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Stem cell-derived erythroid cells hold great potential for the treatment of blood-loss anemia and for erythro-
poiesis research; however, cultures using conventional flat plates or bioreactors have failed to show promising
results. By mimicking the in vivo bone marrow (BM) environment in which most erythroid cells are physically
aggregated, we show that a three-dimensional (3D) aggregate culture system facilitates erythroid cell matu-
ration and red blood cell (RBC) production more effectively than two-dimensional high-density cell cultivation.
Late erythroblasts (polychromatic or orthochromatic erythroblasts) were differentiated from cord blood CD34 +

cells over 15 days and then allowed to form tight aggregates at a minimum density of 1 · 107 cells/mL for 2–3
days. To scale up the cell culture and to make the media supply efficient throughout the cell aggregates, several
macroporous microcarriers and porous scaffolds were applied to the 3D culture system. In comparison to
control culture conditions, erythroid cells in 3D aggregates were significantly more differentiated toward RBCs
with significantly reduced nuclear dysplasia. When 3D culture was performed inside macroporous micro-
carriers, the cell culture scale was increased and cells exhibited enhanced differentiation and enucleation.
Microcarriers with a pore diameter of approximately 400mm produced more mature cells than those with a
smaller pore diameter. In addition, this aggregate culture method minimized the culture space and media
volume required. In conclusion, a 3D aggregate culture system can be used to generate transfusable human
erythrocytes at the terminal maturation stage, mimicking the in vivo BM microenvironment. Porous structures
can efficiently maximize the culture scale, enabling large-scale production of RBCs. These results enhance our
understanding of the importance of physical contact among late erythroblasts for their final maturation into RBCs.

Introduction

Recently, there has been an increasing demand for
in vitro red blood cell (RBC) production to generate a

safe and consistent blood supply. The possibility of pro-
ducing RBCs from many stem cell sources has received
great research interest; however, the amount of blood re-
quired is much larger than the amount of stem cell products
available and, thus, revolutionary techniques are necessary
for efficient RBC production. There has been much progress
with regard to the biology and associated technologies of
other cell products, such as cell lines and stem cells.

However, such technologies are not applicable to ery-
throid cells owing to their distinct characteristics. For ex-
ample, the characteristics of erythroid cells change every
cell cycle as they differentiate toward mature RBCs, and,
therefore, the cell culture conditions should be constantly

changed. In addition, although erythroid progenitor cells
have surface adhesion molecules, these cells progressively
lose their adhesiveness. Moreover, the surfaces of mature
RBCs are strongly negatively charged, meaning these cells
repel each other. More importantly, erythroid cells have
mostly been studied in relation to macrophages, which
control the maturation, apoptosis, and metabolism of ery-
throid cells,1 However, stromal cells, such as macrophages,
cannot be used for mass production of RBCs. Based on
previous models of adhesive cells and established cell lines,
it seems difficult to generate RBCs with a high efficiency.

A major obstacle to RBC generation is the limited
understanding of the effects of physical parameters on ery-
throid maturation. Bioreactors provide controlled environ-
ments to improve the quality of the generated cells and to
study erythropoiesis. Among the few reports on RBC gen-
eration, one study using a stirring bioreactor generated
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RBCs that lacked an intact morphology, probably owing to
shear stress induced by media flow, and did not report any
potential means to overcome this.2 Another report used a
three-dimensional (3D) perfusion bioreactor to increase the
cell density and to reduce the media volume3; however, the
RBCs generated lacked an intact morphology.

In bone marrow (BM), which is the most efficient blood-
producing system, erythroid cells are in direct physical
contact with each other. However, most studies of in vitro
erythropoiesis have focused on the relationship between
macrophages and erythroid cells.4 We recently showed that
even in two-dimensional (2D) culture plates, such as Petri
dishes and T-flasks, physical contact among erythroid
progenitor cells accelerates the maturation of terminally
differentiated erythroblasts (poly-/ortho-chromatic erythro-
blasts; late erythroblasts) and enucleation and increases
adhesion-related mRNA signaling.5 Furthermore, these
culture conditions significantly reduce the dysplastic fea-
tures of cells. In a previous report, the effects of 3D cul-
ture could not be evaluated, because nonadhered cells to the
plates floated in the culture media and did not contact the
adhered cells. In addition, the 3D culture of erythroid cells
using bony structures has not been reported.

Therefore, in this study, we used 3D culture models, in
which cells were tightly packed as aggregates, to evaluate
whether 3D physical contact among late erythroblasts fa-
cilitates their maturation. As a control, we cultured cells in a
2D system at a high density. The optimal maturation stages
of cells before their transfer to 3D culture and the optimal
agitation speed of stirring systems were also assessed for
future bioreactor applications. Thereafter, to maximize the
3D culture scale and to permit erythroid cell contacts, po-
rous microcarriers and scaffolds were used.

