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Abstract We generated red blood cells (RBC) from cord

blood (CB) CD34+ cells using a four-phase culture system.

We first cultured CB CD34+ cells on telomerase gene-

transduced human stromal cells in serum-free medium

containing stem cell factor (SCF), Flt-3/Flk-2 ligand, and

thrombopoietin to expand CD34+ cells (980-fold) and the

total cells (10,400-fold) (first phase). Expanded cells from

the first phase were liquid-cultured with SCF, interleukin-3

(IL-3), and erythropoietin (EPO) to expand (113-fold) and

differentiate them into erythroblasts (second phase). To

obtain macrophages for the next phase, we expanded

CD34+ cells from a different donor using the same co-

culture system. Expanded cells from the first phase were

liquid-cultured with granulocyte-macrophage colony

stimulating factor, macrophage-colony stimulating factor

(M-CSF), IL-3, and SCF to generate monocytes/macro-

phages (75-fold), which were incubated with type AB

serum and M-CSF to fully differentiate them into macro-

phages. Erythroblasts were then co-cultured with

macrophages in the presence of EPO to expand (threefold)

and fully differentiate them (61% orthochromatic erythro-

blasts plus 39% RBC) (third phase). RBC were purified

from erythroblasts and debris through a deleukocyting filter

to generate 6.0 9 1012 RBC from 1.0 unit of CB (3.0

transfusable units). Qualitatively, these RBC showed a

hemoglobin content, oxygenation of hemoglobin, and in

vivo clearance similar to those of adult peripheral RBC.

Finally, an almost complete enucleation of orthochromatic

erythroblasts (99.4%) was achieved by the cultivation

method recently described by Miharada et al. in the

absence of macrophages and cytokines (fourth phase).

RBC were purified from remnant erythroblasts and debris

by passage through a deleukocyting filter to generate

1.76 9 1013 RBC from 1.0 unit of CB (8.8 transfusable

units), the highest yield ever reported. Thus, this method

may be useful for generating an alternative RBC supply for

transfusions, investigating infectious agents that target

erythroid cells, and as a general in vitro hematopoietic

model system.

Keywords Red blood cell � Cord blood � CD34+ cell �
Stromal cell

1 Introduction

Developing methods for the large-scale production of red

blood cells (RBC) from hematopoietic stem cells (HSC)

in vitro is important for generating an alternative source of
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RBC. A new supply of RBC would be useful for blood

transfusion and for investigating infectious agents that

target erythroid cells [1, 2]. Giarratana et al. [3] reported

that hematopoietic cells could be substantially expanded

from human cord blood (CB) CD34+ cells in liquid culture

and completely differentiated into RBC by cultivation on

a murine stromal cell line. The yield of RBC by their

method was equivalent to 4.9 transfusable RBC units of

random donor-derived packed RBC. However, the

expansion rate of the CB CD34+ cells in their liquid

culture system was apparently lower than that in the co-

culture system employing immortalized human stromal

cells (human telomerase catalytic subunit gene-transduced

stromal cells; hTERT stroma), which we previously

established and used for the large-scale generation of

platelets [4, 5]. Thus, there may be room for improving

the yield of CD34+ cells by employing our method. In

addition, an advantage of using the hTERT stroma of

human origin is that it should be more conducive to

developing safer human therapies than the murine stromal

cells employed in other studies [3]. Furthermore, we may

be able to modify the immortalized hTERT stroma by

transducing genes for hematopoietic factors, such as vas-

cular endothelial growth factor (VEGF) [6], indian

hedgehog [7], and HOXB4 [8], thereby increasing their

ability to support HSC expansion. Recently, Miharada

et al. [6] developed a method to produce RBC from CB

CD34+ cells in the absence of feeder cells, claiming that

their method might be easier and less expensive than

cultures with feeder cells. However, with our method,

hTERT stroma could be stored frozen after expansion and

ready for use, overcoming the drawbacks encountered

with freshly preparing cells each time for use. Further-

more, the expansion rate of CB CD34+ cells in their

system was again significantly lower than that of the

hTERT stroma system. The maximum enucleation rate of

erythroblasts in their culture system was 77.5%, even

when they promoted enucleation with mifepristone, an

antagonist of glucocorticoids.

It has recently been suggested that under in vivo phys-

iological conditions, macrophages are responsible for the

terminal differentiation of erythroblasts to produce mature

RBC [9, 10]. In retinoblastoma-deficient (Rb-/-) embryos,

macrophages are unable to interact with erythroblasts, and

RBC production is impaired [9]. DNase-null mice [10]

were not viable due to severe anemia, and fetal liver

macrophages abundantly contained erythroid nuclei, sug-

gesting that macrophage DNase II plays an essential role in

destroying nuclear DNA in erythroblasts. Further, Hanspal

et al. [11–13] reported that not only terminal differentia-

tion, but also the proliferation of erythroblasts was

significantly reduced in macrophage-depleted erythroid

cultures.

