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ABSTRACT: We describe a new two-step culture method for mass production in vitro of erythroid cells from
either CD34� (105 cells/mL) or light-density (106 cells/mL) cells purified from the blood of normal donors and
thalassemic patients. The method includes (i) culture of the cells in the presence of dexamethasone and estradiol
(10�6 M each) and (ii) the growth factors SCF (50 ng/mL), IL-3 (1 ng/mL), and EPO (1 U/mL). In their
proliferative phase, these cultures generated �1–2 � 107 erythroblasts for each milliliter of blood collected from
normal donors or thalassemic patients. They were composed mostly (90%) of CD45low/glycophorin (GPA)neg/
CD711ow cells at day 7, 50–60% of which became CD45neg/GPA�/CD71high by days 15–20. However, when cells
from days 7 to 12 of the proliferative phase were transferred in differentiation medium containing EPO and insulin,
they progressed to mature erythroblasts (�90% benzidinepos and CD45neg/GPA�/CD71medium) in 4 days. Because
of the high number of erythroid cells that are generated from modest volumes of blood, this method will prove
useful in donor-specific studies of erythroid differentiation. © 2002 Elsevier Science (USA)
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INTRODUCTION

Most of the biochemical studies on the char-
acterization of erythroid cells, which require a
mass number of cells, were and still are performed
using cell lines as a model. This is exemplified by
the studies on the regulation of globin gene ex-
pression that have highly relied on the use of the
murine MEL cells and the human K562, HEL,
and UT-7 cell lines (1). However practical the use
of cell lines is, these cells are not a perfect mirror
of primary cells, as many regulatory pathways
have been altered during the transformation pro-
cess that led to their immortalization. Therefore,
investigators have tried to establish in vitro uni-
lineage differentiation of primary erythroid cells
to be used as a model in those studies (2).
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Homogeneous populations of primary human
erythroid cells through unilineage-specific culture
conditions have relied on the use of progenitor
(CD34�) cells purified from neonatal blood or
from adult marrow and cultured in the presence of
stimulators of the glucocorticoid receptor, such as
dexamethasone (3, 4). This method allows up to
one-thousand-fold amplification of differentiated
cells. However, for practical and ethical reasons,
it is not always possible to obtain specimens with
a number of cells sufficient for CD34� selection
from a specific donor. Conversely, it is well
known that the behavior in culture of primary
cells reflects the genomic heterogeneity of the
donor from whom they are derived (5). There are
many cases in which unilineage differentiation
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from a specific donor would allow an estimate of
the influence of a particular genetic background
on the response being studied. In these cases, it
may not be ethically appropriate to harvest mar-
row or blood from the patient in amounts suffi-
cient for CD34� cell purification. Unilineage dif-
ferentiation of erythroid cells has been achieved,
starting with light-density cells purified from the
blood with a two-step culture method that physi-
cally separates the stimulation of the cells with
growth factors, allowing commitment with those
required for the maturation of erythroid cells (6).
However, the amplification obtained with such a
technique is very modest and does not allow mass
cell production.

Herein is a description of a new two-phase
culture method that allows mass production of
primary human erythroid cells, starting from the
light-density cells of normal donors and thalasse-
mic patients. In both cases, highly homogeneous
primary erythroid cells are produced in numbers
sufficient for biochemical and molecular studies
from very modest volumes (10 mL) of blood.
Therefore, this method will be useful for donor-
specific studies of hemoglobin F reactivation, to
identify inducers targeted for each specific pa-
tient.

MATERIALS AND METHODS

Human Subjects

Normal blood buffy coats were obtained from
the Italian Red Cross Blood Bank in Rome. Blood
from homozygote �°-thalassemic patients was
collected before its routine transfusion at the Cen-
ter for Studies on Thalassemia, University of Ca-
gliari, and shipped via overnight delivery to Rome
for further analysis. In both cases, collection of
human samples was done according to the guide-
lines established by the local ethical committee
for human subject studies.