For the first time, we report the effective cultivation of
erythroblasts as 3D aggregates. This culture condition en-
hances the differentiation of late erythroblasts into mature
RBCs, mimicking the BM niche. Furthermore, 3D aggregate
culture in macroporous microcarriers or porous scaffolds
enhances cell–cell contacts and leads to the formation of
erythroblastic islands to foster cell maturation. These con-
tacts also markedly promote the expression of adhesion- and
maturation-related signals, as is observed in the BM, and
could minimize the amount of space and culture media re-
quired for mass RBC production.

Materials and Methods

Erythroblast maturation from cord blood CD34 +

cells before 2D and 3D culture

Cord blood (CB) was collected from healthy pregnant
women after obtaining written consent. After isolating
mononuclear cells by density gradient centrifugation using
Ficoll–Paque (GE Healthcare Bio-Science AB, Pittsburgh,
PA), CD34 + cells were isolated from the CB using the
EasySep CD34 isolation kit (StemCell Technologies, Van-
couver, Canada). Then, CD34 + cells were cultured in 2D
culture plates for 15–17 days in serum/plasma-free medium
as described in previous reports.5

To generate 3D cell aggregates at days 13–17, cells were
seeded at a minimum density of 1 · 107 cells/mL and left to
settle. The culture conditions were sustained for 1–3 days
and supplemented with 2 IU/mL Erythropoietin (EPO; Cal-

biochem, La Jolla, CA) and 5% CB plasma-derived serum6

at 37�C and in a 5% CO2 humidified atmosphere. Half the
medium was replaced every 24 h. Cells were cytocen-
trifuged onto slides and stained with Wright–Giemsa stain to
observe their maturation status and integrity.7 Analysis of
cell morphology was performed by two hematology experts
in a blinded manner by counting more than 200 cells in five
different areas per slide or condition.

The effect of 3D culture on the maturation
of terminal erythroid cells

At days 15–17, cells in 2D culture conditions were main-
tained at a high density (1 · 106 cells/mL in six-well plates) to
encourage the formation of cell–cell contacts. Cells in 3D
culture conditions (1 · 107 cells/mL) were maintained in nar-
row tubes with V-shaped bottoms, and cells were, therefore,
accumulated and aggregated. The culture medium used was the
same for the 2D and 3D conditions. In the 3D cultures, either
1 · 107 cells/1 mL or 2 · 107 cells/2 mL were placed into nar-
row V-shaped tubes to evaluate the possible size of cell ag-
gregates. To supply nutrients and oxygen, cells were gently
pipetted up and down more than 10 times every 2 h (Fig. 1).

Three-dimensional culture with macroporous
microcarriers in a narrow conical tube

To expand the cell culture volume and to minimize the
pressure of the cell aggregates, macroporous microcarriers
(Cytopore and Cytoline� 1) with various pore diameters
were applied to the 3D aggregate cultures (Table 1). The
structural characteristics of Cytoline 1 were more similar
than those of Cytopore to the bony trabeculae structure
within human BM. Poly-/ortho-chromatic erythroblasts
at day 15–17 were seeded (1 · 107 cells/mL) into narrow
conical tubes containing Cytopore or Cytoline 1, which had
been previously hydrated, sterilized by autoclaving, and
equilibrated in prewarmed phosphate-buffered saline (PBS).
Cells were cultured for 1–2 days and compared with cells
cultured at a high density in a monolayer. Half the medium
was replaced every 24 h.

Three-dimensional culture with microcarriers
in a spinner flask or on a gyro-rocker

To study the effect of medium flow-induced shear stress
in a bioreactor, erythroid cells were cultivated in 125 mL
spinner flasks at an agitation rate of 100, 60, or 30 rpm (Fig.
1). The flasks had a diameter of 65 mm at the base and a
working volume of 25–125 mL. The impeller had 90� pad-
dles and a magnetic stir bar, and its widest diameter was
40 mm. Erythroid cells are extremely weakened by shear
stress induced by medium flow; therefore, the lowest agi-
tation speed of 30 rpm with cells at a density of 1 · 107 cells/
mL was routinely used. The culture was sustained for 4
days, and half the medium was replaced every day. To
maintain the adhesion of cells and to reduce shear stress
induced by media flow, 3.8 · 108 cells in 38 mL media were
seeded onto Cytopore and Cytoline 1. Thereafter, the cell-
seeded scaffolds were cultured in a 125 mL spinner flask.
After 6 h of intermittent stirring (60 min of stirring at
30 rpm, followed by 10 min of no stirring), cells were con-
tinuously cultured at 30 rpm.
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To prevent cells leaking from pores, microcarriers con-
taining cells were placed inside spin filters, which were
fixed in 24 well plates. Thereafter, the plates were rotated on
a gyro-rocker at 30 rpm. At each culture time, samples of the
supernatant were collected and the pH and glucose and
lactate concentrations were determined using a RAPID
Systems blood gas analyzer (Siemens, Medfield, MA).

