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ABSTRACT

Efforts have been made toward the in vitro generation of stem cell-derived Red Blood Cells (RBCs) to overcome
the worldwide blood shortage for transfusion. As starting stem cell sources, primary Cluster of Differentiation
CD34+ cells derived from umbilical Cord Blood (CB) are well known for its limited proliferation capacity. Blood
Mononuclear Cells (MNCs) also can be used and many frozen CB MNCs are banked, but their value as a source
for generating RBCs has not been evaluated. Here, we cultured fresh and frozen CB-MNCs to generate RBCs.
The viability of frozen-thawed CB-MNCs was approximately 80%, and the proliferation rates were not significantly
different from those of fresh MNCs. The presence of macrophages among the MNCs did not significantly increase
erythroblast expansion. This suggests that frozen CB-MNCs are comparable to fresh MNCs in terms of RBC

generation, but establishing erythroid cell lines would be necessary to overcome the proliferation capacity.
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INTRODUCTION

Several culture methods are available for the in wvitro production of
Red Blood Cells (RBCs). The first protocol for pure RBC production
was developed using CD34" cells isolated from umbilical Cord Blood
(CB), Bone Marrow (BM), and Peripheral Blood (PB) [1,2]. Cluster of
Differentiation CD34" cells isolated from CB are commonly used for
producing RBCs without further genetic manipulation. However, the
isolation of CD34" cells is costly, time-consuming, and more complex
concerning (GMP) Good Manufacturing Practice requirements.

Therefore, Mononuclear Cells (MNCs) have been used as an
alternative resource for producing RBCs [3-5]. Most importantly, a
large number of CB units are stored in CB banks, and these units
are discarded after storing for certain duration. Therefore, it would be
practical and economical to use MNCs isolated from discarded CB
for RBC production [6]. Although many review articles have cited the
results of several studies showing large-scale erythroblast cultures using

MNCs, the reproducibility of the results has not been verified [7,8].

In our previous experiment, we successfully generated erythrocytes

from CB-CD34" cells using bioreactors and attempted to develop
RBCs from MNCs rather than from CD34" cells because CB-
MNC:s are easily accessible and abundant. In this study, we aimed
to determine the appropriate protocol wherein erythroid expansion
using fresh or frozen CBMNG:s is evident, reproducible, and optimal
and to evaluate whether the expansion ability is comparable between

fresh and frozen CBMNC:s [9].

MATERIALS AND METHODS

CB samples were collected after obtaining written consent from 15
healthy pregnant women. This study was approved by the Institutional
Review Board of Hanyang University (IRB No. HYU-2019-07-006). The
CB-MNC:s were purified by the concentration gradient method using
Ficoll-Paque (GE Healthcare, Uppsala, Sweden). Contaminated RBCs
in the CBMNCs were removed using RBC lysis buffer (BioLegend,
San Diego). The separated CB-MNCs were either used directly for
cultivation or cryopreserved in a liquid nitrogen tank. Before using
for cultivation, frozen CBMNCs were thawed in a 37°C water bath for
2 min and then centrifuged in Iscove’s modified Dulbecco’s medium
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(Gibco) Grand Island Biological Company containing 10% fetal
bovine serum.

Media compositions are listed in Table 1. In the lab-modified protocol,
CBMNC:s isolated from 12 CB samples were seeded in erythroid
induction medium (EI medium) at 1 x 10° cells/ml (4 x 10° cells/4 ml
in 6-well culture plates); until day 8, half of the medium was changed
every 2 days. For the proliferation of CB-MNC-derived erythroblasts,
the medium was replaced with Exp or Exp+b medium that is modified
from the Bristol Erythroid Line-Adult (BEL-A) cell culture method
for the longterm proliferation of erythroblasts. The cells were then

cultured for 30 days [10].

RESULTS AND DISCUSSION

In two previous experimental protocols, MNCs (5 x 10° cells/ml) were
seeded in 24-well plates following MNC culture protocols A and B.
MNC culture protocol A was taken from the experiment of Heshusius
et al. and MNC culture protocol B was taken from the experiment of
Leberbauer et al. Half of the medium was changed every 2 days [3,4].
The different reagents from the original protocols and the reagents
used for flow cytometry were shown in the Table 1.

Cell culture experiments were performed using at least three CB
samples under each condition. The culture experiments of MNC
culture protocols A and B were conducted 4-5 times, similar to the
number of iterations in the reference paper, as an experiment for
reproducibility evaluation of the previous study results.

As results, during culture days 3-5, proerythroblasts appeared, and
from day 7, proerythroblasts and basophilic erythroblasts expanded
homogeneously in the EI medium (Figure 1A). During the first 5
days of culture, the cell numbers decreased because of the loss of non-
erythroid lineage cells included in the CB-MNCs. The proliferation
rate began to recover on day 7. Cells proliferated up to 1.4 x 10%fold
in the Exp medium and 2.5 x 10%fold in the Exp+b medium for 30
days. Cell proliferation was significantly higher in the Exp+b medium
than in the Exp medium on days 14-21 (Figure 1B). From day 17,
erythroblasts in the Exp+b medium gradually decreased, and non-
erythroid cells began to proliferate (Figures 1A and 1B).

