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Abstract

A xeno-free method for ex vivo generation of red blood cells (RBCs) is attempted in order to replicate for large-scale production
and clinical applications. An efficient milieu was formulated using injectable drugs substituting the animal-derived components
in the culture medium. Unfractionated mononuclear cells isolated from human umbilical cord blood were used hypothesizing that
the heterogeneous cell population could effectively contribute to erythroid cell generation. The strategy adopted includes a
combination of erythropoietin and other injectable drugs under low oxygen levels, which resulted in an increase in the number
of mature RBCs produced in vitro. The novelty in this study is the addition of supplements to the medium in a stage-specific
manner for the differentiation of unfractionated umbilical cord blood mononuclear cells (MNCs) into erythropoietic lineage. The
erythropoietic lineage was well established by day 21, wherein the mean cell count of RBCs was found to be 21.36 0.9 x 10
and further confirmed by an upregulated expression of CD235a" specific to RBCs. The rationale was to have a simple method to
produce erythroid cells from umbilical cord blood isolates in vitro by mitigating the effects of multiple erythroid-activating agents
and batch to batch variability.
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Abbreviations prospect of manufactured RBCs for routine clinical use has

EPO Erythropoietin stimulated much excitement in the medical community
UCB  Umbilical cord blood (Chandrashekar and Kantharaj 2014). However, the large-
MNCs Mononuclear cells scale production of human functional RBCs for clinical appli-
cation has not yet reached the platform beyond research
(Giarratana et al. 2011). The feasibility has been envisaged
by many groups; however, the reproducibility, cost of produc-
Introduction tion and biosafety aspects have not been standardized (Lim et

The safest blood transfusion is of great medical concern in
most developing countries as it is dependent on healthy hu-
man volunteers (Ramesh and Guhathakurta 2013).
Considering the insufficient numbers of blood donors, the
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al. 2011). Most of the conventional methods for culturing
human erythroblasts utilized a variety of cellular progenitors,
i.e., somatic stem cells (Giarratana et al. 2005), human embry-
onic stem cells (Lu et al. 2008) and induced pluripotent stem
cells (iPSCs) (Lapillonne et al. 2010). Unfortunately, existing
methods for the ex vivo production of RBCs are extremely
costly and their efficacy has not been extensively tested (Xie
etal. 2014).

Umbilical cord blood (UCB) is considered to be an
excellent source of hematopoietic stem cells (HSCs) than
adult bone marrow or peripheral blood and often shows
increased sensitivity to added factors (Kogler et al. 2004;
de Lima et al. 2008). UCB has several advantages over
other sources of HSCs, including that it is easily
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accessible, banked with non-invasive collection proce-
dures, has lower probability of allogenic graft versus host
disease and more plasticity for multi-lineage differentia-
tion (Hiroyama et al. 2011). UCB has the least possibility
of viral contamination with common pathogens compared
with other stem cell sources and hence, many researchers
had attempted to expand RBCs from cord blood-derived
HSCs (Glen et al. 2013; Jin et al. 2014). Given that UCB
transplants are able to support lifelong hematopoiesis in
recipients, it seemed probable that the limited ex vivo
yields of RBCs achieved to date are a consequence of
sub-optimal performance rather than biological capacity
(Timmins and Nielsen 2011).

Biosafety is important for the application of RBCs generated
ex vivo along with good manufacturing practices to produce
stem cell-derived RBCs (Mountford and Turner 2011). Hence,
the choice of source of stem cells, reagents and animal-free cul-
ture components forms an essential decisive factors for clinical
application (Xie et al. 2014).The successful large-scale produc-
tion of RBCs in the laboratory depends on several factors such as
selection of potential hematopoietic cell source; optimized cell
culture; bio-physiological parameters; clinically applicable eryth-
ropoietic differentiation inducers; scalability; contamination-free,
non-reactive, non-tumorigenic end product; stability; and func-
tionality of cultured RBCs (Giarratana et al. 2013). Earlier reports
suggested that the sequential application of specific growth factor
combinations in serum-free culture medium could result in the
maturation of erythroid precursors when transplanted into immu-
nodeficient mice (Neildez-Nguyen et al. 2002). Hence, a combi-
natorial approach was adapted by systematically exploring the
renewal and differentiation requirements of erythroid progenitors
from UCB under hypoxic conditions (Vlaski et al. 2009). We
hypothesized that multiple factors regulate erythropoiesis in
vitro, through integration of a range of intrinsic and extrinsic
cellular cues. An efficient milieu was formulated considering
the physiological factors, which favors the long-term differentia-
tion of hematopoietic progenitor cells in vivo.

