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Defined Serum-Free Medium for Bioreactor Culture of
an Immortalized Human Erythroblast Cell Line
Esmond Lee,* Zhong Ri Lim, Hong-Yu Chen, Bin Xia Yang, Alan Tin-Lun Lam,
Allen Kuan-Liang Chen, Jaichandran Sivalingam, Shaul Reuveny, Yuin-Han Loh,
and Steve Kah-Weng Oh*
Anticipated shortages in donated blood supply have prompted investigation of
alternative approaches for in vitro production of red blood cells (RBCs), such as
expansion of conditional immortalization erythroid progenitors. However, there
is a bioprocessing challenge wherein factors promoting maximal cell expansion
and growth-limiting inhibitory factors are yet to be investigated. The authors
use an erythroblast cell line (ImEry) derived from immortalizing
CD71þCD235aþ erythroblast from adult peripheral blood for optimization of
expansion culture conditions. Design of experiments (DOE) is used in media
formulation to explore relationships and interactive effects between factors
which affect cell expansion. Our in-house optimized medium formulation
produced significantly higher cell densities (3.62� 0.055)� 106 cellsmL�1,
n¼ 3) compared to commercial formulations (2.07� 0.055)� 106 cellsmL�1,
n¼ 3; at 209 h culture). Culture media costs per unit of blood is shown to have
a 2.96–3.09 times cost reduction. As a proof of principle for scale up, ImEry are
expanded in a half-liter stirred-bioreactor under controlled settings. Growth
characteristics, metabolic, and molecular profile of the cells are evaluated.
ImEry has identical O2 binding capacity to adult erythroblasts. Amino acid
supplementation results in further yield improvements. The study serves as a
first step for scaling up erythroblast expansion in controlled bioreactors.
E. Lee, Z. R. Lim, Dr. A. T.-L. Lam, Dr. A. K.-L. Chen, Dr. J. Sivalingam,
Prof. S. Reuveny, Prof. S. K.-W. Oh
Stem Cell Group
Bioprocessing Technology Institute
Agency for Science, Technology and Research
20 Biopolis Way, Centros, Level 4, Singapore 138668
Republic of Singapore
E-mail: esmond@stanford.edu; teve_oh@bti.a-star.edu.sg

H.-Y. Chen, B. X. Yang, Y.-H. Loh
Institute of Molecular and Cellular Biology
Agency for Science, Technology and Research
Singapore 138668, Republic of Singapore

Y.-H. Loh
Department of Biological Sciences
National University of Singapore
Singapore 117543, Republic of Singapore

E. Lee
Institute for Stem Cell Biology and Regenerative Medicine
Stanford University
265 Campus Drive, Palo Alto, CA 94305, USA

DOI: 10.1002/biot.201700567

Biotechnol. J. 2018, 1700567 © 21700567 (1 of 12)
1. Introduction

The continuous supply of red blood cells
(RBC) is essential for transfusion needs
arising from trauma, elective surgical proce-
dures, chemotherapy in cancer manage-
ment, or chronic diseases such as
thalassemia and sickle cell anemia. In
countries with an aging demography, the
medical demand for blood is set to increase
while the number of healthy blood donors
will decline. In the US, the population above
65 years of age use up more than half of the
blood available for transfusion. The Japanese
Red Cross Society has estimated that there
will be a shortage of nearly 1 million blood
donors in2027 (http://www.mhlw.go.jp/file/
05-Shingikai-11121000-Iyakushokuhinkyok
u-Soumuka/0000067177.pdf) [Accessed: 27
Jul 2017]. These trends aremirrored in other
developed countries,which represent 50%of
the 108 million units of blood collected
globally every year (http://www.who.int/
features/factfiles/blood_transfusion/en/)
[Accessed: 27 Jul 2017]. As a result, inciden-
ces of blood shortages have become com-
monplace (http://www.bbc.com/news/
health-20946568) [Accessed: 27 Jul 2017].
The need to maximize RBC stocks has led to advancements in
erythrocyte storage media[1] as well as the development of closed
system RBC glycerolization technology, which led to an FDA
approved method to store frozen blood units.[2] These methods
maximize the use of existing blood stocks, but do not offer an
alternative source for RBC units. For decades, cord blood (CB)
and mobilized peripheral blood have served as sources of
hematopoietic stem/progenitor cells (HSCs) for ex vivo expan-
sion and differentiation of RBCs. Pioneering work by Douay
et al. showed the potential to achieve up to 200 000-fold
expansion of CBHSCs into pure erythroid populations (95–99%)
and recent studies have demonstrated enucleation rates of
greater than 90% without the need for feeder co-cultures,
allowing these methods to be translated in bioreactor systems.[3]

However, as with donated blood, the major limitation of
hematopoietic progenitor cells from CB and peripheral blood
would be an inconsistent supply.

While there has been interest in developing oxygen carrying
RBC substitutes, these have not seen much progress due to
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issues such as potential to cause toxicity when delivered in
vivo.[4] More recently, there has been a plethora of scientific
studies demonstrating derivation and differentiation of HSCs
into lineage committed hematopoietic cells from human
pluripotent stem cells (hPSCs) sources.[5] The major limitation
of all of these approaches is the limited supply of the cell
source. Furthermore, the differentiation process would involve
multiple steps of differentiation which adds to the cost of
generating these cells.

