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Abstract

The in vitro erythrocyte differentiation model remains a strong, clinically relevant tool to model erythroid develop-
ment in normal and disease related hematopoiesis. This model also has application to developing therapeutics for dis-
eases related to red blood cells such as sickle cell anemia where targeting increased expression of fetal hemoglobin
has been a major emphasis. Since the original protocol’s publication in 2002, many groups have published modified
methodologies to address issues in efficiency of maturation and terminal enucleation, as well as in scalability. While

all reports have merit and show efficient enucleation, the methodologies used vary widely in technique and cytokine
content. Additionally, despite the strengths in these methods, reproducibility of efficient differentiation to the point of
differentiation is difficult. To address these limitations, we developed a streamlined process where total PBMCs are first
primed using the original liquid culture expansion phase (published in 2002) before being differentiated with minimal
input via standardized, commercially purchased semi-solid medium culture pre-supplemented with erythropoietin.

Our data show this methodology to produce similar levels of CD235/CD71 positivity as previous methods but with
enhanced CD235 solo positivity and evidence of enucleated cells in comparison with other widely used methods.
Given the difficulty and wide variation in in vitro differentiation techniques, we present this methodology as a stream-
lined methodology for production of mature erythroid cells with minimal input using easily purchased reagents.

Main text

Since its original publication in 2002, the in vitro Red
Blood Cells (RBC) differentiation protocol developed by
Migliaccio et al. has been widely utilized by hematologists
as way to model erythroid development and red blood
cell disses in vitro [4, 5]. This two-stage liquid co-culture
system has been a massive step forward for the field of
blood cell research but even today it is still limited by effi-
ciency of enucleation and yield of mature erythrocytes.
Despite this, its advantages have led it to be among the
most prominent model systems used and it should come
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as no surprise that many groups have since expanded and
modified the existing protocols [1, 2, 6].

Most of these modifications leave the expansion phase
relatively untouched. Almost all protocols utilize stem
cell factor (SCF), interleukin 3 (IL-3), and erythropoietin
(EPO) as necessary factors to promote self-renewal and
erythropoiesis. Instead, researchers have modified the
differentiation step of this protocol to achieve enuclea-
tion. The strategies used to achieve enucleation over the
last decade have varied wildly. For example, Miharada
et al. requires supplementation with human serum,
D-mannitol, adenine, disodium hydrogen phosphate
dodecahydrate and mifepristone [6]. Contrasting this
supplementation heavy protocol, Giarratana et al. instead
co-cultures cells with stroma before changing culture to
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A Two-Stage Method:
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Fig. 1 Sequential liquid culture and semi-solid media culture system produces robust erythroid response. a Timeline schematic of semi-solid
medium plating schedule using the original two-stage methodology. Cell populations were plated in semi-solid medium containing EPO after
each major end point: post-isolation, post-expansion, and post-differentiation. These are noted in red. b CD235/CD71 erythroid profiles of cells
grown in semi-solid medium plated after major end points as indicated. ¢ Wright-giemsa staining of enucleated erythroid cells grown in semi-solid
medium (originally plated at post-expansion end point). d Quantification of CD235/CD71 erythroid profiles of semi-solid medium grown cells. e

Quantification of live/dead staining of semi-solid medium grown cells
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contain no additional cytokines [2]. While these modifi-
cations show evidence of increased efficiency and enucle-
ation, it can prove difficult to re-establish these protocols
in new laboratories and slight variations in technique can
drastically alter efficiency.

In our research efforts to develop drugs for sickle cell
anemia, we first adapted the original two-stage protocol
(Additional file 1: Figure Sla). Upon successful estab-
lishment, we next sought to extend the in vitro culture
method by adapting previously discussed literature [2,
6]. Cells were cultured under protocols described in
Miharada et al. and Giarratana et al. (now referred to as
enucleation A or B) (Additional file 1: Figure S2). Analysis
of enucleation A showed expansion of the early erythro-
blast population (CD235+/CD71+) but no substantial
expansion of the late erythroblast population (CD235+/
CD71-) (Additional file 1: Figure S2b). Cells cultured
through enucleation phase B produced CD235+/
CD71— late-stage erythroblast but saw a smaller eryth-
roid population overall (Additional file 1: Figure S2b).
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No enucleation was detected via wright-giemsa staining
in either condition. Our results suggest that while each
methodology has merit in achieving erythroid differen-
tiation, efficient maturation of this population is difficult
to achieve.