The goals of the present study were (a) to develop a simple
and cost-effective method for ex vivo production of RBCs
using unfractionated MNCs from human UCB and (b) to for-
mulate a culture medium free of animal-derived products that
would improve robustness of the process and eliminate the
risk of disease transmission during clinical application.

Material and methods

The present study was conducted after due approval by the
Institutional Research and Ethics Committee of the Indian
Institute of Technology Madras, Chennai, India. Human
UCB was collected with informed consent from healthy preg-
nant women after delivery (n = 6). The mononuclear cell frac-
tion was isolated using hydroxy ethyl starch density gradient
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centrifugation method as previously described (Rubinstein et
al. 1995). An average of 50 mL total UCB was collected per
donor, yielding approximately 132 x 10° MNCs to 245 x 10°
MNCs. MNC recovery and purity was determined on samples
obtained from the UCB before and after volume reduction
(Supplementary Fig. 1).

The expansion procedure comprised of several steps that are
typical for stress erythropoiesis (Fig. 1). Supplements were added
to the medium in a stage-specific manner to induce MNCs to
stream into erythroid lineage. In the first step (days 1-3), MNCs
(14+0.4 x 10°mL) were cultured in erythroid essential medium
(a base medium composed of IMDM and 20% AB™° plasma
pooled, supplemented with 125 pg/mL gentamycin sulphate and
2.5 ug/mL amphotericin B (Table 1, column A). The plates were
maintained under hypoxia (low oxygen tension of 3% O,) at
37 °C in a humidified incubator with 5% CO,. This procedure
allowed the ex vivo expansion of CD34" HSCs. In the second
step (day 4-7), the cells obtained by day 4 were resuspended in
erythroid expansion medium (Table 1, column B; erythroid ex-
pansion medium = erythroid essential medium + 4 units/mL hu-
man recombinant erythropoietin). The plates were maintained
under hypoxia (low oxygen tension of 3% O,) at 37 °C in a
humidified incubator with 5% CO,. The medium was changed
every 3 days and the cells were resuspended in a fresh medium
supplemented with 4 TU/mL of human recombinant erythropoi-
etin (EPO).

In the third step (day 8-14), the cells obtained on day 8
were resuspended in erythroid differentiation medium (Table
1, column C). This procedure allowed the differentiation of
progenitor cells into erythroid precursor population and their
subsequent rapid expansion into immature erythrocytes. In the
fourth step, for terminal maturation (day 15-21) cells were not
passaged but grown to high cell densities (5 x 10° cells/mL) in
erythroid maturation medium (Table 1, coloumn D) on an
agitated rocker (with rocking motion) for 1 week, at an agita-
tion rate of 15 rpm. For control experiments, cultures were
maintained for 21 days in erythroid expansion medium. The
medium was changed twice per week and the cells were main-
tained for 4 weeks in 5% CO, and 37 °C humidified
atmosphere.

Cell counting

Live cell concentration and viability was determined using
trypan blue dye exclusion method. The number of total viable
cells was determined by diluting the cells 1:2 with trypan blue
and differentially counting viable and dead cells using a he-
mocytometer under a microscope at x 100 magnification. For
morphological analyses; cells were air-dried and fixed in
100% methanol for 10 min. After phosphate-buffered saline
(PBS) wash, cells were stained with Wright-Giemsa (van den
Akker et al. 2010).
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\
¢ Mononuclear cell isolation from cord blood
* Mononuclear cells were cultured in erythroid essential medium
S
\
¢ The cells obtained by day 4 were resuspended in erythroid expansion medium
¢ Erythroid expansion medium = Erythroid essential medium + 4units/ml EPO.
.
N
¢ The cells obtained on day 8 were resuspended in erythroid differentiation medium
enriched with EPO, insulin, thyroxine, dexamethasone and hydrocortisone.
¢ This procedure allowed differentiation of erythroid progenitor cells.
J
\
e Cells were grown to high cell densities(5 x 10° cells/ml) in erythroid maturation
medium at agitation rate of 15 rpm.
¢ This procedure allowed terminal maturation of immature erythrocytes.
J

Fig. 1 Schematic overview of the present protocol for xeno-free production of RBCs

Clonogenic assays

At various time points, aliquots of non-adherent cells were
grown in methylcellulose for progenitor cell evaluation.