Cell Purification

Mononuclear cells were separated by centrif-
ugation at 400g � 30� over Ficoll–Hypaque (Am-
ersham–Pharmacia Biotec, Uppsala, Sweden).

Light-density cells were collected, washed with
Hank’s basal salt solution supplemented with 1%
(w/v) bovine serum albumin, and either cultured
directly or cryopreserved in 10% dimethyl sulfox-
ide (Sigma, St. Louis, MO). Frozen cadaveric
marrow cells obtained from Northwest Tissue
Center, Puget Sound Blood Bank (Seattle, WA)
were thawed, washed, and incubated overnight in
IMDM with 10% fetal calf serum on tissue culture
plates to remove adherent cells. From the nonad-
herent cells, CD34� cells were isolated by direct
immunoadherence on anti-CD34 monoclonal an-
tibody (7).

Cell Culture

Light-density cells and CD34� cells were cul-
tured for the proliferative phase in Iscove’s mod-
ified Dulbecco’s medium (IMDM, Mascia
Brunelli, Milan, Italy) containing 20% of fetal
bovine serum (FBS, Hyclone, Logan, UT) and
supplemented with Stem Cell Factor (SCF, 10
ng/mL) (Amgen, Thousand Oaks, CA), Erythro-
poietin (EPO, 1 u/mL) (Epoetina alfa, Dompè
Biotec, Milan, Italy), Interleukin-3 (IL-3, 1 ng/
mL) (Bouty, Milan, Italy), dexamethasone (10�6

M) (Sigma), and estradiol (10�6 M) (Sigma).
Light-density and CD34� cells were seeded at a
concentration of 106 and 105 cells/mL, respec-
tively. In both cases, the cultures were diluted
over time with as much fresh medium, as neces-
sary, to maintain the cell concentration in the
range of 1–2 � 106 cells/mL. To induce differen-
tiation, the cells were harvested from the culture,
washed with IMDM, and cultured in fresh IMDM
in the presence of 20% FCS, EPO (1 u/mL) and
human recombinant insulin (10 ng/mL) (Calbio-
chem, Darmstadt, Germany).

Phenotypic Analysis of the Cells

Cell morphology was analyzed according to
standard criteria on cytocentrifuged (Shandon,
Astmoor, England) smears stained with May–
Grünwald–Giemsa. Hemoglobin-containing cells
were identified by benzidine staining (8). The cell
antigenic profile was analyzed by flow cytometry
with a Coulter Elite ESP Cell Sorter (Coulter,
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Miami, FL) according to standard protocols. Cells
were briefly resuspended in Ca2� and Mg2�-free
phosphate-buffered saline (PBS) supplemented
with 1% (v/v) bovine serum albumin, 2 mM
EDTA and 0.01% NaN3, and labeled on ice with
phycoerythrin (PE)-conjugated CD45 and fluores-
cein isothiocyanate (FITC)-conjugated CD71 and
anti-glycophorin A (Immunotech, Beckmann–
Coulter, Milan, Italy). Cells incubated with the
corresponding, irrelevant, isotype-matched anti-
bodies were used for gating nonspecific fluores-
cence and dead cells were excluded by propidium
iodide staining (5 �g/mL) (Sigma).

HPLC for Globin-Chain Analysis

Globin-chain biosynthesis was determined in
mature erythroid cells (3 � 105) incubated with
[3H]leucine (TRK 754, Amersham Biotech). Cell
lysates were subjected to RP-HPLC, as described
(9). The analytical system used for globin chain
separation was HPLC System Gold Beckman,
Bio-Rad Lichrospher RP8, 5-m beads, 250 � 4
mm, and the Bio-Rad 2128 fraction collector.
Mobile phase was prepared using acetonitrile,
methanol and 0.155 M NaCl (acidified to pH 2.7
with HCl). Eluent A and Eluent B were in the
proportion of 50:20:30 and 25:40:35, respec-

tively. A linear gradient from 90 to 20% of sol-
vent B was applied for 95 min, at a flow rate of
0.7 mL/min. Peaks were identified by comparing
their retention times with those of peaks obtained
from known hemoglobin solutions. This method
allows quantification of the relative amounts of
each chain by peak area measurement. Collected
fractions (350 �l) from heme to globin chain were
counted in their elution order in a scintillation
counter and plotted cpm count in a scale vs elu-
tion time.