In flow cytometry analysis, CD71"*CD235a- cells (erythroid progenitor
cells) were 39% on day 7 and CD71"*CD235a" cells (mature erythroid
cells) were approximately 31% on day 17 in both media (Figures 1C
and 1D). The purity of erythroid cells was highest as 76.2% on day 17.
On day 9, the mean percentage of CD11b*CD13- cells (monocytes/
macrophages) and CD11b-CD13" cells (myeloid cells) was 3.6% and
8.3%, respectively. However, by day 24, CD11b"CD13- cells increased
up to 15% in the Exp medium and up to 5.3% in the Exp+b medium
(data not shown), suggesting that myeloid cells and monocytes survived
relatively at the terminal culture period. Although macrophages
are known to assist erythropoiesis in vivo, conditions with a lower
percentage of macrophages in the Exp+b medium showed significantly

Table 1: Components of medium for CB-MNC culture.
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higher cell proliferation and enucleation rates (CD235a"Nucred- cells)
(Figures 1E and 1F). Next, we increased the seed number of CB-MNCs
from 1 x 10° cells/ml to 5 x 10° cells/ml following previously reported
protocols. However, high proliferation rates, such as 3 x 107fold as
reported previously, was not achieved [3]. Therefore, we could induce
and expand erythroid cells from CB-MNCs using the labmodified
protocol; however, the degree of expansion was lower than that
previously reported.

Next, we followed the previously reported protocols to evaluate
the reproducibility. After starting MNC culture, the cell numbers
decreased under both media conditions (Figure 1G). Although we
expected erythroblasts to proliferate from day 7, the expansion rate
did not recover and steadily decreased; cell cultures were eventually
discontinued owing to low cell numbers. In both media conditions, cells
(5 x 10° cells/ml) were seeded at the start, but their numbers decreased
to 7 % 10° cells/ml and 1 x 10° cells/ml by day 19 when following MNC
culture protocols A and B, respectively. In MNC culture protocols A
and B, only one and two out of six and five samples, respectively, were
cultured for 24 and 26 days (Figure 1G). The cell viability did not
exceed 80% during culture in either medium (Figure 1H). Because
of the continuous decrease in cell number, the differentiation stage
could not be confirmed using flow cytometry. Morphological analyses
revealed the formation of pro- to basophilic erythroblasts on day 7.
However, the percentage of erythroblasts decreased from days 7 to 14
(Figure 1I), and the cells in protocol B media showed a significantly
decreased erythroblast percentage (Figures 11 and 1]). Therefore, in our
repeated experiments using different CB cases, CB-MNC:s cultured in
MNC culture protocol A and B media did not proliferate as much as
in previous studies, with increased macrophages derived from MNCs.

In CB banks, many frozen CB MNCs are stored with very low
usage. Even though the number of viable CD34" cells decreases after
thawing, the effects of frozen MNCs wersus fresh MNCs on erythroblast
proliferating potential have not been reported [11,12]. The viability of
fresh CB-MNCs decreased to 75% on day 3, whereas that of frozen
MNC:s decreased rapidly to 52% (Figure 2A). However, viability under
both conditions recovered to 84% on day 9. From day 11, the viability
of thawed CB-MNC:s was lower than that of fresh cells in both media.
The cell proliferation rates were higher in the Exp+b medium in both
fresh and frozen samples, demonstrating that medium composition is
more important than cell freshness (Figure 2B).

The mean erythroblast proliferation in both samples was 1.6-1.8 x 10%
fold on days 21-24, with no significant differences between the fresh
and frozen conditions (paired t-test, p>0.05; Figure 2B). Moreover, the
morphology of fresh or frozen cells showed no difference (Figures 2C
and 2D). Both fresh and frozen cells were similarly differentiated into
RBCs, with enucleation rates of approximately 13% in both media
(paired ttest, p>0.05) (Figures 2E and 2F). Therefore, both fresh and
frozen CB-MNC:s are useful for studying erythropoiesis.