Table 1 Medium composition

Triplicate cultures were set up with a final concentration of
10° mononuclear cells/mL in MethoCult medium 4434
(StemCell Technologies) in standard 35-mm well tissue-
culture plates incubated in a humidified, 37 °C, 5% CO,

A B C D
Erythroid essential medium Erythroid expansion Erythroid differentiation Erythroid maturation medium
medium medium
60% IMDM 20% AB" plasma Erythroid essential Erythroid expansion Erythroid differentiation medium (—)
20%PBS medium (+) medium (+) Hydrocortisone, thyroxine, dexamethasone

4.5 g/L dextrose

0.025 pg/mL ATP, 0.312 pg/mL iron in
ferric form

0.025 pg/mL calcium chloride

10 Mm MgSO,

1 mM sodium pyruvate

4 mM L-glutamine

12.5 pg/mL amino-acid infusion

0.0625 pg/mL ascorbic acid

4 units/ml EPO

0.3 ng/mL cyanocobalamin and insulin

0.025 pg/ml folic acid

0.25 TU/mL vit A

0.18 IU/mL

Vit D3 0.136 IU/mL

Vit E 250 pg/mL lipid
(SMOF)

1 nM of hydrocortisone

1 uM thyroxine

10 uM dexamethasone

5 mU/mL insulin

Concentrations of the components in the medium were standardized based on the reference values for human serum
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incubator. Colonies were scored on day 14 and growth was
reported as the mean colony count per 10° nucleated cells.

Flow cytometric analyses of erythroid
markers

Cultured cells were harvested on days 4, 8, 14, 21 and
immunophenotypes were determined. Staining was per-
formed on raw culture supernatant (no lyse, no wash blood
preparation), then diluted before flow cytometry (FACS) anal-
ysis. Antibodies to CD235a-PE (glycophorin A), CD71-
FITC, CD45-FITC and CD34-PE (all from Biolegend, CA,
USA) and fetal hemoglobin-PE (BD Pharmingen) with the
appropriate isotype controls were stained in accordance with
the manufacturer’s suggestion. The gating strategy was based
on the isotype controls. The presence or absence of DAPI
fluorescence was used to analyze nucleated and enucleated
erythroid cells in the culture. Analyses were done on FACS
Calibur flow cytometer (Becton Dickinson) using FACS diva
(version 6.1.3).

Functional analysis

Routine clinical assays were performed according to standard
protocols. Hematological parameters, i.e., total RBCs count,
WBC count, hemoglobin concentration, mean cell volume,
nucleated RBC count, were assessed by using a quantitative
automated hematology analyzer (Sysmex XE 2100). Oxygen
equilibrium curves were determined using a hemox analyzer.
Gas-phase gradients were obtained using nitrogen and room
air and the curves were run in both directions.

Long-term storage of RBCs

To assess the hemolysis during cold storage, free hemoglobin
in the RBC supernatant was determined by an automated an-
alyzer and the percentage of hemolysis was calculated accord-
ingly. The total viable RBCs at different storage durations
were counted on a hemocytometer using trypan blue dye ex-
clusion and the morphology of the stored blood cell types
were visualized under light microscope.

Statistics

The experiments were conducted at least in triplicate and all
data are expressed as mean + standard error of the mean. The
statistical significance of the data obtained was analyzed by
Student’s paired ¢ test. A p value less than 0.05 was considered
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significant. Statistical analysis and graphical representations
of data were performed using GraphPad Prism (version 5.03).

Results

In the present study, inducers were selected and identified
from the literature based on their impact on erythrocyte differ-
entiation in culture. First, cell proliferation was induced in a
humanized medium supplemented without erythropoietin for
3 days. Secondly, cells were induced to pre-expansion by cul-
turing in the presence of erythropoietin for additional 4 days.
The cell population obtained at this stage potentially has pro-
duction benefits associated with enhanced progenitor expan-
sion. In the third stage, culture-expanded progenitor cell pop-
ulations were exposed to a range of different cytokine condi-
tions to induce erythroid differentiation. In the fourth step,
cells were again exposed to a range of different cytokines
along with modifying the physical conditions (i.e., cells were
gently agitated up to 7 days). By day 21, the mean cell ampli-
fication of UCB MNCs reached a plateau of 21.36 0.9 x 10
(Table 2). The control samples yielded a cell count of 3.01 £
0.7 x 10® and the humanized medium contributed to 7-fold
higher expansion on day 21 (Table 2).