Statistical Analysis

Means (�SD) were calculated with the Origin
5.0 software for Windows (Microcal Software
Inc., Northampton, MA).

RESULTS

Effects of Estradiol and Dexamethasone in
Liquid Cultures of CD34� Cells Purified from
Normal Donors

The total cell number observed in cultures of
CD34� cells cultured for up to 14 days in the
presence of the combination of SCF, IL-3 and
EPO (growth factors, GFs), alone or with the

FIG. 1. Total cell number in liquid culture of normal adult CD34� cells stimulated with a combination of growth factors
including SCF, IL-3, and EPO (straight lines) or with the further addition of estradiol (dashed lines) or dexamethasone (dotted
lines). Identical cell amplifications were obtained under the three conditions. One representative experiment is presented.
Similar results were obtained in two additional cultures.
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further addition of estradiol or of dexamethasone,
is presented in Fig. 1. In all three conditions
analyzed, the total cell number per culture rose
from 0.1 � 106 cells at day 0 to 10 � 106 at day
7 and continued to increase, reaching up to 100 �
106 by day 13. After benzidine staining (mature
erythroid cells) in cultures stimulated with GFs
alone, the percent of positive cells rose from as
few as 10% at day 8 to �50% at day 13 (see
day 0 in Fig. 2). In the other two cases, the
benzidinepos cells were either undetectable (GFs
plus estradiol) or �10% (GFs plus dexametha-
sone), rising up to 40% by day 13 (Fig. 2). Since
the large increase in total cell number observed in
these cultures was associated with modest accu-
mulation of differentiated cells, they were termed
proliferative-phase cell cultures.

At days 8 and 13 of the proliferative phase, the
cells were harvested and cultured for an additional
5 days in fresh medium stimulated with EPO and
insulin (Fig. 2). Under those conditions, only
modest cell proliferation was observed, with the
total number of cells doubling by day 2 and re-
turning to input levels by day 5. At the same time,
the frequency of benzidinepos cells increased over
time, although the magnitude of the increase was
dependent on factors that the cells had been ex-
posed to in the proliferative phase. Cells exposed
to GFs alone became 20 or 80% benzidinepos,
depending on whether they had been primed for 8
or 13 days, respectively (Fig. 2). Cells that had
been exposed to GFs plus dexamethasone or to
GFs plus estradiol reached the same frequency of
benzidinepos cells (80–95 or 40–60%, respec-
tively), independently from the duration of the
priming in the proliferative phase (either 8 or 13
days). Since, in the EPO-plus-insulin cultures, the
modest increase in cell number was associated
with a consistent increase in the frequency of
benzidinepos cells, these cultures represented the
differentiative-phase cell culture.

The total number of erythroid cells obtained at
the end of the proliferative-plus-differentiative
phase can be calculated by multiplying the total
number of cells presented in Fig. 1 by the fre-
quency of benzidinepos cells presented in Fig. 2.
When the differentiation was started with cells at
day 8 of the proliferative phase, up to 2 � 106 vs

7 � 106 erythroid cells were obtained in cultures
stimulated with GFs alone or supplemented with
GFs plus dexamethasone. When the differentia-
tion was started with cells at day 13 of the pro-
liferative phase, as many as 80 � 106 were ob-
tained, starting with an input value as low as 105

CD34� cells.