Hence, in the present study, we attempted to generate

RBC from human CB CD34+ cells employing hTERT

stroma, which can be easily expanded and stocked for

multiple-use, and to generate drug-free macrophages by

differentiating CB CD34+ cells from another donor in a

four-phase culture system. We succeeded in generating

8.8 transfusable RBC units from 1.0 unit of CB (5 9 106

CD34+ cells), which is the highest yield ever reported

with a 100% enucleation rate. In addition, our system

may be used to establish excellent in vitro models of

infectious diseases targeting erythroid cells, with which

the pathobiology of these disorders may be intensively

studied. Further, because each phase of the four-phase

culture system represents a distinct proliferation and dif-

ferentiation step of the erythroid lineage, our culture

system may be used to study the molecular mechanisms

of these steps.

2 Materials and methods

2.1 Sources of human CB CD34+ cells

and peripheral RBC

We collected CB from normal full-term deliveries and

fresh RBC from healthy adult volunteers after obtaining

written informed consent approved by the Sapporo Medical

University Institutional Review Board, responsible for

ensuring that the Declaration of Helsinki is abided by. To

obtain CB CD34+ cells, we first separated low-density

mononuclear cells from CB by Histopaque-1077 (Sigma,

St Louis, MO, USA) centrifugation, and then purified CB

CD34+ cells from mononuclear cells via positive selection

using a MACS Direct CD34 Progenitor Cell Isolation Kit

(Miltenyi Biotec, Bergish Gladbach, Germany) according

to the manufacturer’s instructions. More than 90% of the

selected cells were CD34-positive, as confirmed by fluo-

rescence-activated cell sorting (FACS) analysis.

2.2 Cultivation of CB CD34+ cells on human

telomerase catalytic subunit gene-transduced

stromal cells (hTERT stroma) for expansion of

hematopoietic progenitor/stem cells: first-phase

culture

We expanded hematopoietic progenitor/stem cells from CB

CD34+ cells using first-phase culture (days 0–14), as

described previously [4, 5]. In brief, we seeded 500 CB

CD34+ cells on a monolayer of hTERT stroma that had

been plated in a 75-cm2 flask (Greiner Bio-One, Fricken-

hausen, Germany) in 10 mL serum-free X-VIVO10

medium (Bio Whittakar, Walkersville, MD, USA) supple-

mented with 10 ng/mL recombinant human stem cell factor
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(SCF) (a gift from Kirin Brewery, Tokyo, Japan), 50 ng/mL

recombinant human thrombopoietin (TPO) (a gift from

Kirin Brewery), and 50 ng/mL recombinant human Flt-3/

Flk-2 ligand (FL) (R&D Systems, Minneapolis, MN, USA)

at 37�C in 5% CO2. After 7 days (day 7), we added 10 mL

of fresh complete medium containing the same concen-

tration of cytokines and continued cultivation for another

7 days. At the end of this cultivation period, we assessed

the numbers of total cells, erythroid cells, CD34+ cells,

glycophorin-A-positive cells (Gly-A+ cells), and Rh-D+

cells using the method described below.

2.3 Cultivation of hematopoietic progenitor/stem cells

obtained from the first-phase culture for erythroid

cell expansion: second-phase culture

In the second phase (days 15–28), we cultured 1 9 105

cells obtained from the first-phase culture in a six-well

tissue-culture plate (NUNC, Roskilde, Denmark) in 3 mL

of X-VIVO10 supplemented with 1% deionized BSA

(PASEL + LOREI GmbH & Co., Hanau, Germany), 2%

human AB serum (Sigma), 500 lg/mL diferric human

transferrin (Sigma), 100 ng/mL SCF, 10 ng/mL recombi-

nant human interleukin-3 (IL-3) (a gift from Kirin

Brewery), and 4 IU/mL recombinant human erythropoietin

(EPO) (a gift from Kirin Brewery) in the presence or

absence of hTERT stroma at 37�C in 5% CO2. After 7 days

(day 21), we resuspended 1 9 106 cells in 3 mL of

X-VIVO10 and continued culturing in a six-well tissue-

culture plate for another 7 days. At the end of this culti-

vation period, we assessed the numbers of total cells,

erythroid cells, Gly-A+ cells, and Rh-D+ cells using the

method described below.

2.4 Preparation of human macrophages from CB

CD34+ cells

To obtain a sufficient number of macrophages, CB CD34+

cells from another donor were cultured using the first-

phase culture as above described. Cells (3 9 105)

obtained from the first-phase culture were cultured in a

six-well tissue-culture plate in 3 mL of X-VIVO10 at

37�C in 5% CO2 for 10 days in the presence of 50 ng/mL

recombinant human granulocyte-macrophage colony

stimulating factor (GM-CSF) (R&D systems), 100 ng/mL

macrophage-colony stimulating factor (M-CSF) (a gift

from Kyowa Hakko Kogyo Co. Ltd, Tokyo, Japan), and

10 ng/mL IL-3 with or without 100 ng/mL SCF. After

10 days, non-adherent and adherent cells attached to the

plate were harvested by vigorous pipetting, and mono-

cytes/macrophages were purified by positive selection

using MACS CD14 Micro Beads (Miltenyi Biotec)

according to the manufacturer’s instructions. To fully

differentiate monocytes/macrophages into macrophages,

they were incubated in a six-well tissue-culture plate with

X-VIVO10 containing 2% AB serum and 100 ng/mL

M-CSF at 37�C in 5% CO2 for 4 days, as described by

Hashimoto et al. [14] After removing non-adherent cells,

adherent cells were used as macrophages for third-phase

culture, as described below.