The morphology of the cultured RBC was observed by
light microscopy and the chronologic appearance of ex vivo-
generated RBCs is shown in Fig. 2. By days 3+ 1 of the
culture, several colonies of erythroid progenitor cells mimick-
ing the erythroblast islands were observed (data not shown).
Colonies of tightly clustered cells that contained approximate-
ly 50 cells, not clearly displaying a red color were observed by
6 £ 1 days. Most of these colonies were relatively smaller with
an uneven distribution of hemoglobin and had not differenti-
ated into morphologically distinguishable colony types (Fig.
2a). On day 8, cells were transferred from the erythroid ex-
pansion medium to the erythroid differentiation medium (sup-
plemented with dexamethasone, insulin, thyroxine and hydro-
cortisone). The erythroid expansion medium augmented the
growth of distinguishable erythroid colony-type burst-
forming units (BFUs) and hemoglobinization of the colonies
had progressively increased. BFUs with single or multiple-
centered red colonies composed of very tightly clustered cells
acquired the proliferative thrust and colonies started to in-
crease and peaked at 10+ 1 days of culture (Fig. 2b). This
was followed by a gradual decrease in BFU frequency over
the next few days of culture while the erythroid colony-
forming units (CFU-E) with loosely grouped red segments,
reached maximal concentrations by days 14 + 1 days (Fig. 2c).

Cytological observations (Wright-Giemsa stain) confirmed
that over the course, proerythroblasts matured to polychromat-
ic erythroblasts characterized by nuclear condensation.
Erythroid progenitors at day 4 were large cells, bright blue
round nucleus, scant cytoplasm and pale perinuclear zones
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Table 2 Mean cell count and immunophenotypes of ex vivo generated RBCs
Days in culture  Count e"8 Humanized medium percentage of cells expressing

Humanized medium  Control medium

CD34* CD45* CD71* CD235a* CD71"CD235a" DAPI" CD235a*

0 1+04 1+0.4 27+12  925+£23 26+1.1 35+£28 <1 <1

1.9.£0.5 1.6+03 214+2.1 92+3.1 333+3.6 132+41 83+238 12.1£3.9
8 42+04 3.85+04 142+34 63+14 87.1+62 382+57 31£42 32.1+34
14 16.8+£0.7 3.65+0.8 31+£1.7 41+13 787+55 982+19 751+48 85+5.8
21 21.3.£09 3.01+0.7 22+15 45+1.1 221443 99.5+03 17.5+3.7 10.1+£4.7

The humanized medium contributed to 7 higher-fold expansions on day 21 with an increased number of cells expressing CD235a* , with a reduction of

CD71" and CD45" cells

consistent with early erythroblast morphology (Fig. 2d).
Intermediate-stage cells at day 8 displayed typical features of
basophilic-erythroblastic cells, including a slightly paler blue
cytoplasm and a smaller nucleus-cytoplasmic ratio compared
to day 4 cells (Fig. 2e). Cells from day 14 cultures displayed
features of late normoblastic stage, namely homogenous nu-
cleus and hemoglobinization that imparts a paler blue or gray
color to the cytoplasm (Fig. 2f).

Clonogenic assays performed on semisolid media using
culture-expanded cells indicated that less than 10% of the
colonies were granulocyte-macrophage colony-forming units
(CFU-GM) on day 4 and the number of myeloid colonies
diminished rapidly thereafter. The presence of primitive ery-
throid progenitor cells in cultures was assessed at various time
points. It was observed that the progenitor cell frequency

Fig. 2 Cytological observations:
Upper panel, representative
photomicrographs of erythroid
colonies obtained from methyl
cellulose assays arranged as (a)
day 7, (b) day 10 and (c) day 14 of
culture (x 100 magnification).
Arrow heads point to (a) early
BFUs, (b) BFUs and (¢) CFU-¢;
scale bar—10 um. Lower panel:
representative Wright-Giemsa
stain of cells for (d) day 4, (e) day
7 and (f) day 14 of culture.
Arrowhead points to (d) early
erythroblasts, (e) intermediate
erythroblasts and (h) late
normoblast; scale bar—10 pm

peaked by day 8 and our culture expansion procedure favored
the proliferation and maintenance of erythroid progenitors
(Table 3). BFUs were predominant in early stages of culture,
constituted the majority of the colonies observed, persisting
up to day 8. CFU-E progenitors proliferated extensively after
day 8 of culture and became the predominant colonies ob-
served by day 15 and the other progenitor cell types were
markedly reduced (Table 3).

MNC recovery was determined on samples obtained from
the UCB before and after volume reduction and HES-based

separation method gave MNC recovery at 81.79% +5.18.
These results were determined using differential cell counts
coupled with flow cytometric analysis of CD45" cells
(Supplementary Fig. 1). UCB MNCs expressed high levels
of CD45" (~92%), which is usually expressed on almost all
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Table 3 Progenitor cell counts in semisolid cultures

Day 0 Day 4 Day 8 Day 14
CFU-GM 155 +£28 21+6 <1 <1
BFU-E 91+ 16 232 + 35 146 +41 87+11
CFU-E 34+7 44+9 174 +28 101 +18