FIG. 2. Frequency of benzidinepos cells in cultures of
cells harvested either at day 8 (A) or 13 (B) from the
cultures shown in Fig. 1 and induced to differentiate for 5
additional days in the presence of EPO and insulin. Results
obtained with cells, which had been previously cultured
with growth factors alone or with growth factors supple-
mented with estradiol or with dexamethasone, are indicated
by straight, dashed and dotted lines, respectively. The data
at day 0 in this figure provide the frequency of benzidinepos

cells at days 8 (A) and 13 (B) of the original cultures
presented in Fig. 1. One representative experiment, of three
independent cultures performed, is presented.
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Mass Production of Erythroid Cells from the
Light-Density Fraction of Blood from Normal
Donors and Thalassemic Patients

On the basis of the data obtained with CD34�

cells, a culture strategy was devised for mass
production of erythroid cells, starting from the
light-density cells purified from blood of normal
donors and thalassemic patients. This strategy in-
cluded the culture of the cells for up to 25 days in
the presence of GFs plus estradiol and dexameth-
asone. The total cell numbers observed in the
cultures started with either normal or thalassemic
light-density cells are presented in Figs. 3 and 4,
respectively.

Over time, a wide range of cell amplification
was obtained in cultures with normal and thalas-
semic cells, depending on the individual blood

donor from whom the cells had been derived. As
a general feature, the cell number declined during
the first week of culture, but increased thereafter
to reach its maximal value between day 10 and
day 15. In cultures of cells from normal donors
(Fig. 3), the maximal cell number observed in
culture ranged from values similar to the input to
values approximately 80-fold higher. This vari-
ability appears to be due more to intrinsic prop-
erties of the cells used to start the cultures than to
variability in the culture conditions, per se, since
three separate cultures started with cells purified
from the blood of the same donor gave very
similar levels of amplification (Fig. 5).

The cultures started with blood cells from the
thalassemic patients behaved very similar to those
obtained with normal donor cells. Also, in these
cases, maximal amplification was observed be-

FIG. 3. Total cell number (in percentage of the input values) observed in cultures of light-density cells purified from the
blood of normal donors (13 different donors, each symbol a different individual) stimulated with SCF, IL-3, and EPO plus
estradiol plus dexamethasone. In all of the cases, the cultures were started with 106 light-density cells per milliliter. Means
(�SD) of the values obtained in all experiments performed are presented in the inset.
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tween days 12 and 16. However, the magnitude of
the amplification obtained in the thalassemic cul-
tures was systematically lower than that observed
in the normal ones (compare the average curve in
the inset to Fig. 3 with that in the inset to Fig. 4).

The morphology of the cells obtained at days
7 and 16 in representative proliferative-phase cul-
tures of normal donors is presented in Fig. 6.
Under light microscopic observation, the cultures
contained a cell population homogeneous in size
(panel I) that was composed of both erythroid and
non-erythroid cells by day 7 (panel II), and almost
completely of erythroid cells by day 16 (panel
III).

The differential counts on the smears obtained
in two representative cultures are presented in

FIG. 5. Total cell number observed in three replicate
cultures of light-density cells purified from the blood of the
same normal donor stimulated with SCF, IL-3 and EPO plus
estradiol plus dexamethasone.

FIG. 4. Total cell number (in percentage of the input values) observed in cultures of light-density cells purified from the
blood of thalassemic patients (10 different donors, each symbol a different donor) stimulated with SCF, IL-3 and EPO plus
estradiol plus dexamethasone. In all of the cases, the cultures were started with 106 light-density cells per milliliter. means
(�SD) of the values obtained in all the experiments are presented in the inset.
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Figs. 7A and 7B. Figure 7A presents the differ-
entiation pattern most frequently observed: By
day 7 the cells were almost entirely represented
by immature erythroid cells, with some contami-
nation by lymphoid or monocytic cells. As the
culture progressed from day 7 to day 20, there was
a progressive decline in the frequency of imma-
ture erythroid cells that was paralleled by an in-
crease in the mature forms. No reticulocytes were
observed in these cultures. In a minority of the
cases, immature erythroid cells still represented
the predominant cell population by day 10, but
lymphocytes and monocytes persisted in the cul-
tures and the frequency of monocytes, in particu-
lar, rose with time and made up �20% of all the
cells by day 17. In these cultures, reticulocytes
were also detectable. However, because of their
massive monocyte contamination, these cultures
were discontinued after day 17.