An emerging strategy to produce erythrocytes in vitro is the
generation of immortalized erythroblast cell lines (ImEry)
from blood precursors. Multipotent hematopoietic progenitor
cells from human-induced pluripotent stem cells (hiPSCs),
CB, or human embryonic stem cell (hESC) lines were
transformed with genetic factors via lentiviral vectors. These
immortalized lines were shown to proliferate for months,
while maintaining an erythrocyte phenotype (CD71þ/
CD235aþ). Compared to existing methods of differentiating
stem cells and progenitors, immortalized erythroblast can
potentially serve as a limitless supply of RBCs and once
generated would only require expansion and maturation of
the differentiated cells. Kurita et al. reported that IE lines
produced 47–52% polychromatic cells, and 43–50% ortho-
chromatic cells, with 0.36% enucleation.[6] Huang et al.
adopted a mouse stromal cell (OP9) co-culture system for
terminal differentiation of IEs, yielding 30.8� 3.6% enucle-
ated cells (CD235aþDraq5�).[7] Using a Tet-inducible HPV16-
E6/E7 expression system, Trakarnsanga et al. developed an
immortalized line from early adult erythroblasts which were
maintained proliferating in continuous culture for more than
6 months, maintaining their morphology and had a 30%
enucleation efficiency.[8] Hirata et al. showed that the
overexpression of c-MYC in hematopoietic progenitor cells
derived from hPSCs induces transient growth of the
megakaryocyte-erythrocyte progenitor population. The ex-
pression of c-MYC, which is expressed endogenously, was
used in conjunction with anti-apoptotic gene BCL-XL to
generate ImEry from hematopoietic progenitor cells.[9] This
strategy is promising because once the cell line is derived; the
erythrocyte production is not donor limited. Existing
commitment of immortalized erythroblast lines to the
erythroid lineage obviates the need for multi-step protocols,
lowering the cost of production. However, caveats remain
with ImEry approaches, including the need for viral gene
delivery.

In this study, we report the generation of an ImEry, derived
from adult human peripheral blood.We show that this line could
be continuously expanded for up to 8 months while retaining
their CD71þCD235aþ phenotype. As a cost-reduction measure,
media optimization studies were done using the principles of
design of experiments (DOE) and we demonstrate that our in-
house developed medium was threefold more cost-effective and
resulted in significantly improved expansion (75%) of these
immortalized erythroblasts. Moreover, the growth characteristics
andmetabolism of this cell line was studied in order to eliminate
bottlenecks to cell expansion in culture. As a proof of principle
for scaling up the culture process, we show that these cells can be
efficiently expanded under controlled settings in half-liter
bioreactors. Our findings could be relevant for the future
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scale-up and process-optimization of immortalized erythroid
cultures in controlled bioreactors.
2. Experimental Section

2.1. Derivation of Immortalized Erythroblast Cell-Line

Human c-MYC and BCL-XL gene were cloned into Lentiviral
Vector together with green fluorescent protein (GFP) gene as an
infection and gene expression control. These three genes were
separated with 2A sequence (GFP, c-Myc, and BCL-XL: GMB),
and the vector was named as Lentivirus-GMB. Lentivirus-GMB
was packaged in 293T cells by co-transfection with package
plasmid psPAX2 and pMD2. Lentivirus-GMB was titered in
293T cells and kept in �80 �C. CD71þ erythroblasts were
infected with Lentivirus-GMB at MOI¼ 50. Twelve hours later,
the virus was removed and the CD71þ erythroblasts were
cultured in fresh erythroblast expansion medium. The
expression of GFP was tracked under fluorescent microscopy.
Two weeks later, the GFP positive cells continued to proliferate
while the non-infected erythroblasts died. To select single cell
clones, the infected erythroblasts were seed into 96-wells by
limiting dilution. A single cell clone that can proliferate more
than three months was considered our ImEry.
2.2. RNA Extraction, Reverse Transcription, and Real-Time
QPCR

Total RNA was extracted using the Trizol reagent (Invitrogen,
USA). Genomic DNA was removed by DNaseI (AmbionTM,
USA) treatment, and the RNA was further purified using
QIAGEN RNeasy Kit. First strand cDNA was synthesized using
the iScript cDNA synthesis kit (Bio-Rad, USA) according to the
manufacturer’s instructions. Quantitative real-time PCR was
performed on the CFX384 Real-time System (Bio-Rad), using a
Kapa SYBR Fast qPCR kit (Kapa Biosystems, USA). The
expression level of each gene was normalized to the expression
level of GAPDH. All primers used are listed in Table S1,
Supporting Information.
2.3. Western Blot

Cells were lysed with RIPA buffer supplemented with protease
inhibitor cocktail and PMSF. A total of 10mg of cell lysate was
loaded into a SDS–PAGE gel and transferred onto a
nitrocellulose membrane (Bio-Rad). The membrane was
blocked with 5% skim milk at room temperature for 2 h,
followed by incubation with primary antibodies at room
temperature for 1.5 h. The blot was subsequently incubated
with either horse-radish peroxidase (HRP)-conjugated anti-
mouse IgG (Jackson Immunoresearch, USA), HRP-conjugated
anti-rabbit IgG (Jackson Immunoresearch), or HRP-conjugated
anti-goat IgG (Jackson Immunoresearch) at dilution of
1:10 000. Signal was detected using SuperSignal West Dura
Extended Duration Substrate (Thermo Fisher Scientific, USA)
and captured on CLXposure film (Thermo Fisher Scientific).
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 12)
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The primary antibodies used for the western blot were β-Globin
(Santa Cruz Biotechnology, USA) at dilution 1:800 and α-globin
(Santa Cruz Biotechnology).
2.4. Immortalized Erythroblast Culture Expansion

2.4.1. Expansion

ImEry was initially cultured in Stemline1II (SL2) Hematopoi-
etic stem cell expansionmedium (Sigma–Aldrich, St. Louis, MO,
USA) or StemSpanTM SFEM II (SP2) medium (STEMCELLTM