Table summarizing the mean colony counts for CFU-E, BFU-E and
CFU-GM progenitors per 10° cells from UCB cultures at various time
points (n=3)

hematopoietic cells except for mature erythrocytes and low
levels of hematopoietic progenitor marker CD34" (~3.5%)
(Fig. 3d). The expression of erythroid lineage-specific
markers CD71" (~2%) and CD235a" (~2%) were very low
or undetectable in the MNC fraction (Fig. 3¢). The differenti-
ation profile of the cultured cells was further examined by
flow cytometry after each phase in culture and a representative
micrograph of these stained populations is presented (Fig. 4
and Table 2). During the first days of culture, CD34" popula-
tion increased with time, starting from low levels similar to
values reported for freshly prepared UCB MNCs and the per-
centage of CD34" cells increased 10-fold up to 21.4+3.4%
(Fig. 41 and Table 2) by day 4 (Pranke et al. 2006). This
substantiates the persistence of multipotent progenitors during
the first 3 days, which then gradually developed into progen-
itors of the erythroid lineage. The percentage of CD45" cells
decreased and the expression of CD235a" marker too
remained low during the step. Analysis by flow cytometry
revealed an onset of expression of CD235a* and upregulated
CD71% on day 8 of culture as the erythropoietin-sensitive
BFU cell population changed to a colony-forming unit ery-
throid cell population (Fig. 4m—p). By day 14, CD235a" was
expressed on the majority of the cells, showing that a signif-
icant fraction of cells had undergone erythroid differentiation
(Fig. 4t).The increased number of cells expressing CD235a",
with a reduction of CD71" and CD45* cells, was consistent
with erythroid cell maturation, a phenotype most pronounced
up to day 21 (Fig. 4u—x). Cells exhibited decreased growth
rate when maintained in control media and a cessation of
growth combined with restricted immunophenotypes were
found in erythroid expansion media (data not shown).

We determined the degree of maturity of cultured RBCs by
assessing the proportion of erythroid progenitors expressing
CD235a" and/or CD71" markers (Fig. 5). The erythroid pro-
genitor cells were only just detectable in early stages and on
day 8 of culture, double-positive cells for CD71 and CD235a
had increased approximately to 30% (Table 2). The culture-
expanded cells had progressively acquired CD235a" (Fig. 5d)
and at day 14, 75.1 +4.8% of the events were double-positive
for CD71 and CD235a signifying the presence of progenitor
cells (Fig. 5e). The percentage of mature RBCs (CD71 and
CD235a"%) gradually increased from days 14 to 21 with a
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concomitant increase in CD235a* expression and a decrease
in CD71" expression and the percentages of CD71 and
CD235a double-positive events (17.5 + 3.7%) had significant-
ly decreased (Fig. 5f). To compare maturation enhancement,
the number of cells with different maturation statuses were
counted at the end of culture and the mean values of
immunophenotypes of cultured RBCs were (1) CD71"
CD235a* mature RBCs (80.8 +4.7%); (2) CD71" CD235a"
immature RBCs (17.5+3.7%); and (3) CD71* CD235a" ery-
throid progenitors (3.4 + 1.2%), which was significantly less
frequent than the other two populations.

In order to elucidate the effects of culture conditions on
enucleation efficiency, we subjected cells at various stages
of culture to flow cytometry analysis using CD235a" and
DAPI staining (Table 2; n =3). Figure 6 depicts the dot plot
of CD235a" versus DAPI used to quantify two distinct cell
populations, i.e., CD235a"DAPI™ (enucleated RBCs) and
CD235a* DAPI" (nucleated RBCs). The percentage of enu-
cleated RBCs slowly increased from days 8 to 14 as demon-
strated by the increased CD235a* DAPI cell population
(Fig. 6b, c). By day 21, i.e., during terminal maturation of
cultures, the percentages of CD235a* and DAPI events
(85.1£3.7%) had significantly increased (Fig. 6d).

The culture-derived RBCs displayed a mean cell volume
(MCV) of 113.23 £6.11 fl/cell, mean cell hemoglobin (MCH)
of 33.6 £ 1.9 pg/cell and a mean cell hemoglobin concentra-
tion (MCHC) of 30.8 2.6 g/dL (Fig. 7). The cells displayed a
significant increase in MCV (132.2+2.12 fl/cell), MCHC
(41.5+3.7 g/dL) and MCH (39.6 £3.9 pg/cell) compared
with the reference range of the routinely used red cell indices
by the 21st day. At the final stage of maturation (day 21), the
number of nucleated RBCs and other cell forms were signif-
icantly reduced (Fig. 7b, c). The RBCs expanded from cord
blood expressed fetal hemoglobin (HbF) as confirmed by
FACS analysis (Supplementary Fig. 2). The high HbF content
of cultured RBCs (~80%) with bright fluorescence, corre-
sponding to HbF, allowed discrimination between ex vivo
produced RBCs and adult peripheral blood RBCs.