Three-dimensional culture with Cytoline 1,
a collagen Honeycomb disc, or a Biomerix
3D scaffold inside a spin filter

BM-mimicking scaffolds with adequate pore sizes were
identified and from these, the collagen Honeycomb disc
(KOKEN, Tokyo, Japan) and the Biomerix 3D (Biomerix,
Fremont, CA) scaffold were evaluated (Table 1). To trap cells
within microcarriers and to enable media circulation, a cy-
lindrical spin filter fixed in 24 well plates was used. Cells were
seeded at a density of 1 · 107 cells/mL, and cultures were
agitated at 30 rpm or were not agitated. Half the medium was
replaced every 24 h, and the number of viable erythroid cells
was counted in a blinded manner by Trypan blue staining.

Analysis of cell surface marker expansion
by flow cytometry

After 1–2 days of cultivation, 1 · 105 cells were washed
and labeled with anti-human antibodies (Ab) by incubating

with Ab at 4�C for 20 min in the dark. The antibodies
used in experiments were glycophorin A (GPA)-PE (BD
Pharmingen, San Diego, CA); CD71-FITC (BD Pharmin-
gen); CD11B-Alexa 488 (Biolegend, San Diego, CA);
and CD13-APC (BD Pharmingen). Suitable IgG isotype
controls were used per experiment. Then, cells were washed
twice, resuspended in 1% bovine serum albumin and
stained cells were analyzed by flow cytometry using Accuri
C6 Personal Flow Cytometer (BD Biosciences, Franklin
Lakes, NJ).

Quantitative real-time PCR for adhesion-
and maturation-related molecules

Total RNA was isolated using TRIzol Reagent (Ambion,
Austin, TX) according to the manufacturer’s instructions.
The concentration of RNA samples was quantified using
a Nanodrop (BioSpec Nano Spectrophotometer, Shimadzu,
Japan). Total RNA was reverse transcribed using Super-
Script III Reverse Transcriptase (Invitrogen, Carlsbad,
CA). mRNA levels were measured in duplicate by quanti-
tative real-time polymerase chain reaction (qPCR) using
SYBR TOPreal qPCR 2X PreMIX (Enzynomics, Daejeon,
South Korea). The sequences of the primer were as follows
(forward/reverse), and other primer sequences (DLC-1,
GATA-1, ICAM-4, Hemoglobin [Hb]-b, and Hb-c) were
previously described.5,8

FIG. 1. Cell culture. Con-
ventional two-dimensional
(2D) cell culture in plates,
high-density 2D cell culture
(used as the control in this
study), aggregate erythroid
cell culture, and cell culture
in porous materials are
shown. The effects of sheer
stress owing to media flow
were also evaluated by cul-
ture in spinner flasks and on
a rocking rotator, with or
without a spin filter. Color
images available online at
www.liebertpub.com/tea

Table 1. Characterization of Biomimetic Materials

Type Component Pore size (lm) Diameter (mm) Density (g/mL)

Macroporous–
microcarrier

Cytopore 100% Cellulose matrix 30 0.23 1.03
Cytoline I Polyethylene, silica 10–400 2–2.5 1.3

Scaffold Honeycomb 100% Bovine collagen 200–400 6 · 2 mm
Biomerix 3D Poly-urethane 250–500 5 · 2 mm
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DLC-1, 5¢-AGTGCGTGCAACAAGCGGGT-3¢/5¢-TCC
GGGTAGCTCTCGCGGTT-3¢;

ICAM-4, 5¢-CCGGACTAAGCGGGCGCAAA-3¢/5¢-AG
CCACGAACTCCGGGCTCA-3¢;

GATA-1, 5¢-CCAAGCTTCGTGGAACTCTC-3¢/5¢-CCT
GCCCGTTTACTGACAAT-3¢;

Hb-b, 5¢-GAAGGCTCACAAGAAAG-3¢/5¢-CACTGGT
GGGGTGAATTCTT-3¢;

Hb-c, 5¢-GCTGACTTCCTTGGGAGATG-3¢/5¢-GAATT
CTTTGCCGAAATGGA-3¢;

GAPDH, 5¢-GAAGGTGAAGGTCGGAGT-3¢/5¢-GACA
AGCTTCCCGTTCTCAG-3¢.

Hemoglobin analysis

To evaluate the hemoglobin subtypes, we collected the
mature erythroid cells cultured with Honeycomb scaffolds
for 24 h. Then, the cells were washed with PBS and stained
with CD235a-FITC (BD Bioscience), b-globin-PE (BD
Bioscience), and g-globin-FITC (BD Bioscience). The
stained cells were analyzed using Accuri C6 flow cytometer
(BD Biosciences).

To evaluate the oxygen-binding capacity, oxygen equi-
librium curves were measured by a Hemox analyzer, Model
B (TCS Scientific, New Hope, PA) according to the man-
ufacturer’s recommendations.9

Statistical analysis

The quantitative data are reported as mean – standard
error of the mean. Significant differences in experiment
conditions were analyzed using Wilcoxon-signed rank test.
Statistical significance was denoted by p < 0.05 using
GraphPad InStat version 3 (GraphPad, San Diego, CA).