Technologies, USA) with 1mM Hydrocortisone (Hcort) (Sigma–
Aldrich), 4UmL�1 Erythropoietin (EPO) (Peprotech, USA),
40 ngmL�1 Stem cell factor (SCF) (STEMCELLTM Technologies),
5 ngmL�1 Interleukin-3 (IL-3)(STEMCELLTM Technologies),
and 1% (v/v) Penicillin-Streptomycin (Biological Industries,
USA). Cells were cultured on ultra-low attachment 6-well plates
(Corning1, USA) and passaged once every 3 days by
centrifuging at 300 relative centrifugal force to pellet cells and
re-seeding at a density of 2.5� 105 cellsmL�1 with complete
media change. After media optimization studies, cells were
maintained in optimized Iscove’s modified Dulbecco’s medium
(IMDM)-based (GibcoTM, USA) medium described below.
2.4.2. Maturation

For erythrocyte maturation, cells were cultured in IMDM
medium containing 3UmL�1 Heparin (Sigma–Aldrich), 10mg
mL�1 human recombinant insulin in zinc solution (GibcoTM),
0.5mgmL�1 Holo-transferrin (HoloT) (MP Biomedicals, USA),
2% (v/v) Human Blood Plasma (Sigma–Aldrich), 3% (v/v)
Human AB Serum (Sigma–Aldrich), for 2 weeks with one
medium change every week.
2.5. Media Optimization Studies: Screening and
Optimization

Development and testing of an optimized IMDM-based medium
for erythrocyte expansion involved three stages; media optimi-
zation studies using MODDETM DOE software, cell kinetic
studies and single batch bioreactor run (Figure S1, Supporting
Information). With inputs from the literature,[10,11] we identified
the following factors: AlbuMAX1 II Lipid-Rich BSA (GibcoTM),
HoloT, insulin, non-essential amino acids (NEAA) (GibcoTM),
fatty acid supplement (LCHO) (Sigma–Aldrich), lipid mixture
solution (L-Prt) (Peprotech, USA), SCF, EPO, and Hcort. These
factors were then tested at varying concentrations using DOE
software MODDETM (Umetrics AB, Sweden) with IMDM as the
basal medium. Four parameters (R2, Q2, model validity, and
reproducibility) were used to provide summary statistics for
DOE models. R2 with values >0.5 indicates a significant fit of
used model. Q2 provides an estimate of future prediction
precision with values >0.5 indicating a good model. Model
validity is an indication for statistically significant model issues
(values <0.25), such as outliers and inaccurate model or
transformation issue. Reproducibility shows the variation
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between replicates as compared to overall variability with values
>0.5 warranted.
2.5.1. Screen

A two-level fractional factorial design was utilized to screen the
effect of nine selected factors on peak cell density (PCD) during
ImEry culture (Table S2, Supporting Information). Thirty-five
experimental runs, including three center points (Table S3,
Supporting Information), were used in a resolution IV design,
which estimates main effects unconfounded by two-factor
interactions. For each experimental run, PCD on day 7 was
determined. Key factors, which were identified to yield
significant and positive effects on PCD, were subsequently
investigated using response surface modeling to further
optimize the medium formulation.
2.5.2. Optimization

Central composite face-centered (CCF) design complements the
fractional factorial screening design and was used to optimize
the response (Table S4, Supporting Information). Seventeen
experimental runs, including three center points were investi-
gated. Three different concentrations (Table S5, Supporting
Information) of the selected three factors (BSA, EPO, LCHO)
were evaluated using the CCF design, producing a quadratic
model (Figure 2B) for analysis of potential non-linear effects.

The initial IMDM-based medium for DOE screening
contained1mM hydrocortisone, 4UmL�1 EPO, 40 ngmL�1

SCF, 5 ngmL�1 IL-3, 0.2mgmL�1 HoloT, 0.5% (v/v) L-Prt,
12.5mgmL�1 insulin, 1mLmL�1 LCHO, 3% (w/v) AlbuMAX

1

II
Lipid-Rich BSA, 1% (v/v) NEAA, and 1% (v/v) Penicillin-
Streptomycin.

After two rounds of DOE experiments (screen followed by
optimization), using resolution IV fraction factorial design and
CCF design, an optimized medium formulation (OpIMDM) was
derived.
2.6. Cell Kinetic Studies

ImEry cells were firstly acclimatized in three different media
formulations (SL2 based, SP2 based, and OpIMDM) for two
weeks prior to the start of the experiment (Figure S1, Supporting
Information). The formulations for the various conditions are
mentioned above.

After acclimatization, ImEry were seeded in Corning1

125mL polycarbonate Erlenmeyer flasks (Corning1) containing
40mL of each of the four media, in triplicates, at a density of
2� 105 cellsmL�1. They were maintained in culture over the
span of 10 days under agitation at 75 rpm without a change of
fresh media. Sampling of 1mL of medium was carried out daily
for cell characterization studies. A total of 900mL of the sampled
medium were assayed in Nova Bioprofile 100 Plus Automated
Biochemistry Analyser (Nova Biomedical, USA) to calculate
consumption/production data of metabolites such as glutamine
(Gln) (mmol L�1), glutamate (Glu) (mmol L�1), glucose (Gluc)
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 12)
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g L�1, lactate (Lac) g L�1, ammonia (NH4) (mmol L�1), sodium
(Na) (mmol L�1), potassium (K) (mmol L�1), and osmolality
(Osm) (mOsmkg�1). The remaining 100mL of sampled
medium was used for determination of cell viability and
concentration using NucleoCounter NC-3000TM (Chemometec,
Denmark), according to manufacturer’s protocol. Cells at the
start and end of the experiment were fixed and stored at 4 �C for
further characterization by flow cytometry.
2.7. Cell Characterization

