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Abstract

Improvements in ex vivo generation of enucleated red blood cells are being sought for erythroid
biology research, toward the ultimate goal of erythrocyte engineering for clinical use. Based upon
the high levels of iron-saturated transferrin in plasma serum, it was hypothesized that terminal
differentiation in serum-free media may be highly dependent on the concentration of iron. Here
adult human CD34* cells were cultured in a serum-free medium containing dosed levels of iron-
saturated transferrin (holo-Tf, 0.1-1.0 mg/ml). Iron in the culture medium was reduced, but not
depleted, with erythroblast differentiation into haemoglobinized cells. At the lowest holo-Tf dose
(0.1 mg/ml), terminal differentiation was significantly reduced and the majority of the cells
underwent apoptotic death. Cell survival, differentiation and enucleation were enhanced as the
holo-Tf dose increased. These data suggest that adequate holo-Tf dosing is critical for terminal
differentiation and enucleation of human erythroblasts generated ex vivo in serum-free culture
conditions. Published 2013. This article is a US Government work and is in the public domain in
the USA.
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1. Introduction

Erythropoiesis involves the commitment of immature haematopoietic stem cells into
erythroblasts, which further differentiate into red blood cells. The maturation process is
marked by changes in virtually all aspects of the cells’ metabolism. Erythropoiesis in adult
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humans, in vivo, occurs almost exclusively in the bone marrow. The erythroid niche of the
marrow is composed of cell islands, consisting of a central macrophage encompassed by
erythroblasts. The macrophage assists with erythropoiesis in several roles to enhance the
differentiation process (An and Mohandas, 2011). Among the proposed functions,
macrophages are thought to endocytose the extruded nuclei and provide nutrients, such as
iron, to the surrounding erythroblasts. Iron is also supplied by holotransferrin in the blood.
Enucleation occurs after the final cell division, where the intracellular organelles undergo
autophagy and red blood cells (erythrocytes) are generated. Human red blood cells then
circulate in the blood, with a typical half-life of around 50 days.

Although the erythroblastic island niche is a fundamental feature of in vivo erythropoiesis,
this process can be replicated ex vivo. The cells are able to differentiate in cultured clot
(Lutton et al., 1984), semi-solid (Metcalf, 1981) or liquid (Gartner and Kaplan, 1980) media.
Fibach et al. (1989) further advanced the use of liquid suspension cultures of erythroblasts
using primary human haematopoietic cells. This innovative technique suggested distinct
proliferative advantages for utilizing liquid culture (Fibach et al., 1991). The establishment
of a two-phase liquid culture model allowed for the optimization of erythroblast
differentiation among mixed cell populations. CD34* cells from the human host may be
purified prior to culture initiation (Wojda et al., 2002), and cultured using defined cytokine
mixtures (Drouet et al., 1989; Douay et al., 1994; Leberbauer et al., 2005; Neildez-Nguyen
et al., 2002; Miharada et al., 2006). Monitoring of erythroblast differentiation is
accomplished in real time using flow cytometry (Miller et al., 1999).

Recently, culture methods have progressed to include enucleation of the cells in the absence
of semisolid media or macrophages (Freyssinier et al., 1999; Griffiths et al., 2012; Miharada
et al., 2006; Hebiguchi et al., 2008). For this purpose, cytokine combinations including stem
cell factor (SCF), thrombopoietin (TPO), granulocyte macrophage colony-stimulating factor
(GM-CSF), interleukin 3 (IL-3), interleukin 6 (IL-6), insulin-like growth factor 1 (IGF-1),
insulin-like growth factor 2 (IGF-I1), vascular endothelial growth factor (VEGF) and feline
multicentric sarcoma (fms)-related tyrosine kinase 3 (FLT-3 ligand) are titrated in multi-
stage strategies (Neildez-Nguyen et al., 2002; Miharada et al., 2006; Hebiguchi et al., 2008;
Griffiths et al., 2012; Giarratana et al., 2005, 2011; Malik et al., 1998; Leberbauer et al .,
2005; Freyssinier et al., 1999). The addition of mifepristone at the final stage increases
erythroblast enucleation in the presence of human serum (Miharada et al., 2006). Folic acid
and vitamin B, may also advance enucleation frequency (Hebiguchi et al., 2008). Human
CD34" cord blood erythroid progenitors grown in serum-free medium may also be infused
into mice to produce erythrocytes (Neildez-Nguyen et al., 2002). Giarratana et al. (2011)
described a three-phase culture system containing human plasma that generates cells suitable
for transfusion in humans.