The progression of differentiation in the pro-
liferative-phase culture was also documented by
FACS analysis for the expression of the pan-
leukocyte antigen CD45 and the erythroid-spe-
cific markers CD71 (transferrin receptor) and gly-
cophorin A. During erythroid differentiation, the
cells lose CD45 expression. Alternatively, imma-
ture erythroid cells express high levels of CD71
(CD71high) but no glycophorin A, while mature
erythroid cells express medium levels of CD71
(CD71medium) and glycophorin A (glycophorin
A�) (10).

As expected, the light-density cells of the

blood expressed very few CD71� and glycoph-
orin A� cells, and almost all the cells were
CD45� (Figs. 8, 9). By day 7 of the proliferative-
phase culture, almost all the cells were CD71high,
and very few were also glycophorin A�. From
day 12 to day 16, the frequency of glycophorin
A� cells progressively increased, while the inten-
sity of the CD71 expression decreased from high
to medium (Fig. 8). At the same time, the number
of cells expressing CD45 decreased and very few
of them were still detectable by day 16 (Figs.
8–10). In those cultures, the progression from a
cell population CD71high glycophorin Aneg (im-
mature erythroblasts) to a population CD71medium

glycophorin A� (mature erythroblasts) occurred
in 9 days (from day 7 to day 16 of culture).

The progression of the erythroid maturation in
the proliferative phase and in the differentiative
phase is compared in Fig. 10. This presents the
FACS analysis for the coexpression of CD45/
CD71 and of CD45/glycophorin A in cells kept in
proliferation for 12 days or harvested from the
proliferation phase at day 8 and induced to differ-
entiate for 4 days with EPO and insulin. In the
proliferative phase, nearly all the cells were losing
CD45 expression by day 12 and two erythroid
populations were clearly distinguished on the ba-
sis of their CD71 and glycophorin A expression:
the majority of the cells were CD71high and gly-
cophorin Aneg, and only a fraction of them were
CD71medium and glycophorin A�. In contrast, the
cells transferred in EPO plus insulin had a homo-

FIG. 6. Photograph of the cells in a representative proliferative cell culture (I) and May–Grunwald staining of
cytocentrifuged preparations of cells obtained at day 7 (II) and day 16 (III) from the same culture (magnification: 10� in I
and 100� in II and III, respectively).
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geneous phenotype of CD45neg/glycophorin A�

and CD71medium.
Finally, in a last series of experiments it was

evaluated how suitable these cells are for globin
chain expression studies. Cells (3 � 105) from
day 3 of the differentiation phase culture were
incubated with [3H]leucine and the proteins
present in the cell lysate analyzed by HPLC.
When the cells had been originated from light-
density cells purified from normal or thalassemic
patients, a clean HPLC separation profile was
observed with the radioactive peaks co-eluting
with the major globin chains (Fig. 11). Since
107–108 erythroid cells can easily be obtained at
the end of the differentiative phase cultures, this
method allows the production of cells in numbers
sufficient for at least 30 separate HPLC assays.

DISCUSSION

Our knowledge of the physiology of normal
erythroid cells has greatly improved, thanks to the
development of culture conditions allowing their
synchronous differentiation in vitro free from
contaminating cells. This “unilineage” cell differ-
entiation was made possible by the cloning of
SCF. Human CD34� cells purified from various
sources undergo massive multi-lineage differenti-
ation under serum-deprived culture conditions
stimulated with the combination of SCF, IL-3 and
one of the lineage-specific growth factors, either
EPO, granulocyte-colony stimulating factor (G-
CSF) or thrombopoietin (TPO) (11, 12). How-
ever, as soon as IL-3 is omitted from the cultures,
the differentiation observed is unilineage and, de-
pending on the growth factor that complements
SCF, is erythroid, granulocytic or megakaryo-
cytic. However, the purity of the differentiated
cells is obtained at the expense of the number of
cells amplified, which is barely sufficient for sim-
ple molecular biology experiments such as gene
expression analysis (13).