Results

Effect of 3D aggregate culture on erythroid maturation

Late erythroblasts were differentiated from CB CD34 +

cells in a 2D monolayer for 13–15 days. The purity of the
erythroid lineage was 50–100%. At day 13 of culture, the
number of cells had increased by about 2200-fold and ery-
throid cells had mainly matured into polychromatic eryth-
roblasts ( > 50%), which subsequently matured into poly-/
ortho-chromatic erythroblasts until day 17 ( > 50%). These
cells were cultured in 3D conditions to study RBC pro-
duction. The cells were allowed to form aggregates at a
minimum density of 1 · 107 cells/mL in narrow conical
tubes. As a control, erythroid cells were cultured in 2D
plates at a high density to encourage the formation of cell–
cell contacts (Fig. 1). Cell–cell contacts were well main-
tained, similar to those in BM erythroblastic islands, in 3D
culture conditions (Fig. 2A). Intact erythroid cells were

FIG. 2. Effects of three-dimensional (3D) culture on the maturation of erythroid cells. (A) A representative image of late
erythroblasts at day 1 of 3D culture. Blue arrows, mature orthochromatic erythroblasts; white star, cells undergoing
enucleation; and red star, red blood cells (RBCs). At day 2 of aggregate 3D culture, the number of RBCs was increased and
the numbers of bi- or multi-nucleated dysplastic cells (black star) and myeloid cells (black arrow) were decreased. (B) The
percentages of erythroid cells at various maturation stages were calculated by two hematology experts. (C) The percentage
of RBCs among total cells (n = 8, p < 0.025) (D) and the enucleation rates among erythroid cells (n = 8, p < 0.005) in 2D and
3D cultures are shown. (E) The percentage of dysplastic erythroblasts is shown (n = 8, p < 0.039). p-Values were calculated
using a two-tailed t-test. Color images available online at www.liebertpub.com/tea
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rarely observed in 2D cultures, whereas there were high
numbers of orthochromatic erythroblasts and enucleated
RBCs in 3D cultures (Fig. 2A). At day 2, the percentages of
orthochromatic erythroblasts (25.1%) and RBCs (46.1%)
were the highest in 3D cultures (Fig. 2B). The percentage of
orthochromatic erythroblasts was lower at day 2 of the 3D
culture than at day 1, which seems to be owing to the in-
creased enucleation of orthochromatic erythroblasts to form
RBCs. In addition, at day 2, the percentage of cells with
nuclear dysplasia, such as bi-/multi-nucleation, was lower in
3D cultures (2.7%) than in 2D cultures (3.8%) (Fig. 2B).

When we evaluated the optimal size of cell aggregates by
doubling the number of seeded cells, cells in larger size
aggregates showed lower viability probably due to inade-
quate gas and nutrient supply (data not shown). Therefore,
to scale up the culture, the culture space needed to be di-
vided into small compartments. We compared the 2D and
3D culture conditions in terms of the percentages of enu-
cleated and dysplastic cells. In 3D cultures, the percentage
of enucleated RBCs was increased to 36.7% and the per-
centage of dysplastic erythroblasts was significantly de-
creased to 4.7% compared with 11.0% in 2D cultures (n = 8)
(Fig. 2C–E). In summary, the 3D culture conditions facili-
tated erythroid cell maturation and enucleation and reduced
dysplastic cytokinesis.

Cell culture with macroporous microcarriers

To simulate the compartmental microenvironment of the
BM, in which the space is divided by bony trabeculae,
commercial biomaterials that mimic the architecture of the
trabecular BM were identified and four porous materials
were tested (Fig. 3A). The characteristics of these materials
are summarized in Table 1. Cell–cell contacts were ob-
served inside porous microcarriers by scanning electron
microscopy (Fig. 3A, left panel, middle line), mimicking
BM erythroblastic islands. However, in the case of Cyto-
pore, which has small compartmental spaces of 30 mm in
diameter, only several cells were in contact.

At day 1, 2, and 3, the percentage of viable cells grown
with Cytopore was substantially decreased to 23.3%, 10.6%,
and 8.5%, respectively, in comparison to 45.2%, 32.6%, and
31.5%, respectively, in control conditions. In addition, more
myeloid cells and macrophages were observed in cells
grown with Cytopore than in control conditions (n = 2, data
not shown). The pores of Cytopore seemed too small for
sufficient erythroid cell contacts to form. In contrast, cells
grown with Cytoline 1 maintained cell–cell contacts when
cytocentrifuged onto slides (Fig. 3B). In this condition, the
percentage of orthochromatic erythroblast rate was in-
creased to 67.5% and the percentage of enucleated cells was
increased to 80.0% at day 1 and 2 of culture, respectively
(n = 2). In addition, cultivation with Cytoline 1 reduced the
percentage of cells with nuclear dysplasia to 2.8% and 0.0%
at days 1 and 2, respectively (compared with 26.9% and
4.0% at days 1 and 2, respectively, among control samples)
(Fig. 3C). Microcarriers with a pore size of approximately
400 mm could produce many more mature cells than those
with a smaller pore space, confirming the importance of
sufficient contacts among late erythroid cells. The increased
cell maturation and enucleation rates suggest that 3D con-
ditions promote efficient erythroid terminal maturation.