2.7.1. Flow Cytometry

Samples for flow cytometry were fixed in 4% paraformaldehyde
(eBioscience, USA) for 30min and stored at 4 �C in PBS
containing 1% BSA (Sigma–Aldrich). For analysis of hemato-
poietic surface markers, cells were incubated for 20min at RT
with 1:50 diluted direct-conjugated antibodies [CD71-APC,
CD235a-FITC (BD PharmingenTM); isotype-controls: mouse
IgG1-FITC (Miltenyi Biotec) and mouse IgG2ak-APC (BD
PharmingenTM)]. For analysis of hemoglobin, cells were
permeabilized with PBS containing 1% BSA and 0.1%
TritonX-100 and incubated with 1:50 diluted fetal hemoglobin-
FITC (Invitrogen) or adult hemoglobin-PE (Santa Cruz
Biotechnology) antibodies. Following washing with FACS buffer
and straining through 40 μm sieve, samples were run on Guava
EasyCyteTM Flow cytometer (Millipore, USA) and analyzed using
FlowJo Software.
2.7.2. Growth Kinetics

Glucose, glutamine, lactate, pH, and ammonia concentrations
were measured using Bioprofile 100 plus (NOVA). Measure-
ments were made daily using spent media. The specific
consumption and production rates of the metabolites (qm),
maximum specific growth rate (mmax), and doubling time (t1/2) of
ImEry were calculated as an average of triplicate experiments.
2.7.3. Oxygen Equilibration Curve

Oxygen binding and dissociation equilibration curves were
determined by running samples of erythroblast using a Hemox
analyzer model B equipment (TCS Scientific Corp.) under
oxygen saturation conditions using compressed air and
deoxygenation conditions using nitrogen gas. p50 values (oxygen
pressure which gives 50% oxyhemoglobin levels) were calculated
using Hemox Analytical Software (TCS Scientific Corp.).
Commercial human erythrocytes (Siemens, USA) were run as
controls. All samples were measured in duplicates.
2.8. Bioreactor Culture

A 500mL bioreactor (Sartorius Biostat B-DCU) with pitch type
impeller was seeded with 1� 105 cellsmL�1 of ImEry. The
culture was agitated for 24 h at 30 rpm constantly and
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maintained for 8 days with no media change. Dissolved oxygen
was maintained above 30% air saturation using overhead
aeration and pH was controlled at 7.20 using CO2 overhead
aeration and addition of 7.5% NaOH solution.
2.9. uPLC Analysis

Amino acid concentration in the clarified culture supernatant
samples was determined using an Acquity UPLC system (Waters
Corporation, Milford, MA, USA). Amino acid standards were
prepared using a commercially available amino acid mix (catalog
number WAT088122, Waters), spiked with asparagine, gluta-
mine and tryptophan (Sigma–Aldrich). Prior to analysis,
samples and standards were diluted appropriately prior to
derivatization using the AccQTag Ultra Derivatization kit
(Waters), as per the manufacturer’s instructions. A total of
1 μL of derivatized samples was injected into a 2.1� 100mm
AccQ-Tag Ultra column (Waters), analyzed under gradient
conditions at 60 �C, and detected using an Acquity TUV detector
at 260 nm, following the manufacturer’s protocol for cell culture
media. Amino acid concentrations were quantified based on
their respective peak areas using Empower 3 software (Waters)
using linear calibration curves with R2> 0.991. Each sample was
assayed twice using separate calibration curves.
2.10. Statistical Analysis

Student’s unpaired t-test was used for comparison between two
groups with equal variance and theMann–Whitney test was used
when variances were not assumed to be equal. P values �0.05
were considered significant (represented as �). Other P values
�0.01, �0.001, and �0.0001 were of increased significance
(represented as ��, ���, and ����, respectively). If not otherwise
stated in our results, the level of uncertainty reported is the
standard error of the mean (�SEM) of triplicates.
3. Results

3.1. Immortalized Human Erythroblast Cell-Line
Characterization

CD71þCD235aþ erythroblasts were expanded from isolated
human peripheral blood mononuclear cells (PBMCs) and were
transformed with immortalizing genes. Thereafter, immortal-
ized cell clusters were expanded and clonally selected to derive
clonal ImEry (Figure 1A). QPCR analysis was used to confirm
the transgene expression of GMB (GFP-C-myc-BCL-XL)
(Figure 1B). Western-blot analysis showed the expression of
alpha and beta adult hemoglobin subunits (Figure 1C).
Subsequently, QPCR analysis showed expression of important
erythroid progenitor markers, such as erythroid transcription
factor (GATA1) and Krueppel-like factor 1 (KLF1) (relative fold
expression of 0.720� 0.066 and 0.540� 0.045) (Figure 1D). By
flow cytometry analysis, ImEry was shown to be 54.1� 0.86%
CD235aþCD71þ and 92.4� 0.26% CD34-CD45-. ImEry was
also shown to contain negligible populations of CD14þ
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 12)
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Figure 1. Cell line derivation and characterization. A) Schematic diagram of immortalization of erythroblast from isolated adult peripheral blood
mononuclear cells (PBMCs). B) QPCR analysis for detection of transgene expression GMB (GFP-C-myc-BCL-XL) with GAPDH normalization.
Erythroid cells from adult peripheral blood were used as controls. C) Western-blot analysis of adult hemoglobin subunits (Hbα and Hbβ) compared to
peripheral blood (PB) and cord blood (CB). β-Actin was used as a loading control. White lines demarcate regions of the gel that were merged together.
D) QPCR analysis of erythroid progenitor markers GATA1 (erythroid transcription factor) and KLF1 (Krueppel-like factor 1). Erythroid cells from adult
peripheral blood were used as controls. E) Flow cytometry analysis of the ImEry cells using markers CD235a, CD71, CD34, CD45, CD14, CD15, and
CD133.
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(0.473� 0.026%), CD15þ (1.53� 0.062%), and CD133þ
(1.03� 0.038%) cells (Figure 1E). CD71 and CD235a expression
profiles remained relatively stable following continual mainte-
nance of ImEry in culture for over eight months (Figure S2,
Supporting Information) and were used in subsequent experi-
ments for media optimization.
3.2. Media Formulation and Optimization Using DOE
Software