The problem of the low number of cells ob-
tained in unilineage cell cultures was solved by
adding to the “cocktail” of SCF and EPO factors
that stimulate the glucocorticoid receptor, such as
dexamethasone (3, 4) The glucocorticoid receptor
is necessary for the response to acute erythroid

FIG. 7. (A, B) Differential morphological counts of
May–Grunwald–Giemsa-stained cytocentrifuged smears of
cells obtained from proliferative phase-cultures of light-density
cells from two different normal donors. The top panels present
the relative frequency of lymphoid (straight line), monocytic
(dashed line) and erythroid cells (dotted line), while the lower
panels present the relative frequency of erythroid blasts
(straight line), of immature (pro- and basophilic erythroblasts)
(dashed line) and mature (polychromatophil and orthochro-
matic erythroblasts) (dotted line) erythroid cells, and of reticu-
locytes (dashed dot line). During the study, two differentiation
behaviors were observed whose extreme cases are presented in
A and B, respectively. In the case presented in A, very few
monocytic cells were detected in the culture up to 21 days and
the majority of the cells (�95%) were erythroblasts at all stage
of maturation. However, no reticulocytes were ever observed.
In the second case (B), the frequency of monocytes progres-
sively increased in time to reach a frequency of 30% the cells
at day 16 when reticulocytes were also detected on the smear.
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stimulation, because mice in which the receptor
has been knocked down by homologous recombi-
nation have a normal hematocrit, but do not re-
cover from phenyl-hydrazine-induced hemolytic
anemia (14). In vitro stimulation of the erythroid
cells with dexamethasone inhibits their differen-
tiation, allowing them to proliferate for longer
time (4). The number of erythroid cells obtained
at the end of the culture period from CD34� cells
is sufficient for more sophisticated molecular
analysis, such as transient gene expression studies
(15, 16). However, this method relies on the use
of high numbers of CD34� cells and therefore on
the availability of large human specimens.

The principle of massive unilineage differen-
tiation is to allow differentiation of progenitors
cells under conditions that only permit survival of
cells of the appropriate lineage. The differentia-
tion stimuli applied to the system, however, must
not be so strong that all the cells differentiate at

FIG. 8. Flow cytometry analysis for the expression of glycophorin A (top) and CD71 (bottom) in cells obtained at days
0, 7, 12, and 16 from a representative culture of light-density cells purified from a normal donor and stimulated with SCF,
IL-3, EPO, estradiol, and dexamethasone.

FIG. 9. Frequency of CD45� (straight lines), CD71�

(dotted lines), and glycophorin A� (dash-and-dot lines)
cells in culture of light-density cells purified from normal
donors and stimulated with SCF, IL-3, EPO, estradiol, and
dexamethasone. Results are presented as means (�SD) of
5–10 replicate cultures. When SDs are not shown, results
are from one representative experiment.
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the expense of their proliferation. A problem en-
countered when light-density cells are used as a
target is that the lymphocytes and the monocytes
present in the sample will soon release growth
factors which, in turn, will allow survival of cells
for other lineages. A further problem is repre-
sented by the fact that IL-3 synergizes with SCF,
both for proliferation of all the hemopoietic cells
(11) and for mast cell differentiation (17, 18).
Therefore, when IL-3 is added to the culture, the
total number of cells produced is higher, but those
are contaminated with mast cells.