Oxygen equilibrium measurements were carried out on
RBCs derived from UCB MNCs to assess affinity and
cooperativity (Fig. 8a). The oxygen equilibrium curves of
the cultured RBCs (day 21 cultures) were similar to that of
normal adult RBCs (n=6). Oxygen equilibrium curves
showed that a suspension of ex vivo-expanded RBCs binds
O, reversibly in the same manner as a suspension of native
RBCs. The P50 value was 24.4 for cultured RBC hemoglobin
as compared to 26.3 for control RBC hemoglobin (a decrease
in P50 of about 10%). The Hill coefficient was also similar to
that of the normal control (2.2 versus 2.3). In fact, the RBC
samples showed the expected decrease in P50 upon exposure
to carbon dioxide (Fig. 8b). Carbon dioxide influences intra-
cellular pH and low levels of CO, have the effect of shifting
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the curve to the right, while higher levels cause a leftward
shift.

The feasibility of storing in vitro produced RBCs at 4 °C as
the way peripheral blood RBCs are stored in blood banks was
also tested. The osmotic fragility of RBCs determines their
susceptibility to hemolysis and may be used as an index of
stability. The ex vivo-expanded RBCs were stored at 4 °C up
to 8 weeks in a SAG-M preservative-based solution (saline
adenine glucose mannitol) and successfully survived over
28 days as the natural RBCs (n =6).The deformability of
culture-expanded RBCs stored for 4 weeks was close to that
of fresh RBCs (Table 4).

Discussion

There are two aspects of cord blood cell therapy: transplanta-
tion and transfusion. While cord blood transplantation for
treating hemato-oncologic diseases is common, there are also
reports describing the use of umbilical cord blood for auto-
transfusion in very low birth weight neonates. Several authors

CD45 FITC

have investigated whether autologous placental blood could
be used as an alternative for allogeneic blood transfusion
(Taguchi et al. 2003). Only few case reports concerning the
transfusion of such packed red cells derived from autologous
placental blood have been published to date (Brune et al.
2002; Khodabux et al. 2008). Cord blood might be beneficial
as a supplemental source for transfusions; however, the num-
ber of RBCs within 150-200 mL of cord blood unit (approx-
imately 20 mL) would not be enough as a true blood transfu-
sion substitute. There is also a concern of high bacterial con-
tamination rates reported in collected cord blood (Garritsen et
al. 2003). Therefore, the strategy to overcome the low cell
content in a single UCB unit was to increase the infused cell
dose using ex vivo expansion.

Previous studies focused upon designing various models of
in vitro erythropoiesis for large-scale production of mature
RBCs (Glen et al. 2013; Xi et al. 2013). In such models,
two- to three-phase cultures using various growth factor
combinations of steroids and cytokines, with or without serum
for specific phases have been developed (Leberbauer et al.
2005; Cheung et al. 2007). Multiple signaling pathways
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Fig.4 Flow cytometric analyses of ex vivo-generated RBCs: Cell surface
expressions of specific markers as percentage of positive cells against
culture time in days (n = 6). Representative FACS histograms arranged
as rows isotype controls, MNCs fractionate, day 4, day 8, day 14 and
day 21 of culture. The percentages of marker expressions for CD34,

have been implicated in guiding hematopoietic stem cell dif-
ferentiation, suggesting the potential value of subpopulation
cells in enhancing ex vivo expansion (Glen et al. 2013). Emile
van den Akker et al. previously demonstrated that the majority
of the in vitro erythroid expansion potential resides in CD34~
cells, a fraction that has until now been largely ignored
when culturing erythroblasts (van den Akker et al. 2010).
Indeed, CD34 " cells isolated from UCB have long-term re-
population abilities in irradiated NOD/SCID mice demonstrat-
ing their hematopoietic potential (Wang et al. 2003).
Indumathi S et al. (2015) suggested that the non-sorted
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CD45, CD71 and CD235a are given in the representative histograms.
Marker expression indicates gradual establishment of cells committed
to the erythroid lineage. Images were corrected for color uniformity using
Adobe Photoshop software

MNCs and lineage-depleted fractions of UCB to be rich in
progenitor cell populations.