2.5 Co-cultivation of erythroid cells obtained from

the second-phase culture with macrophages for

further expansion and differentiation: third-phase

culture

In the third phase (days 29–34), to further expand and

differentiate erythroblasts from the second phase, we cul-

tured cells (1 9 106) with various concentrations of

macrophages that had been plated from day 25 in a six-well

tissue culture plate in 3 mL of X-VIVO10 supplemented

with 1% deionized BSA, 2% human AB serum, 500 lg/mL

diferric human transferrin, and 4 IU/mL EPO at 37�C in

5% CO2. For the control, erythroblasts were cultured

without macrophages under the same conditions. At the

end of this cultivation period, we assessed the numbers of

total cells, erythroid cells, Gly-A+ cells, and Rh-D+ cells

using the method described below.

2.6 Cultivation of erythroblasts obtained from

the third-phase culture for enucleation:

fourth-phase culture

At the end of the third-phase, erythroblasts were detached

from macrophages and collected by gentle pipetting. Some

macrophages had detached from the culture plate and

contaminated the erythroblast preparation, but they could

be removed due to their adherence to tissue-culture plastic.

Then, the erythroblasts (5 9 106) were cultured for 4 days

in 10 mL of enucleation medium [6] in a 25 cm2 flask

containing IMDM supplemented with 0.5% Plasmanate�

Cutter (Bayer Japan, Yodogawa, Osaka, Japan), 14.57 mg/mL

D-mannitol (Sigma), 0.14 mg/mL adenine (Sigma), and

0.94 mg/mL disodium hydrogenphosphate dodecahydrate

(Sigma) with or without 1 lM mifepristone (an antagonist

of the glucocorticoid receptor; Sigma) at 37�C in 5% CO2.

At the end of this cultivation period, we assessed the

numbers of total cells, erythroid cells, Gly-A+ cells, and

Rh-D+ cells using the method described below.

2.7 Cell counts and morphological analysis

of the cultured cells

Cell numbers and morphology were assessed by the auto-

mated cell counter Z1 (Beckman Coulter, Fullerton, CA,

USA) and May–Grünwald–Giemsa staining, respectively.
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2.8 FACS analysis

Cultured cells were labeled with fluorescein isothiocyanate

(FITC)- or phycoerythrin (PE)-conjugated antibodies,

washed, and resuspended in PBS. Antibodies to glycophorin-

A and Rh-D (Chemicon Australia, Melbourne, Australia)

were used for phenotyping. Controls were isotype-matched

FITC- and PE-conjugated antibodies (Immunotech). Anal-

yses were performed with a FACSCalibur flow cytometer

(Becton Dickinson, San Jose, CA, USA) using Cell Quest

software.

2.9 Purification of RBC

RBC from day 34 of culture were separated from remnant

erythroblasts and debris by passage through a deleukocy-

ting filter (Immuguard III-RC, Terumo, Tokyo, Japan).

These cells were designated as CD34+-RBC.

2.10 Hemoglobin (Hb) analysis

The proportion of Hb A and F in lysates of erythroblasts,

CD34+-RBC, and CB from a healthy volunteer were

determined by high-performance liquid chromatography

(HPLC) [15] on a cation-exchange TSK gel G7 HSi col-

umn (Tosoh Corporation, Tokyo, Japan). The Hb content

of erythroblasts, CD34+-RBC, and RBC from a healthy

volunteer was determined photometrically at 610 nm [16].

Oxygen dissociation curves for Hb in RBC were measured

using a Hemox-Analyzer (Technical Consulting Service,

Medical Products Division, Southampton, PA, USA).

2.11 ABO blood type analysis of CD34+-RBC

The blood type of CD34+-RBC was analyzed using the

Ortho Bioclone kit (Ortho-Clinical Diagnostics Inc.,

Tokyo, Japan) according to the manufacturer’s instructions.

2.12 Detection of human RBC circulating

in NOD/SCID mice

Six- to ten-week-old NOD/LtSz-scid/scid (NOD/SCID)

mice purchased from Jackson Laboratory (Bar Harbor, ME,

USA) were used. All animals were handled under sterile

conditions and maintained in a microisolator. All animal

experiments were performed in accordance with institu-

tional guidelines approved by the Animal Care Committee

of the Sapporo Medical University School of Medicine.

Before RBC injection, mice were injected intraperitoneally

with CL2MDP-liposome [17] three times (days -5, -3,

and -1) to deplete macrophages and then sublethally

irradiated with 3 Gy (day 0) to impair lymphocytes.