Herein is a description of a new two-phase
culture method that allows mass production of
primary human red cells, starting from the mono-
nuclear blood cell fraction of normal and thalas-
semic individuals. In this method, designed on the
basis of results presented on erythroid cell pro-

duction from CD34� cells (Figs. 1 and 2), light-
density cells were first cultured with an optimal
concentration of SCF and EPO, very low (1/10 of
the optimal) concentrations of IL-3, dexametha-
sone and estradiol (proliferative phase). Dexa-
methasone not only favors erythroid cell prolifer-
ation (4), but also inhibits activation of T cells
(19), while estradiol may inhibit growth factor
production from the monocytes (20) Anytime
from 8 to 14 days of culture, the cells are har-
vested and their terminal differentiation induced
with EPO and insulin (differentiative phase).

In proliferative cultures of cells from both
normal donors and thalassemic patients, there was
an early (days 2–7) reduction in cell number con-
comitant with the disappearance of the lymphoid
cells and followed by an increase in total cell
number that reached a peak around days 10–15

FIG. 10. Flow cytometry analysis for the coexpression of CD45 and CD71 (top) and CD45 and glycophorin A (bottom)
of light-density mononuclear cells purified from a normal donor (on the left) and of the same cells cultured for 12 days in the
presence of all growth factors plus dexamethasone and estradiol (middle panels) or for 8 days in these conditions plus 4
additional days in the presence of EPO and insulin (differentiated, on the right).
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(Figs. 3 and 4). The variability in the kinetics of
amplification observed is probably ascribed to
donor-related differences in response to the cul-
ture conditions than to conditions themselves. In
fact, three separate cultures, using cells from the
same donor, gave consistently similar kinetics of
expansion (Fig. 5). In most of the experiments,
the majority of the cells present at day 10 of the
proliferative phase were erythroblasts at different
stages of maturation, which eventually terminally
differentiate by days 16–18 (Figs. 6–9). In a few
cases, there was a significant monocyte contami-
nation by day 8 (Fig. 7B) that was followed by the
progressive appearance of mast cells toward day
20 of culture (data not shown). The presence of
these contaminants was donor-related and could
be due to IL-3 hypersensitivity of the cells from
these subjects. In any case, whenever the cells in
the proliferative phase were harvested between
days 8 and 12, washed and re-cultured in the
differentiative phase, they generated a homoge-
neous population of mature erythroid cells in 4
days (Fig. 10). The terminal maturation was sim-
ilarly efficient, even when the cells had been
cryopreserved for an extended period of time be-
fore differentiation was induced (data not shown).
This fact represents an important advantage in
biochemical studies, because it would allow re-
peated assays on the same cell population from
the same individual.

This method allowed us to obtain approxi-
mately 1–2 � 107 erythroblasts for each milliliter

of blood collected from normal donors or thalas-
semic patients. As it is feasible to determine he-
moglobin synthesis on these cells with as few as
3 � 105 cells (Fig. 11), it is possible, with mini-
mum discomfort for the donor, to identify in vitro
HbF inducers targeted for each specific patient
and to determine their most effective concentra-
tion. However, it should be noted that although
the total cell amplification in this system is only
10- to 20-fold, when the efficiency of the CD34
purification and the number of cells obtained at
the end of the cultures are taken into account, they
are comparable with those obtained with the
1000-fold amplification observed with CD34�

cells.
The high number of erythroid cells obtained

with this method and their homogeneity make it
possible to perform, during the 4 days of the
differentiation phase, a series of different bio-
chemical studies including signal transduction
analysis and transient gene expression and trans-
activation experiments of reporter genes, to iden-
tify erythroid-specific mechanisms, etc.

In conclusion, this is a new two-phase culture
method that allows mass production of primary
human red cells starting from the mononuclear
blood cell fraction of normal donors and thalas-
semic patients. The erythroid cells are produced
in sufficient numbers from biochemical and mo-
lecular studies and may provide a model to study
erythroid-specific processes.

FIG. 11. HPLC separation profiles of globin chains present in erythroid cells obtained after 8 days of culture in
proliferative phase followed by 3 additional days of culture in differentiative phase. The cultures were started with
light-density cells purified either from a normal volunteer (A) or from a thalassemic patient (B).
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