In the present study, unfractionated mononuclear cells were
used, hypothesizing that the heterogeneous mononuclear cell
population from UCB could effectively contribute to erythroid
cell generation. MNCs had been grown for 3 days in a basal
medium and were switched to medium present with erythro-
poietin and cell numbers were measured during the culture
period. The data revealed that the initial population of UCB
MNCs used to initiate erythroblast cultures contained very
low levels of erythroid progenitors. At this stage, stimulation
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Fig.5 FACS dotplot of CD235a*
versus CD71": Representative
FACS dot plots for (a) isotype
controls, (b) MNCs fractionate,
(c) day 4, (d) day 8, (e) day 14 and
(f) day 21 of culture. The
proportion of cells (% of total
events acquired) expressing
CD235a* and/or CD71" in dif-
ferent phases of culture is indi-
cated in each quadrant (n=3).
The proportion of committed
erythroid progenitors (CD235a*
CD71%) is indicated in the upper
right quadrant of the dot plot
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with EPO selectively promoted the proliferation of erythroid
progenitors. A possible approach to overcome limited lineage
yield would be to increase the proliferation of the early-stage
progenitors (Crauste et al. 2008; Glen et al. 2013). Hence,
erythroid differentiation medium with a different cytokine

Fig. 6 Analysis of enucleation:
Representative FACS dot plots of
CD235a*versus DAPI for (a) day
4, (b) day 8, (¢) day 14 and (e) day
21 of culture (n =3). The
percentage of cell populations in
each quadrant is indicated;
enucleated cells
(CD235a*DAPI) fractionate in
the upper left quadrant, nucleated
RBCs (CD235a" DAPI) in the
upper right quadrant
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combination was formulated by adding insulin, dexametha-
sone and thyroxine to promote differentiation of BFUs. We
took clues from the fact that the combination of dexametha-
sone, insulin interacts synergistically with EPO to stimulate
the amplification of erythroid progenitor cells under hypoxic
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Fig. 7 Hematological profile of 2 000 b € 12000-
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conditions (Sawada et al. 1989; England et al. 2011). In addi-
tion to cytokine supplements, mineral elements such as iron,
copper, cobalt, (Lahoti et al. 2012) vitamin A (Saraiva et al.

Fig. 8 Hemox analysis: (a)
Oxygen equilibrium curves of
cultured RBCs (day 21) and
normal human adult RBCs
(control). The P50 value was 24.4
for cultured RBC hemoglobin as
compared to 26.3 for control RBC
hemoglobin. b Culture-expanded
RBCs when exposed to CO,
displayed the expected decrease
in P50 (n=6). Low levels of C0,
have the effect of shifting the
curve to the right, while higher
levels cause a leftward shift
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2014), vitamin D (Icardi et al. 2013), vitamin E (Drake and
Fitch 1980), riboflavin, folic acid pantothenic acid, and cya-
nocobalamin (Haiden et al. 2006) were added to promote
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Table4 Storage of RBCs: Ex vivo-produced RBCs were stored at 4 °C
up to 8 weeks in a Sag-M preservative-based solution and successfully
survived over 56 days (n=6)

Days in storage at 4 °C Hemolysis(%) Morphology
7 0.02 £0.1 Normocytic
14 0.03 £0.1 Normocytic
21 0.12 £ 0.1 Normocytic
28 27+£02 Normocytic
35 4.6+04 >2% echinocytes
56 37+0.1 > 5% echinocytes

erythroid progenitor proliferation. Reports support the com-
plex interplay between vitamin D effects on production of
RBCs in the bone marrow, as well as its ability to maintain a
pool of uncommitted precursor cells, as a reservoir for future
needs (Moore et al. 1991). Vitamin E has an important role in
maintaining cell membrane integrity by reducing membrane
fragility of erythrocytes (Drake and Fitch 1980). Adenosine
nucleotides are capable of stimulating erythropoietic prolifer-
ation and erythroblasts are unable to maintain in vitro the same
nucleotide content found in vivo (Stocchi et al. 1987). Hence,
nucleotides along with essential amino acids were used in the
culture medium. Although often overlooked, fat is an integral
part of the bone marrow microenvironment and plays a fun-
damental role by providing local or systemic factors (Rosen et
al. 2009). The erythroid differentiation medium supplemented
with essential fatty acids and phospholipids enhanced the
erythrocyte membrane integrity and greatly improved mainte-
nance of cell function and morphology.

For terminal maturation, low-density cultures under static
conditions were transferred to agitated culture phase. Low
agitation had a significant impact on erythroid cell yields
while agitation with increased speed accelerated the erythroid
differentiation. Dexamethasone and insulin were removed
during the maturation phase; however, high concentrations
of EPO were maintained as EPO is crucial for survival and
terminal differentiation of erythrocytes in vitro (von Lindern
et al. 1999). These methods are of critical importance in the
stem cell differentiation process where cell populations and
their bio-manufacture demands change rapidly (Boehm et al.
2010; Glen et al. 2013).