With these protocol modifications proving difficult to
establish, we turned towards other potential methods. In
the 1970s, the use of semi-solid media was found to be
effective for growth of colony-forming units (CFU) [3,
7, 8]. Semi-solid media was further found to support the
growth and expansion of erythroid cells through eryth-
roid colony forming units (CFUe). Thus, we hypoth-
esized that we could enhance the in vitro erythroid
differentiation protocol by first using the liquid culture
system to “prime” for erythroid colonies that could then
be plated and expanded in standardized, commercially
available semi-solid media supplemented with EPO. To
test this, we repeated the original two-stage in vitro dif-
ferentiation protocol and plated cells from each major
timepoint in commercially available semi-solid media
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(with semi-solid media)

)}

l 1

SCF (10 ng/mL) : >
IL-3 (1 ng/mL) '

EPO (1.5 U/mL)

Dex (1 uM)

Semi-solid media
EPO (1.5 U/mL)

Day 14

Day 0 Day 8
CD45+ CD45+
B [Live] FITC-A / PE-A [Live] FITC-A / PE-A
. ]CD71+ D235+ / CD71+ . 1CD71+ ICD235+ / CD71+
%Sonly ; y %only
1044 n : . w‘j A
< <
w w
a - o 5
104 0

CD235+ only
T T

CD235+ only!
T T

0 II'I‘3 10° |;): 6 16‘ 104
FITC-A FITC-A

Fig. 2 In vitro differentiated RBCs grown in sequential culture show high CD235 positivity. a Timeline schematic of modified two-stage
methodology. At day 8, cells are collected and plated in semi-solid medium containing EPO for an additional week. b Sample flow diagram for
erythroid profiles after sequential culture systems. Cells are gated on live populations. RBC flow control is shown on right panel. ¢ CD235 positivity
in erythroid profiles after sequential culture system or only liquid culture system (p =0.0117)
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pre-supplemented with EPO. These major timepoints
are outlined in Fig. la and are denoted in red. Robust
erythroid differentiation was observed when cells were
plated after the expansion phase of the original culture
system (pExpansion) (Fig. 1b, d). Additionally, micro-
scope inspection of wright-giemsa stained cells showed
evidence of enucleation (Fig. 1c). These results led us to
modify the original two-stage in vitro differentiation pro-
tocol slightly to include semi-solid media (Fig. 2a). After
1 week of culture in semi-solid media, cells grown in this
manner showed CD235/CD71 positivity consistent with
the original protocol, but with a larger CD235+-/CD71—
population (Fig. 2b, c).

Interestingly, follow-up experiments revealed a “trade-
oft” effect between CD235 positivity and cell viability
(Additional file 1: Figure S3). These results demonstrate
that semi-solid medium can be used with the original
expansion phase culture to produce robust erythroid
differentiation.

From our experiments we show that standardized and
commercially available semi-solid media supplemented
with EPO can be utilized to easily create a robust dif-
ferentiation and enucleation response. Given this, how-
ever, it should be also noted that while this method was
effective in generating a differentiation response, due to
the nature of semi-solid media, those seeking large scale
expansion of differentiated red cells for larger scope
applications would likely not benefit (Additional file 1:
Figure S4). Instead, we suggest this method as an alter-
native methodology for those seeking to perform small-
scale experiments on in vitro differentiated red cells in a
pre-clinical setting.

