IL-3 in
erythropoietic and cardiomyogenic maturation and should be
a useful tool for the study of these differential and competi-
tive pathways from ESCs in a relevant in vitro system with
potential applications in future cellular therapies.
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