Three-dimensional culture with scaffolds

Erythroid cells are suspension cells that adhere weakly;
therefore, a cylindrical spin filter was introduced to keep
cells inside microcarriers. Although enucleated reticulocytes
and orthochromatic erythroblasts were larger than 10 mm in
diameter, spin filters with a pore size of 8 mm were inade-
quate owing to the leakage of cultured erythroblasts (data
not shown). Therefore, we used a spin filter with a pore size
of 3 mm and examined whether these small pores became
clogged with cell debris, thereby blocking exchange of the
culture medium. Erythroblasts grew well inside the spin
filter, showing that cell debris did not block the pores.

Next, 3D culture was performed using two types of
scaffolds (Honeycomb disc scaffold and Biomerix 3D
scaffold) and Cytoline 1 inside the cylindrical spin filter. At
day 3 of culture, the pellets of cells grown on the Biomerix
3D and Honeycomb disc scaffolds were red, indicative of
the accumulation of hemoglobin (Hb) (Fig. 3D). Although
the cell pellets grown in Cytoline 1 were red at day 1, cell
viability was decreased at day 2–3 and the pellets were no
longer red, probably owing to Hb leakage (Fig. 3D). Cell
viability at day 3 was enhanced among cells grown on either
of the two scaffolds (Fig. 3E).

After 4 days of culture, cell morphology was monitored
by Wright–Giemsa staining (Fig. 3F), which showed that the
percentage of enucleated cells was the highest among cells
grown with Cytoline 1; however, the number of cells was
not maintained at day 4, probably owing to fragmentation of
the microcarriers. The second highest percentage of RBCs
was among cells grown on a Honeycomb disc scaffold (Fig.
3F, G). The percentage of enucleated cells in Biomerix 3D
scaffold was 21.4% at day 4, showing that erythroblast
maturation is effective using either type of scaffold. These
results show that macroporous microcarriers and scaffolds
maintained cell aggregates and enhanced terminal erythro-
poiesis. In addition, a spin filter with a small pore size
helped efficiently retain cells inside microcarriers and
scaffolds without blocking media or gas exchange.

Cell culture without microcarriers in a spinner flask

To evaluate the feasibility of stirring bioreactor cultiva-
tion, we assessed the effect of shear stress induced by media
flow on late erythroid cells cultured at various stirring
speeds (Fig. 4A). Cell viability was lower when cells were
cultured at a high agitation rate (100 or 60 rpm) than when
they were cultured at a low agitation rate (30 rpm), showing
that late erythroblasts are extremely weak owing to shear
stress induced by media flow. Therefore, erythroblasts were
cultured for 4 days at 30 rpm. In 2D cultures, the percentage
of mature orthochromatic erythroblasts gradually increased
to 41.6% by day 4, with a few RBCs (Fig. 4A, B). In the
stirring condition without microcarriers, erythroid cell
maturation was markedly enhanced and the percentage of
enucleated cells was increased to 59.3% at day 4 (Fig. 4B).
However, orthochromatic erythroblasts and RBCs had ir-
regular morphologies and damaged cytoplasm, and the
percentage of viable cells was reduced to 35.5%, in com-
parison to 65.4% among control cells. These data sug-
gest that reducing shear stress induced by media flow is
essential and that cells should be trapped inside porous
materials.
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FIG. 3. Culture with porous microcarriers and scaffolds. (A) The left and middle columns in each box show porous
microcarriers and scaffolds visualized by scanning electron microscopy and phase-contrast microscopy, respectively. The
right columns in each box show macroporous microcarriers in conical tubes and porous scaffolds in 96-well plates. (B, C)
At day 2 of culture with Cytoline 1, the percentage of enucleated RBCs was greatly increased. Blue arrows, orthochromatic
erythroblasts; red star, RBCs; white star, dead cells. Wright–Giemsa stain, 200 · magnification, scale bar: 50 mm; (D)
Cultures with Cytoline 1 had the fastest maturation rate, followed by cultures with a Biomerix 3D scaffold, as determined by
the day on which the cell pellets appeared red. (E) At day 4, the number of RBCs and cell viability were higher in cultures
with scaffolds than in those with Cytoline 1. (F, G) The maturation stages of cultured late erythroblasts were evaluated
(n = 2). Color images available online at www.liebertpub.com/tea
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Cell culture with Cytopore and Cytoline 1
in a spinner flask

To scale up the cell culture, the macroporous micro-
carriers Cytopore and Cytoline 1 were used. When cultured
with Cytopore in a spinner flask, late erythroid cells were
damaged, similar to the results shown in Figure 3A, con-
firming that Cytopore is not suitable for the culture of ery-
throid cells.