Abbreviations
CFU: Colony-forming unit; EPO: Erythropoietin; IL-3: Interleukin-3; PBMC:
Peripheral blood mononuclear cell; RBC: Red blood cell; SCF: Stem-cell factor.
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Additional file 1: Figure S1. Establishment of original two-stage culture
methods. a Timeline schematic adapted from original in vitro erythroid
culture system Migliaccio et al. [5]. Expansion phase cytokines are added
after isolation. After 1 week, cells are cultured with differentiation phase
cytokines. b CD45/CD235/CD71 positivity of patient derived PBMCs
measured after 1 week in expansion phase cytokines (measured at day
8). ¢ CD45/CD235/CD71 positivity of patient derived cells after 1 week in
differentiation phase cytokines (measured at day 14). d Quantification of
CD45/CD235/CD71 positivity at day 8 and day 14. e Quantification of dif-
ferentiation status by CD235/CD71 status (Early E. blast: CD2351/CD71%,
Mature E. blast: CD2357/CD719™ Late E. blast: CD235%). Figure S2. Exten-
sion of two-stage culture methodology yields mixed results. a Timeline
schematic for extension of two-stage culture system adapted from previ-
ously published methodology (Top-panel: Miharada et al. [6], Bottom-
panel: Giarratana et al. [2]. b CD45/CD235 positivity for cells measured
after final collection of both extended protocols. Figure S3. Semi-solid
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media demonstrates relationship between differentiation efficiency and
cell viability. a CD235/CD71 erythroid profiles of semi-solid plated cells at
various concentrations. b Quantification of CD235/CD71 erythroid profiles
of various concentrations in semi-solid medium. ¢ Viability of cells grown
at various concentrations in semi-solid medium. Figure S4. Advantages
and disadvantages at-a-glance between semi-solid and liquid culture for
terminal stages of in vitro differentiation method.

Acknowledgements
We thank you the healthy volunteers and patient donors for donating their
blood for this study.

Authors’ contributions

MC drafted the manuscript; KL and PD consented patient donors and col-
lected samples for experiments; MC and SM designed the experimental
conditions in cultures; HP and SS processed patient samples and prepared cell
cultures; MC ran flow cytometry experiments and analyzed data; PD, RL, and
JB conceptualized experiments and revised the manuscript. All authors read
and approved the final manuscript.

Funding
No special funds were used.

Availability of data and materials

All data generated or analyzed during this study are included in this published
article (and its Additional files). The datasets analyzed during this study are
available from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

Blood was obtained from healthy volunteers and patient donors following
written informed consent under a protocol approved by the Institutional
Review Board (IRB) of The Ohio State University (OSU; Columbus, OH) in
accordance with the Declaration of Helsinki.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Division of Hematology, The Ohio State University, Columbus, OH, USA. 2Col-
lege of Veterinary Medicine, The Ohio State University, Columbus, OH, USA.
3Division of Pharmaceutics, College of Pharmacy, The Ohio State University,
Columbus, OH, USA. “The Ohio State University, Room 455C, OSUCCC Building,
410 West 12th Avenue, Columbus, OH 43210, USA.

Received: 22 September 2021 Accepted: 21 October 2021
Published online: 29 October 2021

References

1. Alsager SF, et al. Inhibition of LSD1 epigenetically attenuates oral cancer
growth and metastasis. Oncotarget. 2017;8(43):73372-86.

2. Giarratana MC, et al. Ex vivo generation of fully mature human blood cells
from hematopoietic stem cells. Nat Biotechnol. 2005;23(1):69-74.

3. Iscove NN, Sieber F. Erythroid progenitors in mouse bone marrow
detected by macroscopic colony formation in culture. Exp Hematol.
1975;3(1):32-43.

4. Migliaccio AR, Palio J. Blood in a dish: in vitro synthesis of red blood cells.
Drug Discov Today Dis Mech. 2011;8(1-2):e3-8.

5. Migliaccio G, et al. In vitro mass production of human erythroid cells from
the blood of normal donors and of thalassemic patients. Blood Cells Mol
Dis. 2002;28(2):169-80.


https://doi.org/10.1186/s40164-021-00244-z
https://doi.org/10.1186/s40164-021-00244-z

Cannon et al. Exp Hematol Oncol (2021) 10:50 Page 5 of 5

6. Miharada K, Hiroyama T, Sudo K, Nagasawa T, Nakamura Y. Efficient enu- Publisher’s Note
cleation of erythroblasts differentiated in vitro from hematopoietic stem Springer Nature remains neutral with regard to jurisdictional claims in pub-
and progenitor cells. Nat Biotechnol. 2006;24(10):1255-6. lished maps and institutional affiliations.

7. Neumann HA, Lohr GW, Fauser AA. Radiation sensitivity of pluripotent
hemopoietic progenitors (CFUGEMM) derived from human bone mar-
row. Exp Hematol. 1981;9(7):742-4.

8. Ruppert S, Lohr GW, Fauser AA. Characterization of stimulatory
activity for human pluripotent stem cells (CFUGEMM). Exp Hematol.
1983;11(2):154-61.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Red blood cells differentiated in vitro using sequential liquid and semi-solid culture as a pre-clinical model
	Abstract 
	Main text
	Acknowledgements
	References