A major objective of this study was to develop and optimize a
cost-effective media formulation for scale-up culture of
immortalized erythroblasts. We employed a systematic experi-
mental process to develop an in-house media formulation for
subsequent scale-up culture of ImEry in controlled bioreactors
(Figure S1, Supporting Information). With inputs from the
literature, we hypothesized that in addition to general media
components, such as non-essential amino acids, lipids, bovine
serum albumin, and insulin, cytokines specific for erythroblast
expansion were necessary (see Section 2). After compiling nine
factors for evaluation, an initial DOE screen was performed to
identify significant factors that affected the response factor, PCD.
A resolution IV fractional factorial design (Figure S1, Supporting
Information) was chosen, allowing the estimation of main
effects not confounded by two-factor interactions. The design is
linear and identify if a factor or interaction has a statistically
meaningful effect (positive or negative). With values of R2, Q2,
model validity and reproducibility being 0.695, 0.595, 0.628, and
0.906, respectively, fit of model was shown to be significant
(Supplementary Method 2, Supporting Information). Within the
dose ranges tested for our nine factors, only LCHO, EPO, and
AlbuMAX1 II Lipid-Rich BSA positively affected the response
variable (PCD), while NEAA was significantly found to have a
negative impact on PCD and resulted in lower growth rate
(Figure 2A). None of the other variables tested (holo-transferrin,
hydrocortisone, insulin, L-Prt, and SCF) had significant effects
on the PCD within tested dose ranges. Cross interactions
between multiple factors were not identified as significant.
Hence, we eliminated NEAA from the media formulation and
investigated the three significant factors LCHO, EPO, and BSA
in the subsequent DOE optimization step.

The DOE optimization step uses a quadratic polynomialmodel
to approximate how factors influence the response in a predictive
manner, allowing the user to define a region of operability
(Figure 2B). Based on the response variable (PCD), the region of
operability was found to be optimal (highest PCDachieved) for the
three factors (AlbuMAX1 II BSA, LCHO, and EPO) with
experimental run #9 (arrow in Figure 2B). Further analysis from
the response contour plot identified that PCDcouldbe achievedby
halving the concentration of AlbuMAX1 II BSA to 1.5% and
increasing the concentration of LCHO to 2mLmL�1, while
maintaining EPO levels at 4UmL�1 (Figure 2D and C,
respectively). CD71 and CD235a profiles of ImEry in various
DOEmedia formulationswere found to remain relatively stable as
well (Figure S2, Supporting Information).As such, thefinalmedia
formulation (OpIMDM) consisted of IMDM with 1mM Hydro-
cortisone, 4UmL�1 EPO, 40ngmL�1 SCF, 0.2mgmL�1

holo-transferrin, 0.5% (v/v) lipid mixture solution, 12.5mgmL�1
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insulin, 2mLmL�1 LCHO, 1.5% (w/v) AlbuMAX1 II lipid-rich
BSA and 1% (v/v) Penicillin-Streptomycin.
3.3. Small Scale Bioreactor Study

Our media formulation, OpIMDM, could potentially result in
cost savings of between 48.6–55.5% per liter of media as
compared with the two commercial media formulations tested
(Table S6, Supporting Information). The formulated media
OpIMDM produced significantly higher fold expansion as
compared to commercial formulations (Figure 3A).

To test our process at scale, we conducted a small scale
bioreactor run in batch mode. ImEry grown in shake flasks were
used to seed a 500mL Sartorius Biostat B-DCU bioreactor. PCD
was achieved at 2.54� 106� 7.8� 104 cellsmL�1 with
97.8� 0.12% cell viability at 135 h (Figure 3B). At 135h, glucose
and glutamine levels were found to have decreased from
5.64� 0.20 g L�1 to 1.75� 0.12 g L�1 and 4.11� 0.044mmol L�1

to 0.520� 0.043mmol L�1, respectively, while lactate and ammo-
nia levels had increased to 3.67� 0.15 g L�1 and 3.58� 0.12mmol
L�1, respectively (Figure 3C and D). While the cell viability for
ImEry in both conditions were always above 95%, the growth
profile of the ImEry in thebioreactor (n¼ 1)was comparablybetter
thanImEry in theshakeflask (n¼ 3) (Figure3B).Althoughsharing
similar lag phases, ImEry in the bioreactor showed a superior
exponential growthphasewith adoubling timeof17.9 h compared
to the shake flask format (doubling time of 22.1 h, p¼ 0.006),
allowing the ImEry cells to reach PCD faster (Table 1; Supplemen-
tary Method 1, Supporting Information). Maintenance of key
culture parameters (dissolved O2 and pH) constant in the
bioreactor setting could have facilitated homeostatic conditions
for faster cell growth. However, the fold expansion of ImEry in
bioreactor (14.7� 0.31) and ImEry in shake flasks (13.8� 0.89)
was found to be similar (p¼ 0.411) (Table 1). ImEry in bioreactor
was shown to have significantly higher consumption rates for
glucose (p¼ 0.004) and glutamine (p¼ 0.0005), and production
rates for lactate (p¼ 0.0009) and ammonia (p¼ 0.0002). However,
the average ratio of lactate produced per glucose consumed was
similar (p¼ 0.23) in bioreactor and shake flask for ImEry during
the exponential growth phase (Y(Lac/Gluc)¼ 2.18� 0.022 and
2.05� 0.079, respectively). On the whole, ImEry had similar
expansion and metabolic profiles in shake flask and bioreactor.
While oxygenation and shear forces may be different in both
systems, these did not seem to impact their growth kinetics or cell
viability.