When cultured with Cytoline 1 in a spinner flask, the
percentage of orthochromatic erythroblasts at day 1 was
increased to 34.1%, in comparison to 11.8% in the control

(Fig. 4C). The next day, the percentage of orthochromatic
erythroblasts was markedly decreased to 3.1% and the
percentage of enucleated RBCs was markedly increased to
90.6% in cultures with Cytoline 1, in contrast to 4.2% in 2D
cultures (Fig. 4C). The percentage of dys-erythropoietic cells
was markedly decreased in cultures with Cytoline 1 (3.1% vs.
9.7% in control cultures), suggesting that cell–cell contacts
were maintained inside Cytoline 1, even with the media flow
in the spinner flask (Fig. 4C). Given the increased enucleation
rate and the increased percentage of orthochromatic eryth-
roblasts, these data show that cell aggregate culture within
porous microcarriers facilitates terminal erythropoiesis and

FIG. 3. (Continued).
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reduces damage from media flow. However, when compared
with cells in 2D cultures, enucleated RBCs have a flaccid
cytoplasm and an irregular membrane, confirming that they
were extremely weak owing to their exposure to shear stress.

To evaluate whether there are differences in the levels of
gas or waste between the culture conditions, the conditioned
media at day 2 was analyzed. The pH, gas (O2 and CO2)
levels, and lactate and glucose concentrations did not differ
between the 2D and 3D cultures (n = 2; data not shown).

Media flow effects in 3D cultures with scaffolds
inside a spin filter

We examined the maturation status of cells grown under
various levels of sheer stress. At a high agitation speed (60 or
100 rpm), late erythroblasts were damaged and fewer than

20% were viable. Therefore, we compared 2D and 3D cul-
tures that were not agitated or were agitated at a speed of
30 rpm. When cultured with Cytopore 1, orthochromatic
erythroblasts at day 2 were better maintained in 3D cultures
that were not agitated (69.0%) than in 2D cultures (64.3%)
and in 3D cultures which were agitated at 30 rpm (59.1%)
(Fig. 4D). However, the enucleation rate was the highest
when cultures were agitated at 30 rpm, probably because
media flow facilitated the separation of nuclei from enucle-
ated cells (Fig. 4D).10 These data indicate that erythroid cells
are extremely vulnerable to media flow-induced shear stress
and that they should be cultured without agitation, at least
during the enucleation phase. Therefore, we confirmed that
3D culture with scaffolds can be achieved using a rotating
plate or a stirring spinner flask, but shear stress needs to be
minimized.

FIG. 4. Assessment of the
feasibility of 3D culture in
spinner flasks or on a gyro-
rocker. (A) Enuleated RBCs
(red star) stained with
Wright–Giemsa at day 3–4
of culture in a spinner flask
without microcarriers. Blue
star: orthochromatic ery-
throblasts, black star: dead
cells. Magnification: 200 · ,
scale bar: 50 mm. (B) Per-
centages of cultured cells at
various maturation stages
( > 200 cells scored in three
independent fields). (C) The
maturation status of terminal
erythroid cells was evaluated
in cultures in a spinner flask
with Cytoline 1 ( > 200 cells
scored in three independent
fields). (D) Maturation status
of terminal erythroid cells
cultured on a gyro-rocker at
various agitation rates
( > 250 cells scored in five
independent fields). Rep-
resentative images are
shown. The maturation status
was evaluated by two ex-
perts. Color images available
online at www.liebertpub
.com/tea
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Effects of 3D culture on cell lineage
and maturation markers

To monitor terminal erythroid maturation, we stained ery-
throid cells for erythroid lineage-specific markers (CD71 and
GPA), a monocyte/macrophage-specific marker (CD11B),
and an early/late myeloid cell marker (CD13) (Fig. 5A).
GPA and CD71 were detected in approximately 100% of
cells (mean: GPA, 91.3%; CD71, 81.2%, n = 2) at day 2,
showing that erythroid-specific markers were adequately
expressed (Fig. 5B). Other cells, such as macrophages and

myeloid cells, were rarely found, with CD11B and CD13
detected in 1.0% and 1.9% of cells, respectively.

mRNA changes in cells grown in 3D aggregate culture

We previously reported that deletion in liver cancer-1
(DLC-1) and intercellular adhesion molecule-4 (ICAM-4)
might play a role in contact among erythroid cells; therefore,
we evaluated their mRNA expression in 3D cultures. As
expected, DLC-1 and ICAM-4 mRNA expression levels
were markedly higher at day 1 of the 3D culture than at 0 h