Lab modified protocol

MNC culture protocol A MNC culture protocol B

Erythroid induction (EI)

X Expansion Medium IMDM (Gibco) StemSpan (STEM CELL)
medium
IMDM (with 1% P/S) Exp Exp+b P/S 100 pg/ml (Gibco) P/S 1% (Gibco)
FBS 1% (Hyclone) StemSpan (STEM CELL)  StemSpan (STEM CELL) holo-transferrin 300 ng/ml  IGF-140 ng/ml (R&D

(s igma) System)

holo-Transferrin 200 pg/ml

(sigma)

P/S 1% (Gibco)

P/S 1% (Gibco)

sodium pyruvate 100 uM  Cholesterol-rich lipid mix 40
(sigma) pg/ml (sigma)
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insulin 10 pg/ml (sigma) ~ EPO 3 IU/ml (Calbiochem) EPO 6 TU/ml (Calbiochem)

cholesterol 100 ng/ml

(sigma)

EPO 2 U/ml (Calbiochem)

SCF 50 ng/ml (R&D

System) SCF 10 ug/ml (R&D System)

heparin 3 IU/ml (sigma)

rhSCF 100 ng/ml (R&D
System)

L-a-phosphatydilcholine 5
ng/ml (sigma)

EPO 6 IU/ml (Calbiochem) HC 1 uM (sigma) IL-3 1 pg/ml (R&D System)

Dexamethasone 1 pM

Oleic acid 4 ng/ml (sigma) (sigma)

SCF 10 pg/ml (R&D System)

L-glutamine 2 mM (Gibco)

IL-3 1 pg/ml (R&D System)

Human Serum Albumin
0.1% (sigma)
Insulin 10 pg/ml (sigma)
EPO 2 U/ml (Calbiochem)
rhSCF 100 ng/ml (R&D
System)
Dexamethasone 1 pM
(sigma)
Nucleosides
Trace elements

Abbreviations: CB- Cord Blood; IMDM- Iscove’s Modified Dulbecco’s Medium; SFEM- StemSpan SFEM II (StemCell technologies); Exp- Expansion

medium; Exp+b- Expansion medium + concentration of BEL-A medium cytokine
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Figure 1: Optimization of CB-MNC culture protocols for RBC production.
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A); Representative morphology of cultured cells. Blue arrows indicate monocyte/macrophages or myeloid cells. Scale bar=50 pm; 400X magnification.
B); Cumulative cell numbers (n=14, Wilcoxon’s signed rank test, paired t-test; p<0.05, Student’s t-test; *p<0.05, mean+SEM). C,D); Percentages per
quadrant of CD71/CD235a (n=11). E,F); Analysis of enucleation rates by flow cytometric analysis of CD235a+/nuclei- cells, RBC in Exp or Exp+b.
(n=8, p>0.05). G,H); Cumulative cell numbers and cell viability in MNC culture protocol A (n=6) and protocol B (n=5). I); Representative images of
cultured cells on day 17, showing more macrophages than erythroid cells. Wright-Giemsa staining. Scale bar=50 pm; 400X magnification. Red arrows
indicate erythroid cells; blue arrows indicate monocyte/macrophages or myeloid cells. J); Comparison of erythroblast percentages at the indicated
culture days (MNC culture protocol A, n=5; protocol B, n=4; Student’s t-test,

"p<0.01; mean + SEM).
RBC- Red Blood Cell; SEM- Standard Error of the Mean.
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Figure 2: Erythroid cell proliferation ability from fresh and frozen CB-MNCs.

After CB-MNC isolation, half of the CB-MNCs were freshly cultured, and the remaining half were cultured after freezing and thawing. A); Viability
of fresh or frozen CB-MNCs (n=3, mean + SEM) and B); cumulative cell numbers of cultured fresh or frozen CB-MNC:s in the lab-modified protocol
for 30 days. C, D); Representative cell morphology comparing fresh and frozen CB-MNCs cultured in the lab-modified protocol on days 17 and 21.
Red arrows indicate enucleated red blood cells; blue arrows indicate monocytes/macrophages or myeloid cells. Scale bar=50 pm; 400X magnification.
E, F); Maturation status was evaluated by cell counting after Wright-Giemsa staining. (n=3).

CB- Cord Blood; MNC- Mononuclear Cell; SEM- Standard Error of the Mean.

When reviewing previous reports, we found that the high proliferation
power (3 x 107fold) was not calculated from MNC numbers but
by extrapolation, assuming that the culture started from pure
erythroblasts, not MNCs. However, MNCs contain very low
percentages of erythroblasts or stem cells, which correspond to 0.2%-
0.5% cells per 1 ml of PB [13]. Therefore, cell numbers during the first
five culture days are decreased owing to the death of non-erythroid
cells, which contributes to the lower number of final erythroid cells.
Therefore, we believe that the recalculated practical proliferation power

into erythroid cells of MNCs was 3 x 104-fold over 25 days [14,15].

CONCLUSION

Even though several factors such as donor source variation and the
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difference in medium additives including serum can affect the failure
to reproduce prior results, we demonstrate that the MNC is not good
enough for RBC generation.

However, the MNC cell number is at least 100-fold higher than CD34"
cells and the erythroblast expansion ability of the frozen MNCs was
comparable to that of fresh MNCs. The stored CBMNC sources

could be useful for lab scale research.
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