ImEry expanded in the bioreactor were next evaluated for
terminal maturation. They were transferred tomaturationmedia
under three different experimental conditions (no media
change, complete media change, and fed batch) and were
characterized after 2 weeks. For all the three different conditions,
they showed hemoglobinized cell pellets (Figure S3A, Support-
ing Information). They maintained expression of the transferrin
receptor, CD71 (Figure S2, Supporting Information; 8th month)
which is required for iron import by endocytosis. The interaction
between iron and oxygen in the haemoglobin complex causes the
red coloration in ImEry. They were also shown to have identical
oxygen binding capacity (p50: 20.6� 1.0, n¼ 2) as compared to
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 12)
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Figure 2. Design of experiment screening and optimization of IMDM-based media; and comparison of commercial and optimized IMDM-based
media for immortalized erythroblast expansion. A) Graph representing the relative effects of nine variable factors (AlbuMAX1 II lipid-rich BSA, holo-
transferrin, insulin, non-essential amino acids (NEAA), fatty acid supplement (LCHO), lipid mixture solution (L-Prt), SCF, EPO, and hydrocortisone)
on cell density for DOE screening (two-level resolution IV fractional factorial design) with confidence intervals. Confidence intervals crossing 0
represent no significant effect with table containing statistical data. LCHO (p¼ 2.49� 10�4), EPO (p¼ 8.80� 10�5), and BSA (p¼ 1.19� 10�3)
positively affected the response variable, whereas NEAA (p¼ 0.0137) had a negative impact. The rest of the variable factors showed no significant
effect. p values �0.05 were considered significant; other p values �0.01, �0.001, and �0.0001 were of increased significance (represented as ��, ���,
����, respectively). Coefficient (SC) indicates the percentage change in the response factor (cell yield) when the variable is increased from the 0
(center-point) to the þ1 (high setting). B) Subsequently, the DOE optimization step uses a quadratic polynomial model (CCF) to approximate how
factors influence the response in a predictive manner, allowing the user to define a region of operability with experiment 9 being the best region.
Response contour plot allows identification of favorable concentration ranges of components which results in the highest yield of cell density
(depicted by arrowed regions in C and D). C, D) The optimal concentration of CHO Lipid and AlbuMAX1 II lipid-rich BSA were determined to be
2mLmL�1 and 1.5%, respectively, while maintaining the level of EPO at 4UmL�1.
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Table 1. Comparison of ImEry growth characteristics in bioreactor and shake flask in terms of peak cell density, doubling time, and metabolite
consumption rate.

Bioreactor Shake flask

Maximal cell densities (cellsmL�1) 2.54� 106� 7.8� 104 2.47� 106� 6.6� 104

Fold expansion 14.7� 0.31 13.8� 0.89

Maximum specific growth rate (h�1) 0.0386� 3.62� 10�4 0.0314� 1.90� 10�4

Doubling time (h) 17.9� 0.168 22.1� 0.154

Gluc consumption rate (mg/1E6 cells/h) 23.9� 0.52 19.0� 0.27

Gln consumption rate (nmol/1E6 cells/h) 22.9� 0.54 14.6� 0.41

Lactate production rate (mg/1E6 cells/h) 26.1� 0.55 19.4� 0.39

Ammonia production rate (nmol/1E6 cells/h) 22.9� 0.29 15.4� 0.39

www.advancedsciencenews.com www.biotechnology-journal.com
control adult RBCs (p50: 18.6; n¼ 1) (Figure S3B, Supporting
Information).
3.4. Cell Metabolism Studies

We hypothesized that the plateauing of the cell growth profile
could be attributed to the utilization of nutrients in the media
(glucose, glutamine, or other amino acids) or the build-up of
waste catabolites (such as lactate or ammonia). In order to study
the effects of waste catabolite build-up on cell growth, ImEry
were cultured in OpIMDM medium spiked with varying
concentrations of lactate (1.5, 3, 4.5 g L�1) or ammonia (1.5,
2.5, 3.5mmol L�1) and cell growth wasmonitored for 165 h. PCD
was found to be significantly affected in OpIMDM medium
containing 3 g L�1 of lactate or higher, and OpIMDM medium
containing 2.5mmol L�1 of ammonia or higher (Figure 4A).
However, further analysis showed that at lactate concentrations
of 3 and 4.5 g/L, percentage of growth reduction was between
24.0� 4.3 and 22.0� 2.7%, respectively, while percentage of
growth reduction was 6.40� 1.6 and 11.8� 3.9% for ammonia
concentrations of 2.5 and 3.5mmol L�1. This indicated that
while presence of lactate and ammonia had a dose-dependent
impact on cell growth at mentioned concentrations, they did not
play amajor role in constraining cell growth. In addition, glucose
and glutamine were still present in culture at peak cell densities.
Identifying that the cell growth profile plateauing may be
attributed to the lack of other nutrients, besides glucose and
glutamine, we hypothesized that further expansion of ImEry was
limited by the lack of other nutrients.

To investigate this, we conducted a scale down study in tissue
culture plates. After cells in culture underwent an initial phase of
exponential growth, media spiked with varying combinations of
IMDM, bovine serum albumin (BSA), lipids, and cytokines
(Figure 4B) were added to supplement the culture. The sole
condition showing a significant increase (p¼ 0.012) in cell yields
compared to the control (supplementation with OpIMDM¼
2.62� 106 cellsmL�1� 0.66� 106) was supplementation with
1.5� concentrated IMDM (3.11� 106 cellsmL�1� 0.18� 106),
indicating that cells at PCDwere limited by a nutrient component
of IMDM.