CD34+-RBC (1.5 9 108) or adult peripheral RBC were

injected into the tail vein of mice, and the proportion of

human RBC in the peripheral blood of mice was monitored

by FACS. Heparinized blood was drawn by retro-orbital

vein puncture at each time point and double-stained with

anti-human Gly-A and the vital nucleic acid dye LDS-751

(LDS) [18, 19] to identify enucleated cells (LDS- cells) in

the human Gly-A-positive population.

3 Results

3.1 Expansion of CD34+ cells in the first-phase

In the first-phase, we expanded hematopoietic progenitor/

stem cells from 500 CB CD34+ cells in 10 mL cultures in

75-cm2 flasks according to our previous reports [5]

(‘‘Materials and methods’’, Fig. 1). At the end of the first-

phase, total cell and CD34+ cell numbers increased

10,400 ± 750-fold and 980 ± 97-fold, respectively

(Table 1). Morphologically, 98% of the expanded cells

were blast-like and the remaining 2% were monocytes/

macrophages (Table 1; Fig. 2a). These data are consistent

with those we previously reported [5]. Less than 1.0% of

the cells expressed Gly-A and Rh-D (Table 1).

3.2 Expansion and differentiation of erythroblasts

from CD34+ cells in the second-phase

In the second-phase, we switched cultivation conditions to

the liquid system in the presence of SCF, IL-3, and EPO

because the number of erythroid cells that expanded during

continuous cultivation on hTERT stroma was significantly

lower than that in liquid cultivation in our preliminary

experiments (‘‘Materials and methods’’, Figs. 1, 3A). At

the end of the second phase (day 28), the total cell number

increased to 1.17 9 106 ± 9.2 9 105-fold of the input

CD34+ cells (Table 1). Morphologically, 95.6% of the

cultured cells were erythroblasts and the remaining 4.4%

were monocytes/macrophages (Table 1, Fig. 2b). There

was a rapid increase in the expression of Gly-A and Rh-D,

and the percentage of Gly-A- and Rh-D-positive cells was

92.1 and 74.7, respectively.

3.3 Expansion and differentiation of macrophages

from CD34+ cells

To obtain macrophages from CD34+ cells, cells obtained

from the first-phase culture were cultured for 10 days in the

presence of (1) GM-CSF, M-CSF, IL-3, and SCF, or (2)

GM-CSF, M-CSF, and IL-3. On day 25, the number of

sorted CD14+ cells obtained by culturing with GM-CSF,

M-CSF, IL-3, and SCF (75.2 ± 4.6-fold of the input cells)

was higher than that of CD14+ cells obtained by culturing
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with GM-CSF, M-CSF, and IL-3 (28.4 ± 3.8-fold)

(Fig. 3B-a). To fully differentiate monocytes/macrophages

into macrophages, cells were incubated with AB serum and

M-CSF for 4 days. On day 28 after removing non-adherent

cells, the number of adherent cells was almost the same as

that of input CD14+ cells on day 25 (Fig. 3B-b). Thus, we

used the adherent cells on day 28 obtained by culturing

first-phase culture cells with GM-CSF, M-CSF, IL-3, and

SCF as macrophages for the third-phase culture, as

described below.

3.4 Further expansion and maturation of erythroblasts

in the third-phase

In the third-phase, we cultivated cells from the second-

phase with or without macrophages obtained from differ-

entiated CB CD34+ cells of another donor (‘‘Materials and

methods’’, Fig. 1). At the end of the third-phase, when we

collected erythroblasts by pipetting, some macrophages

had detached from the culture plate and contaminated the

erythroblast preparation. Therefore, we removed these

macrophages from the preparation by adherence to

tissue-culture plastic, and analyzed the number and pro-

portion of erythroblasts. In preliminary experiments with

macrophages, we altered the ratio of macrophages to ery-

throblasts from 1:10 to 10:10. As shown in Fig. 3C,

preparation with macrophages resulted in a much more

mature pattern, consisting of orthochromatic erythroblasts

(61–84%) and RBC (16–39%) (Fig. 2c), than when pre-

pared without macrophages, consisting of polychromatic

(17%) and orthochromatic erythroblasts (77%) and RBC

(6%) (Fig. 2d). Furthermore, the number of erythroid cells

(erythroblasts plus RBC) was higher in preparations with

(approximately threefold) than without (Fig. 3C) macro-

phages. When the numbers of erythroid cells and RBC

were compared among the three preparations with mac-

rophages, those cultured with a ratio of macrophages to

erythroblasts of 1:10 were lower than those with ratios of

3:10 or 10:10 (there was no significant difference in the

latter two preparations) (Fig. 3C). Thus, culture conditions

with a macrophage to erythroblast ratio of 3:10 were used

for the third-phase culture. At the end of the third-phase

culture (day 34), the total cell number cultured with

macrophages increased to 3.63 9 106 ± 1.84 9 105-fold

Liquid culture
(6 days)