Despite the major advances in producing enucleated erythroid cells ex vivo, improvements
are still being sought for terminal maturation and enucleation of erythroblasts in the absence
of animal or human serum (Timmins et al., 2011). Based upon the large amount of
holotransferrin in serum when compared to serum-free medium, we hypothesized that
adequate iron dosing in the culture medium may be essential for the growth or terminal
differentiation of erythroblasts that are cultured in the absence of serum, macrophages or
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stromal cells. The plasma of adult humans contains 50-150 pg/dl iron. In the setting of iron
deficiency, lower plasma iron concentrations are detected and the iron availability in the
bone marrow is suboptimal for erythropoiesis. Here we demonstrate that the iron
requirements for ex vivo erythropoiesis are similar to those found in the human host. Low
iron concentrations in culture result in maturation arrest and a nearly complete absence of
enucleation. Once the holotransferrin levels are titrated to levels found comparable to that in
adult human serum the differentiation and enucleation levels improve significantly.

2. Materials and methods

2.1. Cell culture

All studies using primary erythroblasts were performed after human subjects review and
NIH IRB approval and donor informed consent was obtained. The 21 day ex vivo culture
system consisted of two phases. In phase | (culture days 1-7) CD34* cells were placed in
medium containing StemPro-34 complete medium (L-glutamine, pen—strep and StemPro-34
nutrient supplement; Invitrogen, Carlsbad, CA, USA) supplemented with 50 ng/ml SCF
(HumanzZyme, Chicago, IL, USA), 50 ng/ml FLT3-ligand (HumanzZyme) and 10 ng/ml IL-3
(HumanZyme). After 7 days, the cells were transferred at a density of 5 x 10* cells/ml to
erythropoietin (EPO; Amgen)-supplemented medium (phase 2; culture days 7-21), which is
comprised of the following: StemPro-34 complete medium, 4 U/ml EPO, 3 uM mifepristone
(Sigma-Aldrich, St. Louis, MO, USA), 10 pg/ml insulin (Sigma-Aldrich) and dosed
titrations of holo-Tf (1.0, 0.8, 0.6, 0.4, 0.2 and 0.1 mg/ml; Sigma-Aldrich) were balanced by
transferrin that was not bound to iron (apo-Tf; Sigma-Aldrich) to maintain total transferrin
levels of 1.2 mg/ml in all cultures.

2.2. Flow-cytometry analysis

Immunostaining with transferrin receptor (CD71) and glycophorin A (GPA) antibodies
(Invitrogen) were performed using the BD FACSAria | flow cytometer (BD Biosciences,
San Jose, CA, USA) (Tanno et al., 2009). Positively stained populations of cells were
defined by fluorescence of more than two standard deviations (SDs) above the unstained
cells. A minimum of 5000 live cell events was recorded. Apoptosis was analysed by flow
cytometry, using the Annexin V:PE Apoptosis Detection Kit | (BD Biosciences) according
to the manufacturer’s instructions. Cells were also analysed for their RNA content by
staining with thiazole orange (Sigma-Aldrich) (Ervasti et al., 2007).

2.3. Cytospin preparation

For morphology studies, cytospins were prepared for each transferrin concentration by
centrifugation of the cytoslides at 1000 rpm for 2 min (Thermo Electron Corp., Rockford,
IL, USA), followed by staining with Wright—-Giemsa reagent (Sigma-Aldrich).