The growth conditions enhanced CD235a* expression and
nuclear condensation before enucleation occurred. The bi-
modal histogram of CD235a*-positive cells showed the dis-
tribution of two cell populations with variable fluorescence
signal and was skewed to the right (Fig. 4t). The subpopula-
tions of reticulocytes produce a secondary peak and contribute
to the right skew of the graph (Constantino 2011). This pattern
may be explained by the heterogeneity within the initial cell
population composed of progenitors committed to the ery-
throid lineage (resulting in the first peak of RBCs) and

immature cells that require longer time in culture before giv-
ing rise to the second erythroid differentiation peak. One week
later, mature RBCs became the predominant cells and the
histogram for CD235a" started to skew to the left and a normal
single-peaked distributional shape of the histogram was ob-
served (Fig. 4x). The differentiation and enucleation status of
cultured cells at different days was examined by flow cyto-
metric analysis using combinations of CD71-CD235a and
DAPI-CD235a, respectively (Figs. 5 and 6). Progenitor ery-
throid cells have been reported to be CD71* CD235a", further
developing into CD71* CD235a" and finally into mature
CD71 CD235a" cells (Giarratana et al. 2011). In the present
study, the presence of a certain number of erythroid cells in the
cultures at day zero could not be ruled out. However, CD71
events (initial stages), as well as high proportions of double-
positive CD235a* CD717 events, in later stages of the cultures
suggests that immature erythroid progenitors developed in the
culture and the culture conditions allowed selective survival of
progenitors. Thus, some of the observed erythroid growth
may be due to the maintenance and differentiation of erythroid
precursors present at day zero. However, this observation is
interesting bearing in mind that the culture conditions support-
ed the proliferation and differentiation of highly heterogenous
unfractionated MNCs. A concomitant decrease of CD235a*
DAPI* immunophenotype was observed, a sign of terminal
maturation to erythrocytes and the patterns of changes in
marker distribution were reproducible for several samples
from individual UCB donors.

The hematological aspects of ex vivo-produced RBCs con-
stitute an interesting area. We observed that hematological
parameters such as MCH, MCV and MCHC showed higher
mean values compared to the normal adult RBCs in the pres-
ent study (Fig. 7). The slight variation observed between cul-
tured RBCs from UCB and peripheral blood is not unexpected
as the starting material (UCB MNCs) is comprised of cells at
different stages of maturation. The variation could also be
attributed to the behavior of red cells in vitro, where the cells
become enlarged (Xi et al. 2013). Furthermore, the hemoglo-
bin content of cells stored for 4 weeks was similar to that of
adult peripheral blood, indicating that the cultured RBCs were
stable and functional. Similar erythrocytes indices are ob-
served in prematurely delivered neonates (<25 weeks)
(Christensen et al. 2008). A high MCHC can be an indication
that the erythrocytes have a shape intermediate between a
sphere and a biconcave disk. Overall, hemoglobin values in
these populations reached about 40 pg of the level in 21 days
(Fig. 7f) and we speculate that during the process of in vitro
erythropoiesis, the larger erythrocytes, loaded with HbF, ex-
hibit more affinity for oxygen. The lower values of P50 com-
pared to control further demonstrate that the in vitro-generated
RBCs have oxygen-carrying properties that are comparable
with those of adult functional erythrocytes.
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To improve process robustness and eliminate the risk of
disease transmission, fully defined culture medium that is free
from animal-derived products should be ideally employed
(Duran et al. 2012). Although serum free, previously de-
scribed erythroid culture media contain animal-derived albu-
min/plasma. Hence, the possibility of directly substituting
these components for commercially available injectable drugs
was investigated and the ingredients of nutrition and minerals
in their therapeutic form were used as supplements in the cell
culture medium. These substituted ingredients enhanced batch
to batch reproducibility, with no further modifications re-
quired either to the medium or the culture protocol. Hence,
the concentrations of supplements used are of significant val-
ue for reducing material costs and improving performance of
cell culture medium. Over and above expensive growth fac-
tors were not used in the present process and the only growth
factor used was recombinant human erythropoietin.

In conclusion, we used a multi-step process including the
use of human plasma, injectable drugs and optimization of
culture parameters (low oxygen tension, agitation culture)
for enhanced ex vivo production of RBCs. The rationale was
to have a simple method to produce erythroid cells from UCB
isolates in vitro by reducing the effects of multiple erythroid
activating agents and batch to batch variability. We believe our
approach a platform for the production of clinical-grade RBCs
and envisage further that this could be a potential solution for
availability of rare blood type units.
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