First-phase Second-phase Third-phase

Expansion of
erythroid cells 

Expansion and
differentiation of
erythroid cells

Co-culture with 
hTERT stroma

(14 days)

Expansion of hematopoietic 
progenitor/stem cells

Co-culture with 
hTERT stroma

(14 days)
Liquid culture

(14 days)

Co-culture with 
macrophages

(6 days)

Fourth-phase

Enucleation of 
erythroblasts

Liquid culture
without mifepristone

(4 days)

Liquid culture 
with mifepristone

(4 days)

RBCCD34+

cells

Co-culture with 
hTERT stroma

(14 days)

Monocyte/
macrophage 
expansion
(10 days)CD34+

cells

Macrophage
differentiation

(4 days)

Fig. 1 Culture protocols of this study. Cord blood (CB) CD34+ cells

were co-cultured with hTERT stroma in the presence of SCF, TPO,

and FL for 14 days in order to expand hematopoietic progenitor/stem

cells (first-phase). Cells obtained from the first-phase were cultured

with (dotted line) or without (dashed line) hTERT stroma in the

presence of SCF, IL-3, and EPO for 14 days in order to expand

erythroid cells (second-phase). Cells obtained from the second-phase

without hTERT stroma were cultured with (dashed line) or without

(dotted line) macrophages in the presence of EPO for 6 days in order

to expand and differentiate erythroid cells (third-phase). Cells

obtained from the third-phase with macrophages were cultured in

the absence of any cytokines for 4 days with (dotted line) or without

(dashed line) mifepristone to enucleate erythroblasts for the formation

of RBC (fourth-phase). To obtain a sufficient amount of macrophages,

CB CD34+ cells from another donor were cultured using the first-

phase culture as described. Cells obtained from the first-phase culture

were cultured for 10 days in the presence of GM-CSF, M-CSF, IL-3,

and SCF to expand monocytes/macrophages. Then, they were

incubated with AB serum and M-CSF for 4 days to fully differentiate

them into macrophages
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of the input CD34+ cells (Table 1). Morphologically, 39.4

and 6.2% of the cultured cells with or without macro-

phages were RBC, respectively. There was an increase in

the expression of Rh-D. The expression of Gly-A was still

present in more than 90%. These data indicate that the

cultured cells matured to erythroblasts. RBC from the day

34 culture (CD34+-RBC) were separated from remnant

erythroblasts and debris by passage through a deleukocy-

ting filter (Fig. 2e) and counted. The recovery rate from

filtration was 84.6 ± 4.1% (mean ± SD of five experi-

ments). Therefore, our calculations indicate that 6.0 9 108

RBC were obtained from 500 CD34+ cells by the three-

phase culture system (Table 1). This in vitro yield of RBC

is equivalent to 3.0 transfusable units of random donor-

derived packed RBC from 1.0 unit of CB (5 9 106 CD34+

cells).

3.5 RBC generation in the fourth-phase

Miharada et al. [6] recently developed a method to effi-

ciently produce enucleated RBC from erythroblasts using

mifepristone, an antagonist of glucocorticoid [20], in the

absence of feeder cells such as macrophages. Thus, in the

fourth phase, we cultured the cells from the third-phase by

the cultivation method reported by Miharada et al. [6] with

or without mifepristone (‘‘Materials and methods’’, Fig. 1)

for 4 days to obtain a larger amount of RBC. Nearly 100%

of the erythroblasts obtained from third-phase culturing

with macrophages were enucleated irrespective of the

presence of mifepristone in the medium both on day 36

(Table 1, Fig. 2f, g) and day 38 (Table 1, Fig. 2h, i). These

results suggest that mifepristone is not essential for the

complete enucleation of erythroblasts in our culture sys-

tem. On the other hand, 100% of erythroblasts obtained

from third-phase culturing without macrophages were not

enucleated on both days 36 and 38 of the fourth-phase

(Table 1, Fig. 2j–m). Enucleation rates of erythroblasts

obtained from third-phase culturing without macrophages

were higher in the presence of mifepristone (Table 1,

Fig. 2j, l) as compared to controls (Table 1, Fig. 2k, m),

and higher on day 38 (Fig. 2l, m) than on day 36 (Fig. 2j,

k). On days 36 and 38, the total cell number was almost the

same as that on day 34. RBC from the day 38 culture were

separated from remnant erythroblasts and debris by passage

through a deleukocyting filter and were counted. The

recovery rate from filtration was 80.8 ± 3.1%

(mean ± SD of five experiments). Therefore, our calcula-

tions indicate that 1.76 9 109 RBC were obtained from

Fig. 2 Morphologic appearance of cultured cells. a Day 14 cells, b
day 28 cells, c day 34 cells cultured with macrophages in the third-