Concurrently, we used uPLC analysis (Figure 4C) to analyze
the amino acid composition of spent culture media from the
Biotechnol. J. 2018, 1700567 1700567 (8
bioreactor run. Strikingly, we found that L-serine was completely
depleted by 71.5 h of culture, while L-methionine and L-Cystine
•2HCl were consumed by 120 h, implying that the culture could
be nutrient limited by serine. Studies using a fed batch amino
acid supplementation strategy in shake flasks under agitation
resulted in improved cell yields (Figure 4D). At PCD of all
conditions, OpIMDM, with supplementation of amino acids (L-
serine, L-methionine, and L-cystine •2HCl) at the time-point of
60 h, resulted in a significant increase of cell growth than one
without. Notably, there was no significant difference observed
between the cell production by supplementing 0.042 g L�1 of
L-serine to 0.084 g L�1 of L-serine, or to 0.042 g L�1

L-serine,
0.03 g L�1

L-methionine, and 0.0912 g L�1
L-cystine •2HCl

(Figure 4D).
4. Discussion

An immortalized human erythroblast cell line, ImEry, was used
to develop a defined serum-free media formulation for scale-up
culture of erythroblasts. The cells were maintained in culture
and proliferated continuously for 8 months, retaining their
CD71þCD235aþ phenotype. DOE was used to develop a media
formulation that resulted in a 2.96–3.09 times cost reduction on
culture media costs per unit of blood compared to two types of
commercial media with improvement of yields by 39.4� 3.0–
42.0� 3.8%.

A DOE screen was first used to identify significant factors that
affected cell yields. These factors were then put through an
optimization study to create a region of operability, allowing the
concentration of significant factors to be optimized according to
the response contour plots derived. Not all factors were
significant in the resultant model because factors thought to
be crucial for erythrocyte expansion (BSA, holo-transferrin,
insulin, NEAA, LCHO, SCF, EPO, and hydrocortisone) were set
starting from a non-zero minimum value (Figure 2A). The two
key cytokines in the media, SCF, and EPO, may illustrate this
point. EPO is a glycoprotein hormone that induces augmenta-
tion of red blood cell mass. Under hypoxic conditions, low
venous oxygen tension in renal tissues stimulates the production
of EPO upon HIF-2 stabilization.[10] EPO circulation in vivo
results in the formation and differentiation of erythroid
precursors in the bone marrow. SCF is the cognate ligand for
the c-kit tyrosine kinase receptor, which is expressed on
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 12)
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Figure 3. Growth characteristics of ImEry expansion in Batch Bioreactor and Shake Flask (A) fold expansion versus time of OpIMDM compared to
commercial media. OpIMDM produced significantly higher fold expansion in culture (OpIMDM versus SL2, p¼ 5.41� 10�5; OpIMDM versus SP2,
p¼ 0.036) compared to commercial formulations. p values�0.01 and�0.0001 were of increased significance (represented as �� and ����, respectively).
B) Comparison between shake flask and bioreactor expansion of immortalized erythroblasts (IE): cell density and viability vs time. C) Culture parameters
(reactor versus shake flask): glucose (g L�1) and lactate (g L�1) vs time. D) Culture parameters (reactor versus shake flask): NH4 (mmol L�1) and
glutamine (mmol L�1) vs time.
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hematopoietic progenitor cells. In vivo, SCF enhances peripheral
blood progenitor cell mobilization in combination with
granulocyte colony stimulating factor (G-CSF), and in vitro, it
acts in concert with other growth factors, stimulating the
proliferation and differentiation of hematopoietic lineages.[11]

Although both are important in the expansion of erythrocytes,
only EPO was deemed by the model to significantly affect the
response factor. Since the range of SCF tested was 25–
100 ngmL�1, the lower limit could be sufficient to stimulate
Biotechnol. J. 2018, 1700567 1700567 (9
cell growth. If the range for each factor was set at a lower limit of
0, one would expect to generate a model in which more factors
were significant. This highlights the importance of understand-
ing each input variable used to generate the model.

Although the immortalized erythroblasts were shown to have
a similar oxygen binding profile to adult erythrocytes and
developed a red coloration, very few cells underwent terminal
differentiation to become enucleated (data not shown). One
possible explanation for this could be that the proliferative effects
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 12)
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Figure 4. Investigation of ImEry cell metabolism. A) ImEry were cultured in OpIMDM medium spiked with varying starting concentrations of lactate
(1.5, 3, 4.5 g L�1) or ammonia (1.5, 2.5, 3.5mmol L�1) and cell growth was monitored for 165 h. Peak cell density was found to be significantly affected in
OpIMDM medium containing 3 g L�1 of lactate or higher (control vs with 3 g L�1 lactate: p¼ 0.013; control vs with 4.5 g L�1 lactate: p¼ 0.018) and
OpIMDM medium containing 2.5mmol L�1 of ammonia or higher (control vs with 2.5mmol L�1 ammonia: p¼ 0.012; control vs with 3.5mmol L�1

ammonia: p¼ 0.018). p values �0.05 were considered significant (represented as �). B) Scale-down study in a 6-well plate showing how 1.5� IMDM
resulted in significantly higher cell densities, indicating nutrient limitation. There was a significant increase (p¼ 0.012) in cells cultured in fed batch with
1.5� concentrated IMDM (3.11� 106� 0.18� 106 cellsmL�1) compared to yields from the control (2.62� 106� 0.66� 106 cellsmL�1). p values�0.05
were considered significant (represented as �). C) uPLC analysis of amino acid composition in culture indicated that serine was limiting from 71.5 h into
the culture. D) Graph showing the effect of amino acid supplementation at 60 h time point in OpIMDMmedia, resulting in significant gains in yields. At
165 h, there was a significant increase (II [þ0.042 g L�1