2.4. Iron and transferrin analysis

On culture day 21, 5 ml samples of culture medium from all holo-Tf concentrations were
centrifuged at 1000 rpm for 10 min at room temperature. After centrifugation, the

supernatants were removed and filtered through a 0.45 um filter unit. After filtration, the
supernatants were analysed on a Dimension Vista 1500 Intelligent Lab System (Siemens
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Healthcare Diagnostics, Tarrytown, NY, USA). The instrument detection ranges included
iron (5-10 000 pg/dl) and transferrin (35-560 mg/dl). Freshly prepared culture media with
dosed transferrin titrations were used for comparison.

2.5. Statistical analyses

All experiments were performed on three separate donors and compared using paired two-
tailed t-tests.

3. Results and discussion

For these studies, mobilized adult human CD34* cells were cultured using a two-phase
serum-free culture technique. During the first phase, which lasted 7 days, a cytokine cocktail
(SCF, FLT-3 ligand, IL-3) was added to the serum-free medium (StemPro-34) for
proliferation of the haematopoietic progenitor cells. Holo-Tf (0.1 mg/ml) was present in the
phase | culture medium. The addition of a higher concentration of holo-Tf during the first
culture phase did not significantly affect cellular proliferation or differentiation (data not
shown). In the second culture phase (culture days 7-21), EPO, insulin and mifepristone were
added to the base medium to promote erythroblast proliferation and differentiation. Holo-Tf
titrations in the range of 0.1-1.0 mg/ml were balanced with apo-Tf to maintain equivalent
total transferrin concentrations of 1.2 mg/ml. The holo-Tf doses of 0.1-1.0 mg/ml
correspond to 20-120 pg/dl iron. Adult blood normally contains 70-190 pg/dl iron (Hoyer,
1944). Therefore, the holo-Tf titration provided iron to the cultured cells at concentrations
ranging from iron-deficient (0.1, 0.2 and 0.4 mg/ml) to physiological levels (0.6, 0.8 and 1.0
mg/ml) in human blood.

During erythropoiesis in vivo, iron is utilized for cellular proliferation (Gkouvatsos et al.,
2012) and haemoglobin synthesis (Shintani et al., 1994). Based upon the amount of
haemoglobin iron in erythrocytes (ca. 109 iron molecules/cell), robust iron requirements for
ex vivo erythropoiesis were expected. In erythroblasts and other cells, iron is delivered to the
cells in its ferric form bound to transferrin. The endocytosed transferrin is recycled back into
the extracellular space after delivery of iron (Beaumont and Delaby, 2009). Iron utilization
and transferrin recycling were estimated by comparing transferrin and iron levels in fresh
and culture day 21 culture media (defined here as ‘conditioned medium”). The iron dose in
the culture medium was adjusted by increasing the proportion of holo-Tf, and apo-Tf was
used to maintain total transferrin levels at 120 mg/dl for all iron doses. As expected,
transferrin levels remained stable over the culture period, with measured levels of 118-126
mg/dl in the conditioned medium (Figure 1A). In contrast to transferrin, the concentration of
iron in conditioned medium was decreased when compared to the freshly-prepared medium
(Figure 1B). At the lower holo-Tf concentrations (0.1-0.4 mg/ml) the medium was not fully
iron-depleted; a relatively minor amount of iron was consumed from the medium at all iron
doses. With higher iron concentrations, the difference in iron content between fresh and
conditioned culture media was increased. These results suggest that reduced utilization,
rather than depletion of iron, occurs at the lower concentrations of holo-Tf.

Cell counts at the end of the culture period (culture day 21) were determined for quantitation
of the effects of holo-Tf doses upon cell growth. At the beginning of phase 2 (culture day 7),
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cell concentrations were adjusted to 5 x 10* cells/ml for all experiments. As shown in Figure
2A, the final cell concentrations were significantly affected according to the holo-Tf dose in
the conditioned medium. At iron concentration 1.0 mg/ml there was a 47-fold increase in
cells. By comparison, the cell growth was significantly lower as measured by a two-fold
increase in culture days 7-21 (phase 2). Based upon the reduced proliferation of 0.1-0.2
mg/ml holo-Tf culture conditions, apoptosis was investigated on culture day 21 by detection
of phosphatidylserine on the plasma membrane surface (PS* cells). Remarkably, 78% of the
cells expressed this apoptotic marker at the lowest dose of holo-Tf, 0.1 mg/ml (Figure 2B).
At 0.4-1.0mg/ml holo-Tf, a significant reduction in the percentage of PS* cells was
observed. At the highest holo-Tf dose, < 5% PS* cells were detected. When combined with
the cell counts, these results suggest that erythroblast proliferation and survival in EPO-
containing medium are highly dependent upon the iron concentration in the culture medium.
The low level proliferation combined with high levels of apoptosis suggest that erythroblasts
are negatively affected by the lower concentrations of holo-Tf contained in commercial
preparations of serum-free medium (usually 0.1 mg/ml), which are normally sufficient to
support the growth of other cell types.