phase, d day 34 cells cultured without macrophages in the third-

phase, e RBC sorted by deleukocyting filters for transfusion from day

34 cells, which were cultured with macrophages in the third-phase

and without mifepristone in the fourth-phase, f day 36 cells cultured

with macrophages in the third-phase and with mifepristone in the

fourth-phase, g day 36 cells cultured with macrophages in the third-

phase and without mifepristone in the fourth-phase, h day 38 cells

cultured with macrophages in the third-phase and with mifepristone in

the fourth-phase, i day 38 cells cultured with macrophages in the

third-phase and without mifepristone in the fourth-phase, j day 36

cells cultured without macrophages in the third-phase and with

mifepristone in the fourth-phase, k day 36 cells cultured without

macrophages in the third-phase and without mifepristone in the

fourth-phase, l day 38 cells cultured without macrophages in the third-

phase and with mifepristone in the fourth-phase, m day 38 cells

cultured without macrophages in the third-phase and without

mifepristone in the fourth-phase
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500 CD34+ cells by the four-phase ‘‘stroma-supported

macrophage co-culturing system’’ on day 38 (Table 1). To

the best of our knowledge, this in vitro yield of RBC is the

highest ever reported and is equivalent to 8.8 transfusable

units of random donor-derived packed RBC from 1.0 unit

of CB (5 9 106 CD34+ cells).

3.6 Characterization of CD34+-RBC

The surface markers (Table 1) and Hb content (Fig. 4a-i)

of the CD34+-RBC were identical to those of adult

peripheral RBC. However, the Hb A/F ratio of CD34+-

RBC was somewhat low compared to that of adult
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Fig. 3 Expansion of erythroid cells by second-phase culture and

further proliferation and differentiation of erythroblasts by co-

culturing with macrophages. A Cells (1 9 105) obtained from the

first-phase were cultured in 3 mL X-VIVO10 supplemented with

BSA, human transferrin, human AB serum, SCF, IL-3 and EPO with

(vertical bar) or without (light diagonal bar) hTERT stroma for

7 days. Then, cells were resuspended to a concentration of 1 9 106/

3 mL in fresh complete medium and cultured for another 7 days.

Erythroid cell (erythroblasts plus RBC) numbers (a) and glycophorin-

A-positive cell numbers (b) were analyzed on day 28 by measuring

the glycophorin-A positive percentage by FACS (c). Data shown are

mean ± SD of triplicate cultures and are representative of five

experiments. hTERT stroma (+), cultivation with hTERT stroma;

hTERT stroma (-), cultivation without hTERT stroma; *, P \ 0.05. B
Cells (3 9 105) obtained from the first-phase were cultured in 3 mL

X-VIVO10 supplemented with GM-CSF, M-CSF, IL-3, and SCF

(filled bar) or GM-CSF, M-CSF, and IL-3 (open bar) for 10 days.

After the 10 days, non-adherent and adherent cells attached to the

plate were harvested, and monocytes/macrophages were selected as

CD14+ cells (Materials and methods). To fully differentiate

monocytes/macrophages into macrophages, they were incubated in

X-VIVO 10 supplemented with AB serum and M-CSF for 4 days. On

day 28 after removing non-adherent cells, adherent cells were used as

macrophages. The numbers of sorted CD14+ cells on day 25 (a) and

adherent cells on day 28 (b) were counted. Data shown are

mean ± SD of triplicate cultures and are representative of five

experiments. GM + M + 3 + S, cultivation in the presence of GM-

CSF, M-CSF, IL-3, and SCF; GM + M + 3, cultivation in the

presence of GM-CSF, M-CSF, and IL-3; *, P \ 0.05. C Erythroblasts

(1 9 106) obtained from the second-phase were co-cultured with 0,

1 9 105 (i), 3 9 105 (ii), or 10 9 105 (iii) macrophages plated from

day 25 in the presence of EPO. Aliquots of the cultures were taken at

the indicated times for cell counts and morphologic analysis of the

cells. Proerythroblasts or basophilic erythroblasts (dark diagonal
bar); polychromatic erythroblasts (checked bar); orthochromatic

erythroblasts (gray bar); RBC (white bar). Data shown are the mean

percentages of the total cells from triplicate cultures and are

representative of five experiments. Mac(-), cultivation without

macrophages; Mac(+), cultivation with macrophages
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peripheral RBC but similar to that of fresh CB (Fig. 4a-ii).

The blood type of CD34+-RBC was also identical to that of

CB (data not shown). The O2 dissociation curve (Fig. 4b)

of CD34+-RBC was nearly identical to those of fresh CB

RBC and adult peripheral RBC. The fact that CD34+-RBC

did not express LDS at levels similar to adult peripheral

RBC also indicated that CD34+-RBC were mature RBC

(Fig. 5a-i,ii). Although the half-life of adult peripheral

RBC in the NOD/SCID mice was much shorter than when

in human circulation, the in vivo clearance of CD34+-RBC

was nearly identical to that of adult peripheral RBC

(Fig. 5a-i,ii b-i,ii). To examine the feasibility of using

erythroblasts as an alternative source of RBC in transfu-

sion, as reported by Neildez-Nguyen et al. [21], we also

intravenously injected erythroblasts from the second-phase

culture (day 28) into NOD/SCID mice treated with 3 Gy

irradiation without CL2MDP-liposome. We observed no

erythroblasts nor RBC in circulation (Fig. 5a-iii b-iii).