FIG. 5. Erythropoiesis markers and adhesion-related signals in 3D cultures. (A, B) At day 1–2 of 3D culture, glycophorin
A (GPA) and CD71 were highly expressed, indicative of erythroid cells, in cultures with a Honeycomb disc, as analyzed by
flow cytometry. Representative images are shown. Values are the mean – standard error of the mean (SEM) by two
independent experiments. (C) mRNA expression of genes was analyzed by quantitative polymerase chain reaction, nor-
malized to that of GAPDH, and compared with that at 0 h. mRNA expression of the erythroblast adhesion-related markers
deleted in liver cancer-1 (DLC-1) and intercellular adhesion molecule-4 (ICAM-4) was markedly increased at day 1 of
culture, with the highest expression in cultures with scaffolds. mRNA expression of the erythropoiesis markers GATA-1,
hemoglobin (Hb)-b, and Hb-c increased over 3 days of culture, with the highest expression in cultures with a Biomerix 3D
scaffold. The mRNA expression values indicate mean – SEM from three independent experiments. Color images available
online at www.liebertpub.com/tea
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(increased by 253.2-fold in cultures with a Biomerix 3D
scaffold and increased by 104.9-fold in cultures with a
Honeycomb disc). These data indicate that cell–cell contacts
induced by cell aggregation dramatically evoke terminal
maturation signals. The mRNA levels of the transcription
factor GATA-1 and the erythroid cell maturation markers
Hb-b and Hb-c were evaluated during 3D culture. In cul-
tures with a Biomerix 3D scaffold, the mRNA level of
GATA-1 was 9.1-fold higher at day 2 than at 0 h. The Hb-b
mRNA level was increased by 313.0- and 298.2-fold in
cultures with a Biomerix 3D scaffold and a Honeycomb
disc, respectively. In addition, the mRNA level of Hb-c was
increased by 203.3-fold at day 3 of culture with a Biomerix
3D scaffold (Fig. 5C) These data indicate that cell–cell
contacts in 3D cultures induce erythroid cell adhesion and
maturation signals, accompanied by the accumulation of Hb
(Fig. 3D).

Function analysis of hemoglobin in cultured RBCs

To evaluate the subtypes of hemoglobins in cultured
RBCs derived from CB CD34 + cells, we stained mature
erythroid cells for fetal hemoglobin (Hb-g) and adult he-
moglobin (Hb-b). Erythroid cells cultured with a Honey-
comb scaffold showed GPA positivity in about 76%. Hb-b
and Hb-g were detected in 58.8% and 51.7%, respectively,
showing that most erythroid cells contained adult- and fetal-
type hemoglobin (Fig. 6B).

To study the functionality of the generated RBCs, we
calculated the oxygen equilibrium curves of erythroid cells
cultured with a Honeycomb scaffold and a spin filter and
compared them with that of fresh peripheral blood from a
healthy donor using a Hemox analyzer. Cultured RBCs
(p50 = 20.8) had a high affinity for oxygen, similar to RBCs
in peripheral blood (p50 = 25.8). Therefore, the oxygen
equilibrium curves of cells grown in 3D culture conditions
were similar or slightly shifted to the left compared with

adult peripheral blood, confirming the oxygen-carrying ca-
pacity of cultured RBCs (Fig. 6C).

Discussion

Many protocols have been developed to differentiate
human stem cells into RBCs. The main barriers to this
process seem to be low cell viability, inefficient maturation,
and low enucleation at the terminal stage of erythropoiesis.
Although early erythroblasts proliferate well and mature
into polychromatic erythroblasts, they do not readily dif-
ferentiate into orthochromatic erythroblasts and reticulo-
cytes, and the generated erythroid cells do not have a
healthy morphology. For other cell types, 3D culture
methods have been designed to mimic in vivo microenvi-
ronments. However, conventional 3D culture conditions are
unlikely to be helpful for erythroid cell culture, because
these cells are not adherent and their characteristics con-
tinuously change as they become enucleated. In addition, the
membrane surfaces of late erythroblasts and reticulocytes
are negatively charged.

A few reports of RBC generation utilized a 3D cultivation
method incorporating stirring, packed bed bioreactors, or
hollow fiber bioreactors and showed promising results with
high expansion rates and high cell densities.3 However, the
expansion was due to the proliferation of early erythroblasts,
and the problems of low cell viability and low enucleation
rates were not solved. Moreover, precise data on the con-
ditions or functions of cells at the terminal maturation phase
are lacking and the generated cells do not have an intact
morphology. Furthermore, in the stirring bioreactor model,
the morphology of the final RBCs was not intact, probably
owing to damage from media flow.2 Importantly, there is no
report regarding the effects of contact among erythroid cells
in 3D cultures.

We previously found that contacts among late erythro-
blasts are important for their terminal maturation in 2D

FIG. 6. Functional char-
acterization of hemoglobin
in cultured erythroid cells.
(A) At day 17, cells grown
in scaffolds for 24 h were
red, indicative of sufficient
hemoglobin accumulation.
(B) The erythroid cells also
expressed erythroid cell
markers, GPA, b-globin, and
g-globin. (C) Oxygen equi-
librium curves were mea-
sured by a Hemox analyzer.
The oxygen-binding capac-
ity of mature erythroid cells
cultured in a scaffold
showed similar oxygen-
binding capacity compared
with the fresh adult periph-
eral blood. Color images
available online at www
.liebertpub.com/tea
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culture conditions; therefore, we attempted to maximize
cell–cell contacts by seeding a sufficient number of cells
into narrow tubes. With this method, we found clusters of
mature erythroblasts, reminiscent of erythroblastic islands in
the BM (Fig. 2A).4 As a result, the maturation status and
enucleation rate were increased.