Flow-cytometry studies were performed to determine whether the holo-Tf doses resulted in
differences in erythroblast maturation. Human erythropoiesis is characterized by the
expression of CD71 and CD235 (GPA, glycophorin A) on the cell surface (Loken et al.,
1987). GPA is not detected prior to the pro-erythroblast stage of differentiation. Thereafter,
GPA expression is maintained on the more mature cells, including enucleated erythrocytes.
In cultured erythroblasts, GPA* expression does not occur prior to the second culture phase,
when erythropoietin is added to the medium. Expression of CD71 increases in response to
erythropoietin, but CD71 is lost with terminal maturation (Okumura et al., 1992). CD71 is
not present on the surface of mature enucleated erythrocytes (Dertinger et al., 2002). As
shown in Figure 3, GPA expression was achieved at all holo-Tf concentrations. However,
the loss of CD71 was highly dependent upon the holo-Tf dose. While there was some loss of
CD71 among the cellular population at the lower iron concentrations, only a small
percentage of these cells matured (GPA*/CD717; 0.7% and 1.1% for 0.1 mg/ml and 0.2
mg/ml holo-Tf, respectively). The higher holo-Tf concentrations had a dose effect on the
increase in the percentage of mature cells that were detected (9.8-31.2% for 0.4-1.0 mg/ml
holo-Tf). Hence, lower iron concentrations in the culture medium permit the cells to reach
the stage of maturation at which glycophorin A was expressed (pro-erythroblast), but further
maturation of the cells was reduced or inhibited. In triplicate experiments, a statistically
significant decrease in maturation (GPA*/CD71" phenotype) with a relative increase in less
mature erythroblasts (GPA*/CD71" phenotype) was measured at the holo-Tf dose of 0.4
mg/ml or less (cf. Figure 3G-I).

Cytospin preparations were performed 7 and 14 days after the addition of EPO (culture days
14 and 21, respectively). On culture day 14, the predominant population at all iron
concentrations was the pro-erythroblast stage (data not shown). By day 21, cytospin
preparation demonstrated maturation of the erythroblasts, with enucleated cells being
identified at all iron concentrations. Thiazole orange was utilized to quantitate the
percentage of enucleation at each holo-Tf dose. Since thiazole orange stains both DNA and
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RNA, the absence of thiazole orange staining indicates enucleation and terminal maturation
of the cells (Lee et al., 1986). The percentage of thiazole orange-negative cells was
significantly reduced in the lower iron concentrations (0.1-0.2 mg/ml), with <5% of the
cells maturing to red blood cells (Figure 4A). In contrast, as the iron concentrations
increased from 0.4 to 1.0 mg/ml, there was a subsequent increase in enucleated cells, which
also correlated with the loss of CD71. These results are consistent with the loss of CD71 at
similar levels demonstrated in Figure 3. For comparison, enucleated cells cultured in iron
concentrations of 0.1 and 1.0 mg/ml were sorted based on the thiazole orange-negative
population, indicative of mature red cells. After sorting, the cells were stained with Wright—
Giemsa and the 0.1 mg/ml holo-Tf cells were hypochromic (Figure 4B) when compared to
the enucleated population sorted from the 1.0 mg/ml holo-Tf cultures (Figure 4C). An adult
pattern of haemoglobin production was detected at all concentrations (data not shown).