3.7 hTERT stroma-free and macrophage-free

preparation of RBC

We determined via FACS analysis that CD34+-RBC did

not express the stromal cell antigens CD73, CD105, and

CD166 and the monocyte/macrophage antigens CD11b,

CD14, and CD15 (data not shown).

4 Discussion

Large scale, ex vivo-differentiated RBC from HSC provide

transfusion source, desperately needed for severe acute

bleeding as most medical facilities frequently suffer from a

shortage of RBC products. New types of blood substitutes

based on cell-free Hb solutions initially generated a sig-

nificant amount of optimism [22]. However, serious

adverse effects, including hypertension, bradycardia, and

gastrointestinal symptoms as a consequence of arteriolar

vasoconstriction, were encountered during clinical trials

[23].

To overcome the drawbacks of cell-free Hb, Giarra-

tana et al. [3] and Miharada et al. [6] produced RBC

from CB CD34+ cells by employing an in vitro-culturing

system. However, the yields of RBC by the method of

Giarratana et al. [3] and Miharada et al. [6] were at most

4.9 and 1.8 transfusable RBC units from one CB unit

(5 9 106 CD34+ cells), respectively. In the present study,

we succeeded in producing 8.8 transfusable RBC units,

two-times as many RBC as Giarratana et al. [3] and five-

times that of Miharada et al. [6] Furthermore, our RBC

exhibited features such as a surface marker expression,

Hb content, oxygenation of Hb, and in vivo clearance

similar to those of adult peripheral blood RBC. Thus, our

RBC preparation appears to hold promise for future
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Fig. 4 Functional study of the manufactured RBC. a-i The hemo-

globin (Hb) content in cord blood (CB)-derived erythroblasts and

RBC obtained on day 34 (CD34+-RBC) by culturing with macro-

phages in the third-phase, expressed as lg Hb/106 cells, was

determined on the indicated days of cultivation. Fresh RBC obtained

from the peripheral blood of three healthy adult volunteers were used

as the control. Data shown are mean ± SD of triplicate cultures and

are representative of five experiments. ND not detected. a-ii HPLC

analysis of Hb on the indicated day of culture. Fresh RBC obtained

from the peripheral blood of three healthy adult volunteers and CB

obtained from three healthy donors were used as the controls. Dotted

bar, HbA; dark diagonal bar, HbF; data shown are mean ± SD of

triplicate cultures and are representative of five experiments. NE not

examined. b The oxygen dissociation curve of RBC obtained on day

34 (CD34+-RBC) by culturing with macrophages in the third phase

was measured with a Hemox-Analyzer. Fresh RBC obtained from a

healthy adult volunteer, peripheral blood, and red cell concentrate in

mannitol–adenine–phosphate solution (RC-MAP) were used as con-

trols. Fresh RBC (balck curve); Fresh CB RBC (green curve); RC-

MAP (blue curve); RBC obtained on day 34(red curve). Data shown

are representative of five experiments
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transfusion applications, both in terms of quality and

quantity.

One of the techniques of particular emphasis in the

present study was the use of hTERT stroma for the first-

phase of cultivation. In addition to the obvious safety

advantage of using the same species of stromal cells [3, 8,

24], employing hTERT stroma for the large-scale cultiva-

tion of HSC is made amenable by multiple uses of stocked

preparations. In fact, in the current study, and consistent

with our previous results [6], we were able to expand

CD34+ cells approximately 1,000-fold, a considerable

expansion rate that has never been achieved by the non-

stromal methods hitherto reported [25–27]. We have pre-

viously shown that Indian hedgehog gene-transduced

hTERT stroma were indeed more potent in supporting

burst-forming unit-erythroid (BFU-E) and in NOD/SCID-

b2m-/- mice repopulating cells than mock transduced

stromal cells [7]. Thus, developing more potent hTERT

stroma via the introduction of any hematopoietic factor

genes may be the next step.

In the second-phase culture, we chose a liquid culture

system, eliminating hTERT stroma support, based upon our

findings that the efficiency of the differentiation of

first-phase culture cells into erythroblasts by co-culture

with hTERT stroma was inferior to that of cells cultured

without hTERT stroma (Fig. 3A). The most likely expla-

nation is that there is a mechanism inhibiting the

differentiation of HSC into erythroblasts in the presence of

hTERT stroma. Elucidation of this mechanism is also a

crucial future task.

As for the cytokine combination (SCF, IL-3, and EPO)

for the second-phase culture, we essentially followed a

report by Oda et al. [28], who produced pure human ery-

throid cells from peripheral blood CD34+ cells, with the

exception that we added concentrated transferrin [3, 6] to

the described medium.