To scale up the culture and to mimic the porous envi-
ronment of the BM, highly porous structures were used.
These biomaterials are commercially available and rela-
tively simple to use. With the exception of Cytopore, these
porous materials have a large pore diameter of approxima-
tely 400mm, enabling sufficient cell–cell contacts. These
contacts were observed by the staining of slides onto which
cells had been cytocentrifuged and by electron microscopy.
Maturation of mature erythroblasts into erythrocytes was
accelerated by 3D culture, in comparison with the 2D cul-
ture of cells at high density. This was accompanied by
changes in mRNA levels. From our previous study, the
mRNA levels of DLC-1 and ICAM-4 were elevated in late
erythroblasts cultured at a high density in 2D.5 In this study,
their mRNA levels were markedly increased in 3D cultures,
confirming that the level of cell–cell contact was higher in
these conditions than in high-density 2D cell cultures. The
expression of several erythropoiesis-related genes, GATA-1
and Hb-b/-c, was markedly increased throughout the culture
period.

Interestingly, the maturation status of cells differed
among the 3D culture methods. Cultured cell pellets became
red after 1 day of culture with Cytoline 1, whereas they
became red after 3 days of culture with scaffold materials
(Fig. 3D). Consistent with this, after 1 day of culture, the
percentage of orthochromatic erythroblasts with Cytoline 1
was 34–41% higher than that with scaffolds (Fig. 3G).
These results indicate that erythroid cells were not fully
packed in the scaffold materials, while cells in Cytoline 1
were more tightly packed with a high level of cell–cell
contacts as shown in Figure 3A.

Erythroid-specific cell surface markers were highly ex-
pressed in cells before 3D culture, and there was little
change in the expression of CD markers during 3D culture.
Nonetheless, CD71 expression was slightly decreased and
GPA expression was maintained during 3D culture, re-
flecting the presence of mature RBCs.

To choose a suitable bioreactor model, we incorporated
spinner flasks and rotator plates into the 3D culture system.
Collins et al. achieved a high density of cells (6.0 · 106

cells/mL) in a stirred tank bioreactor; however, the gener-
ated RBCs were not viable.11 Boehm et al. cultivated
erythroblasts at low agitation speeds; however, the cell
density was low, and cells were not cultured in a 3D sys-
tem.12 In our method, terminal erythroid maturation was
achieved by 3D culture in a spinner flask; however, ery-
throid cells were extremely weak owing to their exposure to
shear stress, and some cells leaked from the microcarriers.
Therefore, cells were cultured with porous materials inside a
cylindrical spin filter. A universally used spin filter with a
pore size of 8mm was inadequate, because cells continued to
leak. A spin filter with a pore size of 3mm allowed gas and
media exchange, as evaluated by the analysis of gases and
lactate in the media and cell morphology. Using static cul-
ture flasks, the production of a single unit of RBCs requires
a culture area of 200 m2, equivalent to *11,430 T175 cul-

ture flasks.13 However, mimicking the BM microenviron-
ment using a bioreactor reduced the volume of medium and
the culture space required. Our data may provide a basis for
cost-efficient RBC generation in a bioreactor by confirming
the importance of contacts among late erythroblasts.

This study has some limitations. There are insufficient CB
sample numbers per experiment. In addition, the data for
each CB sample showed a high level of variability. For
example, in one experiment in Figure 4, 27% of cells were
RBCs at day 1 of 3D culture. By contrast, in another ex-
periment using another CB, only 1.1% were RBCs. How-
ever, maturation was consistently accelerated and cells
consistently had a good morphology in all 3D cultures. Fi-
nally, we did not confirm that cells could be cultured on a
large scale using automatic bioreactors. This cell contact
system is only applicable to late erythroblasts; therefore, a
culture system for the entire differentiation process (from
hematopoietic stem cells) should be studied in the future.

Conclusions

Our data demonstrate, for the first time, that cell–cell
contacts in 3D cultures promote erythroid cell maturation
till the enucleation stage by inducing the formation of an
erythroblastic niche. These gross changes were accompa-
nied by markedly increased levels of mRNAs related to cell
adhesion and maturation. The space required for aggregate
cell culture limits mass production, and, thus, cells were
inserted into small spaces that were subdivided using porous
materials. Although media exchange is essential in a bio-
reactor, sheer stress should be minimized. These 3D con-
ditions with porous materials could minimize the cultivation
space and volume of medium required, enabling mass pro-
duction. In the future, cells cultured in vitro could replace a
proportion of, or all, donated RBCs.
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