Ideally, the erythroid niche in bone marrow should be mimicked to create optimal conditions
for the growth, differentiation and enucleation of cultured erythroblasts. Modified strategies
may be needed when embryonic stem cells are utilized as the source of erythroblasts (Lu et
al., 2008). Additional culture phases may improve erythroblast growth and differentiation
(Anstee et al., 2012; Giarratana et al., 2011). Co-culture of the erythroblasts with non-
erythroid cells demonstrably increases the percentage of enucleated cells to >50% (Fujimi et
al., 2008; Lu et al., 2008). Despite the increases in enucleation with dosed holo-Tf added to
the culture medium, the peak enucleation levels achieved here remained around 30%.
Therefore, further improvements of the serum-free culture technique were sought to increase
the enucleation frequency. Of note, additional holo-Tf (final concentration 1.2 mg/ml) did
not result in further improvements in growth, apoptosis or enucleation beyond that achieved
at the 1.0 mg/ml concentration (data not shown). While not studied here, ferrous or ferric
salts have been utilized in addition to transferrin-bound iron to supplement erythroblast
culture medium (Neildez-Nguyen et al., 2002), but the effects upon growth or enucleation
were not reported. Achievement of enucleation for >50% of cultured erythroblasts using
simple, inexpensive approaches that do not require serum or mixed cell cultures remains as a
future challenge.

In summary, similar to the clinical setting of iron deficiency, comparatively low
concentrations of holo-Tf were not sufficient to fully support erythropoiesis ex vivo.
Decreased iron utilization, rather than depletion of iron in the medium, was detected at those
low iron doses. Cell growth, survival and terminal differentiation were all diminished
significantly by lowering the holo-Tf levels in the culture medium below physiological
levels. Adequate amounts of iron are critical for the production of culture-generated
erythrocytes in serum-free medium.
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Analysis of iron and transferrin. (A) Representative graph of the total amount of transferrin
present in culture day 21 conditioned media at the following concentrations: 0.1, 0.2, 0.4,

0.6, 0.8 and 1.0 mg/ml holo-Tf.

(B) Representative graph of the amount of iron utilized

during the 14 day EPO culture conditioned media (solid line) coinciding with the amount of
iron present in the freshly-prepared media (dashed line). Bars represent the standard
deviation of the mean values from three separate donors
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Figure 2.
Iron effects upon cell growth and survival. (A) The proliferation of CD34+ cells over a 14

day EPO culture conditioned media period with transferrin titrations at 0.1, 0.2, 0.4, 0.6, 0.8
and 1.0 mg/ml. (B) The level of phosphatidylserine on the surface of the live cell population
at culture day 21. Bars represent the standard deviation of the mean values from three
separate donors with asterisks signifying p < 0.05 when compared to the 1.0 mg/ml dose
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Figure 3.

The effects of a dosed iron titration on cell maturation. Representative flow cytometric dot
plots of the differentiation of CD34+ cells cultured in dosed iron titration media at (A) 0.1,
(B) 0.2, (C) 0.4, (D) 0.6, (E) 0.8, and (F) 1.0 mg/ml holo-Tf for transferrin receptor (CD71)
and glycophorin A (GPA) at culture day 21. Using cells from three separate donors, average
percent values for GPA +/CD71-, GPA+/CD71+, total GPA + are shown in panels G, H, |
respectively. Bars represent the standard deviation of the mean values from three separate

donors with asterisks signifying p <0.05 when compared to the 1.0 mg/ml dose
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Figure4.
Quantitation of enucleated cells. (A) Thiazole orange analyses were performed on culture

day 21 cells from 0.1, 0.2, 0.4, 0.6, 0.8 and 1.0 mg/ml holo-Tf with the representative
percentage of enucleated cells. Bars represent the standard deviation of the mean values
from three separate donors with asterisks signifying p <0.05 when compared to the 1.0
mg/ml dose. (B) Cytospin preparation of culture day 21 thiazole orange negative sorted cells
of 0.1 mg/ml followed by Wright-Giemsa staining. Scale bar, 20 um.(C) Cytospin
preparation of culture day 21 thiazole orange negative sorted cells of 1.0 mg/ml holo-Tf
followed by Wright-Giemsa staining. Scale bar, 20 pm
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