The second technical advance emphasized in the present

study is the use of macrophages. Although previous cir-

cumstantial evidence suggested the crucial role of

macrophages in erythroblast maturation and the enucle-

ation process [9–13], no attempts had been made to utilize

macrophages for the in vitro generation of RBC. Our data

indicate that macrophages can be expanded sufficiently

from CB CD34+ cells for future clinical application

(Fig. 3B), and were indeed potent stimulators of ery-

throblast proliferation, of erythroblast maturation from
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Fig. 5 In vivo clearance of cord blood (CB)-derived RBC in NOD/

SCID mice. a FACS analysis of human erythroid cells in the

peripheral blood of NOD/SCID mice injected with the cultured cells.

Aliquots of the cells taken at the indicated times were stained with

anti-human glycophorin-A (GPA) and LDS, and the percentage of

human RBC (GPA+LDS- cells) was analyzed. a-i Blood cells from

mice injected with CD34+-RBC; a-ii blood cells from mice injected

with healthy adult human peripheral blood; a-iii blood cells from

mice injected with human erythroblasts obtained on day 28 of the

second-phase. Data shown are representative of three mice. LDS laser

dye styryl, Pre pre-injection. b The percentage of human RBC in the

peripheral blood of NOD/SCID mice injected with CD34+-RBC (b-i),
healthy adult human peripheral blood (b-ii), and human erythroblasts

obtained on day 28 of the second-phase (b-iii). Data shown are

mean ± SD of three mice and are representative of three experiments
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basophilic erythroblasts to orthochromatic erythroblasts,

and of orthochromatic erythroblast enucleation. Numerous

adhesion molecules and their receptors have been reported

to be involved in the formation of erythroblastic islands

consisting of macrophages and surrounding erythroblasts

[29–31], phagocytosis of apoptotic cells by macrophages

[32, 33], and enucleation of erythroblasts by macrophages

[11–13]. Thus, we investigated the molecules responsible

for erythroblast differentiation, expansion, and enucleation

by macrophages. Though the expressions of VLA-4 [29]

and phosphatidylserine (PS) [32, 33] on erythroblasts from

day 28 and VCAM-1 [29], av-integrin (CD51) [30, 31],

and b3-inetgrin (CD61) [30, 31] on macrophages were

evident by FACS, none of the antibodies to or inhibitors of

these molecules suppressed the expansion and maturation

of erythroblasts or enucleation in the third-phase culture

(data not shown). On the other hand, the incubation of

erythroblasts with heparin dose-dependently inhibited their

differentiation, expansion, and enucleation (data not

shown), suggesting that the heparin-binding protein eryth-

roblast macrophage protein (Emp) [11–13] is involved in

the differentiation, expansion, and enucleation of erythro-

blasts into RBC in our culture system. A rather unexpected

result of the present study was that the enucleation rate in

the third phase was at most 39%. The fact that the enu-

cleation rate increased when the proportion of

macrophages to erythroblasts was increased from 1:10 to

10:10, plateauing at 3:10, suggests that, as far as the enu-

cleation process is concerned, the number of macrophages

is not the sole critical factor.

Although the half-life of adult peripheral RBC in the

NOD/SCID mice was much shorter than when in human

circulation, CD34+-RBC showed clearance curves similar to

adult peripheral RBC, also supporting the applicability of

our RBC for transfusion. Incidentally, when we intrave-

nously injected CB CD34+ cell-derived erythroblasts from

the second-phase culture (day 28) into NOD/SCID mice

without macrophage depletion, these erythroblasts were not

detected in circulation within 4 days (Fig. 5). This indicates

that the previous proposal to use erythroblasts as an alter-

native source of RBC for transfusion [21] is not feasible.

Although the reason as to why our result differed from that

of Neildez-Nguyen et al. [21] is uncertain, we postulate that

erythroblasts obtained on day 28 in our culture system

adhered to vascular endothelial cells via interaction with

VLA-4 to VCAM-1 immediately after intravenous injection.

While we were establishing the three-phase culture

system as described above, Miharada et al. [6] reported a

method by which they could obtain high-yield RBC in a

liquid cultivation system supplemented with mifepristone,

an antagonist to glucocorticoid [20], in the absence of

macrophages and EPO. Therefore, we attempted to modify

our three-phase cultivation system by applying their

method during fourth-phase culture. The results obtained

from the four-phase culture system clearly showed a higher

enucleation rate (99.4%) than that (77.5%) of Miharada

et al. [6], indicating that co-culturing erythroblasts with

macrophages more efficiently facilitates enucleation in the

absence of EPO stimulation than treating erythroblasts with

mifepristone, although the precise mechanism is unknown.

The overall yield of RBC was also substantially higher (8.8

transfusable units) in our system compared to theirs (1.8

transfusable units). Furthermore, and most importantly, we

could eliminate the need for a non-physiological drug,

mifepristone, which may cause some unfavorable adverse

effects when intravenously infused, and yet we were able to

achieve nearly 100% enucleation.

In conclusion, our method has been proven to be the

most efficient for producing RBC from CB in vitro among

those reported, and may have the most potential for diverse

applications.
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