L-serine, 0.03 g L�1
L-methionine, and 0.0912 g L�1

L-cystine •2HCl], p¼ 0.01; III [þ0.084 g L�1 of
L-serine], p¼ 0.004; IV [þ0.042 g L�1 of L-serine], p¼ 0.001) of cell growth in medium with amino acid supplementation than one without (I [control]:
2.91� 106� 1.5� 104 cellsmL�1, II: 3.39� 106� 6.5� 104 cellsmL�1, III: 3.51� 106� 2.4� 104 cellsmL�1 IV: 3.62� 106� 5.5� 104 cellsmL�1; n¼ 3,
at 165 h culture). No significant difference observed between the cell production by supplementing twice the concentration of L-serine (p¼ 0.4), or
supplementation of three amino acid (L-serine, L-methionine and L-cystine •2HCl; p¼ 0.156). p values�0.01 and �0.001 were of increased significance
(represented as �� and ���, respectively).
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of c-Myc and Bcl2 could hinder terminal maturation.[12] During
terminal maturation, Trakarnsanga et al. turned off the
expression of immortalizing genes HPV16 E6/7 under inducible
control, achieving an enucleation rate of 30%, indicating that
such a strategy might work to remove expression of c-Myc and
Bcl2 during terminal maturation.[8] The membrane deform-
ability of terminally matured and enucleated erythrocytes is an
important evaluation criterion for functional RBCs. We specu-
late that stirred culture conditions should not have a negative
effect on them as Meram et al. had previously shown that
membrane elasticity profiles of RBCs were not affected even with
increasing agitation shear stress.[13]

To our knowledge, we are the first group to characterize the
growth kinetics of immortalized erythroblasts, detailing the
composition of metabolites in culture over time. Calculating
the integral of viable cells (IVC) and the consumption of
metabolites over time could inform different modes of
production such as fed batch or a perfusion-based system.
Our cell line has a maximum specific growth rate (mmax) of
0.0386 h�1 and a doubling time of 17.9 h in bioreactors, and a
slower mmax of 0.0314 h

�1 and doubling time of 22.1 h in shake
flasks (Table 1). This is comparable to the Bel-A ImEry line in
culture conditions reported by Trakarnsanga et al. (20 h); the
same cannot be said for the expansion and differentiation of
erythroid precursors from CD34þ cord blood cells which
showed more significant improvements in doubling time
between static (24.3 h) and reactor (13.9 h) culture as compared
to ImEry.[14]

Further investigation into the metabolism of immortalized
erythroblasts indicated that serine was a key amino acid that
was depleted causing nutrient limitation in culture. In anabolic
pathways, the serine biosynthetic pathway is important for
glucose conversion.[15] Imported serine and serine derived from
glycolysis can be converted to glycine, which in turn provides
carbon units for one-carbon metabolism, a requirement for the
synthesis of proteins, lipids, nucleic acids, and other cofactors.
Our investigations show that bottlenecks in culture due to
nutrient limitation may be overcome by higher initial
concentration or fed batch production mode; whereas bottle-
necks due to the accumulation of catabolic wastes may be
overcome by diluting out these factors via a perfusion system.

In order to obtain 1 unit of blood (2� 1012 cells), the current
mode of production requires 647L of media and is prohibitively
expensive to manufacture. Costs must be reduced by at least 2
orders of magnitude in order to approach the current estimated
cost of one RBC unit. (343USD/unit USA, 610USD/unit western
Europe.)[16] This may be achieved through alternative modes of
production.While celldensitiesof cordbloodderivederythroblasts
rarelyexceed5� 106 cellsmL�1 inbatchmode,culture in fedbatch
mode or with membrane perfusion systems have achieved cell
densities of 5� 107 and 2� 108 cellsmL�1, respectively.[17] While
the price of traditional blood units will rise due to population
demographics in developed countries, bioprocess development
would be a key vehicle in bringing down cost of goods for in vitro
RBC production, making it a commercially viable option if price
parity can be achieved (https://www.census.gov/prod/2014pubs/
p25-1140.pdf; http://www.mhlw.go.jp/file/05-Shingikai-11121
000-Iyakushokuhinkyoku-Soumuka/0000067177.pdf) [Accessed:
27 Jul 2017].
Biotechnol. J. 2018, 1700567 1700567 (1
Genetically modified cells generally carry a substantial risk of
inadvertent genotoxicity and oncogenicity and these have been
observed in earlier gene therapy clinical studies (X-SCID, WAS,
CGD).[18] However, these safety concerns can be allayed by the
fact that the ultimate cells that would be used for infusion would
be enucleated. Enucleated RBC’s could be separated from their
nucleated counterparts with the use of deleukocyting filters,
which are used in blood banking to exclude leucocytes from
processed blood fractions. Fujimi et al.[19] has used this to purify
in vitro produced RBCs from cord blood.[20] Gamma-irradiation
of the enucleated RBCs could be an additional measure to ensure
that any surviving nucleated erythroblasts are prevented from
replicating in vivo. Inducible expression of suicide genes such as
CaspaCIDe (Bellicum Pharmaceuticals) could act as further
safety nets if there is a need to completely eliminate the infused
cells.[21]

In this work, we have developed an optimized media
formulation for the growth of ImEry using DOE principles.
Detailed characterization of the growth kinetics and metabolic
profile of erythroid cells was conducted, providing insight to
further process development in expanding erythroid cells and
precursors. The future of ImEry as an RBC therapeutic for
transfusion hinges on producing higher rates of enucleation
upon maturation, and achieving high cell density cultures. For
commercial viability, the resulting lowered cost of goods must
eventually match the price of donated transfusion units which
are becoming scarcer in